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OSWIADCZENIE

Autor rozprawy doktorskiej: mgr inz. Karolina Delinska

Ja, nizej podpisany(a), wyrazam zgode na bezptatne korzystanie z mojej
rozprawy doktorskiej zatytutowanej:

Metoda opracowania uniwersalnej osnowy na bazie krzemionki do
unieruchomienia cieczy jonowych jako materialéw sorpcyjnych w technice
mikroekstrakcji do fazy stacjonarne;.

do celéw naukowych lub dydaktycznych.'

GAaNSK, ANIA coeceevvesrineiniens et s s s sanen
podpis doktoranta

Swiadomy(a) odpowiedzialnoéci karnej z tytutu naruszenia przepiséw ustawy
z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (Dz. U. z
2006 r., nr 90, poz. 631) ikonsekwencji dyscyplinarnych okreslonych w
ustawie Prawo o szkolnictwie wyzszym (Dz. U.z 2012 r., poz. 572 z pézn. zm.),”
a takze odpowiedzialnosci cywilno-prawnej o$wiadczam, ze przedkiadana
rozprawa doktorska zostata napisana przeze mnie samodzielnie.

Oswiadczam, Ze tre$¢ rozprawy opracowana zostala na podstawie wynikow
badan prowadzonych pod kierunkiem i w $cistej wspotpracy z promotorem dr
hab. inz. Adamem Kloskowskim.

Niniejsza rozprawa doktorska nie byla wcze$niej podstawa Zadnej innej
urzedowej procedury zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w ww. rozprawie uzyskane ze zrédet
pisanych i elektronicznych, zostalty udokumentowane w wykazie literatury

1 Zarzadzenie Rektora Politechniki Gdanskiej nr 34/2009 z 9 listopada 2009 r., zatacznik nr 8 do
instrukcji archiwalnej PG.

2 Ustawa z dnia 27 lipca 2005 r. Prawo o szkolnictwie wyzszym: Rozdzial 7 Odpowiedzialnosé¢
dyscyplinarna doktorantéw, Art. 226.
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odpowiednimi odno$nikami zgodnie z art. 34 ustawy o prawie autorskim i
prawach pokrewnych.

Potwierdzam zgodno$¢ niniejszej wersji pracy doktorskiej z zatgczona wersja
elektroniczna.

GAANSK, NI crvrrivcivivirsisiieieees e ———————
podpis doktoranta

Ja, nizej podpisany(a), wyrazam zgode na umieszczenie ww. rozprawy
doktorskiej w wersji elektronicznej w otwartym, cyfrowym repozytorium
instytucjonalnym Politechniki Gdanskiej, Pomorskiej Bibliotece Cyfrowej oraz
poddawania jej procesom weryfikacji i ochrony przed przywilaszczaniem jej
autorstwa.
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podpis doktoranta
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dissertation. The research subject concerns the use of ionic liquids in the


http://mostwiedzy.pl

A\ MOST

POLITECHNIKA
GDANSKA

WYDZIAL CHEMICZNY

solid-phase microextraction (SPME) technique. The main goal of the
research was to obtain new, porous silica-based fiber coatings,
immobilization of ionic liquids inside the pores of the obtained
materials, and application of the fibers towards determination of the
selected groups of analytes from water and food samples. In the
conducted works, a new silica-based material was developed, with an
appropriately selected precursor and pore-forming substance. The
obtained sorption material was characterized by high chemical, thermal
and mechanical stability. SPME fibers based on the developed sorption
materials have been successfully used to isolate volatile and semi-
volatile organic compounds from water and food samples. The analytes
used in the research included compounds as benzene derivatives and
organophosphorus insecticides. Optimization of the extraction
conditions was carried out for the obtained fibers. During the last stage
of the research, the extraction efficiency of the developed fibers was
compared with commercial SPME fibers. The analysis of the obtained
results showed that the developed sorption material, in the case of
selected analytes in water and food samples, might be a real alternative
to commercial solutions.

Streszczenie rozprawy w jezyku, w Kktéorym zostala napisana:
Rozprawa doktorska stanowi opis badan prowadzonych w trakcie
czterech lat (2018-2022) studiow doktoranckich. Rezultaty prac
badawczych zostaty opublikowane w postaci pieciu oryginalnych
artykutéw, stanowigcych podstawe tej rozprawy. Tematyka badan
dotyczy wykorzystania cieczy jonowych w technice mikroekstrakcji do

fazy stacjonarnej (ang. SPME). Gléwnym celem prowadzonych prac
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badawczych byto: (a) otrzymanie nowej, porowatej sorpcyjnej powtoki
widkna na bazie Kkrzemionki, (b) unieruchomienie w porach
otrzymanych materialow cieczy jonowej oraz (c) wyKkorzystanie
widékien w procesie ekstrakcji wybranych grup analitéw z prébek
wodnych oraz zywnos$ci. W toku prowadzonych prac opracowano nowy
materiat sorpcyjny na bazie krzemionki, z odpowiednio dobranym
prekursorem oraz substancja porotwdrcza. Otrzymany materiat
sorpcyjny charakteryzowat sie wysoka trwatoscig chemiczng, termiczng
i mechaniczng. Wiékna SPME na bazie opracowanych materiatow
porowatych zostaty z powodzeniem zastosowane w izolacji lotnych oraz
$rednio-lotnych zwigzkéw organicznych. Anality, ktére zostaty
wykorzystane w przeprowadzonych badaniach obejmowaty zwigzki z
grupy pochodnych benzenu oraz insektycydéw organofosforowych. Z
wykorzystaniem otrzymanych widékien przeprowadzono procedure
optymalizacji  warunkéw  prowadzenia  ekstrakcji z  fazy
nadpowierzchniowej badanych probek. Wtasciwoséci ekstrakcyjne
opracowanych witdékien poréwnano z wlasciwo$ciami wtokien
komercyjnych. Analiza uzyskanych wynikéw wykazata, ze opracowany
materiat sorpcyjny, w przypadku wybranych analitbw w prébkach
wodnych zywno$ciowych oraz zywno$ci, moze stanowi¢ rzeczywistg

alternatywe wobec rozwigzan komercyjnych.
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SKROTY I AKRONIMY
Akronim/skrét | Termin w j.angielskim | Termin w j. polskim
CAR Carboxen -
cw Carbowax -
D-SPME Direct immersion - solid Mikroekstrakcja do fazy
phase microextraction stacjonarnej bezposrednio
z badanej prébki
DMF Dimethyloformamid Dimetyloformamid
DVB Divinylbenzene Diwinylobenzen
EF Enrichment factor Wspotczynnik
wzbogacenia
GC Gas chromatography Chromatografia gazowa
HS-SPME Headspace - solid phase | Mikroekstrakcja do fazy
microextraction stacjonarnej z fazy nadpo-
wierzchniowej badanej
prébki
IL lonic liquid Ciecz jonowa
LOD Limit of detection Granica wykrywalno$ci
LOQ Limit of quantification Granica oznaczalno$ci
LZO Volatile Organic Lotne Zwigzki Organiczne
Compounds
MIL Magnetic ionic liquid Magnetyczna ciecz jonowa
PA Polyacrylate Poliakrylan
PDMS Polydimethylsiloxane Polidimetylosiloksan
PEEK Polyeteroeteroketone Polieteroeteroketon
PEG Polyethylene glycol Glikol polietylenowy
PEO Polyethylene oxide Politlenek etylenu
13
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PIL Polymeric ionic liquid Polimerowa ciecz jonowa
SEM Scanning electron Skaningowy mikroskop
microscope elektronowy
SPME Solid phase Mikroekstrakcja do fazy
microextraction stacjonarnej
TGA Thermogravimetric Analiza
analysis termograwimetryczna
WWA Polycyclic aromatic Wielopierscieniowe
hydrocarbons Weglowodory
Aromatyczne
14
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1. WSTEP

W wiekszosci przypadkéw, analiza probek srodowiskowych
wymaga, aby przed etapem oznaczen koncowych wprowadzi¢ do
procedury analitycznej dodatkowy etap przygotowania prébki. Sposréd
istniejacych technik przygotowania préobki do analizy, na szczeg6lng uwage
zastuguje technika mikroekstrakcji do fazy stacjonarnej (Solid-phase
microextraction - SPME). Proces ekstrakcji w technice SPME polega na
umieszczeniu wtoékna pokrytego fazg sorpcyjng bezposrednio w
analizowanej probce lub fazie gazowej pozostajacej z niag w kontakcie [1].
Wydajno$¢ techniki SPME, ze wzgledu na ograniczong objeto$¢ fazy
sorpcyjnej jest Scisle uzalezniona od jej wlasciwosci ekstrakcyjnych. W
przypadku wtdkien komercyjnych, wybor materiatu powtoki jest bardzo
ograniczony. Materiaty te mozna podzieli¢ na dwie ogdlne kategorie:
dedykowane izolacji analitbw  niepolarnych  oraz  polarnych.
W pierwszym przypadku, za najwazniejszy materiat sorpcyjny nalezy
uzna¢ polidimetylosiloksan (PDMS), natomiast wilékna dedykowane
polarnym analitom bazujg na statych adsorbentach jak Carboxen czy
Carbowax. Jest to o tyle istotne, poniewaz izolacja polarnych analitéow z
préobek wodnych lub rzeczywistych jest skomplikowanym zagadnieniem,
ze wzgledy na ich podobiefistwo pod wzgledem oddzialywan
miedzyczasteczkowych do matrycy prébki. W takiej sytuacji zastosowanie
adsorbentéw czyni procedure ekstrakcji podatng na niekorzystne zjawisko
adsorpcji konkurencyjnej, ktéra w konsekwencji w zasadniczy sposéb
wptywa na iloSciowy opis catego procesu [2]. Ograniczenia te sg mozliwe

do wyeliminowania, je$li zastosowane zostang materialy w ciektym lub

15


http://mostwiedzy.pl

A\ MOST

POLITECHNIKA
GDANSKA

WYDZIAL CHEMICZNY

spseudocieklym” stanie skupienia. Materialy te umozliwig izolacje
sktadnikéw probki poprzez mechanizm absorpcji (podziatu). Problemem
jest natomiast ich powinowactwo do matrycy prébek polarnych co moze
skutkowac ich rozpuszczeniem. Jedng z grup substancji, ktére stanowia
obiecujacg alternatywe dla statych pokry¢ wtékien SPME, s3 ciecze jonowe.
Dotychczasowy stan badan nad wykorzystaniem tej grupy substancji jako
materiatéw sorpcyjnych w technice SPME jest do$¢ ograniczony z uwagi na
brak skutecznych i powtarzalnych technik ich osadzania na witdéknie
urzadzenia do SPME [3]. Ze wzgledu na strukture jonowa, substancje te
cechuje: pomijalnie niska preznos$¢ pary, wysoka stabilno$¢ termiczna,
wystepowanie w fazie ciekltej w szerokim zakresie temperatur oraz
powinowactwo do zwigzkéw organicznych lub nieorganicznych. Ponadto,
dzieki olbrzymich mozliwosci taczenia par kation-anion, ciecze jonowe
moga by¢ uznane za jedng z najbardziej elastycznych grup zwigzkéw
chemicznych pod wzgledem ,kontrolowania” ich wtasciwosci fizycznych i
chemicznych (czesto nazywane ,designer solvents”). Potencjat ten nie
zostat jeszcze wykorzystany analizy technikach separacyjnych, a w tym w
technice SPME. Kluczowym problem z zastosowaniem cieczy jonowych w
technice SPME, jest niska stabilno$¢ oraz odtwarzalnos¢ metod
wytwarzania warstwy cieczy jonowej na powierzchni wtékna. W ostatnich
latach podjeto kilka préb, w celu przezwyciezenia danego problemu.
Jednymi z najbardziej obiecujacych s3 prowadzone na Wydziale
Chemicznym Politechniki Gdanskiej [4] badania dotyczace powlekania
wtokna do SPME z wykorzystaniem procesu przemiany cieklego zolu w
staty Zel krzemionkowy, a takze unieruchamianie cieczy jonowych poprzez

ich polimeryzacje (grupa prof. Andersona) [5]. Obie metody, jakkolwiek z
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réznych przyczyn, ze wzgledy na charakter chemiczny zachodzacych
reakcji ograniczajg wybér mozliwych do zastosowania cieczy jonowych.
Tym samym, nie pozwalaja na swobodny dobér struktury chemicznej

cieczy jonowej pod katem wybranej grupy analitow lub prébek.

W celu przezwyciezenia omawianych probleméw, zaproponowano
utworzenie uniwersalnej - porowatej oraz statej powtoki na powierzchni
wtokna SPME. Opracowana metoda syntezy i pokrycia widkna warstwa
materialu porowatego powinna umozliwi¢ powtarzalne otrzymywanie
struktury o Scisle okres$lonej $rednicy i objetoSci poréw. Porowaty materiat
ma stanowi¢ osnowe umozliwiajaca unieruchomienie w swoich porach
dowolnej cieczy jonowej - ciecz jonowa zostanie unieruchomiona za
pomocy sit kapilarnych. Wszechstronno$¢ proponowanej matrycy bedzie
zwigzana z unieruchomieniem réznych rodzajéow cieczy jonowych, o
réznym stopniu polarnosci. Zaleta proponowanego rozwigzania jest
mozliwo$¢  przeprowadzenia badan, dotyczacych  wykorzystania
wilasciwosci cieczy jonowych, ktére sg bezposrednio zwigzane z ich
struktura chemiczna.

Rozprawa doktorska zostala napisana w oparciu o pie¢
oryginalnych publikacji. Dwie z nich, to publikacje przegladowe:

e R. Marcinkowska, K. Delinska (Konieczna), L. MarcinkowskKi,

J. Namies$nik, A. Kloskowski, Application of ionic liquids in
microextraction techniques: Current trends and future
perspectives, TrAC Trends in Analytical Chemistry 119 (2019)
115614 - Zatacznik 1.
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¢ K. Delinska, P. W. Rakowska, A. Kloskowski, Porous material-
based sorbent coatings in solid-phase microextraction technique:
Recent trends and future perspectives, TrAC Trends in Analytical

Chemistry (2021) 143 116386 - Zatgcznik 2.

Wyniki przeprowadzonych badan zostaly opisane w trzech pracach

badawczych:

o K. Delinska (Konieczna), K. Yavir, M. Kermani, A. Mielewczyk-
Gryn, A. Kloskowski, The new silica-based coated SPME fiber as
universal support for the confinement of ionic liquid as an
extraction medium, Separation and Purification Technology
(2020) 252, 117411 - Zatgcznik 3.

¢ K. Delinska, G. Machowski, A. Kloskowski, Development of SPME
fiber coatings with tunable porosity for physical confinement of
ionic liquids as an extraction media, Microchemical Journal
(2022) 107392 - Zatacznik 4.

¢ K. Delinska, K. Yavir, A. Kloskowski, Head space for the analysis

of organophosphorous insecticides by silica [L-based fibers in

real samples, Molecules (2022) - Zatacznik 5.

1.1. TECHNIKA MIKROEKSTRAKCJI DO FAZY STACJONARNE]

0d czasu wynalezienia techniki SPME liczne zespoty badawcze
skupity sie na szeroko rozumianym rozwoju techniki. W efekcie, corocznie
publikowanych jest szereg artykutéw naukowych z tego zakresu (Rys. 1),

co wskazuje na znaczng popularno$c¢ techniki SPME w §wiecie naukowym.
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Rysunek 1. Liczba artykutéw opisujacych zastosowanie SPME (Baza danych Scopus,
2021; stowa kluczowe: technika mikroekstrakcji do fazy stacjonarnej, ang. solid-phase

microextraction).

Jak juz wspomniano, oznaczanie analitbw obecnych na poziomie
Sladowym i ultra-§ladowym w proébkach ze zloZzonym sktadem matrycy
pelni niezwykle wazng role w ocenie oraz monitorowaniu $rodowiska,
natomiast liczba odpowiednio czulych technik analitycznych, stuzacych
bezposredniemu oznaczaniu sktadnikow obecnych w prébce w ilosciach
$ladowych jest ograniczona, co wigze sie z konieczno$cig przeprowadzenia
wstepnego etapu izolacji/wzbogacenia analitu przed dokonaniem oznaczen
koncowych. Etap ten posiada istotne znaczenie w odniesieniu do
doktadnos$ci oraz wiarygodnosci wynikéw catej procedury analitycznej. W
ostatnich latach, pojawity sie dodatkowe okolicznos$ci, ktére wynikajg z
zasad Zielonej Chemii Analitycznej [6], ktore muszg by¢ wziete pod uwage i
ktéore tym samym, stanowig podstawe rozwoju nowych rozwigzan
metodologicznych i technicznych. Do najbardziej podstawowych wymagan
naleza: zminimalizowana ilo$¢ wytwarzanych odpadéw, a takze stosowanie
bezpiecznych, nietoksycznych odczynnikéw oraz mediow ekstrakcyjnych.

Jedna z najpopularniejszych technik przygotowania prébek do analizy,
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ktéra speinia wymagania Zielonej Chemii Analitycznej jest mikroekstrakcja
do fazy stacjonarnej (SPME), ktéra zostata opracowana w latach 90. Przez
prof. Janusza Pawliszyna [7]. Technika ta znalazta zastosowanie do
pobierania szerokiego spektrum analitéw z mediéw gazowych, ciektych
oraz statych, o zréznicowanym sktadzie matrycy. Ogromna popularnosé
techniki SPME wynika z jej niewatpliwych zalet: prostoty obstugi, krétkiego
czasu ekstrakcji, bezrozpuszczalnikowego charakteru procesu, a takze
mozliwosci pelnej automatyzacji. Dodatkowo, prébki moga zosta¢ pobrane
in-situ, a wiarygodne wyniki uzyskuje sie dla analitéw obecnych w
ilosciach sladowych. Niemniej jednak, technika SPME nie jest pozbawiona
wad: niska selektywno$¢, a takze ograniczone mozliwosci wyboru

odpowiedniego wtdkna ekstrakcyjnego [8].

Typowe urzadzenie SPME sktada sie z rdzenia pokrytego cienka
warstwa odpowiedniego (ad)sorbentu. Wtékno jest umieszczone wewnagtrz
igly uchwytu podobnego do strzykawki. Ekstrakcje mozna przeprowadzié¢
poprzez ekspozycje widékna w fazie gazowej lub odpowiednio czystej
probki ciektej (DI-SPME - direct immersion-solid phase microextraction)
oraz z fazy nad powierzchniowej probki cieklej lub statej (HS-SPME -
headspace-solid phase microextraction) [9] (Rys. 2).

Wydajno$¢ SPME ze wzgledu na ograniczona objetos¢ fazy
ekstrakcyjnej (<1pL) zalezy od doboru odpowiedniego materiatu powtoki,
zapewniajgcego wysokie powinowactwo do wskazanych analitow. W
praktyce, wybor  pokry¢  widkien SPME  jest  ograniczony
polidimetylosiloksanu (PDMS), diwinylbenzenu (DVB), poliakrylanu (PA),
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Carboxenu (CAR) oraz glikolu polietylenowego (PEG, Carbowax, CW),

dostepnych w réznych grubosciach oraz kombinacjach [10].

HS-SPME

Rysunek 2. Schemat ekstrakcji analitu przy uzyciu techniki HS-SPME i DI-SPME.

Rodzaj zastosowanej fazy ekstrakcyjnej okresla polarnos$¢ powtoki.
Powtoki SPME mozna podzieli¢ wedtug trzech kryteriow: grubosci
powtoki, jej polarnosci oraz wedtug tego, czy powtoka jest absorbentem lub
adsorbentem. Dostepne rodzaje widkien komercyjnych nie sg w stanie
zapewni¢ optymalnych wiasciwos$ci sorpcyjnych dla wielu réznych
kombinacji analit-matryca [11]. Z tego powodu, przez ostatnie dwie
dekady gtéwny kierunek rozwoju SPME dotyczy! nowatorskich materiatow
powlokowych, ktére mozna wykorzysta¢c do produkcji wtékna SPME.

Naukowcy szukali materiatéw o wysokim powinowactwie do wybranych
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analitow [12]. Obecnie dostepne oraz stosowane do tej pory materiaty
sorpcyjne, wykorzystywane w SPME, a takze cieszace sie najwieksza
popularnos$cia to: nanoczastki metali szlachetnych [13], sorbenty na bazie
krzemionki (ditlenek krzemu) [14], polimery molekularnie wdrukowane
[15], polimery przewodzace [16], oparte na sorbentach weglowych jak
nanorurki weglowe [17] i grafen [18]. Powloki adsorpcyjne wigza anality
zwykle przez silne i specyficzne oddzialywania miedzyczasteczkowe.
Grupy funkcyjne (miejsca aktywne) zlokalizowane na powierzchni
adsorbentu moga oddziatywa¢ z analitem, za pomoca wigzan m-m,
wodorowych lub oddzialywan van der Waalsa. Biorgc pod uwage sposéb, w
jaki anality sg unieruchomione na powierzchni adsorbentu, wazne jest, aby

wziag¢ pod uwage podstawy termodynamiczne procesu adsorpcji analitow.

W celu ilosciowego opisu procesu ekstrakcji, wykorzystywane jest

pojecie stopnia pokrycia 6, ktéry mozna opisa¢ za pomoca zaleznosci:

g = uds (1)

Cads

gdzie:
2, stezenie zaadsorbowanego analitu w przeliczeniu na objeto$c¢
ekstrahenta [mol-dm-3];
C,4s- catkowite stezenie liczby miejsc aktywnych wyrazone w przeliczeniu
na objetosci ekstrahenta [mol-dm-3].

Powyzszy zapis réwnania (1) jest stuszny przy zatozeniu, zZe
rozktad miejsc aktywnych na powierzchni adsorbenta jest jednorodny.
Jezeli do opisu procesu adsorpcji analitu na powierzchni adsorbenta

wykorzystany zostanie model izotermy Langmuira w nastepujacej postaci:
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Kaa C
0 = ads/p “p.eq (2)
1+Kads/p Cp,eq

gdzie: Kags/p - stata réwnowagi adsorpcji (wspétczynnik podziatu),woéwczas
po podstawieniu do réwnania (2) zaleznosci opisanej rownaniem (1)
otrzymuje sie zalezno$¢ wiazaca stezenie analitu na powierzchni
adsorbenta w funkcji wspoétczynnika podziatu Kags/p W stanie rownowagi:

K C
a —C _e/p “peq 3
ads ads +Kesp Cpeq ( )

W oparciu o analize powyzszego roéwnania mozliwe jest

wyciagniecie kilku istotnych wnioskow:

. stezenie zaadsorbowanego analitu jest nieliniowa funkcja
jego stezenia w probce (ma to istotny wpltyw na wyznaczanie
krzywej kalibracyjnej),

. liniowy charakter zalezno$ci (3) mozna osiggna¢ jedynie
w sytuacji, gdy warto$¢ iloczynu Ke/p.Cpeq jest duzo mniejsza od
jednosci. Jednakze, dotyczy to jedynie sytuacji gdy analit
wystepuje na bardzo niskich poziomach stezen lub wykazuje
znikome powinowactwo do adsorbenta, co jest sytuacja

nieracjonalna.

W  konsekwencji, proces izolacji/wzbogacania lub inaczej
pobierania prébek analitow oparty na wykorzystaniu materiatéw statych,
ktére bazujg na mechanizmie adsorpcji cechuje istotne ograniczenie
zakresu liniowo$ci w poréwnaniu do przebiegu tego samego procesu

opartego na mechanizmie podziatowym czyli absorpciji.
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Kolejnym istotnym aspektem mogacym ograniczy¢ stosowanie
adsorbentéw jako faz stacjonarnych w technice SPME, jest zrozumienie
wlasciwosci powierzchni aktywnej adsorbenta opisywanej za pomoca Cads.
Parametr ten, w réwnaniu (3) charakteryzuje liczbe dostepnych miejsc
aktywnych jedynie w odniesieniu do jednego rodzaju analitu. Jakkolwiek
catkowita liczba miejsc aktywnych dostepnych dla czasteczki analitu na
powierzchni adsorbenta jest stata, to zalezy ona réwniez od powinowactwa
adsorbenta do innych skitadnikéw probki. Innymi stowy, w przypadku
probek o ztozonym skladzie mozliwe jest zajscie zjawiska konkurowania
analitéw z pozostatymi sktadnikami probki o dostepne miejsca aktywne na
powierzchni adsorbenta. Sktadniki o duzym powinowactwie do
powierzchni adsorbenta lub wystepujace w probce na wysokim poziomie
stezen zajmujg dostepne miejsca na powierzchni materiatu statego. W
konsekwencji, prowadzi to do ograniczenia zaré6wno maksymalnej ilosci
analitéw, jaka moze zosta¢ unieruchomiona na powierzchni adsorbenta w
stanie réwnowagi, jak réwniez dochodzi do zmniejszenia sie zakresu

liniowosci procesu ekstrakcji.
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2. CIECZE JONOWE
Ciecze jonowe (ang. ionic liquids) s definiowane jako zwigzki
zloZone wylacznie z jondéw, ktére charakteryzuja sie temperaturg topnienia
ponizej 100°C [19-20]. Whasciwo$¢ ta jest zazwyczaj rezultatem znaczacej
réznicy w rozmiarach organicznego kationu o rozbudowanej,
asymetrycznej strukturze i niewielkiego anionu organicznego lub

nieorganicznego.

Pierwsza opisang w literaturze ciecza jonowa byl azotan
etyloamoniowy, o temperaturze topnienia ponizej temperatury pokojowej
(12°C), otrzymany przez Paula Waldena w 1914 roku [21]. Niestety, w
latach 50 - 90 XX w. zainteresowanie cieczami jonowymi ws$réd
naukowcéw nie zyskato szczegdlnej popularnosci w prowadzonych przez
nich badaniach [22-25]. Wzrost zainteresowania tematyka cieczy jonowych
zostal zaobserwowany w ciggu ostatnich dwdéch dekad, co jest wynikiem
prac, ktéore byly rezultatem syntezy pierwszych cieczy jonowych,
stabilnych w kontakcie z wilgocig i powietrzem, opartych na kationie

imidazoliowym [26].

Ciecze jonowe dos$¢ szybko zaczety by¢ okreslane jako ,zielona”
alternatywa dla popularnych rozpuszczalnikow organicznych. Naukowcy
chetniej wykorzystywali w swoich badaniach ciecze jonowe, z uwagi na, jak
poczatkowo sadzono, ich przyjazny wobec $rodowiska naturalnego
charakter, a jednocze$nie doceniali ich unikalng zalete, jakg jest
projektowalnos$¢ (ang. designer solvents). Zaleta ta umozliwia naukowcom,
poprzez dobo6r odpowiedniego kationu lub anionu, zaprojektowanie cieczy

jonowej o pozadanych wtasciwosciach [27].
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WSsréd najbardziej popularnych kationdw cieczy jonowych mozna
wymieni¢ kation: imidazoliowy, pyridinowy, pyrolidinowy, fosfoniowy,
amoniowy i siarkowy. Do najpowszechniej wykorzystywanych anionéw
naleza: heksafluorofosforan, tetrafluoroboran, siarczan alkilu,
metanosulfonian, bis(trifluoromethylsulfonylo)imid oraz halogenki.
Obecny stan wiedzy, dotyczacy struktury chemicznej cieczy jonowych, ich
wtlasciwosci oraz ich mozliwych zastosowan w rdéznych dziedzinach
umozliwia dokonanie ich podziatu na trzy generacje:

e ciecze jonowe z unikalnymi wtasciwos$ciami fizycznymi;

e ciecze jonowe z wybranymi wlasciwosciami fizycznymi oraz

pozadanymi wtasciwo$ciami chemicznymi;

e ciecze jonowe z wybranymi wlasciwosciami fizyko-

chemicznymi oraz pozadanej aktywnoSci biologiczne;j.

Réwnolegle z tradycyjnymi cieczami jonowymi, powstajg nowe
podklasy cieczy jonowych, takie jak polimerowe ciecze jonowe
(ang. PILs) [28-30] oraz magnetyczne ciecze jonowe (ang. MILs) [31-32].
Struktura cieczy jonowych odpowiada za ich wyjatkowe wtasciwosci

fizyczne i mechaniczne.
Do najwazniejszych wiasciwosci cieczy jonowych zaliczane sa:

. wysoka stabilnos¢ termiczna,
. niska temperatura topnienia (stan ciekly w szerokim

zakresie temperatur),

. pomijalnie niska preznos¢ pary,
. powinowactwo do zwigzkéw organicznych i
nieorganicznych,
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° wysoka przewodnos$¢ jonowa i cieplna,
° wysoka lepkos¢ i gestosé,
. mozliwo$¢ zaprojektowania cieczy jonowych w oparciu o

ogromng liczbe kombinacji kationéw i aniondw.

Ostatnia z wymienionych wiasciwosci to zasadnicza przewaga
cieczy jonowych nad innymi substancjami. Przy prawidtowym doborze
kationu, anionu oraz dtugos$ci podstawnika alkilowego taricucha mozna
zaprojektowa¢ lub poprawi¢ wilasciwosci cieczy jonowych wobec
wybranego zastosowania. W zwiazku z tym, badanie natury cieczy
jonowych, wptywu réznych kationéw i anionéw na ich wtasciwosci, a takze
znajdowanie zalezno$ci i ich wyjasnianie jest podstawowym zadaniem
stuzagcym lepszemu zrozumieniu zalezno$ci miedzy strukturg i
wilasciwosciami cieczy jonowych, tym samym, rozszerzajac zakres
mozliwosci ich zastosowania. Wymienione kwestie zostaty doktadnie

przeanalizowane i oméwione w artykule przegladowym (Zatgcznik 1).

Obecnie, ciecze jonowe znajduja szerokie zastosowanie w réznych
dziedzinach nauki i techniki. Rysunek 3. przedstawia schemat ideowy z
najpopularniejszymi obszarami zastosowan cieczy jonowych. Gtownym
celem prowadzonych badan byto zastosowanie cieczy jonowych w technice

mikroekstrakcji do fazy statej.
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Rysunek 3. Zastosowania cieczy jonowych.

2.1. WYKORZYSTANIE CIECZY JONOWYCH I MATERIALOW
POROWATYCH W TECHNICE SPME

Pierwsze proby powlekania widékna SPME za pomocg cieczy
jonowych zostaly przeprowadzone w 2005 r. [33], jednakze, uzyskane
wtokna mogly by¢ uzyte tylko jednokrotnie, wymagajac ponownego
powlekania, po Kkazdej przeprowadzonej ekstrakcji. Ponadto, niska
wydajnos¢ izolacji analitéw, ze wzgledu na cienka warstwe ekstrakcyjng
stanowi kolejna, niekorzystna ceche proponowanego rozwigzania. W celu
czeSciowego ztagodzenia przedstawionego problemu, w kolejnej pracy
wtokno najpierw zostato pokryte cienkg warstwg polimeru Nafion, a

nastepnie ciecza jonowa [34]. Polimer zwiekszyt zwilzalnos¢ powierzchni,
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a zatem umozliwil utworzenie grubszej warstwy cieczy jonowej. Wiékno to
zostatlo wykorzystane w SPME do ekstrakcji wielopierscieniowych
weglowodoréw aromatycznych (WWA) z prébek wodnych. Niestety, po
przeprowadzeniu analizy, za kazdym razem wymagane bylo zmycie
warstwy sorbentu i ponowne powlekanie wtékna, co powaznie ogranicza
praktyczne zastosowanie tej techniki. Problemy zwigzane z niska
trwatoscig wtokien pokrytych cieczami jonowymi zostaty wyeliminowane
poprzez wprowadzenie polimerowych cieczy jonowych [35]. Zwiazki te
charakteryzuja sie wysoka stabilno$cia termiczna, pozwalajac na
dtugotrwate uzytkowanie witdékna (nawet do 150 ekstrakcji), bez
konieczno$ci ponownego powlekania fazg stacjonarna. Kolejne propozycje
to impregnacja za pomocg cieczy jonowych elastomeréw silikonowych
[36], wykorzystanie techniki metoda zol-zel [37], a takze sieciowania in-
situ na witdknach ze stali nierdzewnej, pokrytych mikrostrukturowym

srebrem [38].

Kolejne, bardzo obiecujace podejscie zostato zaproponowane przez
zespo6t prof. J. Namiesnika i dr A. Kloskowskiego [39]. Tym razem, ciecz
jonowa zostata unieruchomiona w sieci krzemionkowej w postaci jonozelu.
Otrzymane widkna charakteryzowaly sie wysoka trwatoscia, podczas gdy
unieruchomiona ciecz jonowa utrzymywata stan ciekly. Przedstawiona
procedura syntezy powtok dla SPME, opartych na jonozelu jest
skomplikowana i trudna do odtworzenia. Dodatkowo, za kazdym razem,
gdy pojawia sie zastosowanie nowej cieczy jonowej, wymagana jest
optymalizacja parametréw syntezy jonozelu. Podsumowujac, w celu

petlnego zbadania potencjatu cieczy jonowych jako faz stacjonarnych w
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technice SPME, istnieje potrzeba opracowania metody unieruchomienia
cieczy jonowej na powierzchni wtékna, w sposdb, ktéry umozliwi
utworzenie warstwy stabilnej zar6wno mechanicznie, jak i termicznie, przy
jednoczesnym zachowaniu stanu ciektego unieruchomionej cieczy jonowe;j.

Rozwdj w dziedzinie produkcji nowych wiékien SPME, opartych na
wykorzystaniu cieczy jonowych jest ograniczony, ze wzgledu na stabg
trwato$¢ warstwy cieczy jonowej na powierzchni witdkna. Polimerowe
ciecze jonowe mozna uzna¢ za rozwigzanie omawianego problemu,
poniewaz charakteryzujg sie one wysoka trwatoscig, jednakze, forma
spolimeryzowana nie zachowuje wiasciwosci fizykochemicznych
wyjsSciowych cieczy jonowych, co utrudnia mozliwosci przewidywania ich
wilasciwosci ekstrakcyjnych. Dodatkowo, ograniczony jest wybor cieczy
jonowych, jedynie do tych, ktére moga ulega¢ reakcji polimeryzacji.
Opracowanie metody otrzymania trwatej struktury porowatej na
powierzchni wtékna pozwoli na uzyskanie uniwersalnej, statej sieci, w celu
unieruchomienia praktycznie kazdej cieczy jonowej, jednocze$nie
zachowujac jej cieklty stan oraz oryginalne wtasciwosci. Zastosowanie
cieczy jonowych unieruchomionych w materiatach porowatych jako
sorbentow w technice SPME wymaga opracowania odpowiednio
wytrzymatego materiatu, ktéry zostanie pomys$lnie wykorzystany w
zmiennych warunkach. Gtebsze zrozumienie natury nowo opracowanych
porowatych powtok SPME oraz wptyw ich struktur na parametry
analityczne ma Kkluczowe znaczenie dla zapewnienia ich pomyslnego

wykorzystania.
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Wiasciwosci fizykochemiczne powtlok ekstrakcyjnych na bazie
materiatow porowatych w mikroekstrakcji do fazy stacjonarnej, wraz z ich
poszczegbélnymi zastosowaniami zostaty szczegétowo omowione w

artykule przegladowym (Zatacznik 2).
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3. CELE BADAWCZE

Badania przeprowadzona w trakcie realizacji pracy doktorskiej
byty ukierunkowane na opracowanie metody stuzacej do utworzenia
trwatej warstwy porowatego materiatu na powierzchni wtékna SPME.
Celem byto unieruchomienie potencjalnie kazdej cieczy jonowej, w porach
otrzymanego materiatu, przy jednoczesnym zapewnieniu przydatnego
narzedzia analitycznego, ktore bedzie uzyte w etapie przygotowania probki
do analizy. Podstawowym celem badawczym bylo opracowanie
powtarzalnej technologii nanoszenia materiatlu porowatego, ktory
spetiatby kilka Kkryteriow: powinien by¢ materiatem o wysokiej
stabilno$ci mechanicznej oraz termicznej, powinien cechowaé sie
niewielkim powinowactwem do docelowej grupy analitow, wielko$¢ oraz
objeto$¢ poréw powinna umozliwi¢ wysoki stopien wypetnienia materiatu
porowatego ciecza jonowa oraz zapewnic¢ jej fizyczne unieruchomienie.
Proponowane rozwigzanie stworzy mozliwos¢ prowadzenia szeroko
zakrojonych badan zwigzanych z doborem cieczy jonowej optymalnej dla
danej grupy analitbw i/lub prébek. Mozliwo$¢ wykorzystania cieczy
jonowych bez koniecznosci ich modyfikacji chemicznej, np. wskutek
polimeryzacji, moze sta¢ sie podstawg do szeroko zakrojonych i
systematycznych badan dotyczacych wptywu struktury chemicznej na
wtasciwosci ekstrakcyjne.

Realizacja  badan  prowadzonych ~w  ramach  Studium
Doktoranckiego wymagata realizacji nastepujacych celow badawczych:

e opracowania procedury otrzymywania materiatow

sorpcyjnych na bazie krzemionki;
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e opracowania techniki pokrywania wtokna szklanego i
metalowego powtoka krzemionki;

e opracowania metodyki unieruchomienia cieczy jonowych w
porach materiatu wiékna;

e zbadania mechanizmu ekstrakcji z zastosowaniem wodnych
roztworé6w modelowych zwierajacych testowy zestaw
zwigzkow z grupy Lotnych Zwigzkéw Organicznych (LZO0), jako
zwigzkow testowych;

o weryfikacji praktycznej uzyskanych powtok ekstrakcyjnych w
zastosowaniu do izolacji insektycydéw z prébek wodnych oraz
ZywnoSci, a w tym:

o optymalizacji parametréw ekstrakcji SPME;
o walidacji opracowanej metody;

o oceny wptywu efektu matrycy.
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4. PRZEBIEG PRAC BADAWCZYCH
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4.1. OTRZYMYWANIE MATERIAtU POROWATEGO

W oparciu o dostepne dane literaturowe zdecydowano, ze materiat
porowaty bedzie stanowi¢ odpowiednio spreparowana sie¢ krzemionkowa.
Podstawowymi czynnikami, ktére zdecydowaly o wyborze, byta zbadana
wczedniej neutralno$¢ sieci krzemionkowej w odniesieniu do szerokiej
gamy analitow o zr6znicowanej polarnosci [40]; wysoka wytrzymatosc¢
termiczna i mechaniczna oraz szeroka gama parametréw pozwalajgcych na
uzyskiwanie materiatu porowatego o bardzo zrdznicowanych warto$ciach
rozmiaréw i objetosci poréw. Do liczby parametréw decydujacych o
koncowym efekcie nalezy zaliczy¢ przede wszystkim: dobdr
odpowiedniego prekursora krzemionki, dobér rodzaju i iloSci porogenu
oraz modyfikacja parametrow prowadzenia wieloetapowego procesu
zelowania i kondycjonowania materiatu. Pierwsze badania po$wiecone
opracowaniu metodyki otrzymywania krzemionkowego materiatu
porowatego zostaly przeprowadzone w 2020 roku [41]. Pierwszym
krokiem przeprowadzonych eksperymentdéw byto zbadanie wtasciwosci
materiatéw porowatych w zalezno$ci od wybranego prekursora, ktérymi
byty odpowiednio krzemian sodu (Na;SiO3) i krzemian potasu (K»SiO3). We
wszystkich przeprowadzonych eksperymentach, jako $rodek porotworczy,
uzyty zostal dimetyloformamid (CsH7NO). Synteze materiatéw
krzemionkowych przeprowadzono w dwuetapowym procesie zol-zel (Rys.
4), przebiegajacy zgodnie z nastepujacymi reakcjami:

Hydroliza: Na,SiO3 + H20 + 2HCI - Si(OH)4 + 2NaCl (1)
KzSiO3 + HzO + 2HCl —» SI(OH)4 + 2KCl (Za)

Kondensacja: Si(OH)4 + (OH)4Si — (OH)3Si - O - Si(OH)3 + H20 (2b)
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‘ Hydroliza
— 8 —OR + HOH_s——— — Si— OH + ROH (1)
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| ‘ Kondensacja |
—S8i—O0H + — 8 —0H —— — 81 —0—8i— + HOH (2a)
| | Hydroliza ‘ |
Silanol Silanol Siloksan Woda
| Kondensacja | ‘
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Silanol Alkoksysilan Siloksan Alkohol

Rysunek 4. Schemat ideowy reakcji chemicznych syntezy zol-Zel.

Réwnolegle, opracowano optymalne warunki przygotowania
wiékna szklanego stuzacego jako nosnik wilasciwej powtoki
krzemionkowej. Przygotowanie widékna szklanego miato na celu
wprowadzenie na powierzchnie szkta grup hydroksylowych, ktore

umozliwityby chemiczne zwigzanie powtoki z podtozem.

Oczekiwanym efektem modyfikacji powinno by¢ silniejsze
zwigzanie powtoki ze szklanym wiéknem, a tym samym, uzyskanie wtdkna
o zwiekszonej stabilno$ci mechanicznej. W celu modyfikacji powierzchni, w
przeprowadzonych eksperymentach zastosowano tzw. piranian kwasowy
(kwas nadtlenosiarczanowy, 1:3 (v/v) H202:H,SO4) oraz NaOH.
Na etapie optymalizacji, wiékno szklane bylo wystawione na dziatanie
mieszaniny reakcyjnej (trawieniu) przez 15, 30, 45 i 60 sekund. Badajac

site przyczepnosci powtoki do powierzchni, stwierdzono, ze zwiekszenie
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dtugosci ekspozycji witdkna zwieksza przyczepnos¢ powtoki do
powierzchni szkta. Stwierdzono jednak, ze zbyt dtuga ekspozycja znacznie
ostabita strukture wtokna szklanego, uniemozliwiajac jego praktyczne
wykorzystanie. Ostatecznie, optymalny czas trawienia powierzchni wynosit

30 sekund.

