N
‘ ? Politechnika Wroctawska

DZIEDZINA: Nauki inzynieryjno-techniczne

DYSCYPLINA: Inzynieria Chemiczna

ROZPRAWA DOKTORSKA

Molekularnie wdrukowywane polimery jako sensory
selektywne wobec S-metolachloru

mgr Dominika Rapacz-Kinas

Promotor:
dr hab. inz. Joanna Wolska, prof. uczelni

Promotor pomocniczy:
dr hab. inz. Katarzyna Smolinska—Kempisty, prof. uczelni

Stowa kluczowe: polimery wdrukowane molekularnie, proces sorpcji, proces desorpcji, selektywnosc,
S—metolachlor, monitoring mikrozanieczyszczen

WROCLAW 2026



Skladam serdeczne podzi¢gkowania

Paniom Promotor dr hab. inz. Joannie Wolskiej oraz dr hab. inz. Katarzynie
Smolinskiej—Kempisty za po§wigcony czas, nieoceniong pomoc, merytoryczne rady
oraz cierpliwos¢. Dziekuje za stworzenie wyjatkowych mozliwosci do rozwoju,

a takze przekazang wiedze na kazdym etapie przygotowywania niniejszej pracy.

Zespotowi Katedry Inzynierii Procesowej 1 Technologii Materiatéw Polimerowych
1 Weglowych za wspoétprace w mitej 1 przyjaznej atmosferze.

Mgzowi, Mamie oraz Dziadkom za motywacje, ktora doprowadzita mnie do tego
momentu oraz wsparcie w realizacji zatozonych celow.



Spis tresci

1. Streszczenie W jeZyKu POISKIIM .........cocoiiiiiiiiiiiiii e 4
2. Streszczenie w jezyku angielSKim...............ocooiiiiiiiiiiiiiiee e 6
3. Wykaz publikacji wchodzacych w sklad rozprawy doktorskiej ...........c.ccocoeeveeieininnennen. 8
4. WyKaz stosowanych SKIOtOW.............coocooviiiiiiiiiiiicee e 10
5. WPEOWAAZEIMIE ...t s e e 12
5.1. Problem miKrozanieCZySZCZen. .............cccoceeriiriiniiiiiiiiieieenee e 12
5.2 Technika ekstrakcji do fazy stale]..............ccoooeeiiiniiiiiiiii e 12
5.3. Molekularnie wdrukowywane polmery...........cccccccoooiiriiiiniiiniiieiiee e 13
5.4. S-MetolaChlor ... 15
L O 1) T TP P ST TR 16
7. ZaKres DAdawCZy FOZPIAWY ........cocciiviiiiiiiiiiiiiiiii e 18

7.1. Aktualny stan wiedzy na temat polimeréw wdrukowywanych molekularnie w kierunku
S-metolachloru (PubliKacja P1) .........ccoociiiiiiiiiiiiiete ettt s 20

7.2. Dobér warunkéw polimeryzacji w syntezie blokowych polimeréw molekularnie
wdrukowywanych reagujacych na zmiany temperatury (Publikacja P2) ............................. 34

7.3. Optymalizacja warunkow dzialania kolumn SPE ze zlozem skladajacym si¢ z blokowych
polimeréw wrazliwych na zmiany temperatury (Publikacja P3).............coccooiiniiniininnene 45

7.4. Dobor warunkéw syntezy blokowych polimerow molekularnie wdrukowywanych
reagujacych na zmiany pH oraz ich zastosowanie jako selektywnych sorbentéw w kolumnach
SPE (PUDHKACHA P4) ..ottt ettt et ettt sate e sabeeesabeesabeesnnaeesabaeenns 57

7.5. OKkreslenie parametrow reakcji polimeryzacji czastek typu rdzen—otoczka z warstwa
polimeru z odciskiem molekularnym wrazliwego na zmiany temperatury oraz ich
zastosowanie do ekstrakcji w kolumnach SPE (Publikacja P5)..........cccccooiiiiniiinieiiniennnenn. 70

7.6. Dobor warunkow syntezy czastek typu rdzen—otoczka z warstwg polimeru z odciskiem
molekularnym wrazliwego na zmiany pH (Publikacja P6) ...............ccccoeviiiniiiniiiiiniiecnieeens 83

7.7. Zastosowanie sorbentow typu rdzen—otoczka z warstwa polimeru z odciskiem
molekularnym wrazliwego na zmiany pH jako zloza w kolumnach SPE, do oznaczania

S-metolachloru z prébek pochodzacych z akwenéw wodnych (Publikacja P7) ................... 97
8. Dyskusja wynikéw osiagnietych podczas realizacji pracy doktorskiej ..............ccccccenee. 117
9. Zrédia finANSOWANIA PIACY ............cveeeeceereeeeeeeeeeeeeseee e seesses e s ses s s s ss s saes s s nan 120
10. ZYCIOTYS NAUKOWY........oovieieeieceevesecee ettt eeses s sassesas et sassssessssessstesesessesasessenanessans 121

) B B 1S o 1) | o T 128



1. Streszczenie w jezyku polskim

Niniejsza rozprawa doktorska Molekularnie wdrukowywane polimery jako sensory
selektywne wobec S—metolachloru stanowi cykl siedmiu powigzanych tematycznie publikacji
naukowych 1 wypelia luk¢ w tematyce polimerow wdrukowywanych molekularnie
z powinowactwem do S—metolachloru. Przeprowadzony przeglad literatury wskazat, ze
w obszarze obejmujacym syntez¢ polimerow z odciskami molekularnymi selektywnymi wobec
herbicydéw w znikomym stopniu skupiono si¢ na projektowaniu tzw. ,,inteligentnych” (ang.
»smart’) sorbentdw zgodnie z koncepcja ,,zielonego wdrukowania molekularnego.

Ciagly rozwoj cywilizacyjny oraz technologiczny stale przyczynia si¢ do zwigkszania
stopnia zanieczyszczenia Srodowiska oraz pogorszania stanu jako$ci wod. W wodach moga by¢
obecne szkodliwe substancje, takie jak leki, metale cigzkie, herbicydy, czy detergenty. Zwiazki
te bardzo czesto wystepuja w $ladowych ilo$ciach, nawet w stezeniach rzedu ng x L', co
sprawia, ze tradycyjne metody analityczne moga okaza¢ si¢ niewystarczajaco czule,
a w konsekwencji tego — badana probka wody moze wydawaé si¢ pozornie czysta. Dlatego
kluczowy jest etap przygotowania probki do analizy. W ostatnich latach polimery
wdrukowywane molekularnie sg szeroko wykorzystywane w chemii analitycznej, ze wzgledu
na wysoce selektywna mozliwo$¢ wigzania czasteczki wybranego analitu. Te syntetyczne
sorbenty nasladujg naturalnie wyst¢pujace enzymy, a mechanizm ich dziatania mozna opisac
za pomocg znanego modelu zamka i1 klucza. Podczas syntezy na powierzchni matrycy polimeru
tworzone sg specyficzne miejsca wigzace, ktore sg komplementarne ksztattem, rozmiarem oraz
obecnoscig grup funkcyjnych do czasteczki docelowego analitu, podobnie jak konkretny klucz
pasuje do wlasciwego zamka.

Majac na uwadze duze koszty analizy, zwigzane z koniecznos$cig posiadania drogiej
aparatury pomiarowe] oraz zatrudnienia wysoce wykwalifikowanego personelu, a takze
trudnos$ci w oznaczeniach rzeczywistego stezenia danego zwigzku, celem rozprawy doktorskiej
byla synteza ,inteligentnych” molekularnie wdrukowywanych polimerow, selektywnych
wobec S—metolachloru, otrzymanych zgodnie z koncepcja tak zwanej ,.zielonej chemii’.
W ramach realizacji niniejszej pracy otrzymano cztery rodzaje materialow: blokowe polimery
z odciskiem molekularnym reagujace na zmiany temperatury lub pH oraz sorbenty typu rdzen—
otoczka z warstwg molekularnie wdrukowanego polimeru, wykazujacego odpowiedZ na
zmiane¢ temperatury lub pH. Najistotniejszym zadaniem byto opracowanie sktadu mieszaniny
reakcyjnej. Dobor odpowiednich monomeréw funkcyjnych, majacych powinowactwo do
czasteczki wzorca, umozliwiajacy utworzenie stabilnych komplekséw prepolimeryzacyjnych,
a takze wyselekcjonowanie $rodka sieciujacego 1 inicjatora reakcji oraz ustalenie wzajemnego
stosunku molowego reagentow stanowily kluczowe zadanie. Wybor byl o tyle trudny, iz
ograniczal si¢ do zwigzkéw chemicznych rozpuszczalnych w wodzie, ktéra zostala
wykorzystana jako porofor. Dodatkowo, mimo szerokiego zastosowania S—metolachloru
w opryskach przeznaczonych do zwalczania chwastéw, jego ograniczona rozpuszczalno$¢
w wodzie stanowita duze wyzwanie w przygotowaniu odpowiedniego st¢zenia wzorca.

W celu charakterystyki zsyntetyzowanych materiatow przeprowadzono badania
kinetyki oraz izoterm sorpcji, a otrzymane dane dopasowano do odpowiednich modeli.



Zoptymalizowano warunki sorpcji oraz desorpcji, zarOwno w trybie statycznym, jak
1 dynamicznym — na kolumnach do ekstrakcji do fazy statej. W celu weryfikacji skutecznosci
dziatania polimerdéw, proces sorpcji z powodzeniem przeprowadzono na prdobkach
rzeczywistych, pochodzacych z rzeki oraz ze stawu, znajdujacych si¢ w poblizu upraw
kukurydzy. Sorbenty analizowano réznymi technikami badawczymi, wykorzystano, m.in.:
spektroskopi¢ w  podczerwieni, skaningowa mikroskopi¢ elektronows, analize
termograwimetryczng oraz technik¢ dynamicznego rozpraszania swiatta, a takze porozymetri¢
1 chtonnos$¢ wody.

Wyniki otrzymane w ramach realizacji rozprawy doktorskiej stanowig istotny wktad
w rozwoj badan nad synteza i1 charakterystyka ,,inteligentnych” polimerow z odciskiem
molekularnym selektywnych wobec S—metolachloru. Zaprojektowanie warunkéw reakcji
zgodnie z koncepcjq ,zielonej chemii” — bez strat energii oraz w medium wodnym, a takze
stworzenie samoregenerujacych si¢ materiatow, zdolnych do kilkukrotnego wykorzystania,
wpisuje si¢ w zasady ,,greenification” dotyczace ,,zielonego” wdrukowywania molekularnego
oraz przyczynia si¢ do promowania ekologicznych 1 zrownowazonych technologii. Dalsze
plany badawcze zostana rozszerzone o nowe sorbenty o specyficznej selektywnosci
w stosunku do okre§lonych herbicydéow w celu opracowania multifunkcyjnej kolumny SPE.



2. Streszczenie w jezyku angielskim

The present doctoral dissertation Molecularly imprinted polymers as sensors selective to
S—metolachlor comprises a series of seven thematically related scientific publications, thereby
filling a gap in the field of molecularly imprinted polymers with affinity for S—metolachlor.
A review of the literature revealed a lack of attention devoted to the design of “smart” sorbents
in the field of synthesising molecularly imprinted polymers selective to herbicides, in
accordance with the concept of “green molecular imprinting”.

Continuous civilisational and technological development constantly contributes to
increasing environmental pollution and deteriorating water quality. Harmful substances such as
medicines, heavy metals, herbicides and detergents may be present in water. These compounds
are very often found in trace amounts, even in ng x L, which means that traditional analytical
methods may not be sensitive enough and, as a result, the water sample tested may appear to be
clean. Therefore, the stage of preparing the sample for analysis is crucial. In recent years,
molecularly imprinted polymers have been widely used in analytical chemistry due to their
highly selective ability to bind molecules of a selected analyte. These synthetic sorbents mimic
naturally occurring enzymes, and their mechanism of action can be described using the well—-
known lock and key model. During synthesis, specific binding sites are created on the surface
of the polymer matrix, which are complementary in shape, size and functional groups to the
target analyte molecule, just as a specific key fits into the right lock.

Considering the high costs of analysis, associated with the need for expensive measuring
equipment and highly qualified personnel, as well as the difficulties in determining the actual
concentration of a given compound, the aim of the doctoral dissertation was to synthesise
molecularly imprinted polymers that are selective for S—metolachlor, obtained in accordance
with the concept of so—called “green chemistry”. As part of this work, four types of materials
were obtained: block molecularly imprinted polymers that react to changes in temperature or
pH, and core—shell sorbents with a layer of molecularly imprinted polymer that respond to
changes in temperature or pH. The most important task was to develop the composition of the
reaction mixture. The selection of appropriate functional monomers with affinity for the
template molecule, enabling the formation of stable pre—polymerisation complexes, as well as
the selection of a cross—linking agent and reaction initiator and the determination of the molar
ratio of the reagents were key tasks. The choice was difficult because it was limited to chemical
compounds soluble in water, which was used as a porophore. In addition, despite the
widespread use of S—metolachlor in weed control sprays, its limited solubility in water posed
a major challenge in preparing the appropriate concentration of the template.

In order to characterise the synthesised materials, sorption kinetics and isotherms were
studied, and the data obtained were fitted to appropriate models. Sorption and desorption
conditions were optimised, both in static and dynamic modes, on solid phase extraction
columns. In order to verify the effectiveness of the polymers, the sorption process was
successfully carried out on real samples, also taken from a river and a pond located near corn
fields. The sorbents were analysed using various research techniques, including infrared



spectroscopy, scanning electron microscopy, thermogravimetric analysis, dynamic light
scattering, porosimetry and water absorption.

The results obtained in the doctoral thesis constitute a significant contribution to the
development of research on the synthesis and characterisation of “smart” polymers with
a molecular imprint selective for S—metolachlor. The design of reaction conditions in
accordance with the concept of “green chemistry” — without energy loss and in an aqueous
medium — as well as the creation of self—cleaning materials capable of repeated use, is in line
with the principles of “greenification” concerning ‘“green” molecular imprinting and
contributes to the promotion of environmentally friendly and sustainable technologies. Further
research plans will be expanded to include new sorbents with specific selectivity towards
specific herbicides to create multifunctional SPE columns.



3. Wykaz publikacji wchodzacych w sklad rozprawy doktorskiej

Rozprawa doktorska zatytutowana Molekularnie wdrukowywane polimery jako sensory
selektywne wobec S-metolachloru stanowi cykl 7 zaprezentowanych publikacji
opublikowanych w czasopismach wyszczegolnionych na liscie czasopism punktowanych
Ministerstwa Nauki 1 Szkolnictwa Wyzszego (MNiSW). Sumaryczny wspdtczynnik Impact
Factor zgodny z rokiem opublikowania wynosi 38.4, natomiast punktacja MNiSW jest rowna
820.

P1: Rapacz D*, Smolinska—Kempisty K, Wolska J. Progress in development and the current
state of the art depending on the polymerization environment — Short review. Journal of
Environmental Chemical Engineering. 2024, vol. 12, nr 2, art. 112159, s. 1-12.
https://doi.org/10.1016/].jece.2024.112159.

Impact Factor: 7.2.

Punktacja MNiSW: 100 pkt.
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polymers synthesized in an aqueous medium as S—metolachlor sensitive materials. Talanta.
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Impact Factor: 6.1.
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P3: Rapacz D*, Smolinska—Kempisty K, Wolska J. Preparation and characterization of SPE
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Impact Factor: 3.9.

Punktacja MNiSW: 140 pkt.
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https://doi.org/10.1016/j.jwpe.2025.107980.

Impact Factor: 6.7.

Punktacja MNiSW: 100 pkt.

PS: Rapacz D*, Smolinska—Kempisty K, Wolska J. Eco friendly core—shell particles coated
with molecularly imprinted polymers for S—metolachlor recognition and separation. Analytica
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Impact Factor: 6.0.

Punktacja MNiSW: 100 pkt.
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polymer for selective recognition and detection of S—metolachlor in aqueous samples. Scientific
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4. Wykaz stosowanych skrotow

2,4-D
2,4-DCP
AA

AAc
APS
ATR
COD

CS
CS-MIP

CS-NIP

DAD
DLS
GLY
HPLC

IF
IR
LCST

MBAA
MIP

MF

NIP
NIPAM
PAAc
PE
PNIPAM
PVC

kwas 2,4—dichlorofenoksyoctowy (ang. 2,4—dichlorophenoxyacetic acid)
2,4—dichlorofenol (ang. 2,4—dichlorophenol)

akrylamid (ang. acrylamide)

kwas akrylowy (ang. acrylic acid)

nadsiarczan amonu (ang. ammonium persulfate)

atrazyna (ang. atrazine)

chemiczne zapotrzebowanie na tlen (ang. chemical oxygen demand)
rdzien—otoczka (ang. core—shell)

polimery wdrukowane molekularnie typu rdzen—otoczka (ang. core—shell
molecularly imprinted polymers)

polimery bez odcisku molekularnego typu rdzen—otoczka (ang. core—shell
molecularly non—imprinted polymers)

detektor z matrycg diodowa (ang. diode array detector)
dynamiczne rozpraszanie §wiatta (ang. dynamic light scattering)
glifosat (ang. glyphosate)

wysokosprawna chromatografia cieczowa (ang. high—performance liquid
chromatography)

wspotczynnik wdrukowania (ang. imprinting factor)
spektroskopia w podczerwieni (ang. infrared spectroscopy)

dolna krytyczna temperatura rozpuszczania (ang. lower critical solution
temperature)

N,N'-metylenobis(akrylamid) (ang. N,N'-Methylenebis(acrylamide))
polimery wdrukowane molekularnie (ang. molecularly imprinted polymers)
mikrofiltracja (ang. microfiltration)

polimery bez odcisku molekularnego (ang. non—imprinted polymers)
N—izopropyloakryloamid (ang. N—isopropylacrylamide)

poli(kwas akrylowy) (ang. poly(acrylic acid))

polietylen (ang. polyethylene)

poli(N—izopropyloakryloamid) (ang. poly(N—isopropylacrylamide))
poli(chlorek winylu) (ang. poly(vinyl chloride))

10



RAM
Re

RT
SEM
SMCh
SPE

TEMED

TGA
TOC
UF

materialy o ograniczonym dostgpie (ang. restricted access media)
wspolczynnik regeneracji (ang. regeneration factor)

temperatura pokojowa (ang. room temperature)

skaningowa mikroskopia elektronowa ( ang. scanning electron microscopy)
S—metolachlor (ang. S—metolachlor)

ekstrakcja do fazy statej (ang. solid phase extraction)

N,N,N',N'-tetrametyloetylenodiamina (ang. N,N,N',N'—
tetramethylethylenediamine)

analiza termograwimetryczna (ang. thermogravimetric analysis)
catkowity wegiel organiczny (ang. total organic carbon)

ultrafiltracja (ang. ultrafiltration)
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5. Wprowadzenie

5.1. Problem mikrozanieczyszczen

Pierwsze badania dotyczace zanieczyszczenia wody przeprowadzono juz na poczatku
XIX wieku 1 byly one spowodowane pojawieniem si¢ réznych chordb $miertelnych
przenoszonych przez te medium. Zaobserwowano, ze spozywanie wody o duzym poziomie
zanieczyszczenia, powoduje  wzrost liczby zgondw  wywotanych  chorobami
rozprzestrzenianymi przez wode. Poczatkowe proby uzdatniania wody, obejmujace
wprowadzenie chloru w polaczeniu z filtracja, miaty na celu wyeliminowanie patogenow
bakteryjnych [1-2]. Z kolei postep technologiczny oraz rozwo6j cywilizacyjny doprowadzity do
produkcji ogromnych ilo$ci substancji organicznych, ktére zanieczyszczaty zasoby wodne
1 przyczynity si¢ do obnizenia jako$ci wod [3-4]. Migracja tych niebezpiecznych zwigzkow
chemicznych, przez rozne media, w tym wodg, moze stanowi¢ zagrozenia dla zdrowia 1 zycia
ludzi oraz innych gatunkoéw, a takze powoduje zanieczyszczenie srodowiska [5]. W wodach
identyfikowane sg réznorodne substancje, takie jak leki, narkotyki, surfaktanty, kosmetyki,
metale ciezkie, czy $rodki ochrony roslin (herbicydy, pestycydy i fungicydy) [6-7]. Zwiazki te
tworzg tak zwane ,koktajle chemiczne”, w ktorych stezenia substancji czg¢sto znajduja sie
w zakresie od ng x L' do pg x L!, co niejednokrotnie jest ponizej ich granic wykrywalnosci
[8-9]. Analiza probek srodowiskowych czesto jest skomplikowang procedura, wymagajaca
wykonania wielu krokow. Natomiast doktadno$¢ tych badan nie zalezy jedynie od uzytego
aparatu pomiarowego, ale réwniez od wszystkich etapow wykonanych wczesniej [10].
Najczgsciej do oznaczen wykorzystywane sg tradycyjne techniki analityczne, takie jak
chromatografia gazowa, chromatografia cieczowa czy spektrometria mas oraz techniki
sprzezone bedace ich potaczeniem [11]. Metody te charakteryzuja si¢ duzg czutoscia, niskim
limitem detekcji oraz dobrg powtarzalno$cig. Jednakze poza wieloma zaletami, posiadajg
roOwniez ograniczenia. Wymagajg obstugi przez wysoko wykwalifikowany personel, a analiza
oraz obrobka danych sg czasochlonne [11-12]. Ponadto podczas analizy ztozonych probek
srodowiskowych moga pojawiaé si¢ interferencje od pozostalych zwiazkéw obecnych
W matrycy, co moze znaczaco utrudni¢ badanie [13]. Dlatego tak wazny jest etap wstgpnego
przygotowania probki do analizy. Posrod metod przygotowania oraz wzbogacania probek
wyrdznia si¢ migdzy innymi: ekstrakcje ciecz—ciecz, ekstrakcje do fazy statej, mikroekstrakcje
do fazy statej 1 liofilizacje [14].

5.2 Technika ekstrakcji do fazy stalej

Technika ekstrakcji do fazy statej jest skuteczng, szeroko stosowana, metoda
przygotowania probki, umozliwiajaca zaré6wno usunigcie zwigzkow zakldcajacych, jak
1 zatezenie pozadanego analitu oraz oznaczenie mikrozanieczyszczen w ztozonych matrycach
[15]. W technice SPE anality sg rozdzielane pomiedzy fazg stala (sorbent) a faze ciekla,
1 powinny wykazywa¢ wigksze powinowactwo do sorbentu niz do matrycy probki.
Odpowiednio dobrane zloze pozwala kontrolowac selektywno$¢ poprzez interakcje migdzy tym
sorbentem, a grupami funkcyjnymi analitow. Wsréd tradycyjnych zi6z w metodzie SPE
wyroznia si¢ chemicznie zwigzane krzemionki, materialy na bazie wegla oraz materiaty
jonowymienne. Najpopularniejszymi wypeklnieniami do SPE sa te na bazie krzemionki
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z organiczng grupg C18 lub C8, uzywane do adsorpcji zwigzkéw niepolarnych lub stabo
polarnych. Jednakze ich ograniczeniem jest mozliwa obecno$¢ resztkowych grup silanowych
i niestabilno$¢ w ekstremalnych wartosciach pH [16-17]. Z kolei ztoza na bazie wegla posiadaja
zdolnos¢ adsorpcji zard6wno zwigzkoéw niepolarnych, jak i polarnych. Ponadto cechujg si¢ one
odpornoscig na wysokie temperatury oraz sg odporne na ekstremalne wartosci pH. Jednakze
czasami problematyczna moze okaza¢ si¢ elucja analitu ze zloza, spowodowana
nieodwracalnym zwigzaniem czasteczki zwigzku przez sorbent [18-19]. W chromatografii
jonowymiennej, mechanizm rozdzielania opiera si¢ o sorpcj¢ i desorpcje obdarzonych
fadunkiem elektrycznym fragmentow fazy stacjonarnej oraz przeciwnie natadowanych
czasteczek analitu. Jednakze wymiana jonow odbywa si¢ na podstawie ich tadunku oraz
wielko$ci, co sprawia, ze separacja nie jest selektywna [20-21]. Mimo, ze poczatek historii
techniki SPE sigega lat 40. XX wieku, metoda ta w dalszym ciggu stanowi fundamentalny
element przygotowania probek [22]. Jednak, aby zapewni¢ selektywne wigzanie docelowych
zwigzkow chemicznych ze zlozonych matryc, technika SPE zostala ulepszona poprzez
wprowadzenie sorbentow o duzym powinowactwie do analitu, takich jak materialy
o ograniczonym dostgpie (RAM), immunosorbenty, oraz polimery molekularnie wdrukowane
(MIP) [17].

5.3. Molekularnie wdrukowywane polimery

Rysunek 1. Modelowe oddzialywanie czasteczki S-metolachloru z monomerami funkcyjnymi
oraz $rodkiem sieciujagcym na podstawie algorytmu Leapfrog dostgpnym na oprogramowaniu
SYBYL 7.3.

Polimery wdrukowane molekularnie stanowig klas¢ materialow syntetycznych, szeroko
wykorzystywanych w chemii analitycznej, posiadajagcych bardzo wysoko selektywne
mozliwos$ci rozpoznawania, ktore nasladujg naturalne interakcje przeciwciato—antygen [23-24].
Polimery te sg syntezowane w wyniku reakcji polimeryzacji monomerdéw funkcyjnych, srodka
sieciujgcego oraz czasteczki szablonu. W kolejnym kroku wdrukowane czasteczki analitu sg
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usuwane z matrycy polimeru za pomoca odpowiednich metod. W ten sposob tworzone s3
swoiste wneki ,,rozpoznawcze”, ktore sa w petni komplementarne ksztattem, rozmiarem oraz
obecnoscig grup funkcyjnych do analitu docelowego. Proces ,,odciskania” molekularnego
nadaje tym polimerom wyjatkowg selektywno$¢ oraz powinowactwo do czasteczek
docelowych, co czyni je niezwykle skutecznymi narzedziami w réznorodnych zastosowaniach
analitycznych [25-26]. W procesach sorpcyjnych z wykorzystaniem MIPOw wyrdznia si¢ trzy
gtowne rodzaje oddzialywan: kowalencyjne, nieckowalencyjne i potkowalencyjne. Wszystkie
opieraja si¢ na rozpoznawaniu molekularnym, zachodzagcym migdzy czasteczkami docelowymi
a monomerami funkcyjnymi. W latach 70. XX wieku opisano strategie odciskania
kowalencyjnego, natomiast techniki wigzania niekowalencyjnego zostaly wprowadzone
w latach 90. XX wieku przez Klausa Mosbacha et al. [23]. Jednakze sposrod wszystkich tych
opcji, podejscie niekowalencyjne jest wykorzystywane najczesciej, ze wzgledu na
odwracalno$¢ oraz ,,elastyczne” wlasciwo$ci ponownego wigzania [27].

Z uwagi na wzrastajaca globalng $wiadomo$¢ i odpowiedzialnos¢, promowane jest
programowanie nowoczesnych technologii w kierunku bardziej ekologicznych rozwigzan.
Dlatego w ostatnich latach ogromng uwage skupia si¢ na tzw. ,zielonych” polimerach
molekularnie wdrukowanych, syntezowanych zgodnie z zatozeniami ,zielonej chemii”.
Ekologiczne zasady projektowania technologii MIP6w okreslane sa za pomocag akronimu
»greenification”. Koncepcja ta opiera si¢ miedzy innymi o generowanie minimalnych ilosci
odpadéw, kontrolowang polimeryzacje prowadzong bez strat energii oraz zastgpienie
organicznych porogenow 1 rozpuszczalnikow medium wodnym. Ponadto do wytycznych naleza
roOwniez:  wielokrotne  wykorzystanie tych  samych  sorbentow, projektowanie
samooczyszczajacych si¢ MIPOw, optymalizacja syntezy poprzez modelowanie obliczeniowe,
a takze stosowanie nieszkodliwych reagentow oraz zwigkszone bezpieczenstwo operatora.
Jednakze, mimo wielu trendéw wspierajacych ,,zielong chemie” w celu poprawy ludzkiego
zdrowia, ochrony $rodowiska 1 zwiekszenia zrOwnowazonego rozwoju, w dalszym ciggu jest
ona stosowana niezbyt powszechnie [13, 28-29].

Naukowcy od lat inspirujg si¢ naturg i starajg si¢ stworzy¢ materialy, ktore moga zmieniaé
swoja strukture w zaleznosci od sytuacji, podobnie jak zachowuja si¢ organizmy zywe, aby
przetrwa¢ w $rodowisku [30]. Polimery wykazujace odpowiedZz na bodzce, ulegajace
odwracalnym, fizycznym lub chemicznym zmianom swoich wlasciwosci, w wyniku
niewielkich zmian $rodowiskowych, okres$lane sg mianem ,inteligentnych” polimerow.
Materialy te moga reagowac na jeden lub wiele bodZzcow jednoczesnie. Wsrdd czynnikow
stymulujacych polimery wyr6znia si¢ miedzy innymi: temperaturg, pH, natezenie swiatla, czy
pole elektryczne lub magnetyczne [31-32]. Ze wzglgedu na ogromny potencjal, ten rodzaj
polimeréw wykorzystywany jest rowniez do syntezy MIPow [33].

N-izopropyloakryloamid jest najczesciej stosowanym monomerem do syntezy
»termoczutych” polimeréw. Odpowiedz poli(N—izopropyloakryloamidu) (PNIPAM) na zmiang
temperatury, przypisuje si¢ wlasciwosciom zwigzanym z dolng krytyczng temperatura
rozpuszczania (LCST) [34]. W czasteczce poli(N-izopropyloakryloamidu) obecne s3
hydrofilowe grupy amidowe oraz hydrofobowe grupy izopropylowe. Ponizej LCST, ktora dla
PNIPAMu jest rowna 32°C, grupy amidowe tworzg wigzania wodorowe z czgsteczkami wody,
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w wyniku czego polimer pecznieje i jest rozpuszczalny w wodzie. Natomiast, gdy temperatura
jest wyzsza niz LCST, nastepuje zwigkszenie oddziatywan hydrofobowych i zerwanie wigzan
wodorowych. Wéwczas zachodzi przemiana fazowa, w wyniku ktorej PNIPAM wypada
z roztworu, a klarowny roztwér zmienia si¢ w mleczng zawiesing [33, 35-36].

Szeroko opisywanym przyktadem materialu wrazliwego na zmiane pH jest poli(kwas
akrylowy). Przy niskim pH grupy karboksylowe sa protonowane, dominujg oddziatywania
hydrofobowe, co prowadzi do zmniejszenia objetosci polimeru. Przejscie konformacyjne
kwasu poli(akrylowego), ze skondensowanego ksztaltu kulistego do rozluznionej formy,
rozpoczyna si¢ w pH okoto 4,5-5. Wowczas grupy karboksylowe zaczynajg dysocjowaé na
jony karboksylanowe, co powoduje wigksza gestos¢ tadunku w polimerze i jego pgcznienie
[37-39]. Warto zauwazy¢, ze mechanizm dziatania ,inteligentnych” polimeréw moze
jednoczes$nie stanowi¢ metod¢ odzysku analitéw zaadsorbowanych przez polimery z odciskiem
molekularnym. Mechanizm samoregeneracji materiatow, odbywa si¢ bez uzycia szkodliwych
dla srodowiska rozpuszczalnikéw organicznych, wpisujac si¢ rowniez w zatozenia ,,zielonej”
chemii, czynigc te polimery, materialami przyjaznymi dla srodowiska [8, P3-P5, P7].

Polimery molekularnie wdrukowane, syntezowane za pomocg tradycyjnej metody
polimeryzacji w masie, pomimo duzej stabilno$ci fizycznej oraz chemicznej, wytrzymatosci
mechanicznej, prostoty przygotowania, a takze matych kosztow syntezy, wykazuja rowniez
pewne wady. Ich ograniczeniami jest nieregularna morfologia powierzchni, glgboko osadzone
wneki, nieréwnomierny rozktad miejsc wigzacych oraz wolniejsza kinetyka ponownego
wigzania. Zwigkszenie wydajnosci MIPO6w mozna osiagng¢ za pomoca struktury rdzen—
otoczka, gdzie materialowy rdzen jest pokryty warstwa polimeru molekularnie wdrukowanego.
Strategia ta zapewnia rownomierny rozktad miejsc wigzacych oraz ich zwigkszong dostepnos¢,
a takze szybsze 1 wydajniejsze usuwanie oraz ponowne wigzanie czasteczek analitu, co skraca
czas analizy [27, 40-42].

5.4. S-metolachlor

S—metolachlor jest jednym z herbicydow powszechnie wykorzystywanych do zwalczania
chwastow trawiastych 1 szerokolistnych, miedzy innymi w uprawie kukurydzy, soi,
stonecznika, ziemniakéw i pomidorow [43-44]. Substancja czynna S—metolachloru jest
stosunkowo dobrze rozpuszczalna w wodzie (488 mg x L!) [45] oraz absorbowana przez
czastki gleby. Nastepnie czasteczki S—metolachloru moga by¢ wyplukiwane do wod
powierzchniowych i1 podziemnych, a ze wzgledu na stosunkowo dlugi okres pottrwania
w wodzie (ponad 200 dni) oraz w glebie (nawet do 70 dni), moga stanowi¢ zagrozenie dla
zdrowia ludzi 1 zwierzat oraz dla Srodowiska [46-47]. Metolachlor jest czasteczka chiralng
1 wystepuje w postaci dwoch izomerow: R 1 S. Jednakze izomer S jest prawie zawsze stosowany
w srodkach ochrony ro$lin, poniewaz ma wigkszg aktywno$¢ herbicydowsa [43]. Zbadano, ze
S—metolachlor jest sze$ciokrotnie bardziej skuteczny w zwalczaniu chwastow niz R—
metolachlor [48]. To sprawilo, ze pierwotnie wprowadzony na rynek w 1976 roku produkt
racemiczny, jest zastgpowany S-metolachlorem [49-50].
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6. Cel pracy

W niniejszej rozprawie doktorskiej tak zwane ,,inteligentne” polimery wdrukowane
molekularnie z powinowactwem do S—metolachloru, syntetyzowane zgodnie z koncepcja
»zielonej chemii” stanowity gldwny cel prowadzonych badan. Podj¢cie tej tematyki badawczej
bylo umotywowane migdzy innymi faktem, ze do 2024 roku nie istniata publikacja naukowa
opisujgca tzw. ,zielone” polimery molekularnie wdrukowane selektywne wobec
S—metolachloru. Otrzymano cztery rodzaje sorbentéw: molekularnie wdrukowane
polimery blokowe wykazujace odpowiedz na zmian¢ temperatury lub pH, oraz sorbenty
typu rdzen—otoczka z naniesiona warstwa molekularnie wdrukowanego polimeru
wrazliwego na temperature lub pH, selektywne wobec S—metolachloru. Zarys rozprawy
doktorskiej zostat przedstawiony w formie graficznej na Rysunku 2.

.'b monomery funkcyjne
rdzen 5 % czasteczki S-metolachloru
K2 # ™  czasteczki innych
f X zwiazkow chemicznych
wiazanie | | usuwanie
S-metolachloru! j S-metolachloru i
) ;
/ \
(e )
o i P
rdzen :
budowa czastki
rdzen-powloka

aplikacja wymywanie AT/ApH detekgja/
—_— —_—
roztworu regeneracia
‘ v
n: Al
-
- v
* v
budowa blokowego polimeru o TOEWRE : TEEAWE
molekularnie wdrukowanego mikrozanieczyszczen S-metolachloru

Rysunek 2. Schematyczne przedstawienie zakresu rozprawy doktorskie;j.

Glowne cele badawcze obejmowaty:

1) Otrzymanie molekularnie wdrukowanych polimeréw blokowych, reagujacych na
zmian¢ temperatury lub pH, selektywnych wobec S—metolachloru; w tym doboér
odpowiednich reagentow: monomeréw funkcyjnych, S$rodka sieciujgcego oraz
poroforu, majacych powinowactwo do S-metolachloru i spehliajgcych zalozenia
»zielonej chemii” oraz optymalizacja warunkow reakcji.
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2)

3)

4)

5)

6)

Opracowanie ,,zielonych” sorbentdw typu rdzen—otoczka, wykazujacych odpowiedz na
zmian¢ temperatury lub pH. Wyselekcjonowanie sktadu mieszaniny reakcyjnej oraz
warunkoéw syntezy.

Zbadanie procesu adsorpcji S—metolachloru na polimerach blokowych oraz materiatach
typu rdzen—otoczka pod wzglgdem selektywnosci, kinetyki oraz izoterm sorpcji.
Zaprojektowanie warunkéw sorpcji herbicydu na wszystkich rodzajach sorbentow
w trybie statycznym, a takze procesu sorpcji i desorpcji w trybie dynamicznym
z wykorzystaniem kolumn typu SPE.

Przetestowanie skutecznosci otrzymanych materialbw w zakresie wykrywania
1 oznaczania stezenia S—metolachloru w probkach rzeczywistych.

Charakterystyka wlasciwosci  fizyko—chemicznych sorbentdéw m.in. poprzez
wykorzystanie metody spektroskopii w podczerwieni, obrazowania skaningowym
mikroskopem elektronowym, analizy termograwimetrycznej, czy techniki
dynamicznego rozpraszania §wiatla.
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7. ZaKres badawczy rozprawy

Schemat rozprawy doktorskiej

'd N\

blokowe polimery molekularnie czastki typu rdzen-otoczka z warstwg
wdrukowane selektywne wobec molekularnie wdrukowanego polimeru
S-metolachloru selektywne wobec S-metolachloru
reagujace na zmiang reagujace na zmiang wrazliwe na zmiang wrazliwe na zmiang
temperatury pH temperatury pH
(P2, P3) (P4) (P5) (P6. PT)

T

Rysunek 3. Schemat rozprawy doktorskiej.

Na rozprawg doktorska sktada si¢ siedem publikacji, w tym jedna praca przegladowa oraz
sze$¢ prac badawczych, opublikowanych w recenzowanych czasopismach naukowych.

Artykut przegladowy P1 opisuje problem mikrozanieczyszczen wod oraz trudnosci, ktore
pojawiaja si¢ podczas oznaczen analitow ze ztozonych probek srodowiskowych. Ponadto
w pracy przedstawiona zostata luka w literaturze naukowej dotyczaca syntezy polimerow
wdrukowanych molekularnie selektywnych wobec herbicydow zgodnie z koncepcja tak zwane;j
»zielonej chemii”. Szczegoblnie istotny byt fakt, iz, do 2024 roku nie istniata ani jedna publikacja
opisujaca polimery z odciskiem molekularnym selektywne wobec S—metolachloru,
syntezowane w §rodowisku wodnym, co podkresla innowacyjnos$¢ prowadzonych badan.

Drugi artykut P2 przedstawia blokowy polimer wdrukowany molekularnie, selektywny
wobec S—metolachloru, wrazliwy na temperaturg, otrzymany zgodnie z zalozeniami tak zwanej
»zielonej chemii”. Ponadto opisuje dopasowanie procesu sorpcji do odpowiednich modeli
izoterm, a takze charakterystyke IR oraz SEM otrzymanych sorbentow.
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Trzecia publikacja P3 skupia si¢ na zastosowaniu otrzymanego polimeru blokowego
wrazliwego na temperature jako ztoza w kolumnach typu SPE oraz charakteryzuje kinetyke
sorpcji. W pracy opisana zostata optymalizacja warunkdéw sorpcji oraz regeneracji ztoza
w trybie dynamicznym, na kolumnach SPE.

Czwarty manuskrypt P4 przedstawia tak zwane ,zielone” blokowe molekularnie
wdrukowane polimery selektywne wobec S—metolachloru, reagujace na zmian¢ pH.
W publikacji przedstawione zostalo dopasowanie do modeli kinetyki oraz izoterm sorpcji,
charakterystyka IR i SEM zsyntezowanych polimerdéw, oraz ich zastosowanie jako ztoze
w kolumnach typu SPE.

Piaty artykul PS opisuje tak zwane ,zielone” sorbenty typu rdzen—otoczka selektywne
wobec S—metolachloru, wykazujace odpowiedZ na zmiang temperatury. W publikacji
przedstawione zostato dopasowanie kinetyki oraz izoterm sorpcji do odpowiednich modeli,
optymalizacja warunkoéw sorpcji 1 desorpcji na kolumnach typu SPE, oraz charakterystyka IR
1 SEM otrzymanych sorbentow.

Szésta publikacja P6 skupia si¢ na polimerach typu rdzen—otoczka wdrukowanych
molekularnie, selektywnych wobec S—metolachloru, wrazliwych na zmian¢ pH, otrzymanych
zgodnie z koncepcja tak zwanej ,,zielonej chemii”. W pracy przedstawiono sklad mieszaniny
reakcyjnej oraz optymalizacje warunkéw syntezy, a takze zastosowanie sorbentow jako zloza
w kolumnach typu SPE i opracowanie warunkow sorpcji. Ponadto opisano charakterystyke
SEM, TGA, IR polimerow, a takze badania porowatosci oraz §redni rozmiar czastek sorbentow.

W ostatnim, sidodmym artykule P7 scharakteryzowano proces sorpcji oraz desorpcji
czastek typy rdzen—otoczka wdrukowanych molekularnie, reagujacych na zmiang pH oraz
dopasowano otrzymane wyniki do odpowiednich modeli izoterm oraz kinetyki sorpcji.
Dodatkowo w pracy przetestowano skutecznos¢ dzialania kolumn SPE wykorzystujac wodg
pobrang bezposrednio z akwenéw wodnych w poblizu upraw kukurydzy. Zastosowano réwniez
filtracjc membranowg w celu weryfikacji mozliwosci stosowania otrzymanych kolumn
bezposrednio na pobrane] wodzie. Kolejnos¢ przedstawionych prac w logiczny sposob
wprowadza w tematyke rozprawy doktorskie;j.
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7.1. Aktualny stan wiedzy na temat polimerow wdrukowywanych molekularnie
w kierunku S-metolachloru (Publikacja P1)

Rapacz D, Smolinska—Kempisty K, Wolska J. Progress in development and the current state
of the art depending on the polymerization environment — Short review. Journal of
Environmental Chemical Engineering. 2024, vol. 12, nr 2, art. 112159, s. 1-12.
https://doi.org/10.1016/].jece.2024.112159.

Pierwszy artykul zatytulowany “Progress in development and the current state of
the art depending on the polymerization environment — Short review” opublikowany
w Journal of Environmental Chemical Engineering stanowi przeglad literaturowy
wprowadzajacy w zagadnienia polimeréw wdrukowanych molekularnie selektywnych wobec
herbicydow. Praca opisuje aktualne problemy s$rodowiskowe. W wodach wykrywane sg
réznorodne substancje, w tym leki, narkotyki, surfaktanty, metale ci¢zkie, czy $rodki ochrony
roslin, takie jak herbicydy, pestycydy i fungicydy. Zwiazki te, bardzo czesto wystepuja
w §ladowych ilosciach, tworzac tak zwane ,.koktajle chemiczne”. Charakteryzuja si¢ one
podobienstwem w zakresie budowy chemicznej i masy czasteczkowej, co moze prowadzi¢ do
wystepowania interferencji znaczaco utrudniajacych proces analizy. Z tego powodu kluczowe
znaczenie ma etap wstepnego przygotowania probki. Jedng z powszechnie wykorzystywanych
metod jest zatezanie probek, wykonywane z zastosowaniem techniki ekstrakcji do fazy state;.
Jako ztoze w kolumnach typu SPE czesto stosowane sg polimery wdrukowane molekularnie.
Sorbenty te posiadajg specyficzne wneki w matrycy polimeru, ktére sg perfekcyjnie
dopasowane pod wzgledem ksztattu, rozmiaru oraz obecnos$ci grup funkcyjnych do czasteczki
analitu, stuzacej jako szablon. W rezultacie tego w kolumnach zachodzi proces selektywne;j
sorpcji — czasteczki analitu s3 wigzane w tych wnegkach, podczas gdy pozostale
mikrozanieczyszczenia przechodza przez kolumneg. Nastepnie przeprowadzany jest proces
desorpcji analitu, co pozwala uzyska¢ jednosktadnikowy roztwor.

Na szczeg6lng uwage zasluguja tak zwane ,zielone” polimery wdrukowane
molekularnie. Okreslenie to wynika ze sposobu ich syntezy opartej wlasnie na zasadach
»zielonej chemii” oraz trosce o srodowisko. Takie podejscie zaktada, Zze proces polimeryzacji
prowadzony jest w sposob kontrolowany, minimalizujac straty energii, a tradycyjne, szkodliwe
organiczne Srodki porotworcze zastepuje si¢ ekologicznymi rozpuszczalnikami, na przyktad
medium wodnym. Ponadto, projektowanie samooczyszczajacych si¢ materialow, mozliwych
do wielokrotnego wykorzystania, przy jednoczesnym ograniczeniu strat energii, wpisuje si¢
w koncepcje ,.greenification”.

Niniejsza publikacja podkresla réwniez, jak wazny jest etap wstgpnego przygotowania
probek do analizy, omawia metody syntezy oraz wykorzystanie polimeréw wdrukowanych
molekularnie jako sensoréw selektywnych wobec herbicydow, stosowanych w analizach
ztozonych prébek Srodowiskowych. Szczegotowo przedstawia takze wilasciwosci
1 zastosowanie S—metolachloru, bedacego kluczowym elementem niniejszej rozprawy
doktorskiej. Ponadto wskazuje istniejaca luke w literaturze naukowej, dotyczaca otrzymywania
polimerow z odciskiem molekularnym wrazliwych na herbicydy, w szczegolnosci
S—metolachlor, zgodnie z ideologia zrownowazonego rozwoju i zasadami tak zwanej ,,zielonej
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chemii”. Istotne jest to, ze w roku 2024, kiedy praca zostata opublikowana, istniaty jedynie
cztery publikacje opisujace synteze MIPOw, wytacznie w $rodowisku wodnym, selektywnych
wobec herbicydow takich jak 2,4-D, 2,4-DCP, chlorotoluron i parakwat. Przeglad literatury
wskazuje brak doniesien dotyczacych polimerow wrazliwych na S—metolachlor, otrzymanych
zarobwno w medium wodnym, jak i w mieszaninie woda-rozpuszczalnik organiczny. To
podkresla, ze badania stanowigce podstawe niniejszej rozprawy, moga miec istotny wkilad
w rozwd6j innowacyjnych rozwigzan dotyczacych ,zielonych” polimerow z odciskiem
molekularnym.
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Editor: Rosario Rodil Molecularly mprinted polymers (MIPs) are types of specific materials capable of recognizing and selecting
compounds toward which they have been imprinted. This ability has made these materials increasingly popular

Keywords: in different areas e.g. for monitoring the content of harmful substances in various products, including water. In

Mol:“'l;“' imprinting addition, many chemicals of various structures and applications arc used as templates. The presented paperisa

Herbicides

review that demonstrates knowledge and understanding of the molecularly imprinted polymers toward herbi-
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Polymerization in an aqueous environment % i KR R
groundwater. This work focused especially on one of the newest herbicides used in large amounts, S-metolachlor,

which is used in maize cultivation. It reviews the latest publications describing polymerzations in organic sol-
vents and in water. Due to the much better solubility of pesticides in organic solvents, this type of polymerization
is much more often described. However, due to the growing concern for the environment and the principles
introduced in the so-called green chemistry, increasing emphasis should be placed on polymerization in an
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1. Introduction

The development of agriculture about 12 thousand years ago
changed the way humans lived. They went from nomadic lifestyles to
permanent setttements and agriculture. Although they were young
growers, they noted that some types of plants are different and unde-
sirable. Farmers did not want to pull them by hand and needed some-
thing to control these plants, referred to as weeds. By the mid-nineteenth
century, clover and livestock manure were a source of fertility, and
weeds were controlled by cleaning erops. In the early twentieth century,
chemical weed control was invented, significantly improving agricul-
ture quality. |1 Initially, fertilizers accounted for a few inorganic
compounds such as sulfuric acid, copper salts, or sodium chlorate. [2]
These compounds were referred to as herbicides, commonly used
enzyme inhibitors. The origin of the word herbicide is a combination of
the Latin words herba (noun, herbaceous plant) and caedere (verb, to
kill). 1] The herbicides must conduct two contradictory objectives: to
control the weed plants, but not to damage the crop plants. Detailed
research on herbicides began in the 1950 s [2] According to the classi-
fication of the Herbicide Resistance Action Committee, herbicides are
divided into groups based on the mode of action. One of them concen-
trates the herbicides causing inhibition of very long-chain fatty acid
synthesis (VLCFA). [4] The largest family of this group is the chlor-
oacetanilides, which includes S-metolachlor (2-chlor-
o-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethylJacet
amide), one of the three most commonly used herbicides in this
category. [5] S-metolachlor isa herbicide with pre- and post-emergence
action, commonly used as an inhibitor of growth shoots and roots in
different cultivation, such as maize, soybean, cotton, sunflower, beans,
or sugar cane to control a wide range of annual gresses and broadleaf
weeds. [6] The cultivation of maize is gaining more and more popularity
every year. As recently as the late 1990 s, the area planted in fields with
this grain in Poland was about 100 thousand ha, | 7| while in 2022 maize
production ranked second among all cereal crops at about 1.9 million
ha. |3] Due to favorable arometeorological conditions, it is estimated
that there will be an even greater increase in the cultivation of maize,
and thus the application of larger amounts of S-metolachlor for weed
control. |7] S-metolachlor is highly poisonous and can be leached into
groundwater. The active principle of S-metolachlor is soluble in water
and is absorbed by soil particles. [9] Exactly metolachlor is the herbi-
cide, which has the highest absorption in the soil of any chlor-
oacetanilide. [10] The half-life (T1,2) of metolachlor has been reported
to decrease with increasing temperatures and to rise with soil depth. The
relatively long half-life of metolachlor translates into more difficult
metabolized by soil microorganisms. [11] Metolachlor comprises two
R-isomers and two S-isomers (Fig. 1), but the S-isomers have more
herbicidal activity. [12].

