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Wstep i Cel badan

Problem zanieczyszczenia S$rodowiska naturalnego metalami cigzkimi stale
przybiera na sile. Przemyst energetyczny, wydobywczy, hutniczy, rolnictwo oraz transport
stanowig gléwne zrodta emisji jonow metali ciezkich do wod, gleby oraz powietrza.
Stanowig one powazne zagrozenie dla organizmow zywych ze wzgledu na to, ze s3
niemalze niebiodegradowalne, z latwoscia migruja w $rodowisku oraz zdolne sa do
bioakumulacji zarowno w tkankach roslinnych, jak i zwierzecych [1-2]. Prowadzi to do
przedostawania si¢ metali ci¢zkich do tancucha pokarmowego, co szkodliwie oddziatuje na
zdrowie organizméw zywych, w tym takze na organizm cztowieka [3-4].

Spozywanie zanieczyszczonej wody oraz pozywienia Skutkuje zaburzeniami
funkcjonowania organizmu oraz wystepowaniem powaznych schorzen, w tym takze
choréb nowotworowych. Kumulacja metali cigzkich w organizmie zachodzi w okreslonych
organach, zwlaszcza uczestniczagcych w procesie detoksykacji organizmu (watrobie,
nerkach). Ponadto, metale moga nagromadzaé si¢ w mdzgu, kosciach i migsniach. Skutki
dziatania toksycznych zwigzkow metali cigzkich nie zawsze sa natychmiastowe. Moga
ujawniac si¢ po latach, a nawet dopiero w kolejnych pokoleniach [5].

Nie tylko metale o toksycznych wlasciwosciach stanowig zagrozenie dla zdrowia
cztowieka. Nadmierne spozywanie mikroelementéw niezbgednych do prawidtowego
funkcjonowania organizmu moze prowadzi¢ do zaburzen rdéwnowagi dynamiczne]
pierwiastkdOw w organizmie. State przyjmowanie pozywienia, badZ wody o podwyzszonej
ich zawartosci prowadzi do wystgpowania niepozadanych objawow, a nawet moze
ujawniac dzialanie toksyczne [6-7].

Postepujacy proces degradacji $srodowiska stwarza konieczno$¢ prowadzenia
ciaglej Kontroli poziomu zanieczyszczen. Staly monitoring jakosci wod daje mozliwosé
szybkiego wykrywania skazenia wody i zapobiegania rozprzestrzenianiu zanieczyszczen
poprzez wdrozenie odpowiednich technologii uzdatniania wody. Doskonatym narzedziem
pozwalajagcym na prowadzenie analiz poza laboratorium, w miejscu pobrania probki
(analiza polowa) jest przenosna aparatura [8].

Stosowanie aparatury przenosnej do zadah analitycznych ujawnia szerokie
spektrum zalet. Przede wszystkim analiza w terenie pozwala na uzyskanie wynikow
w krotkim czasie i w zwigzku z tym umozliwia wczesne wykrycie zanieczyszczenia wod.

Ponadto, umozliwia prowadzenie kontroli parametrow wody ulegajacych szybkim



zmianom. Analiza probek wod w terenie dodatkowo eliminuje koszty transportu oraz
przechowywania probek, a takze btedy pomiarowe (w czasie transportu i przechowywania
moze dochodzi¢ do zmiany sktadu probki w czasie) [8-10].

Woltamperometria moze by¢ wykorzystywana do analizy ilosciowej 1 jakoSciowej
w terenie. Przenos$na aparatura z wbudowanym analizatorem elektrochemicznym jest
prostym w obsludze narzgdziem, pozwalajacym na uzyskanie wiarygodnych wynikow
nawet w kilka minut [11, 12].

Celem badan prowadzonych w trakcie realizacji niniejszej rozprawy
doktorskiej bylo opracowanie woltamperometrycznych procedur oznaczania
wybranych jonéw metali w prébkach wod naturalnych z wykorzystaniem elektrod
sitodrukowanych, ktéore moga by¢ stosowane w analizatorach przenosnych.
W badaniach zastosowano woltamperometri¢ stripingowa z uwagi na dodatkowy etap
zatgzania analitu na powierzchni elektrody, co umozliwia prowadzenie oznaczen jondw
metali na niskich poziomach stezen. W celu poprawy wlasciwosci elektrochemicznych
elektrod pracujacych zastosowano modyfikacje ich powierzchni btonka metalu (bizmutu
1 otowiu) bez i1 z zastosowaniem odtwarzalnie osadzanego mediatora. W badaniach
skupiono si¢ ponadto na opracowaniu procedur minimalizacji interferencji pochodzacych
od matrycy probek wod naturalnych. Opracowane procedury oznaczania wybranych jonéw
metali sprawdzono z wykorzystaniem certyfikowanych materialéw odniesienia oraz

zastosowano w analizach probek wod srodowiskowych.