Ze wzgledu na stosunkowo duza lepko$é, wyjSciowy roztwor
krzemianu sodu rozcienczono wstepnie wodg destylowana (objetosciowo,
w stosunku 2:1). Aby uzyskaé¢ jednorodny roztwoér, odczynniki zostaty
poddane wstepnemu mieszaniu w probéwce Eppendorf. Po wymieszaniu,
ktdre trwato 10 min, otrzymany roztwor wstrzyknieto strzykawka do rurki
z materiatu polimerowego (PEEK - polieteroeteroketon). Dno probdwki
PEEK zostato zamkniete septa, aby zapobiec wyciekowi roztworu zoluy,
natomiast wcze$niej przygotowane wtokno szklane zostalo umieszczone
wewnatrz rurki tak, aby mozliwe byto zamkniecie rowniez jej gérnej czesci.
Caly system umieszczono w zamknietej probéwce Eppendorf. Po zelowaniu
witékno zostato wyjete z rurki PEEK i poddane kolejnym etapom
procedury, jak pokazano na Rys. 5. Dokladny przebieg badan zostat

opisany w pracach badawczych Zalacznik nr 3 i 4.
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Rysunek 5. Schemat procedury eksperymentalnej syntezy porowatego materiatu
krzemionkowego.

W celu rozszerzenia mozliwo$ci zastosowania opracowanej metody
otrzymywania materiatu porowatego, w ramach prowadzonych prac
badawczych zaproponowano uzyskanie materialu porowatego z nowych
substancji porotworczych oraz prekursoréw (Zatacznik 4). Synteze nowego
materiatu porowatego przeprowadzono analogicznie, jak w przypadku
wcze$niej wymienionych reagentéw, w dwuetapowym procesie zol-zel
(Rys. 6). Odczynniki zastosowane w omawianej reakcji to politlenek
etylenu (PEO 20 kDa) jako substancja porotwdrcza oraz
tetrametyloortokrzemian (TMOS), jako prekursor. Wymienione odczynniki
zostatly wstepnie zmieszane w probowce Eppendorf, w celu uzyskania

jednorodnego roztworu. Po wymieszaniu, roztwér pozostawiono do
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zelowania. Ze wzgledu na dwie metodyki otrzymywania porowatego
materiatu krzemionkowego, poszczegélne etapy obu syntez przedstawiono
oddzielnie na Rys. 6. Obie procedury réznity sie obecnoscig (gérna droga)

lub brakiem (dolna droga) etapéw 5, 61 7.

——
| &
PEO 00l 7 7voe
Pi CH:COOH A mllit;j «"%%2 | material
b. SusIeRIS - ~a2F**| o niskiej
5NHoH T=350C i | 1 ¥ gestosct
(0.01M) by T2
/’7‘ 3 @ N r— —,ﬁ o —r
| | IO ZELOWANIE | | 4RO & §
> [ By r
o g d m p— [ " |
~ - P—
- L 8. CH\OH, e S 1 N
IX1Smin 9 cycren: -J al o) p) - X
Ol ZEL suszenie PRODUKT KONCOWY
zol T=50°C |0, kondycjonowanie i
T=250°C

Rysunek 6. Procedura syntezy zol-zel z wykorzystaniem TMOS jako prekursora i PEO

jako substancji porotwdrcze;j.

Prébki przygotowano przy zachowaniu statego stosunku
objetosciowego TMOS i CH3COOH, przy czym zastosowane roztwory kwasu
octowego roznity sie stezeniami. W badaniach uzyto kwas octowy jako
katalizator reakcji. Pierwszy etap syntezy materialu krzemionkowego
polegal na rozpuszczeniu PEO (20 kDa) w kwasie octowym. Etap ten trwat
okoto 10 minut. Temperature roztworu PEO (20 kDa) z kwasem octowym
obnizono do 0°C, az do uzyskania jednorodnej mieszaniny. Po osiggnieciu
wymaganej temperatury, do roztworu dodano TMOS. Obnizenie
temperatury byto wymagane, ze wzgledu na dtugi proces rozpuszczania
TMOS. W obnizonej temperaturze hydroliza TMOS zostaje praktycznie
zatrzymana, co pozwala na lepsza kontrole Kkinetyki uktadu reakcji.

Roztwdr byl mieszany az do momentu otrzymania jednorodnej mieszaniny
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(ok. 1 godz.). Zgodnie ze schematem przedstawionym na Rys. 6, kolejnym
etapem otrzymywania materiatu porowatego bylo Zelowanie roztworow,
co osiagnieto poprzez podwyzszenie temperatury do 50°C. Proces
zelowania materialu prowadzono przez 24 godziny, w zamknietych
szklanych naczyniach. Po etapie Zelowania prébki materiat poddano ocenie
wizualnej, w kontekscie koloru zelu, jego przezroczystosci oraz twardosci
probki  (wytrzymato$¢ mechaniczna). W przedstawionym wariancie
otrzymywania porowatego materiatu krzemionkowego z PEO (20 kDa) i
TMOS jako podstawe wtékna do SPME uzyto odpowiednio przygotowanego
chemicznie drutu ze stali nierdzewnej [42-43].
Drut ze stali nierdzewnej zostal przemyty metanolem, w celu usuniecia
zanieczyszczen organicznych, a nastepnie przemyty ultraczysta woda.
W kolejnym etapie, oczyszczony drut ze stali nierdzewnej (o dtugosci
15 mm) zostat wytrawiony w 40% kwasie fluorowodorowym (HF), przez
5 minut w temperaturze 40°C.

Nastepnie, wytrawiony drut ze stali nierdzewnej przemyto
ultraczysta woda i zanurzono w kwasie chloroziotowym (HAuCl4) o
stezeniu 2% (wag.), w celu chemicznego osadzania warstwy zlota (Au) na
powierzchni wytrawionego drutu ze stali nierdzewnej przez 30 minut
w 30°C. Kolejno, wytworzone wiokna sptukano ultraczysta wodg i
osuszono na powietrzu. Nastepnie, wlékna zanurzono w etanolowym
roztworze 1mM 3-merkaptopropylotrietoksysilanu, przez 60 minut w
temperaturze pokojowej. Nadmiar roztworu usunieto. W kolejnym etapie,
widékna przemyto etanolem i ultraczysta woda, a nastepnie wytworzone
wtoékna zanurzono w mieszaninie powlokowej na bazie krzemionki.

Mieszanina zostata przygotowana zgodnie z wcze$niej opisang procedura.
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Koncowym etapem otrzymywania wtékna byto jego kondycjonowanie w
dozowniku GC, w temperaturze 220°C, do momentu uzyskania stabilnej
linii sygnatu detektora.

Przeprowadzona analiza otrzymanych materiatow
krzemionkowych w Kkontek$cie ich wytrzymato$ci mechanicznej i
termicznej oraz mozliwosci ekstrakcyjnych wykazata, ze do kolejnych
badan zdecydowano wykorzysta¢ wariant przygotowany z materiatéw

K2Si03 i FA.

4.2. WYBOR I UNIERUCHOMIENIE CIECZY JONOWYCH W
MATERIALE

Oprécz opracowania metody unieruchomienia cieczy jonowej na
powierzchni witdékna, za pomocg sposobu, ktéry umozliwi utworzenie
warstwy stabilnej zaréwno mechanicznie, jak i termicznie, przy
jednoczesnym zachowaniu stanu ciektego unieruchomionej cieczy jonowej,
réwnie istotny jest wybor odpowiedniej cieczy jonowej, ktéora umozliwi
osiggniecie odpowiedniej selektywnosci oraz powinowactwa wobec
konkretnych analitow. Jednocze$nie, ciecz jonowa uznawana za materiat
sorpcyjny dla wiékna SPME musi spelnia¢ takie wymagania jak: wysoka
stabilnos¢ termiczna (powyzej 280-300°C dla termicznej desorpcji analitéw
w porcie iniekcyjnym GC), niska rozpuszczalno$¢ w wodzie oraz niska

lepkos¢.

W przeprowadzonych badaniach wykorzystano pie¢ réznych cieczy
jonowych. Do wtékien wykonanych z materiatu K,SiO3 oraz DMF wybrano
jako modelowa ciecz jonowa tetrafluoroboran 1-etylo-3-

metyloimidazoliowy (IL-1) (Zatacznik 3); w badaniach z wykorzystaniem
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materiatu TMOS i PEO (20 kDa) oraz K;SiO3 i FA do unieruchomienia
wybrano ciecz jonowa bis(trifluorometylosulfonylo)imid 1-benzylo-3-
metyloimidazoliowy (IL-2) (Zatgcznik 4); natomiast w badaniach
dotyczacych oceny mozliwosci ekstrakcyjnych otrzymanych wtékien w
prébkach rzeczywistych, w celach poréwnawczych wybrano nastepujgce,
cztery ciecze jonowe: bis(trifluorometylosulfonylo)imid 1-benzylo-3-
metyloimidazoliowy (IL-2) bis(trifluorometylosulfonylo)imid 1-butylo-1-
metylopirolidyniowy (IL-3), bis(trifluorometylosulfonylo)imid
butylotrimetyloamoniowy (IL-4) oraz bis(trifluorometylosulfonylo)imid 1-
(2-metoksyetylo)-3-metyloimidazoliowy (IL-5) (Zatacznik 5). W dalszej
cze$ci pracy nazwy cieczy jonowych beda uzywane jako wskazane w

tekScie akronimy, nadane konkretnej cieczy jonowe;.

Wyboru dokonano w oparciu o dostepne dane literaturowe dotyczace
stabilno$ci termicznej oraz wysokiej hydrofobowosci anionu [44-46].
Wybrane parametry fizykochemiczne oraz struktury chemiczne cieczy
jonowych wykorzystywanych w dalszych badaniach przedstawiono
odpowiednio na Rys. 7 w Tabeli 1.
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Rysunek 7. Struktury chemiczne cieczy jonowych wykorzystanych w badaniach.
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Tabela 1. Wtasciwosci fizykochemiczne cieczy jonowych wykorzystanych w badaniach.

Akronim Masa molowa Temperatura Temperatura Gestosé Lepko$c¢
cieczy topnienia rozktadu
jonowej [g-mol] ) ) [g-cm] [cP]
[°Cl [cr

IL-1 197.9 15.0 350.0 1.28 33.8
IL-2 4534 <RT 396.0 1.49 153.0
IL-3 4224 -6.0 360.0 1.40 95.0
IL-4 396.4 7.0 305.0 1.39 106.0
IL-5 426.4 -39.0 390.0 141 70.0

1 - Dane otrzymane z pomiaréw urzadzeniem Netzsch TG 209 F3 Tarsus (badania

zlecone). Warunki eksperymentalne: Argon, 25-800°C, zakres grzania 20°C min-1.

Ostatnim etapem prowadzonych badan byto unieruchomienie
cieczy jonowej wewngtrz poréw materiatu  krzemionkowego,
pokrywajgcego widkno szklane. Proces prowadzono w szklanej kolbie
okragtodennej, przystosowanej do pracy w warunkach niskiego ci$nienia.
Przygotowane wtdkna zanurzono w cieczy jonowej i umieszczono w kolbie
wypelnionej olejem silikonowym, zapewniajacej kontakt termiczny z

komorg grzewczg, jak pokazano na Rys. 7.

Zastosowana procedura sklada sie z dwdch etapéw: w pierwszym,
za pomocg pompy prézniowej usunieto powietrze z poréw powtoki; w
drugim etapie, podwyzszone ci$nienie wprowadzito ciecz jonowg do poréow
powtoki. Pierwszy etap zostat zakoniczony na podstawie obserwacji, az do
momentu braku widocznych pecherzykéw gazu wydostajacych sie z
analizowanego wtdkna (ok. 120 minut). Podci$nienie uzyskano za pomocg
pompy, dla ktérej maksymalne podcisnienie byto réwne 2+10-2 mbar.

Nastepnie, ciSnienie powoli bytlo zwiekszane, az do ci$nienia
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atmosferycznego, w ktérym witdékna byly utrzymywane przez ok. 1 godzine.
Proces unieruchomienia cieczy jonowej do poréw materiatu silnie zalezy
od jej lepkosci. Biorac pod uwage, ze lepkos$¢ cieczy maleje wraz ze
wzrostem temperatury, aby utatwié penetracje cieczy jonowej do wnetrza
porédw, zastosowano mozliwie najwyzsza temperature. Niemniej jednak,
docelowa temperatura byla ograniczona temperatura wrzenia oleju
silikonowego pod préznig, ktéra wynosi ok. 1 godz. 150°C, dlatego w

dos$wiadczeniach za bezpieczna przyjeto temperature 120°C.

Rysunek 8. Schemat zestawu do unieruchomienia cieczy jonowej w porach materiatu

krzemionkowego: 1 - proéznia, 2 - ciecz jonowa, 3 - olej silikonowy, 4 - wtékno SPME.

Gtéwne, zmierzone i obliczone, parametry charakteryzujace otrzymane

witdékna do SPME przedstawiono w tabeli 2.
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Tabela 2. Charakterystyka wtasciwosci fizycznych wytworzonych wiékien do SPME.

Wtékno z Grubos$c Dtugos¢ Objetos¢ Objeto$¢
cieczg jonowa  powtoki [um] powtoki [mm)] powtoki [uL] unieruchomionej
cieczy jonowej [uL]
1. 72.0 11.2 0.39 0.80
2. 90.0 11.5 0.47 0.55
3. 75.0 10.8 0.49 0.60
4. 68.0 10.5 0.44 0.40
5. 66.0 11.2 0.41 0.50

4.3. EWALUACJA 1ZASTOSOWANIE DO EKSTRAK(]JI - SZKEO
WODNE SODOWE JAKO PREKURSOR MATERIALU
POROWATEGO

Otrzymane porowate wtokno krzemionkowe z unieruchomiong
ciecza jonowa IL-1 zostalo zainstalowane na komercyjnym urzadzeniu
SPME (Supelco, Bellefonte, PA). Ocena przydatnosci otrzymanego widkna
zostala przeprowadzona za pomocg ekstrakcji lotnych zwigzkéw
organicznych ze standardowego roztworu wodnego technikg SPME z fazy
nadpowierzchniowej (HS-SPME z IL-1). Do badan modelowych wybrano
kilka lotnych zwigzkéw organicznych o roéznych wartosciach
wspétczynnika podziatu oktanol-woda jako miary polarnosci (Log Kow).
Wybrano nastepujace LZO: toluen, etylbenzen, n-butylbenzen, m-xylen,
1,3,5-trimetylbenzen, 1,2,4-trimetylbenzen, p-izopropyltoluen, styren,
bromobenzen, 1,2,4-trichlorobenzen, 1,2,3-trichlorobenzen, naftalen.
Charakterystyka wtokna uzytego w badaniach zostata przedstawiona w

Tabeli 3.
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Tabela 3. Charakterystyka widkna uzytego w badaniach.

Dtugos¢ Srednica Grubos¢ Srednica Odchylenie Porowato$¢
powtoki wtékna powtoki poréw standardowe powtoki
szklanego (Srednia) $rednicy wtékna
[mm] [um] e
[um] [um] [%]
[hm]
11,0+0,1 150+2%!1 65+5.7 0.33 0.061 57.3

1 - dane producenta (Supelco, Bellefonte, PA)

Objetos¢ cieczy jonowej unieruchomionej w krzemionkowej sieci
widékna obliczono na podstawie danych z analizy termograwimetrycznej
(TGA). Odmierzone masy probek wtdkien analizowano za pomocg TGA w
atmosferze azotu, ogrzewajgc probke do 800°C (10°C/min). Termogramy
uzyskane dla badanych wtékien (wtdkno z i bez cieczy jonowej) oraz
czystej cieczy jonowej zestawiono na Rysunku 8. Bioragc pod uwage mase
probki uzytej do pomiaru TGA (1,05 mg) i gesto$¢ cieczy jonowej
(1,294 g«cm3 [47]), objeto$¢ cieczy jonowej unieruchomionej w porach

materiatu krzemionkowej wynosita 0,8 pL.
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Rysunek 9. Termogram czystej cieczy jonowej (linia przerywana), czystej krzemionki (linia
stala) oraz materiatu hybrydowego ciecz jonowa + krzemionka (linia kreska-kropka). 0§ Y:
lewa odnosi sie do materiatéw krzemionkowych i hybrydowych, prawa odnosi sie do

pomiardéw czystej cieczy jonowe;j.

Procedure ekstrakcji SPME przeprowadzono przy uzyciu 12 ml
standardowego roztworu wodnego zawierajacego 20% (wagowo) NaS0s.
Mieszadto magnetyczne umieszczono w fiolce 15 mL, probke mieszano z
predkoscia 1800 obrotéw na minute, po czym fiolke zamknieto nakretka z
septy, za$ roztwor termostatowano przez 20 minut w 45°C. Nastepnie,
wstrzyknieto 10 pl roztworu podstawowego analitow i pozostawiono na 10
minut, w celu osiggniecia rownowagi termicznej. Wtékno eksponowano w
fazie nadpowierzchniowej probki przez 30 min w 45°C. Na koniec, witdkno
wyciggnieto z fiolki i wlozono do dozownika GC, w celu desorpcji

termicznej w temperaturze 220°C, przez 10 minut. Rozdzielenie zwigzkéw
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przeprowadzono przy uzyciu chromatografu gazowego Agilent
Technologies 78904, wyposazonego w detektor ptomieniowo-jonizacyjny
(FID), na kolumnie kapilarnej SPB-5 (30 m x 0,32 mm ID; grubo$¢ warstwy
filmu 0,25 um), dozownik chromatografu dziatal w trybie splitless.
Detektor utrzymywano w temperaturze 300°C. Zastosowano nastepujacy
program temperaturowy: ustawiono poczatkowa temperature 40°C przez
10 minut, nastepnie temperatura wzrosta do 145°C (50°C/min), kolejno do
170°C (4°C/min), az ostatecznie do 225°C (10°C/min), utrzymujac dang
temperature przez 2 minuty. Do badan uzyto wtdékna z czysta porowatg
krzemionkg oraz witdkna hybrydowego (ciecz jonowa unieruchomiona w
materiale porowatym). Celem przeprowadzonych badan byta weryfikacja
przydatnosci otrzymanych witdékien, nie za$§ poszukiwanie optymalnych
warunkow ekstrakcji. Jako materiat odniesienia, do badan wykorzystano
réwniez witékno komercyjne PDMS 100pum. Porédwnanie zdolnosci
ekstrakcyjnych wyprodukowanych wtokien zZ komercyjnymi
przeprowadzono wykorzystujgc powierzchnie pikéw chromatograficznych
wyznaczonych dla badanych analitéw. Bioragc pod uwage rdznice w
Srednicy i dlugosci powtlok, obszary normalizowano dzielac je przez
objetos$¢ fazy ekstrakcyjnej badanych witékien. Wyniki badan zostaty

przedstawione za pomoca Rysunku 9.
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Rysunek 10. Znormalizowane powierzchnie pikéw chromatograficznych dla badanych
wtékien: porowata krzemionka, porowata krzemionka wypetniona ciecza jonowa, PDMS.

Stezenie analitow w prébkach wynosito 83 pg+ mL-1.

Jak mozna zauwazy¢ na podstawie Rysunku 9, suma powierzchni
pikow dla widkna krzemionkowego z unieruchomiong cieczg jonowg w
strukturze poréw jest znacznie wyzsza dla wszystkich analitow, niz
odpowiednie wartos$ci uzyskane przy uzyciu wtoékna krzemionkowego bez
cieczy jonowej. Powyzsza obserwacja potwierdza znaczny potencjat
absorpcyjny cieczy jonowej jako ekstrahenta oraz dominujaca role IL w
procesie ekstrakcji. Jako wiarygodny parametr oceny zdolnoSci
ekstrakcyjnych badanych sorbentéw wybrano wspotczynnik wzbogacenia
(EF). EF obliczono jako stosunek stezenia analitu w ekstrahencie do jego
stezenia w badanej probce. Wartosci EF dla witokien krzemionkowych,
krzemionkowych z ciecza jonowa oraz PDMS podsumowano w Tabeli 4.
Wyniki zamieszczone w tabeli wskazujg, Zze wtdékna oparte na materiale

krzemionkowym wykazywaly lepsze powinowactwo do LZO w poréwnaniu
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z wtoknem PDMS. Granice wykrywalnosci (LOD) metody HS-SPME-GC-FID
dla 12 LZO dla wtdkna krzemionkowego z unieruchomiong ciecza jonowa
obliczono z wykorzystaniem wysoko$ci najnizszych wykrywalnych pikow
(zdefiniowany jako warto$¢ stosunku sygnat/szum = 3). Otrzymane
wartosci LOD mieszcza sie w zakresie od 0,46 pgL-1 dla naftalenu do
4,23 pg L1 dla toluenu. Granice oznaczalnosci (LOQ) zostaty obliczone w
taki sam sposéb jak LOD, tylko na podstawie stosunku sygnatu do szumu
wynoszacego 9, ktore znalazly sie w zakresie 1,39-12,68 pg L-1. Dodatkowo,
powtarzalno$¢ pojedynczego widkna oraz pomiedzy roéznymi
egzemplarzami widkien zostata oceniona odpowiednio w drodze pieciu
oraz trzech powtérzen analiz. Warto$¢ powtarzalno$ci pojedynczego
wtokna okre$la powtarzalno$¢ metody i waha sie od 3,2 do 12,6%.
Z kolei $rednia powtarzalno$¢ pomiedzy wtéknami wynosi 16,1 % i nie
przekracza wartosci 34,1 %. Otrzymane wartoSci zostaly zawarte
w Tabeli 4. Co ciekawe, pojedyncze widkno moze by¢ uzyte bez widocznego
spadku wydajnosci przez okoto 50 cykli ekstrakcji/desorpcji. Po 50 cyklach
wydajnos$¢ ekstrakcji zaczyna systematycznie spadaé ponizej ustalonej
$redniej wartosSci z poprzednich eksperymentéw; tym samym zatoZono,

ze 50 cyKkli ekstrakcji/desorpcji to dopuszczalny czas zycia wtékna.
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Tabela 4. Charakterystyka analityczna opracowanej metody HS-SPME-GC-FID do
oznaczenia LZO z wykorzystaniem badanego wtékna krzemionkowego z ciecza jonowa oraz
wspotczynniki wzbogacenia widkna z czysta krzemionka, krzemionkowego z cieczg jonowa
oraz PDMS.

Zwiazek Wspotczynnik wzbogacenia Wiékno krzemionkowe z ciecza jonowa
Widkno Widkno PDMS LoDt LoQ! RSD? RSD?
krzemion- krzemionkowe z
kowe cieczg jonowa

Toluen 1030 4360 390 4.23 12.68 10.9 341
Etylbenzen 3240 8700 3760 1.59 4.78 8.5 23.2
m-Xylen 2550 6430 1190 181 5.44 7.4 15.9
Styren 4750 8180 1150 1.55 4.66 7.9 15.9
Bromo- 4520 35190 840 1.62 4.86 5.4 14.9
benzen
1,3,5- 5740 12800 2950 0.82 2.46 3.7 5.7
Trimetyl-
benzen
1,2,4- 4390 16350 3760 0.77 232 6.6 19.2
Trimetyl-
benzen
p-lzopro- 5970 16150 2360 0.74 2.21 3.7 7.0
pyltoluen
n-Butyl- 5860 18180 2270 0.65 1.96 12.6 29.4
benzen
1,2,4- 8720 34420 6570 0.59 178 5.1 9.4
Trichlore-
benzen
Naftalen 7800 32630 8870 0.46 1.39 3.6 10.9
1,2,3- 13970 42100 10220 0.50 1.50 3.2 8.0
Trichloro-
benzen
1-pug Lt

2-RSD %, n=5, dla pojedynczego widkna
3-RSD %, n = 3, dla kilku wldkien
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4.4. TMOS, PEO, FA i K:SiO3 JAKO SUBSTRATY DO
PRODUKC]I POWEOKI KRZEMIONKOWE] - OCENA
MOZLIWOSCI EKSTRAKCYJNYCH WEOKIEN

Badania nad mozliwo$ciami ekstrakcyjnymi opracowanych wtékien
zostaly rozszerzone w Kkontek$cie uzycia wiekszej grupy mieszanin
prekursor-substancja porotwércza do produkcji powtok wiékien SPME.
Powtoki wytworzone z zastosowaniem szkla sodowego, jakkolwiek,
wykazywaty znaczgca porowato$¢ nie pozwalaty na unieruchomienie
adekwatnie duzych ilosci cieczy jonowej. Z tego powodu w dalszych
badaniach do wytwarzania powtok porowatych postanowiono zastosowac

inne uktady prekursor-substancja porotwoércza.

Jak juz wcze$niej wspomniano (Rozdziat 3.1.), w badaniach tych
wykorzystano dwa uktady materiatow prekursor-substancja porotwoércza:
TMOS i PEO oraz K,SiOs i FA. Oba z wybranych uktadéw materiatéw
charakteryzowaty sie pozadana, wysoka porowatoscig, na co wskazywaty
otrzymane wyniki analiz SEM (Rys. 11) oraz porozymetrii rteciowej (Rys.
12), dlatego tez, zdecydowano sie na wykorzystanie obu ukladéw
materiatébw jako witokien do SPME i zbadanie ich mozliwosci

ekstrakcyjnych.
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Rysunek 11. Zdjecia SEM uktadéw prekursor-substancja porotworcza zastosowanych w

przeprowadzonych badaniach: A. TMOS i PEO, B. K2SiOs i FA.
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Rysunek 12. Wyniki analizy przeprowadzonej za pomoca porozymetrii rteciowej dla

analizowanych uktadéw prekursor-substancja porotwércza. A. Intruzja réznicowa a

wielko$¢ poréw, B. Skumulowana powierzchnia poréw. Klasyfikacja wielkos$ci poréw

wedtug [UPAC.
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Rozwazajac otrzymane wyniki analiz SEM oraz porozymetrii rteciowe;j,
nalezy rowniez wzig¢ pod uwage praktyczne zastosowanie powtok jako
widékien do SPME, ktére jest okreSlane przez kilka wtasciwosci.
Do najistotniejszych naleza te zwigzane z oceng fizyczng, tj. regularnos¢
powtloki, jej grubo$¢ oraz wytrzymato$¢ mechaniczna. Spodziewanym
problemem podczas wykonywania prac badawczych byto réwniez
zjawisko kurczenia sie Zelu krzemionkowego podczas czynnoS$ci tzw.
obrobkowych, np. starzenia, ktére odgrywatoby kluczowa role w
przygotowaniu powloki. Oba z analizowanych ukladéw prekursor-
substancja porotworcza zostaly poddane wymienionym obserwacjom.
Uktad TMOS i PEO wykazywatl zbyt duza (niepozadang) porowatos¢,
dlatego do dalszych badan wybrano uktad
K,SiOs3 i FA. Biorac pod uwage, ze unieruchomienie cieczy jonowej w
porach opiera sie na dziataniu sit kapilarnych, zbyt duza $rednica poréw
wydaje sie niepozadana. Jednocze$nie stwierdzono, zZe obecnos¢ duzych
poréw w innych wariantach (Zatacznik 4; Materiaty dodatkowe; Tabela S1)
przygotowanych roztworéw krzemionki skutkowata zwiekszong
kruchoscig materiatu, co mogto skréci¢ zywotnosé wiékien.

Kolejnym etapem przeprowadzonych badan byto unieruchomienie
cieczy jonowej w porach widékna SPME wykonanego z uktadu K»SiOs i FA.
w tym celu wykorzystano modelowa ciecz jonowa
bis(trifluorometylosulfonylo)imid 1-benzylo-3-metyloimidazoliowy (IL-2).
Weryfikacja unieruchomienia wybranej cieczy jonowej w porach materiatu
zostata przeprowadzona za pomocag analizy TGA, ktérej wyniki zostaty
przedstawione na Rys. 13. Celem poréwnania, na Rys. 14 przedstawiono

termogram dla czystej cieczy jonowej uzytej w badaniach.
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Rysunek 13. Termogram K2SiOs i FA z unieruchomiong ciecza jonowa.
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Rysunek 14. Termogram czystej cieczy jonowej IL-2.
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Wyniki TGA dla obu materiatéw (Rys. 13 i Rys. 14) wykazaly spadek
masy o 5% od 105°C. Mozliwg przyczyng tego spadku jest zawarto$¢ wody,
ktéra zostata zaadsorbowana ze S$rodowiska podczas przygotowania
probki. Miedzy 220°C a 530°C mozna zaobserwowac drugi, dwustopniowy
spadek masy probki zawierajacej ciecz jonowa. Nastgpita roéwniez
niewielka zmiana w szybkos$ci ubytku masy okoto 420°C. Podobne zjawisko
mozna zaobserwowac¢ w trakcie rozktadu czystej cieczy jonowej, co widaé
na Rysunku 13 (z granicg okoto 400°C). Na podstawie przeprowadzonej
analizy TGA przyjeto wiec ubytek masy (okolo 55%) w zakresie
temperatur od 220°C do 530°C, jako konsekwencje rozktadu
unieruchomionej cieczy jonowe;j.

Ostatnim etapem badan byto sprawdzenie otrzymanego wiékna w
praktyce, poprzez zastosowanie go w rzeczywistej procedurze analitycznej.
Sprawdzenie = praktycznej  przydatnosci  wlékna  polegalo na
przeprowadzeniu cykli nagrzewania w dozowniku chromatografu
gazowego w temperaturze 220°C, w atmosferze helu oraz wizualnej ocenie
wiokien co dziesie¢ cykli. Zywotno$¢ witokna okre$lono na podstawie
dwodch parametrow: oceny wizualnej, gdzie kryterium bylo powstawanie
peknie¢ i utrata czeSci powtoki, drugim parametrem byto monitorowanie
iloéci zatrzymywanych analitéw - wydajno$¢ ekstrakcji wtékna. Ta ostatnia
metoda weryfikacji jest spowodowana tym, Ze nie jest mozliwa wizualna
ocena, czy nastgpita utrata cieczy jonowej z poréw materiatu. Przyjeto
kryterium, ze utrata sprawno$ci ponizej 80% warto$ci poczatkowej
dyskwalifikuje dane wiékno =z dalszego wuzytkowania; ostatecznie
zaobserwowano przecietny czas zycia widkien wynoszacy 80 cykli

sorpcji/desorpcji.
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Ekstrakcje lotnych zwigzkéw organicznych o roéznej polarnosci
przeprowadzono w trybie HS dla probek wodnych. Celem tego etapu byto
zbadanie przydatnosci otrzymanych wtdkien, a nie kontrolowanie
optymalnych warunkéw ekstrakcji. Eksperymenty przeprowadzono w
warunkach typowych, wyznaczonych na podstawie dostepnej literatury
[1]: czas desorpcji 10 min, temperatura desorpcji 220°C, czas ekstrakcji 30
min, temperatura ekstrakcji 45°C, stezenie soli 20% (NaS04), objetos¢

probki 12 ml, stezenie analitéw w zakresie od 5 do 100 ppm.
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Rysunek 15. Poréwnanie powierzchni pikéw chromatograficznych badanych analitéw dla
wtékna krzemionkowego z unieruchomiong (kolor niebieski) oraz bez cieczy jonowej

(kolor czerwony) w porach jego struktury.

Biorac pod uwage uzyskane wyniki, sumaryczna warto$¢ powierzchni

pikéw dla wiékna krzemionkowego z cieczg jonowg unieruchomiong w
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strukturze poréw jest znacznie wyzsza dla wszystkich analitéw, niz
wartosci otrzymane odpowiednio z widkna krzemionkowego bez cieczy
jonowej. Obserwacja ta potwierdza znaczny potencjat absorpcyjny cieczy
jonowej jako medium ekstrakcyjnego, a takze dominujaca role cieczy
jonowej w procesie ekstrakcji. Szczegétowy przebieg badan zostat opisany

w Zataczniku nr 4.

4.5. ZASTOSOWANIE WEOKIEN KRZEMIONKOWYCH DO
OZNACZANIA INSEKTYCYDOW ORGANOFOSFOROWYCH W
PROBKACH WODNYCH I RZECZYWISTYCH

Badania nad mozliwo$ciami ekstrakcyjnymi opracowanego wiékna
z uktadu K;SiO3; i FA zostaty rozszerzone w kontek$cie uzycia wiekszej
grupy cieczy jonowych. Uzyte w badaniach wtékno SPME przygotowano w
oparciu o wczes$niej wykorzystywana juz procedure, w skrocie obejmujaca
cztery etapy: wprowadzenie grup hydroksylowych na powierzchnie szkta,
przygotowanie roztworu zolu, powlekanie zol-Zelowe i obrébke termiczna.
W badaniach uzyto czterech cieczy jonowych rézniacych sie strukturg
chemiczng  kationéw, unieruchomionych w  porach  materiatu
krzemionkowego. Sg to wcze$niej juz wymienione w pracy ciecze jonowe
IL-2, IL-3, IL-4 i IL-5 (Rozdziat 3.2).
Z uwagi na pozadane wtasciwosci ekstrakcyjne wykazane w pracy
Zalgcznik 4, zdecydowano sie na ponowne wykorzystanie IL-2 oraz
poréwnanie jej z wtéknami, w porach ktérych unieruchomiono inne,
wybrane ciecze jonowe. Widkna zastosowano do oznaczania insektycydow

organofosforowych ~ w  prébkach  wodnych i  rzeczywistych.
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Grubo$¢ i regularno$¢ otrzymanej powloki wtékna SPME oceniono
wizualnie za pomoca mikroskopu optycznego (Rys. 16) oraz SEM (Rys. 17).
Jak pokazano na rys. 16 (wilékno przykladowe), mozna zauwazy¢, ze
otrzymana powloka witékna charakteryzuje sie regularnym ksztattem i

gruboscia oraz gtadka powierzchnig bez widocznych pekniec.

308.56 pm

Rysunek 16. Wt6kno SPME ze wskazang $rednica w powiekszeniu 50-krotnym.

Wyglad, porowato$¢ i regularno$¢ powtoki wtékna zbadano réwniez
za pomocg SEM. Jak pokazano na Rys. 17, widékno charakteryzuje sie
widocznymi porami (o wyraznej porowatosci), o stosunkowo gtadkiej

powierzchni z minimalnymi nieregularnymi obszarami powtoki wtékna.
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50 pmi

Rysunek 17. Zdjecia SEM opracowanego wtdkna.

W pracy wykorzystano cztery ciecze jonowe jako ekstrahenty.
Wybrane ciecze jonowe majg ten sam anion bis(trifluorometylo-
sulfonylo)imidowy, wiec ich zdolno$¢ ekstrakcji zalezy wylgcznie od
kationu. Kationy réznia sie pod wzgledem polarnosci, zaczynajgc od mniej
polarnego kationu butylotrietyloamoniowego (IL-4) i 1-butylo-1-
metylopirolidyniowych (IL-1) zawierajacych w swojej strukturze tylko
wigzania C-C sigma. Ciecz jonowa IL-3 zawiera dodatkowy pierscien
aromatyczny i heteroatom tlenu, natomiast IL-2 zawiera dwa pierScienie
aromatyczne. Ponadto, jako odniesienie zastosowano komercyjne wtdékna z
powtokami PDMS (grubos¢ 100 pm) i PA (grubos¢ 85 pm). Por6éwnanie
zdolnos$ci ekstrakcyjnych wyprodukowanych wtékien z komercyjnymi
przeprowadzono wykorzystujac powierzchnie pikéw chromatograficznych

wyznaczonych dla badanych analitow (Rysunek 18).
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Na podstawie wczedniejszych doswiadczen, parametry procedury
analitycznej byly nastepujace: 12 ml 20% wodnego wzorcowego roztworu
Na;S0. (w/w) w 15 ml szklanej fiolce; szybko$¢ mieszania przy 1800
obr./min; termostatowanie w 55°C przez 20 minut. Nastepnie, 10 pl
roztworu podstawowego wstrzyknieto do 12 ml roztworu wodnego i
pozostawiono na 30 min do osiggniecia réwnowagi termicznej. Wtdékno
poddano dziataniu ekstrakcji HS-SPME przez 35 min w 55°C. Na koniec,
wyciagnieto go z fiolki i wprowadzono do dozownika GC w celu desorpcji

termicznej w 220°C. Insektycydy desorbowano termicznie przez 10 min.

300

uPDMS

mPA 3500

250

(=]
=]
=1

Chromatographic peak areas
S &
(=] (=]

50

heptenophos  dimethoate paraoxonethyl fenitrothion chlorfenvinphos phosalone

Rysunek 18. Poréwnanie zdolnosci ekstrakcji w stosunku do badanych insektycydéw dla

réznych ILs oraz referencyjnych wtékien handlowymi PA i PDMS.

Biorac pod uwage réznice w objetosci powtoki (fazy ekstrakcyjnej),
obszary normalizowano dzielgc je przez objetosc¢ fazy ekstrakeji. Jak widaé

na Rys. 18, suma powierzchni pikoéw dla wiékna z unieruchomiona ciecza
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jonowa IL-2 jest najwyzsza dla wszystkich badanych insektycydéw. W
przypadku czterech z sze$ciu zastosowanych insektycydéw, druga
najskuteczniejsza ciecza jonowa byta IL-3, zawierajaca réwniez polarny
kation 1-(2-metoksyetylo)-3-metyloimidazoliowy. Jedynie w przypadku
insektycydéw zawierajacych pierScien benzylowy z podstawionym
atomem chloru (chlorfenvinphos, phosalone), lepsze wydajnosci ekstrakc;ji
uzyskano przy uzyciu widkien niepolarnych, zaré6wno pod wzgledem
stosowanych cieczy jonowych, jak i powtok handlowych (PDMS). Z tego
powodu, do dalszych badan wybrano wiékno z unieruchomiong ciecza
jonowa IL-2.

Szczegotowe badania dotyczace optymalizacji warunkéw ekstrakc;ji
oraz walidacji dla wybranego wtdékna zostaly przedstawione w pracy
Zataczniku 5.

W konficowym etapie oceny przygotowane wtdkna wykorzystano do
ekstrakcji probek rzeczywistych. Ekstrakcje wybranych insektycydow
fosforoorganicznych przeprowadzono z trybie HS-SPME dla prébek wody,
ogorka i grejpfruta. Wplyw matrycy oceniono na podstawie zmiany
wydajnosci ekstrakcji w zalezno$ci od stopnia rozcienczenia soku.
Zastosowano czysty sok oraz cztery jego rozcienczenia, gdzie zawartos¢
soku w prébce wynosita 50, 25, 10 i 1% (obj.). Badania przeprowadzono w
zoptymalizowanych warunkach. Wyznaczone =zaleznosci wzglednego
odzysku dla badanych insektycydéw w funkcji rozcienczenia oryginalnych

probek soku przedstawiono na Rys. 19 (grejpfrut) i Rys. 20 (ogorek).
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Rysunek 19. Wptyw rozcienczenia prébek woda w réznych stosunkach objetosciowych

rozcienczenia (w/w) z wykorzystaniem cieczy jonowej IL-2 do ekstrakcji soku z grejpfruta.
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Rysunek 20. Wptyw rozcieniczenia prébek woda w réznych stosunkach objeto$ciowych

rozcienczenia (w/w) z wykorzystaniem cieczy jonowej IL-2 do ekstrakcji soku z ogérka.

Jako punkt odniesienia wykorzystano wyniki ekstrakcji z prébek
wody. Jak wida¢, w obu przypadkach efekt matrycy jest znaczacy, gdzie

obnizenie wydajnosci ekstrakcji wynosi odpowiednio od 20 do 60% i od 20
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do 70% odpowiednio dla soku grejpfrutowego i z ogérka. W przypadku
soku z ogérka o zawartos$ci soku 10%, tylko dla chlorfenvinphosu wzgledna
wydajnos$¢ byta nizsza niz 90%. Jednoczes$nie, osiagniecie podobnego
poziomu RR dla prébki grejpfruta wymagato 100-krotnego rozcienczenia
probki. Mozna sie jednak spodziewaé, ze wptyw matrycy dotyczy gtownie
podziatu analitow miedzy probke i faze nadpowierzchniowa. ZatozZenie to
moga potwierdzi¢ wyniki opublikowane przez innych autoréw, w ktérych
stosowano rézne rodzaje powtok ekstrakcyjnych [48-49].

Poréwnanie omawianej pracy zostato przedstawione z innymi

przeprowadzonymi do tej pory badaniami naukowcow w Zataczniku 5.
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5. WNIOSKI

Glownym celem badan opisanych w rozprawie byto opracowanie
nowych powlok porowatych na wildéknie urzadzenia do SPME
umozliwiajgcych unieruchomienie cieczy jonowych, w celu rozszerzenia

zakresu stosowalnosci techniki SPME.
W trakcie studiéw doktoranckich zrealizowano nastepujace zadania:

1. Opracowanie i udoskonalenie procedury pozyskiwania wldkien
SPME z krzemionkowych materialow porowatych, VA
unieruchomieniem cieczy jonowych. Wykorzystano rézne uktady
prekursor-substancja porotworcza: Na,SiOz i DMF, K,SiOz i DMF, TMOS i
PEO, K3SiO3 i FA. Najlepszym uktadem okazat sie K,SiO3 i FA, wykazujac
pozadang interakcje z cieczami jonowymi oraz najlepsza przyczepnos$¢ do
powierzchni wiékna szklanego, w poréwnaniu z pozostatymi uktadami

prekursor-substancja porotworcza.