Given the above, there is a need to acquire new methods for
detecting and monitoring S-metolachlor concentrations in waters.

The presented review aimed to show a gap in the field of synthesis of
herbicide-sensitive MIPs in aquatic medium, according to green chem-
istry, with particular emphasis on S-metolachlor. Since only a small
amount of molecularly imprinted polymers were synthesized in an
aqueous medium, in this paper a comparison of these MIPs with those
obtained in an organic medium was presented to show the overall

2. Molecularly imprinted polymers

Even though most herbicides do not have carcinogenic properties, it
is particularly important to use them consciously because, in larger
amounts, they can be harmful to human health and the agroecosystem.
Nonetheless, some herbicides can be carcinogenic even at low doses,
therefore a tolerance range has been developed, known as the maximum
residue limit (MRL). For the MRL value to be determined reliably and
accurately, analytical methods and nanosensors are used. The analytical
methods  include, among others, high-performance  liquid
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Fig. 1. Isomeric forms of metolachlor.

chromatography, gas chromatography, mass spectroscopy, spectropho-
tometric, and electrophoresis. These methods have high precision, low
detection limits, and good repeatability. However, research by these
methods also has a long analysis time and requires expensive research
devices and qualified lab technicians. Moreover, these methods consume
substantial amounts of organic solvents, which is contrary to the as-
sumptions of green chemistry. Electrochemical methods are more popular
because of their low cost, accuracy, fast test time, and environmental
friendliness. The development of nanotechnology and the production of
three-dimensional materials resulted in an increased interest in mate-
rials for the determination of herbicides, [13].

One type of detection materials are those based on molecularly
imprinted polymers, which are characterized by portable and easy-to-
use technology with a short analysis time. MIPs are powerful tools for
the separation and enrichment of analytes. The binding capacity of MIP
is due to the presence of cavities that have been formed by self-
assembling polymerizable monomers around the template. The high
selectivity of the materials is ensured by cavities in the polymer coating.
[14] Most MIPs are obtained in three main steps. In the first step, the
functional monomer is polymerized in the presence of an analyte tem-
plate, cross-linker, solvent, and initiator. The second step is to remove
the template from the polymer, resulting in cavities that are perfectly
matched in shape, size, and functional groups to the target analyte will
be created. In the third step, the synthesized MIP is evaluated on real
samples containing the template. [15]' [16] Due to the way of interac-
tion between the functional monomer and the template, there are
several ways to receive MIP: a) covalent imprinting; b) non-covalent
imprinting; ¢} semi-covalent imprinting; d) ion imprinting. [16] Non-
—covalent imprinting is more popular owing to lower constraints and
more flexibility resulting from the choice of monomers. It is based on
weak intermolecular interactions, e.g. hydrogen or van der Waals, This
type of imprinting therefore appears to be more flexible in the range of
chemical functionalities than covalent imprinting, whose flexibility is
limited by reversible covalent interactions for templates and monomers.
[17,18] MIPs are generically prepared by bulk polymerization, but also
with the use of in-situ polymerization, emulsion polymerization, sus-
pension polymerization, or precipitation polymerization. [16] At the
same time, these simple and advanced separation tools show the high
properties of selective recognition and separation of a specific chemical
compound. [ 19| One of the most crucial factors in molecular imprinting
is selecting an appropriate monomer, possessed of funetional groups that
can interact with the template molecules but do not reactively poly-
merize with the template. Additionally, the polymer must be sufficiently
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cross-linked to ensure that the binding sites are unchanged after the
removal of the template particles (Fig 2). Moreover, the easy modifi-
cation of the polymer viscosity influences the optimization of the reac-
tion conditions for different templates. [20].

However, developing a procedure for obtaining effective materials
requires a lot of research [21,22]. For this reason, scientsts are
increasingly reaching for the tool of computer molecular modeling
[23 28]. The use of modeling is possible in the case of various types of
templates, including herbicides [29]. The selection of functional or
cross-linking monomers is based on those in the software database. This
significantly reduces the work needed to select the best monomer,
However, the limited number of monomers in the database can also be a
problem. On the other hand, the limitation of the number of syntheses,
and thus the reduction of the number of reactants thanks to computa-
tional modeling seems to be a green approach to developing novel
analytical sorbents.

3. MIPs synthesized in an organic medium
3.1. 24-dichlorophenoxyacetic acid herbicide (2,4-D)

Almost all molecularly imprinted polymers reported in the literature
are synthesized using organic solvents. Most of these works described in
the literature focus on MIP-imprinted toward 2,4-dichlorophenoxyacetic
acid herbicide (2,4-D). Some of the papers are featured in this review. In
2013 Wang and co-workers developed a novel paper-based MIP-grafted
multi-disk micro-disk plate (P-MIP-MMP) for sensitive and specific
chemiluminescent (CL) detection of 2.4-D. The MIP synthesis via in situ
polymerization was carried out using the following: acrylamide (AM) as
a functional monomer, ethylene glycol dimethacrylate (EGDMA) as a
cross-linker, azobisisoburyronitrile (AIBN) as an initiator, 2,4-D as a
template, ethanol and water as a solvent. The limit of detection of the
received sensor was 1.0 pM and with the increasing concentration of 2,4-
D, the CL inrtensity decreased logarithmieally within the concentration
range of 5.0 pM-10.0 uM. [30] In another work, Xu et al. demonstrated
for the first time the preparation of MIP-based optosensing materials
capable of selective detection of 2,4-D herbicide in pure undiluted milk
with a detection limit of 0.13 pM. Initially, the grafted dual fluorescent
24-D-imprinted  polymer was synthesized via  successive
surface-initiated atom transfer radical polymerization (SI-ATRP). Red

formation of
pre-polymerization
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CdTe quantum dots (QD) are indifferent to 2,4-D, while green nitio-
benzoxadiazole (NBD) exhibits fluorescence enhancement after binding
of this herbicide. The 2,4-D-MIP particles were received differently than
before [30], 4- vinylpyridine (4-VP) and NBD were usad as a funetional
monomers, EGDMA was used as a cross-linking agent, and wmis
[2-(dimethylamino)ethylJamine (Me,TREN), Cucl, ethyl 2-chloropropi-
onate, and dried acetonitrile were applied as a ligand, meral salt, initi-
ator and solvent, respectively. In the following step, the obtained MIPs
were grafted onto the poly(glyceryl monomethacrylate) (PGMMA)
brushes. [21] To date, the poor spectral reproducibility and lack of
selectivity in the surface-enhanced Raman spectroscopy (SERS) method
have resulted in its extremely constrained use. In the latest research,
Feng et al. enabled target molecules to be detected by MIP traced on the
surface of gold nanoparticles (AuNPS) as functional SERS substrate for
the detenmination of 2,4-D in milk samples with a detection limit of
0.011 pg x mL™. The determination of samples with various concen-
trations of 2,4-D was performed based on the SERS intensity in the
Raman shift range of 1020 e to 1800 em’. The MIP was synthesized
using (3-aminopropyDtrimethoxysilane (APTES) as the functional
monomer, tetraethyl orthosilicate (TEOS) as the cross-linker, 2,4-D as
template particles, and 4-aminothiophenol (4-ATP) was used as an in-
ternal standard for SERS spectral normalization. [32] In recent work
(2023), El-Beshlawy et al. present a potentiometric sensor covered with
2,4-D sensitive MIPs. Methacrylic acid (MAA) was employed as a fune-
tional monomer, EGDMA as a cross-linker, 2,4-D as a template analyte,
benzoyl peroxide (BPO) as an initiator, and acetonitrile as a porous. The
sensor showed LOD calculated as 3.6 x 107 M and a dynamic concen-
tration range of 102 to 107 M of 2,4-D. [331.

32 Azines

An equally common group of herbicides is tiazines. A study con-
ducted by Chen et al. presents a novel strategy for the preparation of
molecularly imprinted polymer monolithic fibers using microwave ra-
diation, solving the problem of water compatibility of the prepared MIP
fiber by liquid-liquid-solidmicroextraction (LLSME}. The resulting fi-
bers coupled by high-performance liquid chromatography (HPLC) were
capable of recognizing and determining the S-triazine herbicides: atra-
zine (ATR); ametryn (AME); terbuthylazine (TER); 2-amino-4-methoxy-
6-methyl-1,3,5-triazine (TRI), in water samples with the detection limits

polymerization in water
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Fig. 2. Schematic receiving of MIPs.
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of 0.8 pg x L', 1.2 pg x L, 1.5pg x L, 1.7 pg x L, respectively, and
good linearity in the concentration range of 2.5-80 pg = L. The MIP
was prepared by in situ polymerization method with the use of MAA
(functional monomer), EGDMA (cross-linker), atrazine (template), AIBN
(initiator), toluene, and dodecancl (porous agents). [34] Roland et al.
described a MIP sensitive to ametryn synthesized via precipitation
polymerization with the use of three differenr functional monomers
MAA, AM, and 2-VP with various acidity/basicity. The reaction also
used EGDMA as a cross-linker, AIBN as an initiator, ametryn as a tem-
plate molecule, and toluene as a porogen. MIP-MAA was selected as the
best matrix-monomer combination, allowing for the highest rebinding
efficiency, while MIP-2-VP had the lowest efficiency. [35] Atrazine is
one of the most described triazine herbicides. In 1999 Sergeyeva et al.
were the first to develop a selective and sensitive photopolymerized
imprinted membrane for this herbicide. MAA as a functional monomer,
tri(ethylene glycol) dimethacrylate (TEDMA) as a cross-linker, and
atrazine as a template was used. The reaction was conducted in the
presence of oligourethane acrylate (OUA) and AIBN. The MIP membrane
was capable of determining atrazine at a pH of 7.5 with a detection limit
of 5 nM. [26] The MIP fluorescent chemosensor for selective detection of
atrazine was synthesized by Liu and co-workers. Compared to previous
studies [36], the cross-linking agent was changed to EGDMA, and
vinyl-substituted zinc(Il} protoporphyrin (ZnPP) was used as a fluores-
cent reporter and simultaneously as a functional monomer along with
MAA. The molecular imprint was carried out on the surface of the
MPS-silica and the sensor obtained had a detection limit of 1.8 puM. [37]
Some of the more recent research, conducted by Salahshoor et al,
involved photonic MIP colloidal crystal for the detection of atrazine and
its metabolites deethyltrazine (DEA) and deisopropylatrazine (DIA) in
water samples with a limit of detection of 0.1, 0.2, and 0.3 ppb and limit
of quantification of 0.33, 0.66, and 1 ppb, respectively. Firstly, were
formed organized structures composed of glass slides and SiO; particles.
In the following step, acrylie acid (AA), EGDMA, AIBN, and atrazine
were used to produce the MIPs. Finally, the colloidal crystals were
formed by placing the poly(methyl methacrylate) (PMMA) slide on a
glass slide. [35] In one of the more recent works by Roland et al. describe
the synthesis of MIP by the precipitation polymerization method capable
of trapping cyanazine from aqueous samples. In this article, MIP was
prepared using three different functional monomers: MAA, AM, and
4-VP, while the remaining reagents used were the same for all syntheses.
EGDMA was used as a cross-linker, cyanazine as a template, toluene as a
porous agent, and AIBN as an initiator. Among the three synthesized
MIPs, the one using AM as the functional monomer was the most
effective because it showed the highest rebinding efficiency. [39] Ben-
tazon is categorized under the thiadiazine group and MIP sensitive to
this herbicide has been described by Geramizadegan et al. with the
linear range as good as 0.05-1.0 ug = L and the limit of detection of
0.05 pg = L' For the synthesis of MIP, MAA was employed as a func-
tional monomer, EGDMA as a cross-linker, bentazon as a template
molecule, AIBN as an initiator, and chloroform as a porogen. In the next
step, the obtained sorbent was packed in solid phase extraction (SPE)
colummns, and the herbicide concentration after the process was deter-
mined using the HPLC technique. [40].

3.3. Glyphosate

Quite a few publications concemn MIP with high sensitivity to
glyphosate (GLY). Zhao et al. synthesized an innovational chem-
iluminescence sensor with special selectivity of that herbicide by
molecularly imprinted microspheres modified glass sheets. The
imprinted microspheres were prepared by bulk polymerization, mixing
AM, EGDMA, AIBN, glyphosate, chloroform, and methanol. A sensor
showed a low limit of detection of 0.046 g = L and good selectivity.
[41] In other research, Coble et al. described a Polar Organic Chemical
Integrative Sampler with Molecular Imprinted Polymer (POCIS-MIP)
capable of selectively recognizing glyphosate from both pulses- and
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continuous-delivery ways of this herbicide. Pulse delivery turned out to
have a lower limit of detection (0.115 pg = L") than continuous delivery
(0.23 pg = L. [42] Balciunas et al. introduced an electrochemical
surface plasmon resonance (ESPR) sensor based on the molecularly
imprinted polypyrtole (MIP-Ppy) deposited on a gold electrode with
high selectivity for glyphosate and a sensitivity of 1.1 nM x L. [43]
Whereas Sawetwong et al. made up a Mn-ZnS quantum dot-MIP which
has a detection limit of 0.002 pg x mL™ and an operating range of
0.005-50 pg x mL'. The Mn-ZnS QD was coated with MIP as follows:
poly(N-isopropylacrylamide) (PNIPAM) functional monomer, N,
N-methylenebisacrylamide (MBAM) cross-linker, AIBN initator,
glyphosate template, and ethanol were mixed with Mn-ZnS QD. [44].

3.4. Urea derivatives

Another herbicide used quite frequently is phenylurea, although
there is no shortage of literature reports on molecularly imprinted
polymers with high sensitivity and selectivity for this compound.
Already in 2013 Kamel and Romian prepared MIPs via thermal poly-
merization with unique molecular recognition properties of phenylurea
herbicides: diuron, fenuron, linuron, isoproturon, and methiuron. In a
typical experiment, MAA was used as a functional monomer, EGDMA
was used as the cross-linker, BPO was used as the radical initiator,
phenylureas was used as the template, and acetonitiile was used as a
solvent. Sensors with a good linear range of 2.5 x 107, 1.0 x 107,
3.1 x10°, 5.3 x10° and 53 x 10 ® mol xL™' and with a low
detection limit of 1.0 x 10°, 7.1 x 10°, 1.3 x 10°, 1.8 x 10® and
1.6 x 10° mol x L' for linuron, isoproturon, diuron, fenuron, and
methiuron, appropriarely, were successfully obtained. [457 In other
research, Wong et al. synthesized an elecwochemical sensor modified
with MIP and carboxyl-functionalized multi-walled earbon nanotubes,
sensitive to diuron herbicides. A molecularly imprinted polymer was
achieved by bulk polymerizarion in the solution method, using MAA or
2-vinylpyridine (2-VP) as the functional monomer, trimethylolpropane
trimethacrylate (TRIM) as a cross-linker monomer, diuron template,
AIBN as an initiator, and acetonitrile. Synthesized sensor, characterized
by the linear range of between 5.2 % 10® and 1.25 x 10° mol x L and
a detection limit of 9 x 10 mol x L', [45] The latest research, pre-
sented by Lu et al., describes a core-shell magnetic MIP selective to
diuron particles, capable of determining DU in the range of 0.02 to
10.0 mg x L7 and a limit of detection of 0.012 mg » L. MIPs were also
prepared by bulk polymerization, using the same reactants as in the
synthesis described earlier by Wong, but a magnetic core was acted
§i0,-coated Fe;0y4. This resulted in a wider range of linearity, but a
slightly higher detection limit. [47].

3.5. Sulfonylureas

Monosulfuron belongs to the class of chemical compounds called
sulfonylureas. In the study econducted by Xiangehao Dong et al., the
synthesis of the molecularly imprinted polymer sensor with special
selectivity for monosulfuron in the concenwation range of 5-30 ug
% mL" and a low detection limit of 0.08 pg x g™ for a soil sample was
demonstrated. In the bulk polymerization synthesis, MAA as a functional
monomer, EGDMA as a cross-linker, AIBN as an initiator, and mono-
sulfuron as a template were dissolved in the dimethylformamide (DMF).

48] A few years later, Guo and co-workers obtained a molecularly
imprinted vinylimidazolium ionic liquid polymer sorbent. The imprin-
ted materials were highly selective for chlorsulfuron, which is also one
of the sulfonylurea herbicides and reached the adsorption equilibrium
within 5 min. The MIP synthesis via bulk polymerization was carried out
using vinylimidazolium ionic liquid as a functional monomer, EGDMA
as a cross-linker, AIBN as an initiator, chlorsulfuron as a template, and a
solvents mixture: toluene, methanol, and DMF. The MIP achieved
showed a good linear range of 0.005-30 pg x L' and a detection limit of
0.001 pg = L' in water samples. [49] She et al. reported a molecularly
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imprinted solid-phase extraction (MISPE) method capable of recog-
nizing sulfonylurea herbicides: chlorsulfuron, monosulfuron, and thi-
fensulfuron methyl. MIPs were obtained by precipitation polymerization
involving functional monomer 2-{diethylamino)ethyl methacrylate)
(DEAMA), cross-linker trimethylolpropane trimethacrylate (TRIM),
chlorsulfuron template, initiator AIBN, dissolved in acetonimile. The
new sensor turmed out to have better selectivity compared to the one
obtained earlier. The average LODs were caleulated as low as 0.1, 2.5,
and 5.0 pg x kg for chlorosulfuron, monosulfuren, and thifensulfuron,
respectively. [50] In one of the latest works deseribing sulfonylureas,
Andrade et al. present a MIP sorbent for microextraction of four herbi-
cides: bensulfuron, chlorsulfuron, thifensulfuron, and tribenuron from
corn samples, in the linearity range 2.5-40 pg x kg™'. The reaction was
carried out similarly to Dong et al. [48] using MAA as the functional
monomer and AIBN as the initiator. Still, the cross-liner was changed to
EGDMA and porous to acetonitrile, which allowed to obtain a wider
range of linearity, but not aslow as in Guo’s publication. The LOD for all
herbicides was 0.25 pg x kg, however, She et al. received a lower LOD
value for chlorsulfuron (0.1 pg x kg™'). [517 A MIP capable of detecting
nicosulfuron, also belonging to the sulfonylurea group, is described by
Piryaei et al. In this work, a MIP layer was deposited on the Fe;0.
modified surface of graphene oxide (GO) nanosheets, which resulted in
linearity in the range of 0.01-100 1 pg » mL" and the LOD calculated as
29ng xL'. To synthesize molecularly imprinted polymers, the
Fe;0,4/GO nanocomposite was immniersed in an acetonitrile solution of
MAA (functional monomer) and nicosulfuron (template). As a
cross-linker EGDMA was used, and AIBN was used as a initiator. [52].

Several publications focus on the MIP sensitivity to previously
mentioned thifensulfuron-methyl (TFM), which also belongs to the
sulfonylurea herbicide family. Xie and co-workers made up a chem-
iluminescence MIP sensor for the determination of TEM in the concen-
tration range of 1.0 x 107 10 5.0 x 10 mal x L™ and with a limit of
detection of 8.3 x 107"° mol x L'\, MIP was prepared via precipitation
polymerization acring with AM as a functional monomer, EGDMA as a
cross-linker, AIBN as the initiator, and acetonitrile as the solvent. [53] In
another research, Li et al. described an electrochemiluminescence sensor
sensitive to TFM, with wide linear ranges from 5.0 x 10*°t0 1.0 x 107
M and with a low detection limit of 0.32 nM. The scientist was the first to
use the method of coreshell imprinted nanoparticles by a
monomer-directing strategy for imprinting TFM at the swface of
3-methacryloxypropyl trimethoxysilane (MPTS) modified silica parti-
cles. In the first step, silica particles and MPTS were reacted in dry
toluene, and after the experiment, the physically adsorbed MPTS was
leached. The second step involved the synthesis of Si0, @MIP by un-
dergoing the reaction generated by MPTS-SiO, and the remaining re-
agents used for the MIP synthesis deseribed by Xie. [547.

3.6. Metolachlor

To date, less work on MIPs with selectivity to metolachlor has been
described in the scientific literature. The first paper appeared in 2010, in
which Hu et al. synthesized a MIP with a high selectivity sensor for
chloroacetanilide herbicides: metolachlor, propisochlor, and butachlor.
Obtained MIPs exhibit detection limits of 3.0, 9.6, and 38.0 pg x L and
good linearity in the range of 10-1000, 50-1000, and 100-1000 pg x L™
respectively for metolachlor, propisochlor, and butachlor. The problem
of embrittlement of the silica fiber solid-phase microextraction (SPME)
substrate was solved by applying MIP on the surface of the stainless steel
fiber by chemical bonding. The scientist performed bulk polymerization,
using MAA as a functional monomer, TRIM as a cross-linker, AIBN as an
initiator, metolachlor as a template analyte, and toluene as a porofor.
[55] Similar research has been done by Wang et al. but used a molec-
ularly imprinted solid phase extraction combined with gas chromatog-
raphy (GC) as a tool for the concwrrent distribution and determination of
chloroacetamide herbicides: alachlor, acetochlor, pretilachlor, and
metolachlor. The suspension polymerization method was used to
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synthesize the MIPs, relative to [55], using EGDMA as a cross-linker and
acetonitrile as a porogen. For alachlor, acetochlor, pretilachlor, and
metolachlor the limit of detection was calculated as low as 1.0 x 1072,
3.0 x 10", 50 x 10", 1.0 x 10" g x kg and the quantification
limit of 0.0005, 0.0015, 0.025 and 0.005 mg x kg, appropriately. [56]
The water-compatibility problem of MIPs was also taken by Hu et al.
applying a liquid-liquid-solid microextraction and the previously
developed synthesis of metolachlor MIP-coated steel fiber. The linear
ranges of 1-100, 5-100, and 5-100 pg x L™ and LOD of 0.2, 1.4, and
2.8 pg » L for metolachlor, propisochlor, and butachlor, respectively.
1571 Alachlor, like metolachlor, belongs to the chloroacetanilide family.
Li et al. developed a fluorescent MIP sensor that demonstrated linear
fluorescence intensity in the alachlor concentration range of 1 to 150 uM
and with a detection limit of 0.5 pM. MIP synthesis was camried out using
fluorescent functional monomer 2-acrylamide-6-methoxybenzothiazole
(AMMB), cross-linker N, N -methylenebisacrylamide, alachlor tem-
plate particles, initiator AIBN, and acetonitrile and DMF porous agents
mixture. [58].

3.7. Others

Less frequently reported are MIPs sensitive to maleic hydrazide
herbicide (MH). Fang et al. reported a chemiluminescence MIP sensor
that can determine MH in the range 3.5 x 10™*t0 5.0 » 10 mg » mL™
and with a limit of detection of 6.0 » 10"° mg x mL™. To obtain an MH-
MIP, MAA - functional monomer, EGDMA — cross-linker, maleic hy-
drazine — template, AIBN — initiator, and methanol — porous agent, were
mixed in a flask [59] In another research, Elfadil and co-workers
described an electrochemical MIP-SPE sensor combined with the car-
bon black-based electrode for the determination of maleic hydrazide
(MH) with a limit of detection of 40 ppb. This strategy significantly
reduced the synthesis time from a few hours to 5min by using a
high-power ultrasound probe. The MIP synthesis procedure was similar
to Fang preparation but modified methanol to dimethyl sulfoxide
(DMSO). The sonification time was established at 5 min, as complete
polymerization then ocewrred, and the best polymer yield was obtained
with an amplitude of 50%. [60].

There are the fewest publications on propanil and hexazinone her-
bicides. Liu et al. synthesized a fluorescence-based sensor combination
of molecularly imprinted polymers with CdSe/ZnS core-shell quantum
dots (QDs) for the determination of propanil in fish and samples of
seawater with LODs of 0.42 pg x kg™ and 0.38 g » L respectively. On
the strength of fluorescence quenching of CdSe/ZnS QD-MIP, linearity in
the range of 1.0 to 20.0 x 10” pg x L' was calculated. The MIP-QDs
were obtained using a modified reverse microemulsion method,
involving the following reagents: aminopropylwriethoxysilane (APTES)
as a functional monomer, tetraethoxysilane (TEOS) as a cross-linker in
the presence of triton X-100, QDs, ammonia solution, propanil, and
solvents: cyclohexane and acetone. [61] Toro’s group through bulk
polymerization synthesized a biomimetic selective MIP sensor with high
sensitivity to hexazinone. For this purpose, three functional monomers:
2-vinylpyridine, methacrylic acid, and acrylamide with the cross-linker -
EDGMA, the initiator - AIBN, the template - hexazinone, and the porous
agent — dichloromethane (DCM) were mixed. In HCl at pH 2.5, the
sensor showed a linear response range of 1.9 x 107! to 1.1 » 10°'% mol
% L and a detection limit of 2.6 x 102 mol x L. [62].

Only one paper deals with MIPs sensitive to bispyribac herbicide. In
2019 Nashwa S. Abdalla et al. were the first to introduce a novel sereen-
printed potentiometric sensor integrated with MIPs for the detection of
that herbicide. Sensors were prepared to deposit polyaniline (PANI) film
on a carbon sereen printed platform and then coated with an ion-
selective membrane with molecularly imprinted nanoparticles. The
MIP was synthesized by dissolving functional monomer MAA, cross-
linker EGDMA, free radical initiator BPO, and template bispyribac in
acetonitrile. The sensor obtammed can determine bispyribac with an
operating range of 1.0 x 102 to 8.6 x 10°° M and with detection limits
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of 1.33 g % mL?. [63].

In one of the latest works, Noor et al. described modified silica
nanoparticles based on MIPs for the selective detection of pendimetha-
lin, which belongs to the dinitroaniline group. For the MIPs synthesis, 4-
vinylpyridine and 1-(but-3-en-1-y1)-(4,4 -pyridin] — 1-ium were used as
a functional monomers, EGDMA was a cross-linker, AIBN was an initi-
ator, pendimethalin was a template, and acetonitrile was used a porous.
The tests examined the maximum capacity of the column, which was
calculated as 532.69 mg x g, [64] Fatah et al. reported a novel elec-
trochemical MIP sensor sensitive to metribuzin, capable of its determi-
nation in the linearity range of 0.2 ng x mL" to 21,429 ug x mL”, and
with LOD of 0.1 pg x mL". MIP was synthesized via bulk polymeriza-
tion with the use of itaconic acid as a functional monomer, EGDMA asa
cross-linker, metribuzin as a template molecule, AIBN as an initiator,
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and acetone as a porogen. [65] Kamel et al. presented an imprinted
polymer/reduced graphene oxide-modified glassy carbon electrode
(GCE)-based module for the detection of imidacloprid with a linear
range of 0.5 M - 1.0 mM, and with a detection limit measured as
0.2 pM. MIPs were synthesized via the emulsion polymerization method
with the use of MAA as a functional monomer, EGDMA as a cross-linker,
imidacloprid as a template, BPO as an initiator, and acetonitrile as a
porous. |66 Table | summarizes the results for molecularly imprinted
polymers synthesized in an organic medium.

4. Green MIPs synthesized in an aqueous medium

There are considerably fewer publications centered on molecularly
imprinted polymers synthesized in aqueous media compared to those in

Table 1
A list of MIPs synthesized in an organic medium.
No. Target Molecule Solvent used in the synthesis LoD Recovery [%0] Temp. ['C] Ref.
1. 24D EtOH 11.0pug x L! 9 RT [32]
2. ACN 29pg v Lt 93-105 60 1311
3. 79.6 g » L 97-113 70 [33]
4. Atrazine DMSO 39ug v L' 91-107 60 (371
5. PhCH;/ dodecanol 0.8 ug x L 8293 N/A 341
6. DMF Lipg x L! N/A {35]
7. EtOH 0.1pg x L* N/A 39]
8. Ametryn PhCH,/ dodecanol L2pg x L' 7491 N/A 34
9. PRCH, N/A 8395 80 [35]
10. Terbuthylazine PhCH3/ dodecanol 1.5pg x L 68-87 N/A [34]
1L 2-amino-4-methoxy-6-methyl-1,3 5-triazine PhCH;/ dodecanol 1.7 pg x L 7792 N/A 34]
12. Deethylmazine EtOH 0.2pg x L N/A N/A [38]
13. Deisopropylatrazine EtOH 0.3pg x Lt N/A N/A [38]
14, Cyanazine PLCH; N/A 85-87 80 [39]
15. Bentazon TCM 5.0 % 102 ug ~ L! 01-04 60 [40]
16. Glyphosate TCM/ MeOH 4.6 x 102 pg » L 99-104 60 [41]
17. phosphate-buffered saline soluti 0.2pg x L* N/A N/A [43]
18. EtOH 2.0pg x L 81-120 60 44]
19, Diuroa ACN 2.3 x 10%pg x L? 9 70 [45]
20. 2.1pg = Lt 96-100 60 [45]
2. 120pg « L' 83-116 [47]
22, Linuron ACN 3.2 % 10%pg = L 95 70 [45]
23. Isoprofuron ACN 3.7 x 10% g x L 96 70 [45)
24. Methiuron ACN 3.1 x 10°pg = L?! 29 70 [45]
25. Chlorsulfuron PhCHs/ MeOH/ DMF 1.0 x 10° g x ! 81-110 60 491
26. ACN 0.1 pg = kg™ 97-110 [50]
27. 0.3 pg x kg™ 90-114 511
28. Monosulfuron DMF B.0 ug = kg 94-110 RT [48]
29, ACN 2.5ug x kg™ 88-98 60 [50]
30. Thifensulfuron-methyl ACN/ PhCH3 0.1pgx L* 98-106 60 [54]
31. ACN 5.0 ug x kg’ 76-85 501
32, 0.3pg x L* 95-108 [53]
33, Bensulfuron ACN 0.3 pg x kg™ 90-114 60 511
34, Tribenuron ACN 0.3 pg x kg™ 00-114 60 [511
35. Thifensulfuron ACN 0.3 pg x kg™ 90-114 60 511
36. Nicasulfuron ACN 2.9 % 10° pg ¥ L 100 70 [52]
37. Alachlor ACN/ DMF 1.4 x 10% g = L 96-104 65 [58]
38 ACN 1.0 x 10 g x kg 83-88 60 [56]
39. Butachlor PhCH; 38.0 ug x L* 71-88 60 [55]
10. Lapg x L* 76-98 571
41 Metolachlor ACN 1.0 = 10 yg x kg 81-85 60 [56]
42 PRCH; 28pg « L' 76-08 571
43, 3.0ug x L* 8596 {551
44, Acetochlor ACN 3.0 x 10 jig x kg”! 85-90 60 [56]
45. Pretilachlor ACN 5.0 % 10 ug » ke’ 85-97 60 [56]
46. Propisochlor PhCH; 0.2pg x L 76-98 60 571
47, 9.6 g x L* 79-91 [551
48, Maleic hydrazide MeOH 60.0 jug x L™ 98-103 60 {591
19, DMSO 40.0 pg x L 80-106 N/A [60]
50. Propanil Cyclohexane/ 0.4pg x L' 87-112 N/A [61]
acetone
51. Hexazinone DCM 6.6 x 10™ yg » L' 96 60 [62]
52, Bicpyribac ACN 1.3 x 10% pg = L* N/A 75 63]
53. Pendimethalin ACN N/A N/A 70 164]
54, Metribuzin Acetone 1.0 % 10 ug Lt 97-103 60 [65]
55. Imidacloprid ACN 51.1ug x LT 95-106 N/A [66]
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organic solvents. This is probably the result of several factors. One of
them may be the lack of solubility of most monomers in water. However,
the advantages resulting from the application of the principles of green
chemistry, such as waste prevention, eco-friendliness, and less hazard-
ous synthesis, encourage the search for solutions enabling the use of this
type of polymerization. A kind of compromise may be the use of a polar
organic solvent in a mixture with water [67 681

4.1. 2,4-dichlorophenoxyacetic acid herbicide (2,4-D)

Water mixtures with ethanol or acetonitrile are most often used. This
solvent mixture was used by Haupt and co-workers, who published the
first paper describing the synthesis of MIPs in an aqueous environment
in 1995. A molecularly imprinted polymer capable of determining 2,4-D
was synthesized via bulk polymerization involving 4-VP as a functional
monomer, EGDMA as a cross-linker, 2,2-azobis(2,4-dimethylvaleroni-
trile) (ABDV) as a polymerization initiator, 2,4-D as a template, and a
mixture of methanol/water as a porous agent. The sensor showed line-
arity in the range of 30 ng x mL to 10 pg x mL™. [69] Another paper
by Haupt et al. presents a fluorescent ligand displacement assay for the
2.4-D based on MIP, which was synthesized in the same way as before,
but 7-carboxymethoxy-4-methylcoumarin (CMMC) was used as a fluo-
rescent probe. The assay was capable of detecting the herbicide mole-
cules with the limit of 100 nM and in the range of 100 nM to 50 pM in
buffer and of 100 nM to 10 pM in acetonitrile. [70] Attieh et al. syn-
thesized water-compatible molecularly imprinted polymer nanogels for
2,4-D recognition, by the enzyme-mediated initiarion of free radical
polymerization (FRP), by the principles of green chemistry. As an inid-
ator, the horseradish peroxidase enzyme (HRP) was used instead of the
commonly used synthetic inhibitors. 4-vinylpyridine was a functional
monomer, 1,4-bis(acryloyl)piperazine (PDA) was a cross-linker, and
hydrogen peroxide was used as an enzyme initiator. As a result, MIP
nanoparticles with sizes ranging from 50 to 300 nm, having good
binding properties and high selectivity for the target molecule, and
being environmentally friendly, were achieved. [29] Pan et al. used the
same pesticide for the synthesis of water-compatible narrowly dispersed
MIPs with surface-grafted polymer brushes PNIPAM and polyethylene
glycol (PEG). 4-VP and EGDMA were used for reversible addition frag-
mentation chain transfer (RAFT) precipitation polymerization and
together with a template and AIBN dissolved in a mixture of meth-
anol/water. Macromolecular chain-transfer agents (Macro-CTAs) and
cumyl dithiobenzoate (CDB) were added to the reaction to obtain better
hydrophilic properties of the received MIPs. [71] The following research
paper published by Pan et al. describes the controlled synthesis of pure
water-compatible MIP microspheres with an ultra-thin hydrophilic poly
(2-hydroxyethyl methacrylate) (PHEMA) coating via surface-initiated
RAFT polymerization. The 2,4-D MIP microspheres were prepared as
previously described [71], but additionally, the reaction mixture was
stirred in a water bath ar 25 “C for 2 h. Applying a PHEMA layer onto the
MIP surface improved the hydrophilicity and water-compatible binding
properties of the MIP microspheres. [72] Wu et al. employed a 2,4-D
target molecule for the synthesis of MIPs used in the monolith extrac-
tion process. Exactly as in the previously described work, 4-VP, EGDMA,
AIBN, 2,4-D template, and a mixture of methanol/water were used for
bulk polymerization. The resulting sensor was capable of the quantifi-
cation of herbicide in the range of 0.006 to 0.5 mg x L™ and with a limit
of detection of 0.002 mg x L. [72] In another study, Ton et al. reported
on a disposable evanescent wave fiber optic sensor coated with a 2,
4-D-sensitive molecularly imprinted polymer. The MIP synthesis was
conducted via precipitation polymerization and, as in the previously
featured research. 4-VP, EGDMA, and a mixture of methanol /water was
also utilized. Furthermore, N-(2-(6-4-methylpiperazin-1-yi) — 1,3-diox-
o-1 H-benzo[delisogquinolin-2(3 H)-ylethyl)acrylamide  (FIM)  was
involved as a fluorescent functional monomer and ABDV as an initiator.
The 2,4-D molecule was detected in the range of 2.5 to 100 nM. [74].
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4.2. Azines

The previously described MIP sensors sensitive to triazine herbicides
may also be synthesized in an aqueous environment. Qiao et al. pre-
sented a water-compatible magnetic imprinted microsphere (WCMM)
for the determination of cyanazine and atrazine with a linear range of
2.5 to 200 ng x mL". The limit of detection for eyanazine and atrazine
was 0.25ng x mL” and 0.37 ng x mL', respectively. The WCMM
synthesis was carried out in two steps. In the first, an aqueous solution of
Fe;04 was added to the mixture of AIBN, TRIM, and oleic acid dissolved
in toluene, thus forming an inverse water-in-oil emulsion. In the second
step, the resulting emulsion was added dropwise to a solution of meth-
acrylic acid, hydroxyethylcellulose, and cyromazine (mimic template)
in the ethanol/water mixture, thus obtaining water-in-oil-in-water
multiple emulsions. In this way, good comparibility of WCMM with
water was achieved. [75] Belmont et al. presented novel molecularly
imprinted polymer films for reflectometric interference spectroscopic
sensors sensitive to atrazine. MIPs were synthesized by miniemulsion
polymerization mixing organic phase consisting of MAA, EGDMA or
TRIM, AIBN, hexadecane, and solution atrazine in tetrachloroethane,
with an aqueous phase — sodium dodecyl sulfate (SDS) in water. The
limit of detection of atrazine was as low as 1.7 ppm. [76] In another
study, Zhou et al. reported a novel hydrophilic molecularly imprinted
resin (MIR) with high selectivity on triazines: simazine, atrazine, des-
metryn, propazine, ametryn, and prometryn with LOD of 0.11, 0.02,
0.02, 0.15, 0.03 and 0.02ng x g, respectively. The MIRs for these
herbicides were synthesized with the use of melamine and resorcinol as
functional monomers, formaldehyde as a cross-linking agent, ametryn as
a template, and a mixture of acetonitrile and water as porous agents. The
sensor effectively marked the linearity of all six triazines studied in the
honey samples in the range of 0.5 to 100 ng x g. [77] In the following
paper published by Zhou's group, magnetic MIRs were capable of
detecting the triazines mentioned above, but in water, samples have
been reported. The sensor synthesis was cairied out as before but
modified with the addition of Fe;0, @NH,, which contributed to
obtaining a lower value of the detection limit and a linearity range as
low as 0.65 — 333,33 pg » L. The LOD was equal to 0.38, 0.06, 0.02,
0.05, 0.07, and 0.07 pg » L for simazine, atrazine, desmetryn, prop-
azine, ametyn, and prometryn, appropriately. [75] Two years later,
Zhou's group presents the MWNTs@Fe;04 @MIR as a new alteration of
the triazine detection sensor applied on multi-walled earbon nanotubes
(MWNTs). The resin with a molecular imprint was synthesized by
methodology [77] and then applied to the surface of MWNTs@Fes0, in
a one-pot condensation. The result was a material with better triazine
recognition properties and a higher absorption capacity for these her
bicides, compared to that previously described. The established method
exhibited an even lower LOD of 0.043, 0.029, 0.007, 0.030, 0.068, and
0.026 ug = L' for simazine, atrazine, desmetryn, propazine, ametryn,
and prometryn, accordingly. Good linearity was maintained in the range
of 0.25 to 0.50 pg x L. [79] The lowest LOD values for these triazines
were characterized by the sensor developed by Zhao et al. and were
0.08, 0.07, 0.02, 0.07, 0.04, 0.07 ng x L', in the same order as
mentioned earlier. These results were obtained by applying MIP on the
surface of SiO,-encapsulared Fe;04 as a magnetic core. The MIP was
synthesized via free radical polymerization, using MAA as a functional
monomer, EGDMA as a cross-linker, AIBN as an initiator, and prometryn
as a template. The method has good linearity in the range of 0.25 to
500 ng x L. [801.

4.3. Others

Gomez-Caballero et al. presented water-compatible magnetic stir-bar
devices with a molecular imprint for cleaning samples from glyphosate.
The MIP sensor was prepared as follows: functional monomers 2-
dimethyl aminoethyl methacrylate (DMAEM) and N-allylthiowea
(ATU), cross-linker EGDMA or diethylene glycol diacrylate (DEDA),
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glyphosate template, benzophenone initiator, PEG, and 1,3-divinyltetra-
methyldisiloxane (DVTD) was dissolved in the mixture of methanol and
water. PEG was used to increase the porosity of the material, while
DVTD was employed to increase mechanical strength. The extraction
device could determine the concentration with a detection limit of
0.140 ug x L and a qualification limit of 0.468 pg » L. [811.

2,4-Dichlorophenol (2,4-DCP) is a subsequent herbicide applied in
agriculture to control weeds, but also as a precursor of 2,4-dichlorophe-
noxyacetic acid herbicide. Liu et al. obtained an electrochemical sensor
for the detection of this herbicide in water, by using the molecularly
imprinted membrane (MIM) technology combined with a system of the
bipolar membrane (BPM) introduced onto a palladium-coated titanium
mesh electrode (BPM/MIM@Pd/Ti). Thus, solving the problem of low
efficiency in electrochemieal reductive hydrodechlorination (ERHD) to
wipe out chlorinated compounds from a sample of water. The removal of
2.4-DCP was received by oxidizing the Fenton's reagent in the ERHD
procedure and the limit of detection was 0.7 pg x L. 2,4-DCP molec-
ularly imprinted membrane was synthesized with the use of a 2,4-DCP
template, an aqueous solution of poly(vinyl aleohol) and carboxyl
methyl cellulose, and iron (III) chloride solution. Sequentially, the
mixture was spilt on the Pd,/Ti mesh and a membrane was formed. [£2].

Zhang et al. synthesized a MIP sensor in aqueous media with high
selectivity to the chlorotoluron herbicide. The sensor was created by
coating magnetic nickel hexacyanoferrate (NiHCF) nanoparticles on the
molecularly imprinted polymers. During the MIP synthesis, methacrylic
acid as functional monomer, N, N'-(methylene)-bisacrylamide as cross-
linker, and chlorotoluron as a template were dissolved in water, and
then the NiHCF particles and (NH),S,0; as initiator was added. The
determination of this herbicide is indirect and based on the linear
dependence of the changesin the current resulting from the oxidation of
hydrazine on the modified electrode and chlorotoluron in the range of
5% 107 to 1 x 107 mol x L, and the detection limit is 9.27 » 10°'°
mol x L. [83] The abovedescribed syntheses in aqueous-organic
media are summarized in Table 2, while Toble 3 summarizes the MIPs
syntheses in an aqueous media.

5. Application of MIPs

As mentionad in the introduction section, MIPs are widely used in
both the scientific and industrial sectors. Undoubtedly, such widespread
use of MIP is influenced by the advantages, including low-cost, easy, and
quick synthesis, high thermal and chemical stability, high sensitivity and
specificity to target molecules, and reusability. [35] MIPs are exploited
for the sample preparation, including removal, detection, and isolation
of molecular particles [35.39 401, and also as solid-phase extraction
sorbents for preconcentration and purification of samples before deter-
mining the analyte and as selective extraction from the complex marrix
[40,50,56], in membrane separation processes [33.63 321, and as mo-
lecular sieves. [19,26] Furthermore, MIPs have been used as sensors, in
pardcular potentiometric sensors [33,63,66], elecwrochemical sensors
[13,60,65,85,86], conductometrie sensors [26], and chemiluminescence
sensors [37.41,53,59] (Fig. Z). MIPs can operate based on wvarious
techniques, e.g. magnetic, electrochemical, and optical. Magnetic MIP
sensors consist of MIPs and magnetic nanoparticles that impart magnetie
properties and interact with an external magnet. (87| Electrochemical
MIP sensors relate the interaction between matter and electricity. The
following parameters are most often measured using electrochemical
techniques: surface properties of the transducers, polymer rearrange-
ments, or binding kinetics. [85] Optical MIPs can operate with a variety
of sensing strategies: fluorescence, interferometry, and the suiface
plasmon effeet. [39] MIPs are widely used sensors in both the scientifie
and industrial sectors, in the following branches: diagnostes, pharma-
ceuticals, drug delivery, environmental monitoring, detection of con-
taminants in food, or purification and separation of diverse types of
analytes. [16].