1. Aktualny stan wiedzy

1.1. Elektrody sitodrukowane

Odpowiednim narz¢dziem do zastosowan w przeno$nych urzadzeniach kontrolno-
pomiarowych okazaly si¢ elektrody otrzymywane technologig sitodruku. Po raz pierwszy
technologie te zastosowano do produkcji elektrod w latach 90-tych XX w. Umozliwia ona
wytwarzanie mig¢dzy innymi sitodrukowanych elektrod pracujacych, badz zespolonego
uktadu pomiarowego, gdzie na powierzchni no$nika umieszczona jest elektroda pracujaca,
odniesienia oraz pomocnicza. Na rysunku 1 przedstawiono oba rodzaje elektrod. Te,
obecnie dostgpne w handlu elektrody sitodrukowane (Rys. 1B), charakteryzuja sie
niewielkim rozmiarem i niskim kosztem produkcji. Ponadto, wyniki otrzymywane przy ich
uzyciu charakteryzuja si¢ satysfakcjonujaca powtarzalnoscig. Dane literaturowe wskazuja
na to, ze mogg by¢ stosowane w woltamperometrycznych oznaczeniach zar6wno jonow

metali, jak i substancji biologicznie aktywnych na niskich poziomach stezen [11, 13].

A AR B)

elektroda
gtrl:\tc:?rj\?cza odniesienia
elektr9da elektroda
pracujaca pracujaca

Rys. 1. A) Sitodrukowana elektroda weglowa i B) zespolony uklad pomiarowy

z sitodrukowang elektrodg pracujaca, pomocnicza oraz odniesienia.

Produkcja elektrod sitodrukowanych polega na przettoczeniu tuszu przez uprzednio
przygotowang forme na ceramiczne lub plastikowe podloze. Dodatkowa zaleta tych
elektrod jest fakt, iz sktad tuszu moze by¢ dowolnie modyfikowany, w zalezno$ci od
stawianych wymagan aplikacyjnych danej elektrody. Kompozycja tuszu wpltywa na
przewodnos¢ czy rezystancje otrzymanego materiatu [14]. Od sktadu tuszu zalezy takze

czutos¢, jak 1 selektywnos$¢ danej analizy. Stosuje si¢ w tym celu dodatki réznorodnych
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substancji (modyfikatorow), takich jak: metale, enzymy, polimery, czy czynniki
kompleksujace [15]. Dodatkowo, wtasciwosci elektrod mozna zmienia¢ przez modyfikacje
ich powierzchni np. btonkg metalu, polimerem, czy enzymem. Cechy elektrod
sitodrukowanych, takie jak rozmiar, grubo$¢, czy ksztalt dopasowuje si¢ do wymagan
uzytkownika. Szereg zalet charakteryzujacych elektrody sitodrukowane sprawia, ze sa one
coraz chetniej stosowane, a producenci oferuja coraz bardziej udoskonalone konstrukcje
[16, 17].

1.2. Modyfikacja powierzchni elektrod sitodrukowanych

W literaturze mozna odnalez¢ szereg prac opisujacych rézne sposoby modyfikacji
powierzchni elektrod pracujacych oraz przyklady ich zastosowan [18-37]. Przyczyna
wprowadzenia etapu modyfikacji powierzchni elektrod jest migdzy innymi dazenie do
zwigkszenia ich powierzchni aktywnej, na ktorej nagromadzane sg 0znaczane substancje
i/lub poprawa szybkos$ci przeniesienia elektronéw. Oba te efekty skutkujg wzmocnieniem
sygnatlu analitycznego oznaczanej substancji/jonu metalu 1 obnizeniem granic
wykrywalnos$ci analitu. Inng, czgsta przyczyng prowadzenia modyfikacji powierzchni
elektrod jest dazenie do minimalizacji interferencji pochodzacych od innych sktadnikoéw
probki (zwigkszenie selektywno$ci pomiaréw), a w przypadku analizy wigcej niz jednej
substancji rowniez poprawa rozdzielenia ich sygnatow analitycznych.

Obecnie, elektrody sitodrukowane z modyfikowang powierzchnig sg coraz czesciej
wykorzystywane w oznaczeniach jonow metali. Dzigki nim mozliwe jest prowadzenie
analiz na $ladowym poziomie st¢zen, takze w warunkach polowych [11]. W tabeli 1
zestawiono przyktady zastosowan elektrod sitodrukowanych z modyfikowang

powierzchnig do analizy Cd(II) 1 Pb(1I), T1(I), U(VI) 1 Mo(V]).



Tabela 1. Zestawienie parametréw analitycznych procedur oznaczania Cd(II), Pb(lI1), TI(1), U(VI1) i Mo(VI) na elektrodach sitodrukowanych.