2. Rozwéj zastosowania otrzymanych wldokien dla wiekszej grupy
cieczy jonowych. W badaniach uzyto iacznie pie¢ réznych cieczy
jonowych, gdzie IL-1 bylta ciecza modelowg, natomiast IL-2, IL-3, [L-4 i IL-5
zostaly uzyte w badaniach dotyczacych mozliwosci ekstrakcyjnych
wybranych cieczy jonowych. Wtékna z unieruchomiong ciecza jonowg IL-2
wykazaly najwyzsze zdolnos$ci ekstrakcyjne dla zwigzkéw o roznej

polarnosci.

3. Zastosowanie otrzymanych wldkien do ekstrakcji réznych

zanieczyszczenia z probek wodnych. Wiékna K SiO3 i FA z
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unieruchomiong cieczg jonowg IL-2 zostaly poddanie ocenie w kontekscie
ekstrakcji lotnych zwigzkéw organicznych. Za pomocg HS-SPME-GC-FID
analizowano probki wody. W badaniach poréwnywano zdolnosci
ekstrakcyjne witokien z i bez cieczy jonowej na podstawie sumy
powierzchni pikéw chromatograficznych analitow dla poszczegélnych
wtokien. Badania wykazaly znacznie wyZsze wartosci dla wtékna z ciecza
jonowa, co potwierdza znaczny potencjat absorpcyjny cieczy jonowej jako
medium ekstrakcyjnego, a takze dominujaca role mechanizmu absorpcji

analitéw przez ciecz jonowa w procesie ekstrakgji.

4. Optymalizacja parametréw ekstrakcji procedury HS-SPME-GC-FID.
Kluczowe parametry ekstrakcji, tj. czasy ekstrakcji i desorpcji, temperatury
probkowania i desorpcji, czas ustalania stanu rownowagi oraz stezenie
soli. Stezenie soli, pH, temperatura i czas ekstrakcji zostaty szczegétowo
zoptymalizowane dzieki zastosowaniu Centralnego Planu Kompozycyjnego

(ang. Central Composite Design - CCD).

5. Walidacja opracowanej metody i ocena efektu matrycy.

Parametry walidacyjne, takie jak LOD, LOQ, R? powtarzalnosé
pojedynczego witdkna i pomiedzy wytworzonymi wtéknami, EE, zostaty
okreslone w celu oceny stosowalnosci proponowanej metody HS-SPME-GC-
FID dla wtdékna z unieruchomiong IL-2. Wszystkie parametry wykazywaty
akceptowalne wartosci. Wydajnos¢ witdékna poréwnano rdédwniez z
wtoknami komercyjnymi PDMS i PA. We wszystkich przypadkach
znormalizowane wydajnosci ekstrakcji widékien krzemionkowych z
unieruchomiong ciecza jonowa s3g znacznie wyzsze niz w przypadku

witokien komercyjnych. Ostatecznie zaproponowane metody zostaty
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zastosowane do analizy probek rzeczywistych wody oraz probek zywnosci
(Swiezy sok z ogérka i grejpfruta). Zgodnie z uzyskanymi wartosciami RRs,
efekt matrycy nie byt istotny dla probek wody, natomiast miat znaczenie

dla probek sokow.
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Ionic liquids (ILs) with their unique properties found so far numerous analytical applications. Among
them ILs both in their liquid form and immobilized on the surface or within the pores of a solid support
were successfully utilized in microextraction techniques. The scope of this review will cover a
comprehensive summarizing of available literature data on selected properties of ILs playing a key role in
analytical purposes, methods of their implementation in microextraction techniques as liquid or solid/
stationary extraction media and finally, the most recent examples of application of ILs-based micro-
extraction techniques in preconcentration of analytes from food, environmental and biological samples.
The work will be concluded with directions for further investigation in this field.

© 2019 Elsevier BV. All rights reserved.

1. Introduction

The philosophy of green analytical chemistry defines the prin-
ciples allowing for pro-ecological activities in analytical labora-
tories [1]. Identification and quantification of compounds present
in analytical samples at trace or ultra-trace levels usually requires a
preliminary step of isolation of analytes. It is related to the per-
formance of analytical instrumentation that in some cases is not
enough sensitive for direct determination of analytes at such low
levels of concentration. Several new technical and methodological
solutions in this area have been proposed [2,3]. At the same time,
we are obliged to minimize or even eliminate from the analytical
methodologies harmful organic solvents and replace them with
more friendly alternatives [4]. One of such groups of substances,
named as solvents of the 21st century, are ionic liquids (ILs).

Following the ILs discovery over a century ago, they have
become a significant field of studies in broad range of the chemical
sciences. With a simple definition given by Paul Walden in 1914, ILs
are commonly recognized as salts with a melting point below
arbitrary temperature equal to 100°C. However, most often applied
ILs are called room-temperature ionic liquids (RTILs) which are

* Corresponding author.
E-mail address: lukmarci@pg.edu.pl (L. Marcinkowski).
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0165-9936/© 2019 Elsevier BV. All rights reserved.
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organic salts with melting points below room temperature [5].
Some of the most common cations and anions applied in analytical
applications of ILs have been shown in Fig. 1. Looking at the
constantly increasing number of papers concerned with RTILs
application in chemical laboratories it may be said that there is a
huge opportunity for them to be an alternative for conventional
organic solvents in common sample preparation techniques. More
than one thousand ILs are now known, and what is more, a lot of
them are commercially available. Many important studies in
physicochemical characterization of ionic liquids have been per-
formed. Obtained knowledge allowed for conscious use of them in
sample preparation techniques and other applications.

In the past two decades, the rapid increase in the number of
papers reported the ILs use as sorption materials can be observed.
This high popularity of ILs is related to their unique properties,
especially, to these properties important from the “environmental”
point of view i.e. negligible vapor pressure, high thermal stability,
low flammability. However, it should be noted that the properties
of ILs are highly influenced by their structure and presence of im-
purities, Furthermore, it is also necessary to understand how the
physicochemical parameters of ILs are able to affect their affinity to
selected groups of compounds. The relation between ILs properties
and their structure will be shortly discussed in further section of
this article.
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Abbreviations

[aliquat+]z [MnCl3 ] trioctylmethylammonium
tetrachloromanganate(Il)
[CaCyIM][Br] 1-ethyl-3-methylimidazolium bromide
[C2GIM][Co(NCS)4] 1-ethyl-3-methylimidazolium
tetraisothiocyanatocobaltate(ll)
[C2CIM][BE,] 1-ethyl-3-methylimidazolium tetrafluoroborate
[C2C1IM][Co(NCS)4] 1-ethyl-3-methylimidazolium
tetraisothiocyanatocobaltate(Il)
[C3CIM][FeCly] 1-propyl-3- methylimidazolium
tetrachloroferrate(Ill)
[C4CIM][CI] 1-butyl-3-methylimidazolium chloride
[C4CiIM][PFs] 1-butyl-3-methylimidazolium
hexafluorophosphate
[C4CIM][TFSI] 1-butyl-3-methylimidazolium
bis(trifluorosulfonyl)imide
[C4CyIM] [FeCl4] 1-butyl-3-methylimidazolium
tetrachloroferrate
[C4CyIM][Br] 1-butyl-3-methylimidazolium bromide
[C4CyIM][FeCl* "] 1-butyl-3-methylimidazolium
tetrachloroferrate(1ll)
[C4CiIM]][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
[CsCiIM][PFg] 1-hexyl-3- methylimidazolium
hexafluorophosphate
[CsCIM][CL] 1-hexyl-3-methylimidazolium chloride
[CeCHIM][TFSI] 1-hexyl-3-methylimidazolium
Dbis(trifluoromethylsulfonyl)imide
[CsCiIM][BE4] 1-hexyl-3-methylimidazolium tetrafluoroborate
[CeCiIM][OAc] 1-hexyl-3-methylimidazolium acetate
[CsCiM][TFSI] 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
[C5CIM][PFs] 1-heptyl-3-methylimidazolium
hexafluorophosphate
[CeCiIM][PFs] 1-octyl-3-methylimidazolium
hexafluorophosphate
[CsGiIM][CI] 1-octyl-3-methylimidazolium chloride
[C1oC4IM][CI] 1-decyl-3-methylimidazolium chloride
[C12GIM][CI] 1-dodecyl-3-methylimidazolium chloride
[C16CalM][Br] 1-hexadecyl-3-butylimidazolium bromide
[Ci6C1IM][2TFSI] 1-hexadecyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
DDT dichlorodiphenyltrichloroethane
[DVBIM,Cy2][2TESI] 1,12-di(3-vinylbenzylbenzimidazolium)
dodecane dibis[(trifluoromethyl)sulfonyl]
imide
[VBHDIM][2TFSI] 1-4-vinylbenzyl-3-hexadecylimidazolium bis
[(trifluoromethyl)sulfonyl]imide
DICAT dicationic ionic liquid
p-u-SPE  dispersive micro solid phase extraction
E-MIL-DLLME enhanced magnetic ionic liquid — dispersive
liquid-liquid microextraction
FT-IR fourier transform infrared spectroscopy
GFAAS graphite furnace atomic absorption spectrometry
GO graphene oxide
HS-LPME  headspace liquid phase microextraction
IL-DLLME ionic liquid dispersive liquid-liquid microextraction
IL-SDME ionic liquid — single drop microextraction
IL-SPE ionic liquid-solid phase extraction
IL-SPME ionic liquid-solid phase microextraction
IL-TGO ionic liquid-thiol-graphene oxide
[L-uE-DLLME ionic liquid assisted micro-emulsion- dispersive
liquid-liquid microextraction

IL-mE ionic liquid based microextraction
MCNPs  magnetic cellulose nanoparticles
MIL magnetic ionic liquid

MIL-IMSA magnetic ionic liquids isothermal multiple-self-

matching-initiated amplification

META-IL-DLLME magnetic effervescent tablet-assisted ionic

liquid dispersive liquid-liquid microextraction

ME-IL-VALLME micellar extraction combined with ionic liquid

based vortex-assisted liquid-liquid
microextraction

MIL-M-SPE magnetic ionic liquid coupled with micro-SPE

MNP@PAMAM@CD@IL ionic liquid-coated and cyclodextrin-
functionalized magnetic core dendrimer
nanocomposites

MOF metal-organic framework

[Nggs1][TS] trioctylmethylammonium thiosalicylate

[N{gssl[FeCls] trioctylmethylammonium tetrachloroferrate(lll)

[P4sa4sl[Br] tributyloctylphosphonium bromide

[P4.4.4.12][Br] tributyldodecylphosphonium bromide

[Pa.a4.16][Br] tributylhexadecylphosphonium bromide

[Pigs1ala [MnCI3 ] trihexyl(tetradecyl)phosphonium

tetrachloromanganate{Il)

[Pd 6,14l Dy(hfacac)* ] trihexyl(tetradecyl)phosphonium
tetrakis(hexafluoroacetylaceto)
dysprosate(lIl)

[Psssaa “1IMn(hfacac)®] trihexyl(tetradecyl)phosphonium
tris(hexafluoroacetylaceto)
manganate(1l)

[Pigsaal[ Ni(I1)(hfacac)™] trihexyl(tetradecyl)phosphonium
tris( hexafluoroacetylaceto) nickelate

PAHs poly aromatic hydrocarbons
PANI polyaniline
PCR polymerized chain reaction

PCR-MIL-ITO polymerized chain reaction magnetic ionic liquid
indium titanium oxide
PEG-DIL  poly (ethyleneglycol) bis(methylimidazolium

chloride)
PlLs polymeric ionic liquids
PMME polymeric monolith microextraction
PPy polypyrrol
PTh polythiophene
QuEChERS quick, easy, cheap, effective, rugged, and safe method
RDSE rotating disk sorptive extraction
SCSE stir cake sorptive extraction
SIL solidification ionic liquids
SBSE stir bar sorptive extraction

TGA-DTG thermogravimetric analysis/derivative
thermogravimetry
TSIL-DLLME task specific ionic liquid — dispersive liquid-liquid
microextraction
TSIL-USA-DLLME task specific ionic liquid — ultrasound assisted
— dispersive liquid-liquid microextraction
UASEME  ultrasound-assisted surfactant-enhanced
emulsification microextraction (UASEME)
USA-DSL-MPM ultrasound assisted - dispersive solid liquid -
multiple phase microextraction
VA-p-p-SPE vortex assisted dispersive micro solid phase
extraction
VA-IL-DLLME vortex-assisted ionic liquid dispersive liquid-
liquid microextraction
VWD variable wavelength detector

82



http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

GDANSKA

WYDZIAL CHEMICZNY

POLITECHNIKA

R. Marcinkowska et al. / Trends in Analytical Chemistry 119 (2019) 115614 3

Most commonly used cations

0] QD] |

—r W N
| A S Ri” Rz

and anions Magnetic IL anions
F\T K o c clw
(g Fe~ Mo
SN )—L a [ ~a o | e
o < i
F\ /F < FI
A [y eg M a—Gsete [Ln(NCS),(H,0))
L] RS (x=68,y=02,Ln=La-Yb)
L) o
X, —\/";\a// [‘\
F N o £ col
\ e ] e
L & (-]

Fig. 1. Structure of typical ionic liquid cations and anions.

During last two decades, ILs have been applied as extraction
phases in several important sample preparation techniques, i.e.
solid-phase microextraction (SPME), dispersive liquid-liquid
microextraction (DLLME), single-drop microextraction (SDME),
stir bar sorptive extraction (SBSE), stir cake sorptive extraction
(SCSE) [2,3]. Milestones in development IL-based microextraction
techniques have been presented in Fig. 2.

At early stages of ILs application as sorption materials, several
limitations have been observed, generally with unstable layer of IL
on SPME fiber surface. After that, several solutions have been
developed to support the use of ILs as extraction phases. One of
these solutions are related to the fabrication of IL-based hybrid
materials which based on immobilization of IL infon porous solid
material [6]. Other solution which supported significantly the use
of ILs as sorbents is the development of polymeric ionic liquids
(PILs). PILs are compounds that have polymerizable groups in cat-
ions or anions which allows for the formation of polymeric back-
bone in polymerization reaction. The major advantages of PILs are
enhanced stability, flexibility, and durability in applications as
practical materials [7]. In last years, a new subclass of [Ls named
magnetic ionic liquids (MILs) has been proposed. These magnetic
solvents are produced by the incorporation of a paramagnetic
component in either the cation or anion of the IL structure [ §]. MILs
have become a key subject in numerous recent ILs-based analytical
applications [9]. In recent years, many reviews have been published
presenting the current summary of the ILs application in the above
mentioned microextraction techniques The vast majority of them
thoroughly discuss the ILs properties as the function of anion,
cation and type of substituent [10].

In this review, structures and properties of ILs relevant to
extraction processes have been comprehensively discussed,
which has been followed by the characterization of ILs-based
liquid and solid/stationary extraction media implemented in
microextraction and most recent literature examples of ILs
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applications in liquid phase and solid phase-based micro-
extraction techniques. Advantages and shortcomings of several
ILs-based novel sample preparation solutions have been sum-
marized. Some trends have been also emphasized. It should be
noted, that shortly after the first applications of ILs in micro-
extraction techniques, a lot of review papers summarizing the
state of the knowledge in this field were released [11—14]. There
are also several review articles generally describing the usage of
ILs in analytical chemistry field [15—17]. For this reason, this re-
view is a comprehensive summarizing of most recent de-
velopments in the field of ILs-based microextraction, with paying
special attention to such intensively exploited in the past few
years topics as MILs and ILs-based hybrid materials.

2. Structures and properties of ionic liquids

One of the most important features of ionic liquids that distin-
guish them from other substances used as solvents in the extraction
process is their negligible vapor pressure. It is widely believed that a
defining characteristic of ionic liquids is that they exert no measur-
able vapor pressure, and hence cannot be distilled [ 18]. Nevertheless,
it has been shown that under very low pressure at temperatures
close to 200—300°C the vapor pressure of some ionic liquids can be
measured [19]. Also vitally important ILs parameter is their high
thermal stability. It has been proved that significant part of ILs tested
so far decompose much above 200°C, and in some cases even over
450°C [20]. High thermal stability of ILs is strongly associated with
their structure, particularly with the anion that forms the given ionic
liquid [21]. lonic liquids with less nucleophilic or coordinating anions
usually exhibit the highest thermal stability (e.g., [CF3SOs;] and
[TFSI]), while ILs with halide anions usually decompose in lower
temperatures [22]. The influence of the cation on the thermal sta-
bility of ILs has also been studied [23]. Thus, for a ionic liquids with
the same anion [TFSI|, the thermal stability increased in the
following series: [C4CPyrr] > [C4CiIM] > [Ngg1] > [C4CPy]. The
length of the alkyl substituent present in the cation structure does
not have a significant influence on IL thermal stability [22].

One of the largest barriers to the application of ILs arises from
their high viscosity. Typical ILs viscosity remain between 10 mPa s
and 500 mPa s, which is a higher viscosity than in the case of
classical organic solvents. For example, the viscosities of hexane,
benzene and water at a room temperature are equal to 0.3, 0.6 and
0.9 mPa s, respectively. ILs cation is the most important structural
factor affecting the viscosity, its nature and size is directly
correlated with the viscosity of IL. The viscosity of ILs, which have
the same kind of anion and the same length of the alkyl substit-
uent chain in the cation increases in the following way for various
cations: [C,C1IM] < [Py] < [Pyrr]. Moreover, the viscosity of ILs
increases when the length of the alkyl chain attached to the cation
increases [24]. In case of the anion, ionic liquids with large and
non-symmetrical anions (like [TFSI] anion) exhibit lower viscosity
than ILs with non-polar and symmetrical anions [25]. Another
important factor affecting the ILs viscosity is temperature. As for
the rest known organic solvents, viscosity of ILs decrease with
increasing temperature and this dependence has an exponential
shape [26].

Surface tension may be an important property in multiphase
process. The surface tension values for ILs are somewhat higher
than those for conventional solvents (e.g. hexane, 18 mN m™'),
although not so high as for water (73 mN m ') [27]. The type and
size of the anion have the greatest influence on the surface tension
of ILs. It decreases with increasing size of the anion:
|BF4] > [PFg] > [CF3803] > [TFSI] [28]. The influence of the cation can
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Fig. 2. Milestones of ionic liquids in sample preparation techniques — from the first synthesis toward microextraction application.

be observed but rather small. The lengthening of the alkyl sub-
stituent in the cation lowers the surface tension [28].

The solubility of ILs in water is a critical parameter for their use
as separation media in extraction techniques. Therefore, it is
important to explore the nature of ILs, in particular, the character of
their interactions with various compounds. The strength of water-
ion interactions for water-soluble ILs is mostly determined by the
size of the ion. The solubility of ILs in water mostly depends on the
anion (29|, while the role of the cation is secondary. The hydro-
phobic nature of anions grows in the following order
[Br] ~ [CI] < [BF4] < [PFg] < [NTf:] < [BETI] [30]. The role of the
cation is dependent on the length of the alkyl substituent chain, as
its increase results in an enhancement of the hydrophobic prop-
erties of the entire IL [31].

The term ‘polarity’ covers all the possible microscopic properties
responsible for the interactions between ILs and analyte present in
sample. Polarity of ILs decrease with anion size i.e. with the effec-
tive charge density. The presence of —OH or —OR groups in IL
structure can vary the polarity of the corresponding IL over a wide
range. Most widely used for [L empirical scale of polarity is the
Ery3p). This scale is based on wavelength maximum of the lowest
energy 7-7" absorption band of the zwitteronic Reinchardt's dye.
The Ep3p) scale is often presented in normalized scale EN obtained
by assigning water the value of 1.0 and tetramethylsilane zero [32].
For the 1-alkyl-3-methylimidazolium ionic liquids the E} values are
similar to that for ethanol. Elongation of the alkyl chain in cation
reduce the IL polarity. Alteration of the anion in [C4C;IM]-based
ionic liquids has very low effect on the E’T“ values [35]. A graphical
representation of the .E'Tu solvent polarity scale is given in Fig. 3.
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3. lonic liquids-based extraction media for microextraction
techniques

The fact that 1Ls are “designer solvents”, possible to be designed
from vast number of anions, cations and alkyl substituents in cat-
ions in a way that defined compounds have a strong affinity to-
wards them, makes them an indispensable group of extraction
media for sample preparation techniques. For this purpose, they
may be applied both as liquid extractants, where ILs native prop-
erties are kept, and [Ls-based solid/stationary phases, which may be
classified as new sorption materials benefiting from not only some
of the native properties of ILs but also demonstrating other
attractive features at the same time. There are also several issues
limiting the designing of IL-based microexraction systems. All these
aspects will be discussed in the following subsections. Fig. 4 pre-
sents the number of papers describing application of ILs as sorption
materials in selected microextraction techniques in last five years.

3.1. ILs as liquid extractants in liquid-phase microextraction
technigues

Extraction by a liquid, usually by an organic solvent, is one of the
first solutions which comes to analytical chemist's mind when the
isolation of analytes from a solid or liquid matrix is needed.
Although still present in analytical practice, such well-known and
rather old techniques as Soxhlet extraction or liquid-liquid
extraction in separation funnels, require the use of high amounts
of toxic and flammable solvents and, in addition, are very time-
consuming. The recommendations covered in green chemistry
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Fig. 4. Number of scientific papers with ionic liquids application in microextraction techniques in last five years (Web of Science, March 2019).

and later in green analytical chemistry principles released to the
wider audience in fostered the replacement of above mentioned
techniques by more user-safe and environmentally benign solu-
tions. At first, solvent extractions were started to be assisted by e.g.
microwaves, ultrasounds and elevated pressure which allowed for
reducing solvent consumption, waste generation and time needed
for complete analyte recovery. Further “green” modifications in the
process of analytical extraction by a liquid were based on minia-
turization and limiting the volume of solvents to 100 pl or less,
which resulted in the development of currently such widely
applied sample preparation techniques as single-drop micro-
extraction (SDME) and dispersive liquid-liquid microextraction
(DLLME) and their numerous, more specific modifications (e.g.
drop-to-drop-SDME,  droplet-membrane-droplet-LPME, electro
membrane extraction, DLLME-solidification of a floating drop, etc.).
Different modes of these techniques as well as other more specific
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solutions in liquid-phase microextraction have been comprehen-
sively reviewed in several review papers [3,33,34/].

The potential of ILs as environmentally friendly extraction sol-
vents has been reported already in 1998 [35] after the investigation
on the partitioning of substituted benzene derivatives between
water and butylmethylimidazolium hexafluorophosphate. Taking
into consideration their unique properties such as ability to solvate
organic, organometallic and inorganic compounds, immiscibility in
water as well as negligible vapor pressure, ILs appeared to the
wider audience as an alternative to organic solvents in designing
liquid-liquid extraction (LLE) systems. No wonder ILs started to
replace conventional toxic solvents also in miniaturized liquid-
phase systems, providing in this way solutions which are effec-
tive, selective and “clean” in the same time. Even though high
viscosity of ILs and their higher cost in comparison to traditional
organic solvents are usually considered as serious limitations in the
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context of their applicability in LLE, carrying out analytical extrac-
tions at microscale level allows for marginalizing them and taking
the full advantage of ILs solvation power. Contrary to molecular
solvents, ILs' differ from each other with solvation properties,
which are highly dependent on their chemical structure and
intermolecular interactions. These specific properties are the result
of a spatial arrangement of IL in the bulk. This leads to the forma-
tion of domains characterized by different polarity, where during
dissolution process compounds gather in the areas where they can
form polar (e.g. hydrogen bonding) or nonpolar (e.g. m-7) in-
teractions [36]. Because of a strong relation between cation and
anion properties and IL's solvation power, a specifically designed IL
is able to dissolve a defined group of substances such as polar/
nonpolar compounds, metals, biopolymers etc. [37,38]. For
example, by introduction into IL's structure such specific functional
groups as thiourea and thioether ones, dissolution efficiency of
cadmium and mercury is increased [39]. Solvation power of ILs is a
fundamental aspect of their successful applicability as liquid
extractants. Next to it, there are other unique features which make
ILs suitable for a defined LPME technique. Some of the features
however pose also several limitations in the context of ILs appli-
cation in these techniques. Apart from being discussed below, the
relevant information on both aspects have been also summarized in
Table 1.

IL-based SDME benefits from negligible vapor pressure of ILs,
which allows for the formation of stable drops staying in liquidous
form during extraction in HS mode. Drop formation is also sup-
ported by somewhat higher surface tension of ILs (33—57 mNm™ ')
[10] in comparison to conventional solvents (e.g. 18 mN m~! for
hexane) [27]. These factors in turn improve analytical performance
(enrichment factor, precision) of the analytical methodology. High
thermal stability of ILs provides the possibility of analytes thermal
desorption without the risk of decomposition, thus IL may be
recovered for further extractions and, in addition, the system is not
contaminated by thermal decomposition products. Water-insoluble

Table 1

ILs may be successfully applied in isolating the analytes from
aqueous samples by DI-SDME (direct injection SDME) [12] (see
Table 2).

DLLME is another LPME technique which took the advantage of
utilizing ILs as extraction solvents. Although considered as rather
environmentally benign solution, DLLME is often depreciated
because chlorinated solvents are most often selected as extraction
solvents — they are heavier than water (after centrifugation the
extraction phase is sedimented at the bottom of the vial and
convenient to be collected and further analyzed), readily soluble in
it and provide high extraction efficiencies. There were some at-
tempts to replace these toxic solvents with long-chain alcohols or
hydrocarbons, but employing in DLLME technique extractants
lighter than water forced the implementation of specific devices
and procedures, so such approach did not find wider applicability
[40]. Because the density of most ILs exceeds water density, they
appeared to the wider audience as a reasonable alternative to toxic
chlorinated solvents for DLLME technique. This difference in den-
sity also provides an effective phase separation after centrifugation.
Apart from hydrophobic ILs, which are an obvious choice for
DLLME, several research groups also reported the application of
hydrophilic ILs solely, without the need of using the water-soluble
dispersing solvent. By manipulating the temperature [41] or
counterion type [42], the authors initially induced complete
dispersion of hydrophilic IL in the aqueous solution (providing
large surface contact between IL and the sample) which was then
followed by obtaining a turbid solution, subsequently centrifuged.
In temperature controlled IL-based DLLME by heating and cooling
the IL-sample mixture, the solubility of IL in water was tuned. In the
second case, the addition of ion-exchange reagent promoted the in-
situ formation of hydrophobic IL. In the end, enriched IL may be
easily separated from the aqueous sample and collected for further
analysis. These and other modes of operation in IL-based DLLME
has been nicely reviewed in 2013 [43], In most of the latest modi-
fications in IL-based DLLME, the authors suggest novel solutions for

Advantages and limitations in the application of ILs in the extraction process related to their properties.

Feature of IL-based liquid extraction phase  Advantage

Limitation

Negligible vapor pressure

- micro-amounts of extraction phase does not evaporate

- lack of a direct compatibility with GC system

during extractions under elevated temperatures,
extended duration time or in assistance of US/
microwaves, which improves extraction efficiency and

analytical precision;

temperature-controlled DLLME without the need of

applying a dispersing solvent may be proceeded
High viscosity - reduced risk of the loss of extraction phase located in HF - difficulties in precise drop manipulation with a

pores and lumen during vigorous stirring of the sample

mycrosyringe (in SDME);

- reduced diffusion and mass transfer rates;

- the risk of incomplete intreduction of enriched IL into
detection/quantification system

High thermal stability - reduced risk of thermal decomposition during thermal - high temperature needed during the pyrolysis step in

desorption of extracted analytes:
- reduced  risk
contamination;

of  detection/quantification

atomic detection systems may lead to analyte losses

system  (analyte stabilizers needed)
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- no ghost signals complicating evaluation of the results
Tunable solubility in water - tuning the solubility in water during DLLME allows for
obtaining complete dispersion and increased mass
transfer to IL phase which is subsequently reversed in
order to separate the phases and collect the enriched IL
for further analysis;
- water-immiscible ILs may be applied in DI-SDME and HF-
LPME
- hydraphilic MILs may be applied in DLLME-based ex-
tractions of hydrophobic matrices
Higher density than water - possibility toreplace toxic chlorinated solvents in DLLME;  —
- the difference in density between IL and aqueous sample
allows for effective phase separation
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Table 2
Applications of ionic liquids in microextraction techniques.
Analytes lonic liquid Sample Sample Analytical LoD Log RSD (%) Linear Recovery  Ref.
preparation technique (ngl") (ngl ") range (%)
technique (ugl ™"
SDME
9 organophospho-rus [C4C,IM|[CI], in situ-1L- environmental GC-MS 0.017 0.033 4.10-9.70 0.0001to  85-118 [48]
pesticides [CeCuIM][Cl). DLLME water: rivers —0.054 —0.064 0.002
[CsCiIM][Cl].
[CroCaIM]ICT],
[CaGIM]ICH]
5 organochlorine [C4CIM][PFg), HS-LPME  sail GC-ECD 0.0001 NA. 886-1530  0.005-025 NA. [49)
pesticides —0.0005-
PCBs and acrylamide [OMIM][Br] in-situ milk and coffee HS-GC-ECD-  0.005 NA 39-138 0.025-5 NA. [50]
DLLME MS —0.025
Hg GO-PIL sorbent CV-ILHAS- sea water, fish ETAAS 0.01 NA 40-6.0 NA. 96—-104 [51]
SDME tissues, hair and
wine
ascorbic acid [C4CoIM™|[FeCly]  MIL-SDME  vitamin C voltammetry  0.043 N.A. 10.0-25.0 0.015-0.04 101-104 [71]

(effervescent
tablets); orange

juice
8 volatile free fatty  [Aliquat]; [MnCla], HS-SDME low fat milk and ~ GC-MS 145-70.3 484-721 25-13.0 0.1-13 795-111  [72]
acids [Ps 66,14l [MnClal, organic fat reduced
[Ps6614] [DY milk
(hfacac)] [Peg.6.14]
[Mn (hfacac)]
8 chlarobenzenes [CCIM 2 HS-SDME tap pond, water and TD-GC-MS ~ 0.004 0.0013 NA 0.05-5 82.00 [73]
[Co{NCS)a] wastewater —0.008 —0.0025 —114.00
12 aromatic [Pss6.14l2 HS-SDME and lake water HPLC-UV 0.04-10 NA 46-24.7 0.2-600  70.2-1096 [74]
compounds [MnCly] DLLME
NA [Psg.6,14] MIL-IMSA DNA samples NA. NA NA NA NA NA [76]
[Ni(hfacae)]
DNA PIL-based sorbent  MIL-SDME-  complex biological N.A. NA N.A N.A 1.8-46 NA [77]
samples
3 fungicides [HMIM][PFg] ZnO—-NF- Lake, river, effluent HPLC-VWD  0.00013 0.00044 47-7.0 0.5-100  749-96.1 [78]
SDME and influent warters —0.00019 —0.00063
DLLME
PCBs and acrylamide [OMIM][Br] in-situ milk and coffee HS-GC-ECD-  0.005 NA 39-138 0.025-5 NA [50]
DLLME MS -0.025
4 hydroxylated PAHs [CyoGu][Cl] salt-induced urine HPLC-FLD 0.002 lower than 2.4-6.6 NA. 95.1-110 [83]
DLLME —0.0005 0.005
4 pyrethroid [PasasliBr] in-situ MR- tap water, pond  HPLC-MS/MS 0.16-210 NA. 254-455 1-100 8020 [84]
pesticides [Pa4a.12](Br] IL-DLLME water, river water, (intra-day) 4.49 —-117.31
P16l Br] lake water —6.84 (inter-
ay)
4 acaricides [OMIM][TFSI] IL-TiOz-EA-  honey and tea HPLC-DAD  0.04-0.18 0.13-060 2.32-571 0.5-500  70.70 [85]
DLLME —84.58
28 benzodiazepines  [C4CyIM][PFg] IL-DLLME blood HPLC-MS/  0.000003  0.002-0.05 2.92-10.40 0.002-0.25 24.7-127.2 [86]
and [CeC1IM][PFe] MS —0.00474
benzodiazepine-  [CoCiIM][PFg]
like hypnotics
DNA sequences |ABzIM|[Br], MIL-ITO complex biological N.A. N.A. N.A. NA. NA. N.A. 87]
[AMIM][Br], [ABIM] samples
[Br], [AQIM][Br]
8 lipophilic organic  [Pgsg14) SBDLME river, sea and TD-GC-MS 9.9-26.7 325-882 14-14.7 0.05-0.25 87-117 [93]
UV filters [Co{ln)(hfacac)]. swimming pool
[Pass1a) water
[Ny(11) hfacac)],
SPME
aromatic volatile [C4CIM][TFsI] HS-SPME mineral, tap and GC-BID 003-127 011-424 56-120 75 88.7-1139 [94]
compounds ground water
7 chlorinated organic [C4C,Py][TFSI], HS-SPME mineral, tap and GC-BID 0.011 0.037 6.7-9.6 100 95-106 [95]
pollutants | CaCy Pyrr ][ TFSI], ground water ~0.151 -0.503
[C4CTPip][TFSI]
6 organophosphorus  [CC,IM][TFSI] HS-SPME river and tap water, GC-FID 0.04-095 NA. 9-13 0.5-50 64.8—-1254 [96]
pesticides municipal sewage
4 PAHs IRMOF-3@ILs/ HS-SPME rain water GC-Ms 0012 NA. 1.5-9.6 0.05-20 N.A. [97]
PDMS ~0.154
8 organochlorine [(8iC204)C3C3IM] - HS-SPME Jjuice and milk GC-ECD 0.11-029 035-093 44-10.1 1-500 76.1-121.3 [98]
pesticides [PFg]
9 UV filters [VC:iCiollSS]. DI-SPME pool, tap and lake  HPLC-UV 0.1-5 N.A. 1.8-11.6 0.2-200 66.6-1185 [99]
[(VBC, )€, ][285] water
5 volatile endocrine- [CsMC,IM][Br], HS-SPME green and black tea GC-ECD 0000002 0000025 7.1-178 0.00001 88.7-101.7 [100]
disruptor [Ca2C1IM][Br]. drinks —0.000667 —0.002224 —0.0003
pesticides [CsCyIM][Br]

(continued on next page)
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Table 2 (continued )
Analytes lonic liquid Sample Sample Analytical LoD LoQ RSD (%) Linear Recovery  Ref.
preparation technigue  (ugL™") (gl range (%)
technique gl™
6 alcohols [HOEMIM|BE,), HS-SPME soft drinks GC-FID 0.0022 NA. 38-56 0.005-250 85.6-114 [102]
[HOEMIM][TESI], ~0.0283
[C4C1IMI](BFa)
11 aromatic polypyrrole- HS-SPME water TGA-DTG NA. NA NA. NA. NA. [103]
compounds [CsCyIM]
6 phenolic PILs DI-SPME groundwater HPLC-UV 02-05 NA 04.06.2013 1-400 75.5-113  [104]
compounds
4 carbamate [VHIM][TFSI], DI-SPME apple and lettuce  GC-FID 00152 NA. 47-82 0.05-250 87.5-1065 [66]
pesticides [VEIM][TFSI], -0.0272
|VEIM][Br]
10 PAHs [VOIM][Br| in-tube SPME soil and coal ash ~ HPLC-UV. 0.010 035-3.18 02-18 0.03-20 85.1-118.9 [106]
aqueous samples -0.020
4 phtalates [Cy2VIM][Br] in-tube SPME water HPLC-UV  001-005 NA 05-46 003-12  864-119.5 [107]
anandamide (AEA) [V, CysIM][Br] in-tube SPME plasma UHPLC-MS]  NA. 0.0001 (-)196-132  0.0001-01 NA. [108]
and 2- [(VIM::Crolz [Br] Ms —0.00005
arachidonoyl
glycerol (2AG)
DDT and its main [Ci6C1IM][TESI] HF-SPME river, tap and UHPLC-UV  033-038 10-125 1-162 0.5-50 64-112 [109]
metabolites sewage water
DNA PIL-based SPME SPME complex biological HPLC-UV NA. NA. 27 NA. NA. [110]
samples
DNA [(C8)3BnN] SPME aqueous solution of HPLC-UV N.A. NA. 1.6-8.7 N.A. N.A. [111]
[FeCI3] mRNA samples
[(C16BnIM}2Cyz2)
[TESI], [FeCls],
[Ps 614l
[FeCly]
DNA PIL-IMSA SPME artificial sputum  IMSA N.A. NA. 31 N.A. N.A. [112]
samples
Dispersive sorption-based techniques
lorazepam and Fes04 0-p-SPE human urine HPLC-UV 02-20 NA. 41-78 1-2000 84-99 [113]
nitrazepam nanacomposites samples
modified by
palyaniline,

polypyrrole, and
aniline-pyrrole

‘copolymer
10 steroids and beta- [C4C5IM][NH;] micro-SPE effluent from a HPLC-DAD  0.007 0.02-0.07 3.1-85 NA. 87—-98 [114]
blackers with GO-IL  municipal -0.023
wastewater
treatment plant,
natural water
samples from two
rivers and a lake
PAHs ionic liquid- VA-p-u-SPE  water, vegetable, GC-FID 0.002-02 NA. 3.0-49 0.00002 NA. [116]
maodified metal and fruit juice —0.2
—organic samples
frameworks (IL-
MIL-100(Fe)),
Ph(II), Cd(11), Ni(ll),  ionic liquid UA- DIL- medicine capsules  FT-IR 02-18 0.66—6.1 1.80-4.04 1.1-150 95.4-1024 [117]

Cu(ll) and Cr(ll}  modified magnetic MuSPE
graphene oxide

(DIL-MGO)
3 pyrethroids MNP@PAMAM- d-M-SPE water, vegetable, HPLC-DAD  0.36-13  1.2-43 1.9-54 3.5-500 95.2-975 [118]
‘with beta -CD-O-T and fruit juice
samples
3 acaricides Cy6CBr-coated MMHDSPE  fruit juice FI-IR, XRD  0.16-0.57 NA. 0.19-8.36 2.5-500 88.67 [120]
attapulgite/ -95.10
polyaniline-
polypyrrole/Fes04
(ATP{PANI-PPY/
Fe;04)
nanocomposites
pharmaceuticals and PEG-modified SBSE wastewater and LC-MS/MS ~ 023-031 NA 6.5-12.1 1-500 77.0-114.0 [121]
personal care silicone compared effluents
products (PPCPs)  with PDMS Twister
3 NSAIDs [BMIM][PFg], [AIM] SBSE environmental HPLC-UV 023-031 NA 7.5-95 1-500 93.9-1108 [122]
[BF4]. [AMIM][BF,], water, urine, and
[AEMIM |[BF,] milk samples
6 extrogens synthesized AVED ~ SCSE lake, reservoir and HPLC-DAD  0.024 0.08-0.19 195-543 0.1-200 72.1-108 [123]
river water —0.057
3 organic acid AVDVE (1-ally-3-  SCSE orange juices and HPLC-DAD  0.012-0.23 0.039-042 below 10% N.A. 71.9-116  [124]
preservatives vinylimidazolium tea drinks
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Table 2 {continued )
Analytes Tonic liquid Sample Sample Analytical LoD LoQ RSD (%) Linear Recovery  Ref.
preparation technigue  (pgL™")  (pgl™') range (%)
technique (ngl )
chloride (AV) and
divinylbenzene
(DVB))
10 PCBs [CCaIM][Br] RDSE water XRD 0.003 NA. 2-24 21-248 358-555 [125]
—0.043
synthetic phenolic melamine-based ~ PMME cosmetics samples  HPLC-UV 0.0001 0.0003 below 10% NA. 71.6-1092 [126]
antioxidants covalent organic including essence —0.0003 —0.0008

polymer (MCOP) and toner
and ionic liquid

(IL): [BrCeV, [[Br]

N.A. - not available.

fine dispersion formation and effective enriched IL separation
before final analysis in a simplified way, based mainly on the
application of magnetic nanoparticles as external magnetic support
and magnetic ILs (MILs) as easy to recover extraction media [14].

MILs have been introduced to the wider audience as a new
subclass of ILs, which among many different applications appeared
as interesting liquid extraction media for microextraction tech-
niques. They are characterized by similar physicochemical proper-
ties as conventional ILs, but additionally, thanks to the introduction
of a paramagnetic component to IL structure, they exhibit a strong
response to external magnetic field. They have already found
several applications in DLLME, where they can be easily retrieved
after extraction by magnet-based platform, although their appli-
cability is not focused mainly on aqueous samples. In fact, because
of hydrophilic character and hydrolytic instability of the para-
magnetic components, MILs have been initially successfully applied
as extractants in hydrophobic matrices such as e.g. oils, but for the
purpose of aqueous samples extraction, their structures had to be
modified with hydrophaobic groups [9]. The development of MILs is
currently recognized somewhat as a breakthrough in ILs field,
which deliver numerous opportunities for further evolution in
different research areas, also in miniaturized modes of analytical
chemistry.

HE-LPME is another microextraction technique which benefits
from the application of ILs as extraction media instead of molecular
solvents. Their tunable solubility and solvation power make them a
reasonable alternative for rather narrow range of selection of low-
polar or non-polar solvents typically used in HF-LPME. In addition,
high viscosity of ILs reduces the risk of extraction phase loss from
the HF segment while the sample is stirred vigorously. In the two-
phase mode of this technique, ILs play a role of acceptor phase,
whereas three-phase mode employs them as intermediate phase
(trapped in the pores of the membrane) for preconcentration of the
analytes [44,45].

