*
= B
* *
* *
* * WYDZIAL CHEMII
* *
*

UNIWERSYTET MARII CURIE-SKLODOWSKIEJ
W LUBLINIE

Wydzial Chemii

Instytut Nauk Chemicznych

mgr Agnieszka Sasal

ANALIZA SLADOWA SKELADNIKOW
LEKOW PRZECIWBOLOWYCH
Z WYKORZYSTANIEM ELEKTROD
SITODRUKOWANYCH W PROBKACH WOD

Rozprawa doktorska
wykonana w Katedrze Chemii Analitycznej

pod kierunkiem dr hab. Katarzyny Tyszczuk-Rotko, prof. UMCS

Lublin 2020



Pragne ztozy¢ serdeczne podziekowania Pani Promotor
dr hab. Katarzynie Tyszczuk-Rotko, prof. UMCS
zZa nieoceniong pomoc, cenne wskazowki, cierpliwos¢ i wyrozumiatos¢

w trakcie przygotowywania niniejszej rozprawy doktorskiej.

Chciatabym rowniez podzigkowac
MeZowi, Rodzicom oraz Przyjaciotom
Za nieustanne wsparcie, motywacje

oraz nigdy niegasngcq wiare we mnie.

Niniejszq rozprawe doktorskg
pragne zadedykowac

mojemu MeZowi.



Spis tresci

Lista publikacji bedacych podstawg rozprawy doktorski€] ........ccccevvvveriiiiriiiiiniiiiesiieenn 4
WSPOIPIACA NAUKOWA .......ccvviiiieieeie ettt ettt re et ra e beenaesneesneeneeenes 5
DT o ST PR 6
Gl DAAAN ... 8
1. AKLUAINY StAN WIBAZY ... .eevieeiesiiecie ettt nre e aneenne s 9
1.1. Zanieczyszczenie Srodowiska wodnego farmaceutykami.........ccccoccveviiveeniineennnnn. 9
1.2. ANAHIZA POIOWAL ....c.viiiiiiiieie ettt te e reeae e 12
1.3. CzuUjniKi SItOATUKOWANE ........oeiveeieiieiieesie e e ettt sae e ee e 14
1.4. Sposoby modyfikacji powierzchni czujnikow sitodrukowanych..............coceeeee. 16
1.4.1. Modyfikacja blonkg metalu...........ccceiiiiiiiiiiii e 16
1.4.2. Modyfikacja nanomaterialami wWeglowymi ..........cccceririiiieiiiiiniciiiens 17

1.5. Zastosowanie czujnikéw sitodrukowanych do analizy wybranych substancji
czynnych preparatow farmaceutyCznych ..........cccocoeiiiiiiiii i 19

2. Badania WIASIIE .....covveviieiie ettt ar it aaaas 22

2.1. Woltamperometryczne procedury oznaczania kofeiny, paracetamolu
i diklofenaku z wykorzystaniem czujnikow sitodrukowanych ...........cc.cceeveenen. 22

2.2. Charakterystyka powierzchni czujnikow sitodrukowanych 1 badanie

charakteru procesOw elektrodowych..........ccooveiiiiiiiiiiii, 30

2.2.1. Charakterystyka powierzchni czujnikow sitodrukowanych...........cccccoeeeeen 30

2.2.2. Badanie charakteru proceséw elektrodowych ..........ccccovviiiiiiiiiiciiicn, 35

2.3. Wplyw interferentow na sygnat analityczny 1 sposoby ich minimalizacji.......... 39

2.4. Zastosowanie opracowanyCh ProCeAUL ...........ccovririririeienese s 43

2.5. Perspektywy dalszego zastosowania czujnikow sitodrukowanych .................... 47

3. PodSUMOWANIE T WNIOSKI .......cciuiiiiiiiiiiiiii 48

A, LIEEIATUIE. ... 50

5. Streszczenie W J@Zyku poISKIM ........ccooiiiiiiii 55

6. Streszczenie W jezyku angielsKim ..........ccocooiiiiiiiii 58

7. Pozostale 0813gNn1€C1a NAUKOWE..........eeiiiiriiiiiieiicieese e 61
ANEKS — TEKSTY PUBLIKACJ I BEDACYCH PRZEDMIOTEM ROZPRAWY

DOKTORSKIEJ TOSWIDCZENIA .....oooiiiiiiiiiieie et 75




Lista publikacji bedacych podstawa rozprawy doktorskiej

Publikacja 1

K. Tyszczuk-Rotko, A. Szwagierek, Green electrochemical sensor for caffeine
determination in environmental water samples: the bismuth film screen-printed carbon
electrode, Journal of The Electrochemical Society, 164 (7) (2017) B342-B348.

(”:2017 = 3,662 MNISW = 40 pkt)
Publikacja 2

A. Sasal, K. Tyszczuk-Rotko, M. Chojecki, T. Korona, A. Nosal-Wiercinska, Direct
determination of paracetamol in environmental samples using screen-printed
carbon/carbon nanofibers sensor — experimental and theoretical studies,
Electroanalysis, 32 (7) (2020) 1618-1628.

(IF2010 = 2,544 MNiSW = 70 pkt.)
Publikacja 3

A. Sasal, K. Tyszczuk-Rotko, M. Wojciak, I. Sowa, First electrochemical sensor
(screen-printed carbon electrode modified with carboxyl functionalized multiwalled
carbon nanotubes) for ultratrace determination of diclofenac, Materials, 13 (2020)
781.

(IF2010 = 3,130 MNiSW = 140 pkt.)
Publikacja 4

A. Sasal, K. Tyszczuk-Rotko, M. Wojciak, I. Sowa, M. Kuryto, Simultaneous analysis
of paracetamol and diclofenac using MWCNTs-COOH modified screen-printed carbon

electrode and pulsed potential accumulation, Materials, 13 (14) (2020) 3091.

(IF2010 = 3,130 MNiSW = 140 pkt.)

Laczny IF: 12 466

Y.aczna liczba punktow MNiSW: 390




Wspolpraca naukowa

Badania do niniejszej rozprawy doktorskiej prowadzone byty przy wspotpracy z:

1.

Sp. prof. Karel Vytiasem - Uniwersytet w Pardubicach, Katedra Chemii
Analitycznej, Wydziat Technologii Chemicznej, Pardubice, Czechy;

Dr hab. Tatiang Korong i mgr. Michalem Chojeckim - Pracownia Chemii
Kwantowej, Wydziat Chemii, Uniwersytet Warszawski;

Prof. dr hab. n. med. Magdaleng Wéjciak i prof. dr. hab. n. farm. Ireneuszem
Sowa - Zaktad Chemii Analitycznej, Uniwersytet Medyczny w Lublinie;

Dr. Michalem Kurylo - Centralne Laboratorium Miejskiego Przedsigbiorstwa

Wodociagdw 1 Kanalizacji w Lublinie.




Wstep

Substancje czynne preparatow farmaceutycznych stanowig bardzo szerokg
grupe zwigzkow aktywnych biologicznie, ktére po wprowadzeniu do organizmu
zywego wykazuja dziatanie terapeutyczne. Postgp nauki doprowadzit do lawinowego
wzrostu liczby sprzedawanych 1 spozywanych przez spoteczenstwo lekow
1 suplementéw diety. Najpopularniejsza grupe stanowig niesteroidowe leki
przeciwzapalne (NLPZ) (ang. nonsteroidal anti-inflammatory drugs), do ktorych
zaliczane sg  substancje o dziatlaniu  przeciwzapalnym, przeciwbolowym
1 przeciwgoragczkowym. Polski rynek sprzedazy farmaceutykéw wedlug danych firm
KPMG i PMR zajmuje 6 miejsce w Europie. Blisko 34% rynku stanowig preparaty
dostepne bez recepty (ang. over the counter drug, OTC), z czego 26% stanowig leki

przeciwbolowe [1].

Wazrost spozycia preparatdéw farmaceutycznych przektada si¢ bezposrednio
na wzrost zanieczyszczenia Srodowiska naturalnego, w tym ekosysteméw wodnych,
substancjami leczniczymi i produktami ich rozktadu. Sladowe ilosci farmaceutykow
wykryto w probkach oczyszczonych $ciekow, wod powierzchniowych i gruntowych.
Stwierdzono, ze najpowszechniej wystepujacymi lekami w §rodowisku sg leki z grupy
niesteroidowych lekéw przeciwzapalnych, paracetamol, antybiotyki, leki regulujace
gospodarke lipidowa, $rodki hormonalne, B-blokery i leki psychotropowe [2]. Preparaty
farmaceutyczne moga przedostawac¢ si¢ do $rodowiska jako odpady z zaktadow
przemystowych, szpitali i osrodkéw zdrowia. Jednak najwicksza ilo$¢ zanieczyszczen
powstaje w wyniku spozywania lekow przez ludzi i zwierzeta. Znaczna ilo$¢ substancji
farmakologicznie czynnych produkowana jest na potrzeby weterynarii. Ponadto
zrodlem zanieczyszczenia jest praktycznie kazde gospodarstwo domowe. Spozyte
preparaty farmaceutyczne ulegaja w organizmie biotransformacji 1 s3 wydalane
z organizmu w formie niezmienionej lub jako metabolity. Wszystkie te substancje
trafiaja do oczyszczalni $ciekow. Tradycyjne metody oczyszczania $ciekow
sa niewystarczajace do usuwania 100% pozostatosci preparatéw farmaceutycznych
ze S$ciekow, co sprawia, ze komunalne oczyszczalnie stanowig powazne Zzrodto
przedostawania si¢ lekow i ich metabolitow do srodowiska. Ponadto, przeterminowane
1 niewykorzystane preparaty farmaceutyczne czesto s3 wyrzucane bez odpowiedniej
utylizacji, trafiaja na skladowisko odpadow, gdzie zalegajac, moga przedosta¢ si¢

do wod powierzchniowych. Podobna sytuacja wystepuje w przypadku stosowania




lekow w hodowli zwierzat 1 rolnictwie. Obecno$¢ preparatow farmaceutycznych
w $rodowisku stanowi powazny problem, dlatego ich poziom powinien by¢ stale

monitorowany.

W literaturze znajduje si¢ wiele prac poswieconych metodom oznaczania
pozostatosci lekow w probkach wod, jednak prace te gléwnie koncentrujg sie
na metodach laboratoryjnych, czesto charakteryzujacych si¢ wysokim kosztem
aparatury oraz samego pomiaru. Zwykle sa to metody chromatograficzne, w przypadku
ktorych nalezy rowniez czgsto mowi¢ o czasochtonnym etapie przygotowania probki do
analizy oraz duzym zuzyciu odczynnikow chemicznych [1]. Z wykorzystaniem
odpowiednich narzedzi mozna roéwniez prowadzi¢ ciagla i szybka kontrole, zaréwno
jakosciows, jak i ilosciowa wod w terenie (analiza polowa). Taki rodzaj analizy
umozliwia migdzy innymi wczesne wykrywanie awaryjnych skazen wody, moze by¢
wstepng analiza do podzniejszych bardziej szczegblowych badan. Niniejsza praca
poswigcona jest opracowaniu nowych narzedzi (woltamperometrycznych procedur
z wykorzystaniem czujnikoéw sitodrukowanych), ktére moga w przysztosci znalezé

zastosowanie w analizie polowe;j.




Cel badan

Celem badan prowadzonych w ramach realizacji niniejszej rozprawy doktorskiej byto:

zaprezentowanie nowych mozliwos$ci zastosowania czujnikow
sitodrukowanych do analizy wybranych zwigzkoéw biologicznie aktywnych na

poziomie $ladowym;

poprawa parametrow elektrochemicznych czujnikow sitodrukowanych poprzez
modyfikacje powierzchni elektrody pracujacej btonkg bizmutu lub warstwg

nanomateriatow weglowych;

charakterystyka powierzchni elektrod sitodrukowanych z wykorzystaniem
nowoczesnych technik instrumentalnych oraz okre$lanie charakteru procesow

elektrodowych;

opracowaniu  procedur  minimalizacji interferencji  pochodzacych

od sktadnikow probek wod naturalnych;

opracowanie woltamperometrycznych procedur oznaczania sktadnikéw lekow
przeciwbolowych na czujnikach sitodrukowanych, charakteryzujacych sie
nizszymi granicami wykrywalno$ci i lepsza selektywnos$cia w poréwnaniu

z metodami opisanymi w literaturze;

zastosowanie opracowanych procedur elektrochemicznych do oznaczania
substancji ~ czynnych  preparatow  farmaceutycznych ~w  probkach

srodowiskowych.




1. Aktualny stan wiedzy

1.1. Zanieczyszczenie Srodowiska wodnego farmaceutykami

Zanieczyszczenie Srodowiska wodnego substancjami czynnymi preparatow
farmaceutycznych i ich metabolitami stanowi powazny problem dzisiejszych czasow
I jest ogromnym wyzwaniem dla naukowcoéw. Polska nalezy do najmniej zasobnych
w wode krajow Europy, i z tego powodu, wiele wodociggdéw jest zaopatrywanych z wod
powierzchniowych, ktore sg znacznie bardziej narazone na zanieczyszczenia niz wody
glebinowe. Farmaceutyki wraz ze $ciekami komunalnymi, a takze §ciekami z réznych
zrodet, m.in. zakladow przemystowych, szpitali i os$rodkow zdrowia, wplywaja
do oczyszczalni $ciekow. Zaobserwowano, ze zwigzki o charakterze zasadowym
1 hydrofobowym, np. antybiotyki z tatwo$cig osadzaja si¢ na czastkach stalych osadu
sciekowego. Jednakze zwiazki o charakterze kwasowym, np. diklofenak, naproksen czy
kwas acetylosalicylowy, praktycznie nie ulegajg sorpcji na osadzie, i W postaci jonowej,
pozostaja w fazie cieklej. Sprawnos$¢ procesu oczyszczania dla kazdej substancji
leczniczej jest inna, dla przyktadu w tradycyjnej oczyszczalni $ciekéw zawarto$é

diklofenaku w $cieku spada zaledwie o ok. 20-30% [1].

Zawarto$¢ farmaceutykow w ekosystemach wodnych wykazuje ogromna
zmienno$¢, w  zaleznosci od warunkéw  hydrologicznych, klimatycznych,
demograficznych, a takze sposobu uzytkowania gruntow [3]. Zaobserwowano wigksze
stezenie preparatow farmaceutycznych w wodach $ciekowych duzych miast, a takze
zmienno$¢ sezonowy [4]. Wzrost spozycia preparatow farmaceutycznych przypada
gléwnie na jesienno-zimowy okres zwigkszonego zachorowania na grype
1 przezigbienia. Przeklada si¢ to bezposrednio na wzrost zanieczyszczenia wod
gruntowych 1 powierzchniowych. Badania wykazaty, Ze farmaceutyki, ktorych
substancje czynne posiadaja charakter kwasowy ulegaja akumulacji w wodach
jezior [5]. Niska temperatura wody utrudnia proces biodegradacji, a krotki dzien
ogranicza proces fotolizy, co dodatkowo sprzyja kumulacji zwigzkdéw organicznych
przez ro§liny i zwierzeta. Substancje czynne preparatow farmaceutycznych wykazuja
okreslong aktywno$¢ biologiczng w stosunku do organizméw zywych, na przyktad
kwas acetylosalicylowy zaburza rozrodczo$¢ u gatunkow rozwielitki (D. magna)
i wioslarki (D. longispina), natomiast diklofenak wykazuje ostrg toksycznos$¢ u pstraga

teczowego (O. mykiss) oraz fitoplanktonu i zooplanktonu [1]. Znacznie bardziej




niebezpieczne dla organizméw zywych

przeciwzapalnych z

innymi

sg mieszanki

substancjami leczniczymi.

Obecnos¢

niesteroidowych lekow

preparatow

farmaceutycznych w wodzie pitnej stanowi rowniez powazne zagrozenie dla ludzi, gdyz

zaburza rownowage w organizmie oraz pot¢guje problem lekoopornosci [1,6,7].

W niniejszej pracy skupiono si¢ na substancjach czynnych wystepujacych

w popularnych preparatach farmaceutycznych (kofeina, paracetamol i diklofenak).

W Tabeli

1 zebrano dane literaturowe dotyczace zwarto$ci tych substancji

w wodach powierzchniowych [1,2,8]. Jak mozna zauwazy¢ stezenia te wahajg si¢

w granicach od 10 —

10 mol L.

Tabela 1. Stezenia wybranych substancji (kofeina, paracetamol, diklofenak) w wodach

powierzchniowych.

Substancja czynna  Stezenie [mol L] Kraj Literatura
3,6 x 101 —45x10" Norwegia [9]
9.8 x 107 Niemcy [10]
Kofeina 8,2 x 10 Morze Ponocne [10]
3,7x10" 1,1 x 107 Francja [11]
1,9 x 107 Hiszpania [12]
2,6 x10°-5,0x 107 Polska [13]
7,0x 1075 x 107 Francja [11]
1,2x10°-1,9x 10 Hiszpania [14]
Paracetamol 2 2 . -
1,5%x107-6,6 x 10° Wielka Brytania [15]
73x 10138 x 10" Polska [15]
84 x 101 _57x10" Szwecja [7]
1,1 x10°-1,1 x10°® Hiszpania [7]
4,6 x 102 -1,6 x 10° Francja [11]
1,1 x10™ Hiszpania [12]
30x10M-1,7x10% Stowenia [16]
. 57x10M-1,6 x 107 Polska [17]
Diklofenak 77 %x 102_ 4.6 x 107 Chiny [18]
1,6 x 107 Polska [19]
84x 10757 x10" Szwecja [20]
8,1 x10M-3,1x107° Wegry [21]
3,0x10M—1,4x10™ Wielka Brytania [22]
1,0x107-1,7 x 107 Polska [23]
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Kofeina (CA, 1,3,7-trimetylo-1H-puryno-2,6(3H,7H)-dion, Rys. 1A) jest
organicznym zwigzkiem z grupy alkaloidow purynowych, naturalnie wyst¢pujacym
w kawie, herbacie, lisciach ostrokrzewu paragwajskiego, nasionach guarany, ziarnach
kakaowca i orzeszkach coli. Kofeina wywoluje wiele efektoéw farmakologicznych
w organizmie cztowieka, m. in. wptywa na os$rodkowy uktad nerwowy, przyspiesza
metabolizm, wplywa na wydzielanie soku zoladkowego. Ponadto podnosi ci$nienie
tetnicze krwi, zmniejsza senno$¢ oraz poprawia nastrdj i koncentracje. Ze wzgledu
na swoje wilasciwosci pobudzajgce, kofeina jest powszechnie spozywana na calym
swiecie w postaci tradycyjnej kawy, herbaty, napojow gazowanych, energetycznych
I czekolady. Z tego powodu Kkofeina jest czesto stosowana jako wskaznik
antropogenicznego zanieczyszczenia Srodowiska. Ponadto kofeina jest sktadnikiem
suplementow diety dla sportowcoéw, podnoszacych wydolno$¢ organizmu oraz
wspomagajacych odchudzanie. Kofeina wzmacnia dziatanie wielu substancji
leczniczych, m. in.: paracetamolu, ibuprofenu, kwasu acetylosalicylowego, etenzamidu
czy kodeiny, dlatego jest powszechnie stosowana jako sktadnik lekow
przeciwbolowych. Pomaga w leczeniu astmy, przekrwienia blony §luzowej nosa, boli

glowy, migreny, fagodzi napigcie oraz zwicksza produkcje dopaminy [24-26].

Paracetamol (PA, acetaminofen, N-(4-hydroksyfenylo)etanoamid, Rys. 1B)
to hydroksylowa pochodna acetanilidu. Paracetamol nie wykazuje wlasciwosci
przeciwzapalnych 1 nie zapobiega krzepnigciu krwi, natomiast dziata przeciwbolowo
1 przeciwgoragczkowo. Ponadto, paracetamol charakteryzuje si¢ niskim ryzykiem

pojawienia si¢ dziatan niepozadanych i nie uszkadza btony $luzowej zotadka [27-29].

Diklofenak (DF, kwas o-N-(2,6-dichlorofenylo)aminofenylooctowy, Rys. 1C)
nalezy do grupy niesteroidowych lekow przeciwzapalnych (NLPZ), jest pochodng
kwasu aminofenylooctowego o silnym dziataniu przeciwzapalnym, przeciwbolowym
1 przeciwgoragczkowym. Dziatanie leku powoduje hamowanie cyklooksygenaz
indukowanych, odpowiedzialnych za synteze prostaglandyn prozapalnych. Diklofenak
jest stosowany jako lek przeciwbolowy i przeciwzapalny w reumatoidalnym zapaleniu
stawow 1 innych chorobach uktadowych tkanki tacznej, ataku dny moczanowe;,
chorobie zwyrodnieniowej stawow oraz w zapobieganiu i leczeniu bolu pooperacyjnego
1 nerwobo6low. Diklofenak nie jest zalecany dla dzieci ponizej 12 roku Zycia oraz osob
cierpigcych na wrzody zotadka i dwunastnicy, astme aspirynowa, zaburzenia czynnos$ci

watroby, niewydolnos$¢ nerek i porfirie [30].
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Rys. 1. Wzory strukturalne A) kofeiny, B) paracetamolu, C) diklofenaku [opracowanie

)

wlasne].

1.2. Analiza polowa

Parametry wody pitnej oraz doktadnos¢ i czestotliwos$¢ ich mierzenia okresla
Rozporzadzenie Ministra Zdrowia z dn. 29 marca 2007 r. w sprawie jakosci wody
przeznaczonej do spozycia przez ludzi. Woda pobierana z uje¢ powierzchniowych
1 glebinowych objeta jest monitoringiem kontrolnym 1 przegladowym, ktorych
czestotliwos$e jest zalezna od wielkosci ujecia i1 ilosci 0sdb zaopatrywanych w wodg

z danego zrodta.
Monitoring kontrolny uje¢ powierzchniowych obejmuje:

e badanie parametréw fizycznych i1 organoleptycznych (np.: barwy, metnosci,

odczynu, przewodnosci, zapachu 1 smaku);

e badanie parametrow chemicznych (obecnosci licznych  zwigzkow,

np.: azotanow, chlorkow, cyjankoéw, jondw metali, fenoli, weglowodorow);

e badanie parametrow mikrobiologicznych (obecnosci mikroorganizmow

np. Escherichia coli, enterokoki, bakterie grupy coli, Clostridium perfringens).

Monitoring przegladowy ma szerszy zakres i obejmuje podstawowe i dodatkowe
badania  mikrobiologiczne,  chemiczne,  organoleptyczne,  fizykochemiczne,
radiologiczne oraz na obecno$¢ wolnego chloru i ozonu w zalezno$ci od stosowanych
metod oczyszczania $cickow [31]. Warto dodaé, ze zgodnie z dyrektywa Parlamentu
Europejskiego i Rady (2013/39/UE), diklofenak zostal wskazany, jako substancja

podlegajaca monitoringowi W §rodowisku wodnym na terenie catej Unii Europejskie;.
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Wzrost zanieczyszczenia $rodowiska wodnego, | zwigzane z tym ryzyko
dla zdrowia, wymusza na naukowcach opracowywanie nowych metod pozwalajacych
na prostg, szybka i ciggla kontrole analityczng, ktora powinna dostarczy¢ jakosciowe]
i ilo$ciowej informacji o stanie zbiornikow wodnych. Tradycyjne metody analizy wody,
wymagajace specjalistycznego sprzgtu, np. chromatografia czy spektroskopia moga by¢
zastosowane jedynie w laboratorium. Metody te wymagaja stosunkowo duzego naktadu
kosztow 1 zuzycia odczynnikow chemicznych. Ponadto sg czasochtonne, gdyz
konieczne jest przetransportowanie probki do laboratorium, przechowywanie jej
w odpowiednich warunkach, a takze wieloetapowy proces przygotowania probki
do analizy. Rozwigzaniem dla wielu tych probleméw moga by¢ analizatory przenosne,
ktore pozwalaja na monitorowanie jako$ci wody bezposrednio w terenie. Analiza
polowa umozliwia pomiar parametréow ulegajacych szybkim zmianom, oceng jakosci
wody, a takze wykrywanie awaryjnych skazen wody. Z jej wykorzystaniem mozna
otrzymywac réwniez wstepne wyniki do pdzniejszych badan w laboratorium [32,33].
Analizatory przenosne znalazty zastosowanie do kontroli  jakosci wod
powierzchniowych, podziemnych, wody morskiej, $ciekdw przemystowych 1 wody

pitnej.

Analizatory polowe charakteryzuja si¢ m.in. malag masg pozwalajaca
na transport przez jedng osobe, zasilaniem akumulatorowym, szybkoscig pomiaru od
kilku do kilkunastu minut oraz wzglednie prostg procedurg pomiarowg. Pomiary moga
by¢ wykonywane bezposrednio poprzez zanurzenie sondy w toni wodnej lub posrednio
poprzez pobranie probki do naczynia, dodanie odpowiednich odczynnikéw 1 odczekanie
okreslonego czasu w zalezno$ci od opracowane] procedury pomiarowej. Aparaty
polowe moga mierzy¢ jeden, kilka lub nawet kilkadziesigt parametrow w jednym
czasie. Dziatanie analizator6w przeno$nych oparte jest przede wszystkim na dwoch
metodach  pomiarowych:  kolorymetrii  oraz  elektrochemii. W  metodach
kolorymetrycznych wykorzystywane sa papierki wskaznikowe, przyrzady z wizualng
oceng barwy roztworu, proste kolorymetry oraz roznej klasy spektrofotometry z siatka
dyfrakcyjng. Natomiast metody elektrochemiczne wykorzystuja réznorodne elektrody,
m.in.: pH-metry, elektrody jonoselektywne, konduktometry, a takze cieszace sig

ostatnio coraz wigkszg popularnoscia, czujniki sitodrukowane.
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1.3. Czujniki sitodrukowane

Sitodruk znany byt na Dalekim Wschodzie od tysiecy lat, jednak wicksza
popularno$¢ zdobyt w XIX - XX w., kiedy zostal wykorzystany w sztuce i druku
wielkoformatowym. Pod koniec lat osiemdziesigtych ubieglego wieku technologi¢
sitodruku po raz pierwszy wykorzystano do produkcji elektronicznych uktadoéw
stosowanych do oznaczania stgzenia glukozy we krwi. Obecnie dzigki zastosowaniu tej
technologii  otrzymywane  sa  elektrochemiczne  czujniki  sitodrukowane
(ang. screen-printed electrodes, SPEs), ktore sa produkowane masowo i szeroko
dostepne w handlu. Automatyzacja produkcji zapewnia dobrg powtarzalno$¢, niski
koszt oraz duza dostepnos$¢ czujnikoéw. Na poczatku procesu przygotowywana jest
forma drukowa, inaczej sito, na ktore naciggnigta jest siatka. Na siatke nakladany jest
zaprojektowany szablon, ktory zakrywa miejsca niepoddawane drukowaniu. Nastepnie
farba nanoszona jest na catg powierzchnie siatki i przeciskana przez puste przestrzenie
w matrycy na odpowiednie podioze, stanowigc drukowany obraz. Po usunigciu matrycy,
farba jest utrwalana poprzez odparowanie rozpuszczalnika, naswietlanie UV lub reakcje
chemiczng. Po oczyszczeniu, matryca moze zosta¢ ponownie Wykorzystana do dalszej
produkcji czujnikow [34-36].

Ze wzgledu na mozliwo$¢ druku wielowarstwowego, powyzsza technologia
pozwala na produkcje czujnikow sitodrukowanych m.in. w postaci pojedynczej
elektrody pracujacej (Rys. 2A) lub zespolonego uktadu trzech elektrod: elektrody
pracujacej, pseudo-odniesienia oraz elektrody pomocniczej (Rys. 2B). Przygotowanie
czujnikow sitodrukowanych obejmuje nakladanie m.in.: warstwy przewodzace;j,
wlasciwej warstwy elektrodowej | warstwy izolujacej. Wszystkie warstwy utwardzane

sg odpowiednig metoda, wlasciwag dla rodzaju nanoszonego tuszu.
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Elektroda pracujaca ﬁ’)
Elektroda pomocnicza

A\ — 5\

Rys. 2. A) Klasyczny uktad trojelektrodowy; B) zespolony czujnik sitodrukowany

[opracowanie wiasne].

Do produkcji czujnikow sitodrukowanych najczes$ciej wykorzystywane sg
tusze weglowe i srebrne. Sciezki przewodzace oraz elektrody odniesienia
nadrukowywane sg przy uzyciu tuszu srebrnego. Natomiast tusz weglowy, ztozony ze
sproszkowanego grafitu i polimeru rozpuszczonego w odpowiednim rozpuszczalniku,
stosowany jest do produkcji elektrod pracujacych. Ze wzgledu na chemiczng oboj¢tnosé
wegla, sktad tuszu weglowego moze by¢ modyfikowany w szerokim zakresie,
w zaleznosci od potrzeb. Elektrody pracujace moga by¢ réwniez produkowane ze zlota,
jednak, ze wzgledu na wysoka ceneg, s3 one stosowane zwykle w czujnikach
biologicznych opierajacych si¢ na reakcjach enzymatycznych lub immunologicznych.
[37,38]. Tusze do produkcji elektrod sitodrukowanych nanoszone sg na specjalne
podtoze ceramiczne (tlenek glinu(lll)) lub polimerowe (polichlorek winylu). Zaleta
plytek ceramicznych, w poréwnaniu z polimerowymi, jest wigksza odporno$¢ na
temperature oraz nizszy poziom szumow, co jest szczegolnie istotne podczas pomiaru
pradu na niskim poziomie. Sktad tuszu czegsto jest wzbogacony o polimery i oleje
mineralne, ktoérych zadaniem jest zwigkszenie przyczepnos$ci do plytki. Zabieg ten moze
powodowa¢ trudnosci w przewodzeniu pradu, a tym samym zmniejszanie sygnatu
analitycznego [39,40]. W celu poprawy szybkos$ci przenoszenia elektronow, do tuszu
dodawane sg roznorodne substancje, np. metale szlachetne oraz tlenki metali, np. tlenek
manganu(lV) [41] lub tlenek bizmutu(lll) [42]. Czujniki sitodrukowane pozwalajg na
szybka analize zwigzkoéw organicznych [43] i jonow metali [44] na niskich poziomach

stezen.
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1.4. Sposoby modyfikacji powierzchni czujnikow sitodrukowanych

Powierzchnia czujnikéw elektrochemicznych moze by¢ modyfikowana w celu
zwigkszenia powierzchni aktywnej, poprawy selektywnosci i czuto$ci oznaczen, a takze
wzmocnienia i lepszego rozdzielenia sygnatow analitycznych. W literaturze opisanych
jest wiele sposobéw modyfikacji powierzchni czujnikow sitodrukowanych za pomoca
np. nanoczasteczek metali [45] i materiatlow weglowych, np. grafenu [46], nanorurek
[47] 1 nanowlokien [48,49] weglowych, a takze za pomocg polimerow [50] i enzymow
[51]. Ponizej przedstawione zostaly wybrane przyklady modyfikacji powierzchni
czujnikow sitodrukowanych nawigzujace do tematyki badan prowadzonych w ramach

niniejszej rozprawy doktorskiej.

1.4.1. Modyfikacja blonkq metalu

Ze wzgledu na niski koszt produkcji, szeroki zakres potencjatow oraz
chemiczng obojetnos¢, sitodrukowane czujniki weglowe sa chetnie wykorzystywane
w pomiarach elektroanalitycznych. Jednakze ostateczne wilasciwoscei elektrody, takie
jak powierzchnia aktywna, poziom pradu tla czy aktywnos¢ elektrochemiczna zalezne
sg od rodzaju i sktadu tuszu. Modyfikacja tuszu za pomoca metalu jest jednym
Z najczesciej stosowanych sposobow wzmocnienia sygnatu analitycznego badanej
substancji. Rozdrobnione czastki metali (np. Au, Ag, Bi, Sb, Sn) mogg zostaé
wprowadzone do roztworu tuszu 1 naniesione na elektrode podczas procesu drukowania,
a nastepnie utwardzone poprzez wygrzewanie w wysokiej temperaturze Ilub
odparowanie rozpuszczalnika. Innym sposobem modyfikacji jest osadzanie warstwy
metalu na powierzchni elektrody pracujacej. Pierwsze doniesienia o mozliwosci
zastosowania czujnika sitodrukowanego pokrytego btonka rteci do oznaczania jonow
otowiu(ll) w moczu przedstawiono w pracy J. Wang i B. M. Tian [52]. W kolejnych
latach powyzsza metod¢ zastosowano rowniez do oznaczania innych jonoéw metali,

m.in. miedzi(I1), kadmu(ll) i cynku(ll) [53,54].

Alternatywa dla modyfikacji elektrody za pomocg blonki rtgci moze byc
btonka bizmutu [55] lub otowiu [56,57]. Osadzanie blonki metalu polega na
elektrochemicznej redukeji odpowiednich jondéw (np. Pb**, Bi**) do postaci metalicznej

na powierzchni elektrody. Najczegsciej osadzanie btonki prowadzone jest metoda in situ
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[55] lub ex situ [58] (z osobnego naczynka pomiarowego). Obecno$¢ drobin metalu na
powierzchni elektrody zwigksza powierzchni¢ aktywng czujnika, co wptywa na ilos¢
nagromadzonego analitu, a w konsekwencji przektada sie na wyzszy 1 lepiej
uksztaltowany sygnatl analityczny. Blonke metalu mozna tez osadza¢ na powierzchni
elektrody sitodrukowanej z wykorzystaniem mediatora. W tym celu do roztworu,
oprécz jonéw metalu tworzacych blonke (np. Pb?*, Bi®*) wprowadzane sa jednoczesnie
jony innego metalu (np. Zn**, Cd*") [59,60]. Potencjal przykladany do elektrody
w pierwszym etapie procesu powoduje redukcje jondw obu metali do postaci
metalicznej. Natomiast w drugim etapie, potencjat jest tak dobrany, ze zachodzi
osadzanie btonki i utlenianie mediatora. W literaturze odnalez¢ mozna roéwniez
zastosowanie nanoczastek tlenkéw metali jako modyfikatoréw powierzchni, np. tlenku
ceru do oznaczania kofeiny w surowicy [61] lub tlenku bizmutu do oznaczania

paracetamolu w preparatach farmaceutycznych [45].

1.4.2. Modyfikacja nanomateriatami weglowymi

W ostatnich latach bardzo duza popularnos$cig ciesza si¢ nanomateriaty
weglowe. Naukowcy stale znajdujg dla nich nowe zastosowania, a ich bardzo
rozbudowana powierzchnia aktywna spowodowata, ze zaczeto stosowaé je rowniez
w elektrochemii jako modyfikacja elektrod pracujacych. Pierwszym nanomaterialem,
ktérego zaczeto uzywac na masowa skale, w tym rowniez do modyfikacji powierzchni
elektrod pracujagcych byt grafen [40]. Grafen jest alotropem wegla w postaci
pojedynczej warstwy atoméw w dwuwymiarowej heksagonalnej sieci. Charakteryzuje
si¢ bardzo wysoka przewodnoscia, stabilnoscig 1 wytrzymalo$cig. Jednoczesnie grafen
jest podatny na modyfikacje chemiczne, a jego powierzchni¢ mozna funkcjonalizowaé
roznymi grupami. Niemodyfikowana sitodrukowana elektroda grafenowa znalazta
zastosowanie w oznaczaniu paracetamolu [29], z kolei grafen modyfikowany
polianiling zastosowano do jednoczesnego oznaczania cynku, kadmu i otowiu [62].
Obecnie duze zainteresowanie naukowcow budzi tlenek grafenu [63] oraz zredukowany
tlenek grafenu [64], ktorych warstwy weglowe rowniez moga zosta¢ funkcjonalizowane
odpowiednimi grupami. Przyktadem zastosowania nanokompozytu tlenku grafenu oraz
tlenkow zelaza(IIl) i krzemu(Il) jest zaproponowana procedura o0znaczania

paracetamolu w preparatach farmaceutycznych i moczu [65]. Z kolei ciekawym
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polaczeniem modyfikacji powierzchni sitodrukowanej elektrody pracujacej jest
jednoczesne zastosowanie zredukowanego tlenku grafenu i nafionu do oznaczania
kofeiny [66] lub zredukowanego tlenku grafenu i sadzy do oznaczania paracetamolu
[67].