Oznaczany Stosowana Granica wykrywalnosci Granica Zakres liniowy krzywej Czas zatezania  Technika Publikacja
jon elektroda (mol L) oznaczalnosci kalibracyjnej (mol L™) analitu (s)
(mol L)

cd(1n) ex-situ BiSPCE - - 1,0 x10%-2,5x10° 60 DPASV [18]
Pb(11) - - 1,0x10%-1,3x10°

Zn(ll) - - 1x107-8x10°

cd(in CBMFE 2,2 x 107 - 2,7x10°-4,5x 10" 60 DPASV [19]
Pb(11) 3,9 x 101 - 72x101°-29x10"

Zn(ll) 8,4 x 10°® - 1,2x107-3,4 x10°

cd(In elektroda 9,8 x10° - 8,9x10%-71x107 120 DPASV [20]

sitodrukowana
Pb(11) modyfikowana 6% 43x10° - 2,4x10%-19x 107
cytrynianem bizmutu

cd(1n) SPCE|GS-Nafion/Au 3,1 x10° - 71x10°-4,4x10" 240 DPASV [21]
Pb(11) 1,1 x 107 - 2,4x10°-29x10"

cd(1n) Big,SPE 8,9 x 10™° 2,9 x 10 29x10°-11x10" 360 DPASV [22]
Pb(11) 7,7 x 101 2,6 x 10 2,6x10°-96x10°

cd(ln) Bis,SPE 8,9 x 10 3,1 x10° 3,1x10°-94x10® 360 DPASV [23]
Pb(Il) 8,7 x 10 2,8 x10° 2,8x10°-8,2x10°




cd(Ill)  in-situ SbSPCE 3,0 x 10 9,8 x 10 9,8 x10° 6,4 x 107 120 DPASV [24]
Pb(11) 2,4 x 10°® 8,1 x10® 8,1 x10%-3,0x 107
Cu(ln 2,5x10°® 83 x10°® 83x10%-1,6x10°
cd(in Bi/SPE 1,8 x10° - 45x10°-1,1x107 120 SWASV [25]
Pb(11) 9,7 x 10 - 2,4x10°-58x10%
cd(1n) N/IL/G/SPCE 5,3 x 10™° - 8,9x101°-8,9x10" 120 SWASV [26]
Pb(11) 3,9 x 101 - 48x101°-4,8x 107
Zn(1) 1,4x10° - 1,5x10°-15x10°
cd(1n) MHCS-Nafion/SPCE 1,5 x 10°® - 1,8x10%-1,8x10° 240 SWASV [27]
Pb(11) 6,6 x 10 - 9,7x10°-9,7x 10"
cd(1n) SPG 8,9 x 10™ - 8,9x10°-27x10° 190 SWASV [28]
Pb(I1) 48 x 10 - 48x10°-1,5x 10"
cd(1n) Bi/MWNT-IL/SPCE 4,5 % 10° - 8,9x10°-53x10" 400 SWASV [29]
Pb(I1) 5,8 x 1070 - 48x10°-2,9x 107
cd(1l) BiF/SPCE 1,4 x10° 4,5 x10° 5x10°-1x10° 190 SWASV Publikacja 1

przygotowana z
Ph(I) zastosowaniem 1,4 %107 4,7x 10" 5x10°-5x107

mediatora
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cd(1n) “SPE/SWCNHs/BiF 1,8 x 10 8,9x10°-53x 107 150 SWASV [30]
Pb(11) 1,9 x 107 48x10°-29x 107
cd(1n) P-g-CsN,/O- 2,7 x 10" 38x10%-7,0x 107 240 DPASV [31]
MWCNTSs/ 7,0x107-22 % 10°
SPE
Pb(Il) 3,9 x 10™ 1,7x10°-3,1x10*
3,1x10%-53x107
Hg(ll) 2,0 x 101 2,4x10%-4,6 x 107
Zn(ll) 9,2 x 101 6,4 x10%-31x10°
cd(1n Bis,SPE 32x 108 2,7x107-8,0x 10”7 120 SWASV [32]
Pb(Il) 1,9 x10* 1,5x107-4,3x 107
SPCE modyfikowana
prekursorem
bizmutu:
TI(1) tlenkiem bizmutu 4,9 x 107 24x10%-22x107 120 DPASV [33]
glinianem bizmutu 4.4 x 10 2,4x10%-20x10"
cyrkonianem 5,4 x 10 2,4x10%-20x10"
bizmutu
in situ-BiFSPCE 7,8 x 107 2,4x10%-2,0x107
TI(1) crown-6-SPCNFE 53x10°® 58x10°-1,3x10° 120 DPASV [34]
In(111) 1,2 x 107 1,6 x10%-26x10°