In recent years, MIPs have attracted particular interest in the
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Table 2
A list of MIPs synthesized m an agucous-organic medium.
No. Target Solveat LoD Recovery Temp. Ref.
Molecule used in 9] ra
the
synthesis
1 24D water/ 2.0pg 114-122 60 (73]
MeOH ) A
-4 22pug N/A 50 [74]
Kt
3. water/ 22x 10" 08104 60 [30]
E©OH pg x LT
4. Atrazine water/ 0.4 g 100-104 70 [75]1
EtOH x L™
5. water/ 1.7 %10  N/A 65 761
TeCA pg x L'
6. water/ 7.0 x10° 9093 60 801
ACN g % L
7. 0.1 pg 9096 80 7el
vL?
8. 2.0 %100 8294 771
2 ng x kg
1
9. 29% 107 9194 791
pg x L
10.  Cyanazine water/ 0.3ug 85-101 70 [75]
EtOH x L
11.  Propazine water/ 7 % 10° 97-98 50 [80]
ACN pg = LT
12 02pg 80-03 80 (771
% kg™
13. 5 107 90-97 781
pg x L
14. 3.0 x10%  94-100 79
g x L
15.  Simazine water/ 8.0x% 105 8689 50 [801
ACN g x l..'l
16. 0.1pg 80-93 80 rn
v kg
17. 0.4 ug 86-90 78]
L) P
18. 43 %107 8891 791
vg L
19. Desmetryn water/ 2.0 x 10° 90-92 60 [aoj
ACN pg x L?
20. 2.0 x 107 8896 80 7N
vg % kg’
21, 2.0x 107 96-101 783
Hg = LA
22, 7.0x 10% 9697 791
pg x L
23, Ametryn water/ 40x10%  97-100 60 801
ACN pg % L1
24, 3.0x 107 9199 80 77
vg < kgt
25. 7.0 % 107  93.99 781
pg = L
26. 6.8x 107 9198 791
pg < Lt
27. Prometryn  teater/ 7 % 10 97-99 60 (80}
ACN ug = LT 80
28, 2.0%10%  82.97 771
vg = kgt
29. 7.0x 102  85.95 751
HE = P
30. 26 % 10% 91.94 76}
g x o
31.  Glyphosate  water/ 0.1 pg 9197 RT [g1]
MeOH T

determination of micropollutants. In addition to capturing and speci-
fying herbicides, MIPs are used for the detection and extraction of heavy
metals, dyes, pesticides, insecticides, pharmaceuticals, drugs, and
endocrine-disrupting chemicals (EDCs). [90].
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Table 3
A list of MIPs synthesized only in an aqueous medium.
No.  Target Solvent LOD Recovery Temp. Ref.
Molecule used in the %] ra
synthesis
1. 24D water N/A N/A RT [29]
2. 24-DCP water 0.7 ug 100 25 82
x L1
3.  Chlorotoluron warer 0.2pg 97-105 N/A [831
x L1
4. Paraquat warer 0.5 pg Q4-102 RT [84]
x L1

6. Discussion and conclusion

Molecularly imprinted polymers have been and still are widely
researched and developed. It is possible to imprint various types of
herbicides and the reached limits of detection are usually very low. This
is especially important in environments where herbicides occur as
micropollutants in trace amounts, often beyond the detection threshold
of other methods, Most reports about polymers imprinted with herbi-
cides concem 2,4-D. This seems to be justified due to the fact that, next
to atrazine, it is one of the oldest-used herbicides. Most publications
describing this type of MIPs are based on polymerization in an organic
environment. This is understandable due to the good solubility of her-
bicides in organics, as well as of most monomers. Good solubility also
facilitates the formation of stable monomer-standard complexes. In the
process of creating MIP, the porogen also plays a key role by influencing
the porous structure of the material and thus the availability of active
sites, Therefore, an organic imprinting environment seems to be the
easiest solution. However, the eare for the environment and currently
more and more dynamically developing trends in green chemisuy force
the search for new solutions and thus adapting the MIP synthesis to more
ecological conditions. Additionally, in the case of MIPs that are intended
for use in an aquatic environment, synthesis under similar conditions is
desirable. However, imprinting in water is complicated also due to the
water molecules character. If the imprinting is based on the hydrogen
bonding water can compete to destroy hydiogen bonding between the
template and functional monomer. Similar problems may occur when
MIPs obtained in an organic environment will be used in an aqueous
environment. Additionally, the imprinted sites can be destroyed due to
the shrinking or swelling properties of MIPs. All of these limitations
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seem to be reflected in the amount of publications deseribing MIP syn-
thesis in both environments. The solution to some problems seems to be
the addition of organic solvents for polymerization in an aqueous
environment. The number of publications deseribing synthesis in such
an environment is constantly increasing, although they are still in the
minority compared to those using organic solvents. Comparing the data
contained in Tables 1 and 2, it can be eoncluded that with an appropriate
selection of the composition of the polymerizing mixture, it is possible to
obtain effectively operating MIPs both in aqueous and organic condi-
tions. Moreover, in the case of 2,4-D, the detection limit of this com-
pound by MIPs synthesized in a water/methanol mixture was much
lower (2.2 x 10 pg x L) than detection using MIPs obtained in or-
ganics (2.9 ug x L). Similarly, in the case of atrazine, lower detection
limits were also achieved using polymers imprinted in a water/aceto-
nitrile mixture.

According to the literature review that we were able to perform, only
four herbicides were imprinted in completely water-based environ-
ments. The presented review therefore represents a gap in the field of the
synthesis of herbicide-sensitive MIPs in aquatic environments according
to green chemistry. S-metolachlor is not among them. This herbicide was
also not imprinted in the water/organie solvent mixture. This herbicide
is significantly gaining popularity due to the increase in corn cultivation,
especially in Poland, where in the late 1990 s, only 100,000 ha of fields
were sown with this grain, while in 2022 - almost 1.9 million ha.
Therefore, we believe that both the issue of herbicide imprinting by the
principles of green chemistry as well as the development of effectively
operating MIPs for monitoring the concentration of S-metolachlor in
water may constitute a great challenge for scientists.
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7.2. Dobor warunkow polimeryzacji w syntezie blokowych polimerow molekularnie
wdrukowywanych reagujacych na zmiany temperatury (Publikacja P2)

Rapacz D, Smolinska—Kempisty K, Wolska J. A novel green molecularly imprinted
polymers synthesized in an aqueous medium as S—metolachlor sensitive materials. Talanta.
2024, vol. 280, art. 126674, s. 1-9. https://doi.org/10.1016/j.talanta.2024.126674.

Wprowadzenie

Drugi artykut pod tytulem ,, A novel green molecularly imprinted polymers
synthesized in an aqueous medium as S—metolachlor sensitive materials” opublikowany
w Talanta, po raz pierwszy opisuje termoczute polimery blokowe molekularnie wdrukowane
selektywne wobec S—metolachloru, zsyntezowane wedlug koncepcji tak zwanej ,.zielonej
chemii”. Dotychczas opublikowane prace przedstawiaty MIPy otrzymywane z wykorzystaniem
rozpuszczalnikéw organicznych, w podwyzszonej temperaturze, co wskazuje na
innowacyjno$¢ badan stanowiacych tres¢ niniejszej publikacji.

Wyniki

W tej pracy przedstawiono sktad mieszaniny reakcyjnej, stosunek molowy reagentow
oraz warunki syntezy polimeréw blokowych selektywnych w stosunku do S—metolachloru.
Najkorzystniejsze wyniki sorpcji uzyskano wykorzystujac N—izopropyloakrylamid, kwas
akrylowy 1 akryloamid (stosunek molowy odpowiednio 11:14:11) jako monomery funkcyjne,
N,N'-metylenobis(akrylamid) uzyto jako $rodek sieciujacy, S—metolachlor jako czasteczki
szablonu, a wode¢ jako porofor oraz sSrodowisko reakcji. Jako inicjator wykorzystano
nadsiarczan amonu oraz N,N,N’,N'—tetrametyloetylenodiaming. Oddziatywanie pomiedzy
S—metolachlorem a monomerami funkcyjnymi zweryfikowano wykorzystujac komputerowe
modelowanie molekularne — przedstawione na Rysunku 1. Bazowano na algorytmie Leapfrog
dostepnym na oprogramowaniu SYBYL 7.3. Badania te beda elementem oddzielnej publikac;ji.
Stosunek molowy monomeréw funkcyjnych do srodka sieciujgcego wynosit 7:2, natomiast
stosunek molowy monomerow funkcyjnych do czasteczki szablonu byt réwny 39:1. Reakcja
byta prowadzona bez strat energii — w temperaturze otoczenia. W ten sam sposob, jednak bez
dodatku S—metolachloru, otrzymano polimery bez odcisku molekularnego, stanowigce uktad
referencyjny. Jednym z gtéwnych ograniczen byta rozpuszczalno$¢ S—metolachloru w wodzie
(okoto 0,5 g x L), ktora jest wystarczajaca z punktu widzenia rolnictwa, natomiast stanowita
wyzwanie podczas syntezy, gdzie wymagana byta duza zawarto$¢ analitu w mieszaninie
reakcyjne;.

Proces sorpcji  statycznej zostat przeprowadzony w celu charakterystyki
zsyntezowanych sorbentéw. Wartos¢ sorpcji dla wyselekcjonowanego MIPu wynosita 2,42 +
0,04 mg x g!, natomiast dla NIPu byta réwna 0,46 + 0,03 mg x g'!. Z danych tych wynika, ze
MIP sorbuje S—metolachlor ponad pigciokrotnie lepiej niz uktad referencyjny. Ponadto zbadano
selektywno§¢ MIP6w w stosunku do S—metolachloru. W tym celu wykonano proces sorpcji
z roztworu wielosktadnikowego, zawierajacego nastepujace herbicydy: S-—metolachlor,
atrazyng, glifosat oraz fenoksaprop—P—etylu. Na podstawie przeprowadzonych badan
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oszacowano, iz MIP sorbuje S—metolachlor ponad trzykrotnie lepiej niz atrazyne¢ oraz okoto
sze$ciokrotnie lepiej niz glifosat i fenoksaprop—P—etylu, co wskazuje na duza selektywnos¢
polimeru wdrukowanego molekularnie.

Ponadto, aby okresli¢ bardziej szczegotowe wilasciwosci procesu sorpcji, wykonano
analiz¢ izoterm sorpcji, a otrzymane wyniki dopasowano do modeli izotermy Langmuira,
Freundlicha oraz Dubinina—Radushkevicha. Okreslono, iz najlepszym dopasowaniem dla
sorpcji MIPu byl liniowy model izotermy Langmuira, wykazujacy duzy wspotczynnik
determinacji (R? = 0,968) oraz maksymalng warto$¢ sorpcji (3,15 mg x g'') zblizong do
wartoéci eksperymentalnej (2,42 + 0,04 mg x g!). Natomiast model izotermy Freundlicha
opisywat sorpcje S—metolachloru przez NIP. Wartos$ci wspotczynnika determinacji byty bliskie
1, zarébwno w liniowej (R? = 0,990), jak i nieliniowej (R? = 0,981) formie, natomiast wartosci
sorpcji byly znacznie wigksze niz te otrzymane eksperymentalnie. Z kolei w modelu liniowym
Dubinina—Radushkevicha maksymalna warto$¢ sorpcji byta zblizona do eksperymentalne;,
chociaz warto$¢ wspotczynnik determinacji wynosita R? = 0,431.

Otrzymane polimery przetestowano dodatkowo na probkach rzeczywistych -
sporzadzonych z wody wodociggowej. Poczatkowo wartosci przeprowadzonej sorpcji znaczaco
odbiegaty od tej przeprowadzonej na roztworze modelowym i byty rowne 0,57 + 0,33 mg x g
110,37 £ 0,01 mg x g'!, odpowiednio dla MIPu i NIPu. Natomiast po obnizeniu pH roztworu
rzeczywistego do okoto 5 — odpowiadajacemu pH roztworu modelowego, warto$ci sorpcji byty
zblizone do tych, otrzymanych dla roztworu modelowego i wynosily 2,61 + 0,35 mg x g! oraz
0,63 £ 0,21 mg x g!, odpowiednio dla MIPu i NIPu. Aby w peti scharakteryzowaé
wlasciwos$ci sorbentow wykonano widma IR, zdjecia SEM oraz oznaczono réwniez chtonno$¢
wody. Celem spektroskopii w podczerwieni byto porownanie budowy chemicznej sorbentow
oraz potwierdzenie obecnosci grup funkcyjnych charakterystycznych dla uzytych monomerow.
Widma MIPu 1 NIPu wygladaty niemal identycznie, potwierdzajac taka sama budowe
chemiczng polimeréw, jednakze znaczaco rdznigcych sie wilasciwosciami sorpcyjnymi.
Analiza SEM zobrazowata morfologi¢ powierzchni materiatoéw, przy czym powierzchnia MIPu
byla bardziej porowata niz NIPu, natomiast oba sorbenty cechowaly si¢ nieregularnymi
ksztattami. Wartosci stopnia pgcznienia dla obu polimerow byly podobne, co podkresla, ze
cecha ta nie wplywa na wlasciwosci sorpcyjne materiatow, jednocze$nie potwierdzajac
obecnos$¢ specyficznych miejsc wigzacych w strukturze MIPu.

Podsumowanie

Otrzymane blokowe polimery wdrukowane molekularnie wykazuja duza selektywnos¢
w stosunku do S—metolachloru, sorbujac go ponad trzykrotnie lepiej niz atrazyne oraz okoto
szeSciokrotnie lepiej niz glifosat 1 fenoksaprop—P—etylu. Ponadto MIP sorbuje
S—metolachlor w prébkach modelowych pigciokrotnie lepiej niz uktad referencyjny, czyli NIP,
a w probkach rzeczywistych — czterokrotnie lepiej, co potwierdza obecno$¢ swoistych wnegk
w matrycy polimeru. Dodatkowo publikacja przedstawia po raz pierwszy, ,zielone” polimery
wdrukowane molekularnie selektywne wobec S—metolachloru, poszerzajac tym samym
czteroelementowy zbiér MIPOw syntezowanych zgodnie z zatozeniami ,,zielonej chemii”.
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A new molecularly imprinted polymer (MIP) sensitive and selective for S-metolachlor herbicide was synthesized
by bulk polymerizarion with the use of N-isopropylaaylamide, acrylamide, and acrylic acid as functional
monomers, and N,N"- methylenebis(acrylamide) as a cross linker. A novel method for obtaining MIP toward S-
metolachlor in an agueous medium and at roon: temperature, according to the principles of green chemistry, has
been discovered, m comparison to synthesis methods at high temperatures and using organic solvents. Under

selected experimental conditions, the batch mode type of soiption was carried out efficiently, with S-metolachlor
absorption of 2.4 mg per 1 g of MIP and 0.5 mg per 1 g of NIP. The selectivity of the sorbent towards other
herbicides and pesticides was also tested, obtaining an ability to recognize S-metolachlor molecules 3.2 times
better than atrazine, 6 times better than glyphosate, and 6.2 times better than fenoxaprop-P-ethyl. The FT-IR and
SEM analyses were performed to characterize the structure of the synthesized polymers.

1. Introduction

In the United States, corn is the most commonly grown crop [1],
while in Europe it ranks 2nd [2]. Poland is Europe's third largest pro-
ducer of this grain [2]. Weeds are one of the main challenges in com
cultivation. Herbicides commonly used and effective in the fight against
weeds include S-metolachlor [1].

S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-
1-methylethylacetamide) is a preemergent chloroacetanilide herbicide
widely used to control annual grass and broadleaf weeds, especially in
corn, cotton, soybean, sunflower, and bean cultivation [5]. The mech-
anism of action is based on the inhibition of elongases and biosynthesis
of gibberellic acid, as a result of which, after being absorbed by the roots
and shoots, the weed plant dies, leaving the seed of the target plant
intact [6]. S-metolachlor is slightly soluble in water (488 mg x L' at
25 °C) [7] and its hydrolysis half-life time is over 200 days at 20 °C,
while the half-life in soil is 47-107 days [2].

Nowadays, a wide range of diverse methods and technologies for
removing herbicides from aqueous solutions have been developed.
Many of them are based on electrolysis [2], advanced oxidation pro-
cesses, such as Fenton technology, or photochemical degradation [10],
adsorbents, among them activated carbon [11], bicadsorbent, polymeric

* Corresponding author.
E-mail address: dominika.rapacz@pwr.adupl (D. Rapacz).

https://doi.org/10.1016/j talanta.2024.1 26674

adsorbent, and agricultural waste, biological treatment techniques, or
membrane techniques [12]. One promising technique is molecularly
imprinted polymers (MIPs), which have specific binding sites for a
particular analyte [12]. During the polymerization step, the molecule is
incorporated into the matrix structure. After removing the template
molecule, the cavities are observed on the polymer surface, perfectly
matched in shape, size, and functional group to the chosen analyte [14].

Analytical techniques available today are capable of direct analysis
of herbicides; however, multiple analytes often create a chemical
cocktail, making the analysis significantly more difficult. Extracting
individual analytes from a water sample will contribute to a more ac-
curate analysis, excluding the share of analytes with properties similar
to those of the analyzed molecule [15]. Therefore, this work reports a
novel molecularly imprinted polymer sensitive to S-metolachlor herbi-
cide synthesized in an aquagenic environment via bulk polymerization
at room temperature. Furthermore, different factors, such as the type of
monomer, the concentration of S-metolachlor, and the molar ratio of the
reagent were investigated.
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2. Materials and methods
2.1. Reagents and chemicals

N-isopropylacrylamide (NIPAM), methacrylic acid (MAA), N,N™-
Methylenebis(acrylamide) (BIS) were purchased from Sigma-Aldrich.
Aaylamide (AA) was provided by Themno Scientific Chemicals.
Ammonium persulfate (APS) and N,N,N.N'-Tetramethylethylenedi-
amine (TEMED) were purchased from Sigma-Aldrich. 5-metolachlor
(SMCh) was used as a plant protection product obtained from NOVA-
GRA. Acrylic acid was purchased from Acros Organics, and 2,2-Azobis
(isobutyronitrile) (AIBN) was provided from Merck. The acetonitrile and
water of HPLC grade were purchased from CHEMSOLUTE. The potas-
sium sulfate (I;SO,), ethyl aleohol (EtOH), and methyl alecohol (MeOH)
were purchased from POCH.

2.2. Methods

2.2.1. Synthesis of polymers

Molecularly imprinted polymers were prepared by bulk polymeri-
zation. To synthesize MIPs, BIS was used as a cross-linker, APS and
TEMED as a catalytie system, and S-metolachlor as a template molecule.
NIPAM, MAA, AA, and acrylic acid were tested as functional monomers,
whereas water, ethanol, and methanol were tried out as porous agents.
AA (3.52 or 4.64 mmol) or MAA (3.83 mumol) and NIPAM (3.52 mimol),
acrylie acid (0.32 mmol or 72.86 mmol), BIS (2.34 mmol or 3.52 mmol),
and template (from 0.08 mmol to 0.55 mmol) were dissolved into a glass
vial. After nitrogen purging (1 min), APS (0.13 mmol) and TEMED (0.10
mmol) water solution (1 mL) or K;80, (high-temperature MIPs) (0.09
mmol, 0.17 mmol, 0.26 mmol) or AIBN (high-temperature MIPs) (0.13
mmol) were added to the polymerization mixture and deoxygenized
with a stream of nitrogen again (2 min). The reaction vessel was placed
on the shaker and polymerized for 24 h at room temperature, or in an
oven at 60 °C (high-temperature MIPs). The bulk polymers were washed
in a Soxhlet apparatus for 24 h using ethanol and dried at 60 “C. The
same method was employed to prepare non-imprinted polymers (NIPs)
without a template molecule. The composition of the reactants used is
deseribed in Table 2.

2.2.2. Analytical methods

2.2.2.1. Highperformance liquid chromatography. HPLC system (Shi-
madzu high-performance liquid chromatograph model SCL-40) equip-
ped with a PDA pump, an autosampler (model SIL-40), and a
chromatographic column (3 pm ARION® Biphenyl, 150 x 4.6 mm) was
employed. The isocratic elution was performed at 30 “C using the
mixture of acetonitrile and water (50:50 v/v) as a mobile phase. The
mobile phase was degassed for 10 min by sonification. The flow rate was
maintained ar 1 mL » min ', the injection volume was 30 pm, and the
detection wavelength was 254 nm.

2.2.2.2. Scanning electron microscopy. The surface morphology of the
selected pair of MIP and NIP sorbents was estimated using a Quanta 250
(FEI) SEM microscope. Firsdy samples were sputtered with a 10-15 nm
thick layer of gold. The analyses were conducted using a Large Field
Detector (LFD) in the ESEM mode at an accelerated voltage of 15 kv,
pressure of approximately 60 Pa, with a sample inclinarion of 60°.

2.2.2.3. Fourier-transform infrared spectroscopy. Fourier transform
infrared spectra were performed in the 400-4000 em ' range to char-
acterize the presence of functional groups in the sorprion material. The
spectra were taken on a Jasco FT-IR-4700 spectrophotometer by col-
lecting 64 scans at a resolurion of 4 em .
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2.2.3. Batch mode sorption process

To study the efficiency of S-metolachlor removal from solutions by
MIP and NIP, about 0.2 + 0.003 g of dry polymer and 20 mL of 30 mg
L' s-metolachlor solution were mixed at room temperature for 24 h.
After reaching equilibrium, the samples were filtrated by syringe filter
Acrodise 0.45 pm and the concentration of S-metolachlor that remained
in the solution was determined on the HPLC apparatus. The sorption
capacity, qsmen defined as (Eq. (1)) the amount of S-metolachlor
absorbed at the equilibrium [mg = g '], was calculated as

_(C—-C)xV
ks m

Gsiach (1)
where Cp and C, are initial and equilibrium S-metolachlor concentra-
tions respectively [mg x L 11, v is a volume of solution [L], and mis a
mass of dry polymer [g] [16].

2.2.4. Sorption isotherms

The selected, best pair of sorbents MIP and NIP were used o create
sorption isotherms. In a glass flask, 0.2 +0.003 g of dry polymers were
placed, and 20 mL of solutions containing 10-500 mg x L~ ' S-metola-
chlor were added. The samples were shaken for 24 h at 22 + 2 °C and
filtered by syringe filter Acrodisc 0.45 pmn afterward. The S-metolachlor
concentration at an equilibrium state was determined on the HPLC
apparatus. The obtained isothermal data were fitted to the Langmuir,
Freundlich, Dubinin-Radushkevich, and Scatchard isotherms models
(Table 1) [17,18].where.

C, — the equilibrium concentration of adsorbate [mg » L |

ge — the absorption capacity at equilibrium [mg x g ']

K, — Langmuir parameter, the affinity of the adsorption sites [L »
mg ']

G — the maximum adsorption capacity [mg x g ']

Kr — the Freundlich constant related to adsorption capacity [mol x
gl

1/n — a constant revealing the adsorption process strength

R — the gas constant [J x (mol x K) b |

T — the temperarure of the solution [K]

Kpr— the activity coefficient related to free adsorption energy [mol®
x kJ™%]

€ - the Polanyi potential [kJ x mol]

2.2.5. Sorption from real samples

Theability to remove S-metolachlor from the solution of real samples
was tested. In a glass flask, 0.2 t 0.003 g of dry polymers and 20 mL of
30 mg x L ! S-metolachlor tap water solution were shaken at room
temperature for 24 h. After reaching equilibrium, the samples were fil-
trated by syringe filter Acrodisc 0.45 pm, and the concentration of S-
metolachlor in the solution was determined using the HPLC technique.
The sorption capacity was calculated based on Eq. (1 ).

2.2.6. Binding site selectivity

The binding selectivity of MIP and NIP sorbent was examined by
placing approximately 0.2 g dry polymers in the glass flask and adding
20 mL of 0.05 mmol x L ! solution consisting of three herbicides:
atrazine, fenoxaprop-P-ethyl, and S-metolachlor. The samples were

Table 1
Mathematical linear and non-linear equations of the adsorption isotherm models
[17,18].

Isotherm name Linear form of isotherm  Non-lincar form of isotherm

Langmuir 1 L g = 9-KiC.
9 4KC gn ¢ LIKG
Freundlich Inq. = Inkr + ]; nG. q = K:C"

Dubinin-Radushkevich  Ing, — Ing, — Kgge*

Ny
[gm(r Z.-L.

Q = gmexp

37



D. Rapacs ¢ al

Table 2
Summary of MIPs synthesis conditions at 1oom temperature.
Name  Solvent Monomers The molarradoof  Template
template to
monomers
MIP-1 H20/E:OH NIPAN/MAA/ 155 Solution of
(1.75:1) acrylic acid template in
MipP-2 H,0/E:OH 11:12:1 EtOH
(1.5:1)
MIP-3 H>0/EtOH
(1.2:1)
MIP-4 H20/EtOH
(1:1)
MIP-5 H20
MIP-6  Ha.0/ Solution of
MeOH template in
a:1) MeOH
MIP-7 H:0 Pure S-
metolachlor
MIP-§ 139 Aqueous
solution of
remplate
MIP-9 H,0/E:OH 1:51 Solution of
(1:1) template in
MIP- H20/E:OH 1:36 EtOH
10 (0.8:1)
MIP- H20/E:OH NIPAM/AA/ 1:70 Solution of
11 (6.3:1) acrylic template in
MIP- H,0/EtOH acld11:14:1 EtOH
12 (1:1)
MIP-
13
MIP- 1:20
14
MIP- 1:33
15
MIP- 1:36
16
MIP- 1:77
17
MIP- 1111 112
18
MIP- Ha0/EtOH 11141 1:255
19 (2:1)
MIP- 1:124
20
MIP- 177
21
MIP- 151
22
MIP- 1:38
23
MIP- 1:26
24
MIP- 1:19
25
MIP- H,0/EtOH 1:70
26 (1.9:1)
MIP- H:0/E:OH 1:124
27 (1.5:1)
MIP- 177
28
MiP- H20/ 155 Solution of
20 MeOH template in
(1:1) MeOH
MIP- H:0/ 21:16:73 1:61 Pure S-
30 Acrylic metolachlor
MIP- acid (1:1) 1:36
31
MIP- H.0 11:14: 1:39 Aqueous
32 solution of
MIP- 1:78 template
33
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clappered for 24 h at 22 = 2 °C and filtered by syringe filter Acrodise
0.45 ym afterward. The S-metolachlor concentwation at an equilibrium
state was determined on the HPLC apparatus.

The distribution coefficient (Kgyer) was ealeulated as a ratio of the
amount of S-metclachlor absorbed on 1 g of polymer and the amount of
S-metolachlor in equilibrium in 1 mL of solution as follow (Eq. (2))

_ Qsmck X 1

Ksvien a3

(2)
where p is the density of the S-metolachlor solution [g » L b.

The imprinting factor (IF) value shows a particular analyte’s distri-
bution ratio of the imprinted polymer and non-imprinted polymer under
exactly the same set of conditions [19]. IF (Eq. (3)) was calculated as
[20].

K
IF= E‘va‘ (3)
where Ky;; is distribution coefficient (i, j = S-MCh, ATR, FEN) of her-
bicide on imprinted polymer (&™) and non-imprinted polymer ™).
Specific selectivity factor (S) defined as (Eq. (4)) ratio of IFs of two
different substances (IF;, IF)) was estimate as

W

S=
IF;

4

2.2.7. Water regain

The weight of water absorbed by 1 g of dry polymer is known as
water regain (W) [g H20 x g ' of sorbent], and was measured by
centrifugation method and calculated as (Eq. (5))

W=(L"'Y —mMa)

(5)
my

where my, — mass of wet polymer after centrifugation [g], my — mass of
polymer after drying at 100 “C through the night [g] [21].

3. Result and discussion
3.1. Preparation of S-metolachlor molecularly imprinted polymers

Currently, available papers reported MIPs toward S-metolachlor
[22-24], however, none of them described MIPs synthesized in an
aqueous environment and at room temperature. The polymerization
conditions such as monomers, solvent, and the molar ratio of reagents
were optimized according to miscellaneous concepts. The best compo-
sition of a pair of materials (MIP-32 and appropriate NIP sorbent) was
selected by the sorption capacity represented in Table 4, calculated from
Eq. (1). The highest sorption capacity was obtained for MIP synthesized
with the use of NIPAM, AA, and aarylic acid as functional monomers, BIS
as a cross-linker agent, and APS and TEMED as a catalyst system. The
molar ratio of functional monomers to cross-linker is 7:2, while the
molar ratio of functional monomers to template molecule is 39:1. The
biggest challenge was the relatively low solubility of S-metolachlor in
water, approximately 0.5 g » L~ [7], which is sufficient for spraying in
agriculture. In contrast, the desire to obtain a concentrated aqueous
solution of this herbicide, allowing for a relatively high percentage of
template in the reaction mixture, poses a challenge to the synthetic
engineer.

Similar polymer syntheses, but using a high-temperature, and K,S0
or AIBN (for MIP-43 and MIP-44) as an initiator, were also carried out to
compare the sorption capacities of the obtained sorbents. The reaction
conditions for polymer synthesis at 60 *C are presented in Table 3,

Almost all reactions performed at 60 °C did not produce satisfactory
results. Only in the case of the reaction MIP-41, an amount of polymer
was obtained that enabled the sorption process to be camied out.
However, the sorption properties was unsatisfactory because 1 g of MIP
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Table 4
Sorption capacity of mctolachlor with MIP.

Table 3
Summary of MIPs synthesis conditions at 60 “C.
Solvent Monomers The molar ratic of  Template
template to
monomers
MIP- H>0/EtOH NIPAM/MAA/ 170 Solutlon of
34 (6.3:1) acrylic acid template in
MIP- 11:12:1 E:OH
35
MIP-
36
MIP-  H20/EtOH
37 (3:1)
MTP- Ha0/ErOH
38 (1:1)
MIP-
39
MIP-
40
MIP- H20/EtOH NIPAM/AA/ 1:70 Solution of
41 (1:1) acrylic acid template in
11140 ErOH
MIP- H,0/MeOH 1:55 Solution of
42 (1:1) template in
MeOH
MIP- Chloroform 1:70 Pure S-
43 metolachlor
MIP- n-octane
44

absorbed 0.931 = 0.263 mg of S-metolachlor, while 1 g of NIP absorbed
1.352 =+ 0.070 mg of this herbicide.

As the result of the first attempts to carry out the sorption process,
the best pair of polymers (MIP-32 and appropriate NIP-22) was selected.
This pair of materials MIP-32 and NIP-22 synthesized in an aqueous
environment and ambient temperature sorbed S-metolachlor was much
better than those synthesized at 60 °C, with a result of 2.415 + 0.038 mg
of herbicide by MIP and 0.463 + 0.281 mg by NIP. More than 5 times
better sorption of the molecularly imprinted polymer (MIP-32) deter-
mined the further characterization of this composition, including sorp-
tion isotherms, selectivity, FT-IR and SEM analyses, absorbency, and bed
regeneration.

3.1.1. Sorption isotherms

More detailed sorption properties tests were performed for the
selected pair of sorbents MIP-32 and NIP-22. In the first step, the
adsorption isotherms were studied, which are presented in Fig. 1. To
study the adsorption mechanisms of MIP-32 and NIP-22, the data ob-
tained were fit to the Langmuir, Freundlich, and Dubinin-Radushkevich
isotherms models.

3.1.2. Langmuir isotherms

The Langmuir isotherms model assumes that a monolayer of mole-
cules is formed on the surface of the adsorbent. Moreover, a fixed
number of adsorption sites are available on the surface of the adsorbent,
and all binding sites are identical and interact with the same energy.
Fig. 2 shows the non-linear fitting of the Langmuir isotherm for a
selected pair of sorbents, while Fig. 3 shows the linear fit. The values of
the estimated parameters and the R* coefficient for both types of
isotherm fits are summarized in Table 5.

3.1.3. Freundlich isotherms

The Freundlich isotherms model is based on monolayer heteroge-
neous adsorption of adsorbate on the surface of the adsorbent without
any interaction between adsorbed ions [25]. To determine the fit to the
Freundlich adsorprion models non-linear (Fig 4) and linear (Fig. 5)
regression analysis was performed. The values of the estimared param-
eters and the R® coefficient for both types of isotherm fits are presented
in Table 6.

Nnm A .ofcll 1achl A ;o"c M, 1achl
absorbed on MIP (mg x g ") absorbed on NIP (mg » g ")

MIP-3/ 0.89 = 0.37 1.21 = 0.08
NIP-3

MIP-5/ 1.590 = 0.27 3.58 =036
NIP-5

MIP-8/ 1.40 = 0.03 1.43 + 0.25
NIP-§

MIP-9/ 1.28 = 0.26 1.52 = 0.03
NIp-¢

MIP-10/ 1.57 £ 0.87 1.95 £ 017
NIP-10

MIP-11/ 361 =053 3,98 = 0.04
NIP-11

MIP-12/ 243 £ 043 202 +0.11
NIP-12

MIP-13/ 0.07 = 0.09 0.33 = 0.09
NIP-13

MIP-14/ 3.31 £ 042 3.20 £ 0.26
NIP-14

MIP-15/ 2.32 =037 3.20 = 0.26
NIP-14

MIP-16/ 0.63 + 0.07 0.43 = 0.06
NIP-15

MIP-17/ 0.59 + 0.01 0.43 ~ 0.06
NIP-15

MIP-18/ 3.36 £ 0.64 4.53 £ 0.35
NIP-16

MIP-19/ 1.31 = 0.56 0.39 = 0.04
NIP-17

MIP-20/ 1.55 = 0.16 0.39 = 0.04
NIP-17

MIP-21/ 0.81 = 0.22 0.39 + 0.04
NIP-17

MIP-22/ 0.68 = 0.03 0.39 = 0.04
NIpP-17

MIP-23/ 1.14 £ 0.06 0.39 £ 0.04
NIP-17

MIP-24/ 2.20 = 1.28 0.39 = 0.04
NIP-17

MIP-25/ 1.16 + 0.59 0.39 + 0.04
NIP-17

MIP-27/ 1.04 = 0.18 1.99 = 0.81
NIp-18

MIP-28/ 1.34 £ 0.07 1.99 £ 0.81
NIP-18

MIP-29/ 0.76 £ 0.05 0.59 £ 0.03
NIP-19

MIP-30/ 229 = 054 3.37 = 0.64
NIP-20

MIP-31/ 3.96 = 0.07 3.61 =020
NIP-21

MIP-32/ 2.42 +0.04 0.46 + 0.03
NIP-22

MIP-33/ 0.61 =0.32 0.58 =0.10
NIP-23

3.1.4. Dubinin — Radushkevich isotherms

The Dubinin-Radushkevich isotherms examine the interactions be-
tween the adsorbate and the sorbenr and help distinguish mechanisms of
chemisorprion and physisorption [26]. The resultant dara were fitred to
the Dubinin-Radushkevich isotherm model using non-linear regression,
asshown in Fig. 5, as well as linear regression (Fig 7). The values of the
estimated parameters and the R? coefficient for both types of isotherm
fits are presented in Table 7.

Comparing the obtained isotherms and determined parameters, it is
concluded that in the Langmuir isotherm for MIP in non-linear regres-
sion the maximum sorption is almost 9 mg x g ', while for linear
regression three times lower. However, the R? values are higher for
linear form (0.97) than for non-linear (0.94}, as well as the affinity of the
adsorption sites. Despite the good fit of the R* coefficient in both non-
linear and linear models for NIP, the values of g,, and K are unlikely.
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Fig. 1. Adsorption isotherms of MIP-32 (red) and NIP-22 (green).

For Freundlich isotherm in both non-linear and linear models
Freundlich constant related to the binding affinity is significantly higher
for MIP (0.016 and 0.007 for non-linear and linear models, respectively)
than for NIP (0.003 and 0.001 for non-linear and linear models,
respectively), even though the R? coefficient is higher for NIP (0.99 and
0.98 for non-linear and linear form, respectively) than for MIP (0.93 and
0.97 for non-linear and linear form, respectively). The heterogeneity
index ranges from 0 to 1, where 1 indicates homogeneity and zero in-
dicates heterogeneity of the adsorption sites [27]. This value for NIPs is
higher than for MIPs, which confirms more heterogeneous properties of
the molecularly imprinted polymer surfaces.

In the Dubinin-Radushkevich model, the values of theoretical
maximum capacity are lower for linear regression than for non-linear.
Furthermore, the q,, values for MIP are much lower than in the Lang-
muir model. The R” values in this fit are the lowest, especially for the
linear form of the equation.

Talanta 260 (2024} 126674

These diverse results show the complexity of the isotherm matching
problem resulting from the heterogeneous surface of polymers. MIP
sorption probably occurs according to both the Langmuir and Freund-
lich isotherms. However, in the case of NIP, the best-fitting model is the
Preundlich isotherm.

3.1.5. Competitive binding

To demonstrate the presence of specific cavities on the MIP surface
compatible with S-metolachlor, sorption was carried out in a solution
containing other plant protection agents, exhibiting competitive bind-
ing. The tests were carried out by sorption of MIP and NIP polymers with
a 0.05M solution of a mixture of S-metolachlor, atrazine, Fenoxinn, and
Halvetic. Fenoxinn is a herbicide containing fenoxaprop-P-ethyl, while
Halvetic comprehends glyphosate as an active ingredient. The results
(Table 8) presented a significantly lower imprinting factor (IF) for other
chemicals than for S-metolachlor (2.6). Furthermore, the selectivity
coefficients (8) for these substances are high. which means that the
received MIP absorbed S-metolachlor 3 times better than atrazine, 6
times better than glyphosate, and 6 times better than fenoxaprop-P-
ethyl. The presented data confirm the specific binding of S-metola-
chlor by the MIP molecule, caused by the presence of an imprint of this

Table 5
Parameter estimates for the Langmuir Isotherm.
Model R? qulmgxg ']l Kllxmg ']
Non-linear form of MIP- 0.940  8.9437 00012
Langmuir 32
NIP-22 0.985 51706.8772 1.1190 x
1077
Linear form of Langmulr MIP- 0968 3.1477 0.002¢9
32
NIP-22 0975 -0.7713 0.0033

25+
25+ £
/. -
- 204 L]
N /
- 1.5
515 . S A~
: 7 g ////i/
E 25 €10
v 104 - ] ‘o ¥
o =] e
s 05 /
[ " MIP-32 .p" ] 2
004 ~—— Mon-lnoar form of Lengmui lsotherm 0.0 L |—— Nonvinear form of Langmuk sothen
0 50 100 150 200 250 300 350 400 D 50 100 150 200 250 300 350 400
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Fig. 2. The non-linear form of Langmuir isotherm for MIP-32 and NIP-22.
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Fig. 3. The linear form of Langmuir isotherm for MIP-32 and NIP-22.
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Fig. 5. The linear form of Freundlich isotherm for MIP-32 and NIP-22.

Table 6
Parameter estimates for the Freundlich Isotherm,
Model R* Ky [mol x g~ 4 1/n
Non-linear form of Freundlich MIP-32 0.920 0.0164 08662
NIP-22 0.990 0.0028 11312
Linear form of Freundlich MIP-32 0.968 0.0068 10278
NIP-22 0.981 0.0012 1.2900

herbicide on the surface of the sorbent. At the same time, weak binding
of the remaining compounds by MIP is observed, indicating the lack of
specific interactions.

3.1.6. Application in real samples
The optimized synthesis conditions were used to check the sorption
capacity in real samples prepared as a tap water solution of S-

metolachlor (Table 9). The sorpton process was carried out in the same
manner as sorption on the model solution, however, did not initially
produce the expected results. The value of S-metolachlor absorbed by 1
g of MIP was 0.566 == 0.332 mg, while by 1 g of NIP ir was 0.371 +
0.001 mg. Therefore, an investigation of the influence of pH on the
adsorption process was conducted. The pH of the solution was reduced
to 5 using 0.1 M hydrochloric acid to obtain parameters similar to the PH
value of deionized water. The amount of S-metolachlor bound to the MIP
and NIP polymers was 2.614 =+ 0.354 and 0.629 + 0.213 mg of herbi-
cide per gram of sorbent, respectively. The binding of S-metolachlor by
MIP was more than 4 times better than that by NIP. This confirms the
presence of cavities in the MIP structure that specifically bind to the
imprinted analyte. For MIP and NIP, these values are 0.2 mg higher, than
the sorption value for the model solution, which may be due to the
complex matrix present in tap water.

254
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= // =18
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Fig. 6. The non-linear form of Dubinin-Radishkevich isotherm for MIP-32 and NIP-22.
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Table 7
Parameter estimates for the Dubinin-Radushkevich Isotherm.
Model R’ G [mg x Kor [mol® x
5] |
Non-linear form of Dubinin- MIP- 0954  2.5751 —-11030.1556
Radushkevich 32
NIP- 0.907 2.2085 —19744.6610
22
Linear form of Dubinin- MIP- 0449 0.9676 0.0330
Radushkevich 32
NIP- 0431 0.6346 0.4548
22
Table 8
Competitive study.
Parameter - Atrazine Glyphosate Fenoxaprop-P-
Metolachlox ethyl
Knip 5140 = 458 16.83 26.35 £ 2,72 1410 £ 1.45
2.38
Knp 19.76 + 4.40 17.48 34.02 £ 2.02 1222 + 0.10
3.50
1F 263 =036 0.98 = 0.24 0.89 = 0.09 1.20 = 0.31
S - 32:04 6.0 = 0.8 62201
Table 9
Comparison of S-metolachlor sorption values from real and model solutions.
MIP-32 NIP-22
Sarption from the real solution (pH 7) [mg x g '] 0,57 = 0.33 0.37 = 0D.01
Sorption from the real solution (pH 5) [mg = g '] 2561 £ 0.35 0.63 = 0.21
Sarption from the model solution [mg » g '] 242004 0.46 = 0.28

3.1.7. FT-IR analysis

The FT-IR spectra of the molecularly imprinted polymer toward S-
metolachlor and non-imprinted polymer were performed to compare the
structure of the sorbents. Analyzing both spectra Fig. 8, the peaks of MIP
were nearly identical to the peaks from NIP. The presence of the N-H
bending bond ar 1650 em ! and 3470 em ', as well as the G-N
stretching bond at 1040 em™', present in monomers, can be noticed.
Both spectra have a peak at 1715 em™', 2360 em ™!, and 1140 em ™!
which showed the =0 stretching bond of the amide group and C-0-C
stretching bound from the cross linker, respectively. The CH; bending
bond was detected at 1460 cm '. At 2850 cm ! as well as 1920 cm ™!
C-H bonds are observed, while at 3550-3800 ' O-H stretching bonds
are present. The information provided above proves that the chemical
composition of the polymers is identical, however despite the similar
structure, the sorption properties of this materials studied. Which may
also confirm the existence of these specific S-metolachlor binding sites in
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Fig. 8, The FT-IR spectra of sclected MIP and NIP.
the MIP structure.

3.1.8. SEM analysis

The synthesized MIP and NIP sorbents were characterized by SEM
analysis of the polymer matrix. SEM images are presented in Fig. 9 and
show that the surface morphology of MIP is more porous than that of
NIP, which could also explain the difference in S-metolachlor binding.
From the SEM micrographs. it can be seen that the polymers have
irregular surfaces and shapes.

3.1.9. Water regain

Determining the amount of adsorbed water was one of the tests
regarding the material characterization, including swelling and mass
changes. These values for both MIP and NIP materials were similar.
Water regain by 1 g of NIP was calculated as 6.14 g, while by 1 gof MIP
as 6.25 g. These values for both tested materials are similar, so it can also
be emphasized here that this property does not affect the sorption
properties and differs in the efficiency of SMCh removing from aqueous
solutions, which probably also confirms the formation of these specific
binding sites in the MIP structure.

4. Conclusions
In this work, the first molecularly imprinted polymer for S-metola-

chlor determination was prepared based on green chemistry principles.
Various synthetic strategies as well as the compositions and molar ratios
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Fig. 9. The SEM images of selected MIP-32 (A, B) and NIP-22 (C, D) particles.

of the reaction mixture were tested. The highest sorption capacity and
the difference between S-metolachlor sorption by MIP-32 and NIP-22
materials were obtained by polymerizing NIPAM, AA, acrylic acid,
and BIS in an aqueous herbicide solurion, synrhesized at room temper-
anwe. The selectivity of the obtained sorbent is extremely high for s-
metolachlor, while it is significantly lower for other plant protection
products. One of the values that determine selectiviry is the imprinting
facror, which for S-metolachlor is 2.6, while for arrazine iris equal to 1,
for fenoxaprop-P-ethyl it is 1.3 and for glyphosate it is 0.9.
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7.3. Optymalizacja warunkow dzialania kolumn SPE ze zlozem skladajacym si¢
z blokowych polimerow wrazliwych na zmiany temperatury (Publikacja P3)

Rapacz D, Smolinska—Kempisty K, Wolska J. Preparation and characterization of SPE column
with smart green molecularly imprinted polymers materials for selective determination of
S—metolachlor herbicide. Scientific Reports. 2025, vol. 15, art. 3153, s. 1-10.
https://doi.org/10.1038/s41598-025-87685-2.

Wprowadzenie

Trzeci artykut zatytuowany “Preparation and characterization of SPE column with
smart green molecularly imprinted polymers materials for selective determination of
S—metolachlor herbicide” opublikowany w Scientific Reports skupia si¢ na zastosowaniu
wcezesniej zsyntezowanych polimeréw wdrukowanych molekularnie (P2) jako selektywnego
ztoza w kolumnach typu SPE. W poprzedniej pracy (P2) proces sorpcji byl prowadzony
w trybie statycznym przez 24 godziny. Niniejsza publikacja natomiast, opisuje nie tylko sorpcje
prowadzong w trybie dynamicznym, pozwalajaca na skrocenie czasu inkubacji ograniczajacego
si¢ do przeplynigcia roztworu przez ztoze, ale roOwniez przedstawia wlasciwosci tak zwanych
Hinteligentnych” polimerow, wrazliwych na zmiang temperatury 1 cechujacych sie
wlasciwo$ciami samoregenerujacymi.

Wyniki

W publikacji opisana zostata optymalizacja warunkow sorpcji oraz desorpcji w trybie
dynamicznym, uwzgledniajaca dobdr odpowiedniego modelu pracy w kolumnach, czas
inkubacji oraz temperaturg desorpcji. Przetestowano kolumny naczyn wyrownanych, kolumny
typu SPE z polietylenowymi frytami oraz kolumny typu SPE z filtrem zlozonym z bibuly
filtracyjnej oraz waty. Proces sorpcji na kolumnach naczyn wyrdwnanych przebiegat do
momentu przebicia zloza. Z kolei podczas drugiego eksperymentu, przeprowadzonego na tym
samym, wczesniej oczyszczonym materiale, zaobserwowano niemal dwukrotnie wigkszg
warto$¢ sorpcji w poréwnaniu do pierwszego etapu. Jednoczesnie wyniki tego procesu
wykazaly brak powtarzalno$ci. Ponadto dlugi czas penetracji roztworu oraz eluentu przez ztoze
oraz czeste zatykanie si¢ zloza, a takze zuzywanie duzej ilosci eluentu przyczynily si¢ do
poszukiwania lepszego rozwigzania.

W kolejnym kroku testowano kolumny typu SPE z frytami polietylenowymi. Obecnosé
spieckéw PE wuniemozliwiala swobodny przeptyw roztworu przez zloze, wymuszajac
zastosowanie prozni, w celu przepchnigcia cieczy przez kolumng, co znaczaco skrocito czas
sorpcji 1 desorpcji w trybie dynamicznym, w poréwnaniu z poprzednim modelem kolumny.
Pomimo powtarzalno$ci wynikow, skrdéconego czasu zachodzgcego procesu oraz duzego
stopnia regeneracji ztoza, metoda ta okazala si¢ niezadowalajgca, poniewaz pod wplywem
podci$nienia generowanego przez prozni¢, drobne kawalki polimeru blokowego wnikaly
w pory fryt, zatykajac je 1 blokujac dalszy przeptyw.