The most often mentioned advantage of ILs in the context of
their applicability as liquid (micro)extraction media, obviously next
to their tunable properties (acidic/basic, hydrophilic/hydrophobic,
water-miscible/water-immiscible), is negligible vapor pressure,
This feature in turn appeared also as one of the major shortcomings
in LPME techniques, because of the lack of direct compatibility with
GC systems. The trials of enriched ILs injection into GC ended up
with system contamination, which fostered a frequent mainte-
nance [46]. Some solutions to this limitation have been already
reported, based mainly on thermal desorption of the analytes from
the enriched IL with the use of a special interface placed in the GC
injection port [47,48] or simply by exposing the enriched drop of IL
from the syringe needle tip in the injection port (which also
allowed for IL retrieval after the process) [49]. Another reported
solution involved the application of HS interface for introducing the
analytes into GC system [50]. High viscosity of ILs may be also

89

problematic when IL needs to be introduced into the system for
final analysis. In order to provide compatibility with mobile phase
or not to raise doubts about efficient introduction into measuring
equipment, the addition of little amounts of organic solvents is
sometimes required [51].

3.2, ILs as sorbents in sorbent-based microextraction techniques

The liquid state of [Ls hinders their formation in stable, defined
shapes. The implication of that is the difficulty in immobilizing ILs
infon analytical devices dedicated to sorption-based extraction
techniques without losing their advantageous bulk properties. In
order to apply ILs as extraction media in solid/stationary-phase —
based microextraction techniques, ILs may be confined in or grafted
0 a supporting materials (forming in this way a hybrid material) or
may be utilized in the form of polymeric ionic liquids (PILs) and PIL-
based sorbents.

3.2.1. ILs-based hybrid materials

For obtaining a hybrid material, IL may be physically confined in
the porous support by capillary forces or covalently grafted
(chemically bonded) to the supporting material.

Physical confinement of 1Ls may be carried out by simple
soaking of IL into pores of any type of supporting material (known
as post impregnation) [52] or by synthesis of the supporting,
porous material in the presence of IL (known as in-situ impregna-
tion). In the latter case, a spatial solid structure with IL confined in
the created pores is produced. In order to prepare a hybrid material
by covalent grafting of L to a supporting material, above methods
may be also utilized, but additionally they are followed by washing
out the unbound IL by an organic solvent (it is assumed that IL
grafted to the supporting material surface is resistant to solvent
treatment) [53]. Covalent grafting may be also proceeded by car-
rying out the reactions of cations with chemically active groups
located on the supporting material surface [54].

The application of ILs covalently grafted to the supporting ma-
terial is more often reported in the literature. The reason for this is
their durability, which outmatches thermal and mechanical sta-
bility of physically confined ILs. Although it allows for taking the
advantage of some native properties of ILs (e.g. low volatility), a
chemical reaction between IL and supporting material results in the
formation of a sorptive layer characterized by significantly modi-
fied sorption properties when compared to a native IL. As a result,
in this form IL can no longer be treated as liquid [6]. On the other
hand, ILs physically confined in the pores of different materials (e.g.
silica [55], carbon nanotubes (CNTs) [56], metal-organic frame-
works (MOFs) [57]) maintain their liquid-state sorption properties,
and in addition, the IL-based hybrid system is characterized by
improved thermal and mechanical stability, sorption capacity and
selectivity towards specific analytes. Such systems where IL is kept
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confined, already successfully applied in several studies employing
microextraction techniques, are gel-like hybrid materials, known
from the literature as ionogels. The structures and properties of
ionogels have been already widely investigated by several research
groups [58,59]. It has been proved that confinement process may
have a number of effects on obtained hybrid material, which play
an important role in the context of physically confined ILs utiliza-
tion as sorbents for microextraction techniques. For instance, the
level of IL loading in the pores of the solid support has an impact on
mechanical stability and diffusivity of the hybrid material. The
higher the level of IL loading, the more stable is the shape of the
material. On the other hand, if the pores are covered only with a
thin IL layer, a decrease in mechanical stability may be observed,
but diffusive limitations are significantly reduced. The properties of
IL-based hybrid materials depend also on the structure of their
interphase layers, strongly affected by the intermolecular in-
teractions occurring between IL and the material. Strong in-
teractions between IL and e.g. silica support lead to IL gathering in
the area of its surface [60]. Depending on the IL distance from the
surface, the contribution of bulk properties of ILs may change.
These and other physical confinement effects on the properties of
IL-based hybrid materials have been comprehensively reviewed in
2019 [57).

3.2.2. PILs and PILs-based sorbents

Polymeric ionic liquids (PILs) represent a different subclass of IL-
based sorbents. They can be easily produced by the radical poly-
merization from IL monomers and crosslinkers. The properties of
PILs may be tuned by the structure and amount of crosslinkers and
substituents of IL monomers. By crosslinking the PIL with another
polymer it is possible to obtain a highly specific surface area. The
polymerization process may be also initiated at the specific surface
by a grafting approach. The substrate is first functionalized by small
groups which may further initiate the radical polymerization
[6162].

The application of PILs as sorbent coatings for SPME allows for
benefiting from ILs tunable selectivity towards target analytes and
overcoming several limitations of other IL-based sorbent coatings
at the same time. PILs are characterized by high mechanical sta-
bility and higher viscosity in comparison to ILs so they do not flow
from the fiber core during thermal desorption in GC injection port.
In addition, PIL-based fiber coatings exhibit exceptionally good fi-
ber lifetimes (around 150 extraction and desorption cycles). They
may be also applied in both direct immersion and headspace SPME
modes. It has been proved that the dominant extraction mechanism
of PIL-based coatings is non-competitive partition, not affected by
the presence of interferents in the sample, in contrast to eg.
commercially available PDMS/DVB coating [63]. All these factors
made PILs an extremely popular source of SPME fiber coatings in
recent years. Their applications in SPME technique have been
already summarized in several review articles [64,65],

The developments in PIL-based sorbent coatings, which have
been reported in the past few years, were mainly focused on
improving the chemical, thermal and mechanical stability of PIL-
based sorbents as well as enhancing their extraction capacity and
selectivity towards target analytes in case of multi-component
matrices. These incentives led to the introduction into SPME fiber
coatings selection of PIL-based composites formed from PILs and
other materials (several of them are listed below), which provided
several additional properties of the resulting sorbents:

» multi-walled CNTs - enhancement of w-m interactions,
improved extraction efficiency, durability and stability [66];
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« polyaniline — large specific surface area, high enrichment ca-
pacity, high stability and durability [67];

« nitinol wires — good extraction performance under harsh matrix
conditions (e.g. extreme pH) [68];

« nanoporous array anodic titanium — high surface-to-volume
ratio, improved mechanical stability, enhanced hydrogen bond
interactions [69].

4. Recent applications of ILs-based extraction media in
microextraction techniques

ILs gained huge popularity among analytical chemists in the
past decade, No wonder that next to numerous original papers
reporting their various applications in sample preparation tech-
niques available in the literature, there is also a significant number
of review papers summarizing data in this topic. For this reason, in
this review the relevant examples of ILs utilization in micro-
extraction techniques reported only within past 5 years will be
covered. We would like to draw the attention of the audience to the
recent and diversified applications of ILs in LPME and sorbent-
based microextraction techniques to give the overview on current
trends in this field as well as some shortcomings which still need to
be rectified.

4.1. Single drop microextraction

After its introduction into analytical practice over 20 years ago,
single-drop microextraction (SDME) became one of the most
popular solvent-based microextraction techniques as a practical
sample preparation tool in chemical, biological, food, pharmaceu-
tical, clinical and forensic analysis. Continued strong interest in
SDME fostered new developments resulting in new technical so-
lutions and the application of alternative to organic solvents
extractants. Hydrophobic and hydrophilic ILs have found numerous
applications in SDME, both in HS and DI modes [ 12]. The majority of
most recent applications in turn employs MILs as SDME extractants.
In MIL-based SDME a rod magnet serves for suspending the MIL
directly in the aqueous sample or in its headspace of the extraction
vial. By this solution, it is possible to suspend a higher microdroplet
volume for prolonged sampling, even under strong stirring, in
comparison to compared to other types of solvents (also conven-
tional ILs) when using micro-syringes [70].

IL-based SDME has been recently applied in the analysis of
environmental and food samples as well as in biomedical studies.
Jahromi et al. [71], in their study dedicated to food analysis, utilized
hydrophaobic tetrachloromanganate (I1)-containing MILs, exhibiting
satisfactory magnetic susceptibility and acceptable production
costs, in order to extract ascorbic acid from vitamin C and orange
juice samples before its voltammetric detection. A single drop with
only a micro-amount of an MIL acted as the extraction solvent,
which was further exposed directly on the surface of the working
electrode. The MIL-SDME-based extraction step acted also as a
cleanup that eliminated interfering species in the electrochemical
transduction and therefore improved the selectivity of the method.
In the same year, Trujillo-Rodriguez et al. [72] applied MIL-based
SDME in order to isolate short chain free fatty acids (SCFFAs)
from milk samples. In this study however, the authors applied HS
mode under reduced pressure during sampling. The application of
MILs in such solution is supported by their resistance to vacuum -
the air evacuation from the extraction vial can be achieved without
risking the stability of the MIL micro-droplet. For this reason, this
study is the first reported on the use of a vacuum-assisted LPME
method. Worth to mention is, that equilibrium was reached faster
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than within regular atmospheric pressure MIL-HS-SDME and that
the method does not require the derivatization of FFAs.

MIL-HS-SDME technique has been also recently applied by
Fernandez et al. [73] in the study on chlorobenzenes isolation from
water samples. The authors reported the first utilization of a hy-
drophilic [C2C1IM]2 [Co(NCS)4] IL in such study. Worth emphasizing
is the fact that in comparison to other previously reported analyt-
ical solutions, the MIL-HS-SDME-based one allowed for obtaining
comparable or even lower LOD values in shorter extraction times.
An et al. also reported the MIL-HS-SDME technique utilization for
environmental analysis, but his work in turn involved also the
comparison of applied solution with DLLME approach employing
the same tetrachloromanganate-MILs. These two approaches have
been tested on the extraction process of aromatic compounds from
water samples. The authors confirmed the great advantage of MILs
for HS-SDME purposes, namely highly stable microdroplet under
elevated temperatures and long extraction times. They also
emphasized another advantage of [MnCly]*" — based MILs — their
low UV absorbance allows for the direct coupling to HPLC analysis
[74].

MIL-SDME-based methodologies have been also recently
applied to biomolecules isolation in biomedical studies. Magneto-
active extraction is one of the often applied methods of DNA pu-
rification before PCR. However the application of traditional
magnetic beads may pose a problem for subsequent PCR, namely its
inhibition, if applied chemical reagents are incompletely removed.
DNA may also insufficiently extracted by the beads because of their
tendency to sediment and aggregate. For this reason, MIL-based
microextraction appeared as a good solution to above mentioned
problems. Emaus et al. [75] developed a methodology based on
MIL-DI-SDME dedicated to short cell-free DNA fragments isolation
before direct gPCR amplification. DNA-enriched hydrophobic MILs
could be directly incorporated into reaction systems, without the
need of time-consuming DNA recovery from extraction phase, and,
worth emphasizing, no impact on amplification efficiency was
observed. The methodology was tested on isolation and direct qPCR
amplification of mutation prone-KRAS oncogene fragment in
plasma samples. Similarly Ding et al. [ 76] benefited from extraction
performance of hydrophaobic MILs and their compatibility with
reaction system in the study on DNA isolation from complex bio-
logical samples before isothermal nucleic acid amplification (INAA)
aimed at detection of pathogens. A drop of hydrophobic MIL has
been used for rapid DNA preconcentration from cell lysate and
further added directly to the reaction mixture for amplification by
INAA techniques. Above mentioned examples have a tremendous
potential towards on-site analysis, indicated recently as one of the
trends in modern analytical chemistry.

A shortcoming of MILs, mentioned in several works, is their
limited thermal stability, which results in the lack of possibility to
increase the analyte signal intensity during HS analysis or thermal
desorption. This is an especially important factor, if one wants to
avoid the dilution of MIL drop or a back-extraction procedure
before instrumental analysis.

There are also several recent examples of non-magnetic ILs
application in SDME-based analytical methodologies [77,78]. In
these studies, ILs are modified with task-specific nanomaterials, e.g.
nanocellulose (NC), CNTs, ZnO-nanofluid, in order to enhance the
extractability of target analytes and support the formation of stable
droplets. For instance, ternary composites of NC, CNTs and [BMIM]
[PFg] IL, reported by Ruiz-Palomero et al. [41] as extraction phase
for DI-SDME, exhibited an outstanding and selective ability for the
preconcentration of the mutagenic 2-amino-3,8-dimethylimidazo
[4,5-f]-quinoxaline, one of the heterocyclic amines, which is
known as exceptionally problematic (due to its polarity) for isola-
tion by unmodified ILs or organic solvents.
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4.2. Dispersive liquid-liquid microextraction

Classical dispersive liquid-liquid microextraction (DLLME) was
firstly proposed in 2006 by Rezaee and co-workers [79] as micro-
extraction technique based on a ternary component solvent system
composed of extractant, disperser and aqueous sample, which after
extraction process is separated by centrifugation. The first appli-
cation of ILs as extraction solvents in DLLME technique was per-
formed in 2008 by Zhou et al. [41]. From that time ILs have been
extensively utilized in DLLME for the extraction and preconcen-
tration of a wide variety of organic and inorganic analytes in
environmental, food and biomedical studies. In the majority of the
reported applications, hydrophobic ILs were employed as extrac-
tion solvents. However, hydrophilic ILs also found several applica-
tions in the in situ mode of DLLME technique, which has been
discussed and referenced in the previous section. A huge interest of
scientific community in ILs utilization in DLLME technique has led
to numerous research papers reporting both different analytical
applications and novel technical solutions in this topic. These data
has been summarized in several review papers. Trujillo-Rodriguez
et al. [45] focused on four main modes of ILs-based DLLME, namely
(i) conventional IL-DLLME; (ii) temperature-controlled IL-DLLME;
(iii} ultrasound/microwave/vortex-assisted IL-DLLME; and (iv) in-
situ IL-DLLME. Rykowska et al. in turn, in recently published review
paper [14], points the audience attention to latest alterations and
novel approaches in ILs-based DLLME: (i) magnetic retrieval IL-
DLLME; (ii) magnetic effervescent tablet-assisted IL-DLLME; (iii)
MIL-DLLME. In this work, magnetic retrieval of ILs after extraction
process is clearly indicated as one of the noticeable trends and MILs
application in LPME techniques is described as an evident hot topic.
The review of Rykowska et al. comprehensively covers the latest
trends in ILs application in DLLME technique and includes relevant
literature examples published up to 2017. For this reason, in this
review we decided to focus on most recently reported applications
of IL-DLLME technique and works published in the past two years
will be referenced.

In-situ IL-DLLME has been recently applied by Zhang et al. [50]
for trace amounts of PCBs (low ppt level) and acrylamide (low

A i L5 D E
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Fig. 5. The steps of extraction by magnetic effervescent tablet-assisted [L-DLLME
technique: a) thermostating of the sample; b-c) placing the effervescent tablet in the
sample and initiation of the effervescence reaction; d) homogenous distribution of the
extraction solvent; e) concentrating the MNPs with enriched IL at the bottom of the
vial [85]. Copyright 2016 by Elsevier.
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ppb level) isolation from milk and coffee samples. The enriched IL
was analyzed by HS-GC instrument. The authors reported satis-
factory metrological parameters and good matrix compatibility of
the developed methodology.

Solution similar to the in-situ mode has been applied by
Pacheco-Fernandez et al. [80] in order to isolate hydroxylated PAHs
from urine samples. The authors applied ([CiGu™][Cl] IL as
extractant in salt-induced DLLME, which principle also lies in
promoting the insolubility of IL in the sample (as in case of in-situ
mode), but this has been achieved by NaClOy, excluding in this way
the use of toxic fluorine-based salts, often applied in in-situ IL-
DLLME. However, it should be mentioned that perchlorate is
considered by USEPA as potentially harmful to human health and
ecosystems.

Fan et al, applied IL-DLLME in in-sifu mode together with ultra-
small Fe;04 magnetic nanoparticles in order to extract pyrethroid
pesticides in water samples. Such approach is called in-situ IL-
DLLME with magnetic retrieval (in-situ MR-IL-DLLME). It's princi-
ple is based on retrieval of the in-situ formed IL by magnetic
nanoparticles Fe;04 For enrichment of pyrethroids from water
samples, hydrophilic IL [Ps44g][Br] was applied, which further
reacted in-situ with anion-exchange reagent Na [N(CN);] forming
hydrophobic IL. Collection of enriched IL was supported by super-
paramagnetic Feg0, nanoparticles. The authors indicated their
method as nanometer-level microextraction with additional ad-
vantages of being easy-to-perform, rapid and sensitive [81].

Another novel solution in IL-DLLME technique called efferves-
cence assisted IL-DLLME (EA-IL-DLLME) is based on effective
dispersion chemically assisted by the effervescent reaction, without
the need of dispersive solvent addition. By combining effervescence
reaction and magnetic retrieval of enriched IL, another mode of IL-
DLLME has been formed, namely magnetic effervescent tablet-
assisted IL-DLLME. In this case, the magnetic nanoparticles are
introduced into the sample in the form of effervescent tablet
together with IL (Fig. 5) [82].

The combination of effervescence dispersion and magnetic re-
covery provides convenient retrieval of IL and effective dispersion
chemically assisted by the effervescent reaction. The effervescent
dispersion was applied by Wu et al. [83] in the development of an
analytical procedure dedicated to acaricides determination in
honey and tea samples. The authors used IL-based TiO; nanofluid,
which facilitates superior dispersion stability. The IL-based nano-
fluid was used to form effervescent tablet together with sodium
dihydrogen phosphate dihydrate and anhydrous sodium carbonate.
After the addition of the tablet into the sample, the effervescence
immediately occurred and fine droplets of the extraction phase
were homogeneously distributed in the sample solution with the
assistance of formed carbon dioxide. The authors described their
methodology with several advantages: short extraction time, high
recovery, high enrichment factor, low consumption of organic sol-
vents and ease of operation.

De Boeck et al. [84] proved the applicability of IL-DLLME tech-
nique for selective isolation of trace levels of target analytes from
samples characterized by complex matrix composition and high
concentrations of interferents without prior sample pre-treatment.
The authors extracted 19 antidepressants from the whole blood
sample by 60 pl of 1-butyl-3-methylimidazolium hexa-
fluorophosphate, which were further detected and quantified by
LC-MS/MS system.

An increasing number of papers published within the past few
years have reported MIL-DLLME methodologies, which is not sur-
prising, taking into consideration the recently observed growing
interest in application of MILs in LPME techniques. Most recently
developed MIL-DLLME procedures are dedicated to determination
of biomolecules in biological samples, e.g. DNA isolation [85,86],

92

extraction of viable E. coli cells from aqueous solutions [87],
extraction of the hormones estriol and extrone from urine samples
(88].

MILs were also applied as extractants in modified version of
DLLME — stir bar dispersive liquid microextraction (SBDLME). In
this solution, MIL was dispersed by a Nd-core magnetic stir bar as
fine microdroplets. When the stirring was stopped, the enriched
MIL was collected by the stir bar due to its magnetic attraction.
Such approach has been applied to PAHs isolation from water
samples [89].

4.3. Solid-phase microextraction

Solid-phase microextraction (SPME), introduced by Pawliszyn
and his co-workers almost 30 years ago, is so far one of the most
often applied solvent-free microextraction techniques for sampling
and preconcentration of analytes from environmental, food and
biological samples. Extending the scope of SPME applicability
fostered the development of new sorbents, which could fill the gap
in the rather narrow selection of commercially available fiber
coatings. Recent findings in the field of coating materials for SPME
has been reviewed in 2017 [90]. ILs-based sorbents emerged as a
promising alternative in 2005, when disposable IL coating has been
tested for the first time in headspace SPME of benzene, toluene,
ethylbenzene, and xylenes from paints [91]. From that time, the
scientists tested numerous approaches to immobilize ILs in the
form of thermally and mechanically stable fiber coatings with
controllable coating film thickness [92]. Next to dipping and
agglutinating methods, which did not allow for the preparation of
fibers of satisfactory durability and reproducibility, methodologies
such as sol-gel technology, surface-modification techniques, elec-
trochemical methods and liquid-phase deposition in case of in-tube
SPME appeared to produce diverse and stable coatings.

Sol-gel methodology allows for obtaining a hybrid organic/
inorganic network by formation of a “sol” solution followed by a
gelation process in the presence of IL to form a network, in which IL
is confined [93]. Obtained in this way material is called an ionogel.
lonogels are non-leaching IL-containing materials, in which liquid-
like nature of ILs is kept. Pena-Pereira et al. reported in 2014 [94]
and 2015 [95] the utilization of ionogels as fiber coatings for the
isolation of organic pollutants from water samples by HS-SPME
technique, The authors confined high loadings of [TFSI]-based ILs
in three-dimensional silica network. The fibers prepared from
[C4C1IM][TESI] and [C4C;Pyrr][TFSI] ILs were proved to exhibit
satisfactory extractability of studied aromatic and chlorinated VOCs
and remarkable durability of respectively 60 and 100 consecutive
analytical cycles, without visible decline in extraction performance.
lonogel-based fiber coatings were also evaluated by Pang et al., in
2016 [96]. The authors fabricated hybrid silica-based materials with
immobilized [CgC;IM][TFSI] IL and applied them as fiber coatings
for the extraction of organophosphate esters from water samples
by HS-SPME. The evaluation of tested fibers lifetime resulted in
4-21% deterioration in response signals after 40 times of
extraction-desorption cycles. In all above mentioned studies, the
authors declared superior extraction performance in comparison to
commercially available coatings. This is related to high loadings of
ILs in the porous network which provided enhanced extraction
capacity.

Another recently reported materials for the fabrication of stable
IL-based fiber coatings, which were obtained by IL immobilization
in a porous structure, were MOF-based hybrid materials [97]. The
fiber coating material was prepared by in-situ growth of isoreticular
MOFs on stainless steel wires, which were further immersed in
[C4C4IM][PFg] IL and protected by PDMS layer. Fabricated fiber
coatings were characterized by porous structure, increased surface-
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to-volume ratio and long lifetime, reaching up to 100 analytical
cycles. Their applicability was successfully tested in the study of
HS-SPME isolation of polycyclic aromatic hydrocarbons (PAHs)
from rainwater samples. The wider applicability of isoreticular
MOFs is limited by their high moisture sensitivity and poor thermal
resistance. In the mentioned research, the authors solved this
problem by coating the MOFs with IL and PDMS, The IL played not
only the role of extraction phase, but also prevented the material
from substantial cracking caused by moisture, PDMS layer in turn
provided a remarkable resistance to high temperature and hu-
midity. In order to avoid the mentioned risks, MOFs may be
replaced by porous aromatic frameworks (PAFs), which exhibit
high moisture and chemical stability. This solution has been applied
by Wu et al. [98], who reported in 2016 a novel hybrid material
produced from 1-(triethoxysilyl)-propyl-3-aminopropylimidazole
hexafluorophosphate IL and PAFs, which was further used as
SPME fiber coating. The fiber applicability was tested in the study of
organochlorine pesticides (OCPs) isolation from water samples. A
high adsorption capacity, provided by porous structure of func-
tionalized PAFs, - interactions between both analytes-PAFs and
analytes-IL and electrostatic interactions between IM-based cations
and OCPs. PAFs/IL-based fibers were used for over 100 extraction-
desorption cycles without a significant decrease in extraction
performance.

Numerous novel ILs-based fibers dedicated to SPME technique
reported recently in the literature were obtained by surface-
modification methodologies as well as electropolymerization.
These techniques allow for the precise fabrication of advanced,
highly durable and robust (also in case of DI-SPME applications),
multi-component structures, which prove that a huge step forward
in the development of alternative SPME fiber coatings has been
made in the past few years.

As a good example, the crosslinked PIL-based coatings chemi-
cally bonded to nitinol supports, obtained by Ho et al,, in 2014 [71]
may be given. The fibers were fabricated in a two-step methodol-
ogy: (1) a nitinol wire was first oxidized and then derivatized by
vinyltrimethoxysilane — as a result, vinyl groups were attached to
the surface of the support; (2) PlL-based network covalently
attached to the wire was obtained by UV-initiated on-fiber copo-
lymerization of the vinyl-modified nitinol support with IL mono-
mers ([VCgIM][Cl], [VC;gIM][TFSI] and [VBCigIM|[TFSI]) and IL
crosslinkers. The aim of the authors was to take advantage of
remarkable elasticity and tensile strength of nitinol wires and high
PILs selectivity and robustness in order to produce a novel ILs-
based SPME fiber coating representing a good extraction effi-
ciency under even harsh extraction conditions. Extraction studies
on model solutions of extreme pH, high temperatures and after
pre-exposure to organic solvents, resulted in satisfactory precision
and extraction efficiency. Fabricated fibers were also tested in the
case study of phthalate esters isolation from drip-brewed hot coffee
by SPME in DI mode. In this case the authors also obtained satis-
factory analytical performance and, in addition, they could use the
fibers over 70 times, even under harsh conditions applied during
the research.

Modified nitinol wires were also applied as supporting materials
for ILs-based sorbents in the recently reported study of An and
Anderson [99]. Following the work of Feng et al. [ 100], the authors
used styrenesulfonate counterion-based IL to prepare a double-
confined PIL-based sorbent, characterized by high robustness, sta-
bility and resistance to undesired ion exchange process occurring in
case of DI-SPME mode in the solutions of high ionic strength. The
IL-monomer ([VIMC10][SS]) and crosslinker ([(VBIm);Cy2] 2 [SS])
were coated onto the modified nitinol surface and co-polymerized.
The fabricated fiber coatings were highly reproducible and
exhibited good analytical performance as well as extended (in
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comparison to other PIL-based coatings and commercially available
ones) lifetime when tested for the isolation of UV filters by DI-SPME
from aqueous samples of high salt concentration.

Several reported recently in the literature examples of novel,
mechanically and chemically stable as well as highly porous (with
increased surface area) SPME fiber coatings were produced by
electrochemical polymerization of conducting polymers. This
method allows for fabricating the coating of easily controllable film
thickness and high quality, which strongly adheres to the support
material. Conductive polymers, applied in the past few years for the
formation of IL-based SPME fiber coatings, are: polythiophene
(PTh) [101], polyaniline (PANI) [102] and polypyrrole (PPy) [103].
The physicochemical properties of the polymers were tuned by the
IL moieties which was followed by coating the surface by electro-
polymerization. Prepared conductive PILs (CPILs) — based films
were robust and highly selective, thus perfect for microextraction.
Pelitetal. [104] intercalated different [Ls with IM-based cations and
[Br] anion within the structure of montmorillonite clay, co-
deposited the materials with polythiophene polymer and coated
electrochemically on a SPME fiber. Fabricated coatings were tested
as sorption materials for endocrine disruptor pesticides present in
fruit juice samples. Li et al. [66] prepared a three-dimensional
porous material composed of MWCNTs, graphene oxide and
[(HO—C3)C{IM][BE4] IL and co-electrodeposited it with PANI on
stainless steel wire. This fiber was applied for the isolation of al-
cohols from tea drinks. Devasurendra et al. [ 105] covalently bonded
pyrrole to [CsMIM]-based IL, doped it with single wall CNTs and
electropolymerized on platinum wires. The fiber coatings were
tested in isolation of FAMEs and aromatic compounds from
aqueous samples. In all above mentioned examples, HS-SPME
mode was applied. All authors reported high fiber-to-fiber repro-
ducibility and thermal stability, long lifespan and selectivity to-
wards polar analytes provided by conductive polymers. Moreover,
it has been also stated in above mentioned works, that the utili-
zation of additional supporting materials such as montmorillonite
clay and CNTs, provided additional specific interactions enhancing
the extractability of target analytes. For instance, improved
extraction efficiency of CNTs-based coatings towards aromatic
compounds is provided by m-7m interactions [105], whereas the
modification of the clay with ILs altered the surface morphology
and therefore the adsorption capacity of the coatings, providing a
dual character of IL-clay material. A non-polar character of alkyl
chain next to ionic structure of the clay ensured a satisfactory
extraction efficiency of target analytes characterized by different
polarities [104].

Mentioned above study of Li et al. [66] is a good example of
recently observed trend in fabrication of ILs-based SPME fiber
coatings, which benefit not only from unique properties of ILs but
also of highly advantageous features of nanomaterials. These are: (i)
large specific surface area; (ii) multiple active sites; (iii) ability to
form specific interactions with analytes; (iv) mechanical, chemical
and thermal stability. Thanks to the synergistic physicochemical
properties, analytical extraction by ILs-nanomaterials hybrids
turned out to be highly selective. Next to CNTs, which are most
often applied nanomaterials for the preparation of SPME fiber
coatings, graphene oxide (GO) has been also utilized for this pur-
pose [104]. GO is characterized by higher surface area in compari-
son to CNTs, it is also a better choice for extracting polar analytes
because of the ability to form hydrogen bonding or electrostatic
interactions. Sun et al. [106] took the advantage of GO and used it
for the fabrication of PIL monolith-based SPME device. GO-PILs
sorbent exhibited satisfactory extraction efficiency towards
phenolic compounds present in water samples in DI-SPME mode.
However, carried out extraction studies also revealed the possible
undesired competition between the analytes and water molecules,
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Fig. 6. The example of multi-component IL-based SPME fiber: a) steps of fiber fabrication; b) surface SEM image of the fiber of nodular accumulating structure with scattered

MWCNTS; b) cross-section SEM image of the fiber [107] (Copyright 2016 by Elsevier).

which may limit the adsorption of target compounds on the surface
of hydrophilic character.

As a summarizing of given so far literature examples on ILs-
based SPME fiber coatings it may be stated that there is a visible
trend of combining several mentioned above strategies to fabricate
new and highly selective fibers and move the border of their
applicability towards complex samples and demanding extraction
conditions, For instance, for the fabrication of a fiber coating
dedicated to highly selective isolation of carbamate pesticides by
DI-SPME from fruit and vegetable samples, PILs, nanomaterials
(MWCNTs), conductive polymer for subsequent electro-
polymerization (3,4-ethylenedioxythiophene) and Nafion for the
coating surface modification were utilized (Fig. 6) [66]. With the
utilization of the produced fiber, the analytes could be quantita-
tively recovered and determined at a ppb level. The fiber could be
used for around 150 extraction-desorption cycles and no deterio-
ration in obtained signal was observed.

ILs-based sorbents may be utilized also in modified versions of
classical SPME, namely in-tube SPME and hollow-fiber SPME (HF-
SPME).

In-tube SPME was introduced by Pawliszyn et al., in 1997 [105]
as an extraction technique applying a specially designed device, e.g.
fused silica capillary or polyether ether ketone (PEEK) tube modi-
fied with sorption materials, coupled to HPLC, dedicated to on-line
analysis. Recently reported in the literature applications of this
modification of SPME technique involve PILs as coating materials,
For this purpose PILs were immobilized in the device by (i) coating
the stainless steel wire with the PIL and packing it into the PEEK
tube [106]; (ii) grafting the PIL onto basalt fibers (with the aim of
improved durability) and similarly packing it into PEEK tube [107];
(iii) coating the walls of open tubular capillary column with PIL
[108]. Each solution has been proved to produce mechanically and
chemically stable sorption phases, suitable to be incorporated into
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on-line monitoring systems dedicated to e.g. PAHs determination in
soil samples or endocannabinoids in plasma samples. It has been
however emphasized, that the fabrication of fiber-in-tube SPME
devices involves more steps in comparison to coating the open
tubular capillary [111].

HF-SPME is a hybrid of HF-LPME and SPME, were hollow-fiber
membrane contractors providing mass-transfer between two
phases without the dispersion of one phase in another is filled with
a solid phase. There are not many examples of such SPME modes in
the literature. In addition, if ILs are applied as hollow-fibers “fillers”,
such approach is typically counted as HF-LPME example. However,
recently so called “frozen™ ILs, with an example of [C;sMIM][TFSI],
which are solids under ambient temperature and highly hydro-
phobic, were applied as hollow fiber filling agents and the approach
was classified as HF-SPME [109]. “Frozen” IL confined in pores of a
hollow fiber efficiently extracted DDT and its main metabolites
from water samples.

Finally, the examples of highly demanding extractions of DNA
and RNA from complex biological samples, which have been
significantly facilitated in recent years by the application of PIL-
based SPME should be given. SPME approach appeared as a
reasonable alternative to LLE and SPE techniques, being more
effective, convenient, time-saving, solventless and reusable.
Nacham et al. [110,111] reported the highest extraction efficiency
towards nucleic acids was exhibited by the fiber fabricated from
[V(CoCOOH)IM][Br] IL monomer and the [(VIM):Cy2]2 [Br] IL
crosslinker. The authors indicated electrostatic interactions and
ion-exchange as the dominant mechanisms of nucleic acids
enhanced extractability by the ILs-based fiber coatings. Similar
improved DNA extraction performance by PIL-based SPME fiber
coatings was reported by Varona et al. [ 112]. The great potential of
above mentioned approaches lies not only in the certain “labora-
tory” advantages of SPME over LLE and SPE, but also in the
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possibility of creating SPME-based purification platforms for
recently highly valued point-of-care diagnostics.

4.4. Dispersive sorption-based techniques

In order to carry out SPE in miniaturized mode, a solid phase
may be dispersed in an liquidous sample. This provides a significant
enhancement of interactions between the two phases, therefore
the extraction lasts significantly shorter than during classical SPE
and on top of that, organic solvent consumption is significantly
reduced. In other words, this approach is called dispersive solid-
phase microextraction (micro-SPE or D-uSPE). Reported in recent
years examples of the combination of this technique with ILs as
sorbents have been somewhat dominated by ILs-nanomaterials
hybrids. The obvious advantages of nanosized sorbents which
appeared to be suitable carriers for ILs in micro-SPE are large sur-
face area and short diffusion route, providing improved extraction
dynamics, therefore high extraction efficiency, and ease of surface
functionalization/modification [113].

The greatest interest in micro-SPE applications has been gained
by nanoscale carbon-based materials. Several recently reported
applications of ILs-based nanoscale sorbents in micro-SPE involved
the use of CNTs, carbon nanospheres (CNSs), GO and MOFs. CNs
coated by [NMIIM][Br] has been recently used for the preconcen-
tration of Cu (I1) and Pb (II) ions [114] from aqueous (sea water,
wastewater) and solid (street dust, spices) samples. It has been
proved that the methodology is resilient towards the addition of
other monovalent and divalent metal ions. After eight subsequent
extractions, adsorption performance loss was observed and CNs
had to be re-coated. This may cause an inconvenience, but it should
be pointed out that very little amount of ILs is used for a single
coating. GO and its unique properties has been already described in
SPME section. No wonder that it has been also applied as a carrier
for ILs in dispersive micro-SPE in order to fabricate advanced sor-
bents with tunable extractabilities. In the recent study of Serrano
et al. [115] IL covalently attached to GO sheets was utilized as the
extraction phase for anabolic steroids and f-blockers isolation from
aqueous samples by dispersive micro-SPE technique, The authors
reported that the material could be re-used for at least three
consecutive extractions without a visible deterioration of efficiency.

Novel ILs-based sorbents dedicated to d-SPE have been also
fabricated from MOFs nanoparticles [116], benefiting from their
ultrahigh surface area, high dispersion stability and hydrophilicity.
To overcome their serious limitation related to water stability and
toxicity, MOF-based materials modified with stable and functional
groups, e.g. MIL-100(Fe) - synthesized by connecting FeO clusters
with benzenetricarboxylic acid as the organic linker, appeared as a
good alternative in extractions in aqueous solutions. The intro-
duction of [BMIM][Cys] IL into the ordered structure of MOFs
allowed for obtaining a nanoscale sorbent of high adsorption ca-
pacity and fast sorption of PAHs present in environmental water
samples, vegetable and fruit juices. The adsorption properties of IL-
MIL-100(Fe) sorbent towards PAHs are governed by stabilizing ef-
fect of 1-cysteine to 7 system which facilitates the interaction be-
tween IL-modified sorbent and target analytes.

The attractiveness of nanosized sorbents application in disper-
sive micro-SPE is supported by the availability of nanomaterials
characterized by large constant magnetic moments — magnetic
nanoparticles (MNPs). MNPs can be easily collected by using an
external magnetic field placed outside of the extraction vial
without additional centrifugation or filtration of the sample, which
makes sampling and collection simplier and faster [116]. The pos-
sibility to modify MNPs with ILs resulted in numerous applications
of [Ls-based dispersive magnetic SPE (d-MSPE) technique.

95

Recently widely exploited GO has been also applied as magnetic
support, onto which double-charged IL was covalently bonded,
forming in this way a novel, magnetically separable sorbent [ 117]. It
has been applied for ultrasound-assisted (USA) simultaneous sep-
aration and preconcentration of Pb(Il), Cd(II), Ni(ll), Cu(ll) and
Cr(11l) from medicine capsules. No interference has been observed
in the presence of other metal ions. The sorbent exhibited satis-
factory reusability for eight subsequent extractions. The loss in
extraction performance was explained by the authors by the al-
terations in IL-based coating as well as by the loss of magnetic
properties after subjecting the particles to the US and elution by
acidic solution — as a result a magnet couldn't remove the particles
completely for further analytes recovery. An interesting solution for
d-MSPE has been recently reported by Liu et al. [118], who fabri-
cated and applied as a magnetically separated nanoscale sorbents
IL-coated and cyclodextrin functionalized magnetic core dendrimer
nanocomposites. Dendrimers are monodispersed, highly branched,
and symmetrical polymers with a high density of functional groups.
Because of their three-dimensional structure and high density of
surface groups, they can be utilized as hosts for wide range of
molecules and ions. The molecules may be either confined in the
interior of dendrimers or bonded/adsorbed on their multivalent
surface. Thanks to the multiplicity of surface groups, it is also
possible to modify the material with the aim of its task-specific
functionalization [119]. Reported in the study of Liu et al. [121]
nanocomposites fabricated from inorganic magnetic nano-
particles, cyclodextrin-functionalized dendrimers and ILs, where
the latter two exhibit the ability of selective preconcentration of
target molecules, appeared as a powerful tool in highly efficient,
fast and convenient methodology of pyrethroid residues determi-
nation in juice samples. Cyclodextrin provide high supramolecular
recognition capability which is obtained by the formation of
host—guest inclusion complexes between cyclodextrin and pyre-
throids. ILs increased its extraction efficiency and, in addition, acted
as a surfactant accelerating the mass transfer between analytes and
adsorbents. Multi-component nanocomposites have been also
applied in other study dedicated to developing new sorbents for
selective isolation of pesticides from juice samples. Yang et al. [ 120],
by one-pot method, fabricated a magnetic sorbent composed of (i)
Fe304 nanoparticles — to provide magnetic properties and facilitate
phase separation; (ii) conducting polymers (PANI and PPy) — to
enhance adsorption ability; (iii) attapulgite — to benefit from two-
dimensional structure and heterogeneous deposition of carbona-
ceous species on its surface; (iv) ILs — to provide selective extrac-
tion and surfactant activity (hemimicelles formation). These
magnetic nanoparticles-based mixed hemimicelles have been
applied in a modified version of d-MSPE, namely mixed hemi-
micelles solid-phase extraction (MHSPE) of acaricides isolation
from juice samples. The authors reported a high extraction effi-
ciency of the synthesized sorbent, but it could be re-used without
the significant loss in performance only four times.

4.5. Other sorptive techniques

There are several scientific articles published recently reporting
the application of [Ls-based sorbents in techniques other than
SPME and micro-SPE.

Stir-bar sorptive extraction (SBSE) has been proposed to over-
come the problem of limited extraction capacity and fragile fiber
coatings, often encountered in case of SPME. The limited selection
of commercially available stir bar coatings (PDMS, EG-silicone, PA)
led to the increased interest in the development of coatings with
high affinity towards polar analytes [121]. In 2014 Fan et al. [122]
reported for the first time the fabrication of ILs-based stir-bar
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coating. The coating was produced by chemical bonding of ([AIM]
[BF4]) IL to the stir-bar surface via sol-gel technology. The sorbent
exhibited good mechanical strength as well as thermal (up to
360°C) and chemical (organic solvents, acid, alkali) resistance. The
authors tested the sorbent in extraction process of nonsteroidal
anti-inflammatory drugs (NSAIDs) from water, urine and milk
samples and obtained high enrichment factors towards target
analytes. In subsequent years, PILs-based sorbents have been
applied as monolithic cakes in modified version of SPE — stir cake
sorptive extraction (SCSE). In comparison to its “mother” technique,
SCSE is more convenient and cost-effective as the lifespan of the
cake is significantly longer. This is due the fact, the monaolithic cake
is not in acontact with the vessel wall during stirring and there is no
friction loss of extraction medium. PIL-based SCSE has been
recently applied by Chen et al. for determination of estrogens in
environmental samples [ 123] and preservatives in beverages [ 124].
In both cases 1-ally-3-vinylimidazolium chloride has been used for
the synthesis of PIL. Obtained satisfactory extraction performances
of estrogens with polar hydroxyl groups and hydrophobic phenyl
groups as well as preservatives being polar compounds have been
provided by the multiplicity of interactions (m—m, hydrophobic,
hydrogen-bonding and dipole—dipole) between utilized PIL and
target analytes.