~11~



TI(I) BiF/SPCE 8,47 x 10™° 2,9 %107 5x10°-1x10° 60 SWASV  Publikacja 2

6,71 x 102 22 %10 5x 10 -1 x 107 300
U(VI) 4-CP-SPE 7,0 x 100 2x107° 85x10-50x10® 900 SWAdSV [35]
uv1) GRA-SPE 4,5 % 10° - 50x10°-1,0x 107 1800 DPAdSV [36]
U(VI) PbF/SPCE 1,90 x 10™ 6,3x 10™ 1x10°-1x 1078 60 DPAdSV  Publikacja 3
Mo(VI1) Cup-SPCE 2,6 x 10°® - 52x10%-21x10° 720 DPAdSV [37]

21%x10°-21x10°

Mo(VI) PbF/SPCE 2,12 x 10%° 7,1 x 10" 1x10°-5x107° 60 DPAdSV  Publikacja 4

ex-situ BiSPCE - sitodrukowana elektroda weglowa ex situ modyfikowana bizmutem; CBMFE - elektroda weglowa modyfikowana btonka rteci; SPCE|GS-Nafion/Au -
sitodrukowana elektroda weglowa modyfikowana grafenem, Nafionem i zlotem; Bis,SPE - elektroda sitodrukowana napylana warstwa bizmutu; in-situ SbSPCE -
sitodrukowana elektroda weglowa modyfikowana in situ antymonem; Bi/SPE - sitodrukowana elektroda grafitowa modyfikowana tlenkiem bizmutu; N/IL/G/SPCE -
sitodrukowana elektroda weglowa modyfikowana nanokompozytem: Nafion/ciecz jonowa/grafen; MHCS-Nafion/SPCE - sitodrukowana elektroda weglowa modyfikowana
kompozytem Nafionu i mikroporowatych pustych kul weglowych; SPG - sitodrukowana elektroda grafenowa; Bi/MWNT-IL/SPCE - sitodrukowana elektroda weglowa
modyfikowana wielo$ciennymi nanorurkami weglowymi, ciecza jonows i btonkg bizmutu; SPE/SWCNHSs/BIF - sitodrukowana elektroda pokryta jedno$ciennymi
nanorogami weglowymi i btonka bizmutu; P-g-C3N,/O-MWCNTS/SPE - elektroda sitodrukowana modyfikowana nanokompozytem utlenionych wielowarstwowych
nanorurek weglowych i porowatych nanoczastek grafitowego azotku wegla; crown-6-SPCNFE - sitodrukowana elektroda weglowa modyfikowana nanorurkami weglowymi
i 4-karboksybenzo-18-korona-6; 4-CP-SPE - elektroda sitodrukowana modyfikowana grupami 4-karboksyfenylowymi; GRA-SPE - sitodrukowana elektroda grafitowa;
Cup-SPCE - sitodrukowana elektroda weglowa modyfikowana btonka kupferronu i tetrafenyloboranu; SWASV - anodowa woltamperometria stripingowa fali prostokatne;j;
SWASV - adsorpcyjna woltamperometria stripingowa fali prostokatnej; DPASV - impulsowo-r6znicowa anodowa woltamperometria stripingowa; DPAdSV - impulsowo-

roéznicowa adsorpcyjna woltamperometria stripingowa

~12 ~



2. Badania wlasne

Przeprowadzone badania mialy na celu opracowanie woltamperometrycznych
procedur oznaczania wybranych jonéow metali (Cd(II), Pb(Il), TI(I), U(VI) i Mo(VI))
z wykorzystaniem modyfikowanych blonkg bizmutu lub otowiu sitodrukowanych elektrod
weglowych, ktore moga by¢ stosowane w analizie polowej probek wod. W trakcie
prowadzonych badan migdzy innymi:

» zoptymalizowano procedury modyfikacji elektrod sitodrukowanych,

» scharakteryzowano powierzchnie elektrod modyfikowanych stosujac szereg
nowoczesnych technik,

» zoptymalizowano procedury oznaczania wybranych jonow metali,

» zoptymalizowano  procedury  minimalizacji  interferencji ~ pochodzacych
od sktadnikoéw probek waod srodowiskowych,

» wyznaczono parametry analityczne opracowanych procedur,

» sprawdzono opracowane procedury wykorzystujac do tego celu certyfikowane

materiaty odniesienia oraz zastosowano je do analizy probek wod srodowiskowych.