Kolejnym czgsto stosowanym nanomateriatem sg nanorurki weglowe, ktore
powstaja przez zwini¢cie plaszczyzny grafenu w forme rurki pustej w S$rodku.
Nanorurki moga by¢ jednoscienne (ang. single-walled nanotubes, SWNTSs), ktore
ztozone sg z jednej warstwy atomow lub wielo$cienne (ang. multi-walled nanotubes,
MWNTSs) zlozone =z wielu warstw atomow. Nanorurki s3 jednymi
z najbardziej wytrzymatych i1 najsztywniejszych znanych materiatow, maja bardzo
wysoka wytrzymato$¢ na rozcigganie, pomimo niewielkiej gestosci. W pordwnaniu
do klasycznych elektrod weglowych, nanorurki weglowe charakteryzuja si¢ szybsza
wymiang elektronow, co powoduje wigkszg aktywno$¢ elektrochemiczng. Mozliwe
sa modyfikacje nanorurek weglowych poprzez osadzanie na ich powierzchni réznych
grup funkcyjnych, na przyktad grup karboksylowych. Nanorurki weglowe maja
szerokie zastosowanie w oznaczaniu zwigzkow organicznych np.: dopaminy [68],
kapsaicyny [69] czy paracetamolu [47]. Ciekawym przykladem jest jednoczesne
zastosowanie modyfikacji za pomoca wielosciennych nanorurek weglowych
I chitozanu. Powstala membrana moze by¢ dodatkowo modyfikowana rtecia,
co powoduje powstanie niewielkich kropelek rtgci rozmieszczonych réwnomiernie
na powierzchni. Zaprezentowana metoda znalazta zastosowanie do oznaczania metali
ciezkich [70]. Innym przyktadem jest jednoczesna modyfikacja jednos$ciennymi
nanorurkami weglowymi, nanokompozytem polipirolu i peroksydaza chrzanowa, ktora

znalazla zastosowanie w oznaczaniu paracetamolu [71].

Duzym zainteresowaniem naukowcOw cieszg si¢ rowniez nanowlokna
weglowe. W  przeciwienstwie do nanorurek, nanowldkna s3a pelne w $rodku
I zbudowane z utozonych na sobie warstw grafenu. Materiat ten charakteryzuje si¢ duza
wytrzymatoscig 1 przewodnoscig elektryczng, dlatego doskonale sprawdza si¢ jako
modyfikator powierzchni elektrody pracujacej. Przykladem zastosowania elektrod
sitodrukowanych modyfikowanych nanowloknami weglowymi jest procedura

oznaczania kofeiny w napojach [72] lub wodzie kranowej i $ciekach szpitalnych [73].
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1.5. Zastosowanie czujnikow sitodrukowanych do analizy wybranych substancji

czynnych preparatow farmaceutycznych

Szeroka oferta dostgpnych czujnikow sitodrukowanych, a takze mnogo$¢
sposobow modyfikacji powierzchni elektrod pracujacych, stwarza ogromne mozliwosci
aplikacyjne. W  Tabeli 2 zebrano dotychczas opisane w literaturze
woltamperometryczne procedury oznaczania wybranych substancji czynnych lekow
(kofeiny, paracetamolu i diklofenaku) na niemodyfikowanych i modyfikowanych
czujnikach sitodrukowanych. Dane poréownano z wynikami badan prowadzonych

w ramach niniejszej rozprawy doktorskiej (Publikacje 1-4).

Warto zauwazy¢, ze znaczacg wigkszos¢ metod przedstawionych w ponizszej
tabeli zastosowano do analizy produktow spozywczych (kofeina) lub preparatow
farmaceutycznych i probek biologicznych (paracetamol). Tylko w jednej pracy [73]
opisano zastosowanie elektrody sitodrukowanej w oznaczeniach paracetamolu i kofeiny
w probkach wody kranowej i Sciekow szpitalnych. Niemniej jednak, w pracy tej probki
wody kranowej byly wzbogacane roztworami wzorcowymi paracetamolu i1 kofeiny
(dodatek rzedu 10° mol L?). Wedlug danych literaturowych [11,14,15] stezenie
paracetamolu w wodach naturalnych utrzymuje si¢ na poziome 10** — 10°® mol L™,
podczas gdy granica wykrywalno$ci  zaproponowanej  procedury  wynosi
2x 10" mol L™

Jak mozna zauwazy¢, procedury bedace podstawa niniejszej rozprawy
doktorskiej (Publikacje 1-4) charakteryzujg si¢ najnizszymi granicami wykrywalnosci,
przy jednoczesnie szerokich zakresach liniowych krzywych kalibracyjnych. Ponadto,
po raz pierwszy opracowano woltamperometryczne procedury na elektrodach
sitodrukowanych pozwalajace na oznaczanie realnych stezen kofeiny, paracetamolu
i diklofenaku w probkach wod. Opracowane procedury nie wymagaja czasochtonnego

etapu przygotowanie elektrody i probki.
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Tabela 2. Zestawienie woltamperometrycznych procedur
paracetamolu i diklofenaku na elektrodach sitodrukowanych.

oznaczania kofeiny,

Granica
Elektroda Technika Zakres_lllnlowy wykry: . Zastosowanie Lit.
[mol L] walnosci
[mol L™
Kofeina
CeO,/SPE DPV  50x10°-29x10* 2,4x10°  Surowica [61]
RGO/Nafion/SPE ~ CV 2,9x107-2,6 x10° 22x107  Kawa [66]
CNFs/SPCE DPV  2,0x107-1,0x10° 56 x 10  Napoje [72]
CNFs/SPCE DPV  10x10°-57x10°  26x 197  \Vodakranowa, [73]
$cieki szpitalne
Napoje energetyczne,
ARI/SPCE SWV  5,0x107-2,0x10° 5,0x10°® POl gety [74]
mleczne, soki
_ 1,0x107-9,0 x 10”7 . :
NMP/Nafion/SPE DPV 10x10°-53x10° 2,1 x 10 Kawa, napoje [75]
ALP/SPE cVv 1,0x107-1,0x10° 8,0 x10®  Kawa, herbata, napoje  [76]
EIGPU DPV  4,0x10°-2,0x10™ 1,6 x 10 Prep. farmaceutyczne [77]
Publi-
BiF/SPCE DPV 1,0x107-2,0x10° 2,7%x10®  Woda rzeczna .
kacja 1
Paracetamol
SPCE DPV 33x10°-2,0x10* 6,6 x 107 Prep. farmaceutyczne [28]
SPGIE cV 1,0x107-5,0x 10° 2,0x10®  Slina ludzka [29]
Surowica ludzka, prep.
BiO-SPE DPV  50x107-97x10°  3,0x10° Prep- 15
farmaceutyczne
DPV 1,0x10°%-1,0x 107 -
CNT/SPCE oV 5% 105 1.0 % 10° Prep. farmaceutyczne [47]
X — X -
MBs/Protein- 4 %
G/SPE DPV 0-7,5x10 1,8 x 10 Prep. farmaceutyczne [51]
CeO,/SPE DPV ~ 9,0x10°-720x10°  51x10°  Surowica [61]
Prep. farmaceutyczne,
AGIrO/SPE SWV  0-10x10° 1,7 x 107 p-7 4 [63]
surowica
GO/Fe,04/Si0,. DPV 5.0 %107 1,0 x 10° 1,0 x 107 Prep. farmaceutyczne, [65]
/SPE mocz
EIGPU cVv 1,0x 10°-1,0 x 10 8,0x 107  Prep. farmaceutyczne [66]
CB-ERGO/SPCE  SWV ~ 99x10°-95x10°  28x10° - [67]
HRP/SWCNT/Ppy/ 5 4 %
SPE DPV 24x107-1,2x10 8,1 x10 Prep. farmaceutyczne [71]
CNFs/SPCE DPV  60x107-53x10°  20x107  Vodakranowa, [73]
$cieki ze szpitala
EIGPU DPV 1,0 x 10°-4,0 x 10° 8,4x10°  Prep. farmaceutyczne [77]
EIGPU DPV 1,0 x 10°-4,0 x 10° 8,4x 107  Prep. farmaceutyczne  [78]
Prep. farmaceut czne,
CeBIO,NFS/SPE  DPV  25x10°-13x10* 2,0 x 107 P 4 [79]

surowica

20




SPCE DPV 50x10%-19x 10" 1,3x10®  Prep. farmaceutyczne [80]

DPV 4,0x10°-4,0x10™ 1,4x10°

PEDOT/SPE cV 10x10°-10x10° 37x10° Prep. farmaceutyczne [81]
MXene/SPE DPV 2,5%107-2,0 x 10° 48x10°  Prep. farmaceutyczne,  [82]
ZVISDSIMSPE ~ SWV  40x 107—1,0x 10*  80x10®  Frep-famaceutyezne, oo,
mocz, surowica
20%x10°-50x10° 10 Publi-
CNFs/SPCE DPAdSV 10x107—20 x 10° 54 %10 Woda rzeczna, morska Kacja 2
Diklofenak
Woda rzeczna
SPCE/MWCNTs- ' Publi-
DPAdSV 1,0x10°-1,0x 10 28x 101 rep. farmaceutyczne, )
COOH prep. T e, acja 3
surowica
Paracetamol i diklofenak
SPCE/MWCNTSs- PA5,0x10°-5,0x10° PA1,4x10° Publi-
DPAdSV ’ 0 . " ’ 4, Woda rzeczna, Scieki .
COOH DF1,0x107-2,0x10° DF 3,0 x 10 kacja 4

CeO,/SPE - elektroda sitodrukowana modyfikowana tlenkiem ceru(lV); RGO/Nafion/SPE — Elektroda
sitodrukowana modyfikowana zredukowanym tlenkiem grafenu i Nafionem; CNFs/SPCE — weglowa
elektroda sitodrukowana modyfikowana nanowtéknami weglowymi; ARIISPCE — weglowa elektroda
sitodrukowana modyfikowana alizaryng; NMP/Nafion/SPE — elektroda sitodrukowana modyfikowana
Nafionem i N — metylopirolidonem; ALP/SPE - Elektroda sitodrukowana modyfikowana
glutaraldehydem, fosfatazq alkaliczng i cysteaming; EIGPU — grafitowa i poliuretanowa kompozytowa
elektroda sitodrukowana; BiF/SPCE — weglowa elektroda sitodrukowana modyfikowana blonkg bizmutu,
SPCE - weglowa elektroda sitodrukowana; SPGrE — grafenowa elektroda sitodrukowana;
BiO-SPE - sitodrukowana elektroda grafitowa modyfikowana Bi,O, 33; CNT/SPCE — weglowa elektroda
sitodrukowana modyfikowana nanorurkami weglowymi; MBs/Protein-G/SPE — elektroda sitodrukowang
modyfikowana biatkiem magnetycznym G; AGrO/SPE — elektroda sitodrukowana z aktywowanym
tlenkiem grafenu; GO/Fe,04/SIO,/SPE - grafitowa elektroda sitodrukowana modyfikowana
nanokompozytem tlenkiem grafenu, Fe,O3 i SiO,; CB-ERGO/SPCE — weglowa elektroda sitodrukowana
modyfikowana zredukowanym tlenkiem grafenu i sadzg; HRP/SWCNT/Ppy/SPE - elektroda
sitodrukowana modyfikowana jednosciennymi nanorurkami weglowym, nanokompozytem polipirolu i
peroksydazq chrzanowq, CeBIONFS/SPE — elektroda sitodrukowana modyfikowana nanowtdknami
CeBiO,; PEDOT/SPE - elektroda sitodrukowana modyfikowana poli(3,4-etylenodioksytiofenem);
MXene/SPE - elektroda sitodrukowana modyfikowana MXene; ZY/SDS/MSPE - elektroda
sitodrukowana modyfikowana krysztatami zeolitu i dodecylosiarczanem sodu; SPCE/MWCNTs-COOH —
elektroda sitodrukowana modyfikowana wielosciennymi nanorurkami weglowymi funkcjonalizowanymi
grupami karboksylowymi; DPV — woltamperometria impulsowo-réznicowa, SWV — woltamperometria
fali prostokgtnej; CV — woltamperometria cykliczna; DPADSV — impulsowo-réznicowa adsorpcyjna
woltamperometria stripingowa.
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2. Badania wlasne

Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej miaty
na celu opracowanie woltamperometrycznych procedur oznaczania wybranych
sktadnikow lekow przeciwbolowych, kofeiny, paracetamolu i diklofenaku,
z wykorzystaniem czujnikéw sitodrukowanych, a takze sprawdzenie mozliwosci ich
praktycznego zastosowania w analizie probek wod. W tym celu:

e zoptymalizowano sktad elektrolitu podstawowego, sposob modyfikacji
powierzchni  czujnika  sitodrukowanego oraz  parametry  techniki

(Rozdz. 2.1);

e scharakteryzowano powierzchnie czujnikow sitodrukowanych
z wykorzystaniem nowoczesnych technik instrumentalnych oraz zbadano

charakter zachodzacych procesow elektrodowych (Rozdz. 2.2);

e zbadano wplyw mozliwych interferentbw oraz opracowano sposoby ich

minimalizacji (Rozdz. 2.3);

e zastosowano opracowane procedury w analizie probek wod i1 Sciekoéw
(Rozdz. 2.4).

2.1. Woltamperometryczne procedury oznaczania kofeiny, paracetamolu

I diklofenaku z wykorzystaniem czujnikow sitodrukowanych

W trakcie optymalizacji poszczegdlnych procedur oznaczania wybranych
substancji czynnych lekow przeciwbolowych, kazdorazowo optymalizowano pH oraz
stezenie elektrolitu podstawowego. W przypadku procedury oznaczania kofeiny
(Publikacja 1) dodatkowo zoptymalizowano stezenie jonéw bizmutu(l11). W kolejnym
etapie badan zoptymalizowano potencjat i czas osadzania btonki bizmutu (Publikacja
1) lub nagromadzania analitu (Publikacja 2-4). Nastepnie zoptymalizowano rodzaj
i parametry technik rejestracji sygnatu (Publikacja 1-4).

Oznaczenia woltamperometryczne w zoptymalizowanych warunkach pomiaru
prowadzono z zastosowaniem woltamperometrii impulsowo-réznicowej (DPV),
impulsowo-r6znicowej adsorpcyjnej woltamperometrii  stripingowej (DPAdSV)
lub DPAdSV z nagromadzaniem impulsami  potencjalowymi.  Pomiary

woltamperometryczne prowadzono z wykorzystaniem analizatora elektrochemicznego
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(uAutolab, Holandia), statywu elektrodowego (MTM-anko) i komputera
z oprogramowaniem GPES (Holandia). W naczynku elektrochemicznym umieszczano
trzy oddzielne elektrody lub jeden zespolony czujnik pomiarowy (Rys. 3).
W publikacji 1 zastosowano uktad trojelektrodowy sktadajacy si¢ z: wyprodukowanej
przy wspolpracy ze §p. prof. K. Vytirasem (Uniwersytet w Pardubicach, Czechy)
sitodrukowanej elektrody weglowej modyfikowanej w trakcie pomiaru btonkg bizmutu
(BiF/SPCE, elektroda pracujaca), elektrody chlorosrebrowej (elektroda odniesienia)
i drucika platynowego (elektroda pomocnicza). W publikacjach 2, 3 i 4 wykorzystano
dostepne w handlu zespolone czujniki sitodrukowane, sktadajgce si¢ z: pracujacej
elektrody weglowej modyfikowanej nanowtdéknami weglowymi (SPCE/CNFs)
lub  wielo$ciennymi  nanorurkami  weglowymi  funkcjonalizowanymi  grupami
karboksylowymi  (SPCE/MWCNTs-COOH), weglowej elektrody pomocniczej
oraz srebrnej elektrody pseudo-odniesienia.

Podczas oznaczania kofeiny na BiF/SPCE (Publikacja 1), btonke bizmutu
osadzano elektrochemicznie metoda in situ. W tym celu do analizowanego roztworu
wprowadzano dodatkowo jony bizmutu(Ill) o stezeniu 5 x 10° mol L™
Przy potencjale -0,65 V przez 180 s osadzano btonke bizmutu na powierzchni SPCE,
a nastgpnie rejestrowano sygnat anodowy kofeiny (Rys. 3A). W procedurze oznaczania
paracetamolu (Publikacja 2), PA nagromadzano na SPCE/CNFs przy potencjale
-0,95 V przez 90 s, a nastegpnie rejestrowano woltamperogramy w kierunku potencjatéw
bardziej dodatnich (Rys. 3B). Diklofenak (Publikacja 3) nagromadzano
na SPCE/MWCNTs-COOH przy potencjale -0,25 V przez 60 s (Rys. 3C).
W identycznym ukladzie prowadzono jednoczesne oznaczenie paracetamolu
I diklofenaku (Publikacja 4) (Rys. 3D). W tej pracy, w celu wzmocnienia sygnatow
analitycznych pochodzacych od paracetamolu i diklofenaku, a takze minimalizacji
interferencji od surfaktantow, zastosowano nagromadzanie impulsami potencjatowymi.
Naprzemiennie przykladano do elektrody potencjat 0,1 V przez 1 s (impuls anodowy)
i -0,25 V przez 1 s (impuls katodowy). Po kazdym z 29 cykli rejestrowano
woltamperogramy w zakresie od -0,25 do -0,254 V. Po przeprowadzeniu trzydziestego
cyklu zarejestrowano wilasciwy woltamperogram w zakresie potencjatéw od -0,25 do
15 V (Rys. 3D). Szczegotowy sktad elektrolitu oraz parametry techniki dla

poszczegdlnych procedur zestawiono w Tabeli 3.
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Rys. 3. Schemat procedur pomiarowych stosowanych podczas oznaczania: A) kofeiny
(Publikacja 1); B) paracetamolu (Publikacja 2); C) diklofenaku (Publikacja 3);
D) paracetamolu i diklofenaku (Publikacja 4).
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Tabela 3. Zestawienie sktadu elektrolitu podstawowego oraz parametrow poszczegélnych procedur oznaczania kofeiny, paracetamolu

i diklofenaku (Publikacje 1-4).

Paracetamol +

Analit Kofei_na _ Parac_etamol Diklofena!< Diklofenak
(Publikacja 1) (Publikacja 2) (Publikacja3) (Publikacja 4)
Elektroda SPCE/BIF SPCE/CNFs SPCE/MWCNTs-COOH SPCE/MWCNTs-COOH

Sklad roztworu

0,2 mol L H,S0,
5% 108 mol L Bi®*

0,1 mol LYH,S0,
1x10°mol L*EDTA

0,1 mol L™ bufor
octanowy (pH =4,0 £ 0,1)

0,15 mol L™ bufor
octanowy (pH =4,0 £0,1)

Potencjal i czas

osadzania blonki metalu 065V, 180 i i i
Potencial i ¢z 30 cykli
Searoradzanta analitu -0,95V, 90's -0,25V, 60's 0,10V, 15

g 0,25V, 1s
Technika i zakres DPV DPAdSV DPAdSV DPAdSV
rejestracji sygnalow 0,25-1,80 V -0,95 1,80 V -0,25- 1,50 V -0,25 1,50 V
Amplituda (A) 100 mV 75 mV 125 mV 150 mV
Szybko$¢ skanowania (v) 150 mV s™ 150 mV s 175 mV s* 150 mV s
Czas modulacji (tm) 40 ms 40 ms 10 ms 20 ms

*SPCE/BIF — sitodrukowana elektroda weglowa modyfikowana blonkq bizmutu;
SPCE./CNFs — sitodrukowana elektroda weglowa modyfikowana nanowtoknami weglowymi,
SPCE/MWCNTs-COOH - sitodrukowana elektroda weglowa modyfikowana wielosciennymi nanorurkami weglowymi funkcjonalizowanymi

grupami karboksylowymi.
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Na rysunku 4 poréwnano woltamperogramy otrzymane podczas oznaczania
kofeiny, paracetamolu i diklofenaku na niemodyfikowanych sitodrukowanych
elektrodach  weglowych i modyfikowanych blonka bizmutu lub warstwag
nanomaterialow weglowych. Jak mozna zauwazy¢ zastosowanie modyfikacji
powierzchni elektrody za pomoca btonki bizmutu (Rys. 4A) przyczynia si¢ do
wzmocnienia sygnatu analitycznego kofeiny oraz obnizenia pradu tta. W przypadku
oznaczania paracetamolu (Rys. 4B), poréwnano dostgpne w handlu czujniki
sitodrukowane, w ktorych elektrod¢ pracujgca stanowita elektroda weglowa (a),
weglowa modyfikowana nanorurkami weglowymi funkcjonalizowanymi  grupami
karboksylowymi (b) Iub nanowldknami we¢glowymi (C). Zaobserwowano, ze najwyzsze
natezenie pradu piku paracetamolu otrzymano na elektrodzie SPCE modyfikowanej
nanowtoknami weglowymi. Podczas analizy diklofenaku poréwnano niemodyfikowang
SPCE (Rys. 4C, krzywe a i b) oraz SPCE modyfikowang wielo$ciennymi nanorurkami
weglowymi funkcjonalizowanymi grupami karboksylowymi (Rys. 4C, krzywe c i d).
Jak mozna zauwazy¢, powyzsza modyfikacja SPCE pozwolita na wzmocnienie sygnatu
analitycznego diklofenaku oraz obnizenie pradu tta. W procedurze jednoczesnego
oznaczania paracetamolu i diklofenaku (Rys. 4D) poréwnano niemodyfikowang SPCE
(a), SPCE/CNFs (b) oraz SPCE/MWCNTs-COOH (c). W przypadku, gdy modyfikacja
elektrody byly nanowlokna weglowe, otrzymano najwyzsze natezenie pradu dla
paracetamolu, jednak nie zaobserwowano piku diklofenaku. Na SPCE/MWCNTSs-
COOH zarejestrowano sygnaty analityczne pochodzace od obydwu substancji, ktore

byly znaczaco wyzsze niz dla niemodyfikowanej SPCE.

Podsumowujac, obecno$¢ btonki bizmutu lub nanomateriatow weglowych
(nanowltokien weglowych/wielosciennych nanorurek weglowych funkcjonalizowanych
grupami karboksylowymi) na powierzchni elektrody pracujacej przyczynia si¢ migdzy
innymi do wzmocnienia sygnatu analitycznego kofeiny, paracetamolu i diklofenaku.
To wzmocnienie sygnalow analitycznych zwigzane jest glownie ze zwigkszeniem

powierzchni aktywnej elektrody, co potwierdzono w dalszych badaniach.
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Rys. 4. Woltamperogramy otrzymane podczas oznaczania: A) 2,0 x 10° (a, c) oraz
1,0 x 10®° mol L™ (b, d) kofeiny na SPCE (a, b) oraz BiF/SPCE (c, d) (Publikacja 1);
B) 5,0 x 107 mol L™ paracetamolu na SPCE (a), SPCE/MWCNTs-COOH (b),
SPCE/CNFs (c) (Publikacja 2); C) 5,0 x 10® mol L™ (a, ¢) oraz 1,0 x 107 mol L*
(b, d) diklofenaku na SPCE (a, b) oraz SPCE/MWCNTs-COOH (c, d) (Publikacja 3);
D) 2,0 x 10® mol L™ paracetamolu i 2,0 x 10® mol L™ diklofenaku na SPCE (a),
SPCE/CNFs (b), SPCE/MWCNTs-COOH (c) (Publikacja 4).
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W Tabeli 4 zestawiono parametry analityczne  opracowanych
woltamperometrycznych procedur oznaczania kofeiny, paracetamolu i diklofenaku
z wykorzystaniem czujnikow sitodrukowanych. Jak mozna zauwazy¢, najnizszg granice
wykrywalnosci i oznaczalno$ci uzyskano dla diklofenaku na SPCE/MWCNTs-COOH
rzedu 10" mol L™ Warto w tym miejscu podkreslic, ze po raz pierwszy
zaproponowano zastosowanie czujnikow sitodrukowanych w oznaczeniach diklofenaku
(Publikacje 3 i 4). W czesSci ,,Aktualny stan wiedzy” (Rozdziat 1.5) niniejszej pracy,
przedstawiono poréwnanie uzyskanych parametréw analitycznych na czujnikach
sitodrukowanych z danymi dostgpnymi w literaturze. Stwierdzono, ze otrzymane
granice wykrywalno$ci sg najnizszymi spos$rod procedur oznaczania poszczego6lnych
zwigzkow na czujnikach sitodrukowanych [61-83]. Ponadto, porownujac powyzsze
wyniki z parametrami analitycznymi otrzymanymi na innych rodzajach czujnikéw

elektrochemicznych, stwierdzono, ze w przypadku oznaczania:

e kofeiny — istnieje tylko kilka prac opisujagcych mozliwosci 0znaczania kofeiny
na porownywalnych i nizszych poziomach stezen [24, 84-91], jednakze Zzadna
z opracowanych procedur nie zostala zastosowana do oznaczania kofeiny
w probkach $rodowiskowych, ponadto proponowane czujniki w wigkszos$ci

przypadkéw wymagaja pracochtonnej procedury modyfikacji ich powierzchni;

e paracetamolu, diklofenaku oraz jednoczesnego oznaczania paracetamolu
i diklofenaku — nie znaleziono prac opisujacych procedury, w ktorych

osiagnigto by nizsze granice wykrywalnosci.
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Tabela 4. Parametry analityczne opracowanych procedur oznaczania kofeiny,

paracetamolu 1 diklofenaku z wykorzystaniem czujnikow sitodrukowanych

(Publikacje 1-4).

Granica Granica Zakres liniowy

Analit wykrywalnosci oznaczalno$ci krzywej kalibracyjnejr(;f_g?;gziy nnik
[mol LY [mol L] [mol L] ]

Kofeina -8 -8 7 5

(Publikacja 1) 2,7% 10 9,0 x 10 1,0 x 107=2,0 x 10 0,9927
Paracetamol 10 9 2,0x10°-50x10°  0,9991
(Publikacja2) > <19 1,810 1.0x107-2,0x 107 0,9994
Diklofenak 11 11 -10 -8

(Publikacja 3) 2,8 %10 9,4 x 10 1,0x 10 - 1,0 x 10 0,9999
Paracetamol 1,3 x 107 45 %107 50x10°-5,0x10° 0,971

+ Diklofenak 1,2 x 107" 5,1 x 10 1,0x10°-2,0x10®  0,9989

(Publikacja 4)

Granica wykrywalnosci: LOD = 3 SD,/b;

Granica oznaczalnosci: LOQ = 10 SD,/b;

SD, — odchylenie standardowe z a (n = 3);

a—wyraz wolny;

b — wspolczynnik kierunkowy krzywej kalibracyjnej (n = 3).

W trakcie prowadzonych badan do niniejszej rozprawy doktorskiej
wyznaczono rowniez powtarzalno$¢ sygnatow analitycznych oraz odtwarzalnosé
elektrody do elektrody. Otrzymane wyniki zebrano w Tabeli 5. Uzyskane wartosci
wzglednego odchylenia standardowego $wiadcza o dobrej powtarzalnosci sygnatow

analitycznych oraz o zadawalajacej odtwarzalnos$ci elektrody do elektrody.

Tabela 5. Powtarzalno$¢ sygnalow analitycznych i1 odtwarzalno$¢ elektrody do
elektrody (Publikacje 1-4).

Stezenie Powtarzalnos¢ Odtwarzalnosc
. . 0

Analit Czujnik [mol L] RSD [%)] (RnSli)g[)/o]
Kofeina . 1,0 x 107 — 1,4-6,3

(Publikacja 1) BIF/SPCE 2,0 x 107 (n=23) -
Paracetamol 2,0 x 107 3,1 (n = 10)
(Publikacja2) SF CE/CNFs 1.0 x 10° 33(N=10) -

Diklofenak SPCE/MWCNTSs- 1.0 x 10° 0.7 (n = 10) 29

(Publikacja 3) COOH

Paracetamol
Diklofenak
(Publikacja 4)

SPCE/MWCNTs- PA1,0x10° 3,7 (n=10) 4,9
COOH DF 1,0 x 10® 53 (n=10) 5,2

RSD — wzgledne odchylenie standardowe
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2.2. Charakterystyka powierzchni czujnikéw sitodrukowanych i badanie

charakteru procesow elektrodowych

Morfologi¢ i skltad  powierzchni  niemodyfikowanych  czujnikéw
sitodrukowanych oraz modyfikowanych blonkg bizmutu lub nanomateriatami
weglowymi (nanowtoknami weglowymi/wieloSciennymi nanorurkami weglowymi)

scharakteryzowano z wykorzystaniem:

e mikroskopii optycznej (Publikacja 4);

o profilometrii optycznej (Publikacja 3);

e skaningowej mikroskopii elektronowej (Publikacje 1, 3 i 4) w potaczeniu
z spektroskopig  dyspersji  energii promieniowania  rentgenowskiego
(Publikacja 1);

e woltamperometrii cyklicznej (Publikacje 1-4).

Charakter procesow elektrodowych zachodzacych na powierzchni elektrody pracujacej
zbadano z wykorzystaniem:

e woltamperometrii cyklicznej (Publikacje 1-4);
e elektrochemicznej spektroskopii impedancyjnej (Publikacja 2);

e teorii funkcjonatu gestosci (Publikacja 2).

2.2.1. Charakterystyka powierzchni czujnikow sitodrukowanych

W celu wyjasnienia wptywu modyfikacji powierzchni elektrody na sygnat
analityczny badanych substancji zastosowano szereg technik instrumentalnych.
W publikacjach 1, 3 i 4 powierzchni¢ elektrod zobrazowano z wykorzystaniem
skaningowej mikroskopii elektronowej (SEM, Rys. 5). Na Rys. 5A i 5B przedstawiono
obrazy SEM powierzchni sitodrukowanej elektrody weglowej niemodyfikowanej
i modyfikowanej btonkg bizmutu (Publikacja 1). Obecnos¢ bizmutu (jasne punkty)
na powierzchni elektrody modyfikowanej potwierdzono z wykorzystanym spektroskopii
dyspersji energii promieniowania rentgenowskiego (EDS). Natomiast oprogramowanie
,,NIS-Elements” postuzytlo do wyznaczenia $rednicy ekwiwalentnej drobin bizmutu
(1,75-7,5 um). Obrazy SEM (Publikacja 1) wykonane przy wigkszej rozdzielczosci
pokazaty, ze powierzchnia elektrody pokryta jest agregatami drobin bizmutu.
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Na Rys. 5C i 5D poréwnano obrazy SEM handlowo dostgpnych czujnikow
SPCE oraz SPCE/MWCNTs-COOH (Publikacje 3 i 4). Stwierdzono, ze warstwa
nanorurek weglowych jest rownomiernie roztozona na powierzchni sitodrukowanej
elektrody weglowej 1 tworzy strukturg tréjwymiarowa. Dodatkowo, wykonane profile
optyczne SPCE i SPCE/MWCNTSs-COOH (Publikacja 3) pokazaly niewielkie roznice
w chropowatos$ci powierzchni (R, = 1,12 pum dla SPCE i R, = 1,30 um dla
SPCE/MWCNTs-COOH), co pokazuje ze powierzchnia elektrody pokryta jest cienka

warstwg nanorurek weglowych.

L RaifAZum

0 200 400 600 800 1000 1200 ’ 0 200 400 600um800 1000 1200
um

Rys. 5. Obrazy SEM: A) SPCE, B) SPCE/BIiF, C) SPCE, D) SPCE/MWCNTs-COOH.
Profile optyczne: E) SPCE i F) SPCE/MWCNTs-COOH (Publikacje 1, 3i 4).
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W celu dalszej charakterystyki powierzchni elektrod rejestrowano
woltamperogramy cykliczne (CV) w roztworze 0,1 mol L* KCI zawierajacego
5 x 10 mol L™ Ks[Fe(CN)s] przy zmiennej szybkosci skanowania. Na podstawie
réwnania Randlesa-Sevicka [92] i wykreslonych zalezno$ci miedzy natezeniem pradu
piku anodowego a pierwiastkiem kwadratowym z szybkosci skanowania obliczono
powierzchni¢ aktywna (As) dostgpnych w handlu czujnikéw: SPCE, SPCE/CNFs,
SPCE/MWCNTs-COOH (Rys. 6, Tabela 6). Nalezy dodaé, ze geometryczne
powierzchnie wszystkich elektrod sa takie same (12,56 mm?). Wyniki pokazuja, ze
SPCE/MWCNTs-COOH posiada wigksza powierzchni¢ aktywna niz niemodyfikowana
SPCE i1 SPCE/CNFs. Zalezno$¢ ta wyjasnia wzmocnienie sygnatow paracetamolu
i diklofenaku w stosunku do niemodyfikowanej SPCE oraz sygnatu diklofenaku
w poréwnaniu do SPCE/CNFs (Publikacja 4). Warto w tym miejscu dodac, ze wigkszy
sygnatl paracetamolu na SPCE/CNFs niz SPCE/MWCNTs-COOH zwigzany jest
z faktem iz powierzchnia SPCE/CNFs utatwia adsorpcje paracetamolu, ktorego
elektrochemiczne utlenianie jest kontrolowane wylacznie przez proces adsorpcji.
Ponadto, najprawdopodobniej obecno$¢ grup karboksylowych przyczynia si¢ do
wzmocnienia sygnalu analitycznego diklofenaku na SPCE/MWCNTs-COOH
w poréwnaniu do SPCE i SPCE/CNFs (Publikacja 4).

Na podstawie pomiarow wykonanych w 0,1 mol L' roztworze KCI
zawierajacym 5 x 10 mol L Ks[Fe(CN)s] wyznaczono dla wybranej szybkosci
skanowania (v = 175 mV s') roéznice miedzy potencjatami piku anodowego
i katodowego (4E) (Publikacje 3 i 4). W przypadku czujnikow modyfikowanych
nanomateriatami we¢glowymi zaobserwowano mniejsze wartosci 4E (169,0 = 1,7 mV
dla SPCE/CNFs oraz 149,0 + 1,5 mV dla SPCE/MWCNTs-COOH) wzglgdem czujnika
niemodyfikowanego (189,0 + 1,9 mV dla SPCE), co $wiadczy o tym Ze nanomateriaty
poprawiaja odwracalno$¢ procesow. W pracy poswieconej procedurze oznaczania
diklofenaku (Publikacja 3) obliczono réwniez wzgledne rozdzielnie sygnatow (x°),
rowne 2,57 £+ 0,025 dla SPCE/MWCNTs-COOH oraz 3,26 + 0,031 dla
niemodyfikowanej SPCE. Warto$¢ XO dla czujnika modyfikowanego jest blizsza
warto$ci teoretycznej niz w przypadku czujnika niemodyfikowanego, co $wiadczy

0 poprawie szybkos$ci przenoszenia elektrondw.
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Tabela 6. Charakterystyka powierzchni czujnikow sitodrukowanych z wykorzystaniem
woltamperometrii  cyklicznej w 0,1 mol L roztworze KCl zawierajacym
5 x 10 mol L™ K3[Fe(CN)g], v= 175 mV s (Publikacje 3 i 4).

Rodzaj czujnika As(n=3)[cm‘] A4EM=3)[mV] ,(n=3)
SPCE 0,061 +0,00058  189,0+ 1,9 3,26 + 0,031
SPCE/CNFs 0,081+0,0014  169,0+1,7
SPCE/MWCNTs-COOH 0,100 +0,00097  149,0+1,5 2,57 £ 0,025

As — powierzchnia aktywna;
AE — roznica potencjatow piku anodowego i katodowego;
XO —wzgledne rozdzielenie pikow.
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Rys. 6. Woltamperogramy cykliczne zarejestrowane 0,1 mol L™ roztworze KCI

zawierajacym 5 x 10 mol L™ K3[Fe(CN)g] przy szybkosci skanowania w zakresie

5 — 500 mV s oraz wykreslone na ich podstawie zaleznosci I = f(v?) dla: A) SPCE,
B) SPCE/CNFs, C) SPCE/MWCNTs-COOH (Publikacje 3 i 4).