Another sorption-based extraction technique, somewhat similar
to SBSE and SCSE, in which ILs-based sorbents have been recently
utilized, is rotating-disk sorptive extractions (RDSE). Fiscal-Ladino
et al. [125] intercalated [HDMIM][Br] IL into galleries of montmo-
rillonite clays and loaded the fabricated sorbent into the cavity on
one of the Teflon disk (containing an embedded miniature mag-
netic stirring bar) surfaces. The hydrophobicity of the hexadecyl
moiety provided efficient extraction of polychlorinated biphenyls
(PCBs) from water samples.

There are also very recent examples of PILs application in spe-
cifically designed devices dedicated to microextraction: fused silica
capillary with inside-synthesized PIL-based monoliths [126] and
portable tip microextraction device [127].

5. Conclusions

The challenges that analytical chemists face currently, i.e. trace
analysis of samples characterized by complex matrix composition
such as e.g. biological ones, demand for “green” approaches and
specific solutions for e.g. point-of-care diagnostics, the trend of
miniaturization and lowering the costs of single analytical cycle,
fostered the implementation of ILs with their unique properties,
known for many years as designer solvents. It goes without saying
that ILs play currently an important role in analytical chemistry and
they are exploited in many different ways for the purposes of
chemical analysis, Sample preparation is one of the fields, where
most recent innovations are related to the application of ILs as
solvents in liquid-phase (micro)extraction and sorbents in solid-
phase (micro)extraction. Microextraction techniques mostly
dominated in the past few years by ILs implementation as extrac-
tants are DLLME and SPME. Especially in case of novel solutions in
SPME, ILs are often incorporated into multi-component, task-spe-
cific hybrid sorbents, in which each component play a defined role
in extraction process. In many of reported studies, ILs-based
extraction media exhibited better extraction efficiencies towards
target analytes in comparison to organic solvents or commercially
available sorbents. However, still many of the ILs-based sorbents
lack durability while applied in DI-SPME mode. It should be also
emphasized that a huge advance has been made in the isolation of
biomolecules by ILs-based extractants. It is expected that they will
be further exploited in bioanalysis.
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The number of applications of MILs in microextraction tech-
niques increases significantly year by year, which has been recog-
nized as a hot topic opening new possibilities in sample
preparation. MILs, with their excellent response to external mag-
netic field, have attracted the interest of analytical chemists as the
replacements for non-magnetic solvents, especially in case of
DLLME technique. MILs opened new possibilities in LPME tech-
niques, for instance they may be applied in vacuum LPME. Further
investigation in MILs with better thermal properties seems neces-
sary for extending their applicability to less volatile analytes.
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Article history: The use of porous materials as sorbents in sample preparation techniques has gained recent scientific
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attention in the context of developing novel fibers for the Solid-phase microextraction (SPME) technique.
SPME requires the appropriate selection of a robust sorbent for successful utilization under variable

Keywords: conditions. A deeper understanding of the nature of newly developed porous SPME coatings and the
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impact of their structures on their analytical parameters is crucial for ensuring their successful use as
potential sorption media for specific purposes. This review presents a thorough discussion of currently
popular SPME-based porous materials in the context of their structures.

@© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The determination of trace-level analytes in samples with a
complex matrix composition (e.g., biological or contaminated
samples) is often an integral part of environmental assessment and
monitoring and analytical research of environmental pollutants.
The sample preparation step is crucial for ensuring the accuracy
and reliability of results obtained from analytical procedures. The
principles of green analytical chemistry (GAC) necessitate the
consideration of certain additional conditions; these principles
have become a foundation for the development of new technical
and methodological solutions. Solid-phase microextraction (SPME)
is a popular analytical sample preparation technique that meets the
requirements of GAC; SPME was developed in the 1990s by Prof.
Janusz Pawliszyn, undergoing constant modes and fibers devel-
oping year by year (see Fig. 1) [1]. The SPME technique is exten-
sively applied in analytical practice because it has several
advantages over conventional extraction methods; SPME is rela-
tively simple, rapid, solvent-free, sensitive, and provides linear re-
sults for a wide range of concentrations and analytes [2]. The SPME
technique requires the appropriate selection of a robust sorbent for
successful utilization under variable conditions. Porous materials
have been particularly investigated as alternative sorbent coatings
for SPME in response to these issues [3].

* Corresponding author.
E-mail address: karolina.delinska@pg.edu.pl (K. Delinska).

https://doi.org/10.1016/j.trac. 2021116386
0165-9936/@ 2021 Elsevier B.V. All rights reserved.
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According to the International Union of Pure and Applied
Chemistry (IUPAC), porous materials are defined as solids pos-
sessing pores, channels, cavities, or gaps whose depth is greater
than their width [4]. Porous materials, such as zeolites [5] and silica
gels [6], can be potentially applied in fields such as adsorption [7],
catalysis [8,9], and nanotechnology [10], where their significant
sorption properties can facilitate the separation of liquids and gases
[11] and several other processes. The characteristics of porous
materials vary depending on the size, arrangement, and shape of
the pores, as well as the porosity (the ratio of the total pore volume
relative to the apparent volume of the material) and composition of
the material. Porous materials possess unique physical, thermal,
morphological, and mechanical properties that enable their use in
several applications [12]. The appropriate selection of porous ma-
terials as sorbent coatings depends on the analytes or the sample
matrix being analyzed. As of extreme importance is to use the
specific SPME coating towards specific analytes. The sampling of
various compounds by SPME could be performed with the use of
different kinds of commercial fibres, such as polydimethylsiloxane
(PDMS), carboxen (CAR), divinylbenzene (DVB), Carbowax (CW),
and Carbopack, as well as their mixtures [13].

The classification of SPME coatings is made into four categories,
respectively, by the type of coating, by the coating thickness, by
polarity, and depending on if the coating extraction mechanism is
absorption or adsorption. The listing of the commercially available
fibres, with specified extraction mechanisms and the coating's
polarity were given by Pawliszyn in 1997 [1].
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Fig. 1. Milestones of SPME technigue development.

The polarity of a coating is determined by the type of the applied
phase. Polarity can also determine the selectivity of the coating via
enhancement of the affinity toward polar analytes, compared to
that with nonpolar ones. Interestingly, the surface of the PDMS
coating can reduce the overall polarity of the fiber; however, ana-
Iytes can still be extracted in these cases through contact between
the pores and polar analytes. Notably, the analyte capacity of the
fiber is determined by the thickness of the coating, which can also
provide information on the duration of extraction required for
achieving equilibrium. Thicker coatings require a longer duration
for achieving equilibrium. A thick coating retains volatile analytes,
whereas thin coatings are preferred in the case of high-molecular-
weight analytes [14].

Commercially available fibers for SPME possess coatings that are
composed of polymeric materials, most of which operate on the
basis of an adsorption mechanism. The adsorption mechanism can
involve undesirable phenomena that limit the usefulness of the
SPME technique; the phenomenon of competition in samples with
complex compositions or limiting the linearity of the extraction
process leads to a reduction in the extraction efficiency. These
limitations can be overcome if materials in a liquid or “pseudo-
liquid” state are considered; these materials enable the isolation of
sample components through the absorption (partition) mechanism
[15]. The features of the adsorption and absorption mechanisms are
listed in Table 1.

Notably, PILs [ 16] or membranes (for membrane-based SPME or
M-SPME) are also employed as absorbent-based coatings, wherein
the shape of the cover is dependent on the PDMS-based protective
membrane [17]. The problems related with the partition mecha-
nisms, limited selectivity and the matrix influence can be solved
with the porous coating of the SPME fiber. Thus, the fiber do not
only fulfill the role of adsorbent, but also may constitute as the
carrier or skeleton of the SPME fiber [18].

The main purpose of developing the SPME technique is to
minimize or even lack the use of the organic solvent, reducing the
extraction time and analyzed sample size. The selection of the
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Table 1

Advantages and limitations in the absorption and adserption extraction
mechanisms.

Extraction features Absorption  Adsorption

Matrix influence = #
Wide range of the procedure linearity + -
Relatively low desorption temperatures + -
Interactions weak strong
Easiness in thermal desarption i
Selectivity -
The large surface area =
High thermal and mechanical stability -
Degradation of analytes during thermal desorption

TR

SPME sorbent material is made based on the nature of the target
analytes; thus, selecting appropriate coating material is of great
importance in the SPME applications. It should also be emphasized
that, proposed by researchers, new designs of the SPME sorbent
coatings contribute to solving the problem with complexity related
to diverse matrices determination.

The application of porous materials in SPME has attracted recent
scientific attention. Several recent studies have confirmed their
applications concerning environmental and biological samples [19],
studies concerning the applications of MOFs [20]; magnetic sor-
bents [21]; and sorbent-based headspace extractions [22]. Addi-
tionally, the critical evaluation of the SPME sorbent materials [23]
and the new polymeric extraction materials [24] have also been
recently published. Overall, this review provides a novel, compre-
hensive and well-discussed overview of the investigation of porous
materials as sorbent coatings for use in SPME.

2. Overview of the SPME technique

The introduction of SPME fulfilled the need for a rapid and
solvent-free sample preparation technique that facilitated simul-
taneous pre-concentration and separation of both volatile and non-
volatile analytes in complex sample matrices. SPME has been
applied for collecting a wide range of analytes from diverse matrix
compositions, such as gaseous, liquid, and solid media.

An SPME device is covered with a thin layer of a suitable poly-
mer (liquid, liquid-like, or solid) as a sorbent. The SPME fiber is
placed inside the needle of a syringe-like holder. There are two
possible configurations of SPME depending on the sample and type
of the analytes: direct immersion solid-phase microextraction (DI-
SPME) for gaseous and liquid samples, and headspace solid-phase
microextraction (HS-SPME) for solid and certain liquid samples
(Fig. 2).

Due to the very limited volume of the extraction phase (<1 pL),
the extraction efficiency depends on selecting the appropriate
coating that ensures a high affinity for the target analytes. From the
practical point of view, the selection of SPME fiber coverings is
limited to commercially available fibers in various thicknesses and
combinations [25]. The choice of the stationary phase is largely
determined by the need related to its polarity. SPME coatings can
be classified according to three criteria: coating thickness, polarity,
and whether the coating is an absorbent or an adsorbent. The
available types of commercial fiber are not capable of providing
optimal sorption properties for the many different analyte-matrix
combinations. Scientists searched for materials with high affinity
for the selected analytes and sample matrices. The most popular
sorption materials currently available and used so far, used in SPME,
are: noble metal nanoparticles [26], silica-based sorbents [27],
molecularly imprinted polymers [28], conductive polymers [29],
metal [320] and covalent organic frameworks [31] based on carbon
sorbents, such as carbon nanotubes [32] and graphene [33]. Most of
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HS-SPME

DI-SPME

Fig. 2. The scheme of the analyte extraction process using HS-SPME and DI-SPME
techniques.

overmentioned are adsorptive materials, extract analytes usually
by strong interactions of molecules with a solid surface. The
adsorbent surface can interact with the analyte by means of T
interaction, hydrogen bonds, or van der Waals interactions.
Considering the way the analytes are immobilized on the adsorbent
surface, it is important to consider the thermodynamic basis of the
analyte adsorption process.

For a quantitative description of the extraction process, the term
“degree of coverage” is used, which can be described by the
relationship:

_ G
0= e (1)

where: C%;, - adsorbed analyte concentration based on the volume
of the extractant [mol-dm>]; C,4 - total concentration expressed
as numbers of active sites based on the volume of the extractant
[mol-dm 3];

The above notation of Equation (1) is correct, while assuming
that the distribution of active sites on the adsorbent surface is
homogeneous. If the Langmuir isotherm model is used to describe
the adsorption process of the analyte on the adsorbent surface in
the following form:

Kogs/p Cpeq
PR 2
e G tet

where: Kygs/p - equilibrium constant of adsorption (partition coef-
ficient), then, after substituting the dependence described by
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Equation (1) in Equation (2), we obtain a relationship linking the
concentration of the analyte on the adsorbent surface as a function
of the partition coefficient Kaas/p at equilibrium:

Kesp Cpeq
e T R Corg &

Based on the analysis of the above equation, it is possible to
draw several important conclusions:

Goas= Ca

« the concentration of the adsorbed analyte is a non-linear func-
tion of its concentration in the sample (it has a significant
impact on the determination of the calibration curve),

« the linear nature of the relation (3) can be achieved only when
the value of the product Kejp - Cp, eq is much smaller than unity.

However, this only applies when the analyte is present at very
low concentration levels or shows little affinity for the adsorbent,
(the latter one is rather irrational situation). As a consequence, the
process of isolationfenrichment or sampling of analytes is based on
the use of adsorption mechanism, which leads to a significant
limitation of the linearity range compared to the course of the same
process based on the partition mechanism, i.e. absorption. Another
important aspect, that may limit the use of adsorbents as stationary
phases in the SPME technique is the understanding of the proper-
ties of the active surface of the adsorbent described by C,4s. This
parameter, in equation n (3), characterizes the number of active
sites available for one type of analyte. The amount of active sites is
constant, however, its availability for a given analyte depends on
the affinity of other components of the sample.

In other words, in the case of samples with a complex compo-
sition, it is possible for the analytes to compete with other com-
ponents of the sample for the available active sites on the adsorbent
surface, Components with high affinity to the surface of the
adsorbent or present in the sample at a high level of concentrations,
occupy the available space on the surface of the solid material. As a
consequence, this leads to the limitation of both the maximum
amount of analytes that can be immobilized on the surface of the
adsorbent in the state of equilibrium, as well as the reduction of the
linear range of the extraction process [34].

The kinetics of the extraction process in the case of SPME, i.e., a
system with cylindrical geometry, is based on the second law of Fick
diffusion. However, a simplification involving the omission of the
surface curvature is often used. The quantitative description of the
extraction kinetics can be described by the following equation:

- )= %" (6-9) ()

dn_ DA
dt g

where: d;- the thickness of the fiber coating, ds - the diffusion layer
thickness in the sample matrix, C; — the concentration of the an-
alyte in the sample matrix at the interface of the fiber coating and
the sample, C; — the concentration of the analyte in the coating at
the interface of the fiber coating and the rod, A — the surface area of
the fiber coating [35].

The above Equation (4) shows that the speed of the extraction
process can be controlled (limited) by diffusion in the double layer
(middle term) or the fiber shell (last term). It should be noted that
from a practical point of view, the main possibilities of shortening
the extraction time relate to the thickness of the double layer,
which to some extent can be controlled by selecting an effective
mixing method. The remaining parameters in the above equations
are practically out of control and are specific to a given fiber-
analyte system.
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In porous coatings, the diffusion limitation in the fiber coating is
relevant only when they constitute the carrier for the actual (liquid)
sorbent, which results from the low values of diffusion coefficients
in liquids.

In most cases, porous coatings are based on an adsorption
mechanism where the pores are filled with a gas phase. Thus, two
situations can be considered: extraction directly from the liquid
phase and extraction from the gas phase (also headspace). In the
first case, due to significant differences in the values of diffusion
coefficients (for the gas phase of 107! cm?/s, for the liquid phase of
105 cmzls), the mass transport rate is limited by diffusion in the
double layer. In the latter case, in practice, the length of the diffu-
sion path inside the pores is generally much shorter than in the gas
phase, leading to the conclusion that the process of transporting
the analytes to the surface of the fiber shell is the limiting factor. An
additional factor that should be taken into account, in this case, is
the analyte retention process itself [36]. Unlike the liquid phase, no
linear concentration gradient of analytes in the coating can be
assumed. The considerations should take into account that due to
the relatively short radial diffusion path inside the pores, the ana-
lytes very quickly reach their surface, where they are bound. In such
a situation, the local concentration of gas-phase analytes inside the
pores is lower and equalizes according to the corresponding
adsorption isotherm.

Considering the above, it can be assumed that achieving the
saturation state in the case of porous coatings based on adsorption
is less time-consuming than in the case of liquid coatings.

2.1. Fiber SPME

The fiber SPME analysis is typically performed via headspace or
direct immersion. In DI-SPME, the high extraction efficiency and
adequate sensitivity, the fiber coating for DI-SPME is characterized
by compatibility with the sample matrix, robustness, and good
affinity toward the analytes of interest. In HS-SPME, the sample is
placed in a vial sealed with a cap. The fiber in the HS-SPME mode is
placed above the sample in the vial. Therefore, the porous sorbent
occupies the headspace of the sample (solid, or liquid) and accu-
mulates the target analytes through the gas phase (semi-volatile
and volatile analytes). The HS-SPME mode provides a higher
selectivity than that of the direct extraction mode. The clean-up of
extracts and a longer fiber lifetime are ensured because the
extraction phase is not in direct contact with the sample matrix.
The affinity of the extraction phase toward the target analytes is
particularly responsible for the extraction efficiency of the HS-
SPME technique, making it is suitable for analyzing both volatile
and semi-volatile compounds [37].

In both the DI- and HS-SPME modes, porous SPME sorbent
coatings can facilitate the selective extraction of all the target
analytes in the sample while releasing the other interfering com-
pounds in the matrix. Therefore, porous materials should possess
sufficient adsorption capacity to retain all the target analytes, The
subsequent elution by an organic solvent or liberation by a tem-
perature increase can easily and completely release the target
analytes before their introduction into the detection system. Porous
materials with high surface areas are considered to be optimal
because of their high sorption capacities. Recently, porous sorbents
have been extensively investigated for environmental applications
because of their properties such as a high sorption capacity, and in
certain cases, high selectivity [38].

22. In-tube SPME

In 1997, Pawliszyn et al. introduced for the first time the in-tube
SPME [39]. In that technique, the extraction phase is coated onto
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the inner walls of fused-silica tubing. The purpose of the develop-
ment of the in-tube SPME was associated with its application in
high-performance liquid chromatography (HPLC). There are two
modes of extraction provided by the in-tube SPME: the draw/eject
and the flow-through extraction mode, respectively. In the first
mode of extraction, the analyte is extracted through the repeated
draw/eject cycles of the sample in the capillary column, until the
sorption equilibrium is reached. In the flow-through mode of
extraction, the sample is continuously passed through the capillary
in one direction. In-tube SPME is described as a highly sensitive and
relatively low-cost sample preparation technique, allowing to
determine large volumes of aqueous samples, thus enabling the
sampling of various polar compounds in biological samples [40,41].

3. Porous frameworks dedicated in SPME

The SPME stationary phases are usually immobilized on
geometrically diverse surfaces or packed inside the tubes, needles
or syringe tips. The flexibility of device geometry is a domain value
of SPME, which allows its multifarious applications; first of all, the
coating type of SPME fibers is responsible for the extraction of
analytes [42]. The main features characterizing reviewed porous
frameworks are given in Table 2,

3.1. Silica-based coatings

Silica colloids can be obtained in solution using the Staber
process, named after one of the scientists who first reported such a
synthesis [43]. The chemistry of this synthesis is relatively simple
and universal at the same time, and so much that it can be used for
the preparation of most oxide nanostructures. The synthesis is
called the sol-gel process. The sol-gel process is based on the hy-
drolysis and condensation reactions of suitable metal-organic
precursors, such as alkoxides of formula M(OR),, where M is a
metal in the oxidation state n, and R stands for the organic group
(usually the ethyl and methyl group) [44]. Subsequently, the hy-
drolysis and condensation reactions lead to the formation of M-O-
M bonds, accompanied by the release of water and alcohol mole-
cules, as shown in the following reactions:

Hydrolysis: (RO);Si-OR + H;0 -> (RO)3Si—OH + ROH

Condensation: (R0)3Si—0H + RO-Si(OR)3 ->
(RO)3Si—0—Si(OR); + ROH

(RO)3Si—0H + RO-Si(OR)3 -> (RO)3Si—0—Si(OR)3 + Hz0

The procedure appears as a multi-component one and is rela-
tively complicated in selecting suitable synthesis reagents. Sol-gel
synthesis is usually performed in a mixture of precursors and
pore-former agents, e.g. tetramethylortosilicate (TMOS) [27], and
polyethylene oxide [45].

3.2. Metal-organic frameworks (MOFs)

The Metal-Organic Frameworks (MOFs) are a newly identified
class of porous polymeric materials made of metal ions linked
together by organic bridging ligands. The MOFs represent the
interdisciplinary development between molecular coordination
chemistry and materials science. The novel MOF structures are
characterized by the feature amongst the largest pores known for
crystalline compounds, very high sorption capacities, and complex
sorption behaviour. The establishment of porosity in these poly-
meric metal-organic structures has been challenging. However,
during its development, the main goal opens up the possibilities for
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Features of the SPME fiber coatings.

POLITECHNIKA

Trends in Analytical Chemistry 143 (2021) 116386

Porous
framework type

‘Way of synthesis

Advantages

Disadvantages

Silica-based Sol-gel synthesis - high extraction efficiency and rate - relatively low thermal stability
coating - high porosity allowing for any liquid
confinement
MOFs Solvothermal synthesis, solvent-free synthesis, chemical - either commerdally available or easily - the low conductivity nature and the
‘vapor deposition synthesized; stability issue;
- high acidity (pK, ~4) allowing for facile in-situ - poor selectivity;
deprotonation, - difficulties in regeneration
- controllable structure composition
Carbon-based  Thermal synthesis, chemical vapor dep - effect and - stacking interaction - low solubility of CNMs in solvents,
coatings with the analytes; - relatively low thermal stabiliry
- high thermal stability of the coating;
- applicable for electrochemically enhanced SPME
COFs Solvothermal synthesis, mechanochemical grinding, room - the periodic and uniform porosity; - poor hydrolytic and  oxidative
temperature synthesis - higher internal surface area than their 2D stabilities
counterparts

new chemical separations, ion exchange, sensing, and also possibly
catalytic behaviour [46]. The MOFs are also described as cost-
effective coatings, being developed as an efficient coating mate-
rial dedicated to the SPME. Since various metal centres and organic
linkers are available, MOFs can be synthesized with different
structures, topology, and porosity (Fig. 3) [47].

The MOFs as SPME fiber coating was proposed for the first time
in 2011. In this work, the ZIF-8-coated fiber was employed to extract
and enrich of n-alkanes from biological fluids prior to GC-MS
analysis. The recent applications of MOFs as SPME sorbents have
been mostly dedicated to complicated biological matrices [30].

3.3. Carbon-based coatings

Since the most often applied carbon-based coatings are those
made of multiwalled carbon nanotubes (MWCNTs) and of the
graphene-based domain, thus, the attention has been paid to ones
in this chapter. MWCNTs consist of multiple carbon nanotubes
nested within one another. In each of the MWCNTSs, the presence of
particular nanotubes can vary even from 3 to over 20, whereas both
the internal and external diameter of the nanotubes can vary from
2 nm to over 50 nm. MWCNTSs exhibit exceptional electrical, ther-
mal, and mechanical properties. Nevertheless, the increased num-
ber of walls provides a higher probability of defects presence than
single-walled nanotubes, which results in reduced performances. A
significant advantage also is, that outer walls of MWCNTs can be
modified with functional groups such as hydroxides, carboxylic
acids, or amides, in order to provide the additional functionality
(e.g. the ability to attach binding sites for use in biomedical appli-
cations [48]). Additionally, MWCNTs are preferred to utilize over
the single-walled carbon nanotubes (SWCNTs) as the presence of

i |

direct
carbonization

hydrothermal
grown

loading of
furfuryl alcohol

MOF-74 coating MOF-74-C coating

Fig. 3. Schematic illustration of the fabrication of MOF-74-C coated SPME fiber.
Copyright 2019 by Elsevier [47].
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concentric graphene sheets resulted in an enhanced interaction
with the analytes a long MWCNTs (5—-15 pm) showed higher
sorption capacity than shorter (1—2 pm) MWCNTs. The MWCNTs-
SPME fiber is usually fabricated through a dip-coating technique
[49].

Graphene is an allotrope of carbon single planar sheet of sp2-
bonded carbon atoms that are densely packed in a honeycomb
structure [50]. Graphene has been developed as a SPME fiber
coating posing remarkable thermal stability, chemical stability and
good affinity towards many aromatic compounds. What is more,
the extraction performances of SPME fiber coatings could be also
improved by the utilization of graphene composites with other
materials through covalent modification, non-covalent decoration
and doping can also effectively improve, Some of the graphene-
based coatings were applied to the SPME technique, e.g. determi-
nation of PAHs in cosmetics by a three-dimensional single layer
graphitic carbon nitride-modified graphene composite (g-C3N4@G)
in DI-SPME [51]. Nevertheless, some of the potential applications of
graphene as the SPME adsorbent have not been studied yet.
Therefore, some of the solutions dedicated to enhancing the
graphene-based SPME coating adsorption are provided (e.g.,
regulation of conformation).

3.4. Covalent organic frameworks

Covalent organic frameworks (COFs) were firstly introduced by
Yaghi et al., in 2005 [52]. COFs are characterized by various ad-
vantages, such as low density, high porosity, relatively large surface
area, crystalline structure, uniform pore size and high thermal and
mechanical stability [53]. It has to be emphasized that the synthesis
of COFs is made on the basis of dynamic covalent chemistry, what
contributes to the formation of its ordered crystalline structure
[54]. What is more, COFs can be also designed towards specific
purposes, and combined with a wide range of materials [55].

4. Recent applications of porous materials as coatings in
SPME

In addition to being reasonable alternatives for commercially
available coatings, porous materials prepared using silica, carbon,
and MOFs have been extensively applied as coatings, primarily in
SPME, and to a lesser extent in other sorbent-based micro-
extraction techniques. The limited number of commercially avail-
able SPME fiber coatings necessitates the development of porous
sorbents that can provide the desired affinity toward specific
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analytes; these sorbents can help in extending the scope of appli-
cability of the SPME technique.

A comprehensive review of studies conducted since 2011 on the
application of porous sorbents as SPME coatings reveals the
increasing levels of interest in newly developed SPME sorption
materials (Fig. 4).

New sorption materials are being developed to improve the
extraction capacity, sensitivity, and selectivity, and to reduce the
matrix effect. However, several modifications have been introduced
during the fiber preparation stage and various strategies have been
investigated for improving the fiber extraction efficiency of SPME.
An ideal SPME sorbent coating should facilitate the separation of all
analytes in the solution, and simultaneously release the other
compounds of the matrix. Therefore, the SPME sorbent must have
sufficient sorption capacity and be able to adsorb all the analytes
present in the sample.

In the following section, examples of applications of porous
materials mentioned in previous sections are discussed. The
essential parameters involved in the SPME process, such as the type
of porous sorbent, extracted analytes, sample matrix, extraction
and detection techniques, limits of detection (LOD) and quantifi-
cation, relative standard deviation, linear range instrumentation,
and SPME recovery are listed in Table 3.

4.1. Silica-based coatings

Various strategies have been attempted to improve SPME effi-
ciency by taking advantage of the significant role of fiber coatings in
the extraction and desorption of analytes in SPME. Liquid (PDMS)
and solid coatings (e.g.. Carboxen) have been investigated for
interacting with analytes through absorption and adsorption
mechanisms, respectively [G1]. Several SPME stationary phases
have been developed to address the difficulties associated with
commercial coatings. These include materials produced through
sol-gel chemistry [44] (such as ionogels with dip-coating [60,64])
and modification with sputtered silicon [57], aerogels [63], and
MIPs [65]. Silica-based SPME fibers have been frequently modified
via the addition of ZnO nanorods [58] and magnetic iron oxide
nanoparticles [62]. These SPME phases typically possess several
advantages over commercially available coatings, such as higher
thermal and mechanical stabilities, shorter durations of extraction,
higher extraction efficiencies, and longer lifetimes, Nevertheless,
some of the newly developed coatings are burdened with certain
limitations owing to their complicated synthesis steps. For
instance, the preparation involved in the sol-gel approach requires
the use of a lengthy procedure to obtain an SPME fiber with a
porous structure [96].

The superior extraction capability of sputtered silicon protected
by porous PDMS-layer SPME fibers has been reported for the

100
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Fig. 4. Recent applications porous sorbents as sorption media in SPME technique, the
number of papers with porous sorption media in analytical chemistry (Scopus database,
May 2021; keywords: SPME; silica coatings; carbon coatings; MOF-s, MWCNTs, COFs).
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determination of PAHs in tap water via DI-SPME [59]. Extraction
efficiencies corresponding to different thicknesses of silicone (0.25,
0.8, and 1.8 um) and PDMS (8, 16, and 36 nm) were investigated
therein. The 1.8-pm-thick silicone coating with 16-nm-thick PDMS
produced the optimal response among the tested combinations.
The fabricated fiber coatings were characterized by a porous
structure and long lifetime and achieved up to 300 analytical cycles.
The additional advantage is the lower carry-over between runs and
negligible bleeding if compared to commercial coatings.

Several nano-octadecyl silica-based applications in SPME-based
methodologies have been recently reported [56,57]. In these
studies, the sample flows through a piece of capillary tube that is
internally coated with a polymeric sorbent that traps the analytes;
this is denoted as in-tube solid-phase microextraction (IT-SPME).
For instance, a robust and efficient nano-octadecyl silica (nano-
0DS) sorbent coated with spherical silica nanoparticles was
designed for the extraction and pre-concentration of ultra-trace
levels of PAHs in aqueous samples. The nano-ODS sorbent was
prepared using a mixture of tetraethyl orthosilicate (TEOS) with
ethanol and ammonia. The results obtained in this study revealed
lower LODs and more acceptable recoveries compared to those
obtained in other studies [56]. The only exception involved the
cold-fiber SPME-GC—MS method [49], which took advantage of the
sensitivity enhancement effects of both the cold fiber and MS de-
tector simultaneously. Another nano-ODS fiber coating was pro-
posed by Akbari et al. [57], wherein a vacuum-assisted headspace
SPME (VA—HS—SPME) procedure coupled with GC-FID was devel-
oped and optimized for the analysis of PAHs in soil. The evaluation
of the lifespan and durability of the single fiber was accomplished
through more than 150 sampling experiments, with no physical
changes observed in the fiber structure and a lack of significant
changes in the extraction efficiency (<5%).

The recent development of sol-gel techniques has contributed to
the progress in the synthesis of porous materials, especially aero-
gels. Aerogels are ultralight solids with a density of the order of
1.9-150 mg cm 2, Aerogels are being currently applied in surface
modification-based strategies for improving their extraction effi-
ciencies. For instance, ionic liquids (ILs) have been reported to be
environmentally friendly extraction solvents [105] and have been
therefore considered as replacements for conventional organic
solvents. The bonding and hybridization of a bipyridyl IL to a silica
aerogel has been reported to improve the mechanical strength and
extraction performance of the DI-SPME fiber [63]. Notably, the IL-
based silica aerogel exhibited higher LODs than those of the
PDMS coatings employed in previously reported analytical solu-
tions. Tian et al. also investigated a hybrid silica aerogel for use in
environmental analysis [97]. The results revealed that analyses
PAHSs corresponded to wide linear ranges, from 0.005 to 20 pg L',
whereas the remaining analytes were linear in the range of
0.010-20 pg L. The extraction performance of the newly devel-
oped SPME fiber coating was also compared to that of commercial
coatings. The lifetime of the developed fiber, without obvious loss
of the extraction efficiency was equal to 120 runs.

The studies described so far were focused on extraction using an
adsorption mechanism; however, an absorption mechanism can
also be employed using porous coatings. However, in those appli-
cations, porous coating serves as a support confining of an actual
liquid extractant, Recent attention has been focused on the
immaobilization of ILs within silica-based porous materials, based
on the absorption extraction mechanism [60,64]. SPME fibers ob-
tained using this approach were investigated for the first time with
HS-SPME fiber coating prepared using the sol-gel process with
potassium silicate as a precursor and dimethylformamide as a pore-
forming medium [64]. The immobilization of a 1-ethyl-3-
methylimidazolium tetrafluoroborate IL in the silica pores of the
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Table 3
Applications of porous sorbent coatings in Solid-phase microextraction techniques.
Type of porous material Analyte Sample Extraction Detection  LOD[ug LOQ[ug RSD  Linear  Recovery Ref.
technique technique  L-1] L-1] %] range [ng [%]
1]
Silica-based
nano-octadecyl silica modified fused PAHs water In-tube GC-FID 0.00001 NA 44 000001 78.7 [56]
silica SPME —0.00017 —103 -0.004 —103.5
octadecyl silica chemically coated PAHs soil HS-SPME  GC-FID 0.00001 NA 32 0.00001 84-111 [57]
stainless-steel fiber —0.00009 —10.34 —0.004
fused silica coated by arrayed ZNRs methanol, pantoprazole HS-SPME  GC-FID 0.033 0.10 6.0 0.996 96-107 [58]
n-butanol, feedstocks -0339 -1.03 —7.1 0999

dichloromethane, ethyl
acetate, acetone

sputtered silicon fiber with 16 PAHs tap water DI-SPME  GC-MS 06-1.5 NA 5-25 1-110 NA. [59]
polydimethylsiloxane (PDMS)
silica-based ionogel: MTMS, TFA with IL, 12 VOCs tap, river and sea  HS-SPME  GC-BIID 0.07-0.40 009 1.2 NA 88-119 [60]
and mixture of two ILs: ([Set3][TFSI]) water -227 ~30.6
and ([C4C1Pip][TFSI])
magnetic iron oxide core-shell silica hexanal urine samples DI- and GC-FID 0.00001 000001 5.1 001-10 91-109 [61]
(Fe304/5i0;) nanoparticles HS- SPME —0.00005 —0.0001 -6.6
bipyridyl ionic liquid-hybridized silica 8 PAHs cigarette smoke and DI-SPME  GC-FID 0.005 0015 11 0.015-20 80.9-119 [62]
aerogel ash -0.01 -0.03 -156
organic-inorganic hybrid silica aerogel 8 PAHs lake and rain water HS-SPME GC-FID 0.001 0.005 less 0.005-20 83.2-118 [63]
—0.030 —0.100  than
6.1
potassium silicate and 12 VOCs aqueous samples HS-SPME  GC-BID 046-4.23 150 32 NA NA [64]
dimethylformamide with IL -12.6 -34.1
MCM-41@Si0;-difenaconazole 3D dicofenazole cucumber, apple DI-SPME  GC-ECD 0.00002 000005 3.3 00001  73-103 [65]
network and wheat -97 =01
‘Graphene-based
3D graphene-carbon nanotubes (G- BTEX. lake and river water HS-SPME  GC-MS 000059 0.00196 3.7 000005 84.7 [66]
CNTs) —0.00268 —0.00892 —9.1 -05 —108.1
graphene oxide-based polymer 5 phenols Pearl River water ~ HS-SPME ~ GC-MS 000012 000038 3.1 0.00005 81-113 [67]
composite coating ~0.00136 —0.00454 —8.1 0.1
graphene oxide incorporated polymer 5 organo-phosphate soil HS-SPME  GC-FPD 0.00092 0.00003 5.2 00005  80.1 [68]
monolithic fiber esters —0.00072 —0.00024 9.0 -0.01 —105.6
graphitic carbon nitride 8 PAHs pond, river, lake, DI-SPME ~ GC-MS 000002 000007 3.1 00007  83.6-118 [69]
well, rain, snow —0.00005 —0.00017 <76 —0.060
water
Nanescale graphitic carbon nitride 6 PAHs pond water and soil DI-SPME ~ GC-FID 000025 000001 25 0.0001 844 [70]
(nano-g-CaNy)Nano-g-CsNy/Cu0 —0.00040 —0.00008 7.3 001 1083
composites
Molecularly imprinted polymers triphenyl phosphate  environmental DI-SPME  GC-FPD 0.00001 000004 5.4 000007 70-110 [71]
immobilized on graphene oxide film water samples —0.0124
sFe304-g-GO-g-RAFT agent nano- 4 biogenic amines smoked fish DI-SPME  HPLC-UV 0.0009 0.00028 3.57 00005 98.36 [72]
absorbents =0.0017 -0.00049 ~5.16 -0.0150 -103.48
MWCNTs
MWCNTs/MnOz/PEDOT PAHs river and lake soil ~ HS-SPME  GC-FID 0.00001  NA. 2.0-10 0.0005 94-108 [73]
—0.00008 —0.0250
MWOCNTs/PANI-PPy@PDMS 4 pesticides garlic DI-SPME  GC-MS 000038 13-83 1.1 0.001-40 841082 [74]
—0.00019 =119
helical multi-walled carbon nanotube 16 PAHs Arctic snow samples DI-SPME  GC-MS 0.00001 000004 1.1 000015 93.7 175]
—000012 —0.00030 —150 -0.030 -119.7
oxidized multiwalled Carbon bes 7 amph type  human urine DI-SPME  GC-MS 02-13 07-43 25  05-1000 88-107 [76]
{CNTs) stimulants ~54
PANI/MWCNT 4 antibiotics; 1 phenol; milk, lactic acid DI-SPME ~ MS/MS 0.00015 00005 3.2 5-1000 93.1 177]
3 xenobiotics bacteria beverage, —0.0000.7 —-0.0020 -7.5 -102.7
and fruit juice
MWCNTSs/PANIZIF 4 PAHs sea, tap and HS-SPME  GC-FID 00003 09-25 02 0005 834 78]
aqueduct water —0.0008 -97  —1000 -—111.2
MWCNTs and KBF 7 PAHs river, pond, lake and DI-SPME  GC-FID 0.04-0.12 50-100 3.5 0.13-50 80.1 179]
waste water 18 -1163
MOFs
metal organic framework (CIM-80 (Al)) 13 PAHs ground coffee, HS-and  GC-MS 0.0005 15-5.0 less 0.0005 993 [80]
whole milk, red and DI-SPME -0.0015 than -05 =853
white wine, apple 20
juice
metal organic frameworks (MOFs) by 5 odorants fresh, effluent and DI-SPME ~ GC-MS 0.00001 000003 less 0.005 836 1471
direct carbonization tap water -0.997 -03 than  —100 -1155
94
nitrogen-doped porous carbon with g- 14 organophosphorus  fresh fruit and DI-SPME ~ GC-MS 0.00023 000069 7.8 00069 32.6-118 [81]
C3N,4 templated with metal organic  pesticides vegetable —0.00075 —0.00225 9.7 -0.03
framework
metal organic framework ZIF-8 3 PAHs wastewater samples DI-SPME ~ GC-FID 06-20 NA 55 NA NA [82]
—16.0

(continued an next page)
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Table 3 (continued )

Type of porous material Analyte Sample Extraction Detection LOD [ug LOQ[ug RSD  Linear Recovery Ref.

technique technique L-1] L-1] (%] range [ug [¥]
1-1]

MOF with Cu-DAT (copper-2,5- 10 PAHs river water HS-SPME  GC-MS 0.0001 0.00003 4.4 00001 884 [83]
diaminoterephthalate) —0.0006 -0.00021 —129 -0.1 —105.9

metal organic framework-monolith 5 Fluoro-quinolones  honey and water  in tube-  HPLC-FLD  0.00014 0.00048 less  0.001 80.1-120 [84]
composite SPME —0.0011 -0.0038 than -5.0

10

COFs

COFs ~TpBD from 1,3,5- Bisphenol A tap, river and sea  DI-SPME  N.A. 0.00092 0.0031 6.4 0.01-10 NA. [85]
triformylphloroglucinol (Tp) and water -6.7
benzidine (BD) with 1.4-dioxane/
mesitylene and acetic acid

COFs-TpBD with TEOS and (3- 16 PAHs mutton shashlik DI-SPME  GC-MS/MS  0.00002 0.00007 2.6 0.00002 NA. [86]
aminopropyl) triethoxysilane (APTES ) ~0.00166 —0.00552 -9.4  —0.0002

COFs via Shiff base-type linkages (1,3,5- 5 PBDEs environmental DI-SPME ~ GC—NCI-MS 0.000058 0.000019 5.62 0.00001 71.9 [87]
triformylphloroglucinol waters ~0.00022 —0,00074 ~-985 —0.00100 —1254
—paraphenylenediamine)

COF — TpPaNO2 ((1,3,5- 11 pesticides vegetable and fruits DI-SSPME ~ GC-ECD 0.04-0.25 0.013 less 005 81.5-111 [88]
triformylphloroglucinol and 2-nitro- —0.083 than -0.225
1.4-phenylenediamine) 1.2

Other sorptive coatings

triazine-based covalent porous organic 8 PAHs environmental In-tube HPLC-DAD  0.004 0.013 0.3 00013  74-125 [89]
polymer waters SPME —0.010 -0033 -31 -200

porous membrane soaked in vinyl 24- food samples DI-SPME ~ MS and NA. N.A. 0.5 NA. NA [90]
monomer mixture immobilized with dichlorophenoxyacetic Raman -6.0
3-{methacryloyloxy) acid (2,4-D) spectroscopy
propylirimethoxysilane

Porous (1-vinyl-3-(4-vinyl-benzyl) 6 organic acids grape wine HS-SPME  HPLC-CE 0.007 0.004 4.84 001-1.0 7819 [a1]
imidazolium chloride) IL polymer —0015 00385 -1565 —98.11

carbon aerogel templated 6 tetracyclines (TCs)  eggs and poultry DI-SPME  HPLC-UV-Vis 0.36-0.71 1.20 185 2-1000 80.65 [92]

by ionic liquid farm wastewater -238 —10.96 —108.68

samples

carbon aerogel 6 tetracyclines (TCs)  eggs and milk DI-SPME ~ HPLC-UV-Vis 0.47-1.05 1.57 137 1-500 8256 [93]

—3.49 —15.81 —107

N.A. —not available.

prepared fiber was studied. The analysis of results based on the
enrichment factors (EFs) revealed that the newly developed silica
fibers exhibited better performance for extracting volatile organic
compounds from water samples, compared to that with the refer-
ence PDMS fiber. It is worth emphasizing that silica can be un-
doubtedly employed as a porous material for the immabilization of
ILs because its mechanical stability facilitates the loading of any IL.