Najlepsze rezultaty uzyskano dla kolumn typu SPE z wykorzystaniem filtra
sktadajacego si¢ z warstwy bibuty, waty oraz kolejnej warstwy bibuty. Takie rozwigzanie
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przyniosto pozadany efekt, umozliwiajac przeprowadzenie procesu sorpcji i desorpcji bez
blokowania si¢ zloza, w krotkim czasie oraz z wykorzystaniem matej objgtosci eluentu.
Ponadto zoptymalizowanie warunkoéw sorpcji pozwolito na uzyskanie niemal dwukrotnie
wigkszej wartosci sorpcji dla MIPu niz dla NIPu, odpowiednio 0,91 mg x g'i 0,52 mg x g\
Proces sorpcji przeprowadzono réwniez dla probek przygotowanych na bazie wody z kranu,
symulujacych warunki rzeczywiste. Uzyskane wyniki wykazaly zblizong warto$¢ sorpcji dla
MIPu, réwna 0,85 mg x g'. Z kolei wartoéé sorpcji dla NIPu byta wieksza w poréwnaniu
z roztworem modelowym i wynosita 0,71 mg x g,

Przeprowadzono réwniez optymalizacje warunkéw desorpcji w kolumnach SPE.
Poniewaz PNIPAM jest polimerem wrazliwym na zmiang¢ temperatury, proces desorpcji byt
prowadzony w trzech temperaturach: 4, 22 1 50°C. Zgodnie z teorig LCST, w temperaturze 4°C
proces desorpcji zachodzil najefektywniej, a wspdtczynnik regeneracji wynosit 66% (po
przeprowadzeniu jednego cyklu procesu desorpcji), podczas gdy w temperaturze 22°C byt
rowny 55%, a w 50°C osiaggnat wartos¢ 46%. Samoregeneracja tych sorbentéw umozliwita nie
tylko okreslenie st¢zenia S—metolachloru w probce badanej wody, ale rowniez ich ponowne
wykorzystanie.

Po opracowaniu warunkow sorpcji oraz regeneracji ztoza przetestowano, ile razy ten
sam material moze by¢ ponownie wykorzystany. Ztoze zachowato swoje wilasciwosci przy
przeprowadzeniu trzech cykli sorpcja—desorpcja. Taki rezultat jest zgodny z zatozeniami
koncepcji ,.zielonych” polimerow wdrukowanych molekularnie. Ograniczenie iloSci
generowanych odpadéw oraz wielokrotne wykorzystanie sorbentéw $wiadczy o ich potencjale
do realizacji zasad zrownowazonego rozwoju.

Ponadto przeprowadzono analiz¢ kinetyki sorpcji, dopasowujac otrzymane wyniki do
odpowiednich modeli. Na podstawie obliczen stwierdzono, ze zar6wno w przypadku MIPu, jak
1 NIPu, najlepsze dopasowanie uzyskano dla modelu kinetyki pseudo—drugiego rzedu. Wartosci
wspotczynnika determinacji wynosity odpowiednio 0,992 dla MIPu i 0,981 dla NIPu.
Dodatkowo ustalono, ze proces sorpcji zachodzacy na NIPie jest kontrolowany przez dyfuzje
do powierzchni polimeru, podczas gdy w przypadku MIPu etapem ograniczajagcym szybko$¢
sorpcji jest dyfuzja w glab struktury sorbentu.

Podsumowanie

Zastosowanie polimerow wdrukowanych molekularnie jako 716z w kolumnach typu
SPE, oraz optymalizacja warunkdw sorpcji i regeneracji ztoza, umozliwity stworzenie szybkiej
metody detekcji oraz oznaczania stezenia S—metolachloru w probkach wody. Pojemnos¢
sorpcyjna kolumny MIP-SPE byla prawie dwukrotnie wieksza niz kolumny z uktadem
referencyjnym, co potwierdza specyficzne interakcje pomiedzy polimerem a S—metolachlorem.
Badania wykazaly, ze proces desorpcji, ktory jednoczesnie pelni funkcje¢ samoregeneracji
kolumny, przebiega najefektywniej w temperaturze 4°C. Ponadto materialy te wpisujg si¢
rowniez w zalozenia tak zwanych ,zielonych” polimerow wdrukowanych molekularnie,
poniewaz mozliwe jest przeprowadzenie cyklu sorpcji—desorpcji nawet trzykrotnie,
z zachowaniem S$redniego wspoOlczynnika regeneracji na poziomie 98%, ograniczajac
jednoczesnie ilo$¢ generowanych odpadow.
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OPEN Preparation and characterization
of SPE column with smart
green molecularly imprinted
polymers materials for selective

determination of S-metolachlor
herbicide

Dominika Rapacz=, Katarzyna Smolifiska-Kempisty & Joanna Wolska

The presence of traces of herbicides in ground and surface waters can have adverse impacts on humans
and the environment.Therefore, developing a highly selective and reusable adsorbent for monitoring
water quality has become important.This article describes smart green molecularly imprinted polymers
(MIPs) as selective sorbents of S-metolachlor herbicide for solid phase extraction (SPE). Combining the
MIP-SPE column with HPLC chromatography provided a quick and accurate method for determining
thereal concentration of S-metolachlor in water samples. The sorption capacity of the MIP-SPE

column was almost twice that of the non-imprinted polymer column for SPE extraction. The bed can

be regenerated up to three times before it loses its original sorption properties. A method has been
developed whereby 6 ml of water can achieve an average recovery rate of 98% for sorbent. During

the selectivity study from multicomp onent solution, the calculate imprinting factor for MIPs was
calculated to be 10, while MIPs sorb S-metolachlor 10 times better than atrazine, 12 times better than
fenoxaprop-P-ethyl and 33 times better than glyphosate. The pseudo-second-order kinetic model was
in good agreement with the experimental values obtained.

Keywords S-metolachlor, Solid phase extraction, Green molecularly imprinted polymers, Sorption,
Desorption

Maize, wheat, and rice are the three main cereal crops grown on Earth, providing more than 40% of the world's
caloric needs. Approximately 197 million hectares of corn are cultivated annually, and half of the world’s maize
production is accounted for in the Americas'. Agrochemicals, including fertilizers, herbicides, pesticides,
insecticides, and plant-growth hormones, are widely used in agriculture to increase production efhciency to
meet the needs of a steadily growing global population®. S-metolachlor is one of the most persistent soil-applied
herbicides belonging to the chloroacetanilide group, used for the pre-emergence control of small-seeded broad-
leafed weeds and annual grasses, among others, in maize, cotton, and soybean crops’. It is relatively well soluble
in water and is weakly sorbed to soil particles, giving it the potential to permeate into groundwater*.

‘The sustainable use of agrochemicals is important not only for boosting crop yield but also for human well-
being and health, as well as the protection of water resources from farm pollution®. In addition to contamination
from plant protection products, ground, surface, and drinking waters can contain micropollutants with heavy
metals, medications and pharmaceuticals, dyes, drugs, and the endocrine disrupting system. The micropollutants
present in water often occur at deficient concentrations, from ng x L™ to pg x L}, which means that many
traditional analytical methods are not sensitive enough to detect and remove these contaminants®. Widespread
analytical tools used to determine micropollutants are liquid-chromatography coupled to mass spectrometry
(LC-MS), gas chromatography linked to mass spectrometry (GC-MS)’, and capillary electrophoresis®. The
detection of S-metolachlor using molecularly imprinted polymers in samples containing micropollutants is

Department of Process Engineering and Technology of Polymer and Carben Materials, Wroclaw
University of Sdence and Technology, \Wybrzeze \Wyspianskiego 27, Wroctaw 50-370, Poland. =email:
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typically conducted through the use of HPLC or GC. The precise parameters associated with this methodology
are further delineated in the review”,

Enrichment and pre-concentration methods used in preparing samples for analysis are crucial in determining
the trace concentration, especially for complex environmental samples, regardless of the type of contaminant or
sample matrix. Solid phase extraction is an extensively used clean-up, isolation, and concentration technique
because of its ease of use, cost, and low solvent consumption'’. The types of SPE sorbents include, among others,
normal, reversed, and ionic phases, however, unsatisfactory selectivity caused by co-elutes with interfering
compounds excludes their use in effective and reliable analyses. Molecularly imprinted polymers (MIPs) have
proven to be a good selective SPE substrate due to their specific ability to recognize the target analyte molecule.
Moreover, MIPs are stable, relatively inexpensive, easy to synthesize, and have potential affinity for a wide range
of interest analyte molecules. The application of green chemistry principles has become increasingly popular in
the field of molecular imprinting to improve the performance of MIPs by reducing their negative impacts. The
design of green MIPs poses a signiﬁcant challenge to researchers, primarily due to the lack of solubility of the
majority of monomers in water”'!. The greenification list of principles encompasses the selective implementation
of environmentally friendly materials and reagents in waste disposal' ™',

Smart polymers are a class of functional materials that are able to respond to environmental stimuli such
as temperature, pH, or light. Poly(N-isopropylacrylamide) (PNIPAM) is known to exhibit thermosensitive
properties according to the theory of the lower critical solution temperature (LCST). PNIPAM has both
hydrophilic amide groups and hydrophobic isopropyl groups in its molecule. At low temperatures, there is a
strong hydrogen bond between the amide groups and water molecules, causing PNIPAM to swell. When the
temperature rises above 32 °C the hydrogen bond between the amide group and the water molecules is broken,
the isopropyl group takes over, and PNIPAM shrinks!*.

The present work presents a combination of solid phase extraction columns whose bed consists of smart
molecularly imprinted polymers, and high-performance liquid chromatography as an analytical tool for
detecting S-metolachlor herbicide from water samples. This study is subjected to human and environmental risk
chemicals occurring in micro quantities, demonstrating the possibility of determining the real concentration of
S-metolachlor in the chemical cocktail mixture, The composition of molecularly imprinted polymers synthesized
according to the principles of green chemistry, published in our recent work!, combined with the SPE technique,
underlines the innovation of the research presented while focusing considerable attention on minimizing
environmental risks. The greenification principles used in this work include self-cleaning MIPs, aqueous media
as worthy porogen and solvent, generate minimal waste, controlling polymerization without energy waste,
eliminate template through use of green solvent, as well as increase operator safety.

Materials and methods

Reagents and chemicals

Acrylamide (AA) was purchased from Thermo Scientific Chemicals. Acros Organics provided acrylicacid (AAc).
Ammonium persulfate (APS), N-isopropylacrylamide (NTIPAM), N,N"-methylenebis (acrylamide) (BIS), and N,
NN’ N’-tetramethylethylenediamine (TEMED) were supplied by Sigma-Aldrich. S-metolachlor (SMCh) was
obtained from NOVAGRA. The HPLC grade acetonitrile was purchased from CHEMSOLUTE. Ultrapure water
was obtained with a Milli-Q System (Merck Millipore).

Preparation of the polymers

The synthesis of MIP for S-metolachlor has been published in our previous work'’. In brief, NIPAM (3.52
mmol), AA (4.64 mmol), and AAc (0.32 mmol) were placed in the vessel as functional monomers, BIS (2.34
mmol) as a cross-liner, and 10 mL of water solution of S-metolachlor (0.27 mmol) as a template molecule. Once
dissolved, the mixture was purged with nitrogen for 1 min, and 1 mL of an aqueous solution of APS (0.13 mmal)
and TEMED (0.10 mmol) was added to the polymerization mixture and blown with nitrogen for 2 min again.
The polymerization reaction was carried out for 24 h on a shaker at room temperature. The bulk polymers were
extracted for 24 h in Soxhlet using ethanol and dried at 60 °C. Non-imprinted polymers (NIPs) were synthesized
similarly but without template molecules.

Sorption process
The adsorption capacity q (mg x g'), calculated according to the following Eq. (1), is defined as the amount of
S-Metolachlor adsorbed at the equilibrium*.

q=(C‘.—('cq)x" )

m

where € (mg x L!)—initial concentration of S-metolachlor, C., (mg x L™')—equilibrium concentration of
S-metolachlor, V' (L)—volume of the solution, v (g)—mass of the polymer.

Regeneration of sorbents
The HPLC adaparalus determined the concentration of eluted herbicide. The regeneration factor (RF) was
calculated following Eq. (2).

M.

RF = AL

% 100% (2)

where M, (mg)—mass of eluted S-metolachlor, A7, (mg)- mass of absorbed S-metolachlor.
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Fig. 1. Sorption kinetics for NIP and MIP.

NIP (0032 0.979 | 0.028 0.967

MIP | 0.002 0276 | 0.012 0.905

Table 1. Parameters obtained from the calculation of the sorption Kinetics according to Fick’s law. Significant
values are in bold.

Porosity of sorbents

Pore volume and surface area were obtained by examining nitrogen adsorption at the liquid nitrogen temperature
using Micromeritics ASAP 2020 Plus version 2.0 analyzer. Prior to analysis samples (about 0.5 g) were degassed
at 40 °C for 24 h. Dose of nitrogen was set to 3 cm® g', free space of the analyzing tube was measured before
performing the analysis. Resultant data were subjected to Braunauer-Emmet-Teller (BET) treatment.

High-performance liquid chromatography

Analyses were performed on the high-performance liquid chromatograph Shimadzu SCL-40 equipped with
an autosampler (model SIL-40), PDA pump, and an ARION’ Biphenyl chromatographic column (3 um,
150 x 4.6 mm). The analysis was performed in isocratic elution using a mixture of water and acetonitrile (1:1, v:
v) as a mobile phase. The temperature was kept to 30 °C, the injection volume was set at 30 uL, and the flow rate
was maintained at 1 mL x min . The wavelength has been fixed at 254 nm.

Result and discussion

Kinetics of adsorption

The characterization of the physicochemical properties of the polymers, such as scanning electron microscopy
and Fourier transform infrared spectroscopy, was described in our a previous work'®. In brief, the spectrum
indicates the presence of an N-H bending bond at 1650 cm ™! and 3470 cm !, as well asa C-N stretching bond
at 1040 cm ', which are characteristic of the monomers. Both spectra exhibited a peak at 1715 cm %, 2360 cm ™,
and 1140 cm*, which indicated the C-O stretching bond o?the amide group and C-O-C stretching bond
from the cross-linker, respectively. The CH, bending bond was identified at a wavelength of 1460 cm’. At
2850 em™! as well as 1920 cm™!, C-H bonds are observed, while at 3550-3800 cm™!, O-H stretching bonds are
present. Additionally, the supplementary material contains SEM images. To completely characterize the sorption
properties of these polymers sorption kinetic studies were conducted. The adsorption kinetics was investigated
with 250 mL of S-metolachlor concentration of 30 mg x L' and sorbent mass of 2.5 g at room temperature,
‘The concentration of samples taken at different time intervals was determined using the HPLC apparatus. The
experimental data obtained from the sorption kinetics process are presented in Fig. 1.

To investigate the mechanism controlling sorption, the collected data were fitted to several kinetic models,
Fick’s second law models were first adapted to the experimental data to determine whether film diffusion or
particle diffusion was the controlling process (Table 1). Equation (3) considers film diffusion as the rate-limiting
step'®. The sorption rate constant k. was determined from a plot of —In(1 — ) versus time.
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kw s (mg x g7 x min™) | 04 0.018
o nrz (mg % g x min™) | 0,038 | 0.063
Ky ars (mg % g ' > min®) | 0.014 | 0.011

Table 2. Parameters from the Weber-Morris madel calculation. Significant values are in bold.
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Fig. 2. Interpartide diffusion model of S-metolachlor adsorption on NIP and MIP.

kul = —In ( = -'1‘-) 3)
qeq

where ko (1 x min !)—the pseudo-first-order rate constant, g: and g., (mg x g ')—the amount of adsorbate
adsorbed at time f and at the equilibrium time, respectively.
Approximate expression for particle diffusion-controlled adsorption is given by Eq. (4)'°. The sorption rate

constant &, was calculated froma plot of —In(1 — (i-‘q— ) -) versus time.

2
Eyt = —In (1 e (%) ) (4)
L]

where £ (1 x min~')—the pseudo-second-order rate constant, ¢; and ge,{mg x g~')—the amount of adsorbate
adsorbed at time f and at the equilibrium time, respectively.

Analysis of the R? coefficients indicates which type of diffusion is in control of the process. For NIP, film
diffusion is the dominant process, but the difference between the R? ratios for the two types of diffusion is
negligible. However, for MIP there is a significant difference between the values of the R* coefficient, and
particle diffusion controls the process more. A comparison of the data of the rate constants £« and 4z is used to
determine which process is faster. These values are very close for NIP, but the particle diffusion process occurs
more quickly for MIP.

The limiting stage of the S-metolachlor adsor ption process was also estimated using the Weber-Morris model
of intraparticle diffusion (Eq. 5; Table 2), which assumes that in many adsorption circumstances, the solute
uptake is approximately proportional to t** rather than to the contact time. The interparticle diffusion rate
constant was calculated from a plot of q, versus 1”7, which should be a straight line if the intraparticle diffusion
is the rate-limiting step'”

qe = kw ™ + B (6]

where Ay y7(mg x g™ x min®*)—interparticle diffusion rate constant, ¢, (mg x g~')—the amount of adsorbate
adsorbed at time £, B (mg x g~')—boundary layer thickness.

However, when analyzing the plots shown in Fig 2, it is noticeable that there are broken lines rather than
straight lines. This is attributable to the fact that various processes are involved in the adsorption process, and
not just intraparticle diffusion. Furthermore, none of the curves passes through the origin of the coordinate
system, which also confirms that intramolecular diffusion is not the only controlling step. Adsorption on the
outer surface of the adsorbent grain, or the immediate adsorption phase, is represented by the first steep section.
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‘The second section is equivalent to a gradual, gentle adsor‘?tion step in which the process that controls the rate
of the overall adsorption process is intraparticle diffusion'®.

The collected data were fitted to commonly used pseudo-first and pseudo-second-order kinetic models to
better understand the mechanisms of sorption kinetics (Table 3). The pseudo-first-order model relies on the
assumption that the sorption rate is directly proportional to the difference between the saturation concentration
and the amount of solid uptake with time'®. The linear form of the pseudo-first-order model is presented in
following Eq. (6). From the log (g., — g¢) versus time plot, the rate constant &; was calculated™.

kit

2.303 ©

log (gey — qt) = log (geq) —

where ki (1 x min™")—sorption rate constant, 4., and ¢ (mg x g~')—the amount of adsorbate adsorbed at
equilibrium time and at time ¢, respectively.

In the pseudo-second-order model, the process is under the control of the chemical sorption reaction at the
liquid-solid interface in the adsorbent and predicts the behavior over the entire adsorption range. The linear
form of the pseudo-second-order model is described in terms of Eq. (7). The rate constant k» was determined
from the plot of 5% versus time?’.

t 1 1
— + — 7
G K2y Geq @

where: 2 (g x (mg x min) = J—sorption rate constant, ¢-q and g¢ {mg x g" )—the amount of adsorbate adsorbed
at equilibrium time and at time {, respectively.

‘The absorption kinetics of S-metolachlor for both MIP and NIP can be described by a pseudo-second-order
model based on higher values of the R? coefficients. Furthermore, the g, values calculated according to the
pseudo-second-order model are significantly closer to the sorption values {rom the performed experiment. The
sorption rate constant k- is higher for the pseudo-second-order kinetics model than the rate constant &, for the
pseudo-first-order model.

Optimization of the sorption conditions on SPE columns

Our previous work'* described two types of molecularly imprinted polymers that exhibited outstanding sorption
properties. Therefore, these materials were chosen for further studies. An investigation into the determination of
S-metolachlor concentration using the MIP-SPE technique began with optimizing sorption conditions.

Sorption on the aligned vessel column

Initially, the sorption process was carried out on an aligned vessel column. About 0.13 4 0.01 g of sorbent (MIP
and NIP) was placed in a column equipped with wadding and the bed was activated by water. Then 30 mg » L~
S-metolachlor aqueous solution was passed through the column until the bed was penetrated. After filtration
through an Acrodisc 0.45 pm syringe filter, the concentration of S-metolachlor was measured by HPLC. The
desorption process was carried out with water as an eluent solvent to determine the degree of bed regeneration.
‘The sorption-desorption process on the same materials was repeated three times; the results are presented in
Table 4.

To break through the bed of the column, 30 mL of S-metolachlor agueous solution had to pass through the
column for MIP sorbent and 20 mL for NIP sorbent. The desorption process was carried out until a minimum of
80% regeneration of the bed was achieved, with the eluent consumption ranging from 10 to 17 mL. The MIP-SPE
column has a higher column capacity; possibly due to the specific binding sites resulting from the formation of
imprints on the polymer matrix. This allows it to meet the measurement requirements of large-volume samples.
However, this method also has disadvantages, including a long time for the solution and eluent to pass through
the bed, driven only by the pressure generated by the liquid in the column of equalizing vessels. Moreover,
frequent clogging of the bed and the consumption of large amounts of solvents contributed to the search for
improved solutions.

Sorption on SPE column with PE frits

A 3 mL SPE column with a PE frit was loaded with approximately 0.09+0.01 g of sorbent (MIP or NIP) and
covered with a further PE frit. After activation of the MIP-SPE column with water, 30 mg x L' S-metalachlor
aqueous solution was passed through the column until the bed was punctured and the concentration of the
herbicide solution was determined over time using HPLC. To determine the degree of regeneration of the bed,

NIP | 0.032 0979 | 0016 0413 0.992 | 0 22
MIP | 0.004 0.874 | 0017 0.458 0.981 | 0.263

Table 3. Parameters determined by calculating the sorption kinetics according to the pseudo-first and pseudo-
second-order models. Significant values are in bold.
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Sorption I (mgx g 1) 0710.11 [0.63+0.05
Desorption (mg xg™') [ 0.7140.09 [ 0524007
RE (%) 100 +2 8214
Sorption 11 (mg x g™") 1334013 [ 1014008
Desorption 11 (mg xg™") | 1I80.06 | 0.95+0.04
RE (%) 894 94+3
Sorption 111 (mg x g'") | 1.3120.09 | 0.93+0.07
Desorption 11 (mg xg~') | 1.2340.08 | 0.83 4005
RE (%) 9446 9042

Table 4. 'The results of the sorption-desorption process carried out on an aligned vessel column.

Sorption 1 (mg x g™) L15£0.07 [0.96+0.02
Desorption 1 (mgxg™) | 1.040.02 [ 0.93+0.01
RF (%) 9127 973
Sorption 11 (mg x g") 0981001 [0.85+0.03
Desorption T1 (mg = g™') | 0.9740.01 | 0.77 1 0.04
RE (%) 992 W2

Table 5. The results of the sorption-desorption process conducted on PE fritted SPE columns.

Sorption (mgxg™) | 091 +028 [ 0.52+0.30
Desorption (mg < g7*) | 0.88+0.35 | 0.56=025
RE (%) 982 86=1

Table 6. The results of the sorption-desorption process conducted on SPE columns with wadding.

the desorption process was carried out with water as the eluent. The sorption-desorption process was performed
twice with the same materials, The data obtained are presented in Table 5.

The presence of PE frits in the SPE column prevented the solution from flowing freely through the bed, forcing
the use of a vacuum to push the liquid through the column, significantly reducing the sorption and desorption
time in the SPE columns compared to the previous system used. The MIP sorption results achieved are slightly
lower than the previously discussed sorption on a column of aligned vessels; however, a smaller volume of
S-metolachlor solution was required to penetrate the bed. Compared to the first described methad, the volume
of S-metolachlor solution was reduced from 30 to 18 mL in the first sorption process and to 12 mL in the second
sorption process. The first NIP sorption was carried out using the same volume of S-metolachlor solution as in
the case of sorption on the column of equalizing vessels, while in the second case, the volume was reduced to 12
mL. The desorption process, in turn, took place with a significant increase in the volume of the eluent —34 mL
for NIP and 31 mL for MIP in the first stage, and 16 and 15 mL for NIP and MIP respectively in the second stage.
Despite the shorter analysis time and the high degree of bed regeneration, the sorption-desorption method on
SPE columns with PE frits turned out to be unsatisfactory because the column bed consists of tiny pieces of the
block polymer that, under the pressure generated by the vacuum, penetrate the pores of the frits, clogging them
and blocking further penetration.

Sorption on SPE column with wadding and filter paper
To eliminate the effect of PE frits clogging, a layer of two filter papers, wadding, and another two filter papers
were tested as a substitute for the standard frits. Approximately 0.08 +0.02 g of sorbent (MIP or NIP) was placed
in a 3 mL SPE column equipped with a substitute for standard frit and the bed was activated with water. Then,
2 mL of S-metolachlor aqueous solution was dosed three times onto the column, regulating the liquid flow
using the under pressure generated by the vacuum pump. The herbicide concentration was determined by high-
performance liquid chromatography. The desorption process was carried out to determine the degree of bed
regeneration. For this purpose, three portions of water, constituting the eluent, with a volume of 2 mL were
passed through the column. The results of this are summarized in Table 6.

‘The use of wadding and filter paper had the desired effect, enabling the sorption-desorption process to take
place without clogging. Moreover, the use of just 6 mL of the S-metolachlor solution resulted in MIP sorption
values almost as high as those using 30 mL of the solution for sorption carried out on an aligned vessel column.
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RF4°C (%) |66t12 |92:11
RE22°C (%) | 55¢3 | 672
RES0°C (%) | 1629 | 7628

Table 7. The values of the desorption process conducted in various temperatures.

Sorpton | (mgxg!) | 0504002 | 0.35 4006
RE (%) 9310 9=l
Sorption 11 (mgx g ) | 05120.01 | 0.42£002
RF (%) 9813 9+ 1
Sorption 111 {mg % g™ | 053 £0.04 | 0.424003
RF (%) 98+1 98=1
Sorption IV (mg >« g ') [0.58+0.17 [ 0.43£006
RF (%) 771 10040

Table 8. 'The results of sorption-desorption process cycles performed on the MIP sorbent,

Furthermore, 6 mL of eluent was sufficient to regenerate almost 100% of the MIP bed and almost 90% of the NIP
bed. The almost twofold difference between MIP and NIP sorption is evidence of the specific binding of template
molecules by the molecularly imprinted polymer.

Due to the significantly reduced amount of solvents, in line with the green chemistry strategy, the shortened
analysis time, and the evidence for the presence of particular cavities on the structure of MIP capable of binding
of S-metolachlor molecules, the SPE column method usin ﬁtwo layers of filter paper, catton wool, and subsequent
layers of filter paper was chosen as the most suitable method for carrying out sorption-desorption processes of
S-metolachlor.

Desorption on SPE column in various temperatures

After optimizing the sorption and desorption conditions on SPE columns, the desorption process was carried
out at various temperatures to confirm the thermosensitive properties of PNTPAM. The desorption of adsorbed
S-metolachlor morecules was tested at three different temperatures: 4 °C, 22 °C (room temperature) and 50 °C
for 75 min. The desorption process was carried out using 1 mL of water as eluent. The results of the rescarch are
presented in Table 7.

The above results confirm the change in the physicochemical properties of PNIPAM in response to a
change in temperature. At lower temperatures, the polymer chain swells and becomes more flexible, due to the
strong hydrogen bonds between the amide groups and water molecules. The release of adsorbed S-metolachlor
molecules from the polymer structure is facilitated by the relaxation of the network and change of the polymer
chain’s conformation. Therefore, the temperature of 4 °C was selected as the optimal desorption temperature, in
line with the LCST theory. At low temperatures, there is a strong hydrogen bond between the amide groups and
water molecules, causing PNTPAM to swell. When the temperature rises above 32 °C the hydrogen bond between
the amide group and water is broken, the isopropyl group takes over and PNIPAM shrinks.

Regeneration of the column bed
After optimizing the sorption and desorption conditions on the SPE columns, it was investigated how many
cycles the column bed could be reused while maintaining the initial sorption parameters. Approximately
0.05+0.01 g sorbent (MIP or NIP) was weighed into 3 mL SPE columns and the bed was activated by wetting
with water. In the next step, 2 mL of S-metolachlor aqueous solution (C, = 10 mg x L) was added to the column
and incubated for 3 h. In the next step, the adsorbed S-metolachlor particles were desorbed at 4 °C using water as
eluent until at least 93% of the deposit was regenerated. The results are summarized in Table 8.

The column bed has been tested to be used as many as 3 times before it loses its sorption properties, By the
fourth sorption-desorption cycle performed, the bed consist of MIP sorbent was blocked, preventing desorption
above 80%.

Binding site selectivity
Once the conditions were optimized, the method was used for a selectivity analysis to assess the differences in
the binding of the analyte between the MIP and NIP sorbents. Approximately 0.08 +0.02 g of sorbent (MIP or
NIP) was introduced intoa 3 mL SPE column and activated with water. The column was then treated with three
2 mL portions of a aqueous solution containing a mixture of plant protection products: atrazine (concentration
0.05 mmol x L 1), S-metolachlor, glyphosate, and fenoxaprop-P-ethyl (concentration 0.1 mmol x L ! for each),
ﬁulating the liquid flow using the underpressure generated by the vacuum pumf. The concentration of the
ution was determined by HPLC, and the chromatograms are provided in the supplementary information, The
results are presented in Table 9.

ScientificReports|

(2025) 15:3153 | https://doi.org/10.1038/541538-025-87685-2 nature portfolio

53



www.nature.com/scientificreports/

K 594 237 174 0.
Kyir 061 2.48 206 193

IF 97 Lo 08 0.3

s 101201 | 115202 33040.4

Table 9. The results of the competitive study.

Sorption (mg x g ') | 0.85£0.08
RF (%) 100

Table 10. Results of the sorption-desorption process carried out on real samples.

The recognition selectivity is rated by the distribution coefficient (K ;) demonstrating the difference
between the concentration (z—S-metolachlor, j—other Plant protection products) in solution before and after
absorption, calculated according to the following Eq. (8)*!,

(Cis) — Cigiea) X P
K,»m:% 8)

~t{])eq

Where: Cy(;) (mg x L") —initial concentration (i—S-metolachlor, j—other plant protection products), Cy¢ jiea
(mg x L") —equilibrium concentration (i—S8-metolachlor, j—other plant protection products) p(g x L™)
density of the solution.

The imprinting factor (JF) is the ratio of the distribution coeflicients of imprinted polymer and the non-
imprinted polymer was calculated with Eq. (9)%

l‘-’_.\“[’

Where: K, —distribution coeflicient (i—S-metolachlor, j—other Plant protection products) of a substance on
an imprinted polymer (A*''%) and non-imprinted polymer (K™ %),
The selectivity factor (S) was calculated using the following Eq. (10)*

_IF;
= 1F,

S (10)

where: 7 F; —imprinting factor of the S-metolachlor, 7 F;—imprinting factor of analogue molecules.

From the sorption data collected, the distribution coefficients were calculated for each of the compounds.
The imprinting factor was used as a measure of MIP recognition characteristics. The IF for the synthesized MIP
was calculated as 9.7, which is approximately 10 times higher than for atrazine, almost 12 times higher than
for fenoxaprop-P-ethyl, and above 30 times higher than for glyphosate. The high selectivity values confirm the
specific recognition properties of S-metolachlor by MIP due to specific cavities on the polymer matrix.

Sorption from real samples
After optimization of the conditions, the method has been applied to the analysis of real samples. The solution
was prepared from tap water to which S-metolachlor was added and the pH of the solution was adjusted with
HClto the pH of distilled water. A more detailed description ofthe conditions for selecting the pH can be found
in our previous work'?, and chromatograms are provided in the supplementary information. Approximately
0.05+0.01 g of the sorbent was loaded into a 3 mL SPE column and activated with water. Then 2 mL portions of
a tap water solution of S-metolachlor were passed through the column, adjusting the liquid flow by vacuum, and
the concentration of herbicide was indicated using HPLC. The desorption of S-metolachlor was carried out with
water as an eluent. The results are given in Table 10.

‘The results obtained (Table 9) show that there were no significant differences between the real and the
experimental data and confirm the validity of the proposed polymer composition for the determination of
S-metolachlor from real samples.

Porous structure analysis of obtained polymers

To complete the physicochemical characterization of the materials obtained which was started in our last paper*?,
the porous structure analysis was performed. This analysis was also supposed to give us an indirect answer to the
question that the unique sorption properties of MIP in relation to S-metolachlor were ensured by the imprints
produced during polymerization in the polymer matrix. The measurement results with ASAP are presented
in Table 11. The porous structure of the analyzed materials was characterized using nitrogen adsorption. The
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NIP | 0.15£002 40x10°°
MIP 0.19+0.02 60x10-7 33

Table 11. Characteristic of the selected pair of polymers.

values of the average pore volume and the specific surface area for the selected pair of MIP and NIP were also

stmilar. According to TUPAC, both polymers studled characterized by average pore size in a range of 2
an 50 nm, can be classified as mesoporous materials®. It can be observed tKal the porosity value is very small;
however, it was determined for a dry sample, and our material s a typical hydrogel with a high water capacity
(after swelling, 1 g of NIP weighed 6.14 g, and 1 g of MIP weighed 6.25 g)4, where the surface develops in an
aqueous environment and provides access to potential sorption sites for S-metalachlor, hence such a relatively
high sorption capacity despite the small active surface area.

Conclusions

The article describes the further characterization of the synthesized smart green molecularly imprinted polymers
as selective sorbents for S-metolachlor herbicide in a solid phase extraction column. In connection with
HPLC, this method can be used for the detection of traces of S-metolachlor in water samples. The extraction
procedure was optimized using different columns, the best being an SPE column with a layer of two filter papers
and wadding as a substitute for standard PE frits. Molecularly imprinted polymers have a high IF value for
metolachlor (TF=10), while for the other plant protection products the value does not exceed I. The sorption
capacity of the MIP-SPE column was almost twice that ofpr he non-printed polymer column, confirming the
specific interactions between the matrix and S-metolachlor. The desorption process was optimized at 4 °C,
confirming the thermosensitive properties of NIPAM. MIPs have been tested to be recyclable up to three times,
with an average regeneration factor of 98%. The MIP-SPE column is a good method for sample enrichment and
preconcentration, characterized by speed, high selectivity, easier analysis, and no requirement for expensive
instrumentation.

Data availability
The data will be available on the request. To obtain research data, please contact Dominika Rapacz; email:
dominika.rapacz@pwr.edu.pl.
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7.4. Dobor warunkow syntezy blokowych polimerow molekularnie wdrukowywanych
reagujacych na zmiany pH oraz ich zastosowanie jako selektywnych sorbentow
w kolumnach SPE (Publikacja P4)

Rapacz D, Smolinska—Kempisty K, Wolska J. Detection of S—metolachlor herbicide in water
samples using new molecularly imprinted polymer for solid—phase extraction. Journal of Water
Process Engineering. 2025, vol. 75, art. 107980, S. 1-10.
https://doi.org/10.1016/].jwpe.2025.107980.

Wprowadzenie

Kolejny artykut pod tytulem “Detection of S—metolachlor herbicide in water samples
using new molecularly imprinted polymer for solid—phase extraction” opublikowany
w Journal of Water Process Engineering, po raz pierwszy opisuje pH—czute blokowe polimery
molekularnie wdrukowane selektywne wobec S-metolachloru, zsyntezowane zgodnie
z zalozeniami ,zielonej chemii”. Publikacja jest wprowadzeniem do drugiego rodzaju, tak
zwanych, ,.inteligentnych” sorbentow — wrazliwych na zmian¢ pH. Jednym z powszechnie
znanych polimerow wykazujacych odpowiedZz na zmiang pH jest hydrofilowy poli(kwas
akrylowy). Obecno$¢ grup karboksylowych w tancuchach polimeru jest odpowiedzialna za jego
wrazliwo$¢ na pH, powodujac odwracalne przejscie konformacyjne, zachodzace pod wptywem
jonizacji grupy karboksylowej, z ksztattu bardziej zblizonego do kigbka polimerowego, do
rozluznionej formy.

Wyniki

Badania rozpoczg¢to od doboru sktadu oraz warunkow syntezy pH—czutych polimeréw
wdrukowanych molekularnie, a na podstawie przeprowadzonych procesow sorpcji
wyselekcjonowano najbardziej optymalny sktad. Najkorzystniejsze wyniki sorpcji uzyskano
wykorzystujac jako monomery funkcyjne kwas akrylowy i akryloamid (odpowiednio 5,76
16,96 mmol), N,N'-metylenobis(akrylamid) (4,93 mmol) jako $rodek sieciujacy,
S—metolachlor jako szablon, natomiast woda stanowita porofor. Inicjatorem reakcji byt
nadsiarczan amonu oraz N,N,N’,N'—tetrametyloetylenodiamina (dodawane w ilosci
odpowiednio 0,20 1 0,30 mmol). Reakcja byla prowadzona w temperaturze otoczenia.
W odroznieniu  od syntezy polimeréw blokowych wrazliwych na temperature,
przeprowadzonej na wytrzasarce, niniejszy proces polimeryzacji przebiegal z zastosowaniem
mieszadla mechanicznego. To rozwigzanie umozliwito ciagle mieszanie oraz zapewnilo
wigksza jednorodnos¢ sorbentow. Warto$¢ przeprowadzonej sorpcji dla MIPu wynosita 0,260
+0,121 mg x g'!, a dla NIPu byta réwna 0,166 £ 0,002 mg x g\,

Poniewaz otrzymany sorbent jest pH—czuty, proces sorpcji wykonano w réznych pH,
wynoszacych: 2,5; 4,5; 6,5; 8,5 oraz 10,5. Na podstawie przeprowadzonych badan stwierdzono,
1z, najwigksze wartosci sorpcji uzyskano w pH rownym 4,5 i 6,5. Jest to potwierdzeniem
zachodzacego zjawiska transformacji sieci PAAc.
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Aby w pelni scharakteryzowa¢ proces sorpcji przeprowadzono rowniez badania
kinetyki oraz izoterm sorpcji. Najlepsze dopasowanie uzyskano dla modelu kinetyki pseudo—
drugiego rzedu, zaréwno dla MIPu (R?=0,998), jak i dla NIPu (R?=0,999). Ponadto oszacowane
wartosci sorpcji (0,173 1 0,107 mg x g™! odpowiednio dla MIP i NIP) sa zblizone do wartoéci
eksperymentalnych. Informacje dotyczace mechanizmu procesu adsorpcji moga by¢
dostarczone poprzez zbadanie izoterm sorpcji. Otrzymane wyniki zostaty dopasowane do
modeli izoterm Langmuira, Freundlicha, Dubinin— Radushkevicha 1 Scatcharda. Przy czym
model Scatcharda stanowit najlepsze dopasowanie do danych eksperymentalnych.

Sorbenty nastgpnie upakowano w kolumnach typu SPE w celu przeprowadzenia
procesu sorpcji w trybie dynamicznym. Badania rozpoczgto od optymalizacji czasu inkubacji
sorbentu z roztworem S—metolachloru, obejmujacego zakres od 15 minut do 5 godzin.
Najlepsze wyniki — niemal dwukrotnie wigksza warto$¢ sorpcji dla MIPu niz dla NIPu
uzyskano po czterech godzinach kontaktowania. W kolejnym kroku zoptymalizowano warunki
desorpcji. Na podstawie doniesien literaturowych oraz wcze$niejszych badan, jako eluent
wybrano wod¢ o pH wynoszacym okoto 9,2, a optymalny czas inkubacji ustalono na 15 minut.
Dodatkowo przeanalizowano wplyw temperatury na przebieg procesu desorpcji.
Zaobserwowano, ze wymywanie przebiegato najskuteczniej w temperaturze pokojowej, gdzie
osiggnigto 75% desorpcji, podczas gdy w temperaturze 4°C uzyskano 71% wymycia. Takie
warunki umozliwity uproszczenie catego procesu. Po zoptymalizowaniu parametréw,
sprawdzono, ile razy proces sorpcji—desorpcji moze by¢ przeprowadzony na tym samym
materiale. Wykazano, ze wlasciwosci sorbentow oraz powtarzalno$¢ wynikdéw utrzymuja si¢
podczas wykonaniu dwdch cykli sorpcji—desorpcji.

Polimery przetestowano rowniez na probkach symulujacych warunki rzeczywiste,
przeprowadzajac proces sorpcji zarOwno w trybie dynamicznym, jak i statycznym. W obu
przypadkach zaobserwowano, ze wartosci sorpcji S—metolachloru przez MIP z probek
rzeczywistych (0,65 mg x g w trybie statycznym i 0,5 mg x g”! w trybie dynamicznym), byty
nieco mniejsze w poréwnaniu do wartosci uzyskanych dla roztworu modelowego (odpowiednio
0,75 mg x g110,73 mg x g!). Takie wyniki mogg byé zwiazane z obecnoscia wiekszej ilosci
jonow w roztworze rzeczywistym. Mimo to, wartosci sorpcji pozostaja na tyle duze, ze sorbenty
z powodzeniem moga by¢ wykorzystywane do oznaczania S—metolachloru w prébkach
srodowiskowych. Dodatkowo zbadano selektywno$§¢ polimerow w stosunku do
S—metolachloru dla dwdch roéznych trojsktadnikowych roztworéw herbicydow. W pierwszym
roztworze S—metolachlor byt sorbowany okoto trzykrotnie lepiej niz atrazyna i 2,4-D,
natomiast w drugim roztworze okoto dwukrotnie lepiej niz atrazyna i trzykrotnie lepiej niz
mezotrion.

Pelng charakterystyke witasciwosci fizyko—chemicznych pH—-wrazliwych polimerow
wdrukowanych molekularnie selektywnych wobec S—metolachloru otrzymano wykonujac
widma IR, fotografie SEM oraz mierzac stopien pecznienia sorbentow w roznych pH. Podobnie
jak w przypadku blokowych polimeréw reagujacych na zmian¢ temperatury, widma IR obu
sorbentdow byly do siebie porownywalne, potwierdzajac taka sama budowe chemiczng
materialdéw. Zblizone cechy do ,termoczutych” MIPO6w zaobserwowano roéwniez na
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fotografiach SEM, ukazujacych nieregularng struktur¢ powierzchni zaro6wno dla MIPu, jak
1 NIPu, oraz zwigkszong porowato$¢ powierzchni dla polimeru molekularnie wdrukowanego.
Dodatkowo MIP wykazywal wigkszy stopien pecznienia w poroéwnaniu z NIPem, we
wszystkich badanych warto$ciach pH, co rowniez potwierdza wigksza porowato$¢ jego
powierzchni.

Podsumowanie

Przedstawione blokowe polimery wdrukowane molekularnie, reagujgce na zmiany pH
1 selektywne wobec S—metolachloru, moga z powodzeniem znalez¢ zastosowane w detekcji
oraz oznaczaniu st¢zenia tego herbicydu zarowno w probkach modelowych, jak i w ztozonych
matrycach §rodowiskowych. Sorbenty te stanowig alternatywe dla ,,termoczutych” blokowych
MIP6w, przy czym, jak wspomniano wczesniej, zmieniono metode syntezy. W poprzedniej
procedurze do mieszania mieszaniny reakcyjnej uzywano tradycyjnej wstrzasarki, natomiast
W opisanej tutaj metodzie zastosowano mieszadlo mechaniczne, ktére umozliwilto
zsyntezowanie materialu o zwigkszonej jednorodnosci.

59



Journal of Water Process Engineering 75 (2025) 107980

& 18R .

ELSEVIER

Contents lists available at ScienceDirect
Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

WATER PROCESS
ENGINEERING

Detection of S-metolachlor herbicide in water samples using new

ety

molecularly imprinted polymer for solid-phase extraction

Dominika Rapacz , Katarzyna Smoliriska-Kempisty, Joanna Wolska

Wroclaw University of Science and Techniology, Department of Process Engineering and Technalogy of Polymer and Carbon Materials, Wybrzese Wyspiaiskiego 27, 50-

370 Wroctaw, Poland

ARTICLE INFO ABSTRACT
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The application of herbicides has been proven to enhance crop yield. Nevertheless, the use of plant protection
products has been associated with the migration of chemicals into water systems, thereby reducing their quality.
The present study proposes a novel methodology for the detaction of S-metolachlor within water samples, uti-
lizing pH-sensitive molecularly imprinted polymers (MIPs) as highly selective and sensitive sorbents. The MIPs
demonstrated a higher absorption capacity of S-metolachlor (0.75 + 0.34 mg = g !) in comparison to the non-
imprintad polymers (0.17 + 0.04 mg » g '). The adsorption isotherms were analyzed using the Freundlich,
Langmuir, Dubinin-Radushkevich, and Scatchard models. The Scatchard model was found to be the best fit, as
the parameters obtained were closest to the experimental values, confirming the heterogeneity of the binding
sites present on the MIP surface. The data obtained from the kinetic study were fitted to the pseudo-first-order
and pseudo-second-order models. The pseudo-second-order model provided the most appropriate fit (R® =
0.998). The obtained sorbent exhibited high sclectivity for S-metolachlor, absorbing it approximately 3 times
better than atrazine, 2,4-dichlorophenoxyoctic acid (2,4-D). and mesotrione. The results indicate that pH-
sensitive molecularly imprinted polymers, exhibit excellent sensitivity and selectivity towards S-metolachlor,
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making them a novel material for preconcentrating and determining the concentration of sample.

1. Introduction

The term pesticides refers to a very wide range of chemical sub-
stances used o control insects, fungi and weeds in crops. The employ-
ment of herbicides significantly increased crop vields. However, this use
has also been associated with significant negative environmental and
human health impacts, owing to their toxicity and high persistence. [1]
A growing awareness of the consequences of irresponsible herbicide use
has led to improvements in the quality and dose of herbicides, as well as
in the environmentally friendly production of crop protection products.
[2] One of the chloroacetamide herbicides is S-metolachlor [2-chloro-N-
(2-ethyl-6-methylpheny!}-N-(2-methoxymethylethyDacetamide],  in-
hibits the formation of a very long chain fatty acid (VLCFA). [3,4] Itisan
important soil-applied herbicide that has been used on more than 70
crops worldwide for many decades. [5,6] In USA, S-metolachlor is
distributed extensively through the environment. Indeed, 50.3 % of
surface water and 2 % of groundwater have been found to be contami-
nated with this herbicide. [7] The Minnesota De partment of Agriculture
analyzed a toral of 249 surface water samples, of which 67 % contained

* Corresponding aurhor.
E-mail address: dominika rapacz@pwr edu.pl (D. Rapacz).
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merolachlor, at a maximum detected concentration of 37.9 yg x L 1.
The presence of metolachlor in groundwater was identified in 14 out of
249 samples, with a maximum detected concentration of 5.89 pg < L.
5] According to the regularion of the World Health Organization, the
maximum allowable concentration of S-metolachlor in drinking water is
0.01 mg = L. Therefore, the issue of removing this herbicide from
water solutions is of significant environmental health concem. [7]

In recent years, molecular imprinting has gained popularity as an
effective technique for creating highly specific binding sites in a polymer
matrix to recognize target molecules. MIPs are used in a variety of
application, including chromatography, detection, purification, chemi-
cal separation, binding assays, drug delivery and sorbents for solid phase
extraction. [9-11] The employment of functional materials, including
magnetic, pH-sensitive, temperature-sensitive, photo-sensitive and bio-
macromolecule sensitive materials, can be utilized to achieve the
intelligent MIPs. [12-20] The combination of molecular imprinting and
stimulus-response can significantly improve the adsorption/desorption
process according to changes in the external environment. [21] Moni-
toring water quality often requires special analytical procedures to

Received 10 March 2025; Received in revised form 23 April 2025; Accepted 18 May 2025
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determine concentrations within their detection limits. The sample
preparation step is particularly important and may cause errors in sub-
sequent analyses. A frequently employed method is sample preconcen-
tration by solid phase extraction (SPE) using molecularly imprinted
polymers as selective sorbents. [22]

The implementation of green chemistry strategies in the domain of
molecular imprinting has been delineated by Arabi et al. in their
conceptualization of GREENIFICATION, which provides a foundation
for the principles of green MIPs. The novel imprinting strategies priori-
tize the safety of the operator and the environment by aligning green
chemistry with molecular imprinting technology (MIT). A significant
focus was placed on the selection of functional monomers, templates,
and the aqueous medium as porogens. Moreover, the study investigates
the aspects of conducting pelymerization in mild conditions and at
reduced reaction times. It further explores the principles of polymeri-
zation without energy dissipation, the conception of self cleaning MIPs,
and the enhancement of degradability of sorbents within natnal envi-
ronments. Additionally, it discusses the generation of minimal waste.
[23]

Poly(acrylie acid) (PAAc) is a hydrophilic polymer, containing car-
boxylic groups with vinyl groups at each end. The presence of a car-
bon-carbon double bond in acrylic acid results in its high reactivity. Itis
ﬂble to leadily react W'itl'l FI'EE rm]icals ﬂll[] umlerga crc:ss].inldng thmugh
a radical polymerization process. The presence of carboxylic groups in
the chains is responsible for the pH-responsive behavior, causing it to
swell at pHs between 4.5 and 5. [24,25] PAAc undergoes a reversible
conformational transition from a coil to a globule transition, at a pH of
about 5, driven by the state of ionization of the carboxylic group. At low
PH, PAAc exhibits a compacted (although not fully collapsed) globular
conformation. Conversely, an inarease in pH results in ionization,
leading to the polymer expanding into a fully solvated open coil
conformation. [25,26]

To the best of the authors' knowledge, several articles describing
molecularly imprinted polymers sensitive to S-metolachlor are available
in the scientific literature. However there is a distinet gap in the area of
application of smart MIPs synthesized according to green chemistry
principles for the selective detection of S-metolachlor. [27] The extant
literature on the subject is limited to the authors' papers describing
temperature-sensitive MIPs. [17,28,29] In contrast, pH-sensitive MIPs
area complete novelt'y. Therefore the present smdy focuses on the pH—
responsible molecularly imprinted polymers as a sensitive and selec-
tive sorbent for the detection of S-metolachlor in water samples, syn-
thesized according to conceptualization of GREENIFICATION. To this
purpose, the effect of polymerization variables such as the type and ratio
of monomers, the amount of initiator and crosslinker, and the reaction
time on the synthesis is investigated. The mechanism of specific analyte
recognition and selective adsorption were investigated by adsorption
kinetics and sorption isotherms. The sorbents were tested on model so-
lutions and applied to water samples simulating a real solution. FT-IR
spectroscopy and SEM images have been used for the characterization
of the prepared polymers.