34




2.2.2. Badanie charakteru procesow elektrodowych

Odwracalno$¢ oraz charakter procesow utleniania kofeiny, paracetamolu
I diklofenaku na powierzchni stosowanych elektrod zbadano z wykorzystaniem
woltamperometrii cyklicznej. Badania wykazaly, ze zar6wno kofeina na BiF/SPCE
(Rys. 7A), jak i paracetamol na SPCE/CNFs i SPCE/MWCNTs-COOH (Rys. 7B i 7C)
daje jeden pik utlenienia, przy jednoczesnym braku piku redukcji. Ponadto, potencjat
pikow utlenienia wraz ze zwigkszaniem szybkosci skanowania przesuwa si¢ w kierunku
potencjatow  bardziej dodatnich, co potwierdza nieodwracalno$¢ procesow
elektrodowych (Publikacje 1, 2 i 4). Natomiast w przypadku oznaczen diklofenaku
na SPCE/MWCNTs-COOH (Rys. 7C i 7D) rejestrowano pik utleniania przy potencjale
0 550 mV i jeden/dwa piki w czgsci katodowej. Dodatkowy pik/piki utleniania przy
potencjalach mniej dodatnich nalezy powigza¢ z powstawianiem elektrochemicznie

aktywnych produktéw utleniania diklofenaku (Publikacje 3 i 4).

Na podstawie zarejestrowanych woltamperogramoéw cyklicznych wykre§lono
zaleznosci pomiedzy nat¢zeniem pradu piku utleniania badanej substancji (lp)
a pierwiastkiem kwadratowym z szybkosci skanowania (v?). Liniowa zalezno$é
sugeruje, ze transport substancji od/do powierzchni elektrody odbywa si¢ na drodze
dyfuzji, natomiast nieliniowa zalezno$¢ $wiadczy o jej adsorpcji na powierzchni
elektrody. W celu potwierdzenia wynikdéw, wykre§lono zalezno$¢ pomiedzy
logarytmem nate¢zenia pradu piku utleniania (logly) a logarytmem z szybkosci
skanowania (logv). Warto$§¢ wspotczynnika nachylenia prostej bliska 0,5 potwierdza
dyfuzje, natomiast bliska 1 sugeruje, ze utlenianie badanych substancji jest
kontrolowane przez adsorpcje. Jezeli wspdtczynnik ten przyjmuje wartos¢ ok. 0,7, to
nie mozna jednoznacznie stwierdzi¢, czy proces jest w pelni kontrolowany przez

dyfuzje, czy przez adsorpcj¢. Proces ma wtedy charakter mieszany [72].
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Rys. 7. Woltamperogramy cykliczne zarejestrowane podczas oznaczania: A) (a) 0
i (b) 5 x 10® mol L™ kofeiny na BiF/SPCE, v = 150 mV s B) 5 x 10™ mol L™
paracetamolu na SPCE/CNFs, dla v réwnego (a) 50, (b) 100 i (c¢) 150 mV s
C) jednoczesnego oznaczania 1 x 10 mol L™ paracetamolu i 1 x 10° mol L*
diklofenaku na SPCE/MWCNTs-COOH, dla v réwnego (a) 50, (b) 100 i (c) 175 mV s™;
D) (a) 0, (b) pierwszy cykl i (c) drugi cykl 1 x 10° mol L* diklofenaku na
SPCE/MWCNTSs-COOH, v = 175 mV s; D) (Publikacje 1-4).
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W Tabeli 7 zestawiono szczegdtowe parametry wykreslonych zaleznosci dla
badanych zwigzkow. W przypadku oznaczania kofeiny na BiF/SPCE (Publikacja 1)
obydwie zalezno$ci potwierdzajg dyfuzyjny charakter procesu elektrodowego. Podczas
oznaczania paracetamolu na SPCE/CNFs (Publikacja 2) stwierdzono, ze
elektrochemiczne utlenianie paracetamolu jest kontrolowane przez adsorpcje.
Przeprowadzono réwniez pomiary z wykorzystaniem elektrochemicznej spektroskopii
impedancyjnej i na podstawie krzywych pojemnosci rozniczkowej warstwy podwojnej
na granicy faz: SPCE/CNFs/0,1 mol L™ H,SO, dla wzrastajacych stezen paracetamolu,
potwierdzono proces adsorpcyjny. Jednakze podczas oznaczania tej samej substancji
na SPCE/MWCNTs-COOH (Publikacja 4) liniowa zaleznos¢ I, = f(v''%) $wiadczy
o procesie dyfuzyjnym, natomiast zaleznos¢ logl, = f(logv) bliska 0,7 nie pozwala
jednoznacznie go zdefiniowac, sugerujac mieszany charakter procesu. Podobna sytuacja
ma miejsce w przypadku oznaczania diklofenaku na SPCE/MWCNTs-COOH
(Publikacje 3 4).

Tabela 7. Zestawienie wynikow badania procesow elektrodowych technika CV dla
kofeiny, paracetamolu i diklofenaku (Publikacje 1-4).

Charakter
Analit Elektroda Ip= f(v'?) logl, = f(logv) procesu Pub.

elektrodowego
Kofeina SPCE/BIF 0,9816 0,44 Dyfuzja 1
Paracetamol SPCE/CNFs 0,9723 0,83 Adsorpcja 2
Diklofenak (S:Z%EAMWCNTS- 0,9934 0,69 Proces mieszany 3
Paracetamol SPCE/MWCNTs-  0,9970 0,67 Proces mieszany 4
Diklofenak  COOH 0,9879 0,72 Proces mieszany

Dodatkowo,  przeprowadzono rozwazania  teoretyczne  oddziatywan
paracetamolu z warstwami weglowymi (Publikacja 2). Badania te realizowane byly
przy wspotpracy z dr hab. Tatiang Korong i mgr. Michalem Chojeckim z Pracowni
Chemii Kwantowej Wydzialu Chemii Uniwersytetu Warszawskiego. Optymalizacja
geometrii kompleksu grafenu z czasteczka paracetamolu wykazata, ze najbardziej

korzystna energetycznie jest struktura, w ktorej pierScienie aromatyczne obu czasteczek
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sg rownolegle 1 nieco przesunigte wzgledem siebie, tak by powstata w przyblizeniu
struktura typu AB. Dla znalezionych geometrii zostaly nastgpnie obliczone energie
oddzialywania migdzyczasteczkowego za pomocg rachunku zaburzen o adaptowanej
symetrii (SAPT) z czasteczkami opisywanymi na poziomie DFT (funkcjonal PBEO
z poprawka asymptotyczng). Metoda SAPT umozliwia bezposrednie obliczenie energii
oddziatywania, a jednocze$nie podaje jej podziat na skladniki o prostej interpretacji
fizycznej (energia elektrostatyczna, indukcyjna, dyspersyjna, oraz ich odpowiedniki
wymienne, wynikajgce z wymuszania zakazu Pauliego na przyblizonej funkcji falowej).
Do obliczen metoda SAPT(DFT) wykorzystana byta ta sama baza def2-TZVP,
a w przypadku energii dyspersyjnej dodatkowo przeprowadzono estymacj¢ do bazy
zupelnej. Po dodaniu do otrzymanej w ten sposob energii oddzialywania energii
deformacji 1 poprawki na energi¢ drgan zerowych uzyskano energi¢ stabilizacji, ktora
dla wszystkich podanych przypadkow miata podobng warto$¢, co umozliwito
oszacowanie energii stabilizacji dla kompleksowania paracetamolu przez grafen
na ok. -68 kJ mol™.
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2.3. Wplyw interferentow na sygnal analityczny i sposoby ich minimalizacji

W celu sprawdzenia selektywno$ci opracowanych procedur zbadano wptyw
potencjalnych interferentow mogacych wystepowaé¢ w probkach rzeczywistych oraz
zaproponowano ewentualne sposoby minimalizacji ich wptywu. W publikacjach 1 i 2
badano 10-krotnie mniejsze, roéwne i 10-krotnic wigksze st¢zenie interferenta
w stosunku do analitu. Natomiast w publikacjach 3 i 4 analizowano wzrastajace
stezenia interferentow az do zmiany warto$ci poczatkowej sygnatow o + 10%
(Tabela 8).

W przypadku oznaczania kofeiny na BiF/SPCE (Publikacja 1) wigkszos¢
analizowanych jonéw metali nie wptyneta w istotny sposdb na wysokos¢ sygnatu
analitycznego. Tylko 10-krotny nadmiar jondéw zelaza(Ill) i miedzi(Il) spowodowat
spadek sygnatu kofeiny odpowiednio do 77,3 i 86,6% jego pierwotnej wartoSci.
W przypadku analizy wptywu 2 mg L™ surfaktantéw, zaobserwowano wzmochienie
sygnatu analitycznego kofeiny do 111,9% (Triton X-100) i 102,6% (CTAB) oraz
spadek sygnatu do 73,1% (SDS) wzgledem pierwotnej wartosci. Nalezy zauwazyc,
ze pomimo zmiany wartosci natezenia pradu o wigcej niz + 10%, we wszystkich

przypadkach piki kofeiny nadal byty dobrze uksztattowane i tatwe do zmierzenia.

Podczas oznaczania paracetamolu na SPCE/CNFs (Publikacja 2) do naczynka
elektrochemicznego wprowadzono 1 x 10 mol L™ roztworu soli dwusodowej kwasu
etylenodiaminotetraoctowego, ktora tworzac trwate kompleksy z jonami metali
ogranicza ich wptyw na sygnat analityczny [55,93]. Wigkszos¢ badanych jonow metali
wykazywata nieznaczny wpltyw na sygnal paracetamolu (sygnaty wzgledne
paracetamolu miescity si¢ w zakresie 92,4 — 105,1%). Najwigkszag zmiang,
do 79,5 + 3,4% oryginalnej warto$ci sygnatu zaobserwowano po dodaniu 10-krotnego
nadmiaru Fe(lll) w stosunku do stezenia paracetamolu. Ponadto, zbadano wptyw
na sygnat paracetamolu, ibuprofenu oraz surfaktantow. Stwierdzono, zZe
10-krotny nadmiar ibuprofenu nie wplyngt na sygnal analityczny paracetamolu,
natomiast surfaktanty dodane w ilosci 20 mg L™ spowodowaty jego spadek do 62,3%
(Triton X-100), 72,8% (SDS) i 62,5% (CTAB). Warto zauwazy¢, ze przy tak wysokich
stezeniach substancji powierzchniowo czynnych sygnal analityczny paracetamolu byt

dalej dobrze uksztaltowany i tatwy do zmierzenia.
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W przypadku oznaczen diklofenaku na SPCE/MWCNTs-COOH (Publikacja
3), powszechnie wystgpujace w wodach jony metali oraz substancje czynne preparatow
farmaceutycznych, tj. ibuprofen, kofeina 1 paracetamol miaty znikomy wptyw
na wysoko$¢ sygnatu analitycznego (sygnaly wzgledne miescily si¢ w zakresie
93,7 — 100,1%). W przypadku surfaktantow: 5,0 mg L™ Triton X-100, 1 mg L™ CTAB,
2 mg L SDS oraz 10 mg L™ kwaséw humusowych, sygnaly wzgledne miescily sic
w zakresie 90,4 — 92,0%.

Podczas  jednoczesnego  oznaczania  paracetamolu i  diklofenaku
na SPCE/MWCNTs-COOH (Publikacja 4) minimalizowano wplyw substancji
powierzchniowo czynnych na sygnaly analityczne poprzez zastosowanie
nagromadzania impulsami potencjalowym [94,95]. Jest to szybki i prosty sposob
minimalizacji interferencji od substancji powierzchniowo czynnych, ktéory moze by¢
zastosowany poza laboratorium. W tym celu do elektrody naprzemiennie przyktadano
w jednym cyklu potencjat 0,1 V przez 1 s (impuls anodowy) oraz -0,25 V przez 1 s
(impuls katodowy). Po przeprowadzeniu 60 cykli, rejestrowano sygnaly analityczne
paracetamolu i diklofenaku. Potencjaty byly tak dobrane, zeby w trakcie impulsu
anodowego nastepowata desorpcja interferentow z powierzchni elektrody, a w trakcie
impulsu  katodowego maksymalna adsorpcja analitbw. Wyniki poréwnano
do nagromadzania przy stalam potencjale -0,25 V przez 60 s oraz do 60 cykli
nagromadzania impulsami potencjatowymi: -0,25 V przez 1 s (impuls katodowy) i skan
DPV -0,25 - 0,1 V (impuls anodowy). Zgodnie z danymi literaturowymi [94],
zawarto$¢ surfaktantow w wodach naturalnych mozna poréwnaé¢ do stezenia
0,2-2mg L™ Tritonu X-100. Z tego wzgledu zwigzek ten wykorzystano jako wzorzec
do badania wpltywu nagromadzania impulsami potencjalowymi na minimalizacje
interferencji pochodzacych od surfaktantow. Na Rys. 8A i 8B zaprezentowano
poréwnanie sygnalow wzglednych paracetamolu 1 diklofenaku po wprowadzeniu
okreslonego stezenia Tritonu X-100 1 zastosowaniu wymienionych wczesniej procedur
pomiarowych. Jak mozna zaobserwowaé, nagromadzanie impulsami potencjatowymi
(shupki b i ¢) przyczynito si¢ do zminimalizowania wptywu Tritonu X-100 na sygnat PA

I DF w poréwnaniu z nagromadzaniem przy statym potencjale (stupki a).
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Zaobserwowano, ze zastosowanie nagromadzania impulsami potencjalowymi
0,1V 1s,-0,25V 15, neyi = 60) przyczynito si¢ rowniez do wzmocnienia sygnalow
analitycznych paracetamolu i diklofenaku. Szczegdtowy opis procedury pomiarowe;j
przedstawiono w rozdziale 2.1 niniejszej rozprawy doktorskiej. Warto podkreslic,
ze zaproponowana procedura pomiarowa, po raz pierwszy zostala wykorzystana nie
tylko do minimalizowania interferencji od Tritonu X-100, ale rowniez do wzmocnienia

sygnatow analitycznych paracetamolu i diklofenaku.
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Rys. 8. Sygnal wzgledny A) 1 x 10° mol L™ PA oraz B) 1 x 10® mol L™ DF przy
wzrastajagcym stezeniu Tritonu X-100 w warunkach opisanych zgodnie z Rys. 8C;
C) Woltamperogramy DPAdSV zarejestrowane Ww roztworze zawierajgcym
1 x10°mol LY PA i1 x 10® mol L™ DF przy zastosowaniu nagromadzania: (a) przy
statym potencjale -0,25 V przez 60 s; oraz impulsami potencjatowymi: (b) -0,25V 1's
(impuls katodowy) i skan DPV -0,25 — 1 V (impuls anodowy) (n = 60); (¢) 0,1V 1s
(impuls anodowy) i -0,25 V 1 s (impuls katodowy) (n = 60) (Publikacja 4).
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Tabela 8. Posumowanie badan selektywnosci opracowanych procedur (Publikacje
1-4). Zestawienie poszczegbdlnych interferentow w stosunku do oznaczanej substancji,

niepowodujace zmiany pierwotnej wartosci sygnatu analitycznego o + 10%.

Publikacja 1 2 3 4
Analit
Kofeina  Paracetamol Diklofenak Paracetamol Diklofenak
Interferent
Ni%* 10 10 1000 500 1000
Mo®* 10 10 100 100 5000
Fe** 1 1 1000 50 5000
cu® 1 10 100 10 1000
Vol 10 10 100 50 1000
Pb* 10 10 500 100 5000
cd* 10 10 500 10 1000
Zn* 10 10 500 500 5000
2 sb* 500 100 10000
T Na' 100 5000
S K 100 5000
° cr 100 5000
< NO;3 5000 5000
3 SO, 50 1000
% PO, 500 5000
= “Ibuprofen 10 2000
c Kofeina 1 2000
& Paracetamol  --- 1000
& Dopamina 2 1000
= Glukoza 100 1000
©
g Kwas - 100 1000
5 _askorbinowy
= Kwas 50 5000
MOoCzZowy
Mocznik 50 5000
CTAB[mgL"] 1 3 1
SDS[mgL™] 2 10 2
[Tr;'gol_”%( 100 1 5 2 2
Kwasy 10
humusowe
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2.4. Zastosowanie opracowanych procedur

Opracowane woltamperometryczne procedury na czujnikach sitodrukowanych
zastosowano do oznaczania wybranych substancji czynnych popularnych lekow
w probkach wod. Analizie poddano probki pobrane z polskich rzek, morza Battyckiego
1 oczyszczalni $ciekéw. Nalezy zaznaczy¢, ze probki nie byly w zaden sposob
przygotowywane przed pomiarem. Odpowiednia ilo$¢ probki do analizy byta pobierana
bezposrednio z pojemnika czerpakowego. Jako metode poréwnawcza zastosowano
wysokosprawng chromatografie cieczowg z detektorem PDA (HPLC/PDA, Publikacja
1, 3 i 4) oraz impulsowo-réznicowg adsorpcyjng woltamperometri¢ stripingowsa
(DPAdASV) na modyfikowanej Nafionem i bizmutem elektrodzie diamentowej
domieszkowanej borem (BDDE/Nafion/Bi, Publikacja 2).

Wykonano nastepujace analizy:

e kofeiny na BiF/SPCE w probkach z rzeki Bystrzycy (Lublin) i Mlecznej
(Radom) (Publikacja 1);

e paracetamolu na SPCE/CNFs w probkach z rzeki Bystrzycy (Lublin), Wisty
(Warszawa) i Morza Battyckiego (Kotobrzeg) (Publikacja 2);

e diklofenaku na SPCE/MWCNTs-COOH w probkach z rzeki Wisty
(w poblizu miejsca zrzutu sciekoéw do rzeki oraz w miejscu oddalonym
0 5 km) (Publikacja 3);

e jednoczesnego oznaczania paracetamolu i diklofenaku na SPCE/MWCNTSs-
COOH w wodzie z rzeki Bystrzycy (Lublin) oraz w probce oczyszczonych
$ciekow (Lublin) (Publikacja 4).

Podczas oznaczania kofeiny na BiF/SPCE (Publikacja 1) w wodach rzek
Mlecznej i Bystrzycy stwierdzono, ze stezenie analitu znajdowato si¢ ponizej granicy
wykrywalnosci, dlatego zdecydowano si¢ na zbadanie odzyskéw. Jako metode
porownawcza dla woltamperometrii zastosowano wysokosprawng chromatografi¢
cieczowa z detektorem PDA. Badania chromatograficzne wykonano przy wspotpracy
z prof. dr hab. n. med. Magdalena Wéjciak oraz prof. dr. hab. n. farm. Ireneuszem
Sowa z Uniwersytetu Medycznego w Lublinie. Otrzymane wartosci odzyskow
(Tabela 9) w zakresie 100,2 + 2,3 — 105,0 + 2,2 % oraz wyniki zblizone do metody
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porownawczej $wiadcza o niewielkim wptywie skladnikow probek na sygnat

analityczny kofeiny.

W przypadku oznaczania paracetamolu (Publikacja 2) w probkach wod
pobranych z rzek Bystrzycy i Wisty oraz Morza Baltyckiego ponownie stwierdzono,
ze stezenie analitu znajduje si¢ ponizej granicy wykrywalno$ci 1 zastosowano analize
odzyskéw. W tym przypadku, jako metod¢ poroOwnawcza, zastosowano opracowang
wczesniej w Katedrze Chemii Analitycznej UMCS, procedure oznaczania paracetamolu
na elektrodzie diamentowej domieszkowanej borem modyfikowanej Nafionem
i bizmutem [91]. W wyniku badan stwierdzono, ze warto$ci odzyskoéw otrzymane
na SPCE/CNFs dla stezenia paracetamolu 5-200 nmol L™ mieszcza si¢ w przedziale
96,2 £ 2,0 — 104,6 = 51 %, co ponownie potwierdza niewielki wplyw sktadnikow

probek na sygnat elektrochemiczny analitu.

Diklofenak (Publikacja 3) oznaczano na SPCE/MWCNTs-COOH w probkach
wody z rzeki Wisty pobranych w dwoch miejscach: tuz przy zrzucie do rzeki $ciekow
oraz w odlegtosci 5 km od tego miejsca. Nalezy zauwazy¢, ze w probkach tuz przy
zrzucie  Sciekow  z  powodzeniem  oznaczono diklofenak na  poziomie
0,42 + 0,08 nmol L™. W przypadku probek pobranych 5 km dalej sygnat analityczny
diklofenaku nie byt widoczny, c0 zwigzane jest z rozcienczaniem roztworu diklofenaku
w wodzie rzecznej. Otrzymane wartosci odzyskow na poziomie 99,6 — 100,5%
swiadczag 0 dokladnoSci zaprezentowanej procedury. W celu potwierdzenia
otrzymanych wynikoéw zastosowano metode HPLC/PDA, ktorej czutos¢ pozwolita na
oznaczenie diklofenaku dopiero na poziomie stezen 50 nmol L™. Warto w tym miejscu
doda¢, ze w Publikacji 3 opisano pierwszg elektrochemiczng procedure, ktora
pozwolita na bezposrednie oznaczanie diklofenaku w probce naturalnej bez jej

wstepnego przygotowania.

Procedur¢  jednoczesnego oznaczania paracetamolu i1  diklofenaku
na SPCE/MWCNTs-COOH (Publikacja 4) zastosowano do analizy probek pobranych
z rzeki Bystrzycy oraz w oczyszczonych $ciekach. Stezenie paracetamolu i diklofenaku
W wodzie z Bystrzycy znajdowalo si¢ ponizej otrzymanej granicy wykrywalnosci.
Z tego wzgledu zdecydowano sie na zbadanie odzyskow (5, 500 nmol L™ dla PA oraz
0,5, 50 nmol L™ dla DF). Otrzymane wyniki poréwnano z wynikami uzyskanymi

metodg HPLC/PDA, ktora pozwolita na oznaczenie odzyskow paracetamolu dopiero na
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poziomie 500 nmol L™ oraz diklofenaku na poziomie 50 nmol L™* w probkach
Bystrzycy. Opracowang procedur¢ woltamperometryczng zastosowano roéwniez
do oznaczania paracetamolu i diklofenaku w probkach oczyszczonych $ciekow, ktore
otrzymano dzigki wspotpracy z dr. Michalem Kurylo z Centralnego Laboratorium
Miejskiego Przedsi¢biorstwa Wodociagow i Kanalizacji w Lublinie. Wartym
zauwazenia jest fakt, ze w probkach oczyszczonych $ciekow z powodzeniem oznaczono
realne stezenie paracetamolu (24,3 + 0,5 nmol L) oraz diklofenaku
(3,7 + 0,7 nmol L™). Uzyskane wyniki poréwnano do metody HPLC/PDA
1 stwierdzono, ze otrzymane stg¢zenie paracetamolu jest porownywalne
(25,4 + 6,0 nmol L™?), natomiast stezenie diklofenaku znajduje si¢ ponizej granicy
wykrywalnosci metody porownawczej. W kolejnym etapie zdecydowano réwniez
o zbadaniu odzyskow o stezeniach identycznych, jak w przypadku wody z rzeki
Bystrzycy. Wyniki uzyskane metoda HPLC/PDA byly poréwnywalne do wynikow
woltamperometrycznych dla wszystkich stezen paracetamolu, jednakze st¢zenie
diklofenaku oznaczono metoda HPLC/PDA dopiero na poziomie 50 nmol L™
Otrzymane dla wszystkich pomiaréw wartosci odzyskoéw na poziomie 96,5 — 104,8%
dajg satysfakcjonujgce rezultaty i potwierdzajg mozliwo$¢ zastosowania czujnika
SPCE/MWCNTs-COOH do analizy probek rzeczywistych. Z kolei oznaczone realne
stezenia paracetamolu i diklofenaku w oczyszczonych $ciekach $wiadczg o tym, ze
sktadniki lekow przeciwbolowych nie s3 w pelni usuwane ze $ciekéw komunalnych

w trakcie ich oczyszczania i koniecznym jest monitorowanie ich obecnosci.
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Tabela 9. Zestawienie wynikéw otrzymanych podczas oznaczania badanych substancji

w probkach wod naturalnych i oczyszczonych sciekow.

Oznaczono Oznaczono
Analit Prébka wody Dodanol DPV! |ub2 HPLC/PDA3 |ub_4 Odzysk
[nmol L] DPAdSV BDDE/Nafion/Bi® DPV [%]
[nmol L']  [nmol L]
0 - - -
Bystrzyca 500 501 498 100,2 +2,3
Kofeina®? 2000 2080 1990 104,0 + 1,8
(Publikacja 1) 0 - - -
Mleczna 500 517 513 103,4+ 3,1
2000 2100 2020 105,0+2.2
0 - - -
5 5,03 - 100,6 + 4,1
Bystrzyca 20 20,38 - 101,9+ 3,8
80 77,41 - 96,8 + 4,1
200 199,67 202,60 99,8+ 1,8
0 - - -
Paracetamol®* . S 4,99 : 98+2,7
(Publikacja 2) Wista 20 19,24 - 96,2 +2,0
80 79,92 - 99,9+4,1
200 209,20 195,20 104,6 + 51
0 - - -
Morze 5 4,82 - 96,4+ 1,8
Baltyckie 20 19,98 - 99,9 +4,5
80 80,08 - 100,1+3.,9
200 207,00 205,60 103,5+4,5
Wista 0 0,42 + 0,08 - -
(miejsce zrzutu 5,0 540+020 - 99,6
Diklofenaiz?  _Sciekow) 50,0 50,80+ 1,40 52,30 = 4,08 100,5
Publikacja 3 i
( 1a3) mesjlscler‘;ﬂ&d 0,4 0.4+ 0,01 100,0
Scickow) 5,0 538+033 - 99,6
50,0 51,0+ 0,90 49,80 + 4,25 100,5
2,3 0 - - -
F;ngciiti?;l‘l) 5.0 500+ 0,044 - 1018
500,0 505,0+4,0 514,0 £ 6,5 101,0
) ” Bystrzyca 0 ; : :
?P'ELOI{E;;‘; N 0.5 0,51 0,007 - 102,0
50,0 50,5+0,4 49,6 £0,8 101,0
Paracetamol?? 0 243 +0,5 254+ 6,0 -
(Publikacja 4) 50 292+5,5 31,3+2,7 99,7
Oczyszczone 500,0 523,0+£9,0 529,0 + 8,6 99,8
Diklofenak?® $scieki 0 3,7+0,7 - -
(Publikacja 4) 0,5 4.4 +0,6 - 104,8
50,0 51,8+0,7 49,7 +1,1 96,5

DPV — woltamperometria impulsowo-rdznicowa;
DPAdSV — impulsowo-réznicowa adsorpcyjna woltamperometria stripingowa;

HPLC/PDA — wysokosprawna chromatografia cieczowa z detektorem diodowym;
BDDE/Nafion/Bi — elektroda diamentowa domieszkowana borem modyfikowana bfonkg Nafionu
i nanoczqstkami bizmutu.
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2.5. Perspektywy dalszego zastosowania czujnikow sitodrukowanych

Podczas badan prowadzonych w trakcie realizacji niniejszej rozprawy
doktorskiej  pojawialy si¢ dalsze perspektywy  zastosowania  czujnikow
sitodrukowanych, ktore nie zostaly ujete w tresci publikacji naukowych. Otrzymane
wyniki sg obiecujace 1 po optymalizacji procedur pomiarowych mogg stanowic
alternatywne narzedzie do oznaczania substancji czynnych lekéw przeciwbolowych na

poziomie $ladowym.

Wykonano wstgpne proby zastosowania:

e sitodrukowanych czujnikow weglowych modyfikowanych weglowymi
kropkami kwantowymi z grupami aminowymi do oznaczania diklofenaku
(Rys. 9 A);

e sitodrukowanych czujnikow weglowych pokrytych nanowloknami weglowymi

do oznaczania ibuprofenu (Rys. 9 B);

e sitodrukowanych czujnikow weglowych pokrytych nanowtoknami weglowymi

do oznaczania kwasu acetylosalicylowego (Rys. 9 C).

1/ pA

’ T | ' 1 04 - T T T T T T 1
0 0.5 1 0.6 0.8 1 0.6 0.8
E/V EIV E/V

Rys. 9. Woltamperogramy impulsowo-réznicowe oOtrzymane podczas oznaczania
A) (a) 5 x 108 (b) 1 x 107 mol L* diklofenaku na sitodrukowanym czujniku
weglowym  modyfikowanym  weglowymi  kropkami  kwantowymi z  grupami
aminowymi; B) (a) 1 x 10, (b) 2 x 10® mol L™ ibuprofenu oraz C) (a) 1 x 107,
(b) 2 x 10° mol L™* kwasu acetylosalicylowego na sitodrukowanym czujniku

weglowym pokrytym nanowtdknami weglowymi.
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3. Podsumowanie i wnioski

W niniejszej rozprawie doktorskiej zaprezentowano nowe mozliwosci
zastosowania czujnikéw sitodrukowanych do analizy sktadnikow popularnych lekéw
(kofeiny, paracetamolu i diklofenaku) na poziomie $ladowym w probkach wod
i Sciekow. Opracowano woltamperometryczne procedury oznaczania kofeiny
na sitodrukowanych czujnikach weglowych modyfikowanych blonka bizmutu
(BiF/SPCE),  paracetamolu na  sitodrukowanych  czujnikach  wegglowych
modyfikowanych ~ nanowtoknami  weglowymi  (SPCE/CNFs),  diklofenaku
na sitodrukowanych czujnikach weglowych modyfikowanych wielo$ciennymi
nanorurkami  weglowymi  funkcjonalizowanymi  grupami  karboksylowymi
(SPCE/MWCNTSs-COOH) oraz jednoczesnego oznaczania paracetamolu i diklofenaku
na sitodrukowanych czujnikach weglowych modyfikowanych wielosciennymi
nanorurkami  weglowymi  funkcjonalizowanymi  grupami  karboksylowymi
(SPCE/MWCNTs-COOH) (Publikacje 1-4).

Modyfikacja powierzchni czujnika sitodrukowanego za pomoca blonki
bizmutu lub nanomateriatow weglowych, nanorurek 1 nanowldkien weglowych,
przyczynita si¢ miedzy innymi do zwigkszenia powierzchni aktywnej elektrody
pracujacej, a tym samym do wzmocnienia sygnatéw analitycznych badanach zwigzkow.
Rozwinigcie powierzchni elektrod oraz zmiany w morfologii i sktadzie po modyfikacji
potwierdzono z wykorzystaniem profilometrii i mikroskopii optycznej, skaningowej
mikroskopii elektronowej z detektorem EDS, takze woltamperometrii cykliczne;j.
Dodatkowo, w celu wzmocnienia sygnalu analitycznego paracetamolu i diklofenaku
(Publikacja 4) =zastosowano technike impulsowo-réznicowej adsorpcyjnej

woltamperometrii stripingowej z nagromadzaniem impulsami potencjalowymi.

W trakcie realizacji niniejszej rozprawy doktorskiej okreslono odwracalnosé
reakcji elektrodowych z wykorzystaniem woltamperometrii cyklicznej. Badania
wykazaly, ze zarowno kofeina na BIiF/SPCE jak i paracetamol na SPCE/CNFs
I SPCE/MWCNTs-COOH daje jeden pik utlenienia, przy jednoczesnym braku piku
redukcji (Publikacje 1, 2 i 4). Natomiast w przypadku oznaczen diklofenaku
na SPCE/MWCNTSs-COOH rejestrowano jeden pik utleniania i jeden/dwa piki w cze$ci
katodowej. Dodatkowy pik/piki utleniania przy potencjatach mniej dodatnich nalezy

powigza¢ z powstawianiem elektrochemicznie aktywnych produktow utleniania
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diklofenaku (Publikacje 3 i 4). Ponadto okreslono charakter proceséw elektrodowych.
Badania wykazaty, ze transport kofeiny do powierzchni BiF/SPCE zachodzi na drodze
dyfuzji, natomiast paracetamol adsorbuje si¢ na SPCE/CNFs. Z kolei w przypadku
oznaczania paracetamolu i diklofenaku na SPCE/MWCNTs-COOH charakter procesu

elektrodowego okreslono jako mieszany.

W celu minimalizacji potencjalnych interferencji pochodzacych od sktadnikow
probek naturalnych, zastosowano dodatek do probki roztworu soli dwusodowej kwasu
etylenodiaminotetraoctowego (Publikacja 2), a takze nagromadzanie impulsami
potencjatlowymi (Publikacja 4). Zaproponowana technika pozwolita na minimalizacj¢
negatywnego wplywu substancji powierzchniowo czynnych na sygnal analityczny oraz
zgodnie z moim stanem wiedzy po raz pierwszy zostata zastosowana do wzmocnienia

sygnatow analitycznych paracetamolu i diklofenaku.

Opracowane procedury woltamperometryczne charakteryzuja si¢ szerokimi
zakresami liniowymi krzywych kalibracyjnych oraz najnizszymi granicami
wykrywalnosci sposrod dostgpnych w literaturze prac opisujacych oznaczanie
wybranych substancji czynnych lekow z wykorzystaniem czujnikow sitodrukowanych.
Nalezy podkresli¢, ze po raz pierwszy zaprezentowano mozliwo$¢ zastosowania
czujnikow sitodrukowanych do oznaczania diklofenaku (Publikacja 3) oraz

jednoczesnego oznaczania paracetamolu i diklofenaku (Publikacja 4).

Mozliwosci  aplikacyjne  otrzymanych  czujnikow  sitodrukowanych
modyfikowanych btonkg bizmutu lub nanomaterialami wegglowymi sprawdzono
podczas oznaczania kofeiny, paracetamolu 1 diklofenaku w probkach wod
i oczyszczonych $ciekéw. Z powodzeniem oznaczono diklofenak w probkach wody
rzecznej (Publikacja 3) oraz jednoczesnie diklofenak i paracetamol w probkach
oczyszczonych $ciekow (Publikacja 4). Warto zauwazy¢, ze sg to pierwsze doniesienia
0 zastosowaniu technik woltamperometrycznych i czujnikow sitodrukowanych
w oznaczeniach rzeczywistych stezen paracetamolu 1 diklofenaku w prdobkach
naturalnych. Nalezy podkresli¢, Zze probki przed pomiarem nie byly w Zaden sposob
przygotowywane, co stwarza mozliwo$¢ zastosowania zaproponowanych czujnikow

I procedur w analizie polowe;j.
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5. Streszczenie w jezyku polskim

Niniejsza rozprawa doktorska porusza problem obecnosci substancji czynnych
powszechnie stosowanych lekow w wodach naturalnych i oczyszczonych $ciekach.
Opracowane nowe procedury badawcze, opisane w publikacjach naukowych bedacych
podstawg rozprawy doktorskiej (Publikacje 1-4), dotycza przygotowania,
charakterystyki i mozliwo$¢ zastosowania czujnikow sitodrukowanych w analizie
sladowych stgzen kofeiny, paracetamolu i diklofenaku. Obecnos¢ wyzej wymienionych
zwigzkow w  wodach powierzchniowych moze mie¢ niekorzystny wplyw
na funkcjonowanie ekosystemu, zycie i zdrowie ludzi i zwierzat, a takze poteguje

problem lekoopornosci.