The sol-gel methodology enables the production of a hybrid
organic/inorganic network in which the IL can be confined [98]. The
material obtained in this manner is called an ionogel, which retains
the liquid-like nature of the IL. lonogel-coated SPME fibers based on
the solvation properties of I1Ls have been proposed as HS-SPME fiber
coatings [60]. Three compaositions of ionogels for SPME fibers were
prepared therein using the following ILs as the primary components:
triethylsulfonium  bis(trifluoromethylsulfonyl)imide, ~ 1-butyl-1-
methylpiperidinium bis(trifluoromethylsulfonyl)imide, and their
1:1 M mixture. The EFs of the fabricated fibers were higher than those
obtained for the commercial fibers for nearly all the tested analytes.
The only exception was tert-butylbenzene, for which the PDMS/
divinylbenzene (DVB) fiber exhibited the second-highest EF.

The combination of MIPs with microextraction techniques has
been recently revealed to be a powerful analytical tool. In most of
these studies, analytes were extracted in small and suitable solvent
volumes and subsequently diverted for further chromatographic
detection-based analysis. Moreover, it should be emphasized that
MIPs exhibit high thermal stability (up to 300°C) and are suitable
for the SPME-GC technique. In this regard, MIP-based SPME-GC has
been applied for the determination of pesticides in fruits and
vegetable samples [65] and trimethyl phosphate in environmental
waters [99]. The coatings fabricated in these studies represent a
strategy involving the formation of a 3D network that was molec-
ularly imprinted on a mesoporous silica-based surface. The results

110

indicated that the fibers demonstrated high selectivity and sensi-
tivity, with an acceptable lifetime.

4.2. Carbon-based coatings

Carbon-based coatings have gained the attention of researchers
as alternative sorbents owing to their improved water dis-
persibility, versatile surface modifications, high mechanical
strength, and high surface area. Carbon-based coatings can also be
considered as graphite sheets containing a broad range of func-
tional groups, such as ketone and carbonyl groups. Coatings pre-
pared using graphitic carbon nitride (g-C3N4) are typically applied
as graphene-based fiber coatings for SPME. Several studies have
been conducted to determine PAHs using DI-SPME coupled with GC
[100]. Zang et al. proposed the modification of g-C3N4 with a co-
valent organic framework (COF-TpBD) [69]. The practical verifica-
tion of the proposed fiber was investigated using three
commercially available fibers. The peak areas of the analytes (PA,
PDMS/DVB, and PDMS) were lower than those of the g-C3N4@TpBD
fiber. The difference possibly resulted from the fact that both g-
C3N4 and TpBD contained w-conjugated structures, implying that g-
CN4@TpBD could effectively adsorb the PAHs through m—m
stacking, and hydrophobic interactions. An analogous situation was
reported by Yang et al. [70], in which g-C3N, was modified using a
CuO composite via the pioneering facile-chemical-precipitation
method (Fig. 5). The comparable LODs and linear range values of
both these methods indicate that g—C3Ns—based SPME fiber coat-
ings possess improved adsorption capabilities compared to those of
commercial coatings.

In several studies, graphene oxide (GO)-based coatings have
been prepared using the support of added polymer composites in
the presence of phenols [67] and organophosphates [68,71] in
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Fig. 5. Schematic demonstration for the synthesis and SPME process of nano-g-C3N4/CuO coated fiber [70]. Copyright 2018 by Elsevier.

environmental samples. The GO-based coating modified with
highly crosslinked polyoxyethylene improved the thermal stability,
water resistance, and biocompatibility of the functional materials.
Under the optimized conditions, the extraction of the fiber-coupled
with GC-MS detection exhibited low detection limits
(0.12-1.36 ng L"), decent precision (<8.4%), and adequate fiber-to-
fiber repeatability (3.1-8.1%). Jian et al. fabricated GO with incor-
porated poly acrylamide-ethylene glycol dimethacrylate (GO-poly
AM-EDGMA), which exhibited the highest extraction efficiency
compared to those of two commercial fibers (100 pm PDMS and
80 pm PA). A GO-based coating has also been modified with tri-
phenyl phosphate (TPhP). Interestingly, the purified GO powder
was modified with a polymerizable silane coupling agent, 3-
methacryloxypropyl trimethoxysilane, which can provide reaction
sites for grafting polymers onto it. Under optimal conditions,
TPhPMIPs/GO provided a better extraction efficiency for TPhP
among those of monolithic graphene fibers and commercial coating
fibers. This result was possibly because of the selectivity of the
monolithic structure of the TPhPMIPs/CO fiber toward the template
molecule and its formation from a significant amount of the
nanoscale adsorbents (MIPs{GO). The surface area and pore volume
of TPhPMIPs/GO were 669.8 m? g ' and 1.399 cm’® g, respectively.

Synthesis methods without the use of catalysts have drawn
considerable recent scientific attention. For instance, reversible
addition—fragmentation chain transfer (RAFT) polymerization has
been proposed as an effective polymerization technique that can be
performed under mild conditions without a catalyst. The desired
specifications for RAFT can be obtained by the synthetic tailoring of
various monomers with predesigned molecular weights or tailing
functional groups [101]. Molaei et al. proposed an application of the
RAFT polymerization method to develop SPME fiber coatings that
can be employed in the extraction and pre-concentration processes
of trace-level analysis of organic and inorganic compounds [72].
The novel GO-RAFT approach was attempted in this study for the
first time and applied to DI-SPME for investigating the isolation of
biogenic amine from smoked fish samples. The desired magnetic
nanocomposite was prepared via surface modification of a non-
magnetic material derived from Fe304 nanoparticles. As a result,
the saturation magnetization of the sorbent facilitated the facile
magnetic separation of the sorbent by utilizing the external mag-
netic field.

Recent attempts on the development of SPME sorbents have
been focusing on three-dimensional (3D) graphene-based nano-
composites produced via the hydrothermal technique. Heydari

111

etal. [102] and Cen et al. [66] fabricated sorbents that were coated
on a stainless steel wire using a sol-gel process. Graphene-based
materials with 3D structures are characterized by a large inner
space, adjustable pore structure, and improved electrical conduc-
tivity and mechanical strength. The agglomeration of flexible gra-
phene sheets with a large lateral size is prevented by a partial
overlap in the 3D space, which forms an interconnected hierar-
chical spongy structure [102]. Notably, these fabricated SPME sor-
bents facilitated comparable or lower LOD values in shorter
extraction times compared to those obtained in previously reported
analytical solutions. The significant advantage of the 3D graphene-
based nanotubes as SPME sorbent coatings was confirmed via real
sample analysis of ethion and BTEX in environmental samples.

Me et al. [73] proved the applicability of MWCNTs modified with
MnO; and poly (3,4-ethylenedioxythiophene) for the selective
isolation of target analytes from soil samples. The designed HS-
SPME-GC-FID analytical method was noted to provide superior
performance with good linearities (0.5-250 ng g ') and low LODs
(0.1-0.8 ng g '). Hajiazadeh et al. [ 78] also reported the utilization
of the MWCNT—HS—SPME technique for environmental analysis;
however, their study involved the use of polyaniline (PANI) and
zeolitic imidazolate frameworks (ZIFs) as nanoporous composite
coatings fabricated using a layer-by-layer strategy through a
decomposition method. The obtained porous structure significantly
increased the surface area of the nanocomposite and improved its
absorption efficiency toward the target analytes.

Another combination of MWCNT-based DI-SPME sorbent coat-
ings was proposed by Li et al. [77], wherein a knitting benzene
monomers with formaldehyde dimethyl acetal (denoted as KBF),
and MWCNTs were integrated to form a hybrid material network.
The fabricated MWCNT-KBF SPME coating was thermally stable up
to ~600°C and exhibited a weight loss of only ~0.81% before 270°C,
which suggested that the MWCNT-KBF coating could be applied to
the thermal desorption of PAHs via the injection port of the GC-FID
system. The extraction performance of the MWCNT-KBF-based
SPME was compared to that of other reported methods with
different coating materials, such as Ag nanoparticles [103] and Cg
functionalized GO [104]. The investigated approach was found to
exhibit a two-fold improvement in performance in terms of the
linear range, LODs, and RSDs compared with those of other relevant
SPME methods.

Arcoleo et al. [75] carried out the detection of ultra-trace levels
of PAHs in a polar environment. Helical MWCNTSs were proposed in
this study for the first time as a DI-SPME coating. The MWCNT fiber
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coatings were obtained by dipping a silica rod into epoxy glue and
subsequently in each MWCNT powder, three times. The fiber
fabrication methodology was noted to be straightforward, with the
possibility of being automated. An additional factor that is also
related to the GAC principles involves the low consumption of
organic solvents during the fiber synthesis step. Mareover, the
utilization of these newly developed fibers combined with the
SPME technique has several advantages, such as a short extraction
time, high enrichment factor, and ease of operation.

Song et al. investigated the feasibility of using acid-oxidized
MWCNTs-COOH as a sorbent coating for HS-SPME to extract
amphetamine-type stimulants (ATPs) from human urine [76]. This
sorbent was coated on a stainless steel wire via a physical adhesion-
based approach, the principle of which was based on the tendency
of dissimilar particles to cling to one another (Fig. 6). The physi-
cochemical properties of the MWCNTs were modified by the
introduction of oxygen-containing groups onto their surfaces,
which facilitated the suitability of the coating for the extraction of
ATPs from biological samples. The thermal stability of the
MWCNTs-COOH coated fiber was significantly high (300°C at 2 h)
and the fiber was used over 150 times.

MWCNT-based sorbents have recently been applied for the
isolation of pesticides from food samples. One of these methods
involved the application of a thin layer of the PANI nanocomposite
on the MWCNT coating through the electrodeposition method [74].
The significant advantage of the newly developed MWCNT/PANI-
based SPME fiber was confirmed for extraction purposes. To
further explore the extraction potential of the fabricated fiber,
certain insecticides were extracted using a commercial PDMS
coating. The obtained extraction results indicated that the MWCNT/
PANIPPY@PDMS coating exhibited a higher extraction efficiency
than that of PDMS toward organochlorine or heterocyclic in-
secticides. Similarly, Guo et al. investigated the MWCNT/PANI-based
SPME performance toward antibiotics and xenobiotics in several
food and beverage samples [77]. A streamlined analytical workflow
was developed for the analysis of infant drink samples using a
miniature MS system that was preceded by SPME and extraction
nano-electrospray ionization. The methods described in both these
examples have potential for on-site analysis, which has been noted
recently to be a trend in modern analytical chemistry.

4.3. Metal-organic frameworks (MOFs)

Among the porous materials that have been explored as coat-
ings, MOFs stand out because of their exceptional surface area,
synthetic versatility, easy functionalization, and high thermal sta-
bility. The crystalline and highly porous structure of MOFs com-
prises metal clusters and organic ligands, which help in achieving
tunable physicochemical properties; these can facilitate a decent
degree of control at the material design stage. An increasing
number of MOF-based sorbent coatings have been recently re-
ported; however, only a few studies deal with complex samples
using MOF coatings either in HS-SPME or DI-SPME [47,82]. Several
combinations of MOF-based materials involve the application of
other materials, such as n-doped carbon nanotubes [82] or MOFs
obtained via the direct carbonization method [47]. These materials
have been typically employed for improving the compatibility be-
tween the coating and the matrix.

The evaluation of extraction possibilities was proposed by
Pacheco-Fernandez, who utilized a fiber coated with a CIM-80(Al)
MOF for the analysis of PAHs in beverage samples via HS- and DI-
SPME [80]. The developed fibers were first tested using the HS-
SPME-GC-MS method under random preliminary conditions and
compared with commercial SPME coatings to evaluate the extrac-
tion capacity of the sorbent. The obtained results suggested that
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Fig. 6. The fabrication process for MWCT-COOH coated fiber [76]. Copyright 2018 by
Elsevier.

this coating could be used for the analysis of water and other
aqueous complex samples in the DI mode, without losing its crys-
talline structure despite lengthy extraction times.

A study by Rocio-Bautista et al. involved the production of a
MOF ZIF-8 based coating by exposing ZnO layers to a linker vapor
(2-methylimidazole) [81]. To obtain a robust MOF-based SPME
coating, it is necessary to maintain the adhesion of the crystals to
the fiber. The chemical vapor deposition (CVD) method was
investigated therein for fabricating MOF thin films. The proposed
method was based on a two-step process involving the deposition
of the metal precursor layer and its exposure to a sublimed organic
linker, which yielded the crystalline and porous MOF films, MOF-
based SPME composites were also developed by Pang et al.,
wherein a ZIF-8 coating was introduced to enhance the surface area
of the monolith composite, and to improve the performance of the
in-tube SPME of fluoroquinolones from water and honey samples
[84]. The RSD values were obtained in the 2.5-9.6% and 0.8—9.8%
ranges for water and honey samples, respectively. The validation
results provided evidence that the proposed approach showcased
high sensitivity and good precision.

Acustom-made MOF-based SPME fiber coating was prepared by
Qiu et al. through in situ heteroepitaxial growth of copper-2,5-
diaminoterephthalate (Cu-DAT) for the determination of PAHs in
environmental water samples [33]. This study explored an effective
and convenient method for preparing highly efficient MOF-based
SPME fibers through a dip-coating procedure, The fiber coating
was noted to be unstable during the repeated extraction and
desorption processes, as the extraction performance for the PAHs
decreased to 32.8—48.7% over only five cycles. Compared to the
polyimide (PI)-Cu and Cu-DAT fibers, the extraction affinity of the
PI(CuDAT) fiber was significantly higher (P < 0.05) for all the
examined analytes.

44. Covalent organic frameworks

Significant recent attention has been focused on porous organic
polymers (POPs) with respect to separation and purification
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technologies. POPs are extensively used in sample preparation
because of their superior physical and chemical properties. The
advantages of polymers include their rich pore structure, relatively
low density, and flexibility in functionalization-based design.
Triazine-based covalent organic polymers (COPs) have been pro-
posed [89] as an essential class of POPs, in which the introduction
of 1,3,5-triazine rings with aromatic planar w-bonds form a less
energetic framework with good chemical stability. Additionally,
the presence of nitrogen atoms in triazine-based COPs enables a
high binding force with other molecules, which contributes to the
improvement in SPME selectivity. In 2021, Yasen et al. [90] re-
ported a novel sandwich method for preparing a robust SPME
polymer coating on a glass slide for the first time; a supporting
membrane with controllable thickness prepared using polytetra-
fluoroethylene was also employed, The obtained sorbent exhibited
decent mechanical strength and excellent optical properties. The
membrane was fabricated via a facile approach to control the
thickness of the polymeric composite coating, which yielded a
structural frame that facilitated a preparation procedure that could
ensure a highly stable coating.

Work proposed by Gao et al., in 2019 [85] was devoted to the
synthesis of 1,3,5-triformylphloroglucinol (Tp) and benzidine (BD),
via hydrothermal reaction forming TpBD-COF. [t was directly
adhered to a glass fiber for SPME of tetrabromobisphenol A
(TBBPA), to further determine trace TBBPA from water samples. In
the case of fragile nature of glass fiber, the physical adhesion
method promoted weak coating. The final determination of TBBPA
was made by coupling the fiber with constant current desorption
ionization MS, towards the determination of trace levels of TBBPA
in water samples, providing satisfactory results of LOD and LOQ in
the ranges of 0.01-10 mg/L-1 and 0.92—3.1 ng/L-1, respectively. To
solve the problem, Ma et al. proposed the chemical bonding of
TpDB-COF with polydopamine modified stainless steel wire [86]. In
this work, the authors contributed to the chemical bonding of COFs
onto the stainless steel wire method development. Also made the
possibility of further facilitation of the proposed method in the
routine sample preparation laboratory performance.

Another extractive coatings based on COFs were proposed by Liu
etal.[87]. The authors have synthesized the ab-ketoenamine-linked
COF as the coating of SPME fiber. Advantageously, the excellent
specificities such as w-w stacking, hydrophobic affinity, high surface
area, and thermal durability, allowed for TpPa-1-COF-coated fiber
exhibiting better extraction efficiency than commercial fibers for
five polybrominated diphenyl ethers in water samples, accompa-
nying with ultra-low LODs (0.0058-0.022 ng*L "), with high EFs in
the range of 2035—6859. The mechanochemical grinding method
was proposed as another simple method was utilized to synthesize
Tp-PaNO,-COF [88]. Coupled with GC-ECD, Tp-PaNO,-COF-coated
fiber sensitively determined eleven pesticides in vegetable and fruit
samples with LODs in 0.04—0.25 mg*kg~". The mechano-chemical
grinding method avoided the complicated preparation process and
harsh synthetic conditions, however, it could be only applied to a
limited variety of COFs.

4.5. Other sorptive coatings

Several studies have recently reported the application of other
sorptive SPME coatings.

Several scientific articles are being published recently report-
ing the preparation and application of other porous SPME coat-
ings. Polymeric ionic liquids (PILs) have also been used as SPME
sorbents to extract polar organic acids [90]. The synthesized 1-
vinyl-3-(4-vinyl-benzyl)imidazolium chloride IL was subjected
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to polymerization in the presence of azobisisobutyronitrile and
subsequently coated on stainless steel wires for fabrication via
physical adhesion. Compared to the direct HPLC/CE method or
other previously reported SPME-based techniques, the PIL-based
SPME-GC-MS method ensured a long lifetime and decent dura-
bility of the fibers. Mareover, these fibers posed a significant
advantage in terms of compounds with a large polarity compared
to commercial fibers. Another example of the SPME utilization
was provided by Souza et al., in 2019 [92]. The authors developed
a wall-coated open tubular capillary column with PILs, dedicated
for on-line in-tube SPME with UHPLC-MS/MS. The chemically
bonded and cross-linked PIL-based sorbent phase (thickness
coating: 1.7 nm) presented high chemical and mechanical stabil-
ity. Utilized in the method PILs enabled the production of selective
sorbent phases for in-tube SPME/UHPLC-MS/MS analysis of
endocannabinoids (eCBs) in plasma samples from patients with
Parkinson's disease. The method presented a wide linear range
from 0.1 ng*mL "' to 100 ng*mL~" of determined eCBs.

The evaluation of the robustness of PIL-based coatings was
conducted by Gionfriddo et al.,, in 2018 [93]. In this work, the per-
formances of two PlL-based SPME coatings to assess their appli-
cability for food analysis were examined. Based on the duration of
the evaluation of the proposed fibers, the PIL1 coating was esti-
mated as the most robust. What is more, PIL1 has shown a broader
extraction capability towards the examined organophosphorus
samples compared to 7 um PA and PDMS coatings. To demonstrate
the tunability of the properties of this type of sorbent coating, the
authors gave future prospects for a wide range of applications in
food analysis.

Other sorptive coatings involve the use of carbon aerogels via
DI-SPME for extracting tetracycline antibiotics from food samples
[94,95]. A sol-gel-drying-carbonization procedure was imple-
mented with [94] and without an IL [95]. The average pore di-
ameters obtained from the investigation of BET specific surface
areas for the IL-based and non-IL-based carbon aerogels were
513.6 m? g ! and 416.2 m? g, respectively. Both structures assis-
ted in increasing the specific surface area and improving the con-
tact between the analyte and adsorbent.

5. Conclusions and future prospects

In recent years, a significant advancement in the SPME tech-
nique has been made resulting expansion of its applicability
domain. These includes new extracting materials, configurations
and calibration approaches to the implementation of state-of-the-
art research. Despite the existence of commercially available
SPME fibers, the drawbacks associated with their use still exist. The
main drawbacks are associated with complex sample analysis, e.g.
low affinity towards the polar compounds, and the analytes are
retained on the extraction fiber due to specific analyte-adsorbent
interactions. Nevertheless, taking into account the research po-
tential of SPME technique in the analysis of real-life samples will
definitely direct future research trends toward the design of
improved extraction phases capable of overcoming such chal-
lenges. Even though the imposing features of the recent SPME
coatings involve large surface area, better selectivity, higher
adsorption/absorption capacity and pre-concentration factor, and
better reusability facilitated the extraction procedure, there is still a
great room open to the development of novel solid adsorbents in
this area. What is more, the selectivity and productivity of the
presented in the review SPME coatings can be enhanced through
either different surface modification or combination with other
novel substances to produce more efficient porous composites.
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The number of new sorption SPME coatings increases signifi-
cantly year by year, what was recognized as a noteworthy subject
enabling new possibilities in sample preparation. The conducted
literature review shows that scientific discipline related to new
SPME sorption materials is in a continuous phase of development. It
is necessary to undertake research aimed at developing new
methodological and apparatus solutions in the SPME technique,
concerning both the development of completely new design solu-
tions and the modification of the existing ones. Presented in the
review solutions concerning new porous materials to SPME have
demonstrated a proof of concept. As it was already mentioned, the
utilization of commercially available fibers is still restricted. Thus,
some expectations covering the development of new commercial
coatings based on the presented SPME sorbent coatings does exist.
No doubt that SPME with its environmental greenness can replace
the conventional extractions in routine laboratory analysis. Direct
coupling of SPME with analytical instrumentation is also beneficial,
allowing to minimize the analysis time and improving its sensi-
tivity. However, these solutions require providing compatibility
with HPLC or GC systems, also taking into account downsizing,
allowing portability, and in-field applications.

Despite the advantages of new material solutions in the area of
porous materials mentioned in this work, many practical issues
require further research. A comprehensive look at the collected
publication material shows that most of them describe model tests
in conditions that do not fully reflect the problems that can be
encountered in the analysis of real samples. This approach is, of
course, natural when a new sorption material is presented.
Nevertheless, the real verification of the usefulness of new mate-
rials is their use in samples with a complex or variable matrix
composition. This is a particularly important aspect in porous ma-
terials, where we deal with the adsorption mechanism of the
isolation of analytes. Therefore, further research should be ex-
pected, which will confirm the applicability of newly developed
materials in analytical practice in a more unambiguous way (leav-
ing no doubts). Hybrid materials are another direction that has
been explored to a very limited extent so far consisted of a com-
bination of solid network and liquid absorbent. Such a material has
the potential to combine the advantages of both extraction mech-
anisms, i.e., the high selectivity of adsorbents with a wide range of
absorbent linearity. The introduction of porous materials as SPME
sorbent coating allowed the expansion of these materials as
extraction phases, e.g., ILs, DES. However, those still require
improvement because most of them are utilized in the HS mode. It
results from the inability of their use in DI mode (the potential loss
of the extraction phase). Thus, the prospects should also be focused
on the more effective immobilization of the extraction phases in-
side the pores of the sorbent, allowing their utilization in DI-SPME,
providing to more effective determine less volatile compounds.
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ARTICLEINFO ABSTRACT

Keywords: The new silica-based SPME fiber coating is reported for the first time as universal support purposed to con-
Ionic liquids finement of ionic liquid as an extraction medium. Fiber coating was prepared by the sol-gel process, using
SPME potassium silicate (K,8i05) as a precursor and dimethylformamide (DMF) as a pore-forming medium. The
Potassium silicate concept of synthesis assumes obtaining a solid porous material on the surface of the glass rod and, being
e chmsngaphy characterized by high porosity, mechanical strength, and uniformity of shape. In the course of the research,
several parameters were optimized, like the type of silica precursor, drying steps, time and temperature of aging.

Properties of obtained coatings were evaluated using optical and scanning electron microscopies and thermal

ion/desorption n . Finally, the ionic liquid 1-ethyl imi i ate

[€2C,IMI[BF,] was immobilized in silica pores of the prepared fiber. The usefulness of the obtained SPME silica-

IL fibers was investigated by its utilization in model analytical procedures. Robustness of produced fibers is

supported by high fiber-to-fiber reproducibility (%) as well as by a long lifetime reaching over 50 extraction/

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

e

desorption cycles.

1. Introduction

Porous materials, according to IUPAC (International Union of Pure
and Applied Chemistry), are defined as solids having pores, channels,
cavities or gaps, whose depth is greater than the width [1]. The po-
tential use of porous materials, e.g., zeolites [2], silica gels [3] have
found an interest in adsorption [4], catalysis [5,6] and nanotechnology
7], whereas a significant sorption properties are responsible for e.g.,
liquids and gases separation [8], the removal of soil [9,10] and water
impurities [11,12], as well as many other processes. The increased in-
terest of silica materials was also influenced by the fact that these
materials show high hydrothermal resistance, whereas the methods of
their synthesis are characterized by great universality [13]. Silica is
formed from tetrahedral [8i04]*~ rigid building blocks, however, they
can bind through oxygen atoms (forming Si-O-Si bridges), relatively
freely, at angles from the linear to the tetrahedral range.

In general, mesoporous silica adsorbents include a wide range of
silica-based inorganic porous materials. Despite the mesoporous scale
of these materials, the ability to obtain an ordered and homogenous

* Corresponding author.
FE-mail address: karkonie@student pg.edu.pl (K. Konieczna).

https://doi.org/10.1016/j.seppur.2020.117411

porous structure is relatively better than in the case of other adsorbents
[14]. The synthesis of mesoporous silica adsorbents is based on the sol-
gel process, which consists of hydrolysis and condensation stages. Hy-
drolysis is based on a reversible hydrolysis reaction of alkoxy groups of
monomer molecules, whenever condensation is strictly related with
heterocondensation of alkoxy groups with silanol or homocondensation
of silanol groups, derived from silica monomer. The sol-gel process is
combined with the templating method, which allows obtaining a ma-
terial with ordered and regular pore sizes. The aim of that process is to
control the interfaces and surfaces of porous materials at the earliest
phases of production [15].

In recent years, there is a strong necessity to develop new metho-
dological and technical solutions purposed to sample preparation. One
of the most popular sample preparation techniques, which fulfils the
requirements of green analytical chemistry, is a solid-phase micro-
extraction technique (SPME) [16]. The performance of SPME, due to
the limited volume of the extraction phase (< 1 pL), is critically de-
pendent on the selection of appropriate coating, ensuring a high affinity
to target analytes. On the other hand, the choice of commercial coatings
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is not sufficient to cover a variety of analyte-matrix combinations in an
optimal way. Thus, for the last two decades, the main direction of SPME
development was concerned with novel coating materials, which could
be used for the SPME fibers. The highest popularity has gained the
following materials: nanoparticles of noble metals [17], sorbents based
on silica (silicon dioxide) [18], molecularly imprinted polymers [19],
conductive polymers [20], sorbents based on carbon, namely, carbon
nanotubes [21] and graphene [22]. Most of the above-mentioned SPME
coatings work with adsorption mechanisms (90%), which involves
some of the drawbacks, e.g., limited linearity of extraction, the phe-
nomenon of competitive analytes. These limitations do not take place in
the “liquid-like” materials, where the analyte isolation occurs with
partitioning mechanism (absorption). The material used for this pur-
pose should also meet the following properties: thermal stability in high
temperatures, negligible vapour pressure, and existence in a liquid
phase in a wide range of temperatures. Substances that fulfil these re-
quirements are ionic liquids (ILs). Ionic liquids may be considered as
one of the most flexible groups of chemical compounds in terms of
“controlling” their physical and chemical properties by selecting ap-
propriate anion-cation pair. An enormous number of possible combi-
nations of ion pairs, however, have not been disclosed for the sample
preparation procedures, yet. It is mainly due to difficulties in the pre-
paration of a stable coating of ionic liquid on the glass fiber. Sum-
marizing, in order to fully explore the potential of ILs as stationary
phases in the SPME technique, there is a need to develop the methods of
ILs immobilization on a fiber surface in a way that ensures obtaining of
mechanically and thermally stable layer.

The investigation of the unique properties of ILs as extraction media
in SPME is a widely discussed matter [23]. The first application of ILs in
SPME was attempted by Liu et al., in 2005 [24]. Research dedicated to
the application of ILs as stationary phases in SPME resulted in the de-
velopment of several SPME fibers coating preparation methods. Within
the application of ILs as sorption materials, the limitations concerning
the unstable layer of IL on SPME fiber surface were observed. In order
to support the investigation of ILs as extraction phases, a several solu-
tions were proposed. One of the proposed solutions concern the de-
velopment of polymeric ionic liquids (PILs). PILs are considered as
compounds having polymerizable groups in cations or anions, allowing
to the formation of polymeric backbone in polymerization reaction
[25]. The first use of PILs as SPME coating phases was reported by
Anderson and co-workers in 2008 [26]. Another proposed solution
concerns the formation of IL-based hybrid materials, on/in which the IL
is immobilized [27]. Additionally, in recent years, a new subclass of ILs
named magnetic ionic liquids (MILs) has been developed. MiLs are
fabricated by the inclusion of a paramagnetic component in either the
cation or anion of the IL structure [28]. The application of MILs in
analytical chemistry have become a key subject in numerous recent
reviews [29,30]. Another interesting solutions applying ionic liquids as
sorption material is ionogels [31], which consist of a porous silica
structure filled by an immobilized ionic liquid (IL). lonogels are ob-
tained through the sol-gel process, thus, the ILs maintain their original
properties inside the porous material [32]. The current application of
above mentioned ILs to sample preparation has been addressed by a lot
of review articles [16,23,33].

The concept of studies assumes obtaining a solid porous material on
the surface of the SPME fiber. The obtained material should have a
large pore volume and an appropriate pore diameter that allows for the
largest possible loading of the ionic liquid. The aim of this work is to
develop and evaluate the methodology of preparation on the glass fiber
of the SPME device, of the porous layer acting as support allowing
physical confinement of virtually every ionic liquid. However, in the
current study as a model IL 1-ethyl-3-methylimidazolium tetra-
fluoroborate [C,C,IM][BF4] was used. The choice was dictated by its
physicochemical properties, like high- resistance indi d
by thermal decomposition temperature equal to 350 “C [34], relatively
low viscosity, (33.8 c¢P at room temperature [35]) and relatively low
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absorption of water [36].

2. Experimental section
2.1. Reagents and materials

The chemicals were used in this study as received and without
further purification. Sodium silicate (Na,Si0,) was purchased from
Merck, whereas potassium silicate (K;SiO3) was obtained from Biomus.
Chlorotrimethylsilane  ((CH3)5S8iCl, TMCS), dimethylformamide
(C3H;NO, DMF), n-hexane (CsHy4, HPLC grade), methanol (CH30H,
HPLC grade), silicone oil ([-8i(CH3)20-1,) were purchased from Sigma-
Aldrich. An ionic liquid, named tetrafluoroborate 1-ethyl-3-methyli-
midazolium was from Iolitec. The SPME holder for manual sampling
and commercial fibers for comparison of polydimethylsiloxane (PDMS,
100 pm) were purchased from Merck (Poland). Before use, commercial
fiber was conditioned in the injector for 1 h at 250 °C.

A standard mixture of volatile organic compounds (EPA VOC Mix 2,
2000 pg mL~! in methanol) was purchased from Merck (Milwaukee,
'WI). The mixture includes following compounds toluene, ethylbenzene,
m-xylene, styrene, bromobenzene, 1,3,5-trimethylbenzene, 1,2,4-tri-
methylbenzene,  p-isopropyltoluene,  n-butylbenzene,  1,2,4-tri-
chlorobenzene, naphthalene, 1,2,3-trichlorobenzene. Standard working
solutions of the VOC Mix 2 were prepared by appropriate stepwise di-
lution of the stock solution in methanol (HPLC grade was obtained from
Merck, Poland) and stored at 4-5 °C.

Agqueous solutions for extraction were prepared by diluting an ap-
propriate amount of sodium sulfate (Merck, Poland) in the ultra-pure
water. Ultra-pure water obtained using a Millipore Q system (Millipore,
Molsheim, France) was used in all cases. Optical fibers (diameter of
glass core is 150 pm) were used to obtain the ionogel SPME fibers.
Sulfuric acid, hydrochloric acid, and sodium hydroxide were purchased
from POCH (Gliwice, Poland) and used for the pretreatment of glass
fibers.

2.2. Instrumentation

Both confined with ionic liquids and non-confined with ionic liquids
silica materials have been characterized by Fourier Transform Infrared
(FTIR) spectroscopy using the attenuated total reflection (ATR) tech-
nique on a Nicolet 8700 spectrometer (Thermo Electron Co.). The
Golden Gate ATR accessory (Specac Inc.) was used, equipped with a
single reflection diamond crystal. For each spectrum, 64 scans were
made with a selected resolution of 4 c¢m™' within the range of
550-4500 cm !, A scanning electron microscopy (SEM) was performed
on an SEM FEI Quanta FEG (250 in a high vacuum after sputter-coating
the samples with a thin layer of gold). Thermogravimetric analysis
(TGA) was carried out on a Netzsch TG 209 F3 Tarsus, under air flow, at
a temperature range RT - 800 “C with a heating range of 20 “C min .
Prior to the measurement, the blank run for baseline correction has
been performed. A Delta Optical Genetic Pro optical microscope was
involved in the performance of images, which were done with the 50 x
magnification.

Analyses were carried out on a Shimadzu Tracera system that con-
sists of a Shimadzu GC-2010 Plus GC coupled with a Shimadzu barrier
ionization discharge detector (BID-2010 Plus) (Shimadzu Scientific
Instruments, Inc., Columbia, MD) and 60 m x 0.32 mm x 180 pm
Durabond DB-VRX high-resolution gas chromatography column was
used. The carrier gas was helium (99.9999%, Linde Gas, Poland), the
injector was operated in the splitless mode, and 220 °C and the detector
temperature was 250 °C. The column oven was initially set at 40 °C for
10 min programmed, then increased to 145 °C at 50 °C min~" (for
1 min), then increased to 170 °C at 4 “C min~ ! (for 1 min), and finally
to 225 °C at 10 °C min~", in which it was held for 2 min.
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2.3. Synthesis of porous silica materials and SPME fiber preparation

The first step of the conducted experiments was to examine the
properties of porous materials, depending on the selected precursor,
respectively, sodium silicate (Na2SiO3) and potassium silicate (K,SiOs).
In all of the performed experiments, as a pore-former agent, di-
methylformamide (C;H,NO) was used.

The synthesis of silica materials was performed through a single step
sol-gel process, as shown in the following reactions:

Hydrolysis: Na,Si0; + H,0 + 2HCI — Si(OH), + 2NaCl o))
K;8i03 + H,O + 2HCI — Si(OH); + 2KCl @)
Condensation: Si{OH)y + (OH),Si — (OH);Si- O - Si(OH); + H,0 3)

Preparation of the glass fiber was aimed at introducing hydroxy
groups on the glass surface, that could participate in the reaction with
the silica precursor. The expected effect of the modification should be a
stronger bonding between the coating and the glass rod, thus, obtaining
a fiber with increased mechanical stability. Purposed to surface mod-
ification, in performed experiments, the so-called ‘acid pyranate’ (per-
oxosulfuric acid, 1:3 (v/v) H202H2504) and NaOH have been used.
During the optimization stage, glass fiber was exposed to the reaction
mixture for 15, 30, 45, and 60 s. By examining the strength of the
coating’s bonding to the surface, it was found that while increasing the
length of exposure of the fiber increases the adhesion of the coating to
the glass surface. However, it was found that too long exposure sig-
nificantly weakened the fiber glass structure, preventing its practical
use. Finally, as the optimal time of surface etching was 30 s. Due to the
relatively high viscosity, the starting solution of sodium silicate was
pre-diluted with distilled water (v/v, in the ratio of 1:0.5).

The reagents were pre-mixed in an Eppendorf tube, in order to
obtain a homogenous solution. After mixing, which lasted 10 min, the
resulting solution was injected by the syringe into a tube of a polymer
material (PEEK - polyether ether ketone). Firstly, the bottom of the
PEEK tube was closed by GC septum to prevent leakage of the sol so-
lution, while previously prepared glass fiber was placed inside the tube
in such a way, that it was possible to close also the top of the tube. The
whole system was placed in a closed Eppendorf tube (to avoid the
evaporation) as it is shown in Fig. 1. After gelation, fiber was retracted
from the PEEK tube and subjected to subsequent stages of procedure, as
shown in Fig. 2.

2.4. Confinement of ionic liquid

In the last step, the process of confinement of ionic liquid inside the
pores of silica material was optimized and evaluated. The process was
performed in the round bottom glass flask, suitable for low-pressure
working conditions. Prepared fibers were immersed in the ionic liquid
and placed in the flask filled with silica oil, ensuring thermal contact
with the heating chamber, as shown in Fig. 3. The applied procedure
consists of two steps: in the first, using a vacuum pump, the air was

Fig. 1. A. Both sides sealed the PEEK tube placed in an Eppendorf tube. B.
Photography of the exemplary fiber retracted from PEEK tube after gelation.
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removed from pores of the coating; in the second step, elevated pressure
pressed ionic liquid into void volumes. The first step was terminated
based on the visual inspection when no air bubbles can be noticed on
the surface of the fiber (ca. 120 min). The vacuum was obtained using
the pump, for which the maximum under-pressure was equal to
2 * 1077 mbar. After that, the pressure was slowly increased up to the
atmospheric one in which fibers were kept for a given time. The process
of inclusion into the pores strongly depends on the of IL’s viscosity.
Despite the fact that viscosity of the liquids decreases with the increase
of the temperature, to facilitate the transfer of ionic liquid through the
pores, the higher possible temperature was applied. The temperature
was limited by the boiling point of silicone oil under the applied va-
cuum and equals ca. 150 °C; thus, in the experiments, the temperature
of 120 °C was accepted as a safe one. Under those conditions, the time
required for complete filling of pores was determined based on TGA
analysis of fibers exposed in IL's from 1 up to 10 h. Results have shown
that the amount of accumulated IL’s stopped growing above 6 h of
exposition, thus that time was used for IL’s confinement.

2.5. Mercury injection capillary pressure (MICP)

The MICP method is a well-established and useful technique, dedi-
cated to characterization of diverse types of porous media, because it
provides a wide range of information, e.g. effective porosity, pore size
distribution, specific surface area of a sample [37]. Studies of the pore
space with the investigation of the MICP method were performed with
the use of the Micromeritics AutoPore TV 9520 mercury porosimeter.
The sample before analysis was dried at 105 °C for at least 24 h to
remove moisture from the pore spaces and then cooled to room tem-
perature (~23 "C) (API-RP 40/98, ASTM-D4404-10, 2010). The ana-
lysis was carried out assuming the sample evacuation to 50 pm Hg
(6,67 Pa) for 2 min and the equilibrium time of 10 s. Pressure was
measured at 102 points in the range of 0.5-60,000 psi (0,003 MPa —
413,7 MPa).

2.6. N, Gas adsorption

The pore size distribution determination was performed based on
BJH adsorption isotherms of liquid nitrogen at the temperature of 77 K.
Prior to N2 measurements the samples were dried at 150 °C for 6 h
under helium flow, and then at 110 °C under vacuum for 8 h, up to the
final pressure of 0.001 Torr.

2.7. Analytical procedure

Obtained porous silica fibers were installed on a commercial SPME
device (Supelco, Bellefonte, PA). The extraction of VOCs from a stan-
dard aqueous solution was performed with headspace solid-phase mi-
croextraction (HS-SPME). All the extractions were carried out in a
15 mL glass vial sealed with a screw cap with Teflon-faced septum.
Prior to the extraction, the 12 mL of 20% sodium sulfate (w/w) stan-
dard solution was exposed to the thermostat for 20 min at 45 °C. Then,
10 pL of 100 pg mL~"' VOC Mix 2 stock solution was added to the salt
solution and stirred at 1800 rpm for 10 min. After obtaining a homo-
geneous solution, the SPME was carried out in headspace mode at 45 °C
for 30 min. After extraction, the fiber was immediately injected into the
port of the GC injector for thermal desorption at 220 *C for 10 min,
which proved to be sufficient to ensure complete desorption with no
carryover.

3. Results and discussion
3.1. Optimization of composition of sol solution

Four solutions were prepared for both types of water glass (both
NauSi0; and K,8i04), using different volume ratios of DMF to water
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Fig. 2. Flow chart of the experimental procedure for the synthesis of the porous silica material.

7
2
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3
a

Fig. 3. Scheme of the ionic liquid immobilization process inside the pores of the
silica material, where: 1- vacuum, 2 - ionic liquid, 3 - silicone oil, 4 - SPME
fiber.

glass of 1:5, 1:10, 1:15, and 1:20. Reactions were carried out in
Eppendorf tubes in that the appropriate amounts of DMF were added
dropwise to the water glass solution, followed by mixing until both
components were completely mixed. After the closing of Eppendorf
tubes, the solution thus obtained was stored at room temperature for a
period of 15 h. The obtained gel was subsequently aged for 24 h at
room temperature.

SEM images of obtained porous silica materials are shown in Fig. 4.
The general observation, as can be seen, is that the average pore size for
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the potassium precursor is, for each dilution, smaller than for the so-
dium precursor. Considering that the immobilization of the ionic liquid
in the pores is based on the action of capillary forces, too large pore
diameter seems an undesirable property. At the same time, it was found
that the presence of large pores in silica obtained from the sodium si-
licate resulted in increased fragility of the material, which in later
studies could change into shortening the time of application of the fi-
bers. Based on the results, only the potassium silicate precursor was
used in further studies.

The practical use of SPME fiber coatings is determined by their
several properties. The most relevant are those related to physical
evaluation, i.e., the regularity of the coating, its thickness, and me-
chanical strength. We expected that the well-known phenomenon of
shrinkage of the silica gel during post-treatment stages like aging and
dying would play a critical role in the coating preparation. Taking into
account uniform chemical bonding of the coating to the glass fiber and
unfavorable geometry of the coating i.e. length/thickness ratio, the next
steps of optimization were performed using target glass fibers. The
thickness and regularity of the coatings were evaluated with the use of
optical microscopy.