2. Materials and methods
2.1. Reagents and chemicals

S-metolachlor (SMCh) was obtained from NOVAGRA. The chemicals
utilized for the polymers synthesis were acrylamide (AA), purchased
from Thermo Scientific Chemieals, acrylic acid (AAc), provided by Acros
Organics, ammonium persulfate (APS) and N, N- methylenebis (acryl-
amide) (BIS) supplied by Sigma-Aldrich. Ethyl aleohol (EtOH) and the
HPLC grade acetonitrile was obtained from POCH S.A. Ultrapure water
was obtained with a Milli-Q System (Merck Millipore).

Journal of Water Process Engineerng 75 (2025) 107980

Table 1
The amount of reagents used for the synthesis process.

MIP Functional Cross-linker Initiator Porogen

designation monomers BIS [mmol] [mmol] [mL]
[mmol]

MIP-1 AAc: AA [5.76: 3.50 APS: TEMED H20 [10]
6.96] [0.20: 0.30]

MIP-2 AAc: AA [5.76: 4.93 APS: TEMED HL0 [15]
6.96] [0.20: 0.30]

MIP-3' AAc: AA [5.76: 4.93 APS: TEMED  H.0[I5]
6.96] [0.20: 0.30]

MIP-4 AAc [19.95] 2.00 APS: TEMED HaO [10]

[0.20: 0.30]

MIP-5 AAc: AA [19.96: 2.00 APS: TEMED H20 [10]
19.98] [0.20: 0.30]

MIP-6 AAc: AA[19.98: 5.00 APS: TEMED H,0 [10]
19.98] [0.20: 0.30]

MIP-7 AAc: AA [5.76: 4.93 APS: TEMED EtOH [15]
5.95] [0.40: 0.60]

MIP-8 AAc: AA [3.89: 2.34 KaS20g [0.06] H0 [10]
4.641

" Reaction conducted on a mechanical stirrer.
2.2. Synthesis of the polymers

The molecularty imprinted polymers were synthesized by the bulk
polymerization. The experimental amounts of the reagents used for the
preparation of the different types of polymers are listed in Table 1. In
brief, S-metolachlor, the appropriate functional monomers, and BIS
were dissolved in the porogen in a flask. The mixture was purged with
nitrogen (3 min), and then APS and TEMED water solution (1 mL) or
K5S; 04 were added to the mixture and deoxygenized with a stream of
nitrogen again (5-10 min). The reaction was then conducted on a stirrer
for 24 h at room temperature or at 60 °C (for reactions with K282 0g). The
obtained bulk polymers were subsequenty extracted in a Soxhlet
apparatus for 24 h using ethanol, and finally dried at 60 “C. The non-
imprinted polymers (NIPs) were synthesized using the same proced-
ure, but without a template molecule.

2.3. Analytical and charucterization methods

2.3.1. High performance liquad chromatography

The concentration of the herbicides was determined by high per-
formance liquid chromatography (HPLC) method. The analysis was
performed on a Shimadzu high performance liquid chromatograph
(model SCL-40) equipped with a photodiode array (PDA) detector, and a
3 ym ARION® Biphenyl, 150 x 4.6 mm column. The mobile phase was
acetonitrile — water (50/50 v/v) mixed in the isocratic mode at a flow
rate of 1 mL x min~'. Prior to analysis, the mobile phase was degassed
by sonication for 10 min. The injection of a sample volume of 30 pL was
conducted using an autosampler (model SI1L-40), with the detection
wave]ength setat 254 nm.

2.3.2. Scanning electron microscopy

The morphologies and structures of the polymers were characterized
by secanning electron microscopy (SEM). Specimens were mounted on
aluminum stubs with double-sided carbon tape and gold-coated for 400
s using an Edwards Scancoat Six Sputter Coater. A scanning electron
microscope (Zeiss Evo LS15) operating at 16 kV was used for imaging.

2.3.3. Fourier-transform infrared spectroscopy

The functional groups of the polymers were characterized by
Fourier-transform infrared spectroscopy (FT-IR). The spectral data were
collected on a Jasco FT-IR-4700 spectrophotometer using 64 scans with
a resolution of 4 cm !, in the 400-4000 cm ' range.
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2.4. Adsorption experiments

The adsorption capacities g (mg x g ') of MIPs and NIPs were esti-
mated using the following equation (Eq. (1)), which defines the amount
of absorbed S-metolachlor at equilibrium:

G —C,)xV
q= ( w) Q)
m
where C; (mg x L '} _ the initial concentration of S-metolachlor, Ceq
(mg x L ') — the equilibrium concentration of $-metolachlor, V (L) - the
volume of the solution, m (g) - the mass of the sorbent.

2.4.1. Kinetics of adsorption

The kineties of the adsorption process was studied using 250 mL of a
solution of S-metolachlor at a concentration of 30 mg » L ! and a mass
of polymer (MIP and NIP) of 2.5 g. The experiment was cairied out at
room temperature and the concenuation of the samples was measured at
various time intervals (ranging from 5 min to 24 h) using HPLC methods.
The adsorption capacity was calculated using Eq. (1), The pseudo-first-
order and pseudo-second-order models were employed to ascertin the
Lkey process controlling the adsorption rate.

2.4.1.1. Pseudo-first-order model. The linear form of the pseudo-first-
order model is presented in the following equation (Eq. (2)). The rate

constant k; was calculated from the log(q“, - q,) versus time plot.

log (4. —:) = log () -;3%—3 @

where k; (1 x min ') - sorption rate constant, ge, and g (mg x g 1) -
the amount of adsorbate adsorbed at equilibrium time and at time t,
respectively. [30]

24.1.2. Pseudo-second-order model The linear form of the pseudo-
second-order model is described in terms of the following equation
(Eq. (3)).

t 16y X

= 3)
9 K9 G

where ka (g x (mg x min) ') - sorption rate constant, geg and g: (mg <
g ") — the amount of adsorbate adsorbed at equilibrium time and at time
t, respectively. [31]

2.4.2. Sorption isotherms

To ascertain the sorption isotherm of sorbents (MIP and NIP), 0.200
+ 0.001 g of polymers were placed into the flask, and 20 mL of solutions
with a concentration range of 10-250 mg » L ' of S-metolachlor were
added. The samples were then shaken for 24 h and filtered through a
syringe filter. The equilibrium concentration of S-metolachlor was
determined by HPLC, and the adsorption capacity was calculated using
Eq. (1). The Langmuir, Freundlich, Dubinin—Radushkevich and Scatch-
ard isotherm models were utilized for the fitting the obtained data with
the specific interaction between the analyte and the adsorbent.

2.4.2.1. Langmuir isotherms. The mathematical linear form of the
Langmuir model can be expressed as follows (Eq. (4)):

CONNEE
1 4K C. 4

)

where g, — the absorption eapacity at equilibrium (mg x g '), g,, - the
maximum adsorption capacity (mg x g '}, K; — Langmuir parameter —
the affinity of the adsorption sites (L x mg 1), and €, —the equilibrium
concentration of adsorbate (mg < L Y. 22
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2.4.2.2. Freundlich isotherms. The mathematical linear form of the
Freundlich model is given by the following equation (Eq. (5)):

logq. = m logC. + logKr (5)

where g, — the absorption eapacity at equilibrium (mg x g~ '), Kp— the
Freundlich constant related to adsorption capacity (mg » g '), m - a
heterogeneity index, C. — the equilibrium concentration of adsorbate
(mg < L . [33]

2.4.2.3. Dubinin-Radushkevich isotherms. The following equation rep-
resents the linear mathematical formulation of the Dubi-
nin-Radushkevich model (Eq. (6)):

Me = Inqm —KDR£2 ®

where g, — the absorption capacity at equilibrium (mg » g '), g, - the
maximum adsorption capacity (mg = g~ '), Kpg — the activity coefficient
related to fiee adsorption energy (mol” x kJ~ ?), and ¢ — the Polanyi
potential (kJ x mel ). [34]

2.4.2.4. Scatchard isotherms. The mathematical linear form of the
Scatchard model is given by the following equation (Eq. (7)):

9e — pN-—
¢ =PN-Pqg %]

where ge — the absorption capacity at equilibrium (mg x g '), G. — the
equilibrium concentration of adsorbate (mg » L '), P - binding affinity
(L x mmol '), N - number of binding sites (mmol » g ). [33]

2.4.3. Competitive study

In order to determine the binding selectivity, approximately 0.200 =
0.001 g of MIP and NIP was placed in the flask. Thereafter, 20 mL of a
solution comprising a combination of plant protection products was
added to the flask; I: atrazine, 2,4-D and S-metolachlor and IL: atrazine,
mesotrione and S-metolachlor, with a concentration of 0.05 mmol » L™}
for each. The same analyses were conducted in the dynamic mode type
of sorption. For this, approximately 0.050 -+ 0.005 g of sorbent (MIP or
NIP) was introduced into a 1 mL SPE column and activated with water.
Thereafter, the eolumn was incubated for 4 h with 2 mL of a1 or Il so-
lution. The concentration of the solution was determined by HPLC, and
the adsorption capacity was calculated using Eq. (1).

The distribution coefficient (Ki()), representing the difference be-
tween the concentration (i — S-metolachlor, j — other plant protection
products) in the solution before and after the sorption process, was

calculated according to the following equation (Eq. (3)):

Ky = T2D. ®

where g;; (umol % g ') — the sorption capacity (i — S-metolachlor, j -
other plant protection produets), Cyjy; (pmol x L ') — the equilibrium
concentration (i —S-metolachlor, j—other plant protection products, and
p (g x L") — the density of the solution. [35]

The imprinting factor (IF) indicates the efficiency of the imprinting
on the matrix molecule. It was calculated as the ratio of the distribution
of the particular analyte on the polymer with molecular imprint to the
polymer without molecular imprint, under the same conditions (Eq.
@).

I(?"T‘
IF— X (9
where Kyj) — the distribution coefficient (i — S-metolachlor, j - other plant
protection products) of an analyte on an imprinted polymer (K*7) and a
non-imprinted polymer (&M"). [35]
The selectivity factor (S) defined as the ratio of the imprinting factor
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of S-metolachlor to the imprinting factor of other herbicides, was
calculated as follows (Eq. (10)):

IF;

§= 7, (10)

where IF; and IF, - imprinting factor of the S-metolachlor and other
herbicides, respectively. [35]

2.4.4. Sorption from reals samples

The sorption study was carried out on both a model sample and so-
lution, with the objective of simulating the real sample. These were
analyzed in both in batch and dynamic modes. For batch mode,
approximately 0.200 + 0.001 g of polymer (MIP or NIP) was placed into
the flask and mixed for 24 h with 20 mL of S-mertolachlor solution ata
concentration of 30 mg x L . The same analyses were carried out in the
dynamic mode type of sorption. For this, approximately 0.050 +0.005 g
of sorbent (MIP or NIP) was introduced into a 1 mL SPE column and
activated with water. Thereafter, the column was incubated for 4 h with
2 mL of a S-metolachlor solution with a concentration of 30 mg x L L,
The concentration of the solution after sorption was determined by
HPLC, and the adsorption capacity was calculated using Eq. (1).

2.5. Sorbent regeneration process

The desorption process was carried out employing SPE columns. For
this purpose, the MIP or NIP sample following the sorption process was
treated with 1 mL of water, as a regenerating solution, for 15 min. The
desorprion was calculated according to the equation given below (Eq.
(11)).

TG!JI A Y

m

D an
where Gi;, (mg = L ') — the concentration of (i — S-metolachlor, j - other
plant protection products), V (mL) - the volume of the regenerating
solution, m (g) — the mass of the sorbent.

The sorbent regeneration factor (Re), which is defined as the ratio of
elured analyte molecules to adsorbed analyte molecules, was caleulated
according to following equation (Eq. (121).

Rf—_%xmo% 12)

where m, (mg) - the mass of eluted S-metolachlor, n, (mg) - the mass of
absorbed S-metolachlor.

2.6. Swelling degree

The swelling study was carried out using distilled water at a pH of
4.2, 7.9 and 9. The sorbents were first incubated in water for 24 h and
then cenuifuged. The wet mass of each sorbent was weighed. The
samples were then dried to achieve a constant mass and weighed again.
The swelling ability was determined according to the following equation
(Eq (13).

Ds="w "M 100% as3)
g

where m,, (g) and my (g) represents mass of wet and dry sorbent,
respectively. [36]

3. Results and discussion
3.1. Optimization of the condition
3.1.1. Development of sorbent

In order to select a suitably composed sorbent, a static sorption
process was carried out on the synthesized polymers. The ealculation of
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Table 2
The absorption capacities of MIPs and NIPs.

Designation of polymer Adsorption capacites [mg x g ']

MIP NIP

1 0.108 = 0.029 0.101 = 0.024
2 0.230 =+ 0.172 0.128 = 0.029
3 0.260 £ 0.121 0.166 = 0.002
4 3

5 0.174 = 0.019 0.130 = 0.003
6 0.143 = 0.031 0.105 = 0.011
7 0.068 £ 0.033 0.055 = 0.002
8 0.080 = 0.006 0.143 = 0.041

" Polymerization has not occurred sufficiently.

Table 3
The absorption data obtained.
pH Adsorption [mg % £7']
MIP NIP
25 0.260 = 0.007 0.287 + 0.006
45 0.246 = 0.064 0.108 = 0.021
65 0.343 = 0.042 0.174 = 0.038
85 0.212 = 0.032 0.121 = 0.027
105 0.450 = 0.103 0.286 + 0.026
absorption capacities was conducted in accordance with Eq. (1). The

results are presented in Table 2.

A polymer pair, designated 3, was selected from the obrained data as
the most optimal, and further studies were conducted with this pair. In
the remainder of this work, MIP-3 and NIP-3 will be referred to as MIP
and NIP, respectively, in order to enhance the clarity of the text. In the
case of the polymer designated 4, it was not possible to camry out a
SDlpﬁDﬂ pl'Dces beC'dllSE ‘llE polynler Dhﬂiﬂed aﬂer Wnthesis was
excessively fluid, which was probably due to the polymer chains being
too short, thus preventing adaptation to work in columns. The repeat-
ability of results for some polymers is less than expected, which may be
due to the fact that block polymers are characterized by a non-
homogeneous structure and surface morphology, which is also re-
flected in the sorption values.

3.1.2. Selection of the pH of the S-metolachlor solution

To ascertain an appropriate pH value for the S-metolachlor solution,
a sorption process was conducted on the MIP and NIP polymers in static
mode. The obtained data are summarized in Table 3.

The sorption values obtained from a solution with a pH of 4.5 and 6.5
are the most favorable, as MIP sorbs S-metolachlor approximately two
times better than NIP. This can be attributed to the transformation of the
PAAe network, as previously discussed. Ata pH of approximately 4.5-5,
carboxyl groups release H' ions, convert to COO groups and, as a
consequence, the polymer swells. [24,25] This, in tumn, increases the
availability of all binding sites and consequently leads to an improved
sorption process of S-metolachlor.

Tablc 4
Data obtained from the optimization of incubation time.

Time [h] Adsorption [mg « 8"]
MIp NIP
025 0.467 = 0.088 0.389 = 0.007
05 0.422 = 0.151 0.392 = 0.005
1 0.496 = 0.015 0.477 = 0077
2 0.561 = 0.066 0.452 = 0.024
3 0.454 = 0.006 0.464 = 0.031
4 0.549 + 0.058 0.289 + 0.132
5 0.439 + 0.045 0.389 ~ 0,034
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Fig. 1, The kinctics of sorption of MIP and NIP.
Table 5 Table 6
Paramcters obtained from pscudo-first-order and pscudo-sccond-order models. The parameters of Langmuir, Preundlich, Dubinin- Radushkevich models.
Pseudo-fisst-order model Pueudo-second-order model Adsorption isotherm Parameter Value
ki 11 % R QeqrImg  kalgx Imgx R? Qo2 [mg Mip NIP
PR ¢ ek PR et -1
min;:] xg1 mia] 71 x8 1 Langmui Ky [L ¥ mg '] 0.015 0.007
MIP  0.001 0.508  0.002 0.446 0998 0.173 gm (g x g 5 | 2.682 13.774
NIP 0.003 0.054  0.001 8504 0999 0.107 R 0.968 0.990
Freundlich Kp[mg~g 'l 0.032 0.009
m 0.656 0.934
3.1.3. Optimizing of the incubation time in the dynamic mode R? " . 0.875 0.928
In the next stage of the study, the sorbents were introduced into SPE Dubtito: Rachble vich Ko [mel” x ki ] 9144 G404
« . x mmg x g ] 0.006 0.005
columns and sorption was conducted in dynamic mode. It was necessary R? 0.944 0011
to optimize the incubation time of the deposit with the S-metolachlor Seatchard Pyl = mg "] 0.021 <
solution. As a fundamental basis for this study, it was initially assumed N;imgxg 'l 0.865 =
that 3 h would be the optimal sorption time, based on experience gained R} ; 1.000 -
in previous work with thermosensitive polymers [29]. However, it was ; 2 [[" xmg l]] (41?3)2 g'g;
g S % 2 [mg = g .
subsequently determined that this time was too short, and the incuba- R 0729 0708

tion time was extended accordingly. The resulting data are presented in
Table 4. Following the analysis of the obtained data, it was determined
that a 4-h incubation period (bold in T=ble 4) was the most suitable for
the polymer with the bed, as this resulted in the most significant dif-
ference between the sorption value calculated for MIP and NIP.

3.2. Kinetics of adsorption

Adsorption kinetics is a valuable tool for the analysis of potential
adsorption mechanisms and the identification of rare-limiting steps
during the adsorption process. The kinetics of adsorption of S-metola-
chlor on MIP and NIP, presented in the Fiz. 1, wereevaluated employing
pseudo-first-order and pseudo-second-order model. The obtained data
are summarized in Table 5.

The pseudo-second-order model was determined to provide a more
suitable fit for both the MIP and NIP sorbents. The adsorption of S-
metolachlor on these materials exhibited a linear function t/q against t
with the coefficient R* = 0.998 for MIP and R* = 0.999 for NIP. The
caleulared ¢, data are comparable to those obtained from the experi-
ments, and are equal 0.173mg % g ' and 0.107 mg % g ' for MIP and
NIP, respectively. The calculated values k2 are 0.446 g x (mg x min) '
and 8.504 g x (mg x min)"! for MIP and NIP, respectively.

3.3. Sarption isotherms

The adsorption isotherm models can provide mechanism information
of the adsorption process. The obtained data were fitted to the Lang-
muir, Freundlich, Dubinin— Radushkevich, and Scatchard models. The
Langmuir isotherm mode! postulates the formation of a monolayer of
molecules on the surface of the adsoibent, with a defined number of
adsorption sites that interact with identical binding energies. The
Freundlich isotherm model is founded upon the monolayer heteroge-
neous adsorption of adsorbate on the surface of the adsarbent, in the
absence of interaction between adsorbed ions. The Dubinin-
Radushkevich isotherms are a valuable tool for examining the in-
teractions between the adsorbate and the sorbent, providing insights
into the distinction between chemisorption and physisorption mecha-
nisms. [23] The Scatchard isotherms permitted the determination of
both the binding affinity and the number of binding sites. The limiting
slopes method yields two separate sets of binding parameters (P;, N;)
and (P, N,) for two classes of sites. [33] The result of this analysis are
presented in the Table 6.

The Langmuir isotherm model was employed rto estimate the
maximum sorption capacity. This value for the MIP was calculated to be
2.682, a significant improvement over the NIP. The maximum sorption
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Table 7
Selectivity study data obtained from I solution.

Journal of Water Process Engineering 75 (2025) 107980

Batch sorption Dynamic sorption
Parameter S-Metolachlor Atrazine 24D S-Metolachlor Atrazine 2,4D
K 8.807 11.286 2.833 19.410 15.327 15.932
Ky 3.102 10.632 3.216 9.697 13.339 13.389
IF 2.84 1.06 0.88 2,00 115 119
5 - 27 3.2 - 1.8 1.7
Tablc 8
Sclectivity study data obtained from II solution.
Batch sorption Dynamic sorption
Param eter S-Metolachlor Amazine Mesotrione S-Metolachlor Atrazine Mesatrione
Kaagr 5.694 5.318 2741 25.981 16.431 11.533
Knm 2.390 4.319 2.990 10.829 12.809 11.821
IF 2.38 1.23 0.92 2.40 1.28 0.98
s = 1.9 26 = 19 25

capacity obtained in experimental studies is approximately 1.2, while
that ascertained through the Langmuir model is nearly 14. Despite the
coefficient of determination for NIP approaching 1 (R® = 0.99), the
significantly different g, renders the model unsuitable for describing
NIP sorption. It is evident that a value of m in the Freundlich isotherm
that is closer to ] indicates a highly homogeneous material. For NIP, the
value of m is equal to 0.934, indicating high homogeneity, while for MIP
it is 0.686, which is related to the heterogeneity of this material.
Furthermore, the K factor, which is indicative of the sorption eapacity,
demonstrates a fourfold increase in the MIP capacity compared to the
NIP. While the R? factor does not approximate 1, as observed in the
Langmuir model, this model can nevertheless be applied to the
description of the material's sorption properties. In the Dubinin-
Radushkevich model, the theoretical maximum capacity values are
lower than in the Langmuir model and deviate from the experimental
values. The Scatchard isotherm model for MIP demonstrates the pres-
ence of binding sites with high affinity for S-metolachlor (N, = 0.865
mg x g 1), which are not observed in NIP. Furthermore, significantly
more low affinity binding sites is observed on the MIP surface (N =
4138 mg = g ') in comparison to the NIP surface (N2 = 0.045 mg x
g"l), The Scatchard model is the standard method for assessing the
binding site heterogeneity of a solid material, such as MIPs. This study
found that, based on the parameters obtained, the Scatchard model was

batch mode

0.9

sorption [mg x g-1]
e = & =2 2 = & ©
] — (3] L = wn (=3 ~1 [= 4}

the most suitable for the MIPs described in thisarticle, as the calculated
values were closest to those obtained experimentally. The Secatchard
isotherm model is dedicated to the study of specific interactions in re-
ceptor materials, which include MIPs, to demonstrate the existence of
two types of binding sites. The Scatchard plot obtained for MIPs is
curvilinear, indicating that the binding sites on their surface are het-
erogeneous, whereas the plot for NIPsis linear, confirming the presence
of only homogeneous binding sites. Furthermore, there are two types of
binding sites on the surface of MIPs, confirmed by the Seatchard model,
which provide evidence of the binding affinity of the target molecule.
Despite not exhibiting the highest regression coefficient of all the models
discussed, the Scatchard model can be successfully applied based on the
values presented.

3.4. Competitive study

In order to investigate the selectivity of the sorbent, sorption tests
were carried out with two solutions containing S-metolachlor and other
pesticides utilized in the cultivation of maize. The results are presented
in Tables 7 and B.

The MIP exhibited superior selectivity in comparison to the NIP, as
demonstrated by a selectivity coefficient of towards S-metolachlor in the
presence of other herbicides. The selectivity coefficient is elevated in

B NP - real solution

dynamic mode

= MIP - model solution
= MIP - real solution
= NIP - model solution

Fig. 2. Comparison of data obtained from sorption from real and model solutions.

6
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Fig. 4. % desorption performed in different temperatures.

batch experiments, which may be the reason for the increased contact
time of the deposit with the herbicide mixture. In the 1 solution, MIP
exhibited higher sorption affinity for S-metolachlor compared to atra-
zine and 2,4-D, with a selectivity factor of approximately 3 in batch
mode and approximately 2 in dynamic mode. In the II solution, MIP
demonstrated a twofold enhancement in the sorption of S-metolachlor
compared to atrazine, and a threefold inerease compared to mesotrione,
in both static and dynamic modes,

3.5. Sorption from reals samples

In order to verify the applicability of the MIP sorbents to the detec-
tion of S-metolachlor herbicide in environmental samples, a series of
experiments were conducted. To this end, tap water was spiked with S-
metolachlor and the results obtained are presented in Fig. 2.

The sorption values for the solution simulating the real one, are only
slightly lower than for the model solution. The sorption values obtained
from batch mode, are higher than those from dynamie, which can be
explained by the shorter incubation time. It can therefore be concluded
thart the obtained sorbent ean be successfully used for the detection of s-
metolachlor in environmental water samples.

Journal of Water Process Engineering 75 (2025) 107980

Table 9
The results of sorption-desorption process cycles.
MIP NIP
sorption [ [mg x g~'] 0.613 + 0.268 0.313 + 0.043
R, [%] 99 £ 1 00=1
sorption Il [mg % g ] 0.687 = 0.169 0.370 = 0.085
Ry [9%] 92 =1 96+ 4
sorption 11 [mg = '] 0.773 + 0.032 0.513 = 0.021
Ry [%] 652 96 =4
s NIP
0 — M
2885 cm?

1282 em?

1385 cm*
272 em*
404 1646 cm-t > il 1525 cmr!
30 v T v T v T T + T v T v T
4000 3500 3000 2500 2000 1500 1000 S00

wavenumber [cm™)

Fig. 5. FT-IR spectra of MIP and NIP.
3.6. Desorption

The desorption process was conducted in dynamic mode on an SPE
column. The elution solution was water with a pH of approximately 9.
The choice of these conditions is described in more detail in our work.
[27,39] To optimize the desorption process, the incubation time of the
regenerating solution with the deposit, as well the emperature, were
selected. The obtained data are presented in the Fig. 3.

The optimal desorption time was determined to be 15 min, as this
period was associated with the highest number of adsotbed analyte
molecules. The desorption values for subsequent times are comparable.
It is also notable that a comparatively brief desorption time has a
favorable impact on the analysis rate. The next step was to investigate
the effect of the incubation temperature. Desorption was performed at
4 “C and at room temperature (RT). The data obtained are shown in
Fig. 4.

The difference between desorption at 4 “C (71 %) and at room
temperature (75 %) is not that significant. Therefore, in order to mini-
mize energy wastage, desorption at room temperature was selected as
the optimum, in accordance with the assumptions of GREENIFICATION.

3.7. Regeneration of the column bed

Following the optimization of the sorption and desorption conditions
on the SPE columns, the investigation focused on the number of cycles
the column deposit could be reused while maintaining the initial sorp-
tion parameters. The obtained results are presented in Table 9.

The findings of the study indicarte that the bed can be used up to two
times before its sorption properties are lost. It is conceivable that a third
sorption may occur, however, the bed has reached a point where
desorption is no longer possible. Consequently, the number of desorbed
molecules cannot be determined.
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(A)

(©)

3.8. FT-IR analysis

As illustrated in Fig. 5, the infrared spectra of the MIPs and NIPs are
presented. A comparison of the two spectra reveals a high degree of
similarity, indicating that these polymers possess a comparable chemical
structure. In both spectra, a band at approximately 3272 em ' can be
identified. which has been associated with O—H or N—H stretching
vibrations. The presence of a band at 2885 cm ™! is indicative of an
aliphatic C—H stetching vibration, and is observed in both polymers.
The peak observed at 1646 em ! can be related to stretching vibrations
derived from C=0, while the peakat 1525 cm ! is consistent with N—H
deformation vibrations. The band at 1385 cm ™' is attributed to the 0—H
deformation vibration, while the band at 1282 em ' corresponds to the
C—N stretching vibration.

3.9. SEM analysis

Analysis of the SEM images indicated a surface with irregular shapes
and surface morphology, accompanied by a significant number of sur-
face depressions for both MIP and NIP. Furthermore, the MIP surface
exhibits increased porosity in comparison to the NIP surface. As illus-
trated in Fig. & (A and C), a 150 times magnified image of the MIP and
NIP surfaces is presented, with a scale bar measuring 100 pm. Fig. 6 (B

700
5821 SR3
600 558
199 505 495

3 1= ] e
£ 400
E “MIP
-g 300 “NIP
2
2 200
v
5
& 100

qa . :
pH42 pH 7.9 pHO

pH
Fig. 7. Swelling degree at pH 4.2, 7.9, and 9.
and D) presents a 1500 fold magnified images of MIP and NIP s faces,
overlaid on a bar scale of 10 pm. The degree of swelling of the polymers

at different pH was also studied to complete the characterization of the
surface. The result are presented in the Fig 7. MIP exhibited a higher
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degree of swelling in comparison to NIP at all pH values tested, thereby
confirming the increased porosity of the MIP swiface. At a pH of
approximately 4-4.5, the conformational transition of PAAc from a
globular to an open coil structure is observed. An inerease in pH results
in polymer loosening, as evidenced by the elevated degree of swelling
values observed at higher pH levels. However, the phenomenon of chain
relaxation has been observed to oceur up to a pH value of approximately
8-9, as evidenced by the comparable degree of swelling of MIPs at these
pH values.

4. Conclusions

A series of pH-sensitive molecularly imprinted polymers have been
synthesized with the objective of obtaining a MIP-SPE sorbent material
thar possesses the necessary characteristics for the rapid and selective
extraction of S-metolachlor from water samples. Among the synthesized
compositions, the most satisfactory results were achieved through the
utilization of acrylic acid and acrylamide as functional monomers, BIS as
a cross-linker, S-metolachlor as a template and water as a porogen, with
the reaction being conducted at room temperature in accordance with
the principles of green chemistry. MIP exhibits high selectivity, with the
ability to absorb S-metolachlor approximately three times more effec-
tively than atrazine, 2,4-D and mesotrione. The desorption process was
optimized at pH about 9, confirming the pH-sensitive properties of AAc.
It is evident that the developed material can be employed for the sorp-
tion of S-metolachlor from both model and real solutions, in both static
and dynamic modes. The kinetics study showed that the adsorption of S-
metolachlor followed a pseudo-second-order model, with R® approxi-
mately 0.998. It has been determined that MIP can be used twice while
maintaining its sorption and desorption (Rf = 96 %) properties.
Compared to our previously published temperature-sensitive block MIP
(sorption = 2.4 mg per 1 g) [28], the described sorbent has about three
times lower sorption capacity (sorption = 0.75 mg per 1 g). Neverthe-
less, its capacity remains satisfactory for adsorbing S-metolachlor mol-
ecules from water samples, where it is present at much lower
concentrations. In a related study, the MIP described in this paper sorhs
S-metolachlor about three times better than atrazine, similar to a prior
polymer [28]. In previous studies, the selectivity was investigated with
glyphosate and fenoxaprop-P-ethyl, with sorption rates approximately
six times lower than for S-metolachlor. In the present study, 2,4-D and
mesotrione were used in addition to atrazine for selectivity study.
However, a comparison of the sorption carried out on SPE columns re-
veals that the obtained MIP, for both the model and real solution, ex-
hibits a greater difference between the sorption value for MIP and for
NIP than previous described [29]. In dynamic mode, the sorption of S-
metolachlor from solution simulating the real one by the MIP was found
to be approximately 0.5 mg, while the NIP only absorbed 0.31 mg of §-
metolachlor. In contrast, the temperature-sensitive polymer absorbed
0.85 mg and 0.71 mg, respectively by MIP and NIP. [29] In comparison
with core-shell particles, a greater quantity of reactants is consumed in
block polymers. Furthermore, the tendency of block polymers to clog the
column is significanty higher than for the core-shell sauctures. How-
ever, these limitations are balanced by a number of other advantages
thar allow the user the to work with a wide 1ange of marerials.
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7.5. OkreSlenie parametrow reakcji polimeryzacji czastek typu rdzen—otoczka
z warstwg polimeru z odciskiem molekularnym wrazliwego na zmiany temperatury oraz
ich zastosowanie do ekstrakcji w kolumnach SPE (Publikacja P5)

Rapacz D, Smolinska—Kempisty K, Wolska J. Eco friendly core—shell particles coated with
molecularly imprinted polymers for S—metolachlor recognition and separation. Analytica
Chimica Acta. 2025, vol. 1367, art. 344310, s. 1-10. https://doi.org/10.1016/j.aca.2025.344310.

Wprowadzenie

Piaty artykut zatytulowany “Eco friendly core—shell particles coated with
molecularly imprinted polymers for S-metolachlor recognition and separation”
opublikowany w Analytica Chimica Acta opisuje czastki typu rdzen—otoczka (ang. core—shell)
z warstwg polimeru molekularnie wdrukowanego wrazliwego na zmiang temperatury,
selektywne w stosunku do S—metolachloru. W procesie nanoszenia warstwy MIPu na ziarna
PVC, bazowano na opracowanym sktadzie mieszaniny reakcyjnej wykorzystanej do syntezy
polimeréw blokowych, przedstawionych w pierwszej pracy badawczej P2.

Wyniki

Polimery typu rdzen—otoczka zsyntezowano wykorzystujac ziarna poli(chlorku winylu),
na ktore zostata naniesiona warstwa molekularnie wdrukowanych polimeréw wykazujacych
odpowiedz na zmiang temperatury, selektywnych wobec S—metolachloru. Badania rozpoczgto
od procesu dehydrochlorowania PVC, a nastepnie opracowano metodologie syntezy sorbentow.
Rozwazano nastgpujace parametry: rodzaj rozpuszczalnika — organiczny izooktan lub
przyjazna Srodowisku wodeg, ilo$¢ naniesionych warstw polimeru, a takze obj¢to$¢ mieszaniny
reakcyjnej dodanej do ziaren PVC. Mieszaning polimeryzacyjna sporzadzono zgodnie
z procedura opisang w pierwszej pracy badawczej P2. Skuteczno$¢ zsyntezowanych
materiatdéw okreslono za pomoca oceny ich wlasciwosci sorpcyjnych. Jako optymalne warunki
wyselekcjonowano naniesienie jednej warstwy MIPu oraz wodg jako rozpuszczalnik. Uzyskane
wartoéci sorpcji wynosity 1,06 mg x g! dla CS-MIP oraz 0,82 mg x g dla CS-NIP
1 cechowaly si¢ mniejszymi wartosciami odchylenia standardowego niz w przypadku
sorbentow zsyntezowanych z wykorzystaniem izooktanu, dla ktorych wartos¢ sorpcji dla CS—
MIP byla nieznacznie wieksza i wynosita 1,07 mg x g'. Najwieksza warto$¢ sorpcji
zaobserwowano dla materiatoéw z trzema warstwami naniesionego polimeru, rowng 1,11 mg x
g, Jednakze roznice w wartosciach sorpcji byly na tyle niewielkie, Ze proces syntezy
z zastosowaniem jednej warstwy polimeru uznano za najbardziej optymalny. Dodatkowymi
zaletami byla zmniejszona ilo$¢ uzywanych reagentow oraz skrocony czas niezbgdny do
przeprowadzenia rekcji.

Nastepnie sorbenty upakowano w kolumnach typu SPE i1 przeprowadzono proces
sorpcji dynamicznej, dobierajac czas inkubacji polimerdw z roztworem S-metolachloru.
Analizujgc otrzymane wyniki, stwierdzono, ze najbardziej optymalnym rozwigzaniem jest
kontaktowanie przez 30 minut. Dodatkowo scharakteryzowano proces sorpcji,
przeprowadzajac badania kinetyki oraz izoterm sorpcji. Najlepsze dopasowanie mechanizmu
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adsorpcji uzyskano dla modelu izotermy Freundlicha, gdzie wspotczynnik korelacji wynosit
0,973 dla CS-MIP oraz 0,959 dla CS-NIP. Korzystng adsorpcj¢ w tym modelu izotermy
uzyskuje sie, gdy warto$¢ parametru 1/n, odnoszacego si¢ do homogenicznosci powierzchni,
miesci si¢ w przedziale od 0 do 1. Parametr ten jest rowny 0,908 dla CS—NIP i 0,848 dla CS—
MIP, co wskazato, ze bardziej jednorodng powierzchni¢ posiadat uktad referencyjny. Na
podstawie badan kinetyki, oszacowano, iz sorpcja przebiega wedtug modelu kinetyki pseudo—
drugiego rz¢du, podobnie jak w blokowych polimerach molekularnie wdrukowanych. Ponadto
przetestowano selektywno$¢ sorbentéw w stosunku do S—metolachloru. Zsyntezowany
material sorbowat S—metolachlor prawie czterokrotnie lepiej niz atrazyne, ponad dwukrotnie
lepiej niz glifosat oraz okoto pigciokrotnie lepiej niz fenoksaprop—P—etylu, co wskazuje na duza
selektywno§¢ sorbentu. Ponadto polimery przetestowano na probkach symulujacych
rzeczywiste, sporzadzonych z wody z kranu, przeprowadzajac sorpcje zarowno w trybie
statycznym, jak i w dynamicznym.

Dobrane zostaty warunki desorpcji zaadsorbowanych czasteczek S—metolachloru
z roztworu jednosktadnikowego. Jako eluent testowano wodg o temperaturze 4°C 1 60°C oraz
wodne roztwory etanolu o stezeniach 10, 20 1 30%. Najlepsze wyniki desorpcji, wynoszacej
19%, uzyskano dla 30% wodnego roztworu etanolu. Natomiast réwnie dobre rezultaty
otrzymano wymywajac S—metolachlor wodg o temperaturze 4°C — warto$¢ pierwszej desorpcji
byla réwna 15%. Majac na uwadze zalozenia tak zwanej ,,zielonej chemii” oraz przyjaznosé
srodowisku, uznano, iz desorpcja woda o temperaturze 4°C bedzie korzystniejszag metoda.
W kolejnym kroku opracowano warunki desorpcji S—metolachloru w obecnosci innych
srodkow ochrony roslin. Poczatkowo przeprowadzono desorpcje 10% wodnym roztworem
etanolu, co pozwolilo na wymycie wigkszosci mikrozanieczyszczen oraz jedynie 23%
S—metolachloru. Nastepnie desorbowano S-metolachlor woda o temperaturze 4°C,
wykorzystujagc mechanizm ,,smart” PNIPAMu. Opracowano rowniez rOwnanie, pozwalajace
na okreslenie stezenia S—metolachloru w wodzie:

C = 6.66 X Dy,

gdzie Dy,o symbolizuje sume stezen S—metolachloru w dwoch procesach desorpcji woda
o temperaturze 4°C. Pelng charakterystyke sorbentow rozszerzono o widma IR, obrazy SEM
oraz stopien pecznienia. Spektroskopia IR potwierdzita, iz modyfikacja ziaren PVC przebiegta
pomyslnie, a naniesione na ich powierzchni¢ warstwy MIPu i NIPu nie wykazuja r6éznic
w budowie chemicznej. Mikroskopia SEM zobrazowata morfologi¢ oraz strukturg powierzchni
sorbentéw. Zarowno czastki CS—-MIP, jak i CS—NIP cechuja si¢ zblizonym rozmiarem, a ich
powierzchnia ma nieregularng struktur¢ 1 ksztalt. Obrazy SEM umozliwily roéwniez
zaobserwowanie naniesionej warstwy polimeru z odciskiem molekularnym na rdzen PVC, co
potwierdzito obecno$¢ tej warstwy 1 pozwolilo oszacowac jej grubo$¢. Stopien pecznienia
polimeréw badano w temperaturze pokojowej, 4°C 1 60°C. Uzyskane dane wskazaly na brak
zalezno$ci stopnia pecznienia od temperatury, co prawdopodobnie moze wynika¢ z obecnosci
bardzo cienkiej warstwy polimeru na powierzchni rdzenia PVC.
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Podsumowanie

Na podstawie wynikow otrzymanych badan, stwierdzono, ze polimery typu rdzen—
otoczka z warstwg molekularnie wdrukowanego polimeru, wykazujace odpowiedz na zmiang
temperatury, sg selektywne wobec S—metolachloru. CS—MIP sorbuje S—metolachlor okoto
czterokrotnie lepiej niz atrazyne, ponad dwukrotnie lepiej niz glifosat oraz okoto pigciokrotnie
lepiej niz fenoksaprop—P—etylu. Sorbenty zostaly zsyntezowane rowniez zgodnie z zatozeniami
tak zwanej ,zielonej chemii”. Do reakcji, prowadzonej w temperaturze otoczenia,
wykorzystano wod¢ jako rozpuszczalnik, a zregenerowane sorbenty byly gotowe do
ponownego wykorzystania. Badane materiaty charakteryzowaly si¢ mniejsza roznica
w wartos$ciach sorpcji pomiedzy MIPem i NIPem, w poréwnaniu do polimeréw blokowych. Ich
gléwng zaleta jest jednak mata ilos¢ reagentdw stosowanych podczas syntezy, co wynika
z nanoszenia cienkiej warstwy polimeru na ziarna zmodyfikowanego PVC, a takze skrocony
czas sorpcji.
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absorbing it approximately 5 times than fenoxaprop-P-cthyl, 4 times better than atrazine, and 2 times than
glyphosate. The sorbents successfully absorbed S-metolachlor from both model solutions and real samples.
Significance: Sample preparation for determination of individual analytes, especially from micropollutant solu-
tions, is a challenge for modern analytical chemistry. The utilization of core-shell particles coated with molec-
ularly imprinted polymers for the separation of S-metolachlor has the potential to enhance the methodology for
the determination of this herbicide from multicomponent solutions, thereby markedly reducing analysis time.

1. Introduction

The acceleration of urbanizarion and rechnological development
across a range of industiies, coupled with the increase in the diversity of
pollutants present in water environments, has resulted in an enhanced
necessity to monitor these pollutants. The presence of a variery of
chemical substances in water has been identified, including pharma-
ceuticals, surfactants [1], heavy metals, metalloids, plant protection
produets (such as pesticides and herbicides), endocrine-disrupring
chemicals (EDCs), and personal care products. The concentrations of
microcontaminants present in water samples frequently lie below the
limits of detection, with levels ranging fromng x L ' topg x L' [2]. It
is of the utmost importance to determine the presence of these sub-
stances in order to prevent their accumulation and to protect human
health and rhe environmenr [3].

A wide range of techniques have been developed for the detection of
small quantities of compounds. These include high-performance liquid
chromatography, gas chromatography, liquid chromatography-mass
spectrometry/mass spectrometry [4], biological detection, and immu-
nological approaches. Nevertheless, these methods have inherent
drawbacks and limitations, such as a lengthy processing time, the ne-
cessity for highly skilled personnel, and the subsequent elevated costs
associated with analysis [5]. The residual concentration of micro-
pollutants present in water makes it necessary to enrich and concentrate
the samples. One of the most frequently employed techniques for
preparation of solutions is solid-phase extraction (SPE) [6]. Nowadays,
the commonly used solid-phase extraction cartridges in the laboratory
are predominantly silica-based cartridges represented by C18, polymer -
based cartridges, and mixed-type strong cation cartridges [7].

Nevertheless, classic SPE sorbents lack selectivity, a property that
has led to a growing reliance on molecularly imprinted polymers (MIPs)
[4-11], which have recognition cavities that are perfectly matched in
shape, size and funcrionality to the rarget molecule and due ro are
capable of retaining analytes through specific interactions [12]. MIPs
present a variety of advantages such as easy of production, reusability,
low-cost, improved thermal and chemical stability and short synthesis
time [12,14]. Nevertheless, MIPs also exhibit several drawbacks,
including an uneven distribution of binding sites, the presence of deeply
embedded cavities, an irregular surface morphology, destroyed binding
sites, and the incomplete removal of template molecules [15,1¢]. These
limitations can be surmounted by virtue of the distinctive structure of
the core-shell particles, which comprises the deposition of a thin layer of
molecularly imprinted polymer on the solid core of the molecule. This
results in a large surface area with a uniform distribution of binding
sites, which facilitates the removal of analyte molecules and the subse-
quent re-binding of the target molecule [17].

Smart materials are type of functional materials capable of
responding to external stimuli such as temperature, pH, light, and ionic
strength. One thermosensitive polymer that has been widely described
and studied is poly(N-isopropylacrylamide) (PNIPAM) [1%]. PNIPAM is
capable of undergoing sudden alterations in its conformations in
response to changes in temperature. The reduction in solubility that
oceurs with an increase in temperature is a phenomenon known as the
lower critical solution temperature (LGST). A reduction in temperature
will result in the solution becoming more transparent due to the for-
mation of a single phase. The aqueous solution of PNIPAM undergoes a
transition from a coil to a globule structure upon heating. At

temperatures below the LCST (32 “C), the PNIPAM chains adopt a coil
configuration due to the hydrogen bonding of amide groups with water
[191.

Herbicides are chemical substances that are employed for the pur-
pose of preventing or inhibiting the growth of plants, or for the
destruction of weeds in agriculmral fields [20]. S-mertolachlor is a pre-
emergent herbicide used for controlling grasses and broadleaf weeds in
over 70 crops worldwide [21]. The objective of sustainable agriculture is
not to eradicare environmental disturbance but to guarantee that the
environmental dynamics of disturbance and recovery remain within
acceptable limits. Furthermore, it aims to achieve a balance between
environmental conservarion, agriculrural produetion, farm profir and
community well-being [22].

In accordance with the above theory, a layer of molecularly
imprinted polymers was applied on a poly(vinyl chloride) core, thereby
creating a core-shell MIP with the capacity to selectively detect S-
metolachlor from water samples. Moreover, the synthesis was con-
ducted in accordance with the conceprualization of GREENIFICATION.
This entailed conducting polymerization in mild conditions at room
temperature, thereby reducing the amount of energy required. In addi-
tion, water was utilized as a porophore instead of the conventional
organic solvents, which are often toxic. Moreover, the materials ob-
tained were synthesized according to the concept of self-cleaning MIPs,
thereby leading to a reduction in waste generation. MIPs were synthe-
sized by using S-metolachlor as template, N-isopropylacrylamide,
acrylamide and acrylic acid as a functional monomers, respectively.
Core-shell MIPs was employed as adsorbents to extract molecules from
the solution mixture through SPE The samples were analyzed by high
performance liquid chromatography. Consequently, a novel methodol-
ogy that enables rapid analysis of S-metolachlor at a reduced cost has
been developed.