W celu wyjasnienia wptywu modyfikacji powierzchni elektrody na sygnat
analityczny badanych substancji zastosowano szereg technik instrumentalnych.
Morfologi¢ powierzchni czujnikow sitodrukowanych modyfikowanych btonka bizmutu,
stosowanych do oznaczania kofeiny, zobrazowano za pomoca skaningowej mikroskopii
elektronowej. Obecno$¢ metalicznego bizmutu na powierzchni elektrody pracujacej
potwierdzono za pomoca spektroskopii  dyspersji energii promieniowania
rentgenowskiego. Wykazano, ze w wyniku modyfikacji btonkg bizmutu, liczba miejsc
aktywnych na powierzchni elektrody pracujacej ulegta zwigekszeniu powodujac wzrost
nagromadzania analitu. Czujniki sitodrukowane modyfikowane nanowtdoknami
weglowymi (oznaczanie paracetamolu) 1 wielo§ciennymi nanorurkami weglowymi
funkcjonalizowanymi grupami  karboksylowymi (oznaczanie diklofenaku oraz
jednoczesne oznaczanie paracetamolu 1 diklofenaku) obrazowano przy uzyciu
mikroskopii i profilometrii optycznej, a takze skaningowej mikroskopii elektronowej.
Wykazano istotne réznice w morfologii czujnikéw sitodrukowanych modyfikowanych
nanomaterialami weglowymi w porownaniu do czujnikow niemodyfikowanych.
Ponadto wykonano profile optyczne elektrod niemodyfikowanych i modyfikowanych.
Niewielkie roznice w chropowatosci powierzchni elektrod pracujacych §wiadczg 0 tym
ze powierzchnia elektrody pokryta jest cienka, rownomierng warstwg nanomateriatow
weglowych.  Potwierdzono z  wykorzystaniem  woltamperometrii  cyklicznej,
ze modyfikacja za pomocg nanomaterialdéw weglowych w znaczacy sposob przyczynita

si¢ do rozwinigcia powierzchni aktywnej elektrod po jej modyfikacji.
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Z wykorzystaniem  woltamperometrii  cyklicznej  okre§lono  rowniez
odwracalno$¢ oraz charakter elektrodowy procesow zachodzacych na powierzchni
stosowanych elektrod. Wykazano, ze zar6wno kofeina na BiF/SPCE jak i paracetamol
na SPCE/CNFs i SPCE/MWCNTs-COOH daje jeden pik utlenienia, przy jednoczesnym
braku  piku  redukcji. Natomiast w  przypadku oznaczen diklofenaku
na SPCE/MWCNTSs-COOH rejestrowano jeden pik utleniania i jeden/dwa piki w czeSci
katodowej. Dodatkowy pik/piki utleniania przy potencjatach mniej dodatnich nalezy
powigza¢ z powstawianiem elektrochemicznie aktywnych produktow utleniania
diklofenaku. Stwierdzono, ze proces odpowiedzialny za transport kofeiny
do powierzchni BiF/SPCE odbywa si¢ na drodze dyfuzji, natomiast elektrochemiczne
utlenianie paracetamolu na SPCE/CNFs ma charakter adsorpcyjny. W przypadku
oznaczania diklofenaku oraz jednoczesnego oznaczania paracetamolu i diklofenaku na

SPCE/MWCNTs-COOH charakter procesu elektrodowego okreslono jako mieszany.

W trakcie prowadzonych badan sprawdzano selektywno$¢ opracowanych
procedur. W wigkszos$ci przepadkow nie stwierdzono znaczacego wplywu sktadnikow
probek wod na sygnaly analityczne. Negatywny wpltyw jonow miedzi(Il) i zelaza(III)
podczas oznaczania paracetamolu zminimalizowano za pomocg dodatku roztworu soli
dwusodowej kwasu etylenodiaminotetraoctowego do elektrolitu podstawowego.
Natomiast efekt tlumienia sygnatu analitycznego przez substancje powierzchniowo
czynne, obserwowany podczas jednoczesnego oznaczania paracetamolu i diklofenaku,
zminimalizowano poprzez zastosowanie techniki nagromadzania impulsami
potencjalowymi. Zaproponowana technika pozwolila na minimalizacj¢ negatywnego
wplywu Triton X-100 na sygnat analityczny paracetamolu i diklofenaku oraz zgodnie
z moim stanem wiedzy po raz pierwszy zostata zastosowana do wzmocnienia sygnatow

tych zwiazkow.

Zoptymalizowane procedury woltamperometryczne charakteryzuja
si¢ szerokimi zakresami liniowymi krzywych kalibracyjnych oraz najnizszymi
granicami wykrywalnosci sposréod dostepnych w literaturze prac opisujacych
oznaczanie kofeiny (LOD: 2,7 x 10°® mol L™), paracetamolu (LOD: 5,4 x 10 mol L%
i diklofenaku (LOD: 1,2 x 10" mol L™) na czujnikach sitodrukowanych. Warto dodag,
7ze s3 to pierwsze prace pokazujace zastosowanie czujnikow sitodrukowanych

w oznaczeniach diklofenaku i jednoczesnych oznaczeniach paracetamolu i diklofenaku.
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W celu potwierdzenia mozliwosci praktycznego zastosowania czujnikéw
sitodrukowanych do analizy wybranych substancji czynnych preparatow
farmaceutycznych zbadano probki wod z rzek: Wisty, Bystrzycy i Mlecznej oraz morza
Baltyckiego 1 oczyszczalni $ciekow. Nalezy podkresli¢, ze probki nie byly w zaden
sposob przygotowane przed pomiarem, co w duzej mierze czyni analize¢ bardzo prosta,
szybka 1 latwa do wykonania. Po raz pierwszy z wykorzystaniem czujnikow
sitodrukowanych oznaczono rzeczywiste stezenie diklofenaku w probce wody rzecznej
(4,2 x 10" mol L™) oraz jednoczesnie diklofenak (2,4 x 10® mol L™) i paracetamol
(3,7 x 10° mol L") w probece oczyszczonych $ciekow. Zaprezentowane w niniejszej
rozprawie doktorskiej badania potwierdzaja mozliwo$¢ praktycznego zastosowania
powyzszych procedur w warunkach laboratoryjnych, a takze stwarzaja mozliwo$¢

przeprowadzenia analizy polowej z wykorzystaniem analizatoréw przeno$nych.
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6. Streszczenie w jezyku angielskim

This doctoral dissertation addresses the problem of the presence of active
substances of commonly used drugs in natural waters and treated sewage. The newly
developed research procedures, described in scientific publications constituting
the basis of the doctoral dissertation (Publications 1-4), concern the preparation,
characterization, and the possibility of using screen-printed sensors in the analysis
of trace concentrations of caffeine, paracetamol and diclofenac. The presence
of the aforementioned compounds in surface waters may have a negative impact
on the functioning of ecosystems, the life and health of humans and animals,

and exacerbates the problem of drug resistance.

In the course of the research conducted, as part of this doctoral dissertation,
voltammetric procedures for the determination of caffeine on screen-printed carbon
sensors modified with bismuth film (BiF/SPCE), paracetamol on screen-printed carbon
sensors modified with carbon nanofibers (SPCE/CNFs), diclofenac and simultaneous
determination of diclofenac and paracetamol on screen-printed carbon sensors modified
with  multi-walled carbon nanotubes functionalized with carboxyl groups
(SPCE/MWCNTSs-COOH) were developed. The composition, type and concentration
of the base electrolyte were optimized. Additionally, in the caffeine determination
procedure, the concentration of bismuth(l1l) ions was the basis for the modification
of the screen-printed sensor’s surface; this was further optimized. Then,
the electrochemical parameters of the measurement procedure were optimized: the
potential and time of deposition of the bismuth film in the determination of caffeine,
or the accumulation of analyte in the determination of paracetamol, diclofenac
and the simultaneous determination of paracetamol and diclofenac. In the next stages
of research, the parameters of the analytical signal recording technique were optimized.
Voltammetric determinations under optimized measurement conditions were carried out
with the use of differential-pulse voltammetry (caffeine determination), differential-
pulse adsorptive stripping voltammetry (determination of paracetamol and diclofenac)
or differential-pulse adsorptive stripping voltammetry with pulsed potential

accumulation (simultaneous determination of diclofenac and paracetamol).

58




With the use of cyclic voltammetry, the reversibility and the nature
of the processes, taking place on the surface of the electrodes, was also determined.
Both caffeine on BiF/SPCE, paracetamol on SPCE/CNFs and on SPCE/MWCNTSs-
COOH have been shown to yield one oxidation peak, while lacking the reduction peak.
However, in the case of diclofenac determinations on SPCE/MWCNTs-COOH,
one oxidation peak and 1-2 peaks in the cathode part were recorded. The additional
oxidation peaks at less positive potentials, can be associated with the formation
of electrochemically active oxidation products of diclofenac. It was found, that the
process responsible for the transport of caffeine to the BiF/SPCE surface takes place
by diffusion, while the electrochemical oxidation of paracetamol on SPCE/CNFs
is adsorptive. In the case of the determination of diclofenac and the simultaneous
determination of paracetamol and diclofenac on SPCE/MWCNTs-COOH, the nature

of the electrode process was mixed.

In the course of the research, the selectivity of the developed procedures was
checked. In most cases, no significant influence of the components of water samples
on the analytical signals was found. The negative influence of copper(ll), and iron(lll)
ions during the determination of paracetamol was minimized by adding
the ethylenediaminetetraacetic acid disodium salt to the base electrolyte. On the other
hand, the effect of suppression of the analytical signal by surfactants, observed during
the simultaneous determination of paracetamol and diclofenac, was minimized
by applying the technique of pulsed potential accumulation. The proposed technique
allowed to minimize the negative influence of Triton X-100 on the analytical signal
of paracetamol and diclofenac, and to the best of my knowledge, it was used for the first
time to enhance the signals of these compounds.

Optimized voltammetric procedures are characterized by wide linear ranges of
calibration curves and the lowest detection limits among the works on the determination
of caffeine (LOD: 2.7 x 10® mol L™), paracetamol (LOD: 5.4 x 10 mol L%
and diclofenac (LOD: 1.2 x 10™ mol L™) on screen-printed sensors. It is worth noting
that these are the first papers showing the use of screen-printed sensors for the
determinations of diclofenac and simultaneous determinations of paracetamol

and diclofenac.
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In order to test the feasibility of practical application of screen-printed sensors
in the analysis of selected active substances of pharmaceutical preparations, water
samples from the Vistula, Bystrzyca, and Mleczna rivers, as well as the Baltic Sea and
sewage treatment plants were examined. It should be emphasized that the samples were
not prepared in any way before the measurements. This made the analysis very simple,
quick and easy to perform. For the first time, the actual concentration of diclofenac
in a river water sample (42 x 10 mol L) and simultaneously diclofenac
(2.4 x 10® mol L) and paracetamol (3.7 x 10”° mol L™) in the sample of treated
sewage. The research presented in this doctoral dissertation confirms the feasibility
of practical application of the above procedures in laboratory conditions. What is more,

it makes field analysis with the use of portable analyzers possible.
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7. Pozostale osiagniecia naukowe

W Tabeli 10 podsumowano osiggniecia naukowe uzyskane w trakcie studiow

doktoranckich.

Tabela 10. Podsumowanie osiggni¢¢ naukowych

Prace naukowe

Punkty
Liczba artykutow naukowych: ol MNiISW
a) wchodzacych w sktad rozprawy doktorskiej 4 12,466 390
b) niewchodzacych w sktad rozprawy doktorskie;j. 5 7,991 245
Lacznie 9 20,457 635
Rozdziaty w monografiach 4
Recenzowane komunikaty w materiatach 6
pokonferencyjnych
Prezentacje wynikow
Liczba prezentacji:
a) miedzynarodowych
- komunikat 3
- poster 8
Lacznie 11
b) krajowych
- komunikat 18
- poster 29
Lacznie 47
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Spis publikacji niewchodzqcych w sklad rozprawy doktorskiej:

1.

K. Tyszczuk-Rotko, K. Surowiec, A. Szwagierek, Application of Eco-friendly
Bismuth Film Electrode for the Sensitive Determination of Rutin, Current
Pharmaceutical Analysis, 14(6) (2018) 571-577.

(IF2015 = 0,218 MNiSW = 15 pkt.)

K. Tyszczuk-Rotko, K. Pietrzak, A. Sasal, Adsorptive stripping voltammetric
method for the determination of caffeine at integrated three-electrode screen-
printed sensor with carbon/carbon nanofibers working electrode, Adsorption 25 (4)
(2019) 913-921.

(1F2019 = 1,949 MNiSW = 70 pkt.)

A. Sasal, K. Tyszczuk-Rotko, Screen-printed sensor for determination of sildenafil
citrate in pharmaceutical preparations and biological samples, Microchemical
Journal 149 (2019) 104065.

(1F2019 = 3,280 MNIiSW = 70 pkt.)

K. Tyszczuk-Rotko, M. Sztanke, A. Sasal, K. Sztanke, Voltammetry as the First
Method for Direct Determination of a Novel Antagonist of A,aAdnosine Receptors,
Electroanalysis 31 (2019) 1-9.

(IF2010 = 2,544 MNiSW = 70 pkt.)

A. Sasal, K. Tyszczuk-Rotko, Application of screen-printed sensors for the
determination of painkillers, Annales 73(1) (2019) 111-124.
(MNISW = 20 pkt.)
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Rozdzialy w monografiach:

1. K. Tyszczuk-Rotko, I. Sadok, K. Domanska, A. Szwagierek, Przygotowanie,

2.

3.

charakterystyka powierzchni i zastosowanie nowych czujnikow
woltamperometrycznych, Nauka 1 przemyst — metody spektroskopowe
w praktyce, nowe wyzwania i mozliwosci, UMCS, Lublin 2017, str. 318-329, ISBN
978-83-945225-3-7;

K. Tyszczuk-Rotko, 1. Sadok, K. Domanska, A. Szwagierek, Elektrody
modyfikowane metalem — zastosowanie w oznaczeniach woltamperometrycznych,
Nowe trendy w fizykochemicznych badaniach granic faz, Lublin 2018, str. 361-
371, ISBN 978-83-60988-25-1;

K. Tyszczuk-Rotko, K. Domanska, A. Szwagierek, Miniaturowe czujniki
woltamperometryczne w monitoringu wod, Nauka 1 przemyst — metody
spektroskopowe w praktyce, nowe wyzwania i mozliwosci, UMCS, Lublin 2018,
str. 217-225, ISBN 978-83-945225-4-4;

4. K. Tyszczuk-Rotko, A. Sasal, J. Kozak, M. Rotko, Czujniki sitodrukowane —

przygotowanie, charakterystyka i zastosowanie, Nauka i przemyst — metody
spektroskopowe w praktyce, nowe wyzwania i mozliwosci, UMCS, Lublin 2020,
str. 189-198, ISBN 978-83-227-9369-5.
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Recenzowane materialy pokonferencyjne:

1. A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Woltamperometryczna
procedura oznaczania kofeiny na nanowloknach weglowych, Nauka i Przemyst —
lubelskie spotkania studenckie, UMCS, Lublin 2018, str. 44-46, ISBN 978-83-
945225-5-1;

2. K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie sitodrukowanych
elektrod zespolonych modyfikowanych metalem w sladowej analizie jonow metali
ciezkich, Nauka i Przemyst — lubelskie spotkania studenckie, UMCS, Lublin 2018,
str. 62-64, ISBN 978-83-945225-5-1;

3. A. Sasal, K. Tyszczuk-Rotko, K. Jedruchniewicz, Zastosowanie miniaturowego,
sitodrukowanego uktadu pomiarowego w oznaczeniach cytrynianu sildenafilu,
Nauka i Przemyst — lubelskie spotkania studenckie, UMCS, Lublin 2019, str. 149-
151, ISBN 978-83-227-9220-9;

4. K. Jedruchniewicz, K. Tyszczuk-Rotko, A. Sasal, Zespolone, sitodrukowane
czujniki elektrochemiczne do oznaczania jonow metali w probkach wod
naturalnych, Nauka i Przemyst — lubelskie spotkania studenckie, UMCS, Lublin
2019, str. 73-76, ISBN 978-83-945225-5-1;

5. A Sasal, K. Tyszczuk-Rotko, J. Kozak, Woltamperometryczna metoda oznaczania
diklofenaku na elektrodzie sitodrukowanej modyfikowanej nanorurkami
weglowymi, Nauka i Przemyst — lubelskie spotkania studenckie, UMCS, Lublin
2020, str. 234-236, ISBN 978-83-227-9370-1;

6. J. Kozak, K. Tyszczuk-Rotko, A. Sasal, Nowy weglowy czujnik sitodrukowany w
analizie sladowej talu(l), Nauka i Przemyst— lubelskie spotkania studenckie,
UMCS, Lublin 2020, str. 112-114, ISBN 978-83-227-9370-1.
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Wykaz posterow i prezentacji wygloszonych na konferencjach i sympozjach

naukowych o zasiegu krajowym i miedzynarodowym:

1.

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Oznaczanie kwasu
askorbinowego na elektrodzie diamentowej domieszkowanej borem (BDDE)
w probkach moczu i suplementach diety, III Poznanskie Sympozjum Miodych
Naukowcow, 05.11.2016 r., Poznan (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie sitodrukowanej
elektrody weglowej modyfikowanej blonkq bizmutu w woltamperometrycznych
oznaczeniach Cd(I1) i Pb(Il), III Poznanskie Sympozjum Mtodych Naukowcow,
05.11.2016 r., Poznan (prezentacja ustna);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Pestycydy — wfasciwosci
I zastosowanie, IV Ogolnopolska Konferencja Naukowa ,,Mlodzi Naukowcy
w Polsce — Badania i Rozw¢;j”, 25.11.2016 r., Lublin (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zagrozenia wynikajgce
z obecnosci Cd i Pb w Srodowisku oraz woltamperometryczna procedura ich
oznaczania na sitodrukowanej elektrodzie weglowej modyfikowanej blonkg
bizmutu, IV Ogoélnopolska Konferencja Naukowa ,,Mtodzi Naukowcy w Polsce —
Badania i Rozw¢j”, 25.11.2016 r., Lublin (prezentacja ustna);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Wplhyw mediatora (Zn) na
sygnal analityczny Cd otrzymany na sitodrukowanej elektrodzie weglowej
modyfikowanej blonkq otowiu, IV Ogdlnopolska Konferencja Naukowa ,,Mtodzi
Naukowcy w Polsce — Badania i Rozw¢j”, 25.11.2016 r., Lublin (poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Determination of ascorbic acid
on the boron-doped diamond (BDDE) in urine samples and dietary supplements,
3rd Lublin International Medical Congres for Students and Young Doctors,
2-3.12.2016 r., Lublin (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, The dangerous effects
of cadmium(ll) on human health and simple voltammetric methods for its
quantitative determination, 3rd Lublin International Medical Congres for Students

and Young Doctors, 2-3.12.2016 r., Lublin (prezentacja ustna);
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8.

10.

11.

12.

13.

14.

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie elektrody
sitodrukowanej modyfikowanej bizmutem do oznaczania kofeiny, Zjazd Zimowy
Sekcji Studenckiej PTChem, 17.12.2016 r., Lublin (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie metalicznego
mediatora — skuteczna metoda wzmocnienia  sygnafu  analitycznego
w woltamperometrii, Zjazd Zimowy Sekcji Studenckiej PTChem, 17.12.2016 r.,
Lublin (poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Oznaczanie kofeiny
w probkach srodowiskowych z wykorzystaniem sitodrukowanej elektrody weglowej
modyfikowanej btonkg bizmutu, X Edycja Konferencji ,,Wptyw Milodych
Naukowcoéw na Osiagniecia Polskiej Nauki”, 14.01.2017 r., Krakow (prezentacja

ustna);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Nowe zastosowanie elektrody
diamentowej domieszkowanej borem w oznaczeniach kwasu askorbinowego,
X Edycja Konferencji ,,Wplyw Mtodych Naukowcdéw na Osiagnigcia Polskiej
Nauki”, 14.01.2017 r., Krakow (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Nowa woltamperometryczna
procedura jednoczesnego oznaczania Cd(11) i Pb(Il) na BiF/SPCE z zastosowaniem
mediatora, X Edycja Konferencji ,,Wptyw Mtodych Naukowcow na Osiggnigcia
Polskiej Nauki”, 14.01.2017 r., Krakow (prezentacja ustna);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Prosta metoda wzmocnienia
sygnatu analitycznego Cd(ll) na PbF/SPCE — zastosowanie metalicznego
mediatora, X Edycja Konferencji ,,Wptyw Mtodych Naukowcow na Osiggnigcia
Polskiej Nauki”, 14.01.2017 r., Krakow (poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie sitodrukowanej
elektrody weglowej modyfikowanej blonkq bizmutu w woltamperometrycznych
oznaczeniach kofeiny, IX Interdyscyplinarna Konferencja Naukowa TYGIEL 2017
»Interdyscyplinarnos¢ kluczem do rozwoju”, 18-19.03.2017 r., Lublin (prezentacja

ustna);
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. A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, K. Surowiec, Oznaczanie
rutyny na elektrodzie z wegla szklistego modyfikowanej blonkq bizmutu, 1X
Interdyscyplinarna Konferencja Naukowa TYGIEL 2017 ,Interdyscyplinarno$¢
kluczem do rozwoju”, 18-19.03.2017 r., Lublin (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Woltamperometria stripingowa
— metoda umozliwiajgca oznaczanie Sladowych stezen Cd(Il) i Pb(Il), 1X
Interdyscyplinarna Konferencja Naukowa TYGIEL 2017 ,Interdyscyplinarno$¢

kluczem do rozwoju”, 18-19.03.2017 r., Lublin (prezentacja ustna);

K. Tyszczuk-Rotko, I. Sadok, K. Domanska, A. Szwagierek, Elektrody
modyfikowane metalem — przygotowanie, charakterystyka 1 zastosowanie
w oznaczeniach woltamperometrycznych, Fizykochemia Granic Faz - Metody
Instrumentalne, 23-26.04.2017 r., Lublin (wyktad);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie bizmutu
do wzmocnienia sygnatu kofeiny na sitodrukowanej elektrodzie weglowej, XVI
Konferencja ,,Elektroanaliza w Teorii 1 Praktyce”, 01-02.06.2017 r., Krakow
(poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie sitodrukowanej
elektrody zespolonej modyfikowanej bizmutem w woltamperometrycznych
oznaczeniach TI(I), XVI Konferencja ,Elektroanaliza w Teorii i Praktyce”,
01-02.06.2017 r., Krakéw (poster);

A. Nosal-Wiercinska, A. Szwagierek, K. Tyszczuk-Rotko, Nowe zastosowanie
elektrody z wegla szklistego modyfikowanej bizmutem w oznaczeniach rutyny,
Chemia dla urody i zdrowia, 08-10.06.2017 r., Torun (poster);

K. Tyszczuk-Rotko, A. Szwagierek, K. Domanska, K. Surowiec,
A. Nosal-Wiercinska, Rutin - properties, application and voltammetric procedure
for its determination, Plant — the source of research material, 22-23.06.2017 r.,
Lublin (poster);

K. Tyszczuk-Rotko, K. Domanska A. Szwagierek, |. Sadok, M. Wojciak-Kosior,
I. Sowa, Biological activity of ursolic and oleanolic acids and voltammetric
procedure for their determination in plants extracts, Plant — the source of research
material, 22-23.06.2017 r., Lublin (poster);
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28.

29.

30.

K. Tyszczuk-Rotko, 1. Sadok, K. Domanska, A. Szwagierek, Przygotowanie,
charakterystyka powierzchni i zastosowanie nowych czujnikow
woltamperometrycznych, X Ogodlnopolskie Sympozjum ,,Nauka i Przemyst -
Metody Spektroskopowe w Praktyce", 21-23.06.2017 r., Lublin (wyktad);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Woltamperometryczne
oznaczanie kofeiny przy uzyciu sitodrukowanej elektrody weglowej modyfikowanej

bizmutem, 60 Zjazd Naukowy Polskiego Towarzystwa Chemicznego, Wroctaw,
17-21.09.2017 r. (prezentacja);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie blonkowej
elektrody bizmutowej w woltamperometrycznych oznaczeniach rutyny, 60 Zjazd
Naukowy Polskiego Towarzystwa Chemicznego, Wroctaw, 17-21.09.2017 r.
(poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Woltamperometryczna
procedura oznaczania TI(I) z zastosowaniem sitodrukowanej elektrody zespolonej,

60 Zjazd Naukowy Polskiego Towarzystwa Chemicznego, Wroctaw,

17-21.09.2017 r. (prezentacja);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Procedura jednoczesnego
oznaczania Cd(Il) i Pb(ll) metodg woltamperometrii stripingowej, 60 Zjazd
Naukowy Polskiego Towarzystwa Chemicznego, Wroctaw, 17-21.09.2017 r.
(poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Nowe zastosowanie
sitodrukowanej elektrody weglowej w oznaczeniach kofeiny, V Konferencja
Innowacje w Praktyce, Lublin, 5-6.04.2018 r. (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Nowa woltamperometryczna
metoda oznaczania U(VI) w préobkach wod naturalnych, V Konferencja Innowacje
w Praktyce, Lublin, 5-6.04.2018 r. (poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Prosta metoda wzmocnienia
sygnatu analitycznego kofeiny za pomocq bizmutu na sitodrukowanych elektrodach
weglowych, 1 Ogolnopolskie Sympozjum Mtodych Naukowcow ,,ProDoc”, Lublin,
13-14.04.2018 r. (prezentacja);
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35.
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37.

38.

. A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Woltamperometria stripingowa

— metoda umozliwiajqca oznaczanie Sladowych ilosci rutyny, 1 Ogblnopolskie

Sympozjum Mtodych Naukowcoéw ,,ProDoc”, Lublin, 13-14.04.2018 r. (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Woltamperometryczne
oznaczenia stezenia U(VI) w probkach wod z wykorzystaniem sitodrukowanej
elektrody zespolonej, 1 Ogodlnopolskie Sympozjum Milodych Naukowcoéw
,,ProDoc”, Lublin, 13-14.04.2018 r. (prezentacja);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Modyfikacja powierzchni
sitodrukowanej elektrody weglowej bizmutem jako sposob na zwigkszenie czutosci
oznaczen TI(I) metodqg woltamperometrii stripingowej, 1 Ogolnopolskie

Sympozjum Mtodych Naukowcow ,,ProDoc”, Lublin, 13-14.04.2018 r. (poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Woltamperometryczna
procedura oznaczania kofeiny na nanowtoknach weglowych, VI Ogodlnopolskie
Sympozjum Nauka i Przemyst — lubelskie spotkania studenckie, Lublin,
25.06.2018 r. (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie sitodrukowanych
elektrod zespolonych modyfikowanych metalem w sladowej analizie jonow metali
ciezkich, VI Ogodlnopolskie Sympozjum Nauka i Przemyst — lubelskie spotkania
studenckie, Lublin, 25.06.2018 r. (prezentacja);

K.  Tyszczuk-Rotko, K. Domanska, A. Szwagierek, Miniczujniki
woltamperometryczne w monitoringu wod, X1 Ogolnopolskie Sympozjum ,,Nauka

i przemyst — metody spektroskopowe w praktyce, nowe wyzwania i mozliwosci,

Lublin, 26-28.2018 (wyktad);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Application of new
electrochemical sensors coated with carbon nanofibers in the determination

of paracetamol, XII Copernican International Young Scientists Conference, Torun,
28-29.06.2018 r. (prezentacja);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Determination of caffeine
on a composite screen printed electrode covered with carbon nanofibers,
XII Copernican International Young Scientists Conference, Torun, 28-29.06.2018 r.
(poster);
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42.

43.

44,

45.

. K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, The application of modified
integrated screen-printed sensor for the voltammetric determination of U(VI),
XII Copernican International Young Scientists Conference, Torun, 28-29.06.2018 r.

(prezentacja);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Preparation and
characterization of the screen-printed carbon electrode modified with bismuth for
the voltammetric determination of TI(I), XII Copernican International Young
Scientists Conference, Torun, 28-29.06.2018 r. (poster);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie nowych
czujnikow elektrochemicznych ~ pokrytych nanowloknami weglowymi
w oznaczeniach paracetamolu, X Polska Konferencja Chemii Analitycznej, Lublin,
1-5.07.2018 (prezentacja);

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Oznaczanie kofeiny na

zespolonej elektrodzie sitodrukowanej pokrytej nanowloknami weglowymi,

X Polska Konferencja Chemii Analitycznej, Lublin, 1-5.07.2018 (poster);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Nowe zastosowania
sitodrukowanych elektrod weglowych modyfikowanych metalem
w  woltamperometrycznych oznaczeniach jonoéw metali cigzkich, X Polska

Konferencja Chemii Analitycznej, Lublin, 1-5.07.2018 (prezentacja);

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Modyfikacja metalem (Bi, Pb)
sitodrukowanej elektrody weglowej skutecznym sposobem na wzmocnienie

woltamperometrycznego sygnatu metali ciezkich, X Polska Konferencja Chemii
Analitycznej, Lublin, 1-5.07.2018 (poster);

K. Tyszczuk-Rotko, K. Pietrzak, A. Szwagierek, K. Domanska, Adsorptive
stripping voltammetric method for the determination of caffeine at integrated three-
electrode screen-printed sensor with carbon/carbon nanofibers working electrode,
Tenth International Symposium Effects of Surface Heterogeneity in Adsorption,
Catalysis and Related Phenomena, Lublin, 27-31.08.2018 (poster);
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48.

49.

50.

51.

52.

53.

K. Tyszczuk-Rotko, K. Domanska, A. Szwagierek, The ultra-trace voltammetric
determination of Cr(VI) at bismuth film glassy carbon electrode with the catalytic
assistance of nitrate ions, Tenth International Symposium Effects of Surface
Heterogeneity in Adsorption, Catalysis and Related Phenomena, Lublin,
27-31.08.2018 (poster);

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchiewicz, llosciowa analiza paracetamolu
na miniaturowym czujniku pokrytym nanowtoknami weglowymi, 11 Ogodlnopolskie

Sympozjum Mtodych Naukowcow ProDoc, Lublin, 12.04.2019 (prezentacja ustna);

K. Jedruchiewicz, K. Tyszczuk-Rotko, A. Sasal, Analiza sladowa jonow Mo(VI)
w  probkach wod z zastosowaniem miniaturowego czujnika PbF/SPCE,
I Ogolnopolskie Sympozjum Mlodych Naukowcow ProDoc, Lublin, 12.04.2019

(prezentacja ustna);

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchiewicz, Oznaczanie cytrynianu sildenafilu
na miniaturowej zespolonej elektrodzie weglowej, VI Forum Mtiodych

Przyrodnikéw, Rolnictwo — Zywno$é — Zdrowie, Lublin, 25.05.2019 (poster);

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchiewicz, Zastosowanie miniaturowego,
sitodrukowanego uktadu pomiarowego w oznaczeniach cytrynianu sildenafilu,
VII Ogoélnopolskie Sympozjum Nauka i Przemyst — lubelskie spotkania studenckie,
Lublin, 23.06.2019 (prezentacja ustna);

K. Jedruchiewicz, K. Tyszczuk-Rotko, A. Sasal, Zespolone, sitodrukowane czujniki
elektrochemiczne do oznaczania jonow metali w probkach wod naturalnych,
VII Ogoélnopolskie Sympozjum Nauka i Przemyst — lubelskie spotkania studenckie,
Lublin, 23.06.2019 (poster);

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchiewicz, Zespolone, sitodrukowane uktady
pomiarowe w oznaczeniach preparatow farmaceutycznych, 62 Zjazd Naukowy
Polskiego Towarzystwa Chemicznego, Warszawa, 02-06.09.2019 (prezentacja

ustna);

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchiewicz, Zastosowanie zespolonych
uktadow pomiarowych w oznaczeniach kofeiny w popularnych napojach, 62 Zjazd
Naukowy Polskiego Towarzystwa Chemicznego, Warszawa, 02-06.09.2019
(poster);
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K. Jedruchiewicz, K. Tyszczuk-Rotko, A. Sasal, Woltamperometria stripingowa —
technika umozliwiajgca analize ilosciowq jonow metali w warunkach polowych,
62 Zjazd Naukowy Polskiego Towarzystwa Chemicznego, Warszawa,
02-06.09.2019 (prezentacja ustna);

K. Jedruchiewicz, K. Tyszczuk-Rotko, A. Sasal, Wptyw modyfikacji powierzchni
SPCE otowiem na sygnat analityczny wybranych jonow metali, 62 Zjazd Naukowy
Polskiego Towarzystwa Chemicznego, Warszawa, 02-06.09.2019 (poster);

A. Sasal, K. Tyszczuk-Rotko, Determination of sildenafilu citrate on a screen-
printed carbon electrode, Plant — the source of research material, Naleczow,
10-12.09.2019 (poster).
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z obecnosci Cd i Pb w srodowisku oraz woltamperometryczna procedura ich
oznaczania na sitodrukowanej elektrodzie weglowej modyfikowanej btonkq
bizmutu”, IV Ogolnokrajowa Konferencja ,,Mtodzi Naukowcy w Polsce — Badania
i Rozw¢;j”, Lublin 2016 r;

Wspoétautor nagrodzonego |1 miejscem komunikatu pt. ,,The application of
modified integrated screen-printed sensor for the voltammetric determination of
U(vl)”, XII edycja konferencji ,,Copernican International Young Scientists

Conference”, Torun 2018 r;

Wspodtautor nagrodzonego III miejscem posteru pt. ,,Analiza sladowa jonow
Mo(VI) w probkach wod z zastosowaniem miniaturowego czujnika PbF/SPCE”, 1l
Ogolnopolskie Sympozjum Mtodych Naukowcow ,,ProDoc”, Lublin 2019 r;

Nagroda za zajecie | miejsca w konkursie na najlepszy poster pt. ,,Oznaczanie
cytrynianu  sildenafilu na miniaturowej zespolonej elektrodzie weglowej”,
VI Forum Milodych Przyrodnikéw, Rolnictwo — Zywno$¢ — Zdrowie,
Lublin 2019 r;

Wspdtautor nagrodzonego II miejscem posteru pt. ,,Nowe zastosowanie PbF/SPCE
w woltamperometrycznych oznaczeniach molibdenu(VI)” VI Forum Mtodych
Przyrodnikéw, Rolnictwo — Zywno$¢ — Zdrowie, Lublin 2019 .
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wybranych zwigzkow  biologicznie aktywnych” finansowanego z konkursu
wydziatowego dotyczacego podzialu dotacji celowej na prowadzenie badan
naukowych lub prac rozwojowych oraz zadan z nimi zwigzanych, stuzacych

rozwojowi milodych naukowcoéw oraz uczestnikow studiow doktoranckich na

Wydziale Chemii UMCS, 2018 r., L.dz. 736/WCHD/18;

Zakwalifikowanie do projektu ,,PROM - Migdzynarodowa wymiana stypendialna
doktorantow i kadry akademickiej” na rok akademicki 2019/2020
i uzyskanie finansowania na migdzynarodowa konferencje naukowsa: 9th Meeting

of Electrochemistry in Nanoscience 2020 w Paryzu, w dniach 25-27.05.2020.

Dodatkowa dzialalnos¢

1.

Cztonek sekcji studenckiej Polskiego Towarzystwa Chemicznego (11.2016 - );

Prowadzaca Sesj¢ naukowg podczas obrad sekcji chemii analitycznej
i $rodowiskowej w ramach udzialu w 62 Zjezdzie Naukowym Polskiego

Towarzystwa Chemicznego w Warszawie (02-06.09.2019);

Prowadzaca warsztaty pt: ,,Co z tqg twardoscig wody?” w Zaktadzie Chemii
Analitycznej i Analizy Instrumentalnej w ramach Drzwi Otwartych Uniwersytetu
Marii Curie-Sktodowskiej (22.03.2019);

Cztonek Wydziatowej Rady Samorzadu Doktorantow (05.2019 - ).
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Green Electrochemical Sensor for Caffeine Determination in
Environmental Water Samples: The Bismuth Film Screen-Printed

Carbon Electrode

Katarzyna Tyszczuk-Rotko” and Agnieszka Szwagierek

Department of Analytical Chemistry and Instrumental Analysis, Faculty of Chemistry,

Maria Curie-Sktodowska University, Lublin, Poland

A novel, simple and sensitive electrochemical procedure using a bismuth film screen-printed carbon electrode (BiF/SPCE) and
differential pulse voltammetry (DPV) was developed for the determination of caffeine in non-pretreated environmental water samples.
A diffusion-controlled process of the electrochemical oxidation of caffeine at the BiF/SPCE was confirmed by cyclic voltammetric
studies. The linear concentration range from 1 x 1077 to 2 x 107 mol L™! (r = 0.9927), as well as detection and quantification
limits of 2.7 x 1078 and 9.0 x 1073 mol L1, respectively, were achieved at optimized procedure conditions and parameters. Of
note, the influence of possible interfering agents appeared to be minor, which substantiates good selectivity of the procedure. The
proposed procedure with the BiF/SPCE was successfully applied for the determination of caffeine in spiked river water samples with
satisfactory recoveries (100.2 to 105.0%) and good agreement to the results obtained by reference high performance chromatography
with photodiode array detector. Thus, the bismuth film screen printed carbon electrode is an environmentally acceptable (green)

sensor for the monitoring of caffeine contamination.

© 2017 The Electrochemical Society. [DOI: 10.1149/2.0571707jes] All rights reserved.

Manuscript submitted March 6, 2017; revised manuscript received April 24, 2017. Published May 10, 2017.