2.1. Procedury modyfikacji powierzchni elektrod blonka metalu i ich

charakterystyka

Mimo swoich zalet, stosowane czesto w oznaczeniach woltamperometrycznych
elektrody rteciowe, ze wzgledu na toksyczny charakter rteci i soli rteci zaczegly byé
zastepowane przez inne elektrody. W 2000 roku po raz pierwszy Wang 1 wspdlpracownicy
zaproponowali zastosowanie w oznaczeniach woltamperometrycznych btonkowej
elektrody bizmutowej (BiFE) [38]. Jedng z zalet blonkowych elektrod bizmutowych jest
fakt, iz uznawane sg za elektrody przyjazne dla srodowiska naturalnego. W 2005 roku po
raz pierwszy do modyfikacji powierzchni elektrody weglowej zastosowano blonk¢ otowiu
(PbFE) [39]. Elektrody modyfikowane blonka otowiu, podobnie jak bizmutu, stanowig
dobrg alternatywe dla elektrod rteciowych, a praca z PbFE jest bezpieczniejsza
w poréwnaniu do elektrod rtgciowych ze wzgledu na zdecydowanie mniejsza lotnos¢
zwigzkow otowiu stosowanych do przygotowania elektrody. Zardwno blonkowe elektrody
bizmutowe, jak i otowiowe znalazly szereg zastosowywan w analizie jondw metali

i zwigzkoéw biologicznie aktywnych [40-50].
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Jednym ze sposoboéw na poprawe wilasciwosci elektrochemicznych elektrod
modyfikowanych blonka metalu jest zastosowanie odtwarzalnie osadzanego mediatora
w etapie przygotowywania elektrod [51-55]. Woéwczas, do roztworu elektrolitu, oprocz
jonéw metalu stuzgcych do osadzania blonki (jony modyfikatora, np. Pb(Il), Bi(lll),
Sb(l11)) wprowadza si¢ takze jony mediatora (np. Zn(ll), Cd(l1)). Pierwszy etap osadzania
btonki polega na przylozeniu odpowiednio dobranego potencjatu tak, aby na powierzchni
elektrody redukcji ulegaty jony modyfikatora i mediatora. W kolejnym etapie nalezy
zastosowa¢ potencjal bardziej dodatni, powodujacy usuniecie mediatora (poprzez jego
utlenienie) przy dalszym osadzaniu btonki metalu. Tak przeprowadzony proces osadzania
btonki metalu przyczynia si¢ do zwigckszenia powierzchni aktywnej elektrody, co
przektada si¢ na wzmocnienie sygnalu analitycznego oznaczanej substancji i obnizenie
granicy wykrywalnosci.

W niniejszej pracy do modyfikacji powierzchni elektrod sitodrukowanych
zastosowano btonke bizmutu w oznaczeniach Cd(Il), Pb(Il) i TI(I) (Publikacja 1 i 2) oraz
blonke otowiu w oznaczeniach U(VI) oraz Mo(VI) (Publikacja 3 i 4). Dodatkowo,
w Publikacji 1 w etapie osadzania btonki bizmutu zastosowano odtwarzalnie osadzany
mediator (Zn).

Optymalizacja procedur modyfikacji powierzchni elektrod blonka metalu polegata
na doborze rodzaju i st¢zenia jonu modyfikatora, potencjalu oraz czasu osadzania btonki.
W przypadku blonkowej elektrody bizmutowej osadzanej z zastosowaniem odtwarzalnie
osadzanego mediatora, dodatkowo dobrano jego stezenie oraz potencjal i czas usuwania
(utleniania) z powierzchni elektrody. Przeprowadzono réwniez optymalizacje etapu
elektrochemicznego oczyszczania powierzchni elektrody. W tabeli 2 zebrano

zoptymalizowane parametry procedur modyfikacji powierzchni elektrod sitodrukowanych.
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Tabela 2. Parametry procedur modyfikacji powierzchni sitodrukowanych elektrod
weglowych btonkg metalu w oznaczeniach Cd(I1) i Pb(Il), TI(I), U(VI) i Mo(VI)

(Publikacje 1-4).

Oznaczany jon
Cd(In TI(I) u(vli) Mo(VI1)
Parametr Ph(11)
Rodzaj elektrody SPCE* SPCE** SPCE** SPCE**
Modyfikator Bi Bi Pb Pb
powierzchni elektrody
Stezenie jonu- 2x10° 1x10° 2,5%x10° 2x10°
modyfikatora
(mol L™
Mediator Zn - - -
Stezenie mediatora 2x10° - - -
(mol L)
Potencjat (V) / czas - 0,5/10 0,2/10 0,5/30
elektrochemicznego
oczyszczania
elektrody (s)
Potencjat (V) / czas -1,65/180 -1,1/60 -1,1/60 -0,9/45
osadzania btonki
metalu (s)
Potencjat (V) / czas -0,95/10 - - -
utleniania mediatora
(s)
Publikacja 1 2 3 4