2. Materials and methods
2.1. Reagents and chemicals

Acrylamide (AA) was obtained from Thermo Scientific Chemicals.
Acrylic acid (AAc) were supplied by Acros Organics. Ammonium per-
sulfate (APS), N-isopropylacrylamide (NIPAM), N, N- methylenebis
(acrylamide) (BIS), N, N, N, N'- retramethylethylenediamine (TEMED),
isooctane, and potassium hydroxide (KOH) were provided by Sigma-
Aldrich. Ethyl alcohol (EtOH) and isopropyl alcohol was supplied by
POCH S.A. S-metolachlor (SMCh) was obtained from NOVAGRA. Poli
(vinyl chloride) (Ongrovil® S-5167) was provided by BorsodChem, with
medium molecular weight, and with a K value (an indicator of molecular
weight) of 66-68. The HPLC grade acetonitrile was purchased from
CHEMSOLUTE. Ultrapure water was obtained with a Milli-Q System
(Merck Millipore).

2.2. Dehydrochlorination of PVC

The dehydrochlorination of PVC was performed according to the
methodology described by Wolska et al. [23] In brief, a toral 0f 67.5 g of
PVC was dispersed in 500 mL of 10 % KOH solution of isopropyl alco-
hol-water (4:1 w/w). This mixture was heated to the boiling point under
the reflux condenser for 24 h. The color of the reaction mixture was
changed from colorless to dark brown during the reaction. Then,
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degraded PVC was filtered and washed with a large excess of water and
finally with erhanol. The obtained product was extracted with ethanol
for 24 h. After extraction, DHPVC was dried at 60 °C in a dryer.

2.3. Preparation of core-shell polymers

The most favorable results were obtained for core-shell polymers
synrhesized in accordance with the following methodology. About 2 g of
PVC after previously described modification was mixed with the poly-
merization mixture. The monomer composition for the preparation of
the polymer layer was selected on the basis of our previous studies [24].
A water solution of 3 mL of reaction mixture, comprising NIPAM (1.06
mmol), AA (1.39 mmol}, AAe (0.10 mmol), S-metolachlor (0.08 mmol)
and BIS (0.70 mmiol), was contacted with 2 g of PVC for a total of 30 min.
Subsequently, 7 mL of water was added to the mixture and the solution
was allowed to stand for 10 min. The mixture was purged with nitrogen
for a total of 3-5 min, during which 2.5 mL of the initiator solution (APS,
0.17 mmol, and TEMED 0.13 mmol), were introduced. The reaction was
conducted for 24 h on a stitrer ar ambient temperarure. The core-shell
polymers were washed with water on a G-1 funnel, then extracted for
24 h in a Soxhlet apparatus using ethanol, followed by drying at 40 °C.
Non-imprinted polymers (NIPs) were synthesized similarly bur withour
template molecules.

2.4. Analytical and characterization methods

2.4.1. High performance liquid chromatography

High performance liquid chromarography (HPLC) system (Shimadzu
high performance liquid chromatograph model SCL-40) equipped with
an autosampler (model SIL-40), a PDA detector and a chromatographie
column (3 pm ARION® Biphenyl, 150 x 4.6 mm) was used. Isocratic
elution was performed at 30 °C using a mixture of water and acetonitrile
(50:50 v/v) as the mobile phase. The mobile phase was degassed by
sonication for 10 min. A flow rate of 1 mL x min~ ' was maintained, with
an injection volume of 30 pm and a detection wavelength of 254 nm.

2.4.2. Fourier-transform infrared spectroscopy

Fourier transform infrared spectra (FT-IR) were performed in the
400-4000 cm ' range to characterize the presence of funetional groups
in the sorbent materials. The spectial data were collected on a Jasco FT-
IR-4700 spectrophotometer using 64 scans at a resolution of 4 cm ™',

2.4.3. Scanning electron microscopy

The surface morphology of the CS-MIP and CS-NIP sorbents was
characterized using a Quanta 250 (FEI) scanning electron microscope
(SEM). Prior to analysis, samples were sputtered with a 10-15 nm thick
layer of gold. The analysis were carried out using a Large Field Detector
(LFD) in the environmental scanning electron microscope (ESEM) mode
at an accelerating voltage of 15 kV, pressure of approximately 60 Pa,
with a sample inclination of 60°.

2.5. Optimizing the condition of the synthesis

To optimize all of the following synthesis conditions, solvent and
number of polymer layers applied to the core, the sorption process was
carried out in the same way. For this purpose, approximately 0.2 g of the
sorbents (core-shell molecularly imprinted polymers and core-shell non-
imprinted polymers) were weighed and mixed with 20 mL of 30 mg x
L ! s-metolachlor solution for 24 h. The concentration of the solution

after sorption was then determined by HPLC.
2.6. Optimization of the time of the absorption process on SPE columns
Approximately 0.200 = 0.001 g of CS-MIP or CS-NIP was placed into

SPE column and activared with warer. Subsequently, the sorbent was
incubated with a 10 mg x L' solution of S-metolachlor for periods of

w
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time ranging between 1 and 180 min. The concentration of the solution
was determined by HPLC.

2.7. Sorption study

The specificity and efficiency of the core-shell molecularly imprinted
polymers was determined by measuring the sorption of S-metolachlor.
During the batch mode sorption process, 0.200 + 0.001 g of the sorbent
was placed into the flask and mixed with the S-metolachlor solution at
room temperature for 24 h. Subsequently, the solution was filtered
through a 0.45 pm cellulose syringe filter in order to separate it from the
nanoparticles. Then the solution was analyzed by HPLC, utilizing the
previously described analytical parameters. The sorption capacity was
calculated as the following equation (Eq. (1)):

(G—C,) XV
q= = (Eq. 1)
where C; and Cq (mg ¥ L ) represent the initial and equilibrium con-
centrations of S-metolachlor, respectively, v (L) denotes the volume of
the solution, while m (g) symbolizes the mass of the sorbent [25].

2.7.1. Kinetics of adsorption

The kinetics of the adsorption process were investigated using 250
mL of a solution of S-metolachlor with a concentration of 30 mg x L '
and a mass of the sorbent (CS-MIP and CS-NIP) of 2.5 g. The experiment
was conducted at room temperature, with the concentration of the
samples taken at different time intervals (from 5 to 180 min) determined
using HPLC methods.

2.7.2. Sorption isotherms

To determine the sorption isotherm of CS-MIP and CS-NIP, 0.200 +
0.003 g of polymers were placed in the flask, and 20 mL of solutions with
aconcenmation range of 10-200 mg ¥ L' of S-metolachlor were added.
The samples were shaken for 24 h at 22 -+ 2 °C and subsequently filtered
using a syringe filter. The equilibrium concentration of S-metolachlor
was determined using HPLC.

2.7.3. Competitive study

In order to ascertain the binding selectivity, approximately 0.200 +
0.001 g of sorbent (CS-MIP or CS-NIP) was placed into a flask. Subse-
quently, the 20 mL of solution comprising a combination of plant pro-
tection products, namely atrazine, glyphosate, fenoxaprop-P-ethyl, and
S-metolachlor, with a concentration of 10.78, 8.45, 18.09, and 14.19
mg % L !, respectively, was added. The concentration of the solution
was determined by HPLC.

2.7.4. Sorption from reals samples

The sorption study was conducted on the model sample and solution,
which were designed to simulate the real sample. For this purpose,
approximately 0.200 + 0.001 g of sorbent (CS-MIP or CS-NIP) was
introduced into a 1 mL SPE column and activated with water. There-
after, the column was incubated for 30 min with 1 mL of a S-metolachlor
solution with a concentration of 10 mg x L~ '. The concenmation of the
solution was determined by HPLC. The same analyses were carried out
in the batch mode type of sorption. For this, approximately 0.200 =+
0.001 g of sorbent (CS-MIP or CS-NIP) was introduced into the flask and
mixed for 24 h with 20 mL of 8-metolachlor solution at a concentration
of 10 mg x L . The concentration of the solution after sorption was
determined by HPLC.

2.8. Desorption process
The desorption process of the absorbed analytes was conducted using

SPE columns. To achieve this, the GS-MIP or CS-NIP sample, after the
sorption process, was subjected to a regenerating solution, and the
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Table 1 Table 2
Optimizing the condirion of the synthesis process. The data of the optimizarion of sorption times.
Type of Number of core-shell melecularly core-shell non Time (min) CS-MIP sorption (mg = g 1) CS-NIP sorption (mg » g ')
e Eme SREREe el g 1 0.007 = 0,003 0.004 = 0.003
3 0.006 = 0.004 0.007 = 0.006
iscoctane 1 1.074 + 0.029 0.808 + 0.011 5 0.020 = 0.019 0.019 = 0.018
3 0.871 = 0.007 0.756 = 0.024 10 0.021 = 0.015 0.021 = 0.017
6 1072 = 0.016 1.070 = 0.019 15 0.026 = 0.012 0.022 = 0.011
5 20 0.021 = 0.017 0.021 £ 0.014
isellied ; ll‘l‘;; ’: 33:: ?)3: f 0312; 30 0.035 + 0.001 0.030 + 0.001
T ATl o6 S g.ou 45 0.033 = 0.001 0.032 + 0.001
= — = — 60 0.035 = 0.001 0.030 = 0.001
90 0.037 = 0.001 0.034 = 0.001
: 5 . ; 120 0.042 = 0.001 0.036 + 0.001
desorption caleulated according to following equation (Eq. (2)). The 160 0.037 = 0.001 0.031 = 0.001
deposit was incubated with 1 mL of the solution for the period of 20 min.
Gyjy x V
D="t_—— (Eq. 2)
m < 030
\ N X . 0325
where Gy (mg x L") represents the concentration (i — S-metolachlor, j T § ¥ 3
~ other plant protection produets), V (L) symbolizes the volume of the 2D 83 ¥ ¢ 5 i 3 .
regenerating solution, m (g) represents the mass of CS-MIP or CS-NIP. YL | . = o3 @ W
o 3 3 : g
Additionally, the regeneration factor (RF) of the deposit was esti- e T I g 18 %
mated in accordance with the following equation (Eq. (3)). » - eCSAMIP
N 065 | o e CSNIP
RF="" % 100% (Eq. 3) 000
nta (1 20 a 6 8 160 120 140 160 180
Time (min)

where m, (mg) symbolizes mass of eluted S-metolachlor, m, (mg) rep-
resents mass of absorbed S-metolachlor.

2.9. Degree of swelling

The swelling study was carried out in distilled water at room tem-
perature, 60 °C and at 4 “C. The sorbents were firstly incubated in water
for 24 h, following which they were subjected to a centrifugation pro-
cess. Thereafter, the wet mass of each sorbent was weighed. Subsequent
to this, the samples were dried to constant mass and weighed again. The
swelling ability was estimared using the following equation (Eq. 4.).
DS= My M4

x100% (Eq. 4)

Where m,, and mg (g) represents mass of wet and dry sorbent, respec-
tively [26].

3. Results and discussion
3.1. Optimizing the condition of the synthesis process

3.1.1. Selection of the solvent for the synthesis

Parameters investigated to optimize the synthesis conditions
included rhe solvenr used for synthesis and the number of polymer layers
applied to the poly(vinyl chloride) core. Two solvents were selected for
the study on the basis of their environmentally friendly properties:
iscoctane and distilled water. The core-shell synthesis was conducted in
accordance with the methodology outlined in section 2.3. However,
following the contact polymerization of the mixture with PVC, cne
sample was added isooctane and the other distilled warer. The subse-
quent steps of the synthesis were then performed. Subsequently, the
sorption process was undertaken in order to compare the sorption
properties.

3.1.2. Optimizing the number of polymer layers applied to the core

The number of polymer layers applied to the PVC core was also
investigated. For this purpose, a variety of numbers of polymer layers
synthesized as described in section 2.3, were applied to the PVC core,
and then a static sorption process was carried out. The obtained results
are presented in Table 1.

Fig. 1. The sorption kinctics of C3-MIP and CS-NIP.

The minimal diserepancy in sorption values for core-shell molecu-
larly imprinted polymers and core-shell non-imprinted polymers for
sorbents synthesized with water and isooctane indicated that water
would be a preferable solvent for syntheses in accordance with green
chemistry principles. Furthermore, it was established rhar the optimal
number of layers would be one, as all the cavities formed are available
for the sorption of S-metolachlor. For further studies, a molecularly
imprinted polymers core-shell material, synthesized using water as a
solvent and with one layer of polymer applied, designated CS-MIP (for
the molecularly imprinted polymer applied on the PVC core) and CS-NIP
(for the polymer withour molecular imprint applied on the PVC core),
was selected as the optimal material for the purposes of this investiga-
tion. Moreover, the sorption of S-metolachlor by PVC under aforemen-
tioned conditions was calculated to be 0.750 + 0.021 mg x g',
indicating that CS-NIP sorbs 5-metolachlor to a minimal extent.

3.2. Optimization of the sorption conditions on SPE columns

One of the parameters that has been subjected to optimization in the
process of determining the concentration of S-metolachlor is the incu-
bation time of the sorbent with the solution. The sorption results ob-
rained after different incubation times are presented in Table 2.

30 min incubation time was identified as the optimal period for
analysis of the presented data. Following this time, a distinction in
sorption values between CS-MIP and CS-NIP became repeatable.
Furthermore, the results exhibited enhanced reproducibility compared
to earlier analyses. Following 30 min incubation duration, the difference
in sorption between the CS-MIP and CS-NIP samples remains consistent,
and the sorption value shows minimal variation. Accordingly, in order to
achieve a reduced analysis time, it was determined that 30 min incu-
bation time represents the optimal condition for this procedure.

3.3. Kineties of adsorption
Mathematical equations, known as adsorption kinetic models, can be

used to deseribe the rare at which a solute is adsorbed onto a suiface. In
order to elucidate the mechanisms of sorption kinetics, the data
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Table 3
Parameters esrimated from pseudo-first-order and pseudo-second-order kinetics models.
Pacudo-first-order model Pscudo-second-order model
ki (1 x min ™Y R? Q. (mg x gl ka (g * (mg x min) R’ Goo (g x g7)
cs-mip 0.018 0.685 0.011 0.306 0.975 0.222
CS-NIp 0.026 0.831 0.007 0.597 0.969 0.151
—8— Samption C5-MIP 10 min 40 ”
&~ Sorption C5-MIP 30 min ".>' L
s —&— Sormion CS-MIP 60 min 35 B P
L) —8—Sorpiian C5MIP 28 b 30 . ,,,,,
& —o— Somtion CS-NIP 10 min P i 2
e —&— Sorption CS-NIP 30 min 20 25 '
wap =} o L ]
z &~ S0/p1ion C3:NIP 50 min % 20 e o
£130 —8— Sorprion CS-NIP 24 b o | _,.-"'.
# E
20 g1s '._,.
10 10 eCs-MIP
i ois ®CS-NIP
) o 50 100 150 200 250
C,imgx L) 0.0
0.00 001 0.02 0.03 0.04 0.05
Fig. 2. The adsorption isotherms of CS-MIP and CS-NIP ar different time. 1/C, (L * mg-)
collected and presented in Fig. 1, were fitted to pseudo-first-order and Fig. 3. Linear fit to the Langmuir isotherm model
pseudo-second-order kinetic models. The estimated parameters are
outlined in Table 3. Tk
The pseudo-first-order model is predicated on the assumption that ; 3 5
R 3 ! Parameters estimated for the Langmuir isotherm model.
the rate of sorption is directly proportional to the difference between the - = -
saturation concentration and rthe amount of solid uptake over time [27]. Mael E: Inmgxg) Kl xmg™)
The linear form of the pseudo-first-order model is presented in the Linear form of Langmuir ~ CS-MIP 0917 6.614 0.014
CS-NIP 0.208 8.772 0.008

following equation (Eq. (5)). The rate constant k; was calculated from
the log(qpq —q:) versus time plot [25].

108 (40 ~4c) =10g(4cr) —2—2%5

wherek, (1 x min') represents sorption rate constant, Qeq and g (mg x
g ') symbolizes the amount of adsorbate adsorbed at equilibrium time
and at time t, respectively.

In the pseudo-second-order model, the process is under the control of
the chemical sorption reaction at the liquid-solid interface in the
adsorbent, which allows for the estimation of the behavior over the
entire adsorption range. The linear form of the pseudo-second-order
mode] is described in terms of the following equation (Eq. (5)). The
rate constant k, was determined from a plot of é versus time [2/].

(Eq. 5)

t 1 1 ¢

¢ kg gy

(Eq. 6)

where k; (g % (mg x min) ') symbolizes sorption rate constant, g, and
q, (mg x g ') represents the amount of adsorbate adsorbed at equilib-
rium time and at tine t, respectively.

The results showed that the pseudo-second-order equation was the
best fitting model for both CS-MIP and CS-NIP (R® = 0.975 and 0.969
respectively) and the data obtained from this model were more
reasonable. The gp,y values calculated in accordance with the pseudo-
second-order model are markedly closer to the sorption values derived
from the conducted experiment. Analysis of k1 and ka values shows the
material on which the sorption process was more effectively. For both
CS-MIP and CS-NIP, the sorption rate constant k; for the pseudo-second-
order kinetic model is higher than the rate constant k; for the pseudo-
first-order model.

3.4. Sorption isotherms

There exist a several types of adsorption isotherm models, each of

which describes a specific aspeets of the adsorption process. The ob-
tained isothermal data were fitted to the Langmuir, Freundlich, and
Dubinin-Radushkevich models. The adsorption isotherms were con-
ducted in a series of experiments over time in order to identify the
optimal conditions (Fig 2).

For further, more detailed adjustments, the 10-min sorption iso-
therms were selected due to the largest difference between the sorption
of CS-MIP and CS-NIP in the entire concentration range.

3.4.1. Langnudr isotherms
The Langmuir isotherm model postulates the formation of a mono-
layer of molecules on the surface of the adsoibent. Furthermore, a fixed
number of adsorption sites are available on the surface of the sorbent,
and all binding sites are identical and interact with the same energy. The
mathematical linear form of the model is defined by the following
equation (Eq. (7)):
% 4 %
g qukiCe m

(Eq. 7)

where g, symbolizes the absorption capacity at equilibrium (mg x g~ ),
gm represents the maximum adsorption capacity (mg = g '), K; denotes
Langmuir parameter — the affinity of the adsorption sites (L x mg '),
and G, symbolizes the equilibrium concentration of adsorbate (mg x L
') [28]. The linear fitting of the isotherm to the Langmuir model is
presented in Fig. 3, and the values of the estimated parameters are
summarized in Tahle 4.

3.4.2. Freundlich isotherms

The Freundlich isotherms model is characterized by monolayer
heterogeneous adsorption of the adsorbate on the surface of the adsor-
bent, wherein no interaction occurs between the adsorbed ions. The
mathematical linear form of this model is described by the following
equation (Eq. (8)):
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Fig. 4. Lnear fit to the Freundlich isotherm model.

Table 5
Parameters estimated for the Freundlich isotherm model.

Model RrR?

Ky (mgxgh 1n

Linear form of Freundlich CSs-MIP 0.973 6.243 0.848

CS-NIP 0.959 3.121 0.908

-3.0 ecsMp

-4.0 @ CSNIP

Inq,

Fig. 5. Lincar fit to the Dubinin- Radushkevich isotherm model.

log g. = % log C. + log Kz (Eq. 8)
where g. represents the absorption capacity at equilibrium (mg x g~ '),
Kp symbolizes the Freundlich constant related to adsorption capacity
(mg x g b, ) represents a constant revealing the adsorprion process
strength, C, symbolizes the equilibrium concentration of adsorbate (mg
x L~ 1) [29]. The linear fitting of the isotherm to the Freundlich model is
presented in Fig. <4, and the values of the estimated parameters are
sunimarized in Table 5.

3.4.3. Dubinin- Radushkevich isotherms

The Dubinin-Radushkevich isotherms investigate the interactions
between the adsorbate and the sorbent, with the objective of dis-
tinguishing between the mechanisms of chemisorption and phys-
isorption. The linear mathematical formulation of this model is given as
follow (Eq. (9)):

Ing. =Ing,, — Knz&® (Eq. 9)
where g, symbolizes the absorption capacity at equilibrium (mg x g~ '),
gm represents the maximum adsorption capacity (mg x g '), Kpg
symbolizes the activity coefficient related to free adsorption energy
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Table 6
Parameters estimated for the Dubinin- Radushkevich isotherm model.
Model R? qp (mg Kgg (mol® »
e S
Linear form of Cs- 0.937 0.008 4,828
Dubinin-Radushkevich MIP
Cs- 0.906 0.005 5.365
NIP
Table 7
Competitive study data.
Parameter S-Metolachlor Amazine Glyphosate Fenoxaprop-P-ethyl
Ky 11.71 0.62 .83 249
Enp 4.08 0.79 6.92 4.30
IF 2.87 0.79 1.28 0.58
S - 3.64 2.25 4.95

The high IF value for S-metolachlor in comparison to other plant protection
products provides confirmation of the strong affinity of S-mctolachlor for MIP.
The results demonstrated that selectivity factors exceeding 1.0 indicated a
notable improvement in the inherent selectivity of the polymer, which was
enhanced through the imprinting process.

(mol? x kJ~ ), and ¢ represents the Polanyi potential (kJ x mol) [30].
The linear fitting of the isotherm to the Dubinin- Radushkevich model is
illustrated in Fig. 5, and the values of the calculated parameters are
provided in Table 6.

The subsequent order of preference (from best to worst fit) with
reference to R” is Freundlich > Dubinin-Radushkevich > Langmuir. The
results substantiate the appropriateness of the Freundlich medel for
elucidating the adsorption of S-metolachlor. The favorable adsorption in
Freundlich isotherm model is obtained when the values of 1/nis in the
range of 0-1. A value doser to 1 indicates a more homogeneous surface,
denoting that NIP surfaces are more homogeneous than MIP surfaces.
Furthermore, the value of the Freundlich constant in relation to the
adsorption capacity most closely correlates with the sorption values for
the investigated CS-MIP and CS-NIP materials.

3.5, Competitive study

A competitive study was evaluated to compare the binding efficiency
of S-metolachlor and other herbicides commonly used in maize crops.
The obtained results are summarized in Table 7.

One of the parameters used to assess recognition selectivity is the
distribution coefficient i), which demonstrates the difference in
concentration (i — S-metolachlor, j —other plant protection products) in
solution before and after absorption, calculated according to the
following equation (Eq. (10)):
G Kp

Kia.h = (Eq 10)

Gijiea

Where gy (ng x g ') symbolizes the sorption capacity (i — S-metola-
chlor, j - other plant protection products), Cyjeq (g = L ') represent the
equilibrium concentration (i — S-metolachlor, j — other plant protection
products, and p (g x L") denoted the density of the solution [23].

The efficiency of the imprint on the matrix molecule is determined by
the imprinting factor (IF). It is ealculated as the ratio of the particular
analyte’s distribution on the polymer with molecular imprint as well as
polymer without molecular imprint, under the same conditions (Eq.
(11).

KIW

P~ (Eq. 11)

where K;; symbolizes the distribution coefficient (i — S-metolachlor, j —
other plant protection products) of an analyte on an imprinted polymer
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Table 8 Table 9

The sorption data for S-metolachlor in both real and model solutions. Desorption data for different eluting solutions.
Cs-MIP CS-NIP Cs-MIP Cs-NIP
Sorption from the real solution — dynamic mode  0.038 ~ 0.001  0.032 + 0.001 RF (%) — desorption with 10 % EtOH 6+1 7£1
(mgxgh RF (36) - desorption with 20 % EtOH 1422 1721
Sorption from the real solution - batch mode 0,470 = 0.021  0.407 = 0.030 RF (%6) - desorption with 30 % EtOH 19=1 19=2
(mg g ") RF (%) - desorption with water 4°C 15+ 2 17+3
RF (9%) — desorption with water 60 “C 102 101

RF (%)
588885838

100 I L
%0
66 68 69
| I II
o I
a°c RT

m Atrazine CS5-MIP
= Fenoxinn CS-NIP
® 5-metolachlor C5-MIP

™ Atrazine C5-NIP
u Glyphosate CS-MIP
m S-metolachlor C5-NIP

W Fenoxinn C5-MIP
® Glyphosate CS-NIP

Fig. 6. Desorption of analytes using pure ethanol.
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Fig. 7. Desorption of analytes using 10 % ethanol solution.

(K*P) and a non-imprinted polymer ()"T) [22].
The selectivity factor (S) was caleulated as (Bq. (12)):

IR

S<15 (Eq. 12)

where IF, and IF, represent imprinting factor of the S-metolachlor and
other herbicides, respectively [23].

3.6. Sorption from reals samples

In this worls, two different types of samples were subjected to anal-
ysis. S-metolachlor solution was prepared using distilled water, and a
second solurion was prepared with tap water, representative of the
samples that would be encountered in a real-woild setting. The pH of the
tap water solution was set to approximately 5, reflecting the pH of
distilled water. The selection of pH condirions for real solutions was
described in our previous work [24]. The sorption data are presented
Table 8.

The sorption values obtained in batch mode are higher than those
obtained in dynamic mode, which can be attributed to the longer contact
time, However, the CS-MIP and CS-NIP sorption ratio is maintained the

same, indicating the better sorption properties of CS-MIP.
3.7. Desorption

The key to detecting a single compound from a mixture is to remove
all other chemicals present in the water. The idea behind this process
was to desorpte other pesticides left after the filtration process. In this
way, only the metolachlor selectively bound ro the imprints remained in
the polymer structure, the rest of micropollutants would be removed. In
order to optimize the process conditions for purging the column of re-
sidual plant protection products, regeneration solurions of pure ethanol

Fig. 6) and 10 % aqueous ethanol solution (Fig. 7) were tested.

The analytes were desorbed using pure ethanol as a regeneration
solution, at temperarures of 4 °C and ar room temperature. The use of the
EtOH regeneration solution permitted the complete elution of the re-
sidual plant protection products. However, it also resulted in the
desorption of approximately 70 % of the S-metolachlor. As the desorp-
tion was non-selective, it was decided to use a 10 % ethanol solution.

The application of double desorption with a 10 % aqueous ethanol
solution proved an effective method for the removal of the majority of
impurities from the deposit. However, the S-metolachlor remained
present in the matrix and in specific cavities. Subsequently, the
desorption of S-metolachlor was carried out using the smart PNIPAM
mechanism, with water at a temperature of 4 °C employed as the
regenerating solution. Furthermore, the effect of ethanol addition to the
aqueous elution solution and changes in the temperature of the water
used after the removal of other impurities from the SPE column, on the
value of the regeneration factor was also investigated. The outcomes of
the sum of two desorption processes are presented in Table 9.

Given that the difference between desorption with water and
desorption with ethanol is not significant, the desorption process with
cold water was selected as the optimal condition. This aligns with the
intelligent mechanism of PNIPAM and the principles of green chemistry,
thus making this method eco-friendly. Moreover, this method allows for
monitoring of S-metolachlor concentration, eliminating the need for
complete desorption. In order to determine the real concentration of S-
metolachlor presenr in a sample, the following equation (Eq. (! 3))

should be employed:

€ =6.66 % Dyso (Eq. 13)
where G (mg x L) symbolizes the concentration of S-metolachlor,
Dpzo (mg x L hy represents the sum of the concentration of S-metola-
chlor in two desorption processes with water at 4 “C.

Moreover, the same sorbent can be reused. For this purpose, a twice
wash with ethanol is required to remove any remaining contaminants,
followed by nine additional desorption cycles with cold water. The RF
factor for the CS-MIP sorbent was determined to be 83 + 7 %, while thar
for CS-NIP was 94 + 5 %. As an alternative, the deposit can be regen-
erated through the use of 100 % ethanol, which requires a four washing
cycles. In this method, the RF factor for the CS-MIP was found to be 89
+ 11 %, while for CS-NIP it was 87 + 11 %.

3.8. Method validation

The analytical characteristics of the HPLC method, such as limit of
detection (LOD), limit of quantification (LOQ), linearity range and
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regression coefficient (R?), have been determined. A linear calibration
plot with a regression coefficient greater than 0.9999 was estnblished
between the peak area and the concentration of S-metolachlor over the
range 0.141-215.016 mg x L™ '. The LOD and LOQ were determined to
be 0.113 mg % L ™! and 0.142 mg » L™, respectively. The formulay =
3703.87x was used to describe the equation of the ealibration curve.

3.9, FT-IR analysis

The chemical structures of the PVC, PVC after dehydrochlorination
and amination, CS-MIP and CS-NIP were investigated through the uti-
lization of the FTIR method, and are presented in Fig. &.

In the spectrum of core-shell structures with an applied polymer
layer (CS-MIP and CS-NIP), a band was observed at 3292 cm !, which is
likely associated with the vibrations of O-H binding as well as N-H
stretching. In the spectrum of the CS-MIP, CS-NIP bands in the range of
2985 em ! and 2870 em ! were identified, which could be indicative of

Fig. 9. SEM images of: A: PVC after modification; B: CS-MIP; C: CS-NIP.
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the aliphatic C-H vibrations. Moreover, the previously mentioned
molecules exhibited peaks within the range of 1680 cm ' and 1648
em ' aswell as 1527 em ' which are likely attributable to the presence
of the amine group. The observed bands at 1052 cm! could be indic-

ative of the presence of vinyl C-H binding.

3.10. SEM analysis

The surface morphology of PVC, CS-MIP and CS-NIP, is presented in
Fig. 9, was characterized by SEM analysis. It was observed that the
structures of all three samples are very similar. Figure B is an example of
the deposition of a polymer layer on PVC, thereby confimming its exis-
tence. All three samples exhibited a porous and irregular surface. In
order to complete the characterization of the surface, the degree of
swelling of the polymers ar room temperamure, 4 °C and 60 °C was also
investigated. The resulting data are presented in Fig. 10. The data ob-
tained demonstrate that there is no temperature dependence of the
swelling degree, which may be due to the presence of a very thin
polymer layer on the core surface as well as temperature equalization at
the spinning stage.

4. Conclusions

The present study was focused on the development of environmen-
tally friendly core-shell molecularly imprinted polymer for the selective
adsorption of S-metolachlor from model and real samples. The utiliza-
tion of sorbent as a deposit to the SPE cartridges and the development of
a procedure for the determination of S-metolachlor enabled the creation
of a rapid detection method for this herbicide. In comparison to our
previous work [24,31], the utilization of MIP-CS as a deposit has
resulted in the elimination of complications associated with column
clogging. The clogging was attributed to the presence of block polymers
as column fill, given the rendency of these sorbents to form precipitates.
Furthermore, the larger particle size of these polymers causes that they
can accumulate on the filter material, blocking the pores of the filter,
reducing filoration efficiency, or even preventing it. This issue is
addressed in core-shell structures, wherein a thin layer of polymer is
applied exclusively to the surface of the core. Moreover, the material is
more homogeneous than rhe block polymer, attributable to the thin
layer of the applied polymer. This results in a markedly higher degree of
repetition in the results obtained. The sorption value obtained for
CS-MIP was caleulated as 1.063 + 0.002 mg x g ', whereas for block
MIP as 2.415 + 0.038 mg x g ', making the standard deviation value
for core-shell materials almost 20 times smaller. Furthermore, a reduced
quantity of monomers is utlized in the synthesis of CS-MIP, a factor
which has positive effects on price and environmental friendliness. To
illustrate this, the synthesis of a single portion of core-shell sorbents

Analytica Chimica Acta 1367 (2025) 344310

necessitates the utilization of only half of the polymerization mixture
employed for the synthesis of a single portion of block polymers.
Furthermore, it has been determined that a quantity of only 0.05 g of
CS-MIP polymers is sufficient for the purposes of sorption studies, with
the majority of this mass being composed of PVC grains. However,
during the sorprion of S-metolachlor by block polymers, it is possible to
adsorb a larger number of molecules of this herbicide. The thin polymer
layer applied on the PVC core shows high selectivity towards S-meto-
lachlor. Furthermore, the selectivity exhibited by the core-shell material
is analogous to that of the block polymer. CS-MIP demonstrated a higher
sorption for S-metolachlor in comparison to atrazine (3.6 times),
glyphosate (2.3 times), and fenoxaprop-P-ethyl (5 times). The block
polymer exhibited enhanced sorption, with a 3.2, 6, and 6.2 times in-
crease, respectively. The kinetics study showed that the adsorption of
S-metolachlor followed a pseudo-second-order model, with R? approx-
imately 0.98. The Freundlich model fits well with the isothermal dara, as
indicated by R? value of 97.

CRediT authorship contribution statement

Dominika Rapacz: Wiiting — original diaft, Visualization, Method-
ology, Investigation, Formal analysis, Data curation, Conceptualization.
Katarzyna Smolinska-Kempisty: Writing - review & editing, Super-
vision, Resources, Project administration, Methodology, Invesrigation,
Funding acquisition, Conceptualization. Joanna Wolska: Writing — re-
view & editing, Supervision, Methodology, Investigation,
Conceprualizarion.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Katarzyna Smolinska-Kempisty reports financial support was provided
by National Science Centre Poland. Dominika Rapacz, Katarzyna
Smolinska-Kempisty, Joanna Wolska has patent Sposob onzymywania
polimerowych czasteczek z nadrukiem molekularnym typu rdzen-
powtoka selektywnych wobec Smetolachloru pending to Licensee. If
there are other authors, they declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research was funded in whole by National Science Centre
Poland 2021 /42/E/ST5/00019 (02NB/0002/22). For the purpose of
Open Access, the aurhor has applied a CG-BY public copyright licence to
any Author Accepted Manuscript (AAM) version arising from this
submission.

we would also like to grarefully acknowledge the conrribution of Dr.
Juliusz Winiarski, prof. of WUST, in the taking of the SEM pictures.

Data availability

Data will be made available on request.

References

[1] N.Bolong, A.F. zmail, M.R. Salim, T. Matsuura, A review of the effects of emerging
contaminants in wastewater and options for their removal, Desalination (Amst.)
239 (2009) 229-246, https://doi.org/10.1016/j.desal.2008.03.020.

[2] F. Altaf, M.Z. Hashmi, U. Farcoq, Z.U. Rehman, M.U. Hmeed, R Bateal,

S. Pongpiachan, Chapter: nanotechnolbgy to treat the environmental

micropollu in: M.Z. Hazhmi, S. Wang, Z. Ahmed (Eds.), Advances in Pollution
Rescarch, Envi 1 Micropoll Elscvicer, 2022, pp. 407-441, hetps:/
doi.org/10.1016/B978-0-323-90555-8.00017-9.

[3]1 S.M. Rhind, Anthropogenic pellutants: a threat to ccosystem sustainability? Phil
Trans. Biol Sci. 364 (2009) 3391-3401, https://doi erg/10.1098 /1210, 2009.01 22,

81



D. Rapacs ct al

41

[51

[61

71

&3]

9

—

[10]

(1]

[12]

(3]

[14]

[15]

(16]

171

M. Necibi, A. Atayar, N. Mzoughi, Chapter: methods of determinntion of
micropollutants ifferent marine matrices, in: L. Charles (Ed.), Marins
Environment ty, Threats and Conservation, Nova, 2022,

Y. Shao, D. Jiagi, M. Wang, J. Cao, Y. She, Z. Cao, G. Li, F. Jin, J. Wang, A.M. Edb
El-Aty, Apphc.ﬂmn of molecularly imprinted electrochemical biomimetic sensors

for d g small molecule food Pol (Basel) 15 (2022) 187,
https://doi.org/10.3360/polym 15010187,
N. Fonmals R.M. Marce, F. Borrull, Materials for solid-phase extraction of organic

compounds, Separations 6 (4) (2019) 56, hrtpe:/
separationsb04 0056,
G. Wang, J. Shm, S Wei, D. Cai, J. Liu, Idmhﬁc:\uonofheavy metals and organic
micropoll inking water in typical villages and towns in
Northeast China, Molecules (Basel) 27 (22) (2022] 8033, https://doiorg/10.3300,
molecnles27298033.
A, Adumitrachioaia, M. Tertis, A, Cernat, R. Sa.ndulescu, C. Cristea,
Electrochemical methods based on mol < for drug
detaction. A review, Int. J. Electrochem. Sci. 13 3 (2018) £56 2576, hrtp*'
org/10.20964,1018.03.75.
N. Pérez-Moral, A.G. Mayes, Direct rapid synthesis of MIP beads in SPE cartridges,
Biocens. Bicelectron. 21 (2006) 1798 1803, https:/ ‘Coiorg/ 10.1016/],
bi0s.2005.08.014,
G.N. Wang, K. Yang, H.Z. Liu, M.X. Feng, JP. Wang, Molecularly imprinted
polymer bcwed solid phase extraction combined high performance liquid
v for d ination of fluoroquinolones in milk, Anal. Methods 8
(2016) 5511 5513, https://doiorg/10.1039/CE6AY00810K.
H.A. Mulder, A.C. Pearcy, M.S. Halguist, Ch ization of molecularly
polymers for the extraction of tob: lkkaloids and their bolites in human
urine, Biomed. Chromatogr. 36 (2022) 6, https://doi.org/10.1002/bme. 5361,
B On:d Acet T. hnmn K. Salieva, B. Borkoev, M. Odabasi, O. Acet, Molecular
I t ad in biochemistry, biomedical and

biotechnology, Polym. Bull. 81 (2024) 1043910459, hitps:/,dot.org/10.1007/
:00289-024-052328-5,
A, Doostmohammadi, K, Youssef, S, Alhtarian, E Tabesh, G. Kraft, S.K Brar,
P. Rezai, Molecularly imprinted polymer (MIP) based coreshell micraspheres for
bacteria isolation, Polymer 251 (2022) 124917, https://doi.org/10.1016/].
polymer,2022.124917.
T. Sajini, B. Mathew, A brief of molecularly imprint
highlighting computational design, nano and photo-responsive nnpnnhns, Talanta
Open 4 (2021) 100072, https://dokorg/1 0.1016/j talo,2021, 100072,
W. Zhao, N. Sheng, R. Zhu, F. Wei, Z. Cai, M. Zhai, S. Du, Q. Hu, Preparation of
dummy late imprinted poly at surface of silica microparticles for the
selective extraction of trace bisphencl A from water samples, J. Hazard Mater. 179
{1-3) (2010) 223-229, hitps://doi.ocg/10.1016/).thazmat. 2010.02.083.
Y. Fu, F. Pessagno, P. Mnncmoha,l’ Ban'ul.l N Fontanals, RM. Marcé, Preparation

evaluation of mol ly by as selective SPE sorbents for the
determination of cathinones in river wnt:r, Microchem. J. 175 (2022) 107100,
https; //deiosg/10. 1016/} microc, 20211071 00,
M. Niu, C. Phnm Huy, H. He, Core-shell ticles coated with m 1 'y
imprinted polymers: a review, Microchim, A:tﬂ 183 (2016) 2677-2695, littps:
dolorg/10.1007 /500504-016-1930-4.

dai.org/10.3300/

//doi

imprinted

d paly

[nse]

(9]

(20}

211

[22]

[23]

24

=

23]

[25]

[27]

(23]

[29

=

[30

=

[31]

Analytica Chimica Acta 1367 (2025) 344310

\‘V He, Y Ma, X. Gao, X. Wang, X. Dm, J. Song, Application of Paly(N-
lamide) as therm i smart materials, J. Phys. Conf. 1676
(2020) 012063 hitpe://doi.org/10.1028/1742-6506/1 676/1/01 2063.
K. Jain, R. Vedarajan, M. Watanabe, M. Ishikiriyama, N. Matsumi, Tunable LCST
behavior of poly(N-isopropylacrylamide/ionic liquid) copolymers, Polym. Chem. 6
(2015) 6819-6825, artp:://doiorg/10.1036/C5PYD0098G.
P Lall N.R Bhardwaj, SK. M1hnwer, Chapter 4 - ngrochemicals: harmful and
b ial effects of climate ch g scenarios, in: KK. Choudhary, A Kumar, A,
K. Singh (Eds.), Climate Change and Agricultural Ecosystems, Woodhead
Publiching, 2019, pp. 6504, httpe://doi org /10, 1016/8078-0-12-31 646 2-
0.00004-9,
C.R. Zemolin, LA, Avila, G.V. Cassol, J.H. Massey, E.R. Camargo, Environmental
fate of S-metolachlor - a Review, Planta Daninha, Vigosa-MG 32 (3) (2014)
655-664, https://doi.org./10.1590/501060-83582014000300022.
P.J. O'Cennell, C.T. Harms, J.RF. Allen Matolachlor, S-metolachlor and their role
within sustainable weed-management, Crop Prot. 17 (3) (1998) 207-212, heps:
dei.org/10.1016/50261-2104(88)80011-2.
J. Wolska, P. Cyganowski, T. Kozlecki, Fine polymer imprinted layers for the
monitoring of bisphencl A in 1 Separ. Sci. Technol. 53 (2) (2018)
206218, httpe:/ Cmc g/10. lC“(; D1406395.2017.1385627.
D. Rnpua, K Smoluskn -Kempisty, J. Wolska, A novel green molecularly imprinted
d in an medium as S-metolachlor sensitive materials,
Tn[:ulh 280 (2024) 126674, l’*t'pd //dois orv/l 0.1015/5 t:\lcmt" 2024. l“66/
J Wolskn P. Cygunowsh,M Kujawska, i ly f‘
for and dd ofdlbu(yl hthal Sep:u Sci. Technol.
53 (7) (2018) 1076 1087, acos: +//doi.erg/10.1060/01 496305.2017.1310235.
C.A.0. M Z Altintas, Bi PES membranes based on
ChitosanFunctionali and vir d NanoMIPs for HighlyEfficient
ep ion of human path ic viruses from water, Membranes 12 (2022) 1117,
hetps;//doiiorg/10,3390 /membranest 2111117,
TR. S;hoo, B. Pralot, Chapter 7 - ad P for the I of
from : the perspective rok of ials and
nanotechnology, in: B. Bonelli, F.S. Freyria, 1. Rossetti, R. Sethi (Eds.), Micro and
Nano Technologies, Nanomaterials for the Detection and Removal of Wastewater
Pollutants, Elsevier, 2020, pp. 161-222, hrtos://deiorg/10.1016/B978.0-12
818489-5,00007-4.
E.D. Revellame, D.L. Fortela, W. Sharp, R. Hermandez, M.E. Zappi, Adsorption
kinetic modeling using psaudo-first order and pseudo-second order rate laws: a
review, Clean, Eng. Technol. 1 (2020) 100032, https://doiorg/10.1016/
<l2t.2020,100032,
A Wolskn, N.J Fnhzx, M:mbrune emulsification process as a method for obtaining
Poly (Basel) 13 (16) (2021) 2830, hrtps://

doi.org/10. 3300, ponml 3162830,

T.A. Saleh, Chapter 4 - isoth models of adsorp on adserbents and
nanoadsorbents, in: T.A. Saleh (Ed.), Interface Sclmce and Technology, Elscvier,
2022, https://doiorg/10.1016,/B978.0-12-842076:7.00009-9.

D. Rapacz, K. Smolinska-Kempisty, J. Wolska, Preparation and characterization of
SPE column with smart green molecularly imprinted polymers materials for
selective determination of S-metolachlor herbicide, Sci. Rep. 15 (2025) 3153,
hetpa://doi.org/10.1038/241598-025-87685- 2.

82



7.6. Dobor warunkow syntezy czastek typu rdzen—otoczka z warstwa polimeru
z odciskiem molekularnym wrazliwego na zmiany pH (Publikacja P6)

Rapacz—Kinas D, Smolinska—Kempisty K, Wolska J. Core—shell molecularly imprinted
polymer for selective recognition and detection of S—metolachlor in aqueous samples. Scientific
reports. 2026, vol. 16, art. 14750, s. 1-11. https://doi.org/10.1038/s41598-026-44780-2.

Wprowadzenie

Szosty artykul zatytutlowany “Core-shell molecularly imprinted polymer for
selective recognition and detection of S—metolachlor in aqueous samples” opublikowany
w Scientific Reports omawia czastki typu rdzen—otoczka z naniesiong warstwg polimeru
molekularnie wdrukowanego, ktéra wykazuje odpowiedz na zmiang pH i jest selektywna
wobec S—metolachloru. Do syntezy warstwy MIPu na ziarnach rdzenia, wykorzystano stosunek
molowy monomeréw trzech najlepszych sktadow polimeréw blokowych reagujacych na pH,
stanowiacych tres¢ publikacji P4.

Wyniki

Czastki PVC, na ktére nanoszono warstwe polimeru wdrukowanego molekularnie lub
polimeru bez odciskow molekularnych musiaty zosta¢ poddane modyfikacji. W pierwszym
etapie przeprowadzono proces dehydrochlorowania poli(chlorku winylu), a nastepnie reakcje
aminowania. Wykorzystujac opracowane trzy najlepsze sklady polimerow blokowych
reagujacych na zmiang pH, zsyntezowano trzy rodzaje sorbentéw, w oparciu o doswiadczenie
zdobyte podczas syntezy czastek CS wykazujacych odpowiedZz na zmian¢ temperatury.
Wszystkie zsyntezowane sorbenty charakteryzowaly si¢ zdolnoscia do wigzania
S—metolachloru. Jednakze stosunek wartosci sorpcji pomigdzy CS—-MIP i CS-NIP byt
najwigkszy dla polimeru oznaczonego jako 1 (dla ktérego stosunek molowy
AAc:AA:MBAA:SMCh byl réwny odpowiednio 14:17:12:1) 1 wynosit 8,23. Dla polimeru
oznaczonego jako 2 (stosunek molowy AAc:AA:MBAA:SMCh rowny odpowiednio
17:17:12:1) stosunek wartosci sorpcji CS—MIP:CS—NIP wynosit 2,83, a dla polimeru
oznaczonego jako 3 (stosunek molowy AAc:AA:MBAA:SMCh wynosit 74:74:19:1) wartos¢
wspotczynnika wdrukowania (IF) CS-MIP do CS-NIP byta réwna 1,74. Dlatego dalsze,
bardziej szczegdtowe badania przeprowadzono z uzyciem pierwszego sorbentu. Nastepnie
okreslono, jaka liczba warstw polimeru naniesionych na rdzen zmodyfikowanego PVC bedzie
wystarczajaca. Wartos$¢ sorpcji w przypadku CS—MIP z zaaplikowang jedng warstwa polimeru
wdrukowanego molekularnie byta réwna 0,364 mg x g!, a dla CS-NIP wynosita 0,201 mg x
g!. Natomiast po naniesieniu dwéch warstw, sorpcja osiggneta wartoéci 0,287 1 0,183 mg x g°
!, odpowiednio dla CS-MIP i CS—NIP. Na podstawie przeprowadzonych badan, stwierdzono,
1Z proces syntezy z naniesieniem jednej warstwy polimeru jest najbardziej optymalny zaréwno
pod wzgledem uzyskanych warto$ci wspdiczynnika wdrukowania, ale takze z perspektywy
ekonomiczne;j.

Dodatkowo testowano zakres pH, wynoszacy od 2,5 do 9, w ktorym proces sorpcji
bedzie zachodzil najefektywniej. Najwigksza warto$¢ wspotczynnika IF odnotowano przy pH
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wynoszacym okoto 7,9, odpowiadajgcemu pH wody z kranu, co zadecydowalo
o kontynuowaniu dalszych badan w tym zakresie pH. W kolejnym kroku opracowano warunki
sorpcji dynamicznej na kolumnach typu SPE. Proces inkubacji roztworu S—metolachloru
z zastosowaniem badanego ztoza prowadzono w przedziale czasowym od 5 do 90 minut, przy
czym za optymalny uznano czas trwania wynoszacy 10 minut. Desorpcje czasteczek
S—metolachloru przeprowadzono z wykorzystaniem 96% etanolu jako eluentu. Dobra
powtarzalno$¢ cykli sorpcja—desorpcja uzyskano dla dwoch przeprowadzonych powtdrzen, co
potwierdza, ze material wpisuje si¢ w zatozenia ,.greenification” zarbwno w procesie syntezy,
jak 1 w zastosowaniu MIPow.