Caffeine (3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione) (Fig.
1) is a purine alkaloid organic compound present in coffee, tea, yerba
mate leaves, guarana seeds, cacao beans and cola nuts.">* While caf-
feine is used by plants as a natural insecticide for paralyzing and
killing insects,*” it induces multiple pharmacological effects in hu-
mans. Caffeine affects the central nervous system, accelerates the
metabolism and has influence upon gastric acid secretion. In addition,
it increases blood pressure, reduces sleepiness and improves mood
and concentration.®” Excessive concentrations of caffeine, however,
induce hyperactivity, trembling, heart disease, nausea, vomiting, de-
pression and mutation effects such as inhibition of DNA.%° A dosage
of 10 g (about 170 mg kg~! of body weight) is considered fatal. Due
to its stimulant properties, caffeine is commonly consumed in the form
of traditional coffee, tea, sodas, energy drinks and chocolate.? More-
over, caffeine is found in supplements to facilitate weight-loss' or to
improve athletic endurance. Addition of the compound enhances the
performance of many medicaments, and, therefore, is widely used in
nonsteroidal pharmaceuticals. It helps in the treatment of asthma, nasal
congestion, headaches, migraines, for relieving tension and increas-
ing the production of dopamine. Excess of caffeine and its metabolic
products are excreted from the body in urine.>!!!?

Nowadays, environmental pollution is a serious problem, and many
places in the world lack access to clean, fresh water. The main sources
of pollution are sewage, municipal waste, land and water transporta-
tion and agriculture practices. Pollution transported in this way de-
grades the environment,'? and is the cause of many diseases among hu-
mans and animals. While human waste is treated prior to release, only
a few treatment plants are tertiary and catch anthropogenic wastes.
Therefore, such pollutants go directly into the environment. Caffeine
is one such pollutant.'* It is estimated that the global consumption of
caffeine is equivalent to an average of one cup of coffee drunk daily
by every human being in the world. Hence, due to its prevalence, caf-
feine is considered a world-wide indicator of water pollution induced
by anthropogenic waste.'> For example, studies of the Danube have
indicated the fouling of the waters by an average concentration of
caffeine equal to 137 ng L=!, with the basin of the river containing
as much as 406 ng L™!. Indeed, determined maximum concentrations
are, respectively, 1467 and 6798 mg L~!.16 Regarding the Seine River,
such caffeine concentration is shown to be at 186.9 mg L~'.7 In the
People’s Republic of China, the country with the second highest level
of environmental pollution in the world, the highest concentration of
caffeine has been noted in the river Qiujiang, with the ascribed figure
being as much as 8571 mg L~'."® In comparison, studies done on

“E-mail: ktyszczuk @poczta.umcs.lublin.pl

Poland’s Vistula River have recorded a maximum concentration of
caffeine equal to 974.2 mg L~'.14

Many methods have been used for the determination of
caffeine. Among these are liquid chromatography,' high per-
formance liquid chromatography,”?! spectrophotometry,>?* and
voltammetry.!->4-68-1224-3437 The advantages of voltammetry are in
its high sensitivity, quick response and low apparatus cost.'® Most
frequently, a glassy carbon electrodes modified with Nafion,'**?
graphene,”® single-walled?’” and multiwalled carbon nanotubes are
used."?®?° In addition, the glassy carbon electrode is modified
with flavonoids® or other organic compounds.®?3%3! Other carbon
electrodes employed for the determination of caffeine include car-
bon paste electrodes,* carbon-ceramic electrodes®® and carbon-fiber
ultramicroelectrodes.>* Both boron-doped diamond electrodes>*!?
and boron-doped diamond electrodes covered with Nafion®! are also
often used.

Caffeine content is commonly determined in pharmaceutical
formulations,-0810-12.25:2831-3437 hyman blood serum samples,®?3
beverage samples>*-6:10:11:24.25.27.30.32.33 and food samples.® However,
to the best of our knowledge, caffeine has not been electrochemi-
cally determined in environmental samples. Because of the global
consumption of caffeine, there is the need for continuous monitoring
of its concentration in surface water and groundwater.

Screen-printed electrodes have numerous advantages such
as reproducibility, repeatability, selectivity, ease of surface
modification,>* as well as portability and inexpensive production
cost.>>38 They are also characterized by their appropriate sensitivity,
selectivity, linearity and repeatability.***° Furthermore, the possibility
of placing three electrodes on the same device facilitates the position-
ing of these electrodes inside a flow cell.’” These electrodes can be
exchanged between each analysis, eliminating the need for regenera-
tion of the electrode surface, and, therefore, are often used as dispos-
able electrodes. Due to the quest for increased miniaturization, screen-
printed electrodes are becoming an increasingly popular choice.’”442

e
N @]
¢ \Nl/
/N \CH3
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Figure 1. Chemical structure of caffeine.
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Figure 2. The influence on the peak currents of caffeine of: A) type and pH of supporting electrolyte at a concentration of 0.1 mol L~! and B) concentration of
sulfuric acid. The measurements were carried out in solutions containing 5 x 107° mol L~! Bi(III), and 2 x 107¢ (a) or 1 x 107> mol L~! (b) caffeine. The

bismuth coating was deposited for 180 s at —0.95 V.

The main aim of this paper was to develop and optimize a fast
and simple voltammetric procedure employing bismuth film screen-
printed carbon electrodes for the determination of caffeine in envi-
ronmental water samples that were not pretreated. In the study, we
underline the advantages of using bismuth film screen-printed elec-
trodes for the environmental analysis of caffeine. The use of bismuth
particles as the electrode surface modifier has allowed the creation of
sensitive and eco-friendly voltammetric sensors.**

Experimental

Reagents and water samples.—All chemicals were of analytical
grade and were without further purification. Caffeine was obtained
from Sigma-Aldrich, while H,SO, 96% was obtained from Merck.
The stock standard solution of caffeine (10~2 mol L~") and working
solutions were prepared daily by dissolving a reagent or a standard
solution in water. The stock standard solution of Bi(IIT) (1 g L~') was
purchased from Merck. The working solution of Bi(IIT) (10~ mol L")
was then prepared by the appropriate dilution of the stock standard
solutions in 0.1 mol L~! HNO; (Merck). To study the interference
effect, standard solutions of Mo(VI), Ni(Il), Fe(Ill), Cu(Il), V(V),
Pb(I), Cd(I) and Zn(II) (1 g L=!, Merck) were used. Beyond this,
Triton X-100, sodium dodecyl sulfate (SDS) and cetyltrimethylam-
monium bromide (CTAB) were purchased from Fluka. All solutions
were prepared using ultra-purified water (>18 M2 cm) supplied by a
Milli-Q system (Millipore, UK). The screen-printed carbon electrodes
were prepared by way of commercial carbon ink (C10903D14, Gwent
Electronic Materials Ltd., Pontypool, UK).

The natural water samples were collected from the Bystrzyca River
(Lublin, Poland) and the Mleczna River (Radom, Poland), and then
filtered using a 0.45 pwm Millipore filter. Next, all water samples
were directly analyzed through voltammetric and chromatographic
methods.

Apparatus.—The electrochemical experiments were carried out by
way of employing an pAutolab analyzer equipped with USB electro-
chemical interface and driven via a GPES 4.9 software package (Eco
Chemie, Netherlands), in conjunction with a three-electrode system
and a personal computer for data storage and processing. For research

purposes, a conventional three-electrode quartz cell with a volume of
10 mL was used, with an Ag/AgCI/KCI (3 mol L") construct as a
reference electrode, a platinum wire as a counter electrode, and as a
working electrode, a bismuth film modified in-lab fabricated screen-
printed carbon electrode. The screen-printed carbon electrodes were
prepared through employing a screen-printing device kit (UL 1505 A,
Tesla, Czech Republic).

A high-resolution microscope FEI DualBeam Quanta 3D FEG
(scanning electron microscope (SEM) with focused ion beam (FIB))
equipped with an energy dispersive X-ray spectrometer (EDS) was
used for the electrode surface characterization. The equivalent diam-
eter of Bi particles was determined using NIS-Elements Advanced
Research software.

Chromatographic measurements were performed using high per-
formance liquid chromatograph (VWR Hitachi Chromaster 600)
with photodiode array detector (PDA) and EZChrom Elite software
(Merck, Darmstadt, Germany). The samples were separated on a Kine-
tex C18 reversed-phase column (25 cm x 4.0 mm i.d., 5 pm particle
size, Phenomenex, CA, USA)

Preparation of the screen-printed carbon electrodes.—The
screen-printed carbon electrodes were prepared by way of the screen-
printing of the ink onto the ceramic supports (each 40 x 10 mm).
Regarding the ceramic substrates, thickened carbon ink layers were
formed on these through utilizing an etched stencil (thickness 100
um, electrode printing area 105 mm?) and a screen-printing device
kit. The printed electrodes were dried at 60°C for 30 min and then
were covered with a layer of PVC insulation, leaving a defined rect-
angular shaped field (5 x 3 mm) as working area and a similar area
on the other side for electrical contact.

Procedure of bismuth film coating and caffeine voltammetric
determination.—The screen-printed working electrode was modified
with the bismuth film by way of an in-situ plating method. The bismuth
film coating and the voltammetric determinations of caffeine under
optimized conditions were carried out in a solution contained 0.2 mol
L~! sulfuric acid, 5 x 107® mol L~! Bi(IIl) and variable concentra-
tions of caffeine. At the potential of —0.65 V for 180 s the bismuth
film was deposited onto a screen-printed carbon surface. Then, after
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Figure 3. A) The influence of Bi(IIl) concertation on the peak currents of 2 x 107 (a) or 1 x 107> mol L~! (b) caffeine. B) Differential pulse stripping
voltammograms obtained at a bare SPCE (a and b) and BiF/SPCE (c and d) in a solution containing 0.2 mol L~! sulfuric acid, 0 (dotted line, a and b) or 5 x
107° mol L~ (solid line, ¢ and d) Bi(III) and 2 x 10~® (aand c¢) or 1 x 10~> mol L™! (b and d) caffeine. The bismuth film was deposited for 180 s at —0.95 V.
Stripping parameters were of an amplitude of 75 mV and a scan rate of 175 mV s~!.

5 s of equilibration time, differential pulse anodic voltammograms
were recorded between 0.25 and 1.8 V, with an amplitude of 100 mV
and a scan rate of 150 mV s~!. The background current was subtracted
from each caffeine measurement. The measurements were carried out
utilizing an non-deaerated solution.

Chromatographic measurements.—The results obtained in the
course of the determination of caffeine in environmental water sam-
ples by the proposed voltammetric method were compared to those
obtained by high performance liquid chromatography coupled with a
photodiode array detector (HPLC/PDA). The chromatographic mea-
surements were performed on the basis of a slightly modified pro-
cedure drawn from current literature.”! The analyte was separated
on C18 reversed-phase column at a flow rate of 1.0 mL min~! and
temperature of 25°C. The mobile phase consisted of acetonitrile and
water (90:10 v/v). The data were collected in the wavelength range
from 200 to 400 nm. Moreover, the quantification was conducted at
an analytical wavelength of 206 nm.

Results and Discussion

Composition of measurement solution.—The choice of the sup-
porting electrolyte is an important stage in electro-analytical studies
because its composition and pH influence the properties of the an-
alyzed solution and the electrode-solution interface, and modify the
thermodynamics and kinetics of the charge transfer process. The ef-
fects of supporting electrolytes with different composition and pH
values were investigated in order to choose the best medium for the
voltammetric determination of caffeine in environmental water sam-
ples, via bismuth film screen-printed carbon electrode (BiF/SPCE).
The influence of the following supporting electrolytes at concentra-
tion of 0.1 mol L~! on the peak current of caffeine was ascertained:
sulfuric acid, nitric acid, hydrochloric acid, acetic acid and acetate
buffer (pH 4.6 and 6.0 & 0.1). The measurements were carried out
in solutions contained 5 x 107® mol L~! Bi(Ill), and 2 x 1076 or
1 x 107> mol L~! caffeine. The obtained results were presented in
Fig. 2A. By way of such work, it was noted that the best peak currents
of caffeine were obtained in sulfuric acid. Thus, further measurements
were performed in a H,SO4 medium, and its concentration was eval-
uated from 0.025 to 0.30 mol L~!. Herein, the highest values of peak
currents with good resolution were obtained at 0.2 mol L' concen-

tration (Fig. 2B), thus, this concentration was adopted for subsequent
experiments.

The peak currents of caffeine were investigated at increasing Bi(I1I)
concentrations to evaluate the advantages of the use of bismuth as an
electrode modifier, as well as to establish a suitable ‘standard’ Bi(III)

Number of counts

A

Enerav/ keV

Figure 4. SEM images of screen-printed carbon electrodes, either unmodified
(A) or modified (B and C) by the inclusion of bismuth particles. The EDS
spectrum of the highlighted fragment of BiF/SPCE (D). The BiF/SPCE’s were
prepared according to the procedure described in Procedure of bismuth film
coating and caffeine voltammetric determination section. The concentration of
Bi(IIl) was equal to 5 x 107> mol L™,
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Figure 5. The effect of: A) potential and B) time of bismuth film deposition
on the 2 x 107 (a) and 1 x 1075 mol L~! (b) caffeine peak current. The
bismuth was deposited for 180 s (A) at —0.65 V (B).

concentration. Hence, 2.5 x 10~ mol L~ additions of Bi(IIT) were
made to a solution contained 0.2 mol L~! sulfuric acid, and 2 x 107°
or 1 x 107 mol L~! caffeine. The obtained results were presented
in Fig. 3A. As can be seen, the use of the bismuth film as a modifier
of SPCE provided a substantial increase in the anodic peak currents
of caffeine. At Bi(II) concentration of 5.0 x 10~® mol L~!, max-
imal peaks of caffeine were observed, thus, this concentration was
chosen for further study. Fig. 3B shows the voltammograms obtained
through utilizing either unmodified or modified with bismuth (5.0 x
10~° mol L") screen printed carbon electrodes in solutions contain-
ing 0.2 mol L' sulfuric acid and 2 x 1076 or 1 x 107> mol L~!
caffeine. From the obtained results, it is evident that both electrodes
provided sufficiently sensitive current response with regard to caffeine
content (dotted and solid lines). Still, that which was observed though
employing BiF/SPCE (solid lines) showed up as remarkably better
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Figure 6. A) CV voltammograms of 0 (a) and 5 x 10~% mol L~! (b) caffeine
in a 0.2 mol L! sulfuric acid solution containing 5 x 107° mol L1 Bi(IIl)
at the BiF/SPCE in the potential range of 0.25 to 1.80 V, with a scan rate
of 150 mV s~!. The relationship of: B) Iy vs. v and C) logl, vs. logy for
the oxidation peak currents of 5 x 10~ mol L~! caffeine in a 0.2 mol L~
sulfuric acid solution containing 5 x 10~ mol L~ Bi(III) at the BiF/SPCE.
The bismuth film was deposited for 180 s at —0.65 V.
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Figure 7. A) Differential pulse voltammograms obtained at the BiF/SPCE in a 0.2 mol L~ sulfuric acid solution containing 5 x 10~¢ mol L~ Bi(IIl) and
increasing concentrations of caffeine: (fromatoh) 1 x 1077,2x 1077,5x 1077, 1 x 107%,2 x 107%,5 x 107°,1 x 1075,2 x 1075 mol L. The bismuth film
was deposited for 180 s at —0.65 V. Stripping parameters include an amplitude of 100 mV, and a scan rate of 150 mV s~!. B) The linear range of the calibration

graph (1 x 1077 -2 x 1075 mol L™1).

shaped peaks at higher peak currents (6.6 vs. 8.5 pA and 18.7 vs.
24.1 pA for2 x 107% and 1 x 107> mol L~! caffeine) with respect to
bare SPCE. The increase of oxidation peak of caffeine at the bismuth
film screen-printed carbon electrode was connected with the increase
of active surface area of electrode. This conclusion was confirmed
by characterization of the electrode surface using scanning electron
microscopy. The SEM images of the electrode surface unmodified
and modified with the bismuth are presented in Figs. 4A, 4B and
4C. As can be seen in Fig. 4B, the surface of the SPCE is covered
with bright points with the equivalent diameter being in the range of
1.75-7.5 pm. Higher magnification revealed that these bright points
are agglomerates of nanoparticles (Fig. 4C). The energy dispersive
spectrometry spectrum corresponding to the image on the right is also
givenin Fig. 4D. As can be seen, the presence of bismuth is manifested
by signals on the EDS spectrum.

Parameters of voltammetric procedure.—In this part of the study,
the optimization of the procedure parameters of bismuth film plating
and caffeine detection was calibrated. First, the deposition potential
of bismuth was altered within the range of —0.2 to —1.0 V and its
influence on the peak currents of 2 x 107 and 1 x 107> mol L™!
caffeine was assessed. The obtained results are presented in Fig. SA.
As can be seen, the caffeine peak currents attained maximal val-
ues as the deposition potential was within the range of —0.65 to
—0.90 V. Therefore, for further study, a potential of —0.65 V was
chosen.

Next, the deposition time of bismuth was determined. This was
modulated within a range from 0 to 300 s and its influence on the
oxidation peak of caffeine was studied (Fig. 5B). It was observed
that the oxidation peak currents of 2 x 107% and 1 x 1073 mol L™!
caffeine attained maximal and stable values for 180 s, so for further
measurements, this time was chosen.

The influence of the instrumental differential pulse voltammet-
ric parameters (amplitude and scan rate) on the 2 x 107 and 1 x
107 mol L' caffeine voltammetric signals was then investigated.
The effect of the amplitude on the caffeine oxidation peak current

was assessed within the range of 25 to 125 mV. It was observed
that the caffeine signal increased along with rising amplitude up to
100 mV. Therefore, the amplitude of 100 mV was chosen for fur-
ther study. Finally, the dependence of the caffeine signal on a scan
rate (50-200 mV s~!) was also investigated. The best results were
obtained for 150 mV s~!, and, hence, this value was used in further
study.

Reversibility studies.—The electrochemical behavior of caffeine
at the bismuth film screen printed carbon electrode was studied by way
of cyclic voltammetry (CV) in the potential range of 0.25 to 1.8 V.
Fig. 6A reveals a comparison of CV voltammograms in the absence
and the presence of 5 x 10~ mol L™ caffeine in a 0.2 mol L~! sulfu-
ric acid solution containing 5 x 107% mol L™" Bi(III). As can be seen,
the registered CV (Fig. 6A) showed a single well-defined peak apper-
taining to the oxidation of caffeine at the potential of 1.58 V versus the
Ag/AgCl electrode. On the reverse scan, an absence of corresponding
reduction peak was observed, indicating that the electrode process of
caffeine is totally irreversible onto the BiF/SPCE surface. Next, the
effect of a potential sweep rate (v) on the caffeine peak current was
studied within the range of 0.005 to 0.2 V s~!. For this purpose, CVs
from the 2 mol L~! sulfuric acid solution contained 5 x 10~ mol L~!
Bi(IIT) and 5 x 10~ mol L~! caffeine were reordered. The seen linear
relationship between Ip and v/”? (Fig. 6B, the correlation coefficient
r of 0.9816) demonstrates that the electrochemical oxidation of caf-
feine at the BiF/SPCE is a diffusion-controlled process. The obtained
results were then confirmed by analyzing the relationship between the
logarithm of the peak current of caffeine (log/p) and the logarithm of
the scan rate (logv) (Fig. 6C). Herein, the regression of the relation-
ship between loglp and logv gave a slope equal to 0.44 (correlation
coefficient r of 0.9830), indicating that a diffusion-controlled process
occurred.

Calibration graph.—In order to definition of the presented pro-
cedure its validation was performed.*>*¢ The calibration graph for
caffeine at the bismuth film screen printed carbon electrode was
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Table I. A comparison of the proposed voltammetric procedure and other analytical methods for the caffeine determination.

Analytical method Linear range [mol LY Detection limit [mol L™!] Quantification limit [mol L~1] Reference
HPLC/UV-Vis 5.1 x 1075 -41x%x 1074 8.8 x 1077 29 x 107 20
HPLC/PAD 1.0 x 107 -5.1 x 10~* 1.6 x 1077 2.9 x 107° 21
GC/MS - - - 22
HPLC/PAD - 2.0x 1073 6.7 x 1075

Spectrophotometry UV 51%x107-9.3 x 107 3.5 %1076 - 23

DPV with BiF/SPCE 1.0 x 1077 -2.0 x 1073 2.7 x 1078 9.0 x 1078 This work

HPLC/UV-Vis: high performance liquid chromatography with UV-Vis detector, HPLC/PAD: high performance liquid chromatography with photodiode
array detector, GC/MS: gas chromatography/mass spectrometry, DPV with BiF/SPCE: differential pulse voltammetry with bismuth film screen printed

carbon electrode.

linear from 1 x 1077 to 2 x 107> mol L' and obeyed the equa-
tion y = 2.18 x + 1.80, where y is the peak current (LA) and x is the
caffeine concentration (umol L™!). The correlation coefficient r was
0.9927. The relative standard deviations of three replicate determina-
tions of each concentration of caffeine from the calibration graph were
in the range of 1.4 to 6.3%. These results reveal the good repeatability
of the proposed procedure. The detection and quantification limits,
estimated at 3 and 10 times the standard deviation (n = 5) for the
lowest determined concertation of caffeine divided by the slope of the
linear regression equation, are equal to 2.7 x 10~% and 9.0 x 1078
mol L', respectively. The registered differential pulse voltammo-
grams and the linear range of calibration graph are presented in Figs.
7A and 7B, respectively. Table I shows a comparison of the proposed
voltammetric procedure and other analytical methods for the caffeine
determination. As can be seen, the proposed procedure has very good
parameters, among these being the lowest detection and quantifica-
tion limits. It has to be noted, however, that in comparison to other
electrochemical sensors, the obtained detection limit at the BiF/SPCE
is, some cases, higher (2.7 x 1078 mol L~! vs. 1.14 x 107°, 1.7 x
1078,2.0 x 1078, 8.0 x 1072 mol L~").10:1126.27 Si]], (*) the electrode
preparation procedure is simpler,'®!!2627 and (**) the proposed sensor
can be easily miniaturized and used in field analysis.

Interferences.—The selectivity of the proposed voltammetric pro-
cedure was estimated using the additions of potentially interfering
ions to a solution containing 1.0 x 107> mol L~! caffeine. As can be
seen from Table II, the most studied ions have negligible interference.
However, the addition of Fe(III) and Cu(Il) at a concentration of 1.0
x 107 mol L™! induced a decrease of the caffeine signal to 77.3%
and 86.6% (respectively) of its original value. It should be noted that
the analytical signal of caffeine was still well-formed and easy to
measure.

What is more, the influence of surfactants on the peak current of
1.0 x 107> mol L~! caffeine was investigated by the addition of Triton
X-100, CTAB and SDS to the studied solution in the range from 0
to 2.0 mg L™'. As a result, it was observed that the additions of 2.0
mg L~! Triton X-100 and SDS increased the height of the caffeine
stripping signal to 111.9 and 102.6% of its original value, while the
addition of 2.0 mg L~! CTAB decreased the height of the caffeine
stripping signal to 73.1% of its original value. In all cases, the caffeine
signal was well-defined. The above data indicate that the use of the
proposed voltammetric method and BiF/SPCE sensor allowed the
determination of caffeine without the need of a pretreatment sample
step in environmental water samples containing organic matter

Analytical applications.—To demonstrate the applicability of the
proposed voltammetric procedure using the bismuth film screen
printed carbon electrode, caffeine content in natural water samples col-
lected from Bystrzyca and Mleczna Rivers was assessed. As prelim-
inary investigation revealed that the caffeine concentrations in these
samples were below the detection limit of the proposed procedure, the
analyzed samples were spiked with caffeine at different concentration

levels, and the caffeine content were assessed using the standard ad-
ditional method. To compare voltammetric results, the samples were
also analyzed using the high performance liquid chromatography with
photodiode array detector. The results are summarized in Table III.
Herein, the recovery values employing the proposed procedure are
between 100.2 and 105.0% with the relative standard deviation in the
range of 1.8 to 3.1% for the determined caffeine. These results demon-
strate its the satisfactory degree of accuracy, as well as its precision.
Additionally, as can be seen in Table III, no significant difference
was observed between the concentrations of caffeine determined by
the proposed differential pulse voltammetric procedure (DPV) with
the use of BiF/SPCE and the chromatographic method (HPLC/PAD).
This was confirmed by calculating the relative error and the values of
variable bias to the obtained results. The relative error values are in
the range of 0.6 to 4.5%, while the values of variable bias are equal
to 5.40% for Bystrzyca River and 5.04% for Mleczna River. Thus,
the obtained results reveal the analytical usefulness of the presented

Table II. Influence of various ions on the peak current of 1.0 x
10~5 mol L~! caffeine.

Interfering ions  Concentration (mol L~ Relative signal® (%, n = 3)

Ni(ID) 1.0 x 1076 105.3

1.0 x 107 102.7

1.0 x 1074 9223

Mo(VI) 1.0 x 107° 108.2
1.0 x 107 101.4

1.0 x 1074 95.0

Fe(III) 1.0 x 1076 106.8
1.0 x 1073 104.4

1.0 x 1074 713

Cu(Il) 1.0 x 107° 103.7
1.0 x 1073 99.7

1.0 x 1074 86.6

V(V) 1.0 x 107 105.0

1.0 x 107 104.1

1.0 x 1074 91.0

Pb(II) 1.0 x 107° 102.4
1.0 x 107 100.3

1.0 x 1074 90.7

Cd(In 1.0 x 107 104.7
1.0 x 1073 99.4

1.0 x 1074 89.4

Zn(1I) 1.0 x 1076 107.5
1.0 x 107 102.5

1.0 x 1074 93.5

#Relative signal (%) = 100 x (the caffeine peak current after addition
of interfering ion /the caffeine peak current)
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Table III. Results of caffeine determination in natural water samples using the differential pulse voltammetry (DPV) with BiF/SPCE and

chromatographic method (HPLC/PAD).

Concentration caffeine (mol L™1)

Recovery & RSD (%, n = 3)

Sample added found by DPV found by HPLC/PAD DPV HPLC Relative error® (%) Bias®* (%)
Bystrzyca River 0 - - - - - -

5.0 x 1077 5.01 x 1077 4.98 x 1077 100.2 +2.3 99.6 + 1.5 0.60 -

2.0x 1076 2.08 x 107® 1.99 x 107¢ 1040+ 1.8 99.5+0.5 450 5.40
Mleczna River 0 - - - - - -

5.0 x 1077 5.17 x 1077 5.13 x 1077 103.4 + 3.1 102.6 + 3.4 0.78 -

2.0 x 107 2.10 x 107 2.02 x 1076 1050 £2.2 101.0+1.2 3.96 5.04

4Relative error (%) = 100 x (recovery obtained by DPV — recovery obtained by HPLC method)/recovery obtained by HPLC method

bVariable bias (%) = 100 x (1 — B)/B®

¢Correction multiplier (B) = (X2m(HPLC/PAD) - le(HPLC/PAD))/(XZm(DPV) - le(DPV))s where X2m(HPLC/PAD), X1m(HPLC/PAD) are the mean values determined
for the first and second standard when using the reference method (HPLC/PAD), and XomDpv) — Xim(DPV) are the mean values determined for the first and

second standard with the using developed method (DPV)

voltammetric procedure with the use of BiF/SPCE for determining
caffeine content in natural water samples.

Conclusions

This study was the first use of an eco-friendly electrochemical
sensor (an in-situ plated bismuth film screen printed carbon elec-
trode) in combination with differential pulse voltammetric technique
for determining caffeine levels in non-pretreated environmental water
samples. It demonstrates that the proposed voltammetric procedure is
a simple, fast and cheap, and the obtained results reveal that the use of
BiF/SPCE allows the determination of caffeine content at low (108
mol L") levels. Additionally, the evidently good agreement with the
results obtained by the proposed voltammetric procedure and that of
the referenced HPLC method (relative errors being in the range of 0.6
to 4.5%) show that the BiF/SPCE can be successfully applied for the
determination of caffeine in non-pretreated water samples. The envi-
ronmental friendliness, simplicity of preparation and low production
cost of BiF/SPCE, compared to the use of other electrochemical sen-
sors and sensing techniques, makes the proposed notion attractive for
analysis of caffeine. Of note, to the best of our knowledge, the electro-
chemical sensor was for the first time used in environmental analysis
of caffeine. Additionally, due the potential of miniaturizing the sensor,
the proposed procedure can be used in rapid ‘field” analysis.
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Direct Determination of Paracetamol in Environmental
Samples Using Screen-printed Carbon/Carbon Nanofibers
Sensor — Experimental and Theoretical Studies

Agnieszka Sasal,l”! Katarzyna Tyszczuk-Rotko,*! Michat Chojecki,!” Tatiana Korona,"™ and

Agnieszka Nosal-Wiercinskal®!

Abstract: The paper describes the first electrochemical
method (differential pulse adsorptive stripping voltamme-
try, DPAdSV) using a screen-printed sensor with a
carbon/carbon nanofibers working electrode (SPCE/
CNFs) for the direct determination of low (real) concen-
trations of paracetamol (PA) in environmental water
samples. By applying this sensor together with DPAdSV,
two linear PA concentration ranges from 2.0x 10~ to 5.0 x
10 molL™" (r=0.9991) and 1.0x1077-2.0x 10~ molL™" (
r=0.9994) were obtained. For the accumulation time of
90 s, the limit of detection was 5.4x107 molL~'. More-
over, the SPCE/CNFs sensor and the DPADSV proce-
dure for PA determination are potentially applicable in

Keywords: screen-printed sensor with carbon/carbon nanofibers working electrode -

stripping voltammetry - theoretical studies - water ecosystems

1 Introduction

Organic substances with the ability to alleviate mild and
moderate pain are commonly found in many pharmaceut-
ical formulations (painkillers). This group includes non-
steroidal anti-inflammatory drugs (NSAIDs) and para-
cetamol (PA). The effect of NSAIDs (for example
acetylsalicylic acid, indomethacin, ketoprofen, diclofenac,
ibuprofen, naproxen, nabumetone) is based on the
inhibition of cyclooxygenase activity by preventing the
synthesis of prostaglandins, which leads to reduction of
inflammation, pain, and fever. In contrast to NSAIDs, PA
does not have anti-inflammatory properties but has
analgesic and anti-pyretic properties [1]. Pharmaceuticals
with PA are recommended for fever, colds, flu, headache,
toothache, menstrual pain, muscle pain, postoperative
pain, and osteoarthritis. It can be used alone or in
combination with NSAIDs and opioid analgesics in case
of severe pain [2]. In addition, PA has a low risk of side
effects and does not damage the gastric mucosa [3,4].
Waste from the pharmaceutical industry, farming,
veterinary, healthcare centers, and households (incorrect
waste management in case of expired drugs) causes the
presence of drugresidues in the environment, primarily in
water [5]. Some residues of pharmaceutical substances,
together with sewage, enter sewage treatment plants that
unfortunately are not adapted to degrade those highly
specific compounds. The active substances of painkillers
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field analysis. The process of PA adsorption at the SPCE/
CNFs surface was investigated by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and
theoretical studies. In the theoretical study of the
interaction of CNF and PA, the first species was modelled
by graphene-like clusters containing up to 37 rings. It was
found that the preferable orientation of PA is parallel to
the carbon surface with the binding energy of about
—68 kJ/mol calculated by symmetry-adapted perturbation
theory (SAPT). Both the selectivity and the accuracy of
the developed sensor for real sample analysis were also
investigated using Polish river and sea samples.

paracetamol - differential pulse adsorptive

and their metabolites are biodegraded and accumulated
in the water environment at different rates. It has been
observed that their water content is influenced by season,
with winter conditions facilitating their accumulation due
to flu season and limited photolysis processes. The
presence of those substances in surface and ground waters
has a toxic effect on fish and other aquatic organisms, and
poses a threat to human and animal health. For example,
acetylsalicylic acid interferes with fertility in Daphnia
species, D. magna, and Cladocera species, D. longispina.
Diclofenac exhibits acute hepatotoxicity, causes changes
in kidneys and gills in rainbow trout (O. mykiss), and
exhibits acute toxicity to phytoplankton and zooplankton.
It should be mentioned that due to persistent drug
residues present in the water environment the human
body develops drug resistance, and the permissible doses
can be exceeded. Exemplary consequences of PA over-
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dose include hepatic toxicity and kidney damage [6].
Additionally, the continuous discharging of incompletely
treated wastewater to the environment might lead to
uncertain ecological effects, as it may interact unpredict-
ably when mixed with other chemicals from the environ-
ment [7].

PA is one of the most popular active substances of
painkillers in the world, so there is a need for continuous
monitoring of its concentration in surface waters and
groundwater [8]. There are many methods for determin-
ing PA and the most popular ones are as follows: high
performance liquid chromatography with spectrophoto-
metric detector [9-12], spectrophotometry [13], and
spectrofluorimetry [14,15]. In addition, voltammetric
methods characterized by high sensitivity, simplicity of
the analytic process, and relatively low cost equipment
are also used for PA determination. Commonly used
sensors in voltammetric procedures for PA determination
are modified glassy carbon [1,16-20] and carbon paste
electrodes [4,21-24]. Unmodified and modified boron
doped diamond [25-27] and screen-printed electrodes
[2,3,6,28-37], nanoclay modified graphite electrode [38]
and MWCNTs-ZnO nanoparticles composite sensors [39]
are also used for the determination of PA. It should be
mentioned that screen-printed electrodes (SPEs) have
become objects of numerous research efforts aimed at
investigation of their practical application. Their low
manufacturing costs, appropriate repeatability levels, and
electrochemical properties all make them an attractive
analytical tool. Additionally, sensors based on screen
printed electrodes are miniature systems enabling water
screening and monitoring of contaminants in field con-
ditions [40-42].

Most of the voltammetric methods allow for quantita-
tive determination of PA in pharmaceutical preparations,
biological samples, and beverages. According to the best
of our knowledge, there are only three publications in
existence describing the voltammetric determination of
PA in environmental water samples [1,24,36]. However,
the achieved detection limits (2.21x 1077, 5.08x 1077, 1.98 x
107" mol L™}, respectively) do not allow direct determina-
tion of low PA concentrations in natural water samples
[1,24,36], while the concentration of PA in water samples
is about 10°-10"* molL ™" (e.g. average PA concentration
in the river samples of the Madrid region in Spain was
equal to 8.18 x10" molL™" [43] and 0.95x 10~ molL™" in
seawater samples from the Atlantic Ocean collected in
Porto coastal area [8]). In these already described
methods, the additional time- and reagent-consuming step
of pre-concentration of the analyte is necessary for the
determination of low (real) PA concentrations in water
samples.

In the present paper the advantages of stripping
voltammetric method and a screen-printed sensor with a
carbon/carbon nanofibers working electrode (SPCE/
CNFs) were used in an analytical procedure for determi-
nation of the active substance of painkillers (PA) in
environmental water samples. The development of this
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procedure using screen-printed sensors will make it
possible to conduct direct analyses of water samples in
and outside the laboratory. According to our knowledge,
in the present work electrochemical and theoretical
studies were performed for the first time simultaneously
in order to clarify the process of electrochemical determi-
nation of PA.

2 Experimental
2.1 Reagents and Solutions

A solution of PA (1x107?molL™") was prepared every
week by dissolving a reagent (Sigma-Aldrich) in water,
and then stored at 4°C. Sulphuric acid used as a
supporting electrolyte (0.1 molL™') was prepared from a
reagent (2.0 molL™") purchased from Merck. A solution
of Na,EDTA (disodium salt of ethylenediaminetetra-
acetic acid, Sigma-Aldrich) was prepared in distilled
water. Acetate buffer solutions were prepared from acetic
acid (Sigma-Aldrich) and sodium hydroxide (Sigma-
Aldrich). The interference effect was checked using
standard solutions of 1 gL' Fe(III), Cu(II), V(V), Zn(II),
Ni(II), Mo(VI), Cd(II), and Pb(II) (Merck), ibuprofen
and caffeine (Sigma-Aldrich) and the following surfac-
tants (Fluka): Triton X-100, sodium dodecyl sulphate
(SDS) and cetyltrimethylammonnium bromide (CTAB).
The solutions were prepared using ultra-purified water (>
18 MQcm) supplied by a Milli-Q system (Millipore, UK).

Natural water samples were collected from the By-
strzyca River (Lublin, Poland), the Vistula River (Sando-
mierz, Poland) and the Baltic Sea (Wladyslawowo, Po-
land).