In the next stage, the ratio of K»Si0s precursor to DMF was eval-
uated, which was carried out by visual examination and mechanical
strength assessment of the fibers. Fig. 5 shows images from an optical
microscope based on which this assessment was made. Analyzing, the
most promising fibers are those made in a 1:5 and 1:10 IL/DMF volume
ratio, they are similar to each other. Fibers made from sol solutions with
a ratio of 1:15 and 1:20 were rejected due to visible cracks in the
coating structures. Finally, the thickness of the two best fibers was as-
sessed, The assessment was based on images from an optical microscope
as shown in Fig. 5. A greater value of fiber thickness was obtained using
a sol solution with IL/DMF ratio of 1:5, thus that sol composition was
used for further research.
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Fig. 4. SEM micrographs of silica porous fibers, where A — 1:20, B - 1:15, C - 1:10 and D - 1:5, of DMF to precursor, respectively. On the left column of K25i05
precursor, on the right column Na,SiOs.
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Fig. 5. Images of coatings made of water glass and DMF, deposited on glass
fiber, taken with an optical microscope.

3.2. Post-treatment procedures

The thickness and regularity of the coatings were evaluated with the
use of optical microscopy. In Fig. 5, sample images of prepared porous
silica fiber coatings are shown. It could be observed that all of the
presented coatings have a rather flat surface with small roughness
areas. The visible differences in the thickness of the coatings appeared
with the utilization of the different precursors during the synthesis.

The last stage, which was optimized, was the aging process, where
the optimized parameters were temperature and time. The tests used
temperatures 25, 60, and 80 °C for 4, 8, 12 and 24 h (Fig. 6). In that
step, the parameters of cracking and regularity of the coating were
taken into consideration. Based on the pictures taken with an optical
microscope, it appears, that both of these requirements were met by the
fiber aged at the temperature of 25° C. The cracks occurring for the fiber
aged at 60 °C and fiber irregularity occurring at 80 “C of aging were the
factors contributing to the failure to meet the abovementioned condi-
tions of the coating.

The final evaluation of the fibers was carried out after their thermal
treatment consisting of heating at 250 °C for 1 h. The obtained results
of the visual evaluation of the coatings are presented in Table 1. Based
on the performed evaluation, the most suitable fiber selected was the
one aged at 25 °C for 24 h.

e
- p— N ey

W me W
> ——

25°C p , 60°C 80°C

Fig. 6. Pictures of fibers after aging at different temperatures, where A. 4, B. 8,
C. 12, and D. 24 h of aging.
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Table 1
Summary of the relationship between time and temperature at which the fibers
were aged. The table evaluates the fibers obtained, where “—" means severe

cracking of the coating, “+/—7 - single cracks, “+” - no cracks.

Temperature ("C)

2 60 80
Time (h) 4 = - .
8 = = N
12 /- = =
24 + (selected) = -

Finally, fibers were coated with the synthesized material, an ionic
liquid was confined inside its pores, and then, installed on a compatible
SPME device. The procedure of preparation of the porous silica matrix
originated from several performed so far studies concerning the
synthesis of porous silica materials. In the vast majority of the proce-
dures, the sol-gel process is involved. Briefly, the silica precursor is
mixed with a pore-formed in the presence of a catalyst. Firstly, the
mixture gains the structure of the sol (solid particles as a colloidal
suspension), then it turns into the structure of the gel. The whole re-
action is supported by two parallel reactions, i.e., hydrolysis and con-
densation.

3.3. Evaluation of obtained IL- silica fibers

3.3.1. FTIR spectroscapy

The functional groups of the [C,C,IM] [BF,] ionic liquid (IL), silica
material (silica fiber), and silica material with immobilized IL (silica-IL
fiber) were investigated by FTIR analysis and the spectra are shown in
Fig. 7. The spectra corresponding to the silica material reveal the nature
of the functional groups present in it. The intense and broadband ap-
pearing on the silica fiber spectrum at the about 1090 cm ~ ! wavelength
and the shoulder of about 1200 cm ™" in silica material (red and blue
lines) corresponds to asymmetric stretching vibrations Si-O-Si in the
tr I optical and longitudinal optical modes, respectively. On the
spectra also observed the symmetric stretching vibrations of Si-O-Si at
around 793 cm ~ ' and the wavelength of 960 em ' appear the Si-O in-
plane stretching vibrations of the Si-OH groups [38].

The intense and broad peak appearing in the 1030-1060 cm™
range in IL spectra is assigned to the vibration of BF,4 groups. However,
due to the overlapping bands of the IL and silica-IL spectra in the range
of 1000-1100 em ™', it becomes impossible to estimate the content

A——IL
B —— Silica-IL fiber
¢ — Silica fiber

Transmittance (a.u.)

T T T T T T

1800 1600 1400 1200 1000 800 600
Wavenumber (cm’')

Fig. 7. FTIR spectra of ionic liquid and silica matrix with and without jonic

liquid. Ovals indicate peaks of the IR spectra indicating the presence of IL in the
silica coating.
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Fig. 8. TGA of pure [C,C,IMI[BF4] (dashed line), pure silica material (solid
line), and IL + Silica hybrid material (dash-dot line). Y axis: left referred to
silica and hybrid materials, right referred to pure IL measurements.

ionic liquid in the silica pores. However, in the IL and silica-IL spectra is
appearing peak at the wavelength of about 1565 em ™', which is not
observed on the silica spectrum. This peak corresponds to the appear-
ance of imidazole functional groups in the material. Some other peaks
appearing in the IL's spectra, i.e., weak peaks appearing in the
1130-1150 cm ™' and 730-745 cm ™' range is assigned to the func-
tional groups containing F - atom(s), and weak peaks in the
600-1400 cm ™' range is assigned to the C-C and C-N functional
groups, however, last two, due to low intensity cannot be used for IL’s
identification.

3.3.2. TG analysis

TGA analysis was performed for porous silica material, containing
ionic liquid and without it (Fig. 8), under the following conditions:
heating up to 800 °C (20 °C min ~'), in ambient air atmosphere. The
results of the thermogravimetric analysis for both materials indicated
the decrease of mass by 4% from 140 °C. The possible reason for this
decrease is water content, which after the stage of modification of the
surface of the porous material was adsorbed from the environment.
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Between 200 °C and 550 °C, second, a two-step mass drop can be ob-
served. There is a small change in the mass drop rate around 350 °C.
However, a similar phenomenon might be noticed in the coarse of de-
composition of pure ionic liquid (with a borderline around 400 °C).
Thus, the mass loss in the temperature range from 200 °C up to 550 °C
equal 10% was assumed to be a consequence of the decomposition of
confined IL. Taking into account the mass of the sample used for TGA
measurements (1.05 mg) and density of the [CyCiIM][BF4]
(1.294 gem ™ #[24]) the estimated volume of IL confined in the pores of
silica coating was equal 0.08 pL.

3.4. Mercury injection capillary pressure (MICP) and N, gas adsorption

The material of the coating was characterized by two techniques
mercury intrusion porosimetry and nitrogen adsorption (Tables S1 and
§2). The results of both measurements are shown in Fig. 9. Both tech-
niques were used ranges of measurable pore diameters. Based on the
collected data one might notice that obtained porous material contains,
virtually, only pores with diameters in the range from 0.15 up to
0.45 um, with an average at 0.32 (standard deviation of fitted Gaussian
peak 0 = 0.060 um) (Table 2). N, adsorption measurements indicated
the presence of pores with an average diameter of 24 A, however, their
total volume is negligible. The obtained pore size range in the range
of + 3 o can be considered satisfactory for the synthesis method used.

3.5, Utilization of the obtained fiber for the extraction of VOCs

In the final stage of evaluation of a new route of preparation of ionic
liquid confined SPME fiber coatings, prepared fibers were utilized in
model extractions. The extraction of a set of volatile analyses of dif-
ferent polarities was performed from the headspace of water samples.
As our goal was to verify usability of prepared fibers, no to look for
optimal extraction conditions, experiments were performed under ty-
pical conditions, settled based on available literature: desorption time
10 min, desorption temperature 220 °C, extraction time 30 min, ex-
traction temperature 45 °C, salt concentration 25% (Na,SO4), sample
volume 12 mL, analytes concentration in range from 5 up to 100 ppm
[39]. As a reference, commercial fiber with 100 pm thick, PDMS
coating was used. Comparison of extraction abilities of manufactured

Silica-ILfiber  m Silica fiber M PDMS 100 um

:._-L-.L
e

4‘“’

K4 w‘

Normalized extraction efficiency [a.u./uL]

Fig. 9. Comparison of silica fibers with, without ionic liquid and with PDMS fiber in extracting VOCs at concentration 83 pg mL ™', Experimental conditions: sample
volume, 12 mL; Na,SO, concentration, 20%; extraction temperature, 45 °C; equilibration time, 10 min; stirring speed, 1800 rpm; extraction time, 30 min; desorption

temperature, 220 °C; desorption time, 10 min.
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Table 2
Characteristic of fibers used in the study.
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Length of coating [mm]  Glass rod diameter [um] ~ Coating thickness [um]

[um]

Average pore diameter

Standard deviation of pore diameter

[um]

Porosity of fiber coating [%]

11 150 65 + 5.7 0.33

0.061 57.3

Table 3

Analytical characteristics of the developed HS-SPME-GC-BID method for VOCs determination using investigated silica-IL fiber, and extraction efficiency of silica,

silica-IL, and PDMS fibers.

‘Compound EF Silica-IL fiber
Silica fiber  Silica-IL PDMS  LOD (ugL™') LOQ(ugL™') Repeatability of single fiber (RSD%,  Repeatability of fiber-to-fiber (RSD %,
n=5) n=3

Toluene 1030 4360 3%0 4.23 12,68 10.9 34.1
Ethylbenzene 3240 8700 3760 1.59 478 85 232
m-Xylene 2550 6430 1190 1.81 5.44 7.4 15.9
Styrene 4750 8180 1150 155 4.66 79 15.9
Bromobenzene 4520 35,190 840 1.62 4.86 54 14.9
1,3,5-Trimethylbenzene 5740 12,800 2950 082 246 37 5.7
1,2,4-Trimethylbenzene 4390 16,350 3760 0.77 232 6.6 19.2
prlsopropyltoluene 5970 16,150 2360 0.74 221 37 7.0
n-Butylbenzene 5860 18,180 2270 0.65 1.96 12.6 29.4
1,2,4-Trichlorobenzene 8720 34,420 6570 0.59 1.78 5.1 9.4
Naphthalene 7800 32,630 8870 0.46 139 36 10.9
1,2,3-Trichlorobenzene 13,970 42,100 10,220 0.50 150 32 8.0

fibers and a commercial one was performed using areas of chromato-
graphic peaks determined for investigated analytes. Considering the
differences in the diameter and length of the coatings, the areas were
normalized by dividing them by the volume of coatings of the examined
fibers. As can be seen in Fig. 9, the sum of peak areas for silica fiber
with confined IL in pores structure is significantly higher for all analytes
than the respective values obtained using silica fiber without ionic li-
quid. The sum of peak areas of the increased from 41% for styrene to
86% for bromobenzene, due to the immobilization of the ionic liquid in
silica pores. The above observation confirms the significant absorption
potential of ionic liquid as extractant as well as a dominant role of IL in
the extraction process.

The enrichment factors (EFs) were chosen as a reliable parameter
for evaluating the extraction abilities of the investigated sorbents. The
EF was calculated as the ratio of the analyte concentration in the fiber
to the analyte concentration in the water sample. The EFs values of
silica, silica-IL, and PDMS fibers summarized in Table 3. The results in
Table 3 showed that fibers based on silica material exhibited better
performance for the extraction of volatile organic compounds from the
water samples, compared with the PDMS fiber.

The limits of detection (LOD) estimated for the HS-SPME-GC-BID
method for 12 of VOCs by using silica-IL fiber were based on the lowest
detectable peak (defined as signal/noise = 3). The obtained values of
LODs lies in the range from 0.46% for Naphthalene up to 4.23% for
Toluene. The LOQs were calculated in the same way as LODs only based
on a signal-to-noise ratio of 9 and were found in the range from 1.39 to
12.68%. Additionally, the repeatabilities of single fiber and fiber-to-
fiber were evaluated by five and three replicate analyses, respectively.
The value of the repeatability of single fiber identifies the method re-
peatability and varies between 3.2 and 12.6%. In turn, the average
repeatability of silica-IL fiber is consists of 16.1% and does not exceed
the value of 34.1%. The obtained values are included in Table 3. Re-
markably, a single ionogel fiber could be used with no obvious decline
of performance for about 50 extraction/desorption cycles. After 50
cycles, the EFs start to be sy ically below the blished average
value from previous experiments; thus, we assumed that 50 extraction/
desorption cycles are the admissible lifetime of the fiber.
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4. Conclusions

In this work, the new silica-based SPME fiber coating was developed
as universal support for the confinement of ionic liquid as an extraction
medium. Obtained silica fibers were purposed to the confinement of
ionic liquid inside the pores of the synthesized matrix. In that case, the
conditions in the context of the appropriate precursor, components of
the reaction mixture, aging process and fiber conditioning have been
optimized. In the silica network obtained by the sol-gel reaction of the
K28i03 precursor and DMF as a pore-former (1:5 v/v), an ionic liquid
[C2C,IMI[BF,] was confined. Obtained silica fibers allowed to their
evaluation by the extraction of volatile organic compounds from the
headspace of an aqueous solution. The presented silica-based system
allowed the performance of many cycles of extractions for about 50
extraction/desorption cycles. Enrichment factors calculated for in-
vestigated samples were in the ranges from 1030 to 13,970 for silica
fiber, 4360-42,100 for silica-IL-fiber and 390-10,200 for PDMS fibers.
Obtained such relatively high values exhibits evidence for the extrac-
tion abilities of selected ionic liquid as an extractant in separation
techniques. It indicates that a progressive path for the selection of re-
levant ionic liquids to be used as extraction phases of different types of
analytes is declared.
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Figure S1. Mercury Intrusion Porosimetry: Plot of incremental intrusion vs pore
size. The measurement was performed with the use of AutoPore IV 9500 V1.09

Micrometrics Instrument Corporation.
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Figure S2. Mercury Intrusion Porosimetry: Log differential intrusion vs.
Pore size diameter. The measurement was performed with the use of

AutoPore IV 9500 V1.09 Micrometrics Instrument Corporation.
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Table S1. Mercury Intrusion Data Summary.

Total Intrusion Volume = 0.6100 mL/g
Total Pore Area = 8.234 m?/g

Median Pore Diameter (Volume) = 0.3291 um

Median Pore Diameter (Area) = 0.2887 pum

Average Pore Diameter (4V/A) = 0.2964 um
Bulk Density at 0.51 psia = 0.9405 g/mL
Apparent (skeletal) Density = 2.2064 g/mL

Porosity = 57.3726 %

Stem Volume Used = 60 %
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Figure S3. N, adsorption results: BJH adsorption dV/dD pore volume. The
measurement was performed with the use of Physical sorption analyzer

ASAP 2010, Micromeritics Instrument Corp.
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Table S2. The data of N, adsorption analysis.

Surface Area

BJH Adsorption cumulative
surface area of pores

Pore Volume

Pore Size

Single point surface area at P/Po =
0.243519980: 0.8525 m?/g

BET Surface Area: 1.0627 m?/g

between 1.000 A and 3000.000 A
diameter: 1.847 m?/g

BJH Adsorption cumulative volume
of pores

between 1.000 A and 3000.000 A
diameter: 0.001136 cm?/g

BJH Adsorption average pore

diameter (4V/A): 24.592 A
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ARTICLE INFO ABSTRACT
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Gas chromatography

Extending the use of jonic liquids in sample preparation techniques remains a challenge. This paper presents
procedures enabling the easy application of ionic liquids to the SPME technique. For this purpose, two ap-
proaches for producing a porous silica coating on a metal rod were investigated. Two silica precursor and
porogen systems were used in the research: K38i0; + Formamide and Tetramethyl-orthosilicate + Polyethylene
oxide. The procedure was op d concerning its op | parameters: the possibility of immobilization of a
possibly large volume of ionic liquid and mechanical strength and thermal resistance. In the course of the
research, it was shown that the optimal parameters are ensured by using KSiOs with Formamice. The obtained
material had an average pore diameter equal to 0.326 pm with a surface area of the pores similar to 6.33 mz/g.
The size of the pores allows for the quantitative introduction of the ionic liquid and its immobilization to the
extent of enabling the extraction of VOC and their subsequent thermal desorption. Finally, the conducted ex-
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ents showed that the dominant mechanism of retaining analytes in the IL-silica hybrid material is their

dissolution in the fonic liquid, while adsorption on the silica surface plays a lesser role.

1. Introduction

Determination of analytes present at trace levels in samples with
complex matrix composition (e.g., biological or environmental samples,
etc.) is often an integral part of environmental assessment and moni-
toring and scientific research in the field of analytics of environmental
pollutants. Due to the low levels of analyte, it is necessary to perform a
preliminary step of analyte enrichment or isolation before the final
analysis. Nevertheless, a limited number of analytical techniques are
sensitive enough for the direct determination of trace components and
are currently present in laboratory routines. One of the most popular
solvent-free sample preparation techniques is the Solid Phase Micro-
extraction technique (SPME) [1-3].

The extraction of analytes with the SPME technique is performed by
direct exposure of a fibres covered with a sorption material in an
analyzed sample or its headspace. SPME is widely applied in analytical
practice because of its undoubted advantages, but one of its limitations
is the small choice of commercially available stationary phases and fi-
bres coatings. Due to the limited volume of the extraction phase (<1 L),
SPME performance is critically dependent on the selection of

* Corresponding author.
E-mail addresses: karolina.delinska@pg.edi.pl, delinskz

https://doi.org/10.1016/j.microc. 2022107392
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appropriate coating, ensuring a high affinity to target analytes. A
properly selected stationary phase enables the extraction of a variety of
analytes with enhanced selectivity. Currently, there are poly-
dimethylsiloxane (PDMS), divinylbenzene (DVB), polyacrylate (PA),
Carboxen (CAR), and polyethylene glycol (PEG, Carbowax, CW), avail-
able in various thicknesses and combinations of commercial SPME fibre
coatings [4-5]. Most of them operate based on the adsorption mecha-
nism, which exhibits some important drawbacks, i.e., the competitive
adsorption of residual in complex samples, narrowing of the
linearity of the extraction process, and possible degradation of entrap-
ped analytes in the course of their thermal liberation in the injector unit
of GC instrument. These limitations can be eliminated to some degree by
applying an extraction medium in a liquid or “pseudo-liquid” state.

One of the most promising groups of compounds that could be
applied as absorbents in SPME are ionic liquids (ILs) [6-8]. ILs fulfil all
fundamental requirements like high thermal stability, they are in a
liquid state in a wide range of temperatures, and finally, they possess
negligible vapor pressure. The main limitation for the applicability of
these materials is related to the low durability of the obtained layer of
ionic liquid en the SPME fibre surface.

pg.edu.plkarolina.delins, ka@pg.edu.pl (K. Deliriska).
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To overcome those problems, in this work, we propose creating a
porous solid network on the surface of an SPME fibre. The porous ma-
terial will support nano-confinement in its pores of any desired ionic
liquid. This way, ionic liquids entrapped by capillary forces will be
immobilized on the SPME fibre surface in the form of a stable layer. The
versatility of the proposed matrix will be related to the immobilization
of the various types of ionic liquids (of different polarities). The most
important advantage of this solution is the opening of the opportunity to
perform in the future a systematic study on the extraction properties of
ionic liquids in connection to their chemical structure.

Since porous materials are defined as solids having pores, channels,
or gaps, whose depth is greater than the width (according to TUPAC
(International Union of Pure and Applied Chemistry), [9] their utiliza-
tion is opened to a wide spectrum of possibilities. The application of
porous materials, e.g., zeolites [10], silica gels [11], have found an in-
terest in adsorption [12], catalysis [13-14], and nanotechnology [15],
whereas sorption properties are responsible for, e.g., liquids and gases
separation [16], soil [17-18], and water decontamination [19-20].
Since silica are comprised of rigid, tetrahedral [SiO4] building blocks,
they can bind through oxygen atoms (forming Si-O-Si bridges) with
great universality [21]. Therefore, the investigation of silica materials
has been of long-standing interest, especially through sol-gel technol-
ogy. Examples of sol-gel produced fibre coatings exist for a variety of
substrates, such as carbon nanotubes (CNTs) [22], ceramic/carbon

p [23], and I p glassy carbon [24]. These studies
have proven that sol-gel technology and immobilized resin are suitable
coating methods dedicated to solid sorbents.

The proposed work aims to develop and evaluate the methodology of
silica preparation on the surface of metal core fibres of an SPME device
to provide a porous support allowing physical confinement of ionic
liquids. Ionic liquids may be considered one of the most flexible chem-
ical compounds in terms of “controlling” their physical and chemical
properties by selecting an appropriate anion-cation pair. However, an
enormous number of possible combinations of ion pairs have not been
applied in the SPME context yet. This is mainly due to difficulties in
preparing a stable coating of ionic liquid on the fibre’s core of SPME
devices.

Our research so far concerned the preparation of ionogel coatings
using silica precursor and ionic liquid combined in a single solution.
However, the obtained coatings were characterized by a relatively low
content of jonic liquid (0.08 pL). In this work, the production process of
ionogels was modified and consisted of two separate stages: creating a
porous silica coating and subsequently introducing ionic liquids into its
void. Two silica precursors: K»8i03 and tetramethyl-orthosilicate
(TMOS); and two porogenic compounds: Formamide (FA) and
Polyethylene-oxide (PEO) were tested in the research. The preparation
of porous silica has been optimized in terms of pore diameter and vol-
ume to ensure high loading of the coating with ionic liquid while
maintaining mechanical strength. Additionally, to increase the time
(cycles) of using the fibers, the coating synthesis procedure was adapted
to the metal core of the SPME fiber made of stainless steel. Finally, the
utility of the obtained fibers was verified practically by carrying out the
extraction of volatile organic analytes from the headspace of water
samples.

2. Experimental
2.1. Reagents and materials

The chemicals were used in this study as received and without
further purification. Potassium silicate (K,Si03) was obtained from
Biomus. Chlorotrimethylsilane  ((CHj3)4SiCl, TMCS), formamide
(CH3NO), polyethylene oxide (PEO, 20 kDa), tetramethyl orthosilicate
(TMOS), acetic acid (CH3COOH, 0.01 M), hydrofluoric acid (HF (40%)),
chloroauric acid (HAuCl, (2%)), n-hexane (CgH,4, HPLC grade), meth-
anol (CH3;OH, HPLC grade), ammonia water (NH4OH (0.01 M)), and
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silicone oil ([-Si(CH3)20-],) were purchased from Sigma-Aldrich.
Stainless steel (metal core) wires were purchased from Sadevinox,
France. An ionic liquid, named 1-benzyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide was obtained from Iolitec.

A standard mixture of volatile organic compounds (EPA VOC Mix 1,
2000 pg mL ! in methanol) was purchased from Merck (Milwaukee,
WI). The mixture includes following compounds: chlorobenzene, p-
xylene, o-xylene, cumene, n-propylbenzene, 2-chlorotoluene, 4-chlor-

tert-butylt sec-butylt 1,3-di
1,4-dichlorobenzene, 1,2-dichlorobenzene. Standard working solutions
of the VOC Mix 1 were prepared by appropriate stepwise dilution of the
stock solution in methanol (HPLC grade was obtained from Merck,
Poland) and stored at 4-5 °C.

Aqueous solutions for extraction were prepared by diluting an
appropriate amount of sodium sulfate (Merck, Poland) in the ultra-pure
water. Ultra-pure water obtained using a Millipore Q system (Millipore,
Molsheim, France) was used in all cases. A stainless steel fibers (diam-
eter of metal core is 150 pm) were used to obtain the ionogel SPME
fibers.

2.2. Instrumentation

The base silica formed on wires and combinations with ionic liquids
were characterized by Fourier Transform Infrared (FTIR) spectroscopy
using the attenuated total reflection (ATR) technique on a Nicolet 3700
spectrometer (Thermo Electron Co.). The Golden Gate ATR accessory
(Specac Inc.) was used, equipped with a single reflection diamond
erystal. For each spectrum, 64 scans were collected with a selected
resolution of 4 em ! within the range of 550-4500 cm

Scanning electron microscopy (SEM) was performed on an SEM FEI
Quanta FEG 250 (in a high vacuum after sputter-coating the samples
with a thin layer of gold). Thermogravimetric analysis (TGA) was car-
tied out on a Perkin Elmer TGA 8000, under argon flow, at a tempera-
ture range of RT - 1000 °C with a heating rate of 20 °C min~'. Prior to
the measurement, a blank run for baseline correction has been per-
formed. A Delta Optical Genetic Pro optical microscope was involved in
the collection of images at 50 times magnification.

Studies of the pore structure were investigated with the Mercury
Injection Capillary Pressure (MICP) method on a Micromeritics Auto-
Pore IV 9520 mercury porosimeter. Samples were crushed prior to
analysis dried at 105 °C for at least 24 h to remove moisture from the
pore spaces and then allowed to cool to room temperature in a desic-
cator (~23 °C) (API-RP 40,98, ASTM-D4404-10, 2010). The analysis
‘was carried out with samples kept in a vacuum at 50 pm Hg for 2 min.
The equilibrium time was 10 s. Pressure was measured at 82 points in
the range of 0.5-60 000 psi.

Analyses were carried out on a Shimadzu Tracera system that con-
sists of a Shimadzu GC-2010 Plus coupled with a Shimadzu barrier
ionization discharge detector (BID-2010 Plus) (Shimadzu Scientific In-
struments, Inc., Columbia, MD) and 60 m x 0.32 mm x 180 pm Dura-
bond DB-VRX high-resclution gas chromatography column was used.
The carrier gas was helium (99.9999 %, Linde Gas, Poland), the injector
‘was operated in the splitless mode, and 220 °C and the detector tem-
perature was 250 “C. The column oven was initially set at 40 “C for 10
min programmed, then increased to 145 °C at 50 °C min~* (for 1 min),
then increased to 170 “C at 4 °C min " (for 1 min), and finally to 225 °C
at 10 °C miu’1, in which it was held for 2 min.

2.3. Synthesis of porous silica materials

The first step of the conducted experiments was to examine the
properties of porous materials, depending on the selected precursor,
respectively, potassium silicate (K;8i05) and tetramethyl orthosilicate
(TMOS). In the performed experiments either formamide (CH3NO) (FA)
or polyethylene oxide (20 kDa) were used as a pore-former agent. The
selection of the indicated precursors and pore-formers was dictated by
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procedures from a literature review [25-27].

The synthesis of silica materials was performed through a single step
sol-gel process, as shown in the reactions in the Fig. 1.

The reagents were pre-mixed in an Eppendorf tube, in order to obtain
a homogenous solution. After mixing, the solution was left to allow
gelation. Due to the two methodologies of the porous silica material
preparation, the individual steps of the both syntheses are shown
separately in Fig. 2 and Fig. 3.

The samples were prepared using several reagent ratios and con-
centrations of CH3COOH (TMOS and CH3COOH ratios were constant).
Acetic acid acts as a catalyst. Corresponding variants of the synthesized
samples are shown in the Table 51. The analysis concerned also the
materials synthesized for PEO (10 kDa) and (35 kDa) and TMOS.

The first stage of the silica material synthesis consisted of dissolving
PEO (20 kDa) in acetic acid. This stage lasted about 10 min. The tem-
perature of the PEO solution (20 kDa) with acetic acid was lowered to
0 °C until a homogeneous mixture was obtained. Then, after reaching
0 °C TMOS was added to the solution. This operation was necessary due
to the lengthy process of dissolving TMOS. At the lowered temperature,
the hydrolysis of TMOS is practically stopped, which allows for better
control of the kinetics of the reaction system. Finally, each of the solu-
tions was mixed until the system was homogeneous (approx. 1 h).

According to the diagram presented in Fig. 3, the next step in
obtaining porous material was gelling of the solutions, which was ach-
ieved by increasing the temperature to 50 “C. The gelation process was
carried out in closed glass vessels in which the materials were placed for
24 h. After the gelation stage, the material samples were visually
assessed, characterizing the gel's colour, transparency, and hardness
(mechanical strength).

At this stage of the research, it was impossible to predict which of the
obtained structures is more favourable for the final stage of immabili-
zation of ionic liquids. Therefore, it was decided to produce ionogels
using both types of materials. In the final stage, all samples were washed
‘with methanol and left to dry in open vessels at 50 °C for 2 days. Finally,
further evaluation of the obtained silica materials was carried out uti-
lizing SEM analysis and mercury porosimetry.

Synthesis of the porous material in the second system (Fig. 3) were
made in the 1:2; 1: 5; and 1:10 vol ratios (porogen: precursor, respec-
tively). The reactions were carried out in Eppendorf tubes, so that
appropriate amounts of FA were added dropwise to the water-glass
solution and then stirred until both components were thoroughly mixed.
The solution thus obtained was stored at room temperature for 24 h. The
resulting gel was purified by washing (while shaking) with methanol,

Hydrolysis
— 8 —OR + HOH —
| Reesrification
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water, and n-hexane. The last stage was the drying of the obtained
porous material at 40° C for 48 h.

2.4. SPME fibres preparation

A stainless-steel wire was washed with methanol to remove organic
pollutants and then rinsed with ultrapure water. Subsequently, the
cleaned stainless-steel wire (15 mm long) was etched in 40% hydroflu-
oric acid for 5 min at 40 “C. Afterwards, the etched stainless-steel wire
was washed with ultrapure water and dipped into HAuCl, of 2% (w/w)
for chemical deposition of an Au layer onto the surface of the etched
stainless steel wire for 30 min at 30 “C. Next, the produced fibres were
rinsed with ultrapure water and dried in the air. Then, the Au-coated
fibres were dipped into an ethanolic solution of 3-mercaptopropyl trie-
thoxysilane, 1 mM, for 60 min at room temperature. Excess solution was
removed. In the next step, the fibres were washed with ethanol and
ultrapure water, and then, the fabricated fibres were dipped into the
silica-based coating mixture. The mixture was prepared accerding to the
procedure outlined in section 2.3. The silica gel solution was inserted
into a non-reactive polymer material (PEEK-polyether ether ketone)
with a syringe. The bottom of the PEEK tube was closed by GC septum to
prevent leakage of the sol solution, while a previously prepared stainless
steel fibres were placed inside the tube so that it was possible to close the
top of the tube. The whole system was placed in a closed Eppendorf tube
(to avoid the evaporation) as it is shown in Fig. 51. Finally, the fabri-
cated fibres were conditioned in the SPME-GC interface until the stable
line was achieved.

2.5. Confinement of ionic liquids

The process of immobilization of an ionic liquid in the pores of the
silica material was carried out based on dip-coating technique. The
procedure was carried out in the round bottom glass flask, suitable for
low-pressure working conditions. A porous material to be filled was
immersed in the ionic liquid and placed in the flask filled with silica oil.
The purpose of the latter one was to ensure thermal contact with the
heating chamber. The procedure relied on two steps: First, vacuum was
applied to remove air from the pores of the coating; second, at elevated
pressure ionic liquids was pressed into void volumes. The selected ionic
liquid was 1-benzyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide. The selection of the model ionic liquid was followed by its
physicochemical properties, like high-temperature resistance indicated
by thermal decomposition temperature equal to 381 °C [28] and

— Si— OH + ROH [¢)]

Alkoxysilane Silanol Alcohol
Water
‘ ‘ condensation |
—8i—OH + —8i—O0H — 8i—0—S8i— + HOH (2a)
Hydrolysis | ‘
Silanol Silanol Siloxane Water
Alcohol
‘ | Condensation |
—S8i—OH + — 8i—OR e —8i—0—8i— + ROH (2b)
Alcoholysis | ‘
Silanol Alkoxysilane Bilins Alcohol

Fig. 1. Sol-gel reaction scheme,
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Fig. 2. Sol-gel synthesis procedures using TMOS as precursor and PEO as a pore-forming substance.
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Fig. 3. Flow chart of the experimental procedure for the synthesis of the porous silica material with the utilization of K;8i0s and FA.

moderate viscosity (153 cP) [29].

The first step was evaluated by visual observation; no air bubbles
could be noticed on the surface of both fibres and the porous material
(ca. 30 min). The vacuum was obtained using a pump at a maximum
under-pressure equal to 3*10° mbar. Then, the pressure was slowly
increased up to the atmospheric one at which fibres were kept for a given
time. To facilitate the transfer of ionic liquid through the pores elevated
temperature was applied. The temperature was limited by the boiling
point of silicone oil under the applied vacuum and equals ca. 150 °C;
thus, in the experiments, a temperature of 120 °C was accepted as a safe
one. Under those conditions, the time required for complete filling of
pores was determined based on TGA analysis of fibres exposed to IL's
from 0.5 up to 5 h. The amount of accumulated IL’s stopped growing
after 2 h of exposition, thus that time was used for IL's confinement.
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3. Results and discussion

3.1 [uation of the obtained ial

Seven solutions were prepared for TMOS and PEO, using different
concentrations and volume ratios (see Table S1) of PEO. Based on the
obtained SEM images (Fig. 4), it was found that a targeted porosity could
be obtained using PEO (20 kDa) and TMOS. Reactions were carried out
in Eppendorf tubes. After the closing of Eppendorf tubes, the solution
was stored at room temperature for a period of 15 h. The obtained gel
was subsequently aged for 24 h at room temperature.

The gel in samples no. 2 showed the highest hardness, but the gels
present in samples 3 and 4 were relatively easy to crumble. Each of the
obtained samples was divided into two parts - one part of the material
was subjected to all the steps of synthesis indicated in Fig. 2, and the
other half - excluding steps 5-7 (namely, addition of 0.01 M NH4OH,
drying in T = 50 “C, and addition of 0.1 M HNO3). The omission of steps
5-7 was intended to determine the effect of those steps on the final pore
size distribution. It is worth noting that the use of macromolecular
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100 yim %

Fig. 4. SEM images of porous materials synthesized using TMOS and PEO with different molar masses: A. 10, B. 20, and C. 35 kDa.

compounds (in the described PEO studies) aims to create macropores
with diameters of the order of micrometers. In fact, the etching process
in step 5 creates ideal conditions for the formation of meso- and micro-
pores. In terms of mechanical strength, sample no. 2, (with etching)
showed the best properties, although it was better if etching steps were
omitted. The best properties were shown by the samples without the
etching process.

SEM images of obtained porous silica materials are shown in
Figure 52 (see Supplementary Materials). The general observation is that
the average pore size for the second variant of the solution prepared
(Table 51) is the most preferable. Considering that the immobilization of
the ionic liquid in the pores is based on the action of capillary forces, too
large a pore diameter seems undesirable. At the same time, it was found
that the presence of large pores in other variants of the prepared silica
solutions resulted in increased fragility of the material, which could
shorten the lifetime of the fibres.

The practical use of SPME fibres coatings is specified by several
properties. The most essential are those related to physical evaluation, i.
e., the regularity of the coating, its thickness, and mechanical strength.
An expected issue concerns the phenomenon of shrinkage of the silica
gel during post-treatment procedures, e.g., aging, which weuld play a
critical role in the coating preparation.

The ratios of TMOS precursor to PEO were also evaluated by me-
chanical strength assessment of the material, with the most promising
samples being number 2 and 5. However, the latter displayed an unde-
sirable (too large) porosity. The other variants were rejected due to the
powderous nature of the materials. The rejected materials could be
easily crushed by hand. The most suitable sample, No. 2, for further
research was chosen.

Similarly, the materials made from K35i03 and FA were analyzed.
The variants of K;8i03 and FA solution at ratios of 1:2; 1:5; 1:10 (v/v)
were analyzed by SEM (Fig. S3). On the basis of the assessment of the
porosity of the material in the indicated variants, the ratio of 1:5 was
selected for the further research.

3.2. Mercury injection capillary pressure (MICP)

The porous material obtained from K;8i03 and FA and for the second
system (PEO and TMOS were analysed by mercury porosimetry,

Table 1
Characterization of the obtained porons materials by mercury porosimetry.
Material Median pore Median pore  Average Total Total
evaluated  diameter diameter pore pore porosity
(volume) (area) diameter area [96]
[um] [pm] [um] [m?/g]
KaSiOa + 0.262 0.188 0.326 6.33 50.35
FA
PEO + 0.202 0.119 0.128 27.44 52.11
TMOS

confirming the presence of the porous structure of the obtained mate-
rials (Table 1, Figures S4 and S5).

The obtained data, i.e., pictures and the results of the mercury
porosimetry analysis (Figures 52, 53, and S4), confirmed the presence of
channels and interpenetrating voids and the silica skeleton. In principle,
it was concluded that the pores could facilitate the penetration of ionic
liquids at the stage of their implementation. Both materials (K38i03 +
FA and PEO + TMOS were compared in terms of porosity (Table 1.). The
parameters obtained from the MICP method for the studied materials
indicate a homogeneous pore structure. The porosity is similar for all
samples and amounts to slightly more than 50% of the total sample
volume. The highest mercury intrusion is observed for the pore di-
ameters smaller than about 0.3 pm, corresponding to the macropores
realm.

The shape of the intrusion curve for the K3Si0O3 + FA sample in-
dicates the uni-modal character of the pore space dominated by mac-
ropores in the range from 0.3 pm to 0.08 pm (Figure 54). The value of the
average pore diameter for the K28i03 + FA is 0.326 pm (Table 1). In the
PEO -+ TMOS sample the intrusion curve indicates a right-skewed dis-
tribution of the pore space, shifted towards mesopores (Figure 54). The
average pore diameter for the PEO + TMOS sample is 0.128 pm
(Table 1).

The pore area is a property that, together with the porosity and the
pore diameter, characterizes the connectivity of the pore space. The
surface area of the analyzed materials is differentiated and amounts to
6.33 m%/g (K35i03 + FA) and 27.44 m%/g (PEO + TMOS), respectively
(Table 1). For the distributions of surface area with respect to pore sizes,
the MICP results are presented in Figure S5. It clearly shows, that there is
an inverse relationship between pore size and surface area, and the
smaller the pore diameter, the steeper the curve of pore area. Thus, pore
surface area is predominantly controlled by pores < 0.3 pm.

The materials differ significantly in structure but have similar
porosity; differences in pores sizes are essential for the brittleness of the
material. Taking into account the parameters characterizing silica ma-
terials utilizing mercury porosimetry, it can be seen that the average
pore diameter of K»Si03 + FA is three times higher than of the TMOS and
PEO. However, in the case of a silica material made of TMOS and PEG, it
does not meet the mechanical expectations.

3.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed for one indicated
porous silica material with and without ionic liquid (IL) confined inside
its pores (Figure 56.). The results of the TGA for both materials indicated
a decrease of mass by 5% from 105 “C. The possible reason for this
decrease is water content, which was adsorbed from the environment
during sample preparation. Between 220 °C and 530 °C, a second two-
step mass drop can be observed for the sample containing IL. There is

a small change in the mass drop rate around 420 °C. However, a similar
%
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ionic liquid which can be seen in the Figure 57 (with a borderline around
400 °C). Thus, the mass loss (about 55%) in the temperature range from
220 °C up to 530 °C was assumed as a consequence of the decomposition
of confined IL.

For comparison, silica material directly scraped from the fibres were
also analysed by TGA. The results of the analysis were included in
Supplementary Materials (Figure $8).

3.4. Fibres coating evaluation

The last step is to check the material in practice, by its application in
a real analytical procedure. The characteristics of the prepared fibres
and the silica coating deposited on the metal core is shown in Figure S9.
An ionic liquid was immobilized inside the pores of the fibre according
to the previous procedure. The process of inclusion into the pores is
strongly dependent on the of IL's viscosity. The viscosity of ionic liquids
decreases with an increase in temperature.

The analysis of the obtained SPME fibres was carried out using an
optical microscope. The fibres have the following dimensions: Diameter
of the metal core: 150 um, diameter of fibre coverage with silica: 306.88
pm. The obtained fibres were of a regular thickness, without noticeable
cracks. The pore diameter for an individual fiber was determined based
on 11 measurements along with the fiber (every 1 mm, total length 10
mmy); at the same time, the repeatability of the fiber-to-fiber preparation
was determined based on the measurement of 5 fibers; in the first case,
the irregularity of the coating did not exceed 5% (307 + 15); and the
fiber-to-fiber (322 + 29).

The selected ionic liquid was immobilized in the obtained porous
silica coating and verified by TGA under similar conditions as the K3SiO3
and FA. The course of the thermogram in Fig. 52 is precisely the same,
indicating that the IL is unchanged by confinement inside the silica.

The coated fibres containing silica and IL was incorporated into a gas
chromatography setup to undergo processes of extraction and thermal
desorption. The area with the highest likelihood of damage to the fibres
is in thermal desorber in the chromatograph, where the fibres are subject
to high thermal stress. Verifying the practical usefulness of the fibre
consisted of cycles of heating in a gas chromatograph desorber in 220° C,
in a Helium atmosphere, and visual assessment of the fibres every ten
cycles. The lifetime of the particular fibres were equal to 80 sorption/
desorption cycles. The lifetime of the fiber was determined based on two
parameters: visual assessment, where the criterion was the formation of
cracks and loss of a part of the coating, the second parameter was the
monitoring of the amount of retained analytes - the extraction efficiency

1200000
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of the fiber. The latter method of verification is because it is not possible
to visually assess whether there has been any loss of ionic liquid from the
pores of the material. The criterion was adopted that the loss of effi-
ciency below 80% of the initial value disqualifies the given fiber from
further use; finally, on average, a fiber lifetime of 80 sorption/desorp-
tion cycles was observed.