Zbadano selektywno$¢ zsyntezowanych czastek, przeprowadzajac proces sorpcji
z roztworu wielosktadnikowego. Na podstawie wynikow tych badan oszacowano, iz CS-MIP
sorbuje S—metolachlor okoto 2 krotnie lepiej niz atrazyne i 2,4-D. Nastepnie sprawdzono, czy
sorbenty mozna wykorzystaé do oznaczania S—metolachloru z probek symulujacych
rzeczywiste. Badania przeprowadzono dla dwoch nawazek réwnych 0,2 g 1 0,05 g. Dla obu
nawazek sorpcja z probki rzeczywistej zachodzita porownywalnie do tej z roztworu
modelowego. Dla nawazki 0,2 g w roztworze rzeczywistym CS—-MIP sorbowat S—metolachlor
okoto 3,5 razy lepiej niz CS—-NIP, a w roztworze modelowym dwukrotnie lepiej. Natomiast dla
nawazki 0,05 g CS-MIP wykazal dziewigciokrotnie wieksza sorpcj¢ niz CS—-NIP z roztworu
modelowego 1 okoto 2,5 wigksza warto§¢ w roztworze rzeczywistym. Aby w pelni
scharakteryzowac¢ opisane sorbenty, zbadano ich wtasciwosci fizyko—chemiczne: wykonano
widma IR, zdjecia SEM, analize TGA 1 DLS, a takze porowatos$¢. Po naniesieniu warstwy
polimeru bez odcisku molekularnego na powierzchni¢ rdzenia, zaobserwowano zmniejszenie
powierzchni wlasciwej PVC, poniewaz prawdopodobnie pory obecne na jego powierzchni
zostaly zabudowane. Natomiast w przypadku CS-MIP odnotowano wzrost powierzchni
wlasciwej, co prawdopodobnie byto efektem obecnosci specyficznych miejsc wigzacych. Ze
wzgledu na matg powierzchni¢ wilasciwg nie bylo mozliwe okreslenie $redniej wielkosci
porow. Stabilno$¢ termiczna polimerow zostala okreslona za pomoca analizy
termograwimetrycznej. Dla CS—NIP catkowity rozklad masy nastapit w przedziale od okoto
700°C do 1000°C, natomiast dla CS—MIP dopiero okoto 1000°C. Réznica w wartosciach
temperatury rozktadu mogta wynikaé z nieco wigkszej $redniej $rednicy czastek CS—MIP (150
um) w stosunku do CS-NIP (118 pm), zmierzonej za pomocg techniki dynamicznego
rozpraszania $wiatla.

Podsumowanie

Niniejsza publikacja opisuje po raz pierwszy czastki typu rdzen—otoczka z warstwa
molekularnie wdrukowanego polimeru wrazliwego na zmian¢ pH, selektywnego w stosunku
do S—metolachloru. Otrzymane sorbenty, podobnie jak i1 inne otrzymane w ramach realizacji
pracy doktorskiej, wpisujg si¢ w zatozenia tak zwanych ,.zielonych MIPow”, poniewaz synteza
zostala przeprowadzona z wykorzystaniem wody, w temperaturze pokojowej, a materiaty
nadaja si¢ do ponownego wykorzystania. Do syntezy czastek typu rdzen—otoczka zuzywane sg
mniejsze ilosci reagentdw, w poréwnaniu do polimeréw blokowych. Jednakze, ze wzgledu na
naniesiong cienkg warstwe MIPu, warto$ci sorpcji S—metolachloru sg mniejsze, niz te uzyskane
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dla polimeréw blokowych reagujacych na zmian¢ pH. Mimo to, pojemno$¢ sorpcyjna
materiatow jest wystarczajagca do efektywnego oznaczenia i monitorowania zawarto$ci
S—metolachloru w roztworach wodnych, a proces syntezy jest przyjazny srodowisku.
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Core-shell molecularly imprinted
polymer for selective recognition
and detection of S-metolachlor in
aqueous samples

Dominika Rapacz-Kinas™, Katarzyna Smoliriska-Kempisty & Joanna Wolska

In the present study, an eco-friendly approach for preparing molecularly imprinted polymers

(MIPs) applying on poly(vinyl chloride) (PVC) core is reported. The synthesis of pH sensitive MIPs
was accomplished utilizing S-metolachlor as a template molecule, acrylic acid and acrylamide as

a functional monomers, N,N"- methylenebis(acrylamide) as a cross-linking agent, and water as a
porous agent. The morphology and shape of the particles were examined using a scanning electron
microscope. The sorbents were subjected to detailed analysis using FT-IR spectroscopy, dynamic
light scattering and thermogravimetric analysis techniques. The synthesized CS-MIPs exhibited a
high degree of selectivity towards the target molecule S-metolachlor, sorbing it more than twice as
effectively as atrazine and 2,4-D.The obtained C5-MIPs were successfully employed to the detection
of S-metolachlor in both model and real samples. A methodology for the regeneration of sorbents has
been developed, allowin g for the reuse of the same material several times.

Keywords Green molecularly imprinted polymers, pH-responsible polymers, $-metolachlor, Sorption
process, Core-shell polymers, Solid phase extraction

The utilization of coupled analytical techniques has been identified as a highly effective method for the detection
and separation of traces of various analytes, incduding pharmaceuticals, heavy metals, pesticides, and industrial
or household chemicals, in aquatic ecosystems' . The combination of liquid chromatography and mass
spectrometry is wu.kl)' applied in the qualitative and quantitative analysis of a variety of micropollutants present
in complex samples’. Nevertheless, this method demands the cxperusc of skilled technicians, the employment
of costly instrumentation, and time-consuming sample pretreatment procedures®-*

As a cosl-effective approach, the use of molecularly imprinted polymers (MlPs) as a selective analyte
extraction material is proposed. During the polymerization process of MIPs, specific binding sites are created on
the polymer frameworks. ‘Then, the template molecules are removed, and molecular cavities are generated that
can recognize and capture only those analytes that fit them specially. These binding sites are complementary to
the target analyte in their morphaology, size and molecular interactions”The selection of appropriate monomers,
termed functional monomers, for polymerization is of significance in increasing the selectivity of the molecular
imprinting process. These monomers possess recognition sites, such as heteroatoms, functional groups, and
n-n conjugated systems, which interact with the binding sites of template molecules through covalent bonds,
and non-covalent bonds like hydrogen bonds, electrostatic attractions, - stacking, and van der Walls and
hydrophobic interactions®’. MIPs are applied in a wide range of felds, inuluding medicine, biochemistry,
biology, chromatography, solid-phase extraction, separation techniques, imaging melhnd\, immunoassays, drug
delivery systems, and optical and electrochemical sensors, due to their specific properties®

Despite many advantages associated with MIPs, conventional methods of synlhesmmg these compounds
are regarded as non-eco-friendly. In the traditional synthesis process, a considerable volume of organic solvents
is employed, in addition to the utilization of toxic chemicals. This has the potential to pose a health risk to
operators, generate substantial chemical waste, and have a detrimental effect on the environment’. Accordingly.a
novel eco-friendly approach for MIPs synthesis is gaining popularity, including the use of renewable, innocuous
reagents, the control of polymerization without energy waste, and the utilization of aqueous media as porogen
and solvent. Furthermore, the design of self-cleaning MIPs, enhanced degradability of MIPs at environmental

Department of Process Enginesring and Technology of Polymer and Carbon Materials, Wroclaw
University of Sdence and Technology, Wybrzeze Wyspianskiego 27, Wroctew 50-370, Poland. ~email:
dominika.rapacz-kinas@pwr.edu pl
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conditions after use, implementation of polymerization at mild conditions, and optimization via computational
modelling are assumptions of the greenification concept’.

Traditionally, MIPs are synthesized by bulk polymerization. However, the irregular size and small surface
area of the obtained polymers, as well as the heterogencous binding sites, render this method less attractive'*,
As an alternative strategy, the MIPs layer can be grown as a shell on a nanoparticle core, creating core-shell
particles. This type of structure undoubted!y exhibits several notable advantages, including uniform morphology,
homogeneous binding site distribution, and a comparatively large surface area'®. The combination of materials
that form core-shell particles results in the demonstration of remarkable propertics, which could not be attained
through the utilisation of the constituent materials in their separate forms*®.

Herbicides are the most commonly used pesticides in agriculture for the management of weeds. Nevertheless,
the synthesis of these compounds results in significant environmental and water contamination'”. The presence
of trace amounts of pesticides in water, ranging from undetectable to a few micrograms per liter, has been termed
micropollutants’®. ~ S-metolachlor  ((S)-2-Chloro-N-(2-ethyl-6-methyl-phenyl)-N-(1-methoxypropan-2-yl)
acetamide) is one of the most widely used herbicide in the cultivation of maize'”. The absorption of S-metolachlor
bz: soil particles is facilitated by a range of interactions, including Van der Waals forces, hydrophobic panmoninF.
charge-transfer complexes, ligand exchange, and covalent bonding. These interactions may occur individually
or in combination, depending on the specific conditions of the environment®®. The herbicidal activity of
metolachlor is caused primarily by S-isomers, which are now widely employed due to their enhanced herbicidal
activity in comparison to their racemate forms*.

In the present study, pH-responsible core-shell polymers with S-metolachlor imprints in the shell have been
prepared according to the strategies of greenification. More specifically, the pre-polymerization mixture consists
of acrylic add, sensitive to pH, and acrylamide as a functional monomers, N,N"- methylenebis(acrylamide)
as a cross-linking agent, and water as a porous agent. The resultant mixture was then applied as a layer on the
paly(vinyl chloride) core. In this paper, we describe the design and preparation of core-shell particles and their
applications as functional sorbents of S-metolachlor from an aqueous samples.

Materials and methods

Reagents and chemicals

The following chemicals were utilized in the synthesis of the core-shell polymers: acrylamide (AA), obtained
from Thermo Scientific Chemicals; acrylic acid {AAc), received from Acros Organics; ammonium persulfate
(APS), N.N"-methylenebis(acrylamide) (BIS), and N, N,NIN'-tetramethylethylenediamine (TEMED) purchased
from Sigma-Aldrich. S-metolachlor (SMCh) was received from NOVAGRA. Atrazine was supplied by ABCR
GmbH & Co. 2,4-dichlorophenoxyacetic acid (2,4-D) was received from Corteva. Poly(vinyl chloride) (Ongrovil’
$-5167) was purchased from BorsodChem, with medium molecular weight, and with a K value (an indicator of
molecular weight) of 66-68. Ethyl alcohol (EtOH) and the HPLC grade acetonitrile was supplied by POCH S.A.
Ultrapure water was obtained with a Milli-Q System (Merck Millipore).

Dehydrochlorination of PVC

The process of dehydrochlorination of PVC was conducted in accordance with the methodology delineated by
Wolska et al** To summarize the procedure, 67.5 g of PVC was dispersed in a 500 mL 10% KOH solution (4:1
wiw isopropyl alcohol: water). The mixture was then subjected to heating at its boiling point under the reflux
condenser for a period of 24 h. During this process, the color of the reaction mixture underwent a transition
from a colorless to a dark brown hue. Subsequently, the degraded PVC was filtered and washed with a large
volume of water, followed by a final wash with ethanol. The obtained product was extracted with ethanol for 24
h. Following this extraction process, DHPVC was subjected to drying at a temperature of 60 °C in a dryer.

Amination of DHPVC

The amination of PVC was undertaken in accordance with the methodology established by Wolska et al.”> A
quantity of 25 g of DHPVC was added to 200 mL of amine in a 500 mL flask. The flask containing the mixture
was then subjected to heating at its boiling point for a period of 10 min and subsequently stored in a reaction
mixture for 24 h at room temperature. Then, the resin was filtered, washed with distilled water to remove
ethylenediamine (EDA), and dried ina 60 °Ca dryer.

Preparation of core-shell polymers

The preparation of core-shell molecularly imprinted polymers was achieved through the following procedure.
Approximately 5 g of poly(vinyl chloride) grains, which had undergone the amination process, were contacted
with 14 mL of an aqueous solution of the prepolymerization mixture. This mixture consists of the two functional
monomers: acrylic acid and acrylamide (5.76-19.98 mmol and 5.84-19.98 mmol, respectively), as well as a
cross-linking agent N, N’-meth)?'enebis (acrylamide) (4.93-5.00 mmol), and S-metolachlor (0.27-0.40 mmol).
The prepolymerization mixture was subsequently sonicated for a period of 10-15 min in order to dissolve BIS.
Thereafter, 15.3 mL of water was added to the reactor and the mixture was left to incubate for a further 10-15 min.
In the next step of the process, the prepolymerization mixture was purged with nitrogen for 5-10 min. Following
this, the initiator ammonium persulfate (0.20-0.30 mmuol) and tetramethylethylenediamine (0.15-0.23 mmol),
was added. The reaction was conducted for 24 h at ambient temperature. The mixture was subsequently washed
onto Buchner funnel and extracted on a Soxhlet apparatus for a period of 24 h. Following this, the polymers were
dried at room temperature. The non-imprinted core-shell polymers (CS-NIPs) was synthesized in an identical
way to CS-MIPs, with the exception that S-metolachlor molecules were not added during the process. The
compositions of individual polymers are presented in Table 1.
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5.76 696 493 0.40 030 0.23

1
2 6.87 584 4.93 0.40 020 0.15
3 19.98 1958 5.00 0.27 020 015

Table 1. ‘The composition of the polymers.

Analytical and characterization methods

High performance liquid chromatography

High performance liquid chromatography (HPLC) system (Shimadzu high performance liquid chromatograph
moder SCL-40) equipped with an autosampler (model SIL-40), a photogiode array (PDA) detector ancF a
chromatographic column (3 um ARION" Biphenyl, 150 % 4.6 mm) was used. Isocratic elution was carried out at
a temperature of 30 °C, with a mixture of water and acetonitrile (50:50 v/v) employed as the mobile phase. The
maintenance of a flow rate of 1 mL x min™ ' was achieved, with an injection volume of 30 uL and a detection
wavelength of 254 nm. The mobile phase was degassed by sonication for 10 min.

Scanning electron microscopy

The characterization of polymer morphologies and structures was performed by scanning clectron microscopy
(SEM). The samples were mounted on aluminum stubs using double-sided carbon tape. Following this, the
specimens were gold-coated for 400 s by utilizing an Edwards Scancoat Six Sputter Coater. A scanning electron
microscope (Zeiss Evo LS15) operating at 16 kV was used for imaging.

Fourier-transform infrared spectroscopy

The characterization of the chemical structures of the polymers was performed by Fourier-transform infrared
spectroscopy (FT-IR). The acquisition of spectral data was conducted on a Jasco FT-IR-4700 spectrophotometer,
employing a total of 64 scans with a resolution of 4 cm ! within the 400-4000 cm™ ! spectral range.

Thermogravimetric analysis

The thermal stability characteristics of CS-MIPs and CS-NIPs were investigated by thermogravimetric analysis
(TGA). This analysis was conducted using the TGA 8000 apparatus from Perkin Elmer. The heating of the
polymers was performed within an nitrogen atmosphere, with a constant flow rate of 10 mL x min~, ranging
from 30 to 1000 °C, The rate of heating was maintained at 10 °C x min".

Dynaric light scattering

Determination of size distribution of PVC, CS-MIPs, and CS-NIPs was achieved through implementation of a
dynamic light scattering (DLS) technique. The analysis was carried out using the LS 13 320 XR Laser Diffraction
Particle Size Analyzer. The measurements were obtained by dispersing particles in water, with this process
repeated three times. SPAN number was calculated as

SPAN — doo — dho
dao

where dy, dyo. dy o are the diameters for 90, 50, and 10% of the particle population™,

Porosity of sorbents

The specific surface area (Sg 1) and pore volume (Vy,) were determined through the analysis of nitrogen
adsorption at the liquid nitrogen temperature, utilizing Autosorb 1Q gas sorption analyzer (Quantachrome,
Boynton Beach, FL, USA). Before analysis, degassing of the samples was conducted at a temperature of 50 °C for
duration of 10 h. The nitrogen dosage was set at 3 cm® x g~ 1. The free space of the analytical tube was measured
before performing the analysis.

Adsorption experiments

Batch made sorption process

For all batch mode sorption experiments, a quantity of sorbents (CS-MIPs and CS-NIPs) with a mass of
approximately 0.05-0.2 g was weighed into the flask Thereafter, 30 mL f a solution of S-metolachlor at a
concentration of 30 mg x L' was added and the contents of the flask were stirred for a period of 24 h. The
concentration of the solution after sorption was then determined by HPLC. Sorption capacity (¢) - defined as
the amount of S-metolachlor adsorbed at the equilibrium — was calculated using following equation:

_ (Co—=Ceg) xV
9= m

(1)

where (', and .., (mg x L~ ') are the concentrations of the herbicide at the initial solution and at the equilibrium,
respectively, m (g) is the mass of the dry sorbents, V (L) is a volume of the solution®'.
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Dynarmic mode sorption on the SPE columns

For all dynamic mode sorption experiments, conducted on the SPE columns, approximately 0.05 g of sorbents
(CS-MIPs and CS-NIPs) was weighed and placed into the SPE columns. Subsequently, the sorbents were washed
with water to dampen the surface. Thereafter, 2 mL of S-metolachlor solution was added and incubated with the
sorbents for varying periods of time. The concentration of the solution after sorption was then determined by
HPLC, and the sorption was calculated according to Eq. 1.

Competitive study
An investigation was conducted into the binding selectivity of the polymers from multicomponent tap water
solution (pH~7.9), consisting of the herbicides: atrazine, glyphosate and S-metalachlor (concentration: 15 mmol
x L") in dynamic mode. The introduction of approximately 0.050 +0.001 g of sorbent (CS-MIPs or CS-NIPs)
into a 1 mL SPE column and activation with water was performed. Thercatfter, the column was incubated for
10 min with 2 mL of a S-metolachlor solution with a concentration of 30 mg x L. The solution concentration
was determined by HPLC.

The calculation of the distribution coefficient (X) was undertaken in order to characterize the sclective
properties, according to the following equation:

Giz) X P

-Kvul = e
iileq

2

where g,(,) (ug x g ') is the sorption capacity (i - S-metolachlor, j - other plant protection products), p(g x
L ') is the density of the solution, and €', ;¢4 (ug= L~ 1) is the equilibrium concentration (Z - S-metolachlor,
J - ather plant protection products®.

Moreaver, the calculation of the imprinting factor (I F') was conducted using Eq. 3:

I\".‘\IIP
IF = Zrre (3)

where K, is the distribution coefficient (i - S-metolachlor, j - other ,p!anl protection products) of an analyte on
an imprinited polymer (K™ ') and a non-imprinted polymer (K """y,
The specific selectivity factor () was calculated according to the following equation (Eq, 4):

IF;
S= iF, (4)

where I I, and I I¥, areimprinting factor of the S-metolachlor and other plant protection products, respectively’”.

Sorption from real samples

The sorption study was conducted on both the model solution and the sample, which were prepared to simulate
the properties of a real sample, in dynamic mode. Approximately 0.050+0.001 g of sorbent (CS-MIPs or CS-
NIPs) was introduced into a 1 mL SPE column and activated with water. Thereafter, the column was incubated
for 10 min with 2 mL of a S-metolachlor solution with a concentration of 30 mg x L. The concentration of the
solution was determined by HPLC, and the sorption was calculated according to Eq. 1.

Bed regencration
The estimation of the regeneration factor () of the deposit was conducted through the implementation of the
following equation (Eq. 5):

R; = :'—‘ % 100% (5)

e

where m. (mg) is mass of eluted S-metolachlor, and m,, (mg) is mass of absorbed S-metolachlor.

Results and discussion

Characterization of adsorbents

FT-IR analysis

FT-IR spectroscopy was performed to further confirm the grafting of molecularly imprinted polymer and non-
imprinted polymer layer on the poly(vinyl chioride) core. The results are illustrated in Fig, 1. Notably, bands
in the range of 2975 cm ! and 2898 cm™ ' were observed in the spectra of PVC, CS-MIPs, and CS-NIPs, which
could indicate aliphatic C-H vibrations. Furthermore, both CS-MIPs and CS-NIPs showed a peak at 1747 cm ™!
which is presumably attributable to C=O vibrations. The presence of the amine group is likely to be responsible
for the peaks within the range of 1541 am ! and 1523 cm !, The observed band at 1065 cm ! could be indicative
of the presence of C-N bonding. In the PVC spectra, the C-Cl band was identified at 608 cm*. After the
amination process of PVC, spectra exhibited bands at 1020 cm~! which are probably related to the presence of
the amine group.
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Fig. 1. The FT-IR spectra of the core (PVC), and core-shell structures (CS-MIPs and CS-NIPs).

SEM analysis

The structureand morphology of the obtained materials are important parts for the exploration of their properties.
The SEM images of CS-MIPs (I) and CS-NIPs (I1) are shown in Fig. 2.1t can be seen that CS-MIPs and CS-NIPs
particles exhibit comparable sizes, however, their surfaces are characterized by a rough and irregular texture,

TGA analysis

The thermal stability of the synthesized polymers was investigated by thermogravimetric analysis. Initially, up
to a temperature of approximately 315 °C, the graphs for CS-MIPs and CS-NIPs appear almost identical. Tt is
evident that both palymers undergo aloss of water in the initial phase, up to approximately 100 °C, with the most
significant loss of mass occurring at approximately 230 °C, For CS-NIPs, the loss of mass in the temperature
range from approximately 700 *C to 1000 “C indicates the destruction of the polymers, while for CS-MIPs,
complete mass loss was achieved at approximately 1000 °C (Fig. 3).

Dynamic light scattering

The average diameter of the sorbent particles and the SPAN number were measured using the dynamic light
scattering method The mean diameter of the PVC particles following the amination process was found to be
162.1 pm, with a SPAN value 0f 0.74. For CS-MIPs particles, the average diameter was measured to be 150.2 pm,
and for CS-NIPs it was 117.7 pm. The SPAN value for CS-MIPs was 0.50, and for CS-NIPs it was 0.81. The PYC
particles were composed of two different batches, each exhibiling varied average diameters. It can be assumed
that the batch containing smaller grains was utilised for the synthesis of CS-NIPs, which would account for the
observed decrease in their average diameter and faster decomposition of the sorbent, as evident in the graph.

Porosity study

The porosity of the materials was studied (including PVC after amination process, CS-MIPs and CS-NIPs) in
order to ascertain their specific surface area and pore volume. The results of the study are presented in Table 2.
Following the application of a layer of molecularly imprinted polymers to the core, there was a decrease in the
surface area of CS-NIPs, as the pores present on the surface of PVC were probably occluded. However, in the
case of CS-MIPs, an increase in the specific surface area was observed, thereby possibly confirming the presence
of selective binding cavities. Due to the small surface area, it was not possible to determine the average pore size.

Optimizing the condition of the synthesis process
The synthesis process was carried out in compliance with the procedure described in paragraph 2.4 and the
experience gained from our previous studies™. All of the core-shell polymers obtained exhibit the ability to
adsorb S-metolachlor. However, for sorbent marked as 1 (see Fig. 4), the sorption ratio for CS-MIPs and CS-
NIPs is 8.23, while for sorbent 2 it is 2,83, and for sorbent 3 it is 1.74. Given that CS-MIPs sorb S-metolachlor
about 8 times better than CS-NIPs, sorbent marked as 1 was selected for the further, more detailed studies. In a
subsequent section of this work, the selected core-shell composition with molecular imprint will be designated as
CS-MIPs, while the molecule without molecular imprint will be designated as CS-NIPs.

One of the parameters investigated was the number of the polymer layers applied on the poly(vinyl chloride)
core. The results are presented in Table 3. The sorption of S-metolachlor by CS-MIPs after the application of
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Fig. 2. The scanning electron microscope images of: CS-MIPs (I); CS-NIPs (II).

one layer of polymer to the PVC core is greater than after the application of two layers of polymer. Moreover,
the difference between sorption by CS-MIPs and CS-NIPs is more significant when only one layer is applied.
In addition, the lower consumption of reactants and the reduced synthesis time were taken into consideration,
which together indicated that the optimal application would be one layer of polymer on the core particle.

Another parameter that was optimized was the pH of the solution from which sorption is carried out (see
Table 4). In all pH ranges examined, CS-MIPs exhibited approximately twofold enhanced sorption capacity
for S-metolachlor in comparison to CS-NIPs, thereby confirming the efficacy of sorption processes for this
herbicide within the pH range of 2.5 to 9.0. However, given that the material is intended for use in the detection
of S-metolachlor from real samples, and IF value was the most favorable, further studies were conducted at a pH
of approximately 7.9.
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Fig. 3. 'The results of TGA analysis for CS-MIPs and CS-NIPs.
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Table 3. The results of the optimization of the number of applied polymer layers.
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Table 4. Sorption values for CS-MIPs and CS-NIPs from solutions at different pH.
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Fig. 5. The results of the optimization of the incubation time on the SPE columns.

K (%) 944 9542

sorption [T (mg =g ) | 028=002 | 0.16:0.02
Ry (%) 9545 9743
sorption T (g = g ') | 0392015 [ 0312011
By (%) 98+2 9+

Table 5. ‘The results of the sorption-desarption process.

Optimization of sorption time

A crucial parameter that necessitated optimization during dynamic sorption on SPE columns was the incubation
time of the bed with the S-metolachlor solution. The results of the research are presented in Fig. 5. Following
analysis of the data presented below, it was determined that 10 min of contact between the sorbents and the
S-metolachlor solution would be the optimal time, as the difference in sorption values for CS-MIPs and CS-NIPs
after this time is the greatest. Moreover, the reduced experimental time permits almost immediate analysis of
the sample.

Sorption and desorption cycles

The regeneration properties of the bed were also examined to ascertain the number of times the material
could be reused. The pure ethanol was employed as an eluent. The results obtained can be found in Table 5.
As illustrated by the data presented above, the CS-MIPs can be utilized up to three times while maintaining its
sorption properties. This has the advantage of reducing the cost of production, analysis and obtaining a favorable
environmental impact.

Selectivity study
In addition to the difference in sorption values between CS-MIPs and CS-NIPs, itis critically important that the
synthesized material exhibits selective sorption of S-metolachlor. In order to achieve this objective, a solution
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IF 3034 1.389 1452
) - 218 209

Table 6. The results of the selectivity study.

CS-NIPs' [ 0.12+001 0.0810‘0

CS-MIPs* | 0.180.01 018+0.05
CS-NIPS | 002+0.02 007+0.03

Table 7. The sorption results of S-metolachlor from both model and real solutions. ! The data for the weighting
of 0.2 g *The data for the weighting of 0.05 g

comprising various plant protection agents was formulated: atrazine, the commercially available Mustang
containing 2,4-dichlorophenoxyacetic acid, and S-metolachlor. The results obtained are collated in Table 6.
Despite the application of a thin layer of molecularly printed polymer to the PVC core, the material exhibits
high selectivity, with the ability to absorb S-metolachlor over two times more effectively than atrazineand 2,4-D.

Sorption from real samples

In order to verify that the resulting material sorbs S-metolachlor not only from the model solution, but also
from real samples, a simulated real solution was prepared from tap water. The sorption process was conducted in
dynamic mode, and the results obtained are presented in Table 7. The data presented demonstrates the efficacy
of the material in absorbing S-metolachlor from both types of solution. In addition, following the principles
of greenification, it is possible to reduce the mass of the sorbent used by a factor of 4, while maintaining the
material’s high affinity for S-metolachlor.

Method validation

The analytical parameters of the HPLC method, including the limit of detection (LOD), limit of quantification
(LOQ), the regression coefficient (R?), and the linearity range have been ascertained. The establishment of a
linear calibration plot was undertaken, the regression coefficient of which was equal 0.9999. This objective was
achieved through the correlation of the peak area with the concentration of S-metolachlor, within the range of
0.141-215.016 mg x L~*. The LOD was determined to be 0.113 mg x L™}, indicating the minimum concentration
at Wthh the S-metolachlor can be detected but not reliably quantified. The LOQ was estimated to be 0.142 mg
% L', representing the lowest concentration of the analyte that could be accurately quantified. The calibration
curve was described by the formula y=3703.87x.

Conclusions

The core-shell structure combined with molecularly imprinted polymers exhibit a specific recognition
ability for S-metolachlor. Based on the results, it could be concluded that CS-MIPs could selectively isolate
S-metolachlor from both model and simulated real solutions. Furthermore, the strong binding affinity of CS-
MIPs for S-metolachlor was well established even after three times adsorption-desorption cycles. The reusability
of the sorbents and synthesis method is indicative of the greenification of MIPs. The optimum conditions of
S-metolachlor sorption on CS-MIPs on SPE columns were achieved at an incubation time of 10 min. In addition,
the potential applications of presented CS-MIPs in the rapid separation of S-metolachlor, as well as in the
purification and enrichment of the water samples, are promising. The sorbents were characterized using a range
of techniques, including FT-IR, SEM, TGA and DLS,
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7.7. Zastosowanie sorbentow typu rdzen-—otoczka z warstwa polimeru z odciskiem
molekularnym wrazliwego na zmiany pH jako zloza w kolumnach SPE, do oznaczania
S-metolachloru z probek pochodzacych z akwenow wodnych (Publikacja P7)

Rapacz—Kinas D, Smolinska—Kempisty K, Urbanowska A, Wolska J. Detection of
S—metolachlor in Surface Water Near Cornfields Using pH-Sensitive Green Molecularly
Imprinted  Polymers.  Molecules. 2026,  vol. 31, art. 932, S. 1-17.
https://doi.org/10.3390/molecules31060932.

Wprowadzenie

Siédmy artykut zatytulowany “Detection of S—metolachlor in Surface Water Near
Cornfields Using pH-Sensitive Green Molecularly Imprinted Polymers” opublikowany
w Molecules przedstawia zastosowanie czastek typu rdzen—otoczka z warstwa molekularnie
wdrukowanego polimeru reagujgcego na zmiang pH, opisanych w poprzedniej pracy P6, do
analizy S—metolachloru w probkach pobranych z akwenéw wodnych, znajdujacych sie
w poblizu upraw kukurydzy. Dodatkowo prébki wody poddano procesowi membranowego
oczyszczania, obejmujacego mikrofiltracje oraz ultrafiltracj¢, a takze scharakteryzowano
wlasciwos$ci fizyczne 1 jonowe tych probek na kazdym etapie filtracji. Celem filtracji byta
weryfikacja mozliwos$ci wykorzystania kolumn zaleznie od ztozono$ci matrycy probki wody.
Artykut charakteryzuje rowniez modele kinetyki oraz izoterm sorpcji, a takze omawia warunki
desorpcji czasteczek herbicydu.

Wyniki

W niniejszej pracy scharakteryzowano proces sorpcji pod katem mechanizmu kinetyki
sorpcji oraz dopasowania do czterech modeli izoterm. Na podstawie badan kinetyki
oszacowano, iz proces sorpcji zarowno dla CS—MIP, jak i CS—-NIP zachodzi wedtug modelu
pseudo—pierwszego rzedu. Jednakze obliczona maksymalna pojemno$¢ sorpcyjna (0,096 mg x
g "'dla CS-MIP, R?=0,984; i 0,116 mg x g ' dla CS-NIP, R?= 0,925), jest znacznie mniejsza
niz dla wartosci wyznaczonych eksperymentalnie (0,364 mg x g "' dla CS-MIP i 0,201 mg x g
"I dla CS—-NIP), dlatego w dalszym etapie rozwazano prawo Ficka. Okre$lono, ze w przypadku
CS—MIP mechanizmem kontrolujacym proces sorpcji jest dyfuzja czasteczkowa, podczas gdy
dla CS—NIP ograniczeniem szybkosci procesu jest dyfuzja filmowa. Natomiast w przypadku
wyznaczenia mechanizmu sorpcji rozwazano cztery modele izoterm: Langmuira, Freundlicha,
Dubinin—Radushkevicha i1 Scatcharda. Na podstawie przeprowadzonych badan, okreslono, iz
najlepsze dopasowanie dla mechanizmu sorpcji CS-MIP okresla model izotermy Scatcharda.
Wykazano, iz czastki typu rdzen—otoczka z warstwa polimeru molekularnie wdrukowanego
posiadaja dwa rodzaje miejsc wigzacych. Ponadto liczba miejsc wigzacych
o duzym powinowactwie jest znaczaco wigksza niz liczba miejsc wigzacych o matym
powinowactwie, a wspotczynnik determinacji dla obu krzywych jest duzy i wynosi R% = 0,969
oraz RF = 0,985. Dla CS-NIP model izotermy Dubinin-Radushkevicha zostal wybrany jako
najbardziej optymalny. Wyznaczona maksymalna pojemnos$¢ sorpcyjna byla podobna do
wartosci eksperymentalnej i wnosita 0,359 mg x g *!, a wspétczynnik R? byt réwny 0,962.
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Kolejny etap badan stanowilo opracowanie warunkéw desorpcji dynamicznej na
kolumnach typu SPE. Poczatkowo dobrano warunki elucji S—metolachloru z roztworu
jednosktadnikowego. Testowano wode o pH okoto 9 oraz wodne roztwory etanolu o stg¢zeniu
20, 30, 50 1 70%, rowniez o pH zblizonym do 9. Najbardziej skutecznym eluentem okazat si¢
50% wodny roztwor etanolu o pH okoto 9, poniewaz dwa cykle desorpcji pozwolily na
wymycie blisko 50% zaadsorbowanych czasteczek herbicydu. Jednakze najwiekszym
wyzwaniem okazat si¢ dobor warunkoéw desorpcji S—metolachloru z wielosktadnikowego
roztworu mieszaniny $rodkéw ochrony roslin. Weryfikowano roéznorodne podejscia oraz
roztwory wymywajace, natomiast jako najbardziej efektywny eluent wyselekcjonowano 30%
roztwér etanolu o pH zblizonym do 9, ktory umozliwil wymycie wiekszosci
mikrozanieczyszczen, jednoczesnie desorbujac mniejszy procent czasteczek S—metolachloru
zwigzanych w porach polimeru. W celu ponownego wykorzystania ztoza, niezbedne jest jego
oczyszczenie poprzez przeprowadzenie czterech cykli desorpcji 96% roztworem etanolu.

Zsyntezowane sorbenty zostaly przetestowane na probkach rzeczywistych: wodzie
z rzeki Stobrawy oraz ze stawu znajdujacych si¢ w poblizu upraw kukurydzy. Wody poddano
procesowi mikrofiltracji oraz ultrafiltracji, majagcemu na celu wstepne ich oczyszczenie.
Okreslono parametry jonowe probek wody, zaréwno przed oczyszczaniem, jak i po kazdym
etapie filtracji. Oznaczono, m.in. zawarto$¢ fluorkéw, chlorkow, azotanow (V), czy siarczanow
(VI) oraz sodu i potasu. Dodatkowo zbadano wtasciwosci fizyczne wody takie jak: kolor, pH,
przewodnos¢ 1 metno$¢ oraz oznaczono TOC 1 COD. W celu detekcji S—metolachloru
w zebranych probkach, przepuszczono 50 cm® wody przez kolumne typu SPE ze zlozem
CS-MIP oraz przez kolumng¢ stanowigca uktad referencyjny. Pomimo zatgzenia probki,
w wodzie nie wykryto S—metolachloru. Niemniej jednak, aby sprawdzi¢, czy sorbenty dziataja
na probkach rzeczywistych, zar6wno do nieoczyszczonej wody, jak i do wody po procesie
filtracji, dodano S—metolachlor 1 przeprowadzono ponownie proces sorpcji. Wartosci sorpcji
S—metolachloru zaré6wno z wody pochodzacej z rzeki, jak i ze stawu, byly wieksze niz wartosci
sorpcji z roztworu modelowego, co moze by¢ spowodowane wigkszg sitg jonowa roztworu. Dla
trzech rodzajow probek z rzeki: bez oczyszczania, po MF 1 po UF, wartosci sorpcji przez
CS—MIP byty réwne 0,530 mg x g !, podczas gdy wartoéé sorpcji przez CS-NIP zwigkszata
si¢ po kolejnym etapie oczyszczania. Natomiast dla probek wody ze stawu, wartosci sorpcji
zardwno dla CS—MIP, jak i CS—NIP, zwickszaty si¢ wraz z kolejnym etapem filtracji. Majac
na uwadze duze wartosci sorpcji S—metolachloru z probek nieoczyszczonej wody, stwierdzono,
iz detekcja S—metolachloru moze zachodzi¢ efektywnie bez wczesniejszego przygotowywania
probek. Przeprowadzono réwniez proces desorpcji S—metolachloru. W pierwszym etapie ztoze
przemyto woda destylowang o pH okoto 9, aby pozby¢ si¢ mikrozanieczyszczen, a nastgpnie
przeprowadzono trzy cykle desorpcji 96% roztworem etanolu. Proces desorpcji najefektywniej
przebiegal dla surowych probek wody, co potwierdza, iz nie ma koniecznosci poddawania
probek oczyszczaniu za pomocg filtracji membranowe;.

Podsumowanie

Czastki typu rdzen—otoczka z warstwg polimeru molekularnie wdrukowanego
z powodzeniem przetestowano na probkach wody pochodzacych z rzeki oraz ze stawu,
znajdujacych si¢ w poblizu upraw kukurydzy, co dowodzi, iz materialy moga by¢
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wykorzystywane nie tylko w laboratorium uczelnianym na roztworach modelowych, ale
réwniez moga mie¢ bezposrednie zastosowanie w laboratoriach analiz sSrodowiskowych, czy
w badaniach wody i §ciekow. Dodatkowo scharakteryzowano wiasciwosci wody pochodzace;j
z rzeki oraz ze stawu, a nastgpnie ja oczyszczono, przeprowadzajgc proces mikrofiltracji
1 ultrafiltracji. Ponadto opracowano warunki desorpcji S—metolachloru z roztworu
wielosktadnikowego, wykorzystujac 30% wodny roztwor etanolu o pH okoto 9. Natomiast jako
eluent S—metolachloru z roztworu jednosktadnikowego najlepiej sprawdzit sie 50% wodny
roztwor etanolu o takim samym pH.
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Abstract

In this study, core=shell molecularly imprinted polymers (CS-MIP) were utilized for the
detection of the herbicide S-metolachlor in surface water samples, collected from a river and
pond that are in the proximity of cornfields. The study revealed that no traces of herbicide
were detected in the samples that were analyzed. The collected water samples were treated
with membrane filtration—microfiltration and ultrafiltration. The adsorption isotherms
were fitted using the Langmuir, Freundlich, Dubinin—-Radushkevich, and Scatchard models.
This indicated that the Scatchard model is the most appropriate for CS-MIP. The data
obtained from the kinetic study were analyzed using the pseudo-first-order and pseudo-
second-order models, as well as Fick’s second law. For CS-MIP, the most suitable model
was determined to be the particle diffusion model, while for core—shell non-imprinted
polymers (CS-NIP), the film diffusion model was identified as the limiting step. A method
for the desorption of S-metolachlor from the pH-sensitive sorbent bed has been developed,
thereby enabling the material to be reused. The optimum eluent from the multicomponent
solution was determined to be a 30% aqueous ethanol solution with a pH of approximately
9. This solution effectively removed the majority of contaminants, with the exception of
S-metolachlor, which was retained within polymer pores.

Keywords: micropollutants detection; sorption; desorption; surface water; smart polymers

1. Introduction

Plant protection products perform a crucial function in the protection of crops against
diseases, insects, and weeds [I]. Herbicides are of significant importance in present-
day agriculture, as they control weeds and ensure the sustainable productivity of crops.
Nevertheless, the employment of herbicides has given rise to concerns regarding their
contamination, which poses a grave threat to the environment, biodiversity, and food
safety [2]. At present, the global consumption of pesticides is estimated to be in excess of
4.10 million tonnes, with herbicides accounting for 47.50% of this total. The utilization of
pesticides has undergone a marked increase, with a growth of over 40% observed in the last
two decades [2—4]. Aquatic ecosystems are defined as complex biotic systems that include
a variety of organisms. The impact of herbicides on such ecosystems is twofold: firstly, as
a direct result of their physiological effects on organisms, and secondly, through indirect
ecological interactions between species [5].
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S-metolachlor is a chloroacetamide herbicide that is extensively utilized on a global
scale due to its low cost and wide spectrum of activity, particularly in the cultivation of
corn crops [6,7]. On an international level, the excessive application of S-metolachlor
and metolachlor has resulted in significant environmental contamination issues [7].
S-metolachlor was classified as moderately toxic—Class ITI [6]. Tt was found that the
majority of S-metolachlor and metolachlor residues are retained within the soil matrix.
Owing to their heightened water solubility and reduced adsorption properties, these sub-
stances are susceptible to leaching into surface water and groundwater [7]. Following the
transfer of S-metolachlor and metolachlor from soil to aquatic systems, there is an observed
increase in their half-life, which is prolonged from 15 to 70 days to 97-200 days. This effect
is indicative of an increased persistence of the pollutants [5].

Numerous research studies have been carried out across the globe that have focused
on the elevated levels of herbicides present within water bodies. These studies provide
valuable insights into the environmental impact of herbicides. For example, the mean
S-metolachlor concentration in the sediments from the cultivated areas of the Ebro River
in Spainwas 033 ng X g 1[9], which is similar to the value documented in the study
by Yi-hao Qin et al—0.49 ng x g~! [10]. In a study conducted by Vera-Candioti et al.,
metolachlor was identified as the second most prevalent detected pesticide in surface and
groundwater samples collected from agricultural areas in the Pampas region of Argentina.
This analysis was carried out between November 2016 and May 2018 [11]. In a different
study, several herbicides were examined. The analysis of river water samples from Eu-
ropean countries revealed the presence of 2,4-dichlorophenoxyacetic acid (2,4-D) in 52%
of the samples, while atrazine was detected in 68% of the samples and isoproturon in
70%. Notably, the research was conducted in autumn, which is an uncommon applica-
tion period for herbicides. Consequently, these compounds were detected in relatively
low concentrations [12]. Nevertheless, a separate study revealed that the concentration of
metolachlor in winter was comparable to that measured during rain events, which can be
attributed to the prolonged degradation time of this herbicide [13].

The extent of herbicide transport within a given environment is contingent upon
a number of factors, including the degree of herbicide persistence and mobility, the ap-
plication rate, meteorological conditions, precipitation, and topographical features [14].
The movement of pesticides to diverse environmental areas may occur via runoff erosion,
volatilisation, and leaching. It is important to note that transport by runoff and leaching
has the potential to result in the contamination of surface water and groundwater [15]. The
contamination of surface and ground waters is a significant issue, given their utilization as
drinking water supplies. Pesticide contamination of irrigation water has the potential to
pollute agricultural farms in areas where they have not been applied. The quality of the
ground or the drinking water beneath agricultural areas may be subject to degradation due
to the irrigation of water contaminated with pesticides [16].

In addition to pesticide contamination, other compounds such as pharmaceuticals,
surfactants, hormones, industrial chemicals, and heavy metals have also been detected
in water [17]. The presence of a wide variety of potentially harmful substances in water
resources has led to the formation of complex chemical mixtures, so-called chemical cock-
tails, which have been identified as a significant contributing factor to the degradation
of water quality. Furthermore, the similarity of these compounds in terms of molecular
weights often renders their separation and identification a very challenging task [18]. Chro-
matographic techniques, including liquid and gas chromatography, in combination with
a variety of detection methods, like GC-MS, LC-MS/MS, UPLC-QTOFMS, and GC-ECD,

are utilized for the analysis of trace quantities of pesticides in water. These methods are
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time-consuming [19], costly, and their implementation necessitates the expertise of skilled
personnel [20].

Molecularly imprinted polymers are substances that exhibit a specific recognition abil-
ity for target pollutants, thereby improving the limit of detection and removal efficiency [21].
The process of molecular imprinting involves the polymerization of functional monomers
in the presence of a template molecule, resulting in the formation of MIPs. Following the
process of polymerization, the template is removed. As a result, the cavities that are com-
plementary in terms of functional groups, shape, and size to the target molecule are formed
on the polymer matrix [22]. MIPs exhibit both chemical and mechanical stability in the
presence of extreme chemical and physical conditions. MIPs were selected for application
in analytical separation and purification processes, utilizing techniques such as solid-phase
extraction and chromatography due to their notable advantages [23].

In this paper, pH-sensitive core—shell polymers selective to S-metolachlor have been
applied in the detection and separation of S-metolachlor herbicide in water samples from
the river Stobrawa and a pond that are near cornfields in Poland. This work fully character-
izes the sorbent described in our previous study [24]. The sorbent is then employed as a
deposit within the SPE column for real sample applications.

2. Results and Discussion
2.1. Kinetics of Adsorption
The kinetics curves of S-metolachlor adsorption onto CS-MIP and CS-NIP particles

were investigated using several kinetic models. The obtained data are summarized in
Tables 1 and 2.

Table 1. The result obtained from the calculation according to the pseudo-first and pseudo-second

order models,
Pseudo-First-Order Model Pseudo-Second-Order Model
k 1 Rz Hmax1 kZ Rz Hmax2
(1 x min 1) (mg x g 1) (g x (mg x min) 1) (mg xg 1)
CS-MIP 0.005 0.984 0.096 0.129 0.949 0.517
CS-NIP 0.007 0.925 0.116 0.024 0.512 0.782
Table 2. The parameters obtained from the calculation according to Fick’s law.
Film Diffusion Particle Diffusion
ka 2 kb 2
(1 x min™1) ® (1 % min—1) -
CS-MIP 0.005 0.972 0.002 0.988
CS-NIP 0.007 0.925 0.003 0.854

It was concluded from the kinetic studies that sorption of S-metolachlor occurs in
accordance with the psendo-first-order model for both CS-MIP and CS-NIP. Nevertheless, the
maximum sorption capacity of the sorbents is considerably lower than the experimental one.
Furthermore, the sorption value for CS-NIP is higher than that for CS-MIP. In our previous
work [25], we described a block molecularly imprinted polymer with a composition very
similar to that of the CS-MIP under consideration. The kinetics of adsorption for the block
MIP and NIP occurred according to the pseudo-second order model. However, in order to
ascertain which type of kinetics of adsorption is decisive for CS-MIP and CS-NIP, Fick’s
law was employed.
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The analysis of the coefficients of determination enables the determination of which
diffusion mechanisms are the most suited to the sorbent obtained. It is observed that the
particle diffusion model is the optimal mechanism for controlling the sorption process for
CS-MIP (R? = 0.988), while the film diffusion model is more suitable for CS-NIP (R? = 0.925),
although the distribution coefficient is not close to one. The parameters k, and k; are used
to ascertain which process occurs faster. It has been demonstrated that, in both cases of
CS-MIP and CS-NIP, film diffusion is the faster of the two diffusion processes, which is a
result of the presence of a thin polymer layer applied to the core particle.

2.2. Sorption Isotherms

In order to characterize the sorption process in complete detail, the sorption isotherms
of S-metolachlor were investigated using four isotherm models. The following theories
were considered: Langmuir, Freundlich, Dubinin-Radushkevich, and Scatchard isotherm
models. The data obtained from this study are presented in Table 3.