2.2 Apparatus

A pAutolab analyzer (Eco Chemie, Netherlands) was
used to conduct all voltammetric experiments. The
analyzer and computer were connected with a USB
electrochemical interface. Commercially available screen-
printed electrodes consisting of a carbon/carbon nano-
fibers electrode (SPCE/CNFs, diameter of 4 mm, area of
12.56 mm?) as a working electrode, a carbon auxiliary
electrode, and a silver pseudo-reference electrode (Drop-
Sens, Ref. 110CNF, Spain) were used for the voltammet-
ric measurements. The sensor was immersed in the
supporting electrolyte placed in a quartz cell (volume
10 mL).

The water samples were collected into sterile, poly-
propylene containers (Merck, Germany).

The double layer capacity was measured by the
electrochemical impedance spectroscopy method (uAuto-
lab analyser, GPES software (version 4.9), Eco Chemie,
Netherlands).

The geometry optimization was performed using the
def2-TZVP basis set [44,45] at the density functional
theory (DFT) level with the B97-D3 functional [46],
where D3 stands for dispersion correction, which is crucial

Electroanalysis 2020, 32, 1618-1628 1619


www.electroanalysis.wiley-vch.de

Full Paper

for the reliability of the method if at least one of the
interacting molecules is nonpolar. The character of the
stationary points was verified by analysis of harmonic
frequencies. The density-fitting method was used to
accelerate the computations [47,48]. This part of compu-
tations was performed with the Gaussian package [49].
The optimized structures were then utilized to obtain
interaction and stabilization energies. The interaction
energies, together with their decomposition into physi-
cally interpretable components, were calculated by Sym-
metry-Adapted Perturbation Theory (SAPT) with mono-
mers described at the DFT level (the so-called SAPT
(DFT) model) [50,51]. The asymptotically corrected
PBEO functional [52,53] with asymptotic correction (AC)
defined by Griining [54] was utilized in SAPT(DFT) to
correct for the wrong asymptotic behavior of PBEO.
Vertical ionization potentials (IPs) and the highest
occupied molecular orbital (HOMO) energies, needed for
the calculation of AC, were also obtained with the PBEO
functional. The def2-TZVP basis set was used for the IPs,
while the PBEO energies of the HOMOs were obtained
on the same basis as those used in SAPT(DFT). The
density-fitting technique was applied for the calculation of
the electron repulsion integrals [55]. Because of the
system size, we had to restrict ourselves to the def2-SVP
and def2-TZVP basis sets for SAPT calculations. The
dispersion part of the SAPT energy was estimated in the
complete-basis set limit (CBS) using the formula for the
correlation energy proposed in Helgaker et al. [56] and
utilized for the Alhrichs-type basis sets, e.g. in Refs
[57,58]. This part of computations was done using the
Molpro package [59].

2.3 Voltammetric Method for PA Determination

The solution used for PA determination contained
0.1 molL™ H,SO, (supporting electrolyte) and 1x
10 molL™' EDTA (added to minimize the influence of
interfering metal ions). The first step involved the
application of a potential of 1.0V for 10s in order to
obtain electrochemical cleaning of the working electrode
surface. After that, at a potential of —0.95 V applied for
90s, PA was accumulated on the working electrode
surface and the analytical signal of PA was received
during a potential sweep from —0.95 to 1.8V using
DPAdSV technique. Other parameters of the applied
technique were an amplitude of 75 mV and a scan rate of
150 mVs'. The signal of PA was measured after subtract-
ing the background. The curves were cut to the potential
range of 0.2 t0 0.75 V.

In order to determine PA in environmental water
samples, the baseline was recorded in the 10mL of
supporting electrolyte solution to verify the cleanness of
the cell and the purity of the reagents as well as to
perform the background correction of the registered
voltammogram with the PA signal. Then, 9.49 mL of the
water samples or the water samples spiked with an
appropriate concentration of PA were diluted with the
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supporting electrolyte and EDTA to obtain a final volume
of 10 mL. Next, all water samples were directly analyzed
using the optimized voltammetric method. The samples
that could not be analyzed immediately were stored at
4°C.

2.4 Adsorption Measurements

The differential capacity of the double layer (C,) at the
interface of the working electrode surface (screen-printed
carbon nanofibers/carbon electrode)/supporting electro-
lyte was measured in thermostated cells at 298 K using
electrochemical impedance spectroscopy. For the whole
polarisation range, the capacity dispersion was tested a
frequency range of 200-1000 Hz. In order to obtain the
equilibrium values of differential capacity, a linear
dependence of capacity on the frequency square was
extrapolated to a frequency equal to nil [60].

In cyclic voltammetry (CV), the effect of the scan rate
was tested in asolution containing 1.0x 10~ molL™' PA in
the range from 7.5 to 250 mVs™ in the potential range
from 0.1 to 1.0 V.

2.5 Theoretical Methodology

In order to unravel the nature of the interaction between
the PA molecule and the graphite-like support, we model
the latter as a finite system, i.e. as small-(19 rings),
medium- (30 rings), and large-(37 rings) coronene-like
graphene monolayers, denoted as G19, G30, G37 clusters.
This way of theoretical description of absorption has been
frequently used in computational chemistry, see e.g. the
study of Lazar et al. where coronene was utilized to model
graphene interacting with several small organic molecules
[61].To such molecular clusters, which were capped with
hydrogen atoms on their borders in order to saturate the
bonds (the procedure utilized frequently in molecular
fragmentation methods) [62], the PA molecule was added
and allowed to fully relax during geometry optimization.
The calculated optimal geometries of the complex of PA
and G19, G30, or G37 are displayed in Figure 1.

The main quantity describing the intermolecular
interactions is the interaction energy, defined as a differ-
ence between the energy of the complex AB and the
constituent molecules A and B,

E, = Es — (E, + Ep) (1)

where the geometries of A and B are the same when
calculating all the three energies. The interaction energy
is calculated either supermolecularly, or perturbationally
with SAPT. Since the former methods require the
calculation of three energies of large molecules, the
practically available approaches are Mgller-Plesset theory
to the second order (MP2) and its spin-component-scaled
(SCS) variant, which are known to strongly overbind the
complexes with n systems. Therefore, in this study we
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Fig. 1. Calculated geometries of paracetamol-Gn complexes (n=19, 30, 37), view from side (upper panel) and above the Gnmolecular

cluster (bottom panel).

utilize the perturbational model only. Within SAPT, the
interaction energy is calculated as

ESATT = EU) + ELy + Ein) o
2
+E, i+ EG, + ES)

disp exch—

The electrostatic, induction, and dispersion contribu-
tions have a clear physical meaning: the electrostatic
describes the interaction of unperturbed electron clouds
of molecules A and B, the induction — the polarization of
A through the unperturbed B and vice versa, while the
dispersion results from the attraction of instantaneous
dipoles created on both A and B. The corresponding
exchange corrections result from imposing the Pauli
exclusion principle on the approximate wave functions,
and — finally — the delta Hartree-Fock term includes
approximately some higher-than-second order terms. The
stabilization energy, which can be calculated as the
interaction energy computed at the optimal AB geometry
plus the deformation energies of A and B (for A defined
as the difference between the energy of the non-optimal
geometry of A in AB and the fully relaxed geometry of
A) and the zero-point vibrational correction, can serve as
an additional descriptor of the stability of the complex.

3 Results and Discussion
3.1 Characteristics of the Sensor

The comparison of the voltammetric signals of 5.0x
107" molL™' PA at the commercially available, screen-
printed sensors with carbon, carbon/multi-walled carbon
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nanotubes and carbon/carbon nanofibers working electro-
des from 0.1 molL™! solution of H,SO, shows oxidation
peaks of PA for all electrodes (see Figure 2). Literature
data reveal this PA oxidation mechanism to be associated

40 —
30 —
Cc
<
320 .
0 I I 1 I 1 I I I
0 0.2 04 0.6 0.8

E/V

Fig. 2. DPAdSV curves obtained at screen-printed sensors with
carbon (a), carbon/multi-walled carbon nanotubes (b) and
carbon/carbon nanofibers (c) working electrodes in 0.1 molL™!
H,SO, solution containing 5.0x 10~" molL™' PA. PA was accumu-
lated for 45s at —0.95 V. DPV parameters: amplitude of 75 mV,
scan rate of 175 mVs™.
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with the formation of N-acetyl-p-quinoneimine (NAPQI)
[36]. It can be seen that the peak current of PA (c curve)
is improved through the modification of the carbon
working electrode surface with carbon nanofibers as well
as the peak potential is shifted to more positive side. It
can be attributed to the developed active surface of the
electrode modified with carbon nanofibers, which medi-
ates PA adsorption.

Using electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV), tests were carried out to
determine the type of process occurring on the surface of
the SPCE/CNFs, due to which PA is deposited on its
surface. Figure 3A presents the differential capacity
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curves of the double layer interface electrode/supporting
electrolyte and electrode/supporting electrolyte in the
presence of increasing PA concentrations. Increasing PA
concentration causes the differential capacity to rise (from
about —0.4 to 1.2V). This confirmed that PA was
adsorbed at the carbon/carbon nanofibers working elec-
trode [63,64].

To confirm the adsorption of PA at the SPCE/CNFs,
CV curves were recorded in 0.1 molL™"' sulphuric acid
containing 1.0x10™* molL™' PA in the potential window
from 0.1 to 1.0 V. During subsequent measurements, the
scan rate was varied in the range from 5 to 400 mVs™. As
can be seen in Figure 3B, only the PA oxidation peak is
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Fig. 3. A) Differential capacity — potential curves of double layer interface SPCE/CNFs /0.1 mol L™" sulphuric acid solution containing
increasing concentrations of PA: (a) 0, (b) 5.0x107°, (c) 1.0x107% (d) 5.0x107%, (e) 2.0x1077, (f) 1.0x10*molL"". B) CV curves
obtained in 0.1 mol L™ sulphuric acid solution containing 1.0x 10~ molL™" PA at SPCE/CNFs for the scan rate of: a) 50, b) 100 and c)
150 mVs™.. Relationship between: C) peak currents of PA (Ip) and the square root of the scan rates (v'?); D) logarithm of the peak
current (loglp) and the logarithm of the scan rate (logv) for the scan rate from 5 to 400 mV's™". The obtained, average values are shown

with standard deviation for n=3.
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visible. The obtained results suggest charge transfer
during PA oxidation to be electrochemically irreversible
[65]. Furthermore, when the scan rate was increased, the
oxidation peak potential shifted toward more positive
values; such behaviour confirms that the electrode process
is irreversible. The relationship between the PA peak
current (Ip) and the square root of the scan rate (v'*?) was
plotted based on the CV measurements obtained. As
shown in Figure 3C, a non-linear correlation (r=0.9723)
suggests this process to be adsorption-controlled. In order
to confirm this assumption, the relationship between the
logarithm of the PA peak current (loglp) and the
logarithm of the scan rate (logv) was plotted (Figure 3D).
The value of 0.83 for the coefficient slope indicates that
electrochemical oxidation of PA at the SPCE/CNFs sur-
face is an adsorption-controlled process.

3.2 Theoretical Studies

The optimal position of PA on the coronene-like molec-
ular cluster was found to be parallel to the carbon plane
and placed approximately in the middle of the cluster.
This position was preserved for all sizes of the cluster,
which ensures us that the assumed model is correct. The
phenyl ring of PA is placed above the carbon-hexagon
rings, apparently starting the AB-type conformation of
the second layer, i.e. half of its carbon atoms reside over
the carbon atoms of the cluster (the smallest distances
between these interlayer carbons are: 3.25, 3.32, 3.35 A
for the G37 case), while the second half is placed over the
hexagon holes. The PA molecule has only one such ring,
but nonetheless the remaining atoms tend to order
themselves to form another ring-like structure
H-C-C-N—-C-O also forming a non-perfect AB-type
conformation (with the closest C—N interlayer distance
equal to 3.37 A). The placement of PA over two smaller
molecular clusters G19 and G30 follows the same rules.
The interaction and stabilization energies, together
with the SAPT partition and the stabilization energy
components, are presented in Table 1. Clearly, the
dispersion stabilization was dominant as it contributed
virtually to all the attractive interaction for all the
complexes. The second important attractive contribution
is the second-order induction interaction, but it is almost
completely cancelled with its exchange counterpart. The
attractive electrostatic contribution is totally cancelled by
the first-order exchange term, so the total first-order
contribution to the interaction energy is strongly repul-
sive. Such a behavior is typical for the interaction in the
van der Waals minimum region for nonpolar molecules.

ELECTROANALYSIS

It should be noted that all the terms in the same
column are very similar to each other, so one could safely
assume that the interaction of stabilization energy is
practically converged with respect to the cluster dimen-
sion and the addition of more carbon hexagon rings will
not change our results significantly. Therefore, one can
estimate the stabilization energy of PA absorbed on a
carbon hexagonal layer as about —68 kJ/mol.

Summarizing, the theoretical study predicts that the
PA molecule is strongly attracted by CNFs, which
supports the conclusions from the experiment about the
importance of CNFs in PA detection.

3.3 Optimization of PA Determination Method

The study investigated the effect of the following support-
ing electrolytes on the PA signals (5x10® and 2x
107" molL™): acetic acid, sulphuric acid, acetate buffer
(pH 4.6 and 5.9+0.1), phosphate buffer (pH 7.0+0.1),
ammonium buffer (pH 8.5+0.1), and sodium hydroxide
at 0.1 molL~". The most well-defined and highest voltam-
metric signals for both PA concentrations were achieved
in H,SO, solutions. These results formed the basis for
further measurements that were carried out in
H,SO,medium, and PA concentration was evaluated in
the rage of 0.05 - 0.3 molL™". The highest values of PA
peak currents were obtained at 0.1 molL™" concentration,
and hence this concentration was used in subsequent
experiments.

Accumulation potential and time are parameters that
tend to strongly affect the sensitivity and detection limit
of stripping techniques. To evaluate their effect on peak
currents of PA (5x107% and 2x107" molL™"), the accumu-
lation potential was varied in the range from —1.2 to
—0.7 V. The stripping peak currents of PA increase when
the accumulation potential is increased from —1.2V,
reaching the maximum value at —0.95 V, and then they
decrease at stronger positive potentials (see Figure 4A).
The accumulation potential of —0.95 V was selected for
further investigations. The effect of accumulation time on
peak current response was studied for the 0.1 molL™
solution of H,SO, spiked with various concentrations of
PA (5x107® and 2x107" molL™"). The accumulation time
was investigated in the range of 0-300 s. Figure 4B shows
that the PA signals reached maximum and stable values
for the accumulation time of 90s. Subsequent studies
were therefore carried out using the accumulation time of
90 s.

The effect of different levels of the DPV instrumental
parameters on PA peak current was investigated. The

Table 1. Components of the SAPT interaction energy and the stabilization energies (in kJ/mol) for the complexes under study in the CBS limit.

Structure  g() EL,  Ep ED e ER, E 4y  OEw  ESTT Eu.  AZPE  E,,

G19 —43.4 109.3 —44.8 40.1 —140.1 17.9 -73 —68.3 0.0 4.2 —64.1
G30 —43.2 109.6 —45.1 40.5 —143.8 18.1 -72 -71.0 0.0 4.1 —66.9
G37 —43.1 109.7 —45.4 40.7 —144.7 18.2 -72 —71.7 0.0 3.8 —67.9
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Fig. 4. Effect of accumulation potential (A) and time (B) on the
(a) 5x10* molL™" and (b) 2x107 molL"' PA peak currents. The
obtained, average values are shown with standard deviation for
n=5. PA was accumulated for 90s (A) at —0.95V (B). DPV
parameters: amplitude of 75 mV, scan rate of 175 mVs™.

modulation amplitude of 75 mV and the scan rate of
150 mVs™ were found to be the optimum values of DPV
parameters (for both selected values, the highest voltam-
metric signals of 5x107® and 2x1077 molL™'PA were
obtained).

Moreover, the need of electrochemical cleaning the
working electrode surface after each measurement was
tested. 10 successive measurements of analytical signals of
2x1077 and 1x10°molL™" PA were performed using
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purification at 0.5 V for 10 s, 1.0 V for 10 and 30 s as well
as without purification. Table 2 contains the calculated
relative standard deviations for each of the investigated
cases. Due to the low RSD values (3.13% for 2x
107 molL" PA and 328% for 1x10°molL™" PA)
obtained for measurements performed at 1.0V for 10s,
this way of electrochemical cleaning was selected. The
RSD values confirm the repeatability of measurements
carried out using the SPCE/CNFs to be satisfactory.

3.4 Analytical Performance

The dependence of stripping peak currents on PA
concentration and the obtained DPAdSVcurves are
shown in Figures SA and B. The calibration curve for the
accumulation time of 90 s was linear in two ranges from
2.0x107° to 5.0x10"* molL (I [uA]=9.68 ¢ [umolL""] +
0.086, r=0.9991) and from 1.0x1077 to 2.0x10™° molL™"
(I [uA]=4.14 ¢ [umolL']+0.58, r=0.9994).The relative
standard deviation for all measured concentrations of PA
from the linear range of the calibration graph ranged 3.5—
5.2% (n=5). The limits of detection (LOD) and quantifi-
cation (LOQ) of PA were calculated from the calibration
curve using the following formulas: LOD=3 SD/b and
LOQ=10 SD/b, respectively, where standard deviation
(SD) was calculated for an intercept (n=3), while b
stands for the slope of the linear regression equation [66].
The LOD and LOQ are equal to 5.4x107° and 1.8x
10~ molL", respectively. The estimated LOD is lower
than the PA concentration level (10~°-10®molL™") in
natural waters, which proves that the commercially
available, integrated SPCE/CNFs can be used for analysis
of real samples.

Table 3 presents the comparison of the PA analytical
parameters obtained with the use of screen-printed
electrodes. The comparison demonstrates that the com-
mercially available SPCE/CNFs provides a lower detec-
tion limit. The LOD and LOQ values are also lower than
those obtained using other electrochemical sensors
[1,4,16-27,38,39].

Table 2. Values of relative standard deviation (RSD) obtained for
measurements performed without electrochemical cleaning of elec-
trode surface step or for variable potentials and time of cleaning.

Cleaning potential [V] Time RSD'(n=10) RSD?(n=10)
[s] [%] [%]

- 0 7.60 8.02

0.5 10 5.18 4.16

1.0 10 3.13 3.28
30 3.48 3.06

Iconcentration of PA=2x10"" molL™"; ? concentration of PA =
1x10*mol L.
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Fig. 5. A) DPAdSV curves obtained the SPCE/CNFs after background correction in 0.1 molL™! H,SO, solution containing increasing
concentrations of PA. Concentrations of PA from the bottom to the top are: 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 umol L.
B) Corresponding calibration plots. The obtained, average values are shown with standard deviation for n=5. PA was accumulated for
90 s at —0.95 V. DPV parameters: amplitude of 75 mV, scan rate of 150 mVs™".

Table 3. Comparison of voltammetric methods at different screen-printed electrodes for the determination of PA.

Electrode Method Linear range Detection limits Application Reference
[umol L™']  [umol L]

SPGrE Ccv 0.1-50 0.02 human oral fluid [2]

SPCE DPV 33-198.5 0.66 tablets [3]

SPCE DPV 0.05-190 0.013 tablets, syrup [6]

CeBiO,NFs/SPE DPV 2.5-130 0.2 tablets, serum [28]

BiO-SPE DPV 0.5-97 0.03 tablets, blood, urine, saliva [29]

SPCE modified with carbon nanotubes DPV 1-1000 - tablets [30]
(0)% 2.5-1000 -

SPE modified with protein G-based MBs DPV 0-750 1.76 tablets [31]

EIGPU DPV 1-40 0.84 tablets [32]

EIGPU Ccv 1-100 0.8 tablets [33]

SPE/PEDOT DPV 4-400 1.39 tablets [34]
Ccv 10-1000 3.7

Activated graphene oxide SPE SWvV 0-10 0.17 tablets, serum [35]

SPCNFE DPV 0.60-5.30 0.20 tap water, hospital wastewater samples [36]

SPE

CNF/SPE DPV - - - [37]

CNF-G/SPE

SPCE/CNFs DP AdSV 0.002-0.05  0.00054 river and sea water samples This work

0.1-2.0

SPGrE: screen-printed graphene electrode;CeBiO,NFs/SPE: CeBiO, nanofibres modified screen-printed electrode;BiO-SPE: bismuth
oxide nanorod modified screen-printed electrode;EIGPU: disposable screen-printed electrode based on a graphite and polyurethane
resin composite;MBs: magnetic beads;PEDOT: poly(3,4-ethylenedioxythiophene); SPCNFE: carbon nanofibers modified screen-
printed electrode; CNF—G/SPE:graphene reinforced carbon nanofiber screen-printed carbon electrode; DPV: differential pulse
voltammetry;CV: cyclic voltammetry; SWV: square wave voltammetry.

3.5 Effect of Interferences

The influence of various metal ions and organic com-
pounds found in water samples was checked for a
constant PA concentration of 1x107° molL™". In order to
minimize the effect of foreign metal ions on the analytical
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signal of PA, 1x10~° molL™ EDTA was added to the
electrochemical cell. The addition of EDTA to the
solution creates permanent complexes with interfering
ions and in consequence their influence is minimized
[67,68].The most commonly studied ions (Cu(Il), V(V),
Zn(1I), Ni(I), Mo(VI), Cd(II) and Pb(II)) at a concen-
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tration of 1x107° molL™" exhibit negligible interference
(the relative signals were found to range 92.4-105.1 %
with a relative standard deviation of 4.5-5.3% (n=3)).
However, adding Fe(III) at a concentration of 1.0x
10~° mol L™ induced a decrease of the PA signal to 79.5+
3.4% (n= 3) of its original value. It should be noted that
the analytical signal of PA was still well-defined and easy
to measure.

Furthermore, the effect of the commonly consumed
active substances of painkillers, ibuprofen and caffeine,
and other anthropogenic waste on PA (1x10"°molL™)
signal was studied. Ibuprofen added at 1x10~°molL™
was not observed to affect the PA peak. This means that
the presence of 1x10~° molL™" ibuprofen in the electro-
chemical cell does trigger a PA peak current error within
the range of +5 %.

Moreover, the study investigated the effect of surfac-
tants on the peak current of 1.0x10°molL™" PA by
adding Triton X-100, CTAB and SDS to the tested
solution ranging from 0 to 20.0 mgL™". As a result, the
addition of 20.0 mg L™ Triton X-100, SDS and CTAB was
observed to decrease the height of the PA stripping signal
to 62.3, 72.8, and 62.5 %, respectively, of its original value.
In all cases, the PA signal was well-defined. The results
derived demonstrate that PA determination by the
proposed method in ecosystem water samples can be
performed without sample preparation.

3.6 Application in Environmental Analysis

The newly developed method was applied for the
determination of PA in natural water samples collected
from the Bystrzyca River, the Vistula River, and the
Baltic Sea. The preliminary investigation revealed that
the PA concentrations in these samples were below the
LOD of the proposed method; therefore, the analysed
samples were spiked with PA at different concentration
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levels. The PA content was measured using the standard
addition method (see Table4). When the proposed
procedure was employed, the recovery values were
between 96.2 and 104.6 %, with the relative standard
deviation (RSD) ranging between 1.8 and 5.1 % for PA
determined. These results demonstrate a satisfactory
degree of accuracy and precision. It should be noted that
it was the first application of the commercially available
SPCE/CNFs, which can be used in stationary and portable
devices, for PA determination in environmental water
samples. Furthermore, screen-printed sensors were first
used for determination of PA (5-200 nmolL™") in ecosys-
tem water in concentrations that are actually found in
samples [43].

Moreover, the determination of PA in water samples
was performed using the voltammetric method at boron-
doped diamond electrode modified with Nafion and
bismuth particles described in literature (BDDE/Nafion/
Bi) [25]. The obtained results are summarized in Table 4.
As can be seen, only the PA concentration of 2x
107" molL™" in water samples can be determined at the
BDDE/Nafion/Bi, as described in the earlier paper.
According to the t-Student test, there are no significant
differences between the recoveries obtained by both
methods, suggesting a 95 % confidence level. The calcu-
lated t values (t,) range from 0.14 to 1.36, which is below
the critical value equal to 1.81 (for degrees of freedom (f)
equal to 4, f=n,+n,-2).

4 Conclusion

In this paper the electrochemical (cyclic voltammetry and
electrochemical impedance spectroscopy) but also theo-
retical studies predict physisorption of PA on the carbon
surface. This is a favorable energetic process with a
stabilization energy of about —68 kJ/mol per one drug
molecule, and can therefore serve as a possible first step

Table 4. Results of PA determination in the environmental water samples using proposed voltammetric method ' and method described in

literature at the BDDE/Nafion/Bi 2.

Sample Added Found ! Found ? Recovery ! Recovery * texp.
[nmol L] [nmol L] [nmol L] + RSD + RSD
[%,n=3] [%,n=3]
Bystrzyca river 0 - - - - -
5 5.03 - 100.6+4.1 - -
20 20.38 - 101.9+3.8 - -
80 77.41 - 96.8+4.1 - -
200 199.67 202.60 99.8+1.8 101.3+4.0 0.48
Vistula river 0 - - - - -
5 4.99 - 99.84+2.7 - -
20 19.24 - 96.2+2.0 - -
80 79.92 - 99.9+4.1 - -
200 209.20 195.20 104.6+5.1 97.6+5.1 1.36
Baltic sea 0 - - - - -
5 4.82 - 96.44+1.8 - -
20 19.98 - 99.94+4.5 - -
80 80.08 - 100.1£3.9 - -
200 207.00 205.60 103.5+4.5 102.8+5.2 0.14
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in a sequence of reactions leading to its detection.
Simplicity and short analysis time without complicated
sample pretreatment enable fast, sensitive (the limit of
detection is 5.4x107" molL™" for the accumulation time
of 90s), and selective determination of PA in environ-
mental water samples.It should be clearly mentioned that
the paper describes the first electrochemical method for
the direct determination of low (real) concentration of
PA in environmental water samples.Furthermore, the
proposed sensor and the simple procedure for PA
determination are potentially applicable not only in
laboratory measurements but also in field analysis. This
allow us to:
e cvaluate water quality quickly in case of emergency
measurements;
e detect emergency water contamination conditions;
e perform field water quality tests in case of a large
distance from the laboratory and a large number of
samples.
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Abstract: A simple, sensitive and time-saving differential-pulse adsorptive stripping voltammetric
(DPAdSV) procedure using a screen-printed carbon electrode modified with carboxyl functionalized
multiwalled carbon nanotubes (SPCE/MWCNTs-COOH) for the determination of diclofenac (DF) is
presented. The sensor was characterized using optical profilometry, SEM, and cyclic voltammetry
(CV). The use of carboxyl functionalized MWCNTs as a SPCE modifier improved the electron
transfer process and the active surface area of sensor. Under optimum conditions, very sensitive
results were obtained with a linear range of 0.1-10.0 nmol L™! and a limit of detection value of
0.028 nmol L~!. The SPCE/MWCNTs-COOH also exhibited satisfactory repeatability, reproducibility,
and selectivity towards potential interferences. Moreover, for the first time, the electrochemical sensor
allows determining the real concentrations of DF in environmental water samples without sample
pretreatment steps.

Keywords: screen-printed carbon electrode modified with carboxyl functionalized multiwalled
carbon nanotubes; diclofenac; differential-pulse adsorptive stripping voltammetry; environmental
water samples; HPLC with photo-diode array detection

1. Introduction

Diclofenac (DF) is a nonsteroidal anti-inflammatory drug (NSAID), a derivative of
aminophenylacetic acid with a strong anti-inflammatory, analgesic and antipyretic effect. The action of
the drug causes the inhibition of inductive (COX-2) cyclooxygenases, responsible for the synthesis of
proinflammatory prostaglandins in the site of inflammation and constitutive (COX-1) and the synthesis
of prostaglandins fulfilling a physiological function in the gastrointestinal tract and kidneys. DF
is absorbed quickly and completely from the gastrointestinal tract and then eliminated completely
within 12 h, approximately 60% in the urine and 33% in the faeces. DF is used as an analgesic and
anti-inflammatory drug in rheumatoid arthritis, other connective tissue systemic diseases, gout attack,
osteoarthritis, and the prevention and treatment of postoperative pain and neuralgia. DF is not
recommended for children under 12 years of age and for people suffering from gastric and duodenal
ulcer, aspirin-induced asthma, impaired hepatic function, renal insufficiency, and porphyria [1].

In autumn and winter seasons, an increased number of colds and flu is observed, which results
in a significant increase in the number of sales and the consumption of pharmaceutical preparations,
in particular NSAIDs. Residues of drugs and dietary supplements get into the environment primarily
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to ground and surface water, causing their pollution. Low water temperatures and short days hinder
the process of photolysis and the biodegradation of pharmaceutical preparations, which can cause
adverse and unpredictable effects in the ecosystem. The main sources of pollution are factories
and production plants, as well as hospitals, health centers, and practically every household. DF is
one of the most commonly found ingredients in water, and its concentration is from 3.7 x 107! to
1.4 x 108 mol L1 [2,3].

Although the likelihood of any form of short-term human health risk after DF release into the
environment is low, a study links the catastrophic decline of Gyps vulture populations across the Indian
subcontinent to DF [4,5]. Generally, NSAIDs such as DF and ibuprofen, for example, have Log Kow
values greater than three and may have the capacity to bioaccumulate in the tissues of organisms [6].
DF exhibits acute hepatotoxicity, causes changes in kidneys and gills in rainbow trout (O. mykiss) and
exhibits acute toxicity to phytoplankton and zooplankton. Moreover, the possibility of synergetic
effects with other pharmaceuticals or chemicals in the aquatic environment increases the environmental
risk as well [7].

There are many methods in the literature that allow for the determination of DF at various
concentration levels. The most popular methods are spectrophotometry (determined DF concentrations:
6.8 X 1077-8.4 x 1072 mol L), spectrofluorimetry (determined DF concentrations: 4.2 x 1077
1.7 x 1074 mol L), calorimetry (determined DF concentrations: 4.6 X 1076-2.7 x 10~* mol L71),
high-performance thin-layer chromatography (determined DF concentrations: 6.8 x 1077-
2.7 x 107% mol L), and HPLC (determined DF concentrations: 1.7 x 1078-1.4 x 10~ mol L1) [8,9].
Unfortunately, these methods require frequently a time-consuming initial sample preparation stage
due to very low concentrations of DF in water samples.

An alternative to the methods described above are electrochemical methods that allow for quick
and cheap analysis of real samples. In the research, various types of working electrodes are used,
the most popular electrodes are glassy carbon electrodes modified with metal [10], graphene and carbon
nanomaterials [1,11-14] or organic compounds [15-18]. In addition, paste electrodes [19] modified
with carbon nanomaterials [20-24], silica [25] or organic compounds [26], graphite electrodes [27,28],
composite electrodes [27,29], carbon ceramic electrodes [30], boron-doped diamond electrodes [31],
and platinum disk electrodes [32,33] are used. The methods presented in most cases are applicable
in the determination of DF in pharmaceutical preparations and human urine samples and blood
samples. According to our knowledge, currently, there are only four papers on the development
of electrochemical sensors for the determination of DF in water samples [15,16,19,31]. However,
the authors of those papers determined DF in spiked water samples at concentrations (around
1077-1073 mol L) higher than those actually present in environmental samples. This was related to
the received limit of detection (LOD) values in a range of 3.0 x 1078-2.0 x 10~ mol L.

Furthermore, all of the above works describe research methods that are applicable in laboratory
analyses. However, no methods have been developed for field analysis. For this purpose, screen-printed
sensors can be used. Screen-printing technology allows obtaining a small size of screen-printed sensors,
which are characterized by low production cost and high repeatability and allow for the analysis of
organic and inorganic compounds at low concentration levels. Screen-printed electrodes have been
used in quality control in environmental, clinical, food, and agricultural areas [34]. However, according
to the best of our knowledge, there are no papers in the literature that report on the application of
screen-printed sensors for the determination of DE.

Due to the huge scale of consumption of pharmaceutical preparations, including DF and their
negative impact on the environment and consequently on human health, it is necessary to develop
new comprehensive methods for their analytical determination in environmental samples directly
in the laboratory field. The aim of this work was to present a new voltammetric procedure for the
determination of ultratrace concentrations of DF with a screen-printed sensor.
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2. Materials and Methods

2.1. Apparatus

Voltammetric measurements were performed using a pAUTOLAB analyzer (Eco Chemie, Utrecht,
The Netherlands) controlled by GPES 4.9 software in a 10 mL electrochemical cell with a commercially
available screen-printed sensor (screen-printed carbon electrode modified with carboxyl functionalized
multiwalled carbon nanotubes (SPCE/MWCNTs-COOH); DropSens, Llanera, Spain; Ref. 110CNT).
This three-electrode system consisted of a working electrode (screen-printed carbon electrode covered
by carboxyl functionalized multiwalled carbon nanotubes with a diameter of 4 mm), an auxiliary
electrode (SPCE), and a reference electrode (screen-printed silver electrode). In order to characterize the
SPCE/MWCNTs-COOH, a commercially available screen-printed carbon electrode (SPCE, DropSens;
reference number: C110) was used. The optical profiles and the microscopic images of sensors were
recorded using the Contour GT-K1 optical profilometer (Veeco, New York, USA) and a high-resolution
scanning electron microscope Quanta 3D FEG (FEI, Hillsboro , USA). Chromatographic analyses
were performed on a VWR Hitachi Elite LaChrom HPLC system equipped with a spectrophotometric
detector (PDA) and EZChrom Elite software (version 3.3.2 SP2, Merck, Darmstadt, Germany).

2.2. Reagents

2-[(2,6-dichlorophenyl)amino]benzeneacetic acid sodium salt (DF, Sigma-Aldrich, Saint Louis,
USA) was dissolved in deionized water to prepare a 0.01 mol L~! stock solution of DF. This solution
was diluted as required in individual experiments using deionized water. The effects of the type and
the pH of the supporting electrolyte on the DF signal were examined using 0.1 mol L™! solutions of
H,504, CH3COOH, CH3COONa + CH3COOH (NaAc-HAc) with pH values of 3.5 + 0.1, 4.0 + 0.1,
42+0.1,45+0.1,5.0+0.1and 5.6 + 0.1, K;HPO, + KH,PO,4 with a pH value of 7.0 + 0.1, (NH4),504 +
NH4OH with a pH value of 8.3 + 0.1, NH4Cl + NH4OH with a pH value of 10.0 + 0.1, and NaOH with a
pH value of 13.0 + 0.1 prepared from Sigma-Aldrich reagents. Interferences were tested with the use of
standard solutions of Ni2*, Fe3*, Zn2*, Pb%*, Sb3*, Cu®*, Cd%*, V°*, and Mo®* (Merck). The influences
of organic substances were investigated based on a reagent obtained from Sigma-Aldrich (ibuprofen,
caffeine, paracetamol, and humic acid) and Fluka (Triton X-100, sodium dodecyl sulphate (SDS), and
cetyltrimethylamonnium bromide (CTAB)). HPLC-grade acetonitrile and trifluoroacetic acids (TFA)
were purchased from Merck (Darmstadt, Germany). The solutions were prepared using ultrapurified
water (>18 MQ cm, Milli-Q system, Millipore, UK).

2.3. DF Voltammetric Analysis

Differential-pulse adsorptive stripping voltammetric (DPAdSV) measurements of DF under
optimized conditions were carried out in a 0.1 mol L™! NaAc-HAc buffer solution with a pH value of
4.0 £ 0.1. An accumulation potential (Es) of —0.25 V was applied when stirring the solution for a
period of 60 s (accumulation time was represented by f,). After an equilibrium time of 5 s, DPAASV
curves were recorded from —0.25 to 1.5 V with an amplitude (A) of 125 mV, a modulation time (¢,,) of
10 ms, and a scan rate (v) of 175 mV s™1. Then, the background curve was subtracted, and the DPAdSV
curves were cut in the potential range of 0.4-0.8 V. The DPAdSV curves for each concentration of DF
were recorded 3 times, and the average values of peak currents are shown with an SD for n = 3.