3.5. Utilization of the obtained fiber for the extraction of VOCs

The final stage of the performed research has included the utilization
of ionic liquid confined SPME fiber coatings in model extractions. The
extraction of a set of volatile analyses of different polarities was done
from the headspace of an aqueous samples. The aim of that step was to
examine the usability of prepared fibers, neither to control the optimal
extraction conditions. The experiments were performed maintaining
typical conditions, determined based on the available literature:
desorption time 10 min, desorption temperature 220 °C, extraction time
30 min, extraction temperature 45 °C, salt concentration 20% (NazSQ4),
sample volume 12 ml, analytes concentration in range from 5 up to 100
ppm [4].

Taking into account the Fig. 5., the total sum of the peak areas for
silica fiber with confined IL in pores structure is significantly higher for
all analytes than the values obtained from silica fiber without ionic
liquid, respectively. This observation confirms the significant absorption
potential of ionic liquid as extraction medium, and also a dominant role
of IL in the extraction process.

4. Conclusions

This work presents a newly developed procedure for obtaining
porous material based on silica as coating on the surface of wires. The
silica acts as confinement for ionic liquid and the overall novel system is
used in SPME applications. Two different approaches were used in the
synthesis of silica; various precursors and different pore-forming agents
were applied. After selecting the optimal conditions, two systems were
used, namely: K,8i05 and FA and TMOS and PEO, respectively. Finally,
based on the results obtained by mercury porosimetry and the packing
degree of the model ionic liquid (thermogravimetric analysis), it can be
concluded that better parameters were obtained for the KSiO3 and FA
systems. Therefore, this system was ultimately selected to produce a
SPME fibres for use in analytical procedure. The method of applying
silica material to the fibres does not change the physicochemical pa-
rameters of the silica. This was confirmed by mercury porosimetry, as

1000000

800000

600000

400000

200000

0 4

= with IL
® without IL

Fig. 5. Comparison of the total sum of the peak areas for silica fiber with and without confined IL in its porous structures
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the material synthesized in a test tube was compared with the material
scraped off a fibres. In the silica network obtained by the sol-gel reaction
of the K;5i03 precursor and FA as a pore-former (1:5 v/v), an ionic
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E. Gionfriddo, E.A. Souza Silva, T.D. Ho, J.L. Anderson, J. Pawliszyn, Explo
the tunable selectivity features of polymeric ionic liquid-based SPME sorbents in
food analysis, Talanta 188 (2018) 522-530, hitps://doi.org/10.1016/]
talanta.2018.06.011

liquid  1-Benzyl-3 yli m  bis(trifluorc yl)
imide was confined. The selection of the model ionic liquid was followed
by its physicochemical properties, like high-temperature resistance
indicated by thermal decomposition temperature equal to 381 °C and
moderate viscosity (153 ¢P) [28]. Obtained SPME fibers was evaluated
by the extraction of model volatile organic compounds from the head-
space of an aqueous solutions. The newly obtained SPME fibres were
also high thermally stable, which was confirmed by 80 cycles of sorp-
tion/desorption at 220° C in the desorber of a GC, with no changes if
fibres appearance and extraction efficiency.
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Figure S1. Both sides sealed PEEK tube placed in an Eppendorf tube.

50 pm

50 pm

50 um

Figure S2. SEM images characterizing seven variants of TMOS and PEO
synthesis. Where the A. corresponds to the 1st variant from the Table 1., B.
2,C.3,D.4,E.5F.6,G.7.
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5 pm

Figure S3. SEM micrographs of K,SiOz and FA, where A - 1:2, B - 1:5, C -

1:10 FA to precursor, respectively.
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Figure S4. Differential intrusion vs pore size. Pore size classification acc. to
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Figure S6. Thermogravimetric analysis of K;SiO3 + FA + IL.
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Figure S7. Thermogravimetric analysis of pure ionic liquid, namely 1-

Benzyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide.
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Figure S8. Thermogravimetric curves of K;SiOz + FA with IL as a solid

material and scratched directly from the fiber.
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Figure S9. A. Fabricated SPME fibre at 50 times magnification. B. The

diameter of the obtained fibre.
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Table S1. Composition of individual samples used to synthesize a

porous material.

PEO (20 kDa)  TMOS [ml] CHsCOOH [ml]  CH;COOH
[g] concentration [M]
1 0.1 1 2 0.01
2 0.2 1 2 0.01
3 03 1 2 0.01
4 04 1 2 0.01
5 0.2 1 1 0.02
6 0.2 1 1.5 0.013
7 0.2 1 2.5 0.008
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Zalacznik 5

Head-space SPME for the analysis of
organophosphorus insecticides by silica IL-based

fibers in real samples

Karolina Delinska, Kateryna Yavir, Adam Kloskowski
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Abstract

This work demonstrates a newly developed ionic liquid (IL)-based silica
SPME fiber’s suitability for the determination of seven organophosphorus
insecticides in cucumber and grapefruit samples by headspace solid-phase
microextraction (HS-SPME) with gas chromatography-flame ionization
detector (FID). The sol-gel method released four different sorbent coatings,
which were obtained based on a silica matrix containing ILs immobilized
inside its pores. In order to obtain ionogel fibers, the following ionic liquids
were utilized: 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
imide; Butyltriethyl ammonium bis(trifluoromethylsulfonyl) imide; 1-(2-
Methoxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl) imide,
and 1-Benzyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. The
developed fibers were applied for extraction of seven different insecticides
from liquid samples. The most important extraction parameters of HS-
SPME coupled with GC-FID method were optimized with a central
composite design. The new SPME fiber demonstrated higher selectivity for
extracting the analyzed insecticides compared with commercially available
fibers. The limit of detection was in the range of 0.01-0.93 pg L1, coefficient
of determination, which were > 0.9830, and a 4.8 - 10.1% repeatability of
the method were found. Finally, the obtained ionogel fibers were utilized to

determine insecticides in fresh cucumber and grapefruit juices.

Keywords: SPME fibres; sample preparation techniques; research
development, solid-phase microextraction; ionic liquid; organophosphorus

insecticide; food preservation
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1. Introduction

The term pesticides covers chemical and biological substances
intended to destroy or delay the development of undesirable organisms.
These compounds are used mainly to protect crops against pests, fungal
diseases, weeds, to combat rodents and insects during food storage, and to
protect human health [1]. Pesticides can be transferred between different
ecosystems. In their initial form or as derivatives, metabolites can
penetrate the soil, water, atmosphere, food products, and animal feed, thus
posing a threat to living organisms. One of the pesticide groups that has
found widespread use in the food and agriculture industry is
organophosphorus insecticides. These insecticides are chemicals that are
used to kill diverse types of insects [2]. Over the last decades, the analysis
of organophosphorus insecticides has appeared as a subject of a significant
matter, mainly due to their potential persistence, toxicity, and water
solubility [3]. The organophosphorus compounds are widely used toward
pest  control, demonstrating high insecticidal activity [4].
Organophosphates are readily resorbed after oral, dermal, or inhalation
route of exposure [5]. The organophosphorus insecticides are of acute
toxicity, contributing to irreversible inhibition of acetylcholinesterase,
which is crucial for the functioning of the central nervous system, usually
causing respiratory paralysis and death [6]. Therefore, there is a critical
need to determine and quantify of trace level of organophosphorus

insecticides in food samples [7].

Based on the available research and literature review, it was

established that insecticides appear in the environmental samples in
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relatively low concentrations. Due to that, the extraction of insecticides
may be a challenging process, requiring somewhat sensitive sample
preparation and chromatographic detection techniques. Therefore, as of
extreme importance is the development of sample preparation techniques
compatible with the low concentration of pesticides in various complex
matrices. The improvements implemented in sample preparation
techniques usually concern the miniaturization, automation, and solvent-
free nature of the sample preparation method, in consistency with Green
Analytical Chemistry principles. Several microextraction techniques
proposed to extract different groups of pesticides have been developed in
the last three decades. The most commonly used sample preparation
techniques towards the isolation and/or enrichment of analytes are liquid-
liquid extraction (LLE) and solid-phase extraction (SPE) [8-9].
Nevertheless, the necessity concerning the reduction of the available
sample preparation time and the amounts of organic solvents needed to
perform the extraction of organic pollutants from environmental samples
has provided the development of particular novel extraction approaches,
including solid-phase microextraction (SPME) [10], and solvent

microextraction [11].

The SPME is a solvent-free technique, developed by Arthur and
Pawliszyn in 1990 [12]. This technique allows for the simultaneous
extraction and pre-concentration of analytes in two ways: directly from an
aqueous sample from the headspace above the sample. The SPME
technique has gained constantly growing popularity nowadays, due to its

application to the sampling of a wide range of analytes, especially from
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media characterized by a complex matrix composition, e.g., food or
environmental samples [13-15]. Among the available sample preparation
techniques, the SPME technique deserves special attention due to the many
advantages: the ease of use, rapidity, the possibility of both in-situ and in-
vivo sample delivery, the ease of automation, the elimination of the toxic
solvent application (the “greenness” of the SPME). Nonetheless, the SPME
technique is also burdened with some disadvantages, for instance, the
limited lifetime of single fiber use, the restricted choice of the commercially
available SPME fibers, and the possibility of SPME fibers sorption materials
degradation at high temperatures during thermal desorption. Recently, a
significant amount of scientific studies were focused on developing and
applying new sorption materials as stationary phases as SPME fiber
coatings. So far, the most commonly reported were the molecularly
imprinted polymers, ionic liquids (ILs), polymeric ionic liquids (PILs),
conductive polymers, nanoparticles of noble metals, and various carbon-
based sorbents (graphene, single- and multi-walled carbon nanotubes)
[16]. The vast majority of the mentioned SPME coatings work with
adsorption mechanism (even 90%), involving some of the drawbacks, e.g.,
the competitive analytes phenomenon narrowed linearity of the extraction.
The abovementioned limitations do not happen when “liquid-like"
materials are applied since the working mechanism involved in these
materials concerns the absorption mechanism. Additionally, these
materials should also meet the following criteria: pose a negligible vapor
pressure, occur in a liquid phase in a wide range of temperatures, and be
thermally stable in relatively high temperatures. Thus, substances that fully

comply with these requirements are, no doubt, ionic liquids. What is more,
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ILs have the possibility of being combined from different cation and anion
pairs, allowing them to obtain demanded properties, thus, being called

“designer solvents” [17-19].

The concept of the proposed work assumes obtaining a porous solid
silica structure with confined ionic liquid (ionogel) on the surface of the
SPME fiber. The obtained solid material is characterized by large pore
volumes and diameters, allowing for as high as possible ionic liquid
loading. The ILs are applied inside the material's pores through a dip-
coating technique. In this work, four types of SPME fibers were prepared
based on the silica matrix (K»SiO3z and Formamide) with the confinement of
following ionic liquids: 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide (IL-1); 1-Benzyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (IL-2); 1-(2-Methoxyethyl)-3-
methylimidazolium  bis(trifluoromethylsulfonyl) imide (IL-3); and
Butyltriethyl ammonium bis(trifluoromethylsulfonyl) imide (IL-4). The
selection of these ILs has been confirmed based on their beneficial
parameters differences, like high or moderate viscosity and desorption

temperatures [20-21].

This work explores the practicability of tuning the extraction
properties of developed ionogels with different ionic liquids to extract
organophosphorus insecticides as target analytes. The developed ionogel
fibers were examined by extracting insecticides from aqueous fruit and

vegetable samples (grapefruit and cucumber).
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2. Materials and methods

2.1. Reagent and materials

The various insecticides, including diazinon, paraoxon-ethyl,
phosalone, dimethoate, fenitrothion, chlorfenvinphos, heptenophos, were
purchased from Sigma-Aldrich (Germany) (Table S1). The target
compounds were selected to investigate the impact of polarity and
solubility in the water/octanol system on the extraction process using
developed SPME fibers. Additionally, selected compounds varies
significantly in terms of molecular sizes, which may have an influence on
the kinetics of the extraction process. Quantitatively, the aforementioned
properties were determined by pKa values (in the range 2.6 - 8.39), Log
Kow (in the range 0.78 - 4.38), and molar masses (in the range 229.30 -
367.81). Detailed data are collected in Table S1 in Supplementary
Materials. A stock standard solution (100 mg L -1) of each compound was
prepared in acetonitrile. Further, working standard solutions were
prepared by diluting the prepared stock solutions with methanol (HPLC

grade, Sigma-Aldrich, Poland). The solutions were stored at 4-5°C.

2.2. Instrumentation

All analyses were carried out on a gas chromatograph Agilent
Technologies 7890A GC System coupled with flame ionization detection
(FID). The GC was equipped with a SPB-5 capillary column (30 m x0.32 mm
ID and 0.25 pm film thickness) that was purchased from Sigma-Aldrich

(Poland). The GC temperature program commenced at 50°C for 6 min, after
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which it was increased successively to 300°C at 15°C min!, where it was
held for 3 min. The injector (in the splitless mode) and detector were
maintained at 220°C, and 300°C, respectively. Furthermore, ultrapure
hydrogen (>99.99 %) was utilized as the carrier gas at a flow rate of 0.8 mL
min-1l. The flow rates of the selected FID gases, i.e., air and nitrogen, were
400 and 30 mL min’, respectively. The SPME holder for the manual
sampling and the commercially available fibers (polydimethylsiloxane
(PDMS), 100 pum; polyacrylate (PA), 85 pm; were purchased from Merck
(Poland).

2.3. Preparation of SPME fibers

Ionogel-based SPME fibers were prepared based on the procedure,
briefly involving four steps: introduction of the hydroxy groups on the glass
surface, preparation of the sol solution, sol-gel coating, and thermal
treatment. The glass fiber was prepared according to the procedure
reported in our work previously [22]. The ionogel sol solution was
prepared from the formamide as a pore-forming agent, and K,SiO3z as a
precursor (1:5, v/v), mixed in a plastic Eppendorf tube (10 minutes of
mixing). The resulting solution was injected by the syringe into a polymeric
PEEK (polyether ether ketone) tube. Then, the pre-treated glass fiber was
inserted inside of the tube with the solution. To prevent the leakage of the
sol solution, the bottom and the top of the tube were closed by a GC
septum, and placed to the Eppendorf tubes (to avoid evaporation). Finally,
after gelation, the fiber was removed from the PEEK tube and submitted to

further experimental steps.
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2.4.HS-SPME procedure

Six types of SPME fibers, including four ionogel fibers (1-Butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl) imide; Butyltriethyl
ammonium bis(trifluoromethylsulfonyl) imide; 1-(2-Methoxyethyl)-3-
methylimidazolium bis(trifluoromethylsulfonyl) imide, and 1-Benzyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide)) and two
commercial fibers (PDMS, PA), were utilized in this work. SPME analyses
were performed using glass vials (15 mL) containing 12 mL of aqueous
standard solution or water sample containing 25 % (w/w) Na;S0.. A glass-
coated stirring bar was placed in the vial at a stirring rate of 1800 rpm,
after which the vial was sealed with a Teflon-faced septum screw cap, and
the solution was thermostated for 50 min at 65°C. Thereafter, 10.0 pL of the
stock solution was injected into 12 mL of the aqueous solution (final
pesticides concentration was equal to 83 ppb) and left for 30 min to
achieve thermal equilibrium. The fiber was exposed to HS above the
sample solution for 70 min at 65°C. Finally, it was removed from the vial
and inserted in the GC injector port for thermal desorption at 220°C. The

insecticides were thermally desorbed for 10 min.

2.5. Real samples

The fruit (grapefruit) and vegetable (cucumber) samples utilized in this
study were purchased from a street market in Gdansk, Poland. At first,
samples were blended, and the obtained mixtures were homogenized with

a centrifuge (10 min, 4000 rpm), and then were filtered. After that,
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obtained juices were diluted with ultrapure water in the following
percentage of fruit and vegetable concentration: 75%, 50%, 25%, and 1 %
respectively. To all of the solutions the Na;SO; was added, in order to
obtain the optimal value of 25% (v/v). Then, 12 mL of each of examined
solution, and a stir bar were placed in the 15 mL vial, sealed with a cap
containing a membrane, and mixed for 20 min at room temperature.
Thereafter, 10.0 pL of the insecticide mixture (100 mg L -1) was spiked into
the solution with continuous stirring for 30 min. Afterward, the obtained
solution was thermostated for 50 min at 65°C. The extraction was
performed under the optimal conditions of the obtained ionogel fibers:
time,

70 min; temperature, 65°C.

3. Results and discussion
3.1. Characterization of the SPME fibers

3.1.1. Optical microscope

The thickness and regularity of the obtained fiber coating were visually
evaluated by an optical microscope. As shown in Fig. 1, (exemplary) it is
noticeable that obtained fiber coating is characterized as one of regular

shape and thickness, smooth, with no visible cracks.
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308.56 um

Ll

Figure 1. Fabricated SPME fibre with its diameter at 50 times

magnification.

Determination of the single fiber diameter was made in regard to 11
measurements along with the fiber (every 1 mm, total length 10 mm); at
the same time, the repeatability of the fiber-to-fiber preparation was
determined based on the measurement of 5 fibers; in the first case, the
irregularity of the coating did not exceed 5% (309um * 15); and the fiber-
to-fiber (322um * 29) was 8%.

3.1.2. Scanning Electron Microscopy

The visual appearance, porosity, and the regularity of the fiber coating
were also investigated by scanning electron microscopy (SEM). As shown
in Fig. 2, the fiber is characterized with visible pores (with clear porosity),
with a relatively smooth surface with minimum rough areas of the fiber

coating. Considering that the immobilization of the ionic liquid in the pores
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is based on the action of capillary forces, too large pore diameter seems an
undesirable property. There were no significant differences in the
regularity and visual appearance of the coatings between various IL

utilized for the confinement inside the SPME fiber.

500 um

100 pm

Figure 2. SEM images of the developed SPME fiber.

3.1.3. Mercury injection capillary pressure (MICP)

The material of the fiber coating was characterized by mercury

intrusion porosimetry technique. The results of the measurement is shown
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in Fig. S1 and S2. In MICP technique were used ranges of measurable pore
diameters. Based on the collected data one might notice that obtained
porous material contains, virtually, only pores with diameters in the range
from 0.18 pm up to 0.46 um, with an average at 0.326 um (Table 1). The
pore diameter distribution is slightly asymmetrical with tailing towards the

smaller diameters.

Table 1. Characterization of the obtained porous materials by mercury

porosimetry.
Material Median Median pore  Average  Total pore Total
pore diameter pore area porosity
evaluated diameter (area) diameter
(volume) [m2/g] [%]
[um] [um]
[um]
K2SiOs3 + 0.362 0.188 0.326 6.33 50.35

FA

3.1.4. Confinement of ionic liquid

The aim of this stage was to check the effectiveness of the process of
immobilizing the ionic liquid in the pores of the silica material. The
procedure was carried out in five stages: evacuating the air from the
system; introducing the fiber (for 30 minutes under vacuum); holding the
fiber under vacuum for 2 hours until air is removed from the pores; slowly

pressure build-up to atmospheric one (pressing IL into pores); washing the
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fibers with methanol. The effectiveness of the immobilization of the ionic
liquid in the material's pores depends on the efficiency of air removal from

the pores and the viscosity of the ionic liquid.

The vacuum during the immobilization of the ionic liquid was obtained
from the pump, for which the maximum negative pressure was 10-2 mBa.
Bearing in mind that the viscosity of the liquid decreases with increasing
temperature, in this step, the maximum temperature allowed was used.
According to the system used, the silicone oil was used to ensure thermal
contact of the ionic liquid with the heating device. The upper limit of the
temperatures used was defined when the silicone oil reached the boiling
point under applied vacuum conditions. This temperature was about
150°C, therefore, in the experiments, the temperature of 100°C was

adopted as a safe value.

3.1.5. Thermogravimetric Analysis

The another valuable index of the SPME fiber coatings was the volume
of IL confined inside the silica network. The evaluation was performed with
the use of Thermogravimetric Analysis (TGA). TGA analysis was performed
for porous silica material, containing ionic liquid and without it, and also
for the ionic liquid itself (Fig. S3), under the following conditions: heating
up to 800°C (20°C min -1), in argon atmosphere. Since the IL was the only
thermally unstable component in the studied material, it was possible to
calculate the volume of ILs inside the pores of silica material. Between
350°C and 480°C, a mass drop can be observed for the sample containing

IL. There is a small change in the mass drop rate around 490°C. For
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comparison, the pure IL was also analysed by TGA. The similar
phenomenon might be noticed in the course of decomposition of pure ionic
liquid which can be seen in the Figure S4. The results of the analysis were
included in Supplementary Materials (Figure S4). Taking into account the
mass of the sample used for TGA measurements (1.10 mg) and density of
the [C2C1IM][BF4] (1.294 g cm-3 [23]) the estimated mass content of the IL

confined in the pores of silica coating was c.a. 56%.
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3.2. Optimization of the HS-SPME method

3.2.1. Fiber selection

In the cores of the study, four ionic liquids as an extractant were
investigated. ILs share the same bis(trifluoromethylsulfonyl) imide anion,
so their extraction abilities depend solely on the cation. Cations differ with
regard to their polarity, starting from the less polar butyltriethyl
ammonium and (IL-4) 1-Butyl-1-methylpyrrolidinium (IL-1) cations
containing only C-C sigma bonds in their structures. Ionic liquid IL-3
contains an additional aromatic ring and oxygen heteroatom, while [L-2
contains two aromatic rings. Moreover, as a reference, commercial fibers
with PDMS (100 pm thick), and PA (85um thick) coatings were used. A
comparison of extraction abilities of manufactured fibers and a commercial
one was performed using areas of chromatographic peaks determined for
investigated analytes. Based on previous experience, the parameters of the
analytical procedure were as follows: 12 ml of 20% aqueous standard
Na,S0; solution (w/w) in a 15 ml glass vial; stirring rate at 1800 rpm;
thermostating at 55°C for 20 minutes. Thereafter, 10 uL of the stock
solution was injected into 12 mL of the aqueous solution and left for 30 min
to achieve thermal equilibrium. The fiber was exposed to HS above the
sample solution for 35 min at 55°C. Finally, it was pulled out of the vial and
inserted in the GC injector port for thermal desorption at 220°C. The

insecticides were thermally desorbed for 10 min [23].
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Chromatographic peak areas

heptenophos ~ dimethoate paracxon ethyl fenitrothion chlorfenvinphos phosalone

Figure 3. Comparison of the extraction abilities of investigated
insecticides for different ILs, and with reference PA and PDMS commerecial

fibers, under optimal conditions.

Considering the differences in the volume of the coating (extractant),
the areas were normalized by dividing them by the volume of the
extraction phase. As can be seen in Fig. 3, the sum of peak areas for fiber
with confined ionic liquids based on 1-Butyl-1-methylpyrrolidinium action
(IL-2) is the highest for all investigated insecticides. The second-best fiber
has pores filled with IL-2. For four of the six insecticides used, the second
most effective ionic liquid was IL-3, also containing the polar 1- (2-
Methoxyethyl) -3-methylimidazolium cation. Only in the case of
insecticides containing a benzyl ring with a substituted chlorine atom
(chlorfenvinphos, phosalone) better extraction yields were obtained with
the use of non-polar fibers, both in terms of the ionic liquids and
commercial coatings (PDMS) used. For this reason, fiber with a coating

containing the IL-2 liquid was selected for further research.
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3.2.2. Optimization of the HS-SPME procedure

Several factors, such as the extraction temperature, extraction time,
equilibration time, pH of the sample, agitation conditions, salting-out effect,
and headspace volume, were optimized to obtain the maximum extraction
efficiency (EE) of the investigated insecticides by HS-SPME. The stirring
rate was set to the maximum, 1800 rpm, purposely, to accelerate mass
transfer into the system. Regarding the utilized set of insecticides, the pH
was optimized within the range of 3-11. Based on the obtained results, the
pH value of 7 was established as the most desirable (Fig. 4D and 4E). The
HS sample volume was kept at the minimum possible (the highest aqueous
sample/HS volume ratio) [24], making possible to expose the fiber at ~1.5
cm from the top of the vial. The equilibration of insecticides in the aqueous
sample was performed in five-set of times: 20, 35, 50, 65, and 80 minutes.
Obtained results have indicated that an equilibration time of 50 minutes
was considered sufficient (Fig. 4A, 4B, and 4C). Further, the selected
concentration of Na;SO4 was between 5 % and 25 % (w/w). The salt-effect
on the extraction performance is shown in Fig. 4F. Regarding the obtained
results, 25 % (w/w) of Na.SO4 concentration was chosen as the optimum
one of the salt content in the sample for further experiments. The
extraction time was optimized in the range of 30-110 minutes. Since the
analytes are released from the fiber by the thermal desorption process, the
thermal stability of the developed fiber is another parameter that must be
considered. Due to that, the developed fibers were exposed to the GC inlet
port up to the temperature of 240°C. As a result, there were no peaks of the

unknown origin (artifacts) in blank runs of the analysis performed. the

174


http://mostwiedzy.pl

A\ MOST

POLITECHNIKA
GDANSKA

WYDZIAL CHEMICZNY

desorption temperature was set at 220°C, as it
is 20°C less than the maximum allowable temperature to be used.
Following these conditions, the carry-over effects have been studied,
allowing to set 10 minutes as the optimum time for the desorption process.
To reduce the number of experiments and optimize factors that can
influence the extraction efficiency, the design of experiments (DoE), (Fig.
S3) was utilized. What is more, applied approach provided also the
possibility of interdependence amongst the input variables, which are not
involved to the “one-variable-at-a-time” methodology. The extraction
parameters, i.e., the time and temperature, were optimized by a central
composite design (CCD). The plan was made by random sampling
employing the Statistica 12 software (StatSoft, USA). The CCD plan utilizing
different optimized parameters and the corresponding response variables
(the sum of the chromatographic peak areas of investigated insecticides)
are presented in Table S3, and Fig. 4. The significance of the standardized
effects of the variables’ was examined by the analysis of variance (ANOVA)

method.
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Figure 4. Statistical significance of the effects of the extraction parameters
on extraction performance of the IL-based fiber: A - response surfaces as
functions of extraction temperature vs. equilibration time; B - response
surfaces as functions of equilibration time vs. extraction time; C - response
surfaces as functions of temperature vs. extraction time; D - response
surfaces as functions of pH vs. extraction time; E - response surfaces as
functions of pH vs. salt content; F - response surfaces as functions of salt

content vs. extraction time.
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3.2.3. Method validation

The performances of the HS-SPME-GC-FID method regarding the single
fiber and fiber-to-fiber repeatabilities, limits of detection (LOD), limits of
quantification (LOQ), and linearity of the calibration curve (R?, slope, and
intercept) were evaluated under the optimized experimental conditions.
The repeatabilities, LODs, and R2s of IL-2-based ionogel fiber are presented
in Table 3.

Table 3. Analytical characteristics of the developed HS-SPME-GC-FID
method for organophosphorus insecticides determination using

investigated silica-IL fiber.

Compound LOD 1LOQ Correlation Repeatability Repeatability
coefficient of single fiber of fiber-to-fiber

Heptenophos 0.21 0.63 0.9931 6.4 13.4
Dimethoate 0.50 1.50 0.9925 6.1 14.8
Diazinon 0.01 0.03 0.9956 4.8 12.1
Paraoxon-ethyl 0.60 1.80 0.9850 9.6 12.7
Fenitrothion 0.05 0.15 0.9832 10.1 13.7
Chlorfenvinphos  0.10 0.30 0.9911 7.4 15.5
Phosalone 0.93 2.79 0.9847 8.2 164

The concentrations of the insecticides ranged from 0.01-83 pg/L. The
calibration curves of all the analytes were linear within the ranges starting
at the LOQ level, with the lowest value of 0.9832 obtained for fenitrothion.
LODs of the ionogel fibers were calculated as a signal-to-noise ratio of 3, as
specified in Table 3 , and were in the ranges of 0.01- 0.93 pg/L. The

calculated LOQs (signal-to-noise ratio of 9) were in the ranges of 0.03-2.79
ng/L.
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The repeatability of a single fiber (Table 3) describes the repeatability of
the HS-SPME-GC-FID method for the same fiber in five replicates of the
extraction. The highest relative standard deviation (RSD) of the
repeatability was found for fenitrothion and equals 10.1, which is an
acceptable level. The fiber-to-fiber repeatability is a test of the applicability
of the proposed procedure to obtain identical ionogel fibers. Here, the
obtained RSDs were between 12.1 % and
16.4 % for diazinon and phosalone, respectively. The performance of each
type of the obtained ionogel fiber began to decrease after c.a. 60
extraction/desorption cycles. Therefore, a total of 60 cycles was selected as

the lifetime of the fiber.

3.3. Real sample analysis

In the final stage of the evaluation of the developed ionic liquid - based
SPME fiber coatings, prepared fibers were utilized in real samples
extractions. The extraction of a set of organophosphorus insecticides was

performed from the headspace of water, cucumber and grapefruit samples.

The matrix effect was assessed on the basis of the change in
extraction efficiency depending on the degree of juice dilution. Four
dilutions were used, with the sample juice content being 50, 25, 10, and 1
% by volume. Additionally, extractions from the headspace of fresh juice
samples were performed. Experiments were performed under optimized
conditions. The determined dependences of the relative recovery for the
investigated insecticides as a function of the dilution of the original juice

samples are presented in the Figure 5 (grapefruit), and 6 (cucumber).
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Extraction results from water samples were used as the reference point. As
can be seen in both cases, the matrix effect is significant, where the
reduction of the extraction efficiency ranges from 20 to 60% and from 20
to 70% for grapefruit and cucumber juice, respectively. In the case of
cucumber juice with a juice content of 10%, only for chlorfenvinphos the
relative yield was lower than 90%. At the same time, achieving a similar RR
level for the grapefruit sample required a 100-fold dilution of the sample.
However, it can be expected that the influence of the matrix mostly
concerns the partitioning of the analytes between the sample and the
headspace. This assumption may be confirmed by the results published by

other authors, where various types of extraction coatings were used [25].
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Figure 5. Effect of diluting the samples with ultrapure water at different

dilution ratios (v/v) utilizing the IL-2 fiber for extraction of grapefruit juice.
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Figure 6. Effect of diluting the samples with ultrapure water at different

dilution ratios (v/v) utilizing the IL-2 fiber for extraction of cucumber juice.

3.4. Comparison with other pesticides determination
methods

The HS-SPME-GC-FID method was compared with the other previously
published methods to determine target organophosphorus insecticides in
water, cucumber, and grapefruit juice samples. Table 4 summarizes LOD,
RSD, R?, RR, extraction time, and type of extractant applied of several
analytical techniques investigated so far by scientists towards
determination of the selected insecticides. Table 4 includes analytical
procedures covering a wide range of extraction technique, and final
determination methods. Notably, LODs and RSD for the proposed method
were comparable or better with those of other methods. Additionally, there
is no significant difference also in R2 values. What is more, investigation of
a compiled procedures using a combination of SPE and DLLME with MS

detection allows gaining much lower LOD than described in this work.
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Based on the results, HS-SPME-GC-FID method is an easy, fast, sensitive,
and repeatable method that can be used towards determination of selected

insecticides in diverse matrices.
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Table 4. Comparison of the proposed HS-SPME-GC-FID method with other methods available in the literature,
dedicated to determination of investigated in this work insecticides.

Analyte Method Sample Real/ Extraction phase LOD RSD (%) Extraction Relative R? Ref.
standard! used (ug*L D time (min) recovery

Diazinon, Fenitrothion HS-SPME-GC- Apple and carrot  Real Ionogel [Set3, 001-095 2274 60 77-114 0.9108- [23]

FID juices C4C1Pip, and 0.9992
Set3/CsC1Pip]

Diazinon MSPE-DLLME-  Fruit, vegetable, Real FeaOs@SiO2@ph 0.26 5 2and 5 100-106 0.9988 [26]
GC-FID? and nectar

Diazinon CHLLE-DLLME- Fruit and Standard Di-iso-butyl amine 032 6 4 75-99 0.998 [27]
GC-FID? vegetable juices

Diazinon, Fenitrothion MSPE-GC-FID* Water and fruit Real KHA/FeiO4 0.07-0.14 6.5-8.1 5 89.3-973 0.9910- [28]

juices 0.9981

Fenitrothion, Diazinon SPME-DLLME- Water, honey, Standard CI18 0.0005- 04471 1 78-98 0.9941- [29]
GC-MS® orange and milk 0.001 0.9996

Paraoxon-ethyl MDCG-MS-DI- Peach, orange Real PA 65umwitha na. 0.37 60 na 0.9989 [30]
SPMES® and pineapple layer of

PDMS/DVB

Heptenophos, dimethoate, HS-SPME-GC- Water, Real Tonic liquid 001093 48101 70 85-118 0.9832- This

diazinon, paraoxon ethyl, FID cucumber and 0.9956 work

fenitrothion, grapefruit juice

chlorfenvinphos,

phosalone

1- The presented LOD values were calculated for real or standard samples (pure water) in the original articles.

2- Magnetic solid-phase extraction-dispersive liquid-liquid microextraction-gas chromatography-flame ionization detection.

3 - Continuous homogenous liquid-liquid extraction-dispersive liquid-liquid microextraction-gas chromatography-flame ionization detection.

4- Magnetic solid-phase extraction-gas chromatography-flame ionization detection.

5 - Solid-phase extraction-dispersive liquid-liquid microextraction-gas chromatography-mass spectrometry.
6- Multidimensional gas chromatography-mass spectrometry- direct injection- solid-phase microextraction.
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Conclusions

The HS-SPME GC-FID method was successfully applied to determine the
presence of selected organophosphorus insecticides in fruit and vegetable
samples. Four different IL-based fibers were investigated in this work
(IL-1; IL-2; IL-3; and IL-4). The IL-based fibers were obtained by the deep-
coating technique, which involved the immersion of glass fibers in a

mixture of K»SiOz and FA, in which the listed ILs were confined separately.

After optimizing the main extraction parameters of each fiber, the sums
of the total peak areas were compared. The SPME coating made with IL-2
exhibited the best extraction efficiency results. The research has shown
that the extraction efficiency can be influenced by the selection of IL.
Further, by selecting a different IL to be confined, it is possible to simply
and conveniently tune the required physicochemical properties of ILs,
depending on the class of substances to be extracted. The results indicated
that the total sum of the peak areas was higher for the proposed ionogel
fibers than for commercially available (PDMS and PA).
The ionogel coatings achieved promising results for their application as
extractants for SPME. Finally, the proposed ionogel fibers were employed
to analyze the insecticides in fresh apple and carrot juices. It was revealed
that the sample matrix could affect the extraction efficiency of SPME of

insecticides.
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Table S1. Physicochemical properties of the studied insecticides.

Compound Structure pKa value molecular CAS number logK,w
weight [g/mol]
heptenophos v G 2.72 250.61 23560-59-0 232
o =]
o
Rdag)
dimethoate HSC\D 7 0.78 2293 60-51-5 0.78
—F
A
H{C—0 5 }CHa
NH
Pa
diazinon "‘“CIC"" 311 304.35 333-41-5 3.30
'1 =N § ©H
H;CMC}/;{‘;&/ CHy
paraoxon ethyl U?'F‘\'OVCHS 1.98 275.19 311-45-5 1.98
o}
© )\CHQ
NO:
fenitrothion CHy n.a. 277.23 122-14-5 3.30
ON i S
i
R _CH
! \\0/ 3
O=ch,
chlorfenvinphos I o o 4.70 359.6 470-90-6 3.81
/@\/[o—‘r_"—o"“cn,
cl o OO
phosalone { 4.38 367.81 2310-17-0 4.38
~0 Pfs
V]
N
cn’@#o
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Figure S1. Mercury Intrusion Porosimetry: Plot of incremental intrusion vs.
pore size. The measurement was performed with the use of AutoPore IV
9500 V1.09 Micrometrics Instrument Corporation.

192


http://mostwiedzy.pl

/\/\ MOST WIEDZY Pobrano z mostwiedzy.pl

J——

"—,'Lw* POLITECHNIKA
& GDANSKA

WYDZIAL CHEMICZNY

Cumulative Intrusion vs Pore size
05
Pore size Diameter (um)

(B/w) uoisnuu| sAREINWND

Figure S2. Mercury Intrusion Porosimetry: Cumulative intrusion vs. pore
size. The measurement was performed with the use of AutoPore IV 9500
V1.09 Micrometrics Instrument Corporation.
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Table S2. Physicochemical properties of the studied ionic liquids.

Tonic liquid (IL) IL structure Acronym MW Tm Td d 1 CAS
of IL
1-Butyl-1- ; IL-1 4224 <=RT 360 1.40 95 2234
methylpyrrolidinium ’ 37-
bis(trifluoromethylsu 11-4
Ifonyl) imide
1-Benzyl-3- IL-2 208.6 <=RT 396 1.49 135 4333
methylimidazolium 9 37-
bis(trifluoromethylsu P . 24-7
Ifonyl)imide e .
1-(2-Methoxyethyl)- IL-3 4213 <RT 358 =na 469 1786
3-methylimidazolium A 4 31-
bis(trifluoromethylsu O 01-1
lfonyl) imide 4
X V=
T
Butyltriethyl i IL-4 3694 <=RT =22 1.39 99.5 2582
ammonium M~ 0 73-
bis(trifluoromethylsu o o 75-5
Ifonyl) imide e e,

iMW — molecular weight;

® T — melting point[°C]:

¢ Tq — decomposition temperature[°C]:
¢ d — density [g-em?]:

¢1) — viscosity [cP]:

CAS — CAS number
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Table S3. CCD plan and responses (sum of the peak areas), which were
obtained to extract the insecticides with the investigated IL-2 based fiber.

Salt
System  Extraction Equilibraton Temperature concentration Chromatographic
No (CCD) time [min] time [min) [*C] %] pH peak area
1 25 70 50 60 13 3468
2 20 70 20 60 13 7 0366
3 14 90 63 50 20 5 10935
4 13 90 63 50 10 9 9041
5 31O 70 50 60 13 7 2120
6 9 90 35 50 10 5 3965
7 32(C) 70 50 60 13 7 7921
S g 50 63 70 20 5 6416
9 30(C) 70 50 60 13 7 8745
10 7 50 63 70 10 9 4447
11 17 30 50 60 135 7 4474
12 36(C) 70 50 60 13 7 2133
13 1 50 35 50 10 9 3872
14  33(0) 70 50 60 13 7 2086
15 26 70 50 60 13 11 7439
16 29(C) 70 50 60 13 7 2201
17 22 70 50 80 13 7 9041
18 2 50 35 50 20 5 7370
19 19 70 20 60 13 7 0861
20 21 70 50 40 13 7 4971
21 12 90 35 70 20 5 0444
22 18 110 50 60 13 7 11432
23 28(0) 70 30 60 13 7 2631
24 34(0) 70 50 60 13 7 8742
25 35(0) 70 50 60 13 7 7987
26 13 90 63 70 10 5 10933
27 6 50 63 50 20 9 7099
28 4 30 35 70 20 9 8047
20 3 50 35 70 10 5 3064
30 16 90 63 70 20 9 11929
31 10 ] 35 50 20 9 69359
32 23 70 50 60 5 7 4474
33 11 ] 35 T0 10 9 8047
34 2T(C) 70 50 60 13 7 0341
3s 5 50 63 50 10 5 3067
36 24 70 50 60 25 7 12128
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Figure S3. Thermogravimetric curves of K;SiO3 + FA with IL as a
solid material of the fiber.
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Figure S4. Thermogravimetric analysis of pure ionic liquid, namely

1-Benzyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide.

196


http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

A\ MOST

POLITECHNIKA
@45 GDANSKA

WYDZIAL CHEMICZNY

(1)Extraction time(L) }
(4)Salt content(L) |
(3)Temperature(L) F

1L_2L ¢

pH(Q)

1L_4L
Temperature(Q) |
(2)Equilibration time(L) }
Equilibration time(Q)
(5)pH(L) |

2L 3L ¢

1L 3L

Extraction time(Q)
L4l
3L_5L

Salt content(Q)
1L_5L
4L 5L
2L 5L
2L 4L

S 0554

7899544 ]

|5.042606

|5.036445

|-3.01941

s
L ]-70976
- |e20448
S—
- ]-523409
F 1480683
E 4126422

1,99917

[F11096
548606
541907
p9917

R129
B79

H
B

H -.323327

|-367726

p=,05

Figure S5. Statistical significance of the effects of the extraction
parameters on extraction performance of the IL-based fiber:
standardized effect Pareto chart.
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oraz analizg rozwazanego tematu. Przygotowatam rozdzial 2 i 4 oraz wnioski.
Nadzorowatam prace nad artvkulem. Bralam udzial w korekcie manuskryptu
przed i po recenzji.
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Kloskowski, The new silica-based coated SPME fiber as universal support for
the confinement of ionic liquid as an extraction medium, Separation and
Purification  Technology (2020) 117411. Ql, IF 7.278, DOL
10.1016/j.seppur.2020.117411

Oswiadczam, ze mdj indywidualny wklad w ten artvkul obejmowal wykonanie
badan  oraz analize wynikow otrzymanych za pomocg Skaningowej
Mikroskopii Elektronowe;.
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10.1016/j.microc.2022.107392

Oswiadczam, e mdj indywidualny wkiad w ten artykul obejmowal analizg i
interpretacje wynikow uzyskanych metodg porozymetrii rigciowej.
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mgr inz. Karolina Delinska

225


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

e

POLITECHNIKA
GDANSKA

WYDZIAL CHEMICZNY

226


http://mostwiedzy.pl