Table 3. Isotherm models data for the S-metolachlor sorption process.

Dubinin-Radushkevich

Langmuir Model Freundlich Model Model Scatchard Model
Ki I R? Kr n R? Kpr T R? P, N R} P, N, R}
CcsMIP 002 218 0827 07 069 099 1.1 0.35 0907 68 164 0969 11 52 0985
CSNIP 032 362 0996 06 071 099 1.0 0.36 0.962 - - - 06 34 0943

Initially, the data were matched to the Langmuir isotherm model. The data obtained
indicates an R? coefficient for CS-NIP of 0.996. This could initially be interpreted as
evidence that sorption occurs in accordance with this model. However, it was observed
that the maximum sorption values for both sorbents (CS-MIP and CS-NIP) were found to
be 50-140 times higher than the experimental values. Consequently, it was determined that
this model was not applicable to either sorbent. In the Freundlich model, the parameter
1/n, which is indicative of surface heterogeneity, is higher for CS-NIP, indicating a more
homogeneous surface compared to the surface of CS-MIP. Moreover, it is observed that
the determination coefficient for both sorbents is equal to 0.999. Nevertheless, the value
of Kr (0.611mg x g 1) related to adsorption capacity is much higher for CS-NIP than the
experimental one (0.265 mg x g~!). For CS-MIP, the R? (0.999) and K (0.698 mg x g~ 1)
results are very promising. However, it should be noted that CS-MIP has a heterogeneous
surface; therefore, the value of 1/n should be higher than 1. The Dubinin—Radushkevich
model was further considered. The value of Kpg, which is constantly related to the free
energy, is found to range from 1 to 8 k] X mol ! for both CS-MIP and CS-NIP. This
indicates the physical mode of sorption. Furthermore, the maximum sorption calculated
from this model is comparable to the experimental one. In addition, the determination
coefficient is found to be 0.962. This indicates that the Dubinin-Radushkevich model can
be utilized to characterize the sorption process of CS-NIP. In the case of CS-MIP, the value
of R? is equal to 0.907, and the maximum sorption capacity is slightly lower than the
experimental one (0.425 mg x g~!). Therefore, this model was not selected. Finally, the
Scatchard isotherm model was investigated. CS-MIP revealed two types of curves that
wete obtained, indicating the presence of two types of binding sites. For both curves, the
determination coefficient is high, as well as the number of high-affinity binding sites, which
is significantly higher than the number of low-affinity binding sites. Moreover, in the case
of CS-NIP, low-affinity binding sites are not present. Therefore, it was determined that the
Scatchard isotherm model would be the most suitable for CS-MIP.
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2.3. Desorption Study

In our previous work [24], we optimized the parameters of dynamic sorption on SPE
columns and determined that the same material may be utilized up to three times, yielding
an average regeneration factor of 96%. This study will focus on developing desorption
procedures in detail. Initially, the conditions for the desorption of S-metolachlor from a
single-component solution were selected. The desorption process was examined using
pure water with a pH~9 and aqueous ethanol solutions with concentrations of 20, 30, 50,
and 70% (pH~9). The data obtained are presented in Figure 1.

30 EV I
é . 25 4
8,20 f 20 5
? 8 I
9 ﬁ_j 5 A
B S -J I
CS-MIP _ CS-NIP CS-MIP CS-INIP CS-MIP  CS-NIP
Toder 519 20% EtOH solution  30% EtQH solution
m Lst desorption m 2nd desorption W Ist desorption 2nd desorption
® 4th desorption
I I

CS-MIP CS-NIP
70% EtOH solutio:

B 1st desorption 2nd desorption M 5th desorption

Figure 1. The desorption of S-metolachlor from a single-component solution.

Acrylic acid is a pH-sensitive polymer. According to the results of our previous
research and experience [25], water with a pH~9 was utilized for desorption. However,
this eluent did not yield the expected results. The four-step process resulted in only 17% of
S-metolachlor being desorbed. Consequently, the addition of ethanol was incorporated into
further tests. The most suitable eluent was found to be a 50% aqueous ethanol solution with
apH-~9. Two desorption cycles using this eluent resulted in the desorption of approximately

% of the adsorbed herbicide molecules. However, further studies on the desorption
of S-metolachlor from a multicomponent matrix were conducted in order to enable the
utilization of the sorbent in real samples. The most challenging aspect of the study was
the selection of an eluent capable of removing the residual herbicides while maintaining
the S-metolachlor within the cavities. The various approaches were tested: 10%, 20%, 30%,
40%, and 100% aqueous solution of ethanol (pH~9) and pure water at pH~9. The results
are presented in Figures 2—4.
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Figure 2. The desorption study: (a) First desorption using water with pH~9, and second and third
desorption with 100% ethanol. (b) Desorption using 10% ethanol. W CS-MIP first desorption; M
CS-NIP first desorption; @ CS-MIP sum of first, second, and third desorption; and B CS-NIP sum of

first, second, and third desorption.
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Figure 3. The desorption data: (a) Desorption using 20% ethanol; (b) Desorption using 30% ethanol.
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Figure 4. The desorption data: (a) first desorption using 40% ethanol, second desorption with 20%
ethanol, and third desorption using water with pH~9; (b) Desorption using 100% ethanol. B CS-MIP
first desorption; @ CS-NIP first desorption; BCS-MIP second desorption; 8 CS-NIP second desorption;
W CS-MIP third desorption; # CS-NIP third desorption; 8 CS-MIP fourth desorption; and = CS-NIP

fourth desorption.
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The tests were repeated on several occasions. The analysis of the data obtained
indicates that the most effective eluent, which resulted in the almost complete removal
of other herbicides present in the sample, while S-metolachlor remained bound in the
pores, was 30% aqueous ethanol solution (pH~9). Following three desorption cycles,
atrazine and 2,4-D desorbed 96% and 100%, respectively, while S-metolachlor desorbed
69%. However, in order to desorb almost all of the adsorbed S-metolachlor and clean the
bed, four desorption cycles with pure 100% alcohol are required.

2.4. River and Pond Water Characteristics

The study examined water samples from two distinct locations: the Stobrawa River
and a pond situated in proximity to cornfields in the Opolskie Province of Poland. An anal-
ysis was conducted on the water samples obtained from both the river and the pond with
the objective of evaluating their ionic and physical properties. The tests were performed in
its natural state, as well as undergoing treatment with microfiltration and ultrafiltration.
The examination of the content of fluorides, chlorides, nitrates (V), and sulfur (VI) was
conducted through the process of ionic analysis. The values of these compounds (see
Table 4) decreased after each purification stage, but were not significantly lower.

Table 4. lonic parameters of water from the river and the pond.

Type of Type of Flourides Chlorides  Nitrates (V)  Sulfur (VI) Na K

Sample Purification [mgx L' [mgxL71 [mgx L' [mgxL7' [mgxL1 [mgxLT]

Without 0.06 46.10 427 81.20 8.30 250

River MF <0.02 45.50 420 80.10 6.10 2.00

UF <0.02 45.10 4.16 79.00 5.40 1.90

Without 0.30 52.00 19.01 10340 1.00 6.80

Pond MF 0.14 50.90 6.18 100.90 0.50 6.70

UF 0.13 50.30 590 98.10 0.03 5.90

A further analysis was conducted on the Total Organic Carbon and Chemical Oxygen
Demand, the values of which are presented in Figure 5. In accordance with the stipulations
outlined in the Regulation of the Minister of Infrastructure of Poland [26], the maximum
permissible concentration of Total Organic Carbon in a lowland river, such as the Stobrawa,
is set at a value below 8.2 mg x L™! for I class surface water quality. The result of the
conducted tests indicates a concentration of 6.85 mg x 17!, falling within the prescribed
parameters. However, the determined COD value significantly exceeds the parameters
even for Class II surface water quality. The aforementioned regulation does not include
water from ponds.

Subsequently, a series of physical properties was examined, including conductivity,
turbidity, absorbance, pH, and color (see Table 5). The measurement of the absorbances was
conducted at a wavelength of 254 nm, facilitating the assessment of water contamination in
relation to the presence of organic compounds. As detailed in regulation [26], the specific
conductivity value for water quality class L is less than 420 uS x cm~'. However, the
value obtained through the test conducted is 421.1 uS x em™!, which is in proximity
to this threshold. It is important to note that the remaining parameters specified are
not incorporated within the regulation. The turbidity and color values decrease with
each subsequent stage of purification. The river water exhibited increased transparency
at the initial stage, while the pond water demonstrated significantly elevated levels of
turbidity. Therefore, for the river water sample, a slight decrease in color value was
observed; however, a particularly significant change in color and turbidity was observed for
the water sample from the pond after the ultrafiltration process. In consideration of the data
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presented, it can be deduced that the water of the Stobrawa River exhibits characteristics
of Class I water quality for specific parameters. For other parameters, it demonstrates
characteristics of lower classes, thus indicating that the water can be characterized as
medium quality.

minitial WMF wUF miotul, EME BUE
9.68 250 4 238 236
& o 200 -
- e
g S 150
L =
@) o
b= 2 100 o
0]
Q
50 4
0
River Pond River Pond
Figure 5. Analysis of Total Organic Carbon (left) and Chemical Oxygen Demand (right).
Table 5. Analysis of physical properties of water.
Type of Conductivity Turbidity Absorbance Color
TypeiafSample Purification  [uS x em—1] INTU] [em~1] pH [mg Pt x L~1]
Without 421.1 9.87 0.031 8.28 17.83
River MF 432.9 6.60 0.021 8.41 17.52
UF 346.6 217 0.015 8.33 15.07
Without 478.1 11.30 0.038 8.57 32.16
Pond MF 353.2 9.30 0.032 8.4 31.31
UF 458.9 0.70 0.014 8.65 13.17

2.5. Real Sample Detection

In our previous study [24], we examined the simulated real-one conditions by testing a
tap water solution of S-metolachlor. However, the composition of tap water is less complex
than that of samples taken from rivers or ponds. The standard SPE procedure was utilized
for the detection of S-metolachlor in both types of samples. However, this procedure did
not reveal the presence of the herbicide in the water. Consequently, a methodology was
designed to concentrate the S-metolachlor in the water. This was achieved by passing 50 mL
of water from the river and the pond through a column. However, the test also did not
detect the presence of S-metolachlor in the water samples. S-metolachlor was added to the
collected water samples that were used in this study, thus creating a simulated herbicide
system in real samples, which was then subjected to further testing.

2.5.1. Analysis of Water from the River and Pond

S-metolachlor (concentration ~35 mg % L 1) was added to the untreated water sam-
ple in order to determine whether the sorbent would be capable of catching herbicide
molecules in the presence of other interference compounds. The water was also purified by
membrane filtration through a 200 and 20 nm PP membrane. S-metolachlor (concentration
~35mg x L~1) was then added to the purified water, and the sorption process was carried
out. The results are presented in Table 6.
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Table 6. The results of the real sample study.

River Stobrawa Pond
CS-MIP CS-NIP CS-MIP CS-NIP
lmg » g~1] [mg > g1l [mg < g~1] [mg < g~1]
Water without purifying  0.530 = 0.022 0446 = 0.058 0448 + 0.015 0.360 + 0.038

Water after MF 0.530 =+ 0.059 0472 + 0.088 0494 + 0.043 0.449 + 0.027
Water after UF 0.530 = 0.079 0.553 = 0.064 0.657 + 0.080 0.560 + 0.077

The above data show that, for river samples, the membrane purification process does
not influence the sorption capacity of S-metolachlor by molecularly imprinted polymers.
The average sorption value was the same in all three samples, equating to 0.530mg x g~
This proves that the selective sorption of S-metolachlor does not require membrane filtration.
The values obtained from the river samples are higher than those obtained from model
solutions, which may be due to the higher ionic strength. In the case of water samples
from a pond, the sorption values are also higher than those obtained from model solutions.
With subsequent water purification, the sorption value for both sorbents (CS-MIP and
CS-NIP) increases, and the difference between the values obtained for CS-MIP and CS-NIP
decreases. This phenomenon may be attributed to the initial high turbidity and color
values, indicating high pollution, which reduced marginally following microfiltration but
increased considerably after the ultrafiltration process. Subsequent to each treatment stage,
a reduced number of interfering compounds was observed in the water, thereby yielding
increased sorption values. However, in the case of pond water, the sorption process of
S-metolachlor can also be successfully carried out without purifying the sample because
the sorption value is high enough to detect potential contamination with S-metolachlor.
In the following stage of the experiment, the adsorbed S-metolachlor molecules undergo
desorption, with the results illustrated in Figures 6 and 7.

water without puryfication water after MF water after UF

M lstdesorption M 2nd desorption M 31rd desorpton M 4th desorption

Figure 6. Desorption of S-metolachlor from river samples.

The desorption process was carried out in accordance with the developed procedure.
Desorption was performed on all types of samples, including river water and pond water,
both before and after treatment. The initial desorption was conducted with distilled water,
having a pH of approximately 9. The subsequent three desorptions were carried out using
100% ethanol, with the objective of completely removing all adsorbed molecules. The
initial desorption process was designed to eliminate contaminants, achieving an average
desorption rate of 8% for S-metolachlor in river water samples and 7% for the herbicide in
pond samples. With regard to river water samples, the second desorption process proved
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to be the least effective for untreated water (only 44%), and for samples after membrane
treatment, an average of 67% was achieved. However, the desorption process for untreated
samples was the most successful, with over 90% of the herbicide molecules desorbed. In
contrast, for samples treated with 200 and 20 nm membranes, 74 and 83% were desorbed,
respectively. This outcome confirms the previously proposed thesis that the sorption
and desorption of S-metolachlor from complex water matrices can be achieved without
the necessity of prior sample preparation. In the case of water samples from the pond,
S-metolachlor desorbed the least favorably from samples after filtration through a 20 nm
membrane, purifying the deposit by only 60%. As in the case of river water samples, the
desorption process was most favorable in samples without prior purification, regenerating
the deposit by 93%. The data presented indicate the efficacy of the sorbent in analyzing
environmental samples without the necessity for prior purification.

8

82 5383 838

water without puryfication water after MF water after UF
@ 1st desorption % 2nd desorption  ® 3rd desorption @ 4th desorption

Figure 7. Desorption of S-metolachlor from pond samples.

2.5.2. The Permeate Flux
The flux was measured in relation to the increasing filtered volume of permeate
through the membrane. The results obtained are presented in Figure 8. The data collected

demonstrates a direct correlation between the increase in permeate volume and the resulting
decrease in permeate flux.
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Figure 8. The permeate flux for water from the river and the pond.
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3. Materials and Methods
3.1. Reagents and Chemicals

The following agents were used without any further treatment. Acrylamide (AA)
was purchased from Thermo Scientific Chemicals (Warsaw, Poland), and Acrylic acid
(AAc) was obtained from Acros Organics (Warsaw, Poland). Ammonium persulfate (APS),
N, N'-methylenebis (acrylamide) (BIS), and N, N, N’, N'-tetramethylethylenediamine
(TEMED) were received from Sigma-Aldrich (Warsaw, Poland). S-metolachlor (SMCh) was
sourced from NOVAGRA (Blonie, Poland). Atrazine was acquired from ABCR GmbH and
Co. (Karlsruhe, Germany), and 2 4-dichlorophenoxyacetic acid (2,4-D) was supplied from
Corteva (Indianapolis, IN, USA). Sodium hydroxide (NaOH) was purchased from POCH
S.A. (Gliwice, Poland). Poly(vinyl chloride) (Ongrovil® $-5167) was procured from Bor-
sodChem (Kazincbarcika, Hungary), with medium molecular weight, and with a K value
(an indicator of molecular weight) of 66-68. High-performance liquid chromatography
(HPLC) grade acetonitrile (ACN) and ethyl alcohol (EtOH) were purchased by POCH S.A.
(Gliwice, Poland). Ultrapure water was obtained with a Milli-Q System (Merck Millipore,
Warsaw, Poland).

3.2. Preparation of Core—Shell Molecularly Imprinted Polymers

The synthesis of the core-shell molecularly imprinted polymer was conducted in accor-
dance with the procedure delineated in our previous work [24]. The experimental process
involved the contact of approximately 5 g of poly(vinyl chloride) grains, which had under-
gone the amination process, with 14 mL of an aqueous solution of the prepolymerization
mixture. The mixture consists of the two functional monomers: acrylic acid (5.75 mmol) and
acrylamide (6.96 mmol), as well as the cross-linking agent N, N'- methylenebis(acrylamide)
(4.93 mmol) and S-metolachlor (0.40 mmol). The prepolymerization mixture was then sub-
jected to sonication for a period of 10-15 min, with the objective of achieving the dissolution
of BIS. Subsequently, 15.3 mL of water was added to the reactor, after which the mixture was
left to incubate for an additional 10-15 min. In the following stage of the process, the pre-
polymerization mixture was purged with nitrogen for a period of 5-10 min. Subsequently,
ammonium persulfate (0.30 mmol) and tetramethylethylenediamine (0.23 mmol) were
introduced as an initiator. The reaction was carried out for 24 h at ambient temperature.
The mixture was then transferred to a Buchner funnel and extracted on a Soxhlet apparatus
for 24 h. Subsequently, the polymers were dried at room temperature. The non-imprinted
core—shell polymer (CS-NIP) was synthesized in an identical method to CS-MIP, with the
exception that S-metolachlor molecules were not incorporated during the process.

3.3. Adsorption Experiments
3.3.1. Dynamic Mode Sorption on the SPE Columns

In the case of all dynamic mode sorption tests carried out on the SPE columns, approx-
imately 0.05 g of polymers (CS-MIP and CS-NIP) was inserted into the 1 mL SPE columns.
Thereafter, samples were subjected to a water wash in order to activate the surface. Subse-
quently, 2 mL of S-metolachlor solution was added, and the sorbents were incubated for
varying periods of time. Subsequently, the concentration of the selution following sorption
was ascertained by high-performance liquid chromatography. The calculation of sorption
was then performed in accordance with the following equation:

g= L=CalxV (1)

m
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where Cj) is the initial concentration of S-metolachlor (mg x L), Cpy is the equilibrium
concentration of S-metolachlor (mg x L.™1), V is the volume of the solution (L), and m is
the mass of the polymer (g).

3.3.2. Kinetics of Adsorption

Investigations into the kinetics of adsorption were conducted using a 250 mL
S-metolachlor solution (concentration 30 mg x L 1y and a mass of 2.5 g of the sorbent
(CS-MIP and CS-NIP). The experiment was carried out at room temperature, and the con-
centration of the samples was measured at different time intervals (from 5 to 180 min) using
HPLC methods. The pseudo-first-order and pseudo-second-order models, as well as Fick’s law,
were employed to ascertain the key process parameters.

Pseudo-First-Order Model

In the pseudo-first-order ntodel, the difference between the amount of adsorbed adsor-
bate molecules on the adsorbents at equilibrium adsorption time and a defined time is
determined by the adsorption process rate. In this model, the process of adsorption is
independent of the nature of the adsorbates. The linear form of the pseudo-first-order
model is presented below in the form of Equation (2). The value of the rate constant ky was
determined through calculation based on the plot log(g-; — 4:) versus time.

eyt
10g (g — 1) = 108(4eq) — 5355 2

where ky is the sorption rate constant (1 x min_]) and g, and q; are the mass of S-
metolachlor adsorbed at the equilibrium time and at time f, respectively (mg % g 1) [27,28].

Pseudo-Second-Order Model

In the pseudo-second-order model, it is assumed that the sharing or exchanging of elec-
trons between the adsorbent and the adsorbate is a rate-limiting step. This kinetics model
postulates that the adsorption process is controlled by chemisorption. The following
Equation (3) is used to describe the linear form of the pseudo-second-order model:

i RO S
qt k2‘h%q eq

&)

where k; is the sorption rate constant (g X (mg x min)~!) and ez and q; are the mass of
S-metolachlor adsorbed at equilibrium time and at time f, respectively (mg x g 1) [28,29].

Fick’s Second Law
To ascertain whether particle or film diffusion is the rate-limiting process, Fick’s second
law was employed to determine the diffusion mechanisms. The kinetics of the sorption

process controlled by diffusion through the film are expressed as follows (4)

kit =<l = %) 4

where k, is the sorption rate constant (1 x min~') and 4; and {eq are the amount of

S-metolachlor adsorbed at time t and at the equilibrium time, respectively (mg x g™ 1).
The particle diffusion-controlled adsorption process is estimated by Equation (5). The

sorption rate constant k;, was calculated from a plot of —In{1 — (—‘;7"—4)2) versus time [30].

Kt = —In(1 — (2£%) (5)
ey
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where k; is the sorption rate constant (1 x min~!) and g; and qeq are the amount of
S-metolachlor adsorbed at time f and at the equilibrium time, respectively (mg x g~!) [30].

3.3.3. Sorption Isotherms

The interaction between adsorbent and adsorbate in the aqueous solution is explained
by uptake isotherms. The data obtained from the sorption study were fitted to four linear
adsorption isotherm models: Langmuir, Freundlich, Dubinin-Radushkevich, and Scatchard.
These models are the most well-known and frequently employed, so we ascertained
whether any of them would also align with the experimental data presented.

Langmuir Model

The Langmuir isotherm is based on the assumption that all binding sites on the surface
are equivalent, thus demonstrating the relationship between the amount of bound analyte
and the amount of free analyte in the system at the equilibrium. The mathematical linear
form of the Langmuir model can be expressed as follows (6):

1 1 1
Py R S 6
e ‘]mKLCr qm (©)

where g, is the absorption capacity at equilibrium (mg x g=1), 4, is the maximum adsorp-
tion capacity (mg x g~ 1), Ky, is the Langmuir parameter—the affinity of the adsorption sites
(L xmg~ 1y —and C. is the equilibrium concentration of S-metolachlor (mg x LY [31].

Freundlich Equation

The Freundlich isotherm model is based on the sorption on a heterogeneous surface
and the interaction between adsorbed molecules. In the case of a slope value between 0 and
1, it measures the surface heterogeneity or the intensity of adsorption. The slope value is
indicative of the type of material: if it is close to 1, the material is homogeneous, and if the
calculated value is higher than 1, the material is heterogeneous. The mathematical linear
form of the Freundlich model is given by the following Equation (7):

1
loggq. = = logC. + logKr (7)

where g is the absorption capacity at equilibrium (mg x g '), K is the Freundlich con-
stant related to adsorption capacity (mg x g~ 1), n is a heterogeneity index, and C, is the
equilibrium concentration of S-metolachlor (mg x L) [32].

Dubinin-Radushkevich Model

The Dubinin-Radushkevich model was investigated to estimate whether the adsorp-
tion process was chemisorption or physical adsorption. When the ¢ value is found to be in
the range of 1-8 k] x mol !, this is indicative of physical adsorption. In the range of 8 to
16 k] x mol !, the sorption process is assumed to occur through ion exchange. However,
for values exceeding 16 k] x mol 1, the sorption process is deemed to be of a chemical
character. The following Equation (8) represents the linear mathematical formulation of the
Dubinin—Radushkevich model:

Ing, = Ing,, — Kpre* (8)
where g, is the absorption capacity at equilibrium (mg x g 1), G is the maximum adsorp-

tion capacity (mg x g~!), Kpr is the activity coefficient related to adsorption-free energy
(mol? x kJ=2), and ¢ is the Polanyi adsorption potential (k] x mol 1) [32,33].
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Scatchard Equation

The Scatchard isotherm model is a reliable method for determining the nature of active
sites on the adsorbent. In the event of a linear fit being obtained from the Scatchard model,
it can be deduced that the adsorbent contains one type of active site (homogenous surface).
Whereas a non-linear fit will reveal that the adsorbent contains more than one type of
binding site (heterogeneous surface). The mathematical linear form of the Scatchard model
is given by the following Equation (9):

9 _pN_
G PN —Pg 9)
where g, is the absorption capacity at equilibrium (mg x g !), C, is the equilibrium
concentration of S-metolachlor (mg x L1, Pis the binding affinity (L x mmol 1), and N
is the number of binding sites (mmol x g 1y [34].

3.3.4. Bed Regeneration

The calculation of the regeneration factor (Ry) of the deposit was undertaken using
the following Equation (10):
e
= £ % 100%
Ry = % 1007 (10)

where 1, is the mass of eluted S-metolachlor (mg), and m; is the mass of absorbed
S-metolachlor (mg).

3.4. Membrane Process

The water samples from the river and pond were treated using a membrane filtration
process. The microfiltration (MF) and ultrafiltration (UF) processes were conducted on
Amicon Millipore cell model 8200, utilizing polypropylene (PP) membranes with an average
pore size of 200 nm (MF) and 20 nm (UF), respectively, supplied by Celgard. The diameters
of the membranes employed in the process were approximately 63 mm. The filtration
process was carried out at an approximate pressure of 0.1 MPa.

Membrane Regeneration Process

Regeneration of the polypropylene membranes was conducted according to the pro-
cedure detailed in our previous work [35]. In summary, a 0.02 M NaOH solution was
employed. Filtration of the alkaline solution through the membranes continued for a period
of 10 min. Subsequently, the membranes were washed with distilled water.

3.5. Permeate Flux

The calculation of the permeate flux during filtration through the membrane was
performed in accordance with the following Equation (11):

=2 an

where v is the permeate volume (mL), S is the active surface area of the membrane (cm?),
and t is the time of permeate collection (s).

3.6. Analytical and Characterization Methods
3.6.1. High Performance Liquid Chromatography

A Shimadzu high performance liquid chromatograph model SCL-40 (Shim-Pol, Iz-
abelin, Poland), equipped with a photodiode array (PDA) detector 40 (Shim-Pol, Izabelin,
Poland), and a chromatographic column (3 um ARION® C18, 150 x 4.6 mm) (Shim-Pol,
Izabelin, Poland), was used. For the analysis, 30 uL of sample solution was injected and
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eluted isocratically at a flow rate of 1 mL x min~!, using a mixture of water and acetonitrile

(1:1, v/ v) as a mobile phase. The temperature was kept at 30 °C, and the wavelength was
set to 254 nm.

3.6.2. Water Analysis

The concentration of bromides, fluorides, chlorides, nitrates (V), and sulphates (VT)
was determined on a Thermo Scientific Dionex Aquion (Thermo Fisher Scientific, Warsaw,
Poland) ion chromatograph with a conductometric detector. Determinations of sodium and
potassium were conducted utilizing a Flame Photometer Model BWB-XP by MS Spectrum
(BWB Technologies, Newbury, UK). UV absorption was measured using a Shimadzu
UV-VIS 1800 spectrophotometer (Shim-Pol, [zabelin, Poland). pH and conductivity were
determined utilizing a Digital Multimeter HQQ40D (Hach Lange, Wroclaw, Poland) with an
IntelliCAL™ PHC 101 electrode (Hach Lange, Wroclaw, Poland). The Chemical Oxygen
Demand (COD) was estimated with the Bichromate method, and the Total Organic Carbon
(TOC) was measured using the Hach IL550 carbon analyzer (Hach Lange, Wroctaw, Poland).

4. Conclusions

The present study employs coreshell molecularly imprinted polymers for the detection
of S-metolachlor in water samples collected from a river and a pond in proximity to corn-
fields in Poland. The purification of the water samples by membrane filtration, specifically
microfiltration and ultrafiltration, did not enhance the sorption capacity of S-metolachlor by
CS-MIP. A very important conclusion from this study is that the sorbent can be used for the
detection and determination of S-metolachlor concentration from a complex water matrix
without prior sample preparation, which significantly facilitates and shortens the analysis
time. A method for the desorption of S-metolachlor from a multicomponent solution was
also developed, thereby demonstrating that the optimum eluent is a 50% aqueous ethanol
solution with a pH of approximately 9. The sorbents were also investigated to ascertain
their sorption properties. The kinetics and isotherms of sorption were the focus of the study.
The experimental results demonstrated that the kinetics for CS-MIP followed the particle
diffusion model, while for CS-NIP, they exhibited a tendency to fit the film diffusion model.
The Scatchard model was found to be the most appropriate isotherm model for CS-MIP,
and the Dubinin-Radushkevich was found to be the most appropriate model for CS-NIP.
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8. Dyskusja wynikow osiagnietych podczas realizacji pracy doktorskiej

W pracy doktorskiej Molekularnie wdrukowywane polimery jako sensory selektywne
wobec S-metolachloru, wykorzystujac polimeryzacje w masie zsyntezowano polimery
blokowe, ktére wykazywaly odpowiedz na zmiane temperatury (P2, P3) lub pH (P4). Ponadto
otrzymano czgstki o strukturze rdzen—otoczka z warstwg molekularnie wdrukowanego
polimeru, wrazliwe na zmian¢ temperatury (PS) lub pH (P6, P7). Wszystkie sorbenty zostaty
zsyntezowane zgodnie z zalozeniami tak zwanej ,,zielonej chemii”, jednoczesnie wpisujac si¢
w zasady ,zielonego odcisku molekularnego”, okreslonego akronimem ,.greenification”.
Dodatkowo wiasciwosci samoregenerujace tych materiatdéw, pozwalaja na ich kilkukrotne
wykorzystanie, minimalizujac ilo$¢ generowanych odpadow.

W przypadku blokowych polimeréw molekularnie wdrukowanych wykazujacych
odpowiedZ na zmian¢ temperatury (P2, P3), warto$¢ sorpcji (w trybie statycznym)
S—metolachloru przez MIP byta réwna 2,4 mg x g’!, a dla uktadu referencyjnego wynosita 0,5
mg x g, co wskazuje, iz warto$¢ IF (czyli wspotczynnika wdrukowania) jest bliska 3,
potwierdzajac obecno$¢ specyficznych miejsc wigzacych. Badania selektywnosci wykazaty, iz
MIP sorbuje S—metolachlor z wielosktadnikowego roztworu bardzo popularnych herbicydéw
stosowanych w uprawach roslin, okoto 3 razy lepiej niz atrazyne¢ oraz okoto 6 razy lepiej niz
glifosat 1 fenoksaprop—P—etylu. Proces sorpcji—desorpcji przy uzyciu tego samego materiatu na
kolumnach typu SPE moze by¢ przeprowadzony trzykrotnie, uzyskujac powtarzalne wyniki.
Jako eluent zastosowano wode¢ o temperaturze 4°C, co potwierdzilo mechanizm ,.smart”
PNIPAMu.

W przypadku blokowych polimeréw molekularnie wdrukowanych reagujacych na
zmiane pH (P4), warto$¢ sorpcji dla najefektywniejszego MIPu wynosita 0,75 mg x g'!, a dla
jego analogu bez odcisku byta ponad czterokrotnie mniejsza. Proces sorpcji przeprowadzony
z wieloskladnikowego roztworu herbicydow, dowiddt, iz MIP sorbuje S—metolachlor okoto
trzykrotnie lepiej niz atrazyne, 2,4-D 1 mezotrion. Najbardziej korzystne wartosci sorpcji
otrzymano prowadzac proces w pH rownym 4,5 1 6,5, co jest powiazane z transformacja sieci
kwasu poliakrylowego. Zgodnie z przyjeta konwencja, do desorpcji wykorzystano wodg o pH
wynoszacym okoto 9. Prawdopodobnie wtedy, wszystkie grupy karboksylowe zostaty
przeksztalcone w aniony karboksylanowe, co spowodowalo rozluznienie sieci polimeru
1 utatwilo proces desorpcji. Po optymalizacji warunkéw stwierdzono, ze przy zachowaniu
powtarzalno$ci wynikow mozliwe jest dwukrotne przeprowadzenie cyklu sorpcji—desorpcji na
kolumnach typu SPE na tym samym materiale. Jest to spowodowane tym, iz w trzecim cyklu
warto$¢ desorpcji S—metolachloru z MIPu zmniejszyta si¢ z ponad 90% do 65%, co
prawdopodobnie mogto wynika¢ z kolmatacji ztoza lub przedostania si¢ drobniejszych czesci
polimeru wraz z eluentem poza kolumng. Natomiast warto$¢ sorpcji przez NIP wzrosta o okoto
40% w poréwnaniu do drugiego procesu, co mogto by¢ efektem nagromadzenia si¢ czasteczek
S-metolachloru w porowatej strukturze polimeru.

W przypadku sorbentéw typu rdzen—otoczka z warstwa molekularnie wdrukowanego
polimeru wrazliwego na zmiang¢ temperatury (P5), warto$¢ sorpcji dla MIPu byta rowna 1,06
mg x g, a dla NIPu 0,82 mg x g'l. Warto$¢ wspotczynnika wdrukowania (IF), obliczonego
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jako stosunek wartosci sorpcji MIPu do NIPu, byta o okoto 70% mniejsza, w stosunku do
polimeréw blokowych. Co prawdopodobnie jest spowodowane tym, iz czasteczka PVC
stanowigca rdzen materiatu, rdwniez sorbuje czasteczk¢ S—metolachloru. Natomiast na
catkowita warto$¢ sorpcji sklada si¢ warto$¢ sorpcji herbicydu przez rdzen oraz przez
selektywng warstwe polimeru, stanowigcg otoczke. Poniewaz warstwa ta jest bardzo cienka,
roznica w wartosciach sorpcji pomiedzy CS—MIP 1 CS—NIP jest mniejsza. Proces desorpcji
herbicydu wykazal mniejszg skutecznos¢ w porownaniu z polimerami blokowymi, co wynikato
prawdopodobnie rdwniez z tego, ze cz¢$¢ czasteczek S—metolachloru zostata zaabsorbowana
przez czasteczki rdzenia. Opracowano metodologi¢ desorpcji  S—metolachloru, po
wczesniejszej sorpcji  z  wieloskladnikowego roztworu. W ramach tego procesu
przeprowadzono dwukrotne oczyszczanie ztoza za pomocg 10% roztworu etanolu, co
umozliwito usuniecie wigkszosci mikrozanieczyszczen. Nastgpnie S—metolachlor zostat
zdesorbowany woda o temperaturze 4°C, z wykorzystaniem mechanizmu opartego na
Linteligentnych” wlasciwosciach PNIPAMu.

W przypadku materialow typu rdzen—otoczka z warstwa molekularnie wdrukowanego
polimeru, wykazujacego odpowiedz na zmiang pH (P6, P7), sorpcja S—metolachloru przez MIP
osiagneta warto$¢ 0,364 mg x g a dla NIPu wynosita 0,201 mg x g!. Proces desorpcji
przeprowadzono przy uzyciu 30% roztworu etanolu o pH~9, co pozwolito usuna¢ wiekszos¢
mikrozanieczyszczen. Aby jednak w pelni zregenerowaé zloze 1 zdesorbowaé wigkszos¢
czasteczek S—metolachloru, konieczne byto zastosowanie czterokrotnego cyklu desorpcji
etanolem. Pomimo cienkiej warstwy polimeru, sorbent wykazuje duzg selektywnos$¢ wobec
S—metolachloru, sorbujac go okoto dwa razy skuteczniej niz atrazyne i1 2,4-D z roztworu
wielosktadnikowego.

Wszystkie analizowane sorbenty wykazuja duzag selektywno$s¢ w stosunku do
S—metolachloru, co potwierdza obecnos¢ swoistych wnek wigzacych na powierzchni matrycy
polimerowej. Natomiast zaréwno czastki typu rdzen—otoczka, jak 1 polimery blokowe,
wykazuja pewne wady i zalety. Atutem czastek typu rdzen—otoczka jest krotszy, w porownaniu
do polimeréw blokowych, czas inkubacji MIPu z roztworem S-metolachloru lub eluentu, co
wynika z badan kinetyki sorpcji, a zatem proces sorpcji 1 desorpcji jest szybszy. Ponadto
mniejsza ilo$¢ reagentow niezbednych do przeprowadzenia reakcji syntezy sorbentow typu
rdzen—otoczka sprzyja zatozeniom ,,zielonej chemii”. Z kolei do ich przygotowania, niezbedna
jest modyfikacja czastek PVC, obejmujaca reakcje dehydrochlorowania i aminowania, oraz
oczyszczania produktéw po kazdym etapie, co wydtuza czas syntezy. Wigkszg pojemnos¢
sorpcyjng obserwuje si¢ w przypadku polimeréw blokowych, w poréwnaniu do sorbentow typu
rdzen—otoczka, gdzie warstwa sorpcyjna ograniczona jest do cienkiej warstwy polimeru.
Dodatkowo w polimerach blokowych stosunek sorpcji pomigdzy MIPem i NIPem jest wigkszy,
co wptywa na wigksza warto$¢ wspotczynnika wdrukowania, bedacego miarg selektywnosci
1 wydajnosci MIPu. Natomiast przy polimerach blokowych pojawiaja si¢ problemy
z kolmatacjg zloza. Niemniej jednak do elucji zaabsorbowanych czgsteczek herbicydu
z polimeréow blokowych, mozna wykorzysta¢ mechanizm ,,smart” PNIPAMu lub PAAc,
przeprowadzajac desorpcje z wykorzystaniem wylacznie roztworow wodnych. W przypadku
czastek typu rdzen—otoczka, z powodu prawdopodobnej sorpcji S—metolachloru rowniez przez
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rdzen sorbentu, niezbedny jest dodatek alkoholu do wodnego eluentu. Bazujac na
doswiadczeniu zdobytym podczas realizacji niniejszej rozprawy doktorskiej, mozna stwierdzié,
iz najlepszym materiatem okazaty si¢ polimery blokowe wrazliwe na temperature. Przewage
nad pozostatymi sorbentami uzyskaly, przede wszystkim ze wzglgdu na przyjazny srodowisku
proces desorpcji czasteczek herbicydu, wylacznie wodg o temperaturze 4°C. Ponadto mozliwe
byto wykonanie trzech powtarzalnych cykli sorpcji—desorpcji, a prace laboratoryjne zwigzane
z synteza oraz przeprowadzeniem procesu sorpcji 1 desorpcji z wykorzystaniem tych
sorbentéw, nalezaly do najtatwiejszych.

Na podstawie wynikow uzyskanych w ramach realizacji niniejszej rozprawy doktorskiej
mozna stwierdzi¢, ze dotychczas wystepujaca w literaturze naukowej luka, dotyczaca
polimeréow  wdrukowanych  molekularnie  selektywnych ~ wobec  S—metolachloru,
zsyntetyzowanych zgodnie z koncepcja tak zwanej ,,zielonej chemii”, zostala uzupelniona
0 nowe pozycje literaturowe. Korzysci plynace z opracowywania i potencjalnego wdrazania
wzielonych” polimerow wdrukowanych molekularnie, obejmuja migdzy innymi: poprawe
zdrowia ludzi i1 zwierzat, ochrong¢ srodowiska oraz promowanie zrownowazonego rozwoju.

Otrzymane materialy moga by¢ wykorzystywane w procesie monitorowania
stezenia oraz oznaczania zawartoSci herbicydu S-—metolachloru w wodach
powierzchniowych, a takze w wodzie pitnej czy wodach pochodzacych z oczyszczalni
sciekow, w znacznym stopniu ulatwiajac oraz skracajac czas wstepnego przygotowania
probki oraz poézniejszej analizy. Przyszle zadania badawcze zostang rozszerzone
0 opracowanie innowacyjnych sorbentow, selektywnych wobec okreslonych herbicydéw, jako
potencjalnych materiatow umozliwiajacych multifunkcyjne oznaczenia analizowanych
zwigzkow oraz posiadajacych sprecyzowane zastosowania praktyczne.
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9. Zrodla finansowania pracy

Badania zrealizowane w ramach niniejszej pracy byty wspotfinansowane przez ponizsze
instytucje:

* Narodowe Centrum Nauki w ramach grantu badawczego ,,Molekularnie wdrukowany
materiat sensoryczny do monitorowania stezenia mikrozanieczyszczen w Srodowisku
wodnym” SONATA BIS 11 nr 2021/42/E/ST5/00019 (02NB/0002/22).

* Ministerstwo Nauki i Szkolnictwa Wyzszego w ramach ustawowej subwencji dla
Politechniki Wroctawskiej.

» Politechnike Wroctawska w ramach programu Academia Professorum luniorum.
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10. Zyciorys naukowy
EDUKACJA

. VII 2020 Uzyskanie tytulu licencjata chemii

Wydziat Chemii Uniwersytetu im. Adama Mickiewicza w Poznaniu.

Specjalnos¢: synteza i analiza chemiczna.

Tytul pracy: Synteza hybrydowych poli(metakrylanow) o zlozonej architekturze na drodze
polimeryzacji ATRP

Promotor: dr hab. Adrian Franczyk

. VI 2022 Uzyskanie tytulu magistra chemii

Wydziat Chemii Uniwersytetu im. Adama Mickiewicza w Poznaniu.

Specjalno$¢: analityka chemiczna.

Tytut pracy: Synteza gwiazdzistych poli(metakrylanow), zawierajacych w swojej strukturze
jednostki POSS, metodg polimeryzacji ATRP

Promotor: dr hab. Ireneusz Kownacki

. od X 2022 doktorantka Szkoty Doktorskiej Politechniki Wroctawskiej

Wydziat Chemiczny Politechniki Wroctawskiej
Dyscyplina: inzynieria chemiczna.
Promotor: dr hab. inz. Joanna Wolska, dr hab. inz. Katarzyna Smolinska-Kempisty
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STAZE NAUKOWE

09.2018-06.2021 wolontariat naukowy w grupie badawczej prof. Jedrzeja Walkowiaka
w Wielkopolskim Centrum Zaawansowanych Technologii w Poznaniu.

2-13.04.2024 staz naukowy w grupie badawczej prof. Coriny Madreiter-Sokolowski na
Medical Univeristy of Graz (Austria).

6-17.10.2025 staz naukowy w grupie badawczej prof. Sergey’a Piletsky na Univeristy
of Leicester (Wielka Brytania).

1-6.12.2025 staz naukowy w grupie badawczej prof. Coriny Madreiter-Sokolowski na
Medical Univeristy of Graz (Austria).

WSPOLPRACA NAUKOWA

Od 01.2024 miedzynarodowa wspodtpraca naukowa realizowana z Medical Univeristy
of Graz (Austria) z zespotem badawczym prof. Coriny Madreiter-Sokolowski.

Od 09.2024 wspolpraca naukowa realizowana z Wydzialem Inzynierii Srodowiska
Politechniki Wroctawskiej z dr hab. inz. Agnieszka Urbanowska.

0Od 02.2025 migdzynarodowa wspolpraca naukowa realizowana z University of South
Bohemia (Czechy) z zespotem badawczym prof. Vitezslava Stranak.

0d 02.2025 wspotpraca z Politechnika Warszawska z grupa prof. Mateusza Smietany.
0d 05.2025 wspotpraca naukowa z Politechnikg Krakowska z dr Joanng Kuc.

Od 10.2025 migdzynarodowa wspotpraca naukowa realizowana z University of
Leicester z prof. Eleng Piletska.

Od 02.2026 wspotpraca naukowa realizowana z Wydzialem Elektroniki, Fotoniki
1 Mikrosystemow Politechniki Wroctawskiej z dr hab. inz. Damianem Wojcieszakiem.

DOSWIADCZENIE

07.2020-05.2022 — ,Dwufunkcyjne silseskwioksany RR’;SigO12 — precyzyjnie
zaprojektowane bloki budulcowe do syntezy zaawansowanych materialow
hybrydowych”, grant LIDER/6/0017/L-9/17/NCBR/2018, finansowany przez NCBiR —
wykonawca.

12.2020-11.2021 — ,,Synteza hybrydowych polimerow gwiazdzistych zawierajacych w
swej strukturze POSS z wykorzystaniem procesu ATRP”, grant ID-UB:
009/34/UAM/0016, finansowany przez MNSiW w ramach II edycji konkursu
Study@reserach w programie Inicjatywa Doskonato$ci — Uczelnia Badawcza —
kierownik.

07.2022 —09.2022 — Analityk laboratoryjny w Browarze Namystéw Grupa Zywiec S.A.
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. Od 10.2022 — ,,Molekularnie wdrukowany material sensoryczny do monitorowania
stezenia mikrozanieczyszczen w S$rodowisku wodnym”, grant Sonata Bisll,
2021/42/E/ST5/00019 (02NB/0002/22), finansowany przez NCN - glowny

wykonawca.

. Od 01.2024 — “Establishing an immobilization method for compound screens based on
fluorescence microscopy in nematodes”, grant NAWA, BPN/BAT/2023/1/00029 —
wykonawca.

. 0d 07.2025 — ,,Powddz 2024 a jakos¢ wod — kompleksowa ocena skazen i efektywnosé

procesOw oczyszczania”, grant wewnetrzny otrzymany w ramach I edycji programu
,» Wsparcie zespolow badawczych 2025, finansowany przez PWr — wykonawca.

. 0d 11.2025 — ,,Molekularnie wdrukowywane membrany w procesie oczyszczania wody
z krotkotancuchowych PFAS”, grant OPUS 28 2024/55/B/ST5/00384, finansowany
przez NCN — wykonawca.

STYPENDIA I NAGRODY

. 10.2024-09.2025 Stypendium o zwickszonej wysokosci dla doktorantéw Szkoty
Doktorskiej finansowane przez Politechnik¢ Wroctawska.

. 04.2025; 08.2025; 04.2026 Nagroda programu PRIMUS dla doktorantéw.

. 05.2025; 05.2026 Stypendium naukowe z wlasnego funduszu na stypendia Politechniki
Wroctawskie;.

. 05.2025 Nagroda programu SEXTUS dla doktorantow.

. 11.2025 Nagroda Rektora Politechniki Wroctawskiej za wybitne osiggnigcie naukowe
w roku akademickim 2024/2025.

. 11.2025 Laureatka Studenckiego Programu Stypendialnego Prezydenta Wroctawia dla
doktorantow w kategorii Stypendium im. Mariana Suskiego w zakresie nauk
inzynieryjno-technicznych.

. 10.2025-09.2026 Stypendium o zwigkszonej wysokosci dla doktorantow Szkoty
Doktorskiej finansowane przez Politechnik¢ Wroctawska.

SZKOLENIA

. Szkolenie chromatograficzne ,,Design of Experiments (DoE), Analytical Quality by

Design (AQbD) oraz oprogramowania LabSolutions Method Development”
organizowane przez firm¢ SHIM-POL A.M. Borzymowski w dniu 8.05.2023, Wroctaw.

. IX Akademia Chemii Analitycznej organizowana przez firm¢ SHIM-POL A.M.
Borzymowski w dniach 25-28.05.2025, Jachranka.
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Food Shim-Pol Day ,Najnowsze rozwigzania w analizie Zzywnosci” szkolenie
organizowane przez firm¢ SHIM-POL A.M. Borzymowski w dniu 11.06.2025,
Wroctaw.

Shim-Pol Day Users & Friends szkolenie organizowane przez firm¢ SHIM-POL A.M.
Borzymowski w dniu 15.04.2026, Wroctaw.

ZAJECIA DYDAKTYCZNE

Instrumental drug analysis — laboratorium.

Modification of recovered bio—components — laboratorium.
Bio—components characterization — laboratorium.
Fabrication of smart polymers— laboratorium.

Polimery w biotechnologii — laboratorium.

Materialy funkcjonalne — laboratorium.

Kontrola jako$ci surowcéw i1 produktow — laboratorium.

Chemia techniczna organiczna — laboratorium.

DZIALALNOSC ORGANIZACYJNA

Program Erasmus+ Blended Intensive Program ,,Circularity of Polymers”, Wroctaw,
19.02-23.02.2024.

Warsztaty dla przedszkolakow z Kietczowa, Wroctaw, 26.03.2024.

Komitet organizacyjny konferencji 7th Conference of Electrochemical and Membrane
Separations Science and Technology, Wroctaw, 18-22.05.2025.
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