SPCE* - sitodrukowana elektroda weglowa; SPCE** - zespolony uktad pomiarowy z sitodrukowang

weglowa elektroda pracujaca

Modyfikacja powierzchni sitodrukowanych elektrod weglowych blonka metalu

(otowiu, bizmutu) przyczynila si¢ do znaczacego wzmocnienia sygnalow analitycznych

oznaczanych jonéw metali (Rys. 2). Dodatkowe wzmocnienie sygnatow Cd(II) i Pb(II)

uzyskano dzigki zastosowaniu odtwarzalnie osadzanego mediatora w etapie osadzania

btonki bizmutu (Rys. 3).
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Rys. 2. Woltamperogramy uzyskane podczas oznaczania: A) TI(I) o stezeniu 2 x 107 mol
L™, B) U(VI) o stezeniu 1 x 107 mol L™ oraz C) Mo(VI) o stezeniu 5 x 10”7 mol L™ na
sitodrukowanej elektrodzie weglowej niemodyfikowanej (a) oraz modyfikowanej btonka
Bi (A(b)) lub Pb (B(b) i C(b)) (Publikacje 2-4).
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Rys. 3. Woltamperogramy otrzymane przy oznaczaniu 2 x 10”7 mol L™* Cd(Il)i 2 x 107
mol L™ Pb(II) na sitodrukowanej elektrodzie weglowej modyfikowanej btonka bizmutu

a) z i b) bez zastosowania odtwarzalnie osadzanego (Publikacja 1).

Morfologia powierzchni elektrod niemodyfikowanych oraz modyfikowanych
btonka metalu zostata zbadana z wykorzystaniem:
» mikroskopu optycznego (Publikacja 1 i 2),
profilometru optycznego (Publikacja 1),
mikroskopu sit atomowych (AFM) (Publikacja 1),
skaningowego mikroskopu elektronowego (SEM) (Publikacja 2 i 3),

YV V V VY

transmisyjnego mikroskopu elektronowego (TEM) (Publikacja 3 i 4).
Sktad powierzchni elektrod niemodyfikowanych 1 modyfikowanych zbadano
z wykorzystaniem rentgenowskiej spektroskopii fotoelektronow (XPS) (Publikacja 1 i 2)
i spektroskopii dyspersji energii promieniowania rentgenowskiego (EDX) (Publikacja 3
I 4). Otrzymane wyniki potwierdzity migdzy innymi istotne roznice w strukturze,
morfologii 1 sktadzie powierzchni elektrod niemodyfikowanych i1 modyfikowanych
btonka metalu oraz zalezno$¢ mikroskopowej struktury powierzchni od parametrow
procedury osadzania blonki metalu.
W celu dodatkowej charakterystyki powierzchni elektrody pracujacej, w pracy
dotyczacej oznaczania Mo(VI) (Publikacja 4), obliczono i porownano wielko$¢
powierzchni aktywnej elektrody niemodyfikowanej wzgledem modyfikowanej btonka

olowiu. Na podstawie otrzymanych wynikow stwierdzono, ze modyfikacja powierzchni
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elektrody jedynie w nieznacznym stopniu zwigkszyta powierzchni¢ aktywna elektrody
SPCE (0,06178 + 0,0003 cm® (n = 3) vs. 0,06225 + 0,0001 cm® (nh = 3)).
W zwigzku z tym, ze etap modyfikacji powierzchni elektrody znaczaco wplynat na
wzmocnienie sygnatu analitycznego Mo(VI), wykonano obliczenia szybkosci przenoszenia
elektrondw na elektrodzie modyfikowanej wzgledem elektrody niepokrytej btonka otowiu.
Obliczona wartos¢ wzglednego rozdzielenia pikow, y°porisece = 2,104 £ 0,095 (n = 3), jest
blizsza warto$ci teoretycznej niz w przypadku niemodyfikowanej SPCE, gdzie y°spce =
2,829 + 0,035 (n = 3). Oznacza to, ze modyfikacja powierzchni btonkg otowiu przyczynita
si¢ do poprawy szybkosci przenoszenia elektronow. Na rysunku 4 przedstawiono
otrzymane woltamperogramy cykliczne oraz zalezno$ci natezenia pradu piku utleniania od

pierwiastka kwadratowego z szybkosci skanowania.
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Rys. 4. Woltamperogramy cykliczne uzyskane w roztworze zawierajagcym 5 x 10° mol L
Ks[Fe(CN)g] i 0,1 mol L™ KCI z zastosowaniem: A) niemodyfikowanej SPCE i B) SPCE
modyfikowanej blonka otowiu w zakresie szybkosci skanowania od 5 do 400 mV s™ (a-q);
C) zalezno$¢ natezenia pradu piku utleniania od pierwiastka kwadratowego z szybkoSci
skanowania (w zakresic szybkosci skanowania od 5 do 400 mV s?) oraz
D) woltamperogramy cykliczne uzyskane na: a) niemodyfikowanej SPCE oraz
b) PbE/SPCE dla szybkosci skanowania 50 mV s™ (Publikacja 4).
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2.2. Woltamperometryczne procedury oznaczania wybranych jonow