2.4. DF Chromatographic Analysis

Chromatographic conditions were based on the literature [35] with a slight modification of the
eluent composition. The chromatographic system was as follows: an XB-C18 reversed-phase core-shell
column (Kinetex, Phenomenex, Aschaffenburg, Germany) (25 cm of length X 4.6 mm of column
diameter, particle size: 5 um) and a mixture of acetonitrile and water with 0.025% of trifluoroacetic
acid (v/v: 6:4). The flow rate of mobile phase was 1.0 mL min~!, and the temperature of thermostat
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was set at 25 °C. Injection volumes were 20 and 80 uL. All samples were analyzed in triplicate at a
wavelength of 276 nm.

2.5. Real Sample Application

The voltammetric and chromatographic methods were applied for the determination of DF in
Vistula river (Poland) samples stored in sterile, polypropylene containers (Merck), which were collected
from two places: at the sewage outlet (sample #1) and about 5 kilometres from the outflow of sewage
(sample #2). The water samples were filtered using a 0.45 um Millipore membrane and then directly
analyzed without performing any special sample pretreatment procedure.

3. Results and Discussion

3.1. Characteristics of SPCE/MWCNTs-COOH Sensors

In order to understand the use of SPCE/MWCNTs-COOH for the assay of DF, the DPAdSV curves
in the DF concentration range of 0.5-200.0 nmol L~! were recorded in a 0.1 mol L~! NaAc-HAc solution
with a pH value of 5.0 + 0.1 at the surface of a bare SPCE and the surface of an SPCE/MWCNTs-COOH.
DF showed an oxidation peak at 412 mV with the bare SPCE. At the SPCE/MWCNTs-COOH, the oxidation
peak appeared at 377 mV with considerable enhancement in peak current (Figure 1). The oxidation current
responses were found to be proportional to the DF concentrations over the ranges of 1.0-200.0 nmol L
(correlation coefficient r = 0.9997) and 0.5-200.0 nmol L ™! (r = 0.9971) at the surfaces of the bare SPCE and the
SPCE/MWCNTs-COOH, respectively. The sensitivity values of DF determination at the surfaces of the bare
SPCE and the SPCE/MWCNTs-COOH are equal to 0.019 and 0.040 pA/nmol L=, respectively. Compared
with the SPCE, the commercially available SPCE/MWCNTs-COOH provided a higher sensitivity and a
wider linear range, which was connected with the developed active surface of the sensor modified with
carboxyl functionalized carbon nanotubes.

16 —

0.2 0.3 04 0.5 0.6 0.7
E/V
Figure 1. Differential-pulse adsorptive stripping voltammetric (DPAdSV) curves of diclofenac (DF)
with different concentrations in a 0.1 mol L~! NaAc-HAc solution with a pH value of 5.0 + 0.1 at the
surface of a bare screen-printed carbon electrode (SPCE) (a,b) and the surface of a screen-printed carbon
electrode modified with multiwalled carbon nanotubes (SPCE/MWCNTs-COOH) (c,d). (a) and (c) are
for the DF concentration of 0.05 umol L™1. (b) and (d) are for the DF concentration of 0.1 umol L1
The DPAdSV parameters: accumulation potential (Egec) of —0.5 V, accumulation time (tzcc) of 30 s,
amplitude (A) of 100 mV, modulation time (¢,,) of 40 ms, and scan rate (v) of 175 mV s~

The morphological studies of SPCE and SPCE/MWCNTs-COOH surfaces were performed using an
optical profilometer and a scanning electron microscope. As illustrated in Figure 2A, the modification
of the SPCE surface with carboxyl functionalized MWCNTs had a slight impact on the increase of
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surface roughness (R,: 1.12 and 1.30 pm for the SPCE and the SPCE/MWCNTs-COOH, respectively).
This confirmed that the whole SPCE surface was covered with a thin layer of carboxyl functionalized
MWCNTs, which is also visible in the SEM images (Figure 2B). The carboxyl functionalized MWCNTs
were dispersed onto the SPCE without aggregation with special three-dimensional structures and
smooth surface [11].
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Figure 2. (A) Optical profiles. (B) SEM images of the SPCE (a) and the SPCE/MWCNTs-COOH (b).
(C) CV curves recorded at the surfaces of the SPCE (a) and the SPCE/MWCNTs-COOH (b) in a solution
of 0.1 mol L~ KCl1 containing 5.0 mmol L1 K3[Fe(CN)g] atav range of 5-500 mV s~ (D) Dependences
between I, and 012 for the SPCE (a) and the SPCE/MWCNTs (b).
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The electrochemical properties of the SPCE and the SPCE/MWCNTs-COOH were also tested using
cyclic voltammetry (CV) in a solution of 0.1 mol L=} KCl and 5.0 mmol L~ K3[Fe(CN)g]. Figure 2C
illustrates the CV curves recorded with both electrodes at scan rates of 5-500 mV s~}, and Figure 2D
shows the dependences between the anodic peak current (I;) and the square root of scan rate (0'2).
Based on these results, peak-to-peak separations (AE) and relative peak separations (x”) for a scan rate
of 175 mV s~ and active surface areas (A;) based on the entire range of scan rates were calculated [36].
The results were summarized in Table 1 and indicated the improvement of the reversibility process
and electron transfer kinetics by the modification of the SPCE surface with carboxyl functionalized
MWCNTs. Moreover, the covering surface with carboxyl functionalized MWCNTs increased the
number of active centers, which translated to the enhancement in DF peak current.

Table 1. Electrochemical characteristics of the SPCE and the SPCE/MWCNTs-COOH using cyclic
voltammetry (CV) in a solution of 0.1 mol L1 KCI and 5.0 mmol L1 K3[Fe(CN)4].

Calculated parameter SPCE SPCE/MWCNTs-COOH
AE forvof 175 mV s~} 189.0 + 1.9 mV (n = 3) 149.0 + 1.5 mV (n = 3)
x? forvof 175 mV s1 3.26 +0.031 (n = 3) 2.57 +0.025 (n = 3)

As for v of 5-500 mV s~} 0.061 + 0.00058 cm? (n = 3) 0.10 + 0.00097 cm? (n = 3)

The above described results confirmed the benefits of using the SPCE/MWCNTs-COOH. Therefore,
in further experiments, this kind of modified sensor was used for the analysis of DF.

3.2. Optimization of Measurements Solution Composition

The effects of the type and the pH of the supporting electrolyte on the voltammetric responses
of 0.05 and 0.1 umol L~! DF were examined using a 0.1 mol L~! solution of H,SO4, CH;COOH and
CH3COONa + CH3COOH (NaAc-HAc) with pH values of 3.5 £+ 0.1, 4.0 £+ 0.1, 42 £ 0.1, 45 £ 0.1,
5.0+ 0.1, and 5.6 + 0.1, K;HPO,4 + KH,PO,4 with a pH value of 7.0 + 0.1, (NH4),SO4 + NH;OH with a
pH value 8.3 + 0.1, NH4Cl + NH4OH with a pH value of 10.0 + 0.1, and NaOH with a pH value of
13.0 £ 0.1; the corresponding data are listed in Figure 3A. The value of the oxidation peak current of DF
increased with the increase of pH value of the solution up to 4.0 = 0.1 for both studied concentrations
of DF. There was no electrochemical response of DF in alkaline media at pH > 10.0 + 0.1 lacking the
presence of enough protons. It was connected with two species of DF (neutral and anionic species),
of which the existence depended on pH values. The literature reports that DF presents a pK; of 4.15,
so for pH smaller than 4.15 the neutral species predominates, whereas at a greater pH the anionic
species predominates [37]. Considering the obtained data, the NaAc-HAc buffer solution with a pH
value of 4.0 £ 0.1 is most suitable for the DF determination.

Furthermore, its concentration was evaluated from 0.05 to 0.5 mol L~! (Figure 3B). The highest values
of DF (0.05 and 0.1 umol L™1) signals were attained at a 0.1 mol L™ concentration of the NaAc-HAc
buffer solution with a pH value of 4.0 + 0.1; hence, it was adopted for subsequent experiments.

3.3. CV Behaviors of DF with the SPCE/MWCNTs-COOH

CV curves (first and second cycles) were recorded in the 0.1 mol L~! NaAc-HAc buffer solution
with a pH value of 4.0 + 0.1 containing 1.0 pmol L™ DF using v equal to 175 mV s™! (Figure 4A).
DF was irreversibly oxidized, giving rise to an oxidation peak at a potential of 555 mV, when the sweep
was initiated in the positive direction. In the reverse sweep, two cathodic peaks at potential values of
—10 and 275 mV were visible, which formed reversible couples with anodic peaks (102 and 307 mV)
observed in the second cycle towards positive potentials. The reversible couples can be created at less
positive potentials due to the formation of electrochemically active oxidation products of DF [11,28].
In contrast to the work of Yang et al. [17], the reduction of effective reaction sites at the surface of
the SPCE/MWCNTs-COOH by the adsorption of the reaction products of DF was not observed. The
oxidation peak currents of DF in the first and second cycles were similar (curves b and c in Figure 4A).
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Therefore, the regeneration of electrode surface in an additional solution was not required [11]. Further
research focused on the DF oxidation peak at a potential of 555 mV with the highest current, which
was characterized by the linear increase in the peak current as the concentration increased.

Valuable information with regard to the nature and the oxidation mechanism of DF at the
SPCE/MWCNTs-COOH surface could be obtained by recording CV curves at different values of scan
rates. Therefore, the electrochemical behaviors of 1.0 pmol L~! DF in the 0.1 mol L~! NaAc-HAc buffer
solution with a pH value of 4.0 + 0.1 for v equal to 5-250 mV s~! were observed. Figure 4B shows
the CV curves for the selected v of 50, 100, and 175 mV s~!. The oxidation peak potential shifted
toward more positive values with the increase of scan rate, which confirmed that DF was irreversibly
oxidized. The linear relationship between the DF peak current (Ip) and the square root of scan rate
(012) (Figure 4C, r = 0.9934) indicated that the oxidation process of DF was controlled by diffusion at the
surface of the SPCE/MWCNTs-COOH. However, the slope of 0.69 observed in the plot of loglp vs. logv
(Figure 4D) indicated that this process was not purely diffusion- or adsorption-controlled [38]. Moreover,
with the slope of the peak potential (Ep) vs. log(v) plot (Figure 4E) using the Laviron's equation [39],
the number of electrons involved in the DF oxidation process was calculated. The value determined was
equal to 1.51, which proved that two electrons were involved in this process. These results are consistent
with the literature data [28,40]. Madsen et al. [40] and Gayal et al. [28] proposed that DF is oxidized to
5-hydrohydiclofenac by losses of 2e™ and 2H* according to the overall scheme (Figure 4F).
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Figure 3. Effects of pH value (A) and concentration of the NaAc-HAc buffer solution with a pH value
of 4.0 + 0.1 (B) on DF current response. (a) and (b) in (A) are for the DF concentration of 0.05 and
0.1 umol L1, respectively. (a) and (b) in (B) are for the DF concentration of 0.05 and 0.1 pmol L1,
respectively. Other parameters are the same as in Figure 1.
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Figure 4. (A) CV curves recorded in the 0.1 mol L1 NaAc-HAc buffer solution with a pH value of
4.0+ 0.1 atvequal to 175 mV s~L. Curves (a—c) represent CV curves in the solution without DF and
with 1.0 umol L~! DF for the first cycle and the second cycle, respectively. (B) CV curves recorded in
the 0.1 mol L~! NaAc-HAc buffer solution with a pH value of 4.0 + 0.1 containing 1.0 pmol L~! DF at
different v values. Curves (a—c) represent CV curves at v equal to 50, 100, and 175 mV s~1, respectively.
The dependences between Ip and v'/? (C), loglp and logv (D), and Ep and logv (E) for v from 5 to
250 mV s~L. (F) Oxidation mechanism of DF
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3.4. Optimization of DPAdSV Parameters

In order to find the optimum conditions for the DF determination at the surface of the
SPCE/MWCNTs-COOH, the influences of various DPAASV parameters including accumulation
potential (E,.), accumulation time (t,..), amplitude (A), modulation time (¢,,), and scan rate (v) on the
DF oxidation peak current (0.01 and 0.05 pmol L) were studied.

The effects of E;cc and t,.. were tested, because the oxidation process of DF at the SPCE/MWCNTs-
COOH surface was not purely diffusion- or adsorption-controlled. The E,.. was varied in the range of
—1.25-0.25 V, and t,.. was equal to 30 s. Figure 5A shows that for both studied concentrations of DF,
the maximum values of peak current were achieved at E,.. of —0.25 V. Then, at this potential value, t;.c was
changed from 0 to 300 s. As can be seen in Figure 5B, taking into account the highest peak currents of DF,
tacc 0f 60 s can be considered as an optimum condition.

A B
i b
3 b
2 -
< <
22— Z
_D. _ﬂ.
] a
1 —
19 a
lw/\\ .
T 4
<4 4
0 T l T ] T ] T I T I T l 0 T | T [ T I T | T I
125 4 075 05 025 0 025 0 60 120 180 240 300
Eacc I V tﬁCC I s

Figure 5. Effects of Escc (A) and t;cc (B) on DF current response. (a,b) in (A) represent the responses for
DF concentrations of 0.01 and 0.05 umol L1, respectively. (a,b) in (B) represent the responses for DF
concentrations of 0.01 and 0.05 pmol L1, respectively. The DPAdSV parameters in (A) are tacc 0of 30's,
A of 100 mV, t,,; of 40 ms, and v of 175 mV s~1; the DPAdSV parameters in (B) are E;¢c of —0.25V, A of
100 mV, t,,, of 40 ms, and v of 175 mV s~ 1.

Moreover, A was investigated from 25 to 150 mV (for vof 175 mV s~! and t,, of 40 ms). The highest
signals of DF for both studied concentrations were recorded at A equal to 125 mV (Figure 6A). Then,
the effect of v(50-200 mV s~!) on DF peak current at the constant values of A (125 mV) and t,, (40 ms)
was tested. Figure 6B shows the maximum values of DF peak current at vof 175 mV s~!. Furthermore,
t,, was varied from 2 to 60 ms (for A of 125 mV and vof 175 mV s™1). It was found that, for t,, of 10 ms,
the highest signals of DF were obtained (Figure 6C).
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Figure 6. Effects of A (A), v (B), and t; (C) on DF current response. Curves (a,b) are for 0.01 and
0.05 umol L 1 DF, respectively. The DPAdSV parameters: (A) Ezcc of =025V, t;ec 0f 60's, v of 175 mV g1
and t,;, of 40 ms; (B) A of 125 mV and ty of 40 ms; and (C) A of 125 mV and v of 175 mV s~1.
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3.5. Analytical Characteristics

Under optimized conditions (see the DF voltammetric analysis section), the oxidation current
responses were found to be proportional to the DF concentrations over the range of 0.1-10.0 nmol L.
The corresponding results are shown in Figure 7 and Table 2. The sensitivity of DF determination at the
SPCE/MWCNTs-COOH was equal to 0.18 + 0.0070 pA/nmol L~!. The LOD and the limit of quantification
(LOQ) were 0.028 and 0.094 nmol L, respectively. The LOD and LOQ values demonstrated that
the SPCE/MWCNTs-COOH can be used for analysis of environmental water samples, in which the
DF concentration is in the range of 0.037-14.0 nmol L™! [2,3]. It should be clearly emphasized that the
SPCE/MWCNTs-COOH allowed obtaining the lowest LOD value compared to all other electrochemical
sensors (see Table 3). Moreover, the obtained LOD was significantly lower than those obtained by other
techniques applied for DF determination without sample pretreatment steps [8,9].

Moreover, the intra-day and inter-day precisions were verified for the determination of
10.0 nmol L~! DF with 10 replicates and replicated on five different days, respectively. The results of
the intra-day and inter-day precisions were 0.7% and 2.1%, respectively, indicating the satisfactory
precious repeatability of the signal at the SPCE/MWCNTs-COOH surface. The reproducibility of
the SPCE/MWCNTs-COOH was estimated by recording DPAdSV curves in the solution containing
10.0 nmol L~! DF using three commercially available electrodes. The relative standard deviation (RSD)
was calculated as 2.9% (n = 9), confirming the acceptable reproducibility of the proposed sensor.

2 —
° :
15 1,=018¢,, +0.01 -
r=0.9999
.///
1
*
0.5 — /,
,”‘
%
L R p s e S B
04 05 0.6 07 038 0 25 5 75 10
E/V Cpe / nmol L

Figure 7. (A) DPAdSV curves recorded at the surface of the SPCE/MWCNTs-COOH in the NaAc-HAc
buffer solution with a pH value of 4.0 + 0.1 containing increasing concentrations of DF: (a) 0.1, (b) 0.2, (c)
0.5, (d) 1.0, (e) 2.0, (f) 5.0, and (g) 10.0 nmol L. (B) Calibration graph of DF. The DPAdSV parameters:
Epce of =0.25 V, taec 0f 60's, A of 125 mV, t,,, of 10 ms, and v of 175 mV s~ 1.

Table 2. Characteristics of the calibration plot of DF obtained at the SPCE/MWCNTs-COOH surface.

Parameter DPAdSV
Linear range (nmol LY 0.1-10.0
Accumulation time (s) 60
Slope (b) + SDy, (n = 3) (uA/nmol L) 0.18 + 0.0070
Intercept (a) £ SD, (n = 3) (HA) 0.010 + 0.0017
Correlation coefficient (r) 0.9999
Limit of detection (LOD; nmol L1) 0.028
Limit of quantification (LOQ; nmol L 0.094
Intra-day precision (RSD, n = 10) (%) 0.7
Inter-day precision (RSD, n = 15) (%) 2.1
Reproducibility (RSD, n = 9) (%) 29

LOD = 3SD,/b and LOQ = 3SD,/b [41]; RSD: relative standard deviation for a DF concentration of 10.0 nmol L.
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Table 3. Comparison of electrochemical methods for the determination of DE.

Electrode Method Linear Range (mol L-1) Detection Limit (mol L) Application Ref.
n-GCE Ccv 2.0x1074-1.5x 1073 2.8x107° pharmaceutical formulations [10]
NiNPs/ERGO/GCE SWv 25%107-1.3 x 104 9.0x 1078 pharmaceutical formulations, 1]
urine samples
AuNP/MWCNT/GCE SwWv 3.0%1078-2.0 x 10~ 201078 pharmaceutical formulations, [
urine samples
u (I\SIV{")S/I;ESG/CE DPV 18x107-12x 104 40% 10-8 pharmaceutical formulations [12]
MWCNT-IL/CCE DPV 5.0x1078-2.0 x 1075 27 %1078 blood plasma samples [13]
GO-COOH/GCE LSV 1.2 x1076-4.0 x 107* 9.0%x 108 urine samples, [14]
blood serum samples
GCE/Amino-AT 7 5 2.0x 1077 pharmaceutical formulations,
7 - 5
GCE/APTES-Amino-ATSilica "' 30x107-2.0x10 53 %1078 spiked water samples 151
PDDA-GR/GCE DPV 1.0 % 1075-1.0 x 10~ 61 %107 pharmaceutical formulations, [16]
spiked lake water samples
-7_ -6
MWNTs-DHP/GCE cv N s 8.0x 1078 pharmaceutical formulations [17]
DBA/GCE cv 1.0 x 1075-1.0 x 1073 2.7 %1077 blood serum samples [18]
CPE SWV 1.0 x 1076-1.0 x 107° 2.0x 1077 spiked model water samples [19]
MWCNTs/CoHCF/IL/PE DPV 1.0x1073-1.0 x 10! 30107 pharmaceutical formulations, [20]
urine samples
: ~ —7_. 4 -8 pharmaceutical formulations,
Fe30,4@Si0,/MWCNTs-CPE SWV 5.0x1077-1.0 x 10 4.0x10 blood serum samples [21]
VEMCNTPE SWV 25%1076-6.0 x 1074 2.0%10°6 pharmaceutical formulations, [22]
urine samples
IL/CNTPE DPV 5.0 x 107-3.0 x 107+ 20x107 pharmaceutical formulations, [23]
urine samples
IL/CNTPE SWV 3.0%x107-7.5x 1074 9.0x 1078 pharmaceutical formulations, [24]
urine samples
Silica NPs-CPE DPV 1.0x1077-5.0 x 107+ 46x1078 pharmaceutical formulations [25]
TCPE DPV 1.0x 1075-1.4 x 104 33x1076 pharmaceutical formulations, [26]
urine samples
PTFE-G; EG; E-CB DPV 6.0 x 1078-1.0 x 1076 50x1078 pharmaceutical formulations [27]
EPPG SWV 1.0 x 1078-1.0 x 1076 62x107° pharmaceutical formulations, [28]
urine samples
CuZEGE CV, DPV 2.0%1075-3.0 x 107 50x 1078 - [29]
MWCNT-IL/CCE DPV 5.0%1078-5.0 x 105 1.8x 107 pharmaceutical formulations, [30]
blood plasma samples
BDDE Drv 3.1x107-3.1x107° 3.0x1078 spiked tap water samples [31]
PtDE pPV 50 1076-5.9 x 107 10X 1076 pharmaceutical formulations, [32]
blood serum samples
PtDE Swv 5.1%1076-5.9 x 105 17 %1076 pharmaceutical preparations, [33]
blood serum samples
SPCE/MWCNTs-COOH DPAdSV 1.0 x10710-1.0 x 1078 2.8x 1071 river water samples This work

3.6. Selectivity of the SPCE/MWCNTs-COOH

In order to confirm the selectivity of the SPCE/MWCNTs-COOH, the DPAdSV responses of
DF in the presence of different interferences found in environmental water samples were recorded.
The tolerance limit was defined as the concentration, which gave an error of <10% in the determination
of 10.0 nmol L™! DF. It was noticed that ibuprofen (up to 2000-fold excess), caffeine (up to 2000-fold
excess), paracetamol (up to 1000-fold excess), Ni2* ions (up to 1000-fold excess), Fe?* ions (up to
1000-fold excess), Zn?* ions (up to 500-fold excess), Pb?* ions (up to 500-fold excess), Sb>* ions (up
to 500-fold excess), Cu®* ions (up to 100-fold excess), Cd?* ions (up to 500-fold excess), V>* ions (up
to 100-fold excess), and Mo®* ions (up to 100-fold excess) had negligible effects (the relative signals
were in the range of 93.7-100.1%) on the assay of DF. Furthermore, the tolerance limits for the studied
surfactants and humic acid were 5.0 mg L~! for Triton X-100, 1.0 mg L~! for CTAB, 2.0 mg L! for
SDS, and 10.0 mg L™! for humic acid (the relative signals were in the range of 90.4-92.0%). The results
confirmed that the proposed procedure offers good selectivity for the determination of DF and the
analysis of environmental water samples can by performed without sample preparation.

3.7. Application in Environmental Analysis

In order to evaluate the applicability of the voltammetric procedure with the use of
SPCE/MWCNTs-COOH for DF determination in environmental water samples, Vistula river water
samples collected from two places, at the sewage outlet (sample #1) and about 5 kilometres from
the outflow of sewage (sample #2), were analyzed. Table 4 summarizes all results. It should be
clearly emphasized that the voltammetric procedure with the use of SPCE/MWCNTs-COOH allowed
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determining DF at a concentration of 0.42 + 0.08 nmol L~! in Vistula river water sample #1 without
sample pretreatment steps (Figure 8). In sample #2, the DF signal was not visible. The obtained results
confirmed the presence of DF in the Vistula river and the dependence of DF concentration on the place
of sample collection.

Table 4. Results of DF determination in Vistula river water samples.

DF concentration + SD (nmol L) (n = 3) Recovery (%)
Samol Found with Found with t
ampre Added the DPAdSV  the HFLC/PAD ~ DPAdSV P
procedure method
#1 0 0.42 £0.08 - - -
#1 5.0 5.40 +0.20 - 99.6 -
#1 50.0 50.80 + 1.40 52.30 + 4.08 100.5 0.60
# 0 - - - -
#2 04 0.40 £0.01 - 100.0 -
#2 5.0 5.38 +0.33 - 99.6 -
#2 50.0 51.0 £0.90 49.80 £ 4.25 100.9 0.48
4 —
= d
2 —
< a
3
= .|
0 -
L — T T T " 1
04 0.5 0.6 0.7 0.8
E/V

Figure 8. DPAdSV curves recorded at the SPCE/MWCNTs-COOH surface in the course of DF
determination in 5 ml Vistula river water sample #1 without DF (a) and with 0.5 nmol L1 (b), 1.0 (¢)
nmol L~ and 1.5 nmol L~! (d) of DF. Other conditions are the same as in Figure 7.

In order to test the accuracy of the DPAdSV method, samples were spiked with a standard solution
of DF. The recovery values attained by the DPAdSV method were between 99.6% and 100.9%, which
corresponded to the satisfactory degree of accuracy.

The results with the DPAdSV method were compared with those obtained by the chromatographic
method, HPLC/PAD. As can be seen in Table 4, the HPC/PAD method allowed determining DF
in river water samples at a concentration of 10.0 nmol L~!, which was significantly above the
real DF concentration in water samples. In order to determine lower concentrations of DF by the
chromatographic method, an additional sample preparation step was required. According to the
Student’s t-test, there were no significant differences between DF concentrations obtained by both
methods. The calculated t values (t.xy) were 0.48 and 0.60, which were below the critical value equal
to 1.81 (for degrees of freedom f equal to 4 (f = n; + ny - 2) and 95% confidence level). All these
results indicated that the DPAASV procedure using an SPCE/MWCNTs-COOH is highly selective and
excellent for the determination of DF in real applications.
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4. Conclusions

In summary, a simple, sensitive and time-saving DPAdSV procedure using an SPCE/MWCNTs-COOH
was presented and successfully applied for the determination of DF. The modified sensor showed an
improved sensing activity towards DF compared to a bare SPCE due to the effect of the modifier.
The use of carboxyl functionalized MWCNTs improved the electron transfer process and the active
surface area of the sensor. The SPCE/MWCNTs-COOH exhibited excellent current responses towards DF
determination in the linear range of 0.1-10.0 nmol L~ and an LOD value of 0.028 nmol L=!. Furthermore,
the SPCE/MWCNTs-COOH also showed satisfactory repeatability, reproducibility, and selectivity towards
potential interferences. It should be clearly stressed that, for the first time, the electrochemical sensor was
used for the determination of a real concentration of DF (0.42 + 0.08 nmol L™!) in environmental water
samples (Vistula river samples) without sample pretreatment steps. All these discussion indicated that
the DPAASV procedure using an SPCE/MWCNTs-COOH has great potential towards the determination
of DF in real water samples to maintain environmental protection. Moreover, the DPAdSV procedure
using an SPCE/MWCNTs-COOH can be applied in the DF field analysis.
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Abstract: A differential-pulse adsorptive stripping voltammetric (DPAdSV) procedure with the
use of pulsed potential accumulation and carboxyl functionalized multiwalled carbon nanotubes
modified screen-printed carbon electrode (SPCE/MWCNTs-COOH) was delineated for simultaneous
analysis of paracetamol (PA) and diclofenac (DF). The use of carboxyl functionalized MWCNTs
and pulsed potential accumulation improves the analytical signals of PA and DF, and minimizes
interferences from surfactants. After optimization of analytical conditions for this sensor, the
peak currents of the two compounds were found to increase linearly with the increase in their
concentration (5.0 x 1072-5.0 x 107 mol L' with a detection limit of 1.4 x 10~ mol L~! for PA, and
1.0 x 10719-2.0 x 1078 mol L~! with a detection limit of 3.0 x 107! mol L~! for DF). For the first time,
the electrochemical sensor allows simultaneous determination of PA and DF at concentrations of
24.3 + 0.5 nmol L™! and 3.7 + 0.7 nmol L™}, respectively, in wastewater samples purified in a sewage
treatment plant.

Keywords: carboxyl functionalized multiwalled carbon nanotubes modified screen-printed carbon
electrode; paracetamol and diclofenac; pulsed potential accumulation, voltammetry; environmental
water and sewage samples; direct analysis; liquid chromatography

1. Introduction

Paracetamol (PA) is a very popular drug with an antipyretic effect, caused by inhibition of
prostaglandin synthesis in the central nervous system. PA has potent antipyretic and analgesic effects,
but no anti-inflammatory effect. Indications for administration of the drug include fever and acute and
chronic pain. PA is recommended by the World Health Organization as one of the basic drugs in the
treatment of pain during cancer. In addition, it is used for headaches, including migraine, earaches,
toothaches, menstruation, and neuralgia, as well as rheumatic, myofascial, bone, postoperative, and
other pains [1,2].

Diclofenac (DF) belongs to the group of nonsteroidal anti-inflammatory drugs (NSAIDs). Thanks
to its chemical structure, it is classified as a phenylacetic acid derivative. DF exhibits activities
characteristic of the NSAID group, that is, anti-inflammatory, analgesic, antipyretic, and inhibiting
platelet aggregation. The basis of the mechanism of action is inhibition of cyclooxygenase, an enzyme
involved in the synthesis of prostaglandins from cell membrane lipids. DF is used to treat inflammation
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and rheumatic (including rheumatoid arthritis) and non-rheumatic pain (including postoperative and
traumatic pains, gout attacks, renal and hepatic colic, and dysmenorrhea) [3,4].

The constantly growing production of medicines adversely affects the natural environment,
primarily polluting water reservoirs. As studies show [5,6], after leaving a sewage treatment plant, the
water still contains numerous active substances of pharmaceutical preparations, which then end up in
the natural environment. The presence of commonly used pharmaceuticals in water ecosystems poses
a threat to fish and other water organisms, as well as for human and animal health. DF and PA are
some of the most commonly found drugs in environmental water samples and their concentrations are
about 1071'-107% and 107°-1078 mol L7}, respectively [7,8].

There are many methods in the literature describing the simultaneous analysis of PA and DF.
These are chromatographic methods based on high performance liquid chromatography [9-12]
and gas chromatography with mass spectroscopy [13], as well as spectrophotometry [14] and
electrophoresis [15,16]. However, these methods usually require a time- and reagent-consuming
step of sample preparation process for determination of low concentration of PA and DF in samples.

Electrochemical methods, which are cheap, simple, fast, and environmentally friendly because
they consume very small amounts of chemical reagents, are an alternative to these methods. According
to the best of our knowledge, in the literature, there are only three works about the application of
voltammetric sensors for the simultaneous determination of PA and DF, which are based on the
use of glassy-carbon electrodes modified with 4-phosphatephenyl [17] or polymer functionalized
graphene [18,19]. Only one of them [18] shows the use of an electrochemical sensor for the simultaneous
determination of PA and DF in water samples. Unfortunately, PA and DF were determined in spiked
lake water samples at concentrations (around 10™ mol L~!) much higher than those actually present
in environmental samples given that the obtained values for the limit of detection of PA and DF were
2.2 x 1077 and 6.1 X 1077 mol L7}, respectively.

Electrochemical sensors based on screen-printing technology are a good solution for quick and
routine tests both in the laboratory and directly in the environment. Screen-printed electrodes are
cheap and ready-made systems with various modifications, and they are easily available commercially.
Purchased electrochemical sensors do not require additional modifications; are immediately ready for
use; and are characterized by high selectivity, sensitivity, and reproducibility [2,4].

The sales dynamics of pharmaceuticals confirm the growing problem of contamination of the water
environment. This makes monitoring the water environment for the presence and content of residues
of pharmaceuticals a significant issue for contemporary analytical chemistry. The goal of this work
was to show the voltammetric procedure for the simultaneous analysis of a low concentration of DF
and PA in environmental water and sewage samples using a screen-printed sensor without the sample
pre-treatment step. Additionally, for the first time, in order to improve PA and DF analytical signals as
well as to minimize interferences from surfactants, pulsed potential accumulation was applied.

2. Materials and Methods

2.1. Instrumentations

Cyclic voltammetric (CV) and differential-pulse adsorptive stripping voltammetric (DPAdSV)
studies were carried using an electrochemical analyzer (uAutolab, Eco Chemie, Utrecht, Netherland)
managed by GPES 4.9 software. All electrochemical experiments were performed in a 10 mL classic
cell with commercially available carboxyl functionalized multiwalled carbon nanotubes modified
screen-printed carbon electrodes (SPCE/MWCNTs-COOH, DropSens, Llanera, Spain, Ref. 110CNT).
This three-electrode system contained of a screen-printed carbon electrode covered by carboxyl
functionalized multiwalled carbon nanotubes (working electrode with a diameter of 4 mm), SPCE
(auxiliary electrode), and a screen-printed silver electrode (pseudo-reference electrode). The results
at the SPCE/MWCNTs-COOH were compared to those obtained using a commercially available
screen-printed carbon electrode (SPCE, DropSens, Llanera, Spain, Ref. C110) and a commercially
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available screen-printed carbon/carbon nanofibers electrode (SPCE/CNFs, DropSens, Llanera, Spain,
Ref. 110CNE).

The microscopic images of the SPCE/MWCNTs-COOH sensor surface were recorded using an
optical microscope and a high-resolution scanning electron microscope Quanta 3D FEG (FEI, Hillsboro,
OR, USA).

VWR Hitachi Elite LaChrom HPLC system equipped with a spectrophotometric detector (PAD) and
EZChrom Elite software (version 3.3.2 SP2, Merck, Darmstadt, Germany) was used for chromatographic
analysis. The XB-C18 reversed phase core-shell column (Kinetex, Phenomenex, Aschaffenburg,
Germany) (25 cm X 4.6 mm i.d., 5 um particle size) was used in HPLC-PAD measurements.

2.2. Chemicals

The reagents purchased from the company Sigma-Aldrich (Saint Louis, MO, USA), paracetamol
sulfate potassium salt (PA) and 2-[(2,6-dichlorophenyl)amino]benzeneacetic acid sodium salt (DF), were
dissolved in distilled water to prepare 0.01 mol L~! solutions of PA and DF, respectively. According to
needs, these solutions were diluted using distilled water. During the tests, the following supporting
electrolyte solutions were used: acetic acid, acetate buffer (CH3COONa + CH3COOH) with pH
values of 3.4 £ 0.1,3.8 £ 0.1,4.0 £ 0.1, 44 £ 0.1, 5.0 £ 0.1, 54 £ 0.1, and 6.0 + 0.1, prepared from
Sigma-Aldrich reagents. The standard solutions of uric acid, urea, ascorbic acid, glucose, and dopamine
(Sigma-Aldrich, Saint Louis, MO, USA), as well as Cu?*, Fe3*, Cd?*, Mo®*, Ni2*, Pb2*, Zn%*, Sb3*,
V5*,K*, Na*, Cl7, SO42~, PO,3~, and NO;~ (Merck, Darmstadt, Germany), were used in interference
studies. The influence of Triton X-100 was investigated based on a reagent obtained from Fluka
(Charlotte, NC, USA). HPLC-grade acetonitrile and trifluoroacetic acids (TFAs) were purchased from
Merck (Darmstadt, Germany). Ultrapurified water (>18 MQ cm, Milli-Q system, Millipore, UK) was
used for the preparation of solutions.

2.3. DPAASV Procedure

Under optimized conditions, differential-pulse adsorptive stripping voltammetric determinations
of PA and DF were performed in 0.15 mol L~! acetate buffer (pH of 4.0 + 0.1) using pulsed potential
accumulation (Figure 1). The procedure consisting of a 1 s accumulation period at a potential of
0.1 V (the anodic pulse) and a 1 s accumulation period at a potential of —0.25 V (the cathodic pulse)
was repeated 30 times. The differential-pulse scans from —0.25 to —0.254 V with an amplitude (A) of
150 mV, a modulation time (t,;) of 20 ms, and a scan rate (v) of 150 mV s~! were recorded after 29
accumulation cycles. In the last cycle, the differential-pulse scan from —0.25 to 1.5 V was recorded with
the parameters described above.

29 cycles 1cycle + B
PA
= — m m 3
| J DPV scan DPV scan
\ @) 0.1V .0.25V |-0.25-0254y | 0.1V -0.25V | 025-15v, g,
1s 1s A=150mV 1s 1s A=150mV
Anodic pulse Cathodicpulse tn=20ms Anodic pulse Cathodicpulse  tn=20ms 1
= v=150mV ! v=150mV!
0.15mol L1 U .
NaAc-HAc ] 02 04 06 08
(pH=4.0%0.1) v
and PA + DF

Figure 1. Scheme of voltammetric measurements of paracetamol (PA) and diclofenac (DF) at the
SPCE/MWCNTs-COOH.