metali

Woltamperometryczne procedury oznaczania wybranych jonéw metali (Cd(1l)
i Pb(11), TI(I), U(VI) i Mo(VI)) zostaly zoptymalizowane. Oznacza to, ze przeprowadzono
badania majace na celu dobor sktadu roztworu podstawowego, tj.: rodzaju elektrolitu, jego
stezenia 1 pH oraz typu i stezenia czynnika kompleksujacego (w przypadku zastosowania
adsorpcyjnej  woltamperometrii ~ stripingowej, Publikacja 3 i 4). Ponadto,
zoptymalizowano potencjat i czas zat¢zania analitu na powierzchni elektrody. Dobrano
takze technik¢ rejestracji sygnalu analitycznego oraz jej parametry, takie jak amplituda,
czestotliwos¢, szybkos¢ skanowania. Zoptymalizowane parametry oznaczen Cd(II)
1 Pb(Il), TI(I), U(VI) oraz Mo(VI) z zastosowaniem modyfikowanych btonka bizmutu lub
otowiu sitodrukowanych elektrod weglowych zestawiono w tabeli 3.

W zoptymalizowanych warunkach przeprowadzono pomiary dla wzrastajacych
stezen badanych jonoéw, wyznaczono liniowe zakresy krzywych kalibracyjnych, obliczono
granice wykrywalno$ci i oznaczalnosci (Tabela 4). Woltamperometryczne procedury
oznaczania wybranych jonéw metali opisane w pracach zawartych w niniejszej rozprawie
doktorskiej charakteryzuja si¢ jednymi z najnizszych (w przypadku Cd(II) i Pb(II)) lub
najnizszymi (w przypadku TI(I), U(VI), Mo(VI)) granicami wykrywalno$ci sposrod
dostgpnych w literaturze prac, w ktoérych do oznaczen tych jonéw wykorzystywano
elektrody sitodrukowane (Tabela 1). Dodatkowa zaleta zaproponowanych elektrod jest

prosty i szybki proces modyfikacji ich powierzchni.
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Tabela 3. Zestawienie parametréw procedur oznaczania Cd(I1) i Pb(l1), TI(I), U(VI) i Mo(VI) z wykorzystaniem sitodrukowanych elektrod
weglowych modyfikowanych btonkg bizmutu lub otowiu (Publikacje 1-4).

Oznaczany jon
cd(1n) TI(N) U(VvI) Mo(V1)
Parametr Pb(11)
Typ i stezenie elektrolitu bufor octanowy (CH;COOH +  0,0265 CH;COONH, + 0,0235 0,092 CH;COONH;, + 0,008 0,0385 CH3;COONH;, + 0,0615
podstawowego CH3COONa, pH = 3,8); 0,05 CH;COOH + 0,0235 NH,CI CH3;COOH + 0,008 NH,CI CH;COOH + 0,0615 NH,4CI
(mol L) (pH = 4,6) (pH =5.9) (pPH=42)
Jon modyfikatora; stezenie Bi(III); 2 x 10™ Bi(II); 1 x 10° Pb(II); 2,5 x 10 Pb(ID); 2 x 10
(mol L)
Dodatkowy sktadnik roztworu; Zn(1)% 2 x 10° EDTA" 1 x 10° kupferron®; 1 x 10™ czerwien alizarynowa S°;
stezenie (mol L) 2107
Potencjat (V) / czas - 0,5/10 0,2/10 0,5/30
elektrochemicznego oczyszczania
elektrody (s)
Potencjat (V) / czas osadzania -1,65/180 -1,1/60 -1,1/60 -0,9/45
btonki metalu (s)
Potencjat (V) / czas zatezania -1,65/1801i-0,95/10 -1,1/60 -0,75 /60 -0,6 /60
analitu/nagromadzania kompleksow
analitu ()
Technika rejestracji sygnatu SWASV SWASV DPAdSV DPAdSV
Zakres rejestracji sygnatu -1,0 do -0,25 -1,1do 0,5 -0,65 do -1,75 -0,65do -1,1
analitycznego (V)
Amplituda (mV) 75 75 150 25
Czestotliwos¢ (Hz) 40 40 - -
Szybkos¢ skanowania (mV s™) 400 150 100 50
Publikacja 1 2 3 4

2 - jonu mediatora; ® - s61 dwusodowa kwasu etylenodiaminotetraoctowego, czynnik kompleksujacy stosowany do minimalizacji interferencji; © - czynnik kompleksujacy

oznaczany jon metalu; SWASV - anodowa woltamperometria stripingowa fali prostokatnej; DPAdSV - impulsowo-réznicowa adsorpcyjna woltamperometria stripingowa
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Tabela 4. Zestawienie parametréw analitycznych opracowanych procedur oznaczania Cd(I1) 1 Pb(ll), TI(l), U(VI) i Mo(V1) na sitodrukowanych
elektrodach weglowych modyfikowanych btonkg bizmutu lub otowiu (Publikacje 1-4).