2.4. HPLC/PAD Procedure

The chromatographic analysis was based on literature data [20] with a slight modification of
the eluent composition. A mixture of acetonitrile and water with 0.025% of trifluoroacetic acid in
proportion of 60:40 v/v for DF and 15:85 v/v for PA was used in analysis. The flow rate of the mobile
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phase was 1.0 mL min~! and the temperature of the thermostat was set to 25 °C. Injection volumes
were 80 pL. All samples were analysed at a wavelength of 276 nm for DF and 248 nm for PA 9 (n = 3).

2.5. Direct Analysis of Water Samples

The Bystrzyca river water samples (Lublin, Poland) and waste effluents purified in a sewage
treatment plant (Lublin, Poland) were analyzed using the voltammetric and chromatographic methods.
The samples were directly analyzed without sample pretreatment procedure.

3. Results and Discussion

3.1. Screen-Printed Electrode Selection and Surface Studies

In order to compare the PA (2.0 x 107® mol L~1) and DF (2.0 x 10" mol L) signals at commercially
available screen-printed carbon sensors (screen-printed carbon electrode, SPCE; carboxyl functionalized
multiwalled carbon nanotubes modified SPCE, SPCE/MWCNTs-COOH; carbon nanofibers modified
SPCE, SPCE/CNFs), the differential-pulse adsorptive stripping voltammetric curves were registered
(Figure 2). PA and DF were accumulated at a constant value of potential of —0.25 V (E,.) for 60 s
(tacc.)- The results demonstrated the small peaks of PA (2.1 pA) and DF (1.0 nA) at the SPCE (curve a).
When the surface of the working electrode was coated with carbon nanofibers (curve b), the PA peak
current was grown to 5.8 A, but the DF signal was ill-defined (0.12 pA). The CNTs blocked the active
surface of electrode for the DF molecules. In the case of the SCPE modified with MWCNTs-COOH,
two well-defined peaks of PA (5.0 nA) and DF (2.3 pA) are visible (curve c). Moreover, the lowest
background current was obtained at the SPCE/MWCNTs-COOH. It is obvious that, in the case of
simultaneous determination of PA and DF, the SPCE/MWCNTs-COOH should be chosen. However, for
the individual PA determination, the SPCE/CNFs should be used. These results perfectly confirm our
previous research already described in the literature [2,4]. In the next step of the experiments, attempts
were made to explain these differences between the size of PA and DF signals at the electrodes.

20
PA
DF
T a
10 —
< b
= .
0- c
'10 1 | ) l I | 1 |
0 0.2 0.4 0.6 0.8
E/V

Figure 2. Differential-pulse adsorptive stripping voltammetric (DPAdSV) curves of PA (2.0 x 107 mol
L~1) and DF (2.0 x 1078 mol L™1) in 0.1 mol L™! acetate buffer solution of pH 4.0 £ 0.1 at SPCE (a),
carbon nanofibers modified SPCE (SPCE/CNFs) (b), and SPCE/MWCNTs-COOH (c). The DPAdSV
parameters are as follows: Egec, —0.25V, tgec. 60's, A 125 mV, t;, 10 ms, and v 175 mV s1.
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In the previously published papers [4], the electrochemical properties of SPCE and
SPCE/MWCNTs-COOH were tested using CV studies in a solution of 0.1 mol L' KCI and
5.0 x 1073 mol L™ K3[Fe(CN)y]. However, the electrochemical properties SPCE/CNFs were not
studied. Therefore, the active surface of SPCE/CNFs was examined using CV in a solution of 0.1 mol
L~! KCl and 5.0 x 1073 mol L1 K3[Fe(CN)4]. The cyclic voltammograms were recorded at different
scan rates in the range from 5 to 500 mV s~! (Figure 3A). The peak-to-peak separation (AE) for the
SPCE/CNFs was estimated for the selected scan rate (175 mV s7!) as 169.0 + 1.7 mV (n = 3). The
results indicate the improvement of the reversibility process using CNFs-modified and especially
MWCNT-COOH (AE = 149.0 + 1.5 mV) electrodes in comparison with the unmodified SPCE (189.0 +
1.9 mV) [4]. The dependence between anodic peak currents (I,) and square root of the scan rates (0'?)
was plotted (Figure 3B). On the basis of the Randles-Sevcik equation [21], the active surface area (As) of
the SPCE/CNFs was calculated. It should be mentioned that the geometric surfaces of all electrodes are
the same. For the unmodified SPCE and SPCE/MWCNTs-COOH, the A equals 0.061 + 0.00058 cm?
(n=3)and 0.10 + 0.00097 cm? (n = 3) [4], respectively, while the area of SPCE/CNFs was calculated to be
0.08090 + 0.0014 cm? (n = 3). The results show that the SPCE/MWCNTs-COOH has a greater number of
active centers than the unmodified SPCE and the SPCE/CNFs. These results explain the enhancement
of PA and DF signals in relation to the SPCE, and the DF signal in relation to the SPCE/CNFs. Moreover,
DF may have a higher affinity to the SPCE/MWCNTs-COOH surface than SPCE/CNTs and SPCE owing
to the surface functionalization with carboxyl (hydrophilic) groups. A slight difference in the peak
current of PA at the SPCE/CNFs and SPCE/MWCNTs-COOH (5.8 pA vs. 5.0 uA, respectively) is owing
to the fact that the SPCE/CNTs surface better facilitates the adsorption of PA. The electrochemical
oxidation process of PA at the SPCE/CNFs surface is purely adsorption-controlled [2]. However, the
goal of this work was to show the voltammetric procedure for the simultaneous analysis of DF and PA,
and thus the SPCE/MWCNTs-COOH was chosen for further electrochemical study.

400 — 240 —
. log Ip =292.02 log v + 2.65 .
r=0.9987
180 —
<
= 2120
60 —
-1200 —
-1600 : T T T T 1 0 : I : I . I . |
-0.4 0 0.4 0.8 0 0.2 04 0.6 0.8
E/IV VI2 [ (Vs 1)1

Figure 3. (A) Cyclic voltammetric (CV) curves obtained in solution containing 0.1 mol L™! KCl and
5.0 x 1073 mol L™ K5[Fe(CN)4] at the SPCE/CNFs for the scan rate range from 5 to 500 mV s7! (a-s).
(B) The dependence between anodic peak current and scan rate square roots for SPCE/CNFs.
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The selected three-electrode system surface consisting of an SPCE/MWCNTs-COOH (working
electrode, a), an SPCE (auxiliary electrode, b), and an SPAgE (pseudo-reference electrode, c)
was visualized by optical and scanning electron microscopes (Figure 4). It is apparent that the
MWCNTs-COOH adheres to the carbon and is distributed homogeneously on the surface [4].

Figure 4. Optical (left side) and scanning electron microscopic (right side) images of
SPCE/MWCNTs—-COOH surface.

3.2. Effect of pH

The supporting electrolyte pH influences the peak potential and current as well as the shapes
of the signals of biologically active compounds. Therefore, choosing an appropriate pH value is an
important step during the optimization procedure. Here, 0.1 mol L™! solutions of acetic acid and
acetate buffer solutions with pH values of 3.4 £ 0.1,3.8 £+ 0.1,4.0+0.1,44+0.1,5.0 £ 0.1,5.4 £ 0.1, and
6.0 + 0.1 containing PA (1.0 X 107® mol L~!) and DF (1.0 x 102 and 1.0 x 1078 mol L~!) were examined.
The results indicate that the potential peaks of PA and DF shifted to less positive values as pH increased
(Figure 5A), indicating that protons were directly involved in the electrode reaction. Additionally, in
Figure 5B, the relationships between potential peaks of PA and DF and pH are shown. As can be seen,
the slopes of —45.0 mV pH™! (for PA) and —52.0 mV pH™! (for DF) were close to the theoretical value of
~59.0 mV pH~!. These results indicate that the number of protons and transferred electrons involved in
the oxidation mechanism of PA and DF is equal [21]. As PA and DF oxidation is a two-electron process
the number of protons was also predicted to be 2, indicating the 2e™/2H" process. DF is oxidized to
5-hydrohydiclofenac (Figure 5C) and PA to N-acetyl-p-quinoneimine (Figure 5D) [22,23].

Furthermore, it was observed that the peak current of PA and DF increased with increasing pH
value to 4.0, and then the anodic peaks decreased (Figure 5E). Therefore, the acetate buffer solution
of pH 4.0 was chosen as the supporting electrolyte in the simultaneous PA and DF determination.
Moreover, it was found that the highest values of PA and DF signals were attained at 0.15 mol L~}
concentration of acetate buffer solution of pH 4.0, and hence it was further used (Figure 5F).
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Figure 5. (A) DPAdSV curves recorded in 0.1 mol L1 solutions of acetic acid (a), acetate buffer solution
with pH values of 3.4 + 0.1 (b), 3.8 + 0.1 (c), 4.0 £ 0.1 (d), 44 + 0.1 (e), 5.0 £ 0.1 (f), 54 + 0.1 (g), and
6.0 + 0.1 (h) containing PA (1.0 X 107® mol L=!) and DF (1.0 x 10~ mol L™!). (B) The relationships
between potential peaks of PA (a) and DF (b) and pH. Oxidation mechanisms of DF (C) and PA (D).
Effect of different pH values (E) and the concentration of acetate buffer solution of pH 4.0 (F) on the
1.0 x 107 mol L1 PA (a) and 1.0 x 1078 mol L~! DF (b) current responses.

3.3. Accumulation of PA and DF at SPCE/MWCNTs-COOH and Sensor Selectivity

The electrochemical responses of PA (1.0 x 107* mol L™!) and DF (1.0 X 10~ mol L) at the
SPCE/MWCNTs-COOH in the 0.15 mol L~! acetate buffer solution of pH 4.0 were characterized by the
CV technique. The scan rate was changed in the range of 5-350 mV s~!. On the basis of the obtained
results (Figure 6A), it can be said that both PA and DF are irreversibly oxidized, giving rise to oxidation
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peaks at potentials around 330 and 550 mV, respectively, when the sweep was initiated in the positive
direction. As can be seen, the oxidation peak potential of PA and DF shifted toward more positive
values with the increasing scan rate. This confirms that PA and DF are irreversibly oxidized. Other
peaks at less positive potentials are related to the formation of electrochemically active oxidation
products of DF [4].

100 o B e a
y_= 3290 x - 1.60 y=0.67 x +1.59
50 154 r=0.9970 1 r=0.9982 b
< <
3 - 10
= 2
o 5] y=072x+1.14
r=0.9935
00 . | i : , 1 0 T T T
o o 08 16 0 . ) ) 2 46 12 08 04
E/IV vz |\ s logv/Vs?!

Figure 6. (A) CV curves recorded in the 0.15 mol L™! acetate buffer solution of pH 4.0 containing
1.0x107* mol L™} PA and 1.0 x 10® mol L™} DF at v equal to (a) 50, (b) 100, and (c) 175 mV s7L. The
dependence between (B) Ip and v'/? and (C) loglp and logv for PA (a) and DF (b).

As can be seen in Figure 6B, the linear relationships between the PA and DF peak current (Ip)
and the square root of scan rate (v'/2) indicated that the oxidation processes of PA (r = 0.9970) and
DF (r = 0.9879) are controlled by diffusion at the SPCE/MWCNTs-COOH. However, the curve slopes
of 0.67 (for PA) and 0.72 (for DF) observed in the plot of loglp versus logv (Figure 6C) indicate that
these processes are not purely diffusion- or adsorption-controlled [24]. Therefore, in the next step of
the experiments, the effect of accumulation potential (E,..) was tested.

The effects of E,... at the SPCE/MWCNTs-COOH surface were studied in the mixed solution of
PA (1.0 X 107 mol L™!) and DF (1.0 x 1078 mol L™!). Keeping the accumulation time (t,.) as 60's,
the dependence of stripping peak current on E,. was evaluated over the potential range of 0.25 to
—1.25 V. The peak current of PA and DF reached maximum at E4. of —0.25 V. This value of potential
was chosen for further experiments. However, the constant value of potential was changed to pulsed
potential accumulation.

In voltammetric procedures, even a low concentration of surface active substances can foul and
passify the electrode, causing a decrease or total decay of the analytical signal. UV irradiation or
microwave heating before determination are recommended for elimination of this type of interference.
However, such a process makes the procedures lengthy, complicated, and more expensive; requires
additional apparatus; and cannot be used in field analysis. The literature also lists different simple
and cheap ways for solving the problem with the organic matrix of natural water samples, namely
application of potential pulses for accumulation. In addition, this way for the minimization of
interferences can be applied outside laboratories. The potential of cathode pulses was chosen in a
way that made it represent the maximum adsorption of the determined element and the potential
of anode pulses to desorb the interfering surfactants [25,26]. Therefore, the procedure consisting of
a 1 s accumulation period at a potential of 0.1 V (the anodic pulse) and a 1 s accumulation period
at a potential of —0.25 V (the cathodic pulse) was proposed for simultaneous determination of PA
(1.0 x 107® mol L) and DF (1.0 x 1078 mol L™!). The differential-pulse scans from —0.25 to —0.254 V
with an amplitude (A) of 150 mV, a modulation time (t,,) of 20 ms, and a scan rate (v) of 150 mV s~}
were recorded after 59 accumulation cycles. In the last cycle, the differential-pulse scan from —0.25
to 1.5 V was recorded with the parameters described above. Additionally, the procedure with a
constant value of accumulation potential of —0.25 V for 60 s as well as the procedure consisting of a
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1 s accumulation period at a potential of —0.25 V (the cathodic pulse) and the anodic pulse with the
differential-pulse scan from —0.25 to 0.1 V (1145 = 60) were applied. As can be seen in Figure 7A, the
application procedure with pulsed potential accumulation (60-times pulses of 0.1 V for 1 s and —0.25 V
for 1 s) improves both PA and DF analytical signals. To reduce the analysis time, the effect of number of
cycles (71¢yces) on the peak current of PA (1.0 X 107% mol L™1) and DF (1.0 x 1078 mol L™!) was studied.
Figure 7B shows the obtained results. For further experiments, the number of cycles was reduced to 30,
as a compromise between the decrease in PA peak current and the increase in DF peak current.

24
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Figure 7. (A) DPAdSV curves registered in the solution containing PA (1.0 x 107¢ mol L) and DF
(1.0 x 1078 mol L71) using the following: (a) accumulation potential of —0.25 V for 60 s; (b) a 1 s
accumulation period at a potential of potential of —0.25 V and the anodic pulse with the differential-pulse
scan from —0.25 to 0.1 V (11¢yes = 60); (c) a 1 s accumulation period at a potential of 0.1 Vand als
accumulation period at a potential of —=0.25 V (1¢cies = 60). (B) Effect of #1cjes on 1.0 X 107% mol L™!
PA (a) and 1.0 x 1078 mol L™! DF (b) current responses. Relative signals of 1.0 X 10~¢ mol L~! PA (C)
and 1.0 x 1078 mol L~! DF (D) in the presence of increasing concentration of Triton X-100 with the
parameters described in Figure 6A (curve c).

According to the literature data, natural waters contain surfactants with the surface active effect
similar to the effect induced by 0.2 to 2 ppm Triton X-100 [26]. Therefore, the effect of the use
of pulsed potential accumulation of PA (1.0 x 107® mol L™!) and DF (1.0 x 10~ mol L~!) on the
minimization of interferences from surfactants was studied on the example of Triton X-100. As can be
seen in Figure 7C,D, the application procedures with pulsed potential accumulation (b and c bars),
compared with the application of a constant value of accumulation potential (a bars), contribute to the
minimization of interferences from Triton X-100, particularly with regard to PA at a concentration of
2 ppm and upwards.

In summary, it can be stated that, in order to improve PA and DF analytical signals, as well as
to minimize interferences from surfactants, pulsed potential accumulation can be applied. To our
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knowledge, this is the first time these two goals were achieved using pulsed potential accumulation.
For further experiments, as a compromise between peak current and minimizing interference, the
procedure consisting of a 1 s accumulation period at a potential of 0.1 V and a 1 s accumulation period
at a potential of —0.25 V (s = 30) was applied for the simultaneous determination of PA and DF.

It should be mentioned that the signals of PA and DF in the presence of other than Triton X-100
interferences found in environmental water samples were also studied. The tolerance limit was defined
as the concentration that gives an error of <10% in the determination of 1.0 X 107 mol L~! PA and
1.0 X 1078 mol L~! DF. It was noticed that uric acid (50-fold excess), urea (50-fold excess), ascorbic
acid (100-fold excess), glucose (100-fold excess), dopamine (2-fold excess), Cu®* (10-fold excess), Fe3*
(50-fold excess), Cd%* (10-fold excess), Mo®* (100-fold excess), Ni%* (500-fold excess), Pb%* (100-fold
excess), Zn%* (500-fold excess), Sb>* (100-fold excess), V°* (50-fold excess), K* (100-fold excess), Na*
(100-fold excess), C1~ (100-fold excess), SO42~ (50-fold excess), PO43~ (500-fold excess), and NO3™~
(5000-fold excess) have a negligible effect on the assay of PA. Moreover, uric acid (5000-fold excess), urea
(5000-fold excess), ascorbic acid (1000-fold excess), glucose (1000-fold excess), dopamine (1000-fold
excess), Cu?* (1000-fold excess), Fe3* (5000-fold excess), Cd%* (1000-fold excess), Mo®* (5000-fold
excess), Ni%* (1000-fold excess), Pb%* (5000-fold excess), Zn** (5000-fold excess), Sb3* (10000-fold
excess), V°* (1000-fold excess), K* (5000-fold excess), Na* (5000-fold excess), C1~ (5000-fold excess),
SO42~ (1000-fold excess), PO43~ (50000-fold excess), and NO3;~ (5000-fold excess) have a negligible
effect on the assay of DF.

Furthermore, the influence of A on the analytical signals of PA (1.0 x 107® mol L~!) and DF
(1.0 x 1078 mol L™!) was examined from 25 to 175 mV (v of 175 mV s~! and t,, of 10 ms). The
highest peaks of both analytes were registered at A of 150 mV (Figure 8A). Next, the influence of v
(50-175 mV s71) on the PA and DF peak current (A of 150 mV and ¢, of 10 ms) was tested. As can be
seen in Figure 8B, the maximum values of PA and DF peak current were achieved at v of 150 mV s~1.
Additionally, t,, was tested in the range of 2-60 ms (A of 150 mV and v of 150 mV s~!). The highest
signals of PA and DF were obtained for ¢, of 20 ms (Figure 8C).
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Figure 8. Effect of (A) A (25-170 mV), (B) v (50-175 mV s71), and (C) t, (2-60 ms) on PA
(1.0 x 107® mol L™!) and DF (1.0 x 108 mol L™1). The DPAdSV parameters are as follows: Egc.
of 0.1 for 1 sand —0.25 V for 1 s, Neycles = 30, v of 175 mV s~!, and t,, of 10 ms (A); A of 150 mV and #,, of
10 ms (B); and A of 150 mV and v of 150 mV s~ (C).

3.4. The Linear Ranges, Limit of Detection (LOD), and Limit of Quantification (LOQ)

Figure 9 shows the DPAdSV curves and linear ranges of calibration plots obtained under
optimized conditions during individual determination of PA and DF as well as during simultaneous
determination of these compounds. The results are summarized in Table 1. The limits of detection
(LOD) and quantification (LOQ) obtained during simultaneous determination of PA and DF are 1.44
and 4.80 nmol L~! and 0.030 and 0.1 nmol L™}, respectively. These results demonstrate that the
SPCE/MWCNTs-COOH can be applied to environmental water samples analysis in which PA and
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DF concentrations are in the range of 107°~1078 and 107'1-1078 mol L™}, respectively [7,8]. Table 2
shows the comparison techniques used for the simultaneous determination of PA and DF. It can
be summarized that the DPAdSV with SPCE/MWCNTs-COOH allows the lowest LOD value to be

obtained compared with all other electrochemical sensors and techniques [9-19].
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Figure 9. DPAdSV curves registered at the SPCE/MWCNTs-COOH in 0.15 mol L~! the acetate
buffer solution of pH 4.0 + 0.1 containing increasing concentrations of the following: (A) PA (a-j,
5.0-5000.0 nmol L~1), (B) DF (a—h, 0.1-20.0 nmol L~1), and (C) PA (a—j, 5.0-5000.0 nmol L~! and DF (a-h,
0.1-20.0 nmol L™1). Calibration graph of (D) PA, (E) DF, and (F) PA and DF. The DPAdSV parameters
are as follows: Egec. 0f 0.1 for 1sand —0.25 V for 1's, fiyjes = 30, A of 150 mV, v of 150 mV s71, and t,, of

20 ms.
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Table 1. Characteristics of calibration plots of paracetamol (PA) and diclofenac (DF) attained at the
commercially available carboxyl functionalized multiwalled carbon nanotubes modified screen-printed
carbon electrodes (SPCE/MWCNTs-COOH). LOD, limit of detection; LOQ, limit of quantification.

Parameter PA DF PA and DF
Linear range [nmol L1 5.0-5000.0 0.1-20.0 Sooig(())(())(z]()l;?)
Sk’p[ig’/)nfni?ﬁ,(?] =3) 0.0014 = 0.000010 0150025 *00% i%%olgozlég”
Intercept (a) + SD, (n = 3) [nA] 0.13 + 0.00062 0.057 + 0.00079 00011%1%%%%41962((11)3?)
Correlation coefficient (r) 0.9971 0.9989 8332;1 ((]l;?;
LOD [nmol L] 1.34 0.015 ol.gle?ogﬁ))
LOQ [nmol L] 4.47 0.051 S‘_‘fg ((g?;

LOD = 35D, and LOQ = 35Dy, [27].

Table 2. Comparison of techniques for simultaneous analysis of PA and DF.

Te . Linear Range Det.e Ct.IOI‘l ..
echnique Analyte [mol L-1] Limit Application Ref.
mo [mol L-1]
PA 11 %x107%-6.6 x 107> Pharmaceutical,
RP-HPLC DF 6.3%x1078-3.1 x 1075 B Human serum ]
PA 33x107%-99x107* 1.3%x 1078 )
RP-HPLC DF 1.6 % 10-5-4.7 x 10-5 7.9 % 10-8 Pharmaceutical [10]
PA 6.6 x1079-6.6 x 1077 44 %1078 Wastewater
HPLC DF 3.1x107°-3.1x 1077 9.7 x 10710 samples (]
PA 6.6 x107°-2.0 x 10™¢ 22x%x107° .
RP-HPLC DE 31 x 10-6-1.0 % 104 11%10-6 Pharmaceutical [12]
PA 1.1 x1077-6.6 x 1075 Sea water,
GC-MS DF 28 % 1078-3.1 x 10-5 - Wastewater [13]
. PA 6.6 X 1070-2.0 x 1074 1.2 x 107 . )
Spectrophotometric DF 1.6 % 10-6-1.0 x 10-4 16 %107 Pharmaceutical [14]
Electrophoresis PA 33x10°-83x 1074 6.6 X107 Pharmaceutical, [15]
P DF 31x1076-39 x 1074 1.6x 1076 Human serum
Electrophoresis PA 3.3 x107°-1.7 x 1073 6.6 x 107 Pharmaceutical, [16]
P DF 31x1076-39x 1074 1.6x 1076 Urine sample
PA 1.9 x 1070-1.7 x 107 Drug delivery
4-PP/GCE DF 3.7%1077-52x107° ) system (7]
PA 3.0x107°-2.0x107* 22 %1077 Pharmaceutical,
PDDA/GR/GCE DF 1.0x1075-1.0 x 10™* 6.1 %1077 Lake water (18]
PA 50x107-5.0 x 107° 40x10°8
AuNPs-GR/PAG/GCE DF 50 x 10-7-4.0 X 10-5 8.0 x 10-8 Human serum [19]
PA 5.0x1079-5.0 x 107° 1.4 %1070 River water, This
SPCE/MWCNTs-COOH DF 1.0 x 10710-2.0 x 1078 3.0x 10711 Wastewater work

4-PP/GCE—4-phosphatephenyl modified glassy carbon electrode; PDDA/GR/GCE—poly(diallyldimethylammonium
chloride) functionalized graphene modified glassy carbon electrode; AuNPs/GR/PAG/GCE—poly(L-Arginine)
/Au-graphene nanocomposite film deposited on a glassy carbon electrode.

3.5. Precision and Reproducibility

The intra-day and inter-day precision were examined by measuring the stopping responses of
1.0 X 107 mol L™! PA and 1.0 x 10~8 mol L~! DF with 10 replicates on 1 day and 3 replicates on 5
days, respectively. The relative standard deviations (RSDs) are 3.7% (n = 10) and 5.1% (n = 15) for
PA, and 5.3% (n = 10) and 6.2% (n = 15) for DEF, indicating satisfactory precision of the signals at
the SPCE/MWCNTs-COOH. The reproducibility was evaluated by recording DPAdSV curves in the
solution of 1.0 X 107® mol L™ PA and 1.0 x 10-8 mol L~! DF using three electrodes. The RSD was
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calculated as 4.9% (n =9, for PA) and 5.2% (n =9, for DF), approving the acceptable reproducibility of
the sensor.

3.6. Analytical Applications

Finally, the practical application of the proposed voltammetric procedure using
SPCE/MWCNTs-COOH was illustrated by simultaneous determination of PA and DF in Bystrzyca river
samples and wastewater samples purified in a sewage treatment plant. The voltammetric results were
compared to those obtained by chromatographic method (HPLC/PAD) and summarised in Table 3.
Figure 10 shows the DPAdSV curves obtained during simultaneous determination of PA and DF in the
analysed samples. The results achieved by the voltammetric method show satisfactory agreement
with those obtained by HPLC/PAD (the relative errors are in the range of 1.1-6.7%). In order to test the
accuracy of the voltammetric procedure, the samples were spiked with standard solutions of PA and
DEF. The recovery values are between 96.5% and 104.8%, which corresponds to the satisfactory degree
of accuracy.

Table 3. Results of simultaneous determination of PA and DF in environmental water samples. DPAdSYV,
differential-pulse adsorptive stripping voltammetric.

PA Concentration [nmol L] + SD (n = 3)

Sample Recovery * [%]  Relative Error ** [%]

Found Found
Added DPAdSV HPLC/PAD
Bystrzca 0 <LOD <LOD - -
river 5.0 5.09 + 0.044 <LOD 101.8 -
500.0 505.0 + 4.0 514.0 + 6.5 101.0 1.8
Waste- 0 243 + 0.5 254 +6.0 - 4.3
water 5.0 292 +55 31.3+27 99.7 6.7
500.0 523.0+9.0 529.0 + 8.6 99.8 1.1
DF Concentration [nmol L™1] + SD (n = 3)
Added Found Found Recovery * [%]  Relative Error ** [%]
€ DPAdSV HPLC/PAD
Bystrzca 0 <LOD <LOD - -
river 0.5 0.51 + 0.0066 <LOD 102.0 -
50.0 50.5+ 04 49.6 + 0.8 101.0 1.8
Waste- 0 3.7+0.7 <LOD - -
water 0.5 44 +0.6 <LOD 104.8 -
50.0 51.8+0.7 497 +1.1 96.5 4.2

* Recovery [%] = (Found DPAdSV x 100)/Added; ** Relative error [%] = (([Found HPLC/PAD-Found DPAdSV|)/Found
HPLC/PAD) x 100.

It needs to be highlighted that only the voltammetric procedure using the SPCE/MWCNTs-COOH
allows simultaneous determination of PA and DF at concentrations of 24.3 + 0.5 nmol L~! and 3.7 +
0.7 nmol L™}, respectively, in wastewater samples purified in a sewage treatment plant. These results
show that, after leaving the sewage treatment plant, the wastewater still contains PA and DF, which
then end up in the natural environment. The concentrations of PA and DF in Bystrzyca river samples
below the limit of detection of the DPAdSV technique confirm the dilution of analytes.
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Figure 10. DPAdSV curves registered at the SPCE/MWCNTs-COOH during PA and DF simultaneous
analysis in (A) wastewater samples purified in a sewage treatment plant (a) 5 mL of sample, (b) as (a) +
5.0 nmol L™ PA and 0.5 nmol L™! DF, (c) as (a) + 10.0 nmol L~! PA and 1.0 nmol L™! DF, and (d) as (a)
+15.0 nmol L™! PA and 1.5 nmol L~! DF; (B) Bystrzyca river water sample: (a) 5.0 mL of sample, (b) as
(a) + 5.0 nmol L™! PA and 0.5 nmol L~! DF, (c) as (a) + 10.0 nmol L™! PA and 1.0 nmol L™! DF, (d) as (a)
+15.0 nmol L™ PA and 1.5 nmol L™! DF, and (e) as (a) + 20.0 nmol L™ PA and 2.0 nmol L~! DE. The
DPAdSV parameters are as follows: Egec. of 0.1 for 1 sand —0.25 V for 1's, ngyces = 30, A of 150 mV, v of
150 mV s71, and #,, of 20 ms.

4. Conclusions

For the first time, in this study, carboxyl functionalized multiwalled carbon nanotubes modified
screen-printed carbon electrode (SPCE/MWCNTs-COOH) was introduced for the simultaneous, direct
analysis of low concentrations of paracetamol (PA) and diclofenac (DF). Moreover, for the first time,
pulsed potential accumulation was used in order to improve PA and DF analytical signals and to
minimize interferences from surfactants.

In this work, already published results regarding the electrochemical properties of SPCE and
SPCE/MWCNTs-COOH [4] were compared with these obtained for SPCE/CNFs. The results show
that the SPCE/MWCNTs-COOH has a greater number of active centers than the unmodified SPCE
and the SPCE/CNFs, which explain the enhancement of PA and DF signals in relation to the SPCE,
and the DF signal in relation to the SPCE/CNFs. The SPCE/MWCNTs-COOH was recommended for
simultaneous analysis of PA and DF, but the SPCE/CNFs for the individual analysis of PA. Moreover,
the electrochemical responses of PA and DF at the SPCE/MWCNTs-COOH in the 0.15 mol L™! acetate
buffer solution (pH 4.0) were characterized by the CV technique. The obtained results indicated
that the oxidation processes of PA and DF at the SPCE/MWCNTs-COOH are not purely diffusion-
or adsorption-controlled.

Moreover, only the proposed voltammetric procedure using the SPCE/MWCNTs-COOH allows
simultaneous determination of PA and DF at concentrations of 24.3 + 0.5 nmol L~ and 3.7 + 0.7 nmol L},
respectively, in wastewater samples purified in a sewage treatment plant. These results show that,
after leaving the sewage treatment plant, the wastewater still contains PA and DF, which then end up
in the natural environment. It should be clearly emphasized that the samples were directly analysed
without performing any special sample pretreatment procedure.

The proposed voltammetric procedure has the advantages of being much more sensitive, less
time-consuming, and less expensive than HPLC. Moreover, the analysis of water samples can be
carried out in the laboratory and at the place of sampling.
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Katedra Chemii Analityczne;j

Instytut Nauk Chemicznych

Wydziat Chemii UMCS

Plac Marii Curie-Sktodowskiej 3,

20-031 Lublin

Oswiadczenie

Oswiadczam, ze moj wklad w niniejszej pracy:

A. Sasal, K. Tyszczuk-Rotko, M. Wéjciak, I. Sowa, M. Kurylo, Simultaneous analysis
of paracetamol and diclofenac using MWCNTs-COOH modified screen-printed carbon
electrode and pulsed potential accumulation, Materials, 13 (14) (2020) 3091

DOI: 10.3390/ma13143091

polegal na wspdtudziale w tworzeniu koncepcji pracy, optymalizacji procedury
jednoczesnego oznaczania diklofenaku i paracetamolu z uzyciem sitodrukowanej elektrody
weglowej modyfikowanej wielo$ciennymi nanorurkami weglowymi funkcjonalizowanymi
grupami karboksylowymi, sprawdzeniu wplywu potencjalnych interferentéw na sygnat
analityczny oraz opracowaniu sposobu minimalizacji interferencji i zastosowaniu
opracowane]j procedury do iloSciowej analizy ww. skiadnikéw lekow w prébkach wod

naturalnych a takze opracowaniu uzyskanych wynikow.

Udziat ten szacuj¢ na S0%.

,

‘mgr Agnieszka Sasal



dr hab. Katarzyna Tyszczuk-Rotko, prof. UMCS Lublin, 24.07.2020 r.
Katedra Chemii Analitycznej

Instytut Nauk Chemicznych

Wydzial Chemii UMCS

Plac Marii Curie-Sklodowskiej 3,

20-031 Lublin

Oswiadczenie

Oswiadczam, ze moj wkiad w niniejszej pracy:

A. Sasal, K. Tyszczuk-Rotko, M. Wajciak, I. Sowa, M. Kurylo, Simultaneous analysis
of paracetamol and diclofenac using MWCNTs-COOH modified screen-printed carbon
electrode and pulsed potential accumulation, Materials, 13 (14) (2020) 3091

DOI: 10.3390/ma13143091

polegal na wspotudziale w tworzeniu koncepcji pracy. merytorycznym nadzorze nad
badaniami do$wiadczalnymi realizowanymi w ramach niniejszej pracy oraz wspétudziale

opracowaniu otrzymanych wynikow i przygotowaniu rgkopisu.

Udziatl ten szacuje na 30%.

iy )
:1/ } (,/f/.’[( Lot Z - 7[/‘\)

dr hab. Katarzyna Tyszczuk-Rotko, prof. UMCS



prof. dr hab. n. med. Magdalena W¢jciak Lublin, 31.07.2020 r.
Zaktad Chemii Analityczne;j

Katedra Chemii

Uniwersytet Medyczny

ul. Chodzki 4a

20-093 Lublin

Oswiadczenie

Oswiadczam, ze moj wktad w niniejszej pracy:

Agnieszka Sasal, Katarzyna Tyszczuk-Rotko, Magdalena Wéjciak, Ireneusz Sowa,
Michal Kurylo, Simultaneous analysis of paracetamol and diclofenac using MWCNTs-
COOH modified screen-printed carbon electrode and pulsed potential accumulation,
Materials 13 (2020) 3091-3106, DOI: 10.3390/ma13143091

polegal na wspoétudziale w oznaczeniach diklofenaku i paracetamolu w probkach wod
i $ciekow z wykorzystaniem HPLC/PAD oraz wspoludziale w opracowaniu i opisie

otrzymanych wynikow.

Udziat ten szacuje na 5%.

: 'j {\/J
JY\/\

prof. dr hab. n. med. Magdalena W¢jciak



prof. dr hab. n. farm. Ireneusz Sowa Lublin, 31.07.2020 r.
Zaktad Chemii Analitycznej

Katedra Chemii

Uniwersytet Medyczny

ul. Chodzki 4a

20-093 Lublin

Oswiadczenie

Oswiadczam, ze méj wklad w niniejszej pracy:

Agnieszka Sasal, Katarzyna Tyszczuk-Rotko, Magdalena Wéjciak, Ireneusz Sowa,
Michat Kurylo, Simultaneous analysis of paracetamol and diclofenac using MWCNTs-
COOH modified screen-printed carbon electrode and pulsed potential accumulation,
Materials 13 (2020) 3091-3106, DOI: 10.3390/ma13143091

polegal na optymalizacji chromatograficznej procedury oznaczania diklofenaku
1 paracetamolu w prébkach wod, wspbtudziale w oznaczeniach diklofenaky i paracetamolu
W probkach wéd z wykorzystaniem HPLC/PAD oraz wspotudziale w opracowaniu i opisie

otrzymanych wynikow.

Udziat ten szacuje na 10%.

prof. dr hab. n. farm. Ireneusz Sowa



dr Michat Kuryto Lublin, 31.07.2020 r.
Miejskie Przedsiebiorstwo Wodociggdéw

i Kanalizacji Sp. z 0.0. w Lublinie

Centralne Laboratorium

ul. Zawilcowa 10

20-245 Lublin

Oswiadczenie

Oswiadczam, ze mdj wkiad w niniejszej pracy:

Agnieszka Sasal, Katarzyna Tyszczuk-Rotko, Magdalena Wojciak, Ireneusz Sowa,
Michal Kurylo, Simultaneous analysis of paracetamol and diclofenac using MWCNTs-
COOH modified screen-printed carbon electrode and pulsed potential accumulation,
Materials 13 (2020) 3091-3106

polegal na dostarczeniu probek $ciekéw, wspotudziale w analizie otrzymanych wynikow

i przygotowaniu rgkopisu.

Udzial ten szacuje na 5§%.

dr Michat Kuryto

ihedKuim