Oznaczany  Stosowana Granica wykrywalnosci Granica Zakres liniowy krzywej Wspétezynnik Czas Technika Publikacja
jon elektroda (mol L) oznaczalnosci  kalibracyjnej (mol L)  korelacji (r) zatezania (s)
(mol L)
cd(nt BiF/SPCE 2,85 x 10 9,50 x 107® 1x108-2x10° 0,9988 190 SWASV 1
Pb(11)? osadzana z 5,95 x 1070 1,98 x 10 2x10°-2x107 0,9991
cd(1)®  zastosowaniem 1,35 x 10° 4,50 x 10 5x10°-1x10° 0,9996
Pb(11)? mediatora 1,41 x 107 4,70 x 10™1° 5x101°-5x107 0,9987
cd@n? BiF/SPCE 2,95 x 108 9,83 x 108 1x107-2x10° 0,9977 190 SWASV 1
Pb(I1)° osadzana z 1,32 x10°® 4,39 %107 5%x10%-2x10° 0,9994
cd(iy®  zastosowaniem 5,84 x 108 1,95 x 107 2x107-2x10° 0,9997
Pb(11)? mediatora 5,59 x 107 1,86 x 10 2x10%-1x10° 0,9981
TI(N) BiF/SPCE 8,47 x 1070 2,9 x10° 5x10°-1x10° 0,9996 60 SWASV 2
6,71 x 10 22x 10" 5x10™M-1x107 0,9990 300
uvI1) PbF/SPCE 1,90 x 10 6,3 x 10 1x10%-1x10% 0,9988 60 DPAdSV 3
Mo(VI1) PbF/SPCE 2,12 x 10 7,1 x 100 1x109-5x1078 0,9995 60 DPAdSV 4

! w obecnosci statego stezenia Pb(IT) rownego 5 x 10® mol L™; ? - w obecnosci statego stezenia Cd(IT) réwnego 2 x 107 mol L™; * - dla jednoczesnego wzrastajacego
stezenia Cd(IT) i Pb(II); * - w obecnosci statego stezenia Pb(Il) rownego 5 x 107 mol L™; ° - w obecnosci statego stezenia Cd(II) rownego 2 x 10 mol L™; BiF/SPCE -
sitodrukowana elektroda weglowa modyfikowana btonkg bizmutu; PbF/SPCE - sitodrukowana elektroda weglowa modyfikowana btonka otowiu; SWASV - anodowa

woltamperometria stripingowa fali prostokatnej; DPAdSV - impulsowo-rdznicowa adsorpcyjna woltamperometria stripingowa
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Dla kazdej z opracowanych procedur oznaczania Cd(II) i Pb(Il), TI(I), U(VI)
i Mo(VI) na sitodrukowanych elektrodach weglowych modyfikowanych btonkg bizmutu
lub otowiu zbadana zostala powtarzalno$¢ sygnatu analitycznego. Wartosci wzglednych
odchylen standardowych (RSD, n = 10) dla wybranych stezen oznaczanych jondw metali

przedstawiono w tabeli 5.

Tabela. 5. Zestawienie wartosci RSD otrzymanych dla wybranych stezen oznaczanych

jonéw na sitodrukowanych elektrodach weglowych modyfikowanych btonkg bizmutu lub

otowiu.
Jon metalu Typ elektrody Stezenie RSD (n = 10) Publikacja

(mol L) (%)

cd(1n) BiF/SPCE* 5x10° 2,35 1
Pb(Il) 2x10% 3,18

TI(N) BiF/SPCE 5x10°® 2,14 2
2x107 1,23

uv1) PbF/SPCE 5x10°® 3,90 3

Mo(VI1) PbF/SPCE 1x10°8 2,93 4
5x10°® 3,19

RSD - wzgledne odchylenie standardowe; BiF/SPCE - sitodrukowana elektroda weglowa modyfikowana
blonka bizmutu; * - elektroda przygotowywana z zastosowaniem odtwarzalnie osadzanego mediatora;

PbF/SPCE - sitodrukowana elektroda weglowa modyfikowana btonkg otowiu

Wartosct RSD w zakresie od 1,23 do 3,90% potwierdzaja, Ze zastosowanie
sitodrukowanych elektrod weglowych modyfikowanych blonka bizmutu Iub otowiu
w oznaczeniach Cd(Il) i Pb(ll), TI(I), U(VID) i Mo(VI) pozwala na otrzymywanie
powtarzalnych sygnatow analitycznych.

Kolejnym wyznaczonym parametrem bylta odtwarzalnos$¢ elektrody do elektrody.
Jej wyznaczenie polegato na zarejestrowaniu pomiaréw na trzech réznych elektrodach
przygotowywanych wedtug tej samej procedury. Wartosci RSD (n = 9) uzyskane na
elektrodzie BIF/SPCE (Publikacja 2) i PbF/SPCE (Publikacja 3) (dla stgzenia
odpowiednio 1 x 107 mol L™ TI(1) i 5 x 10 mol L™ U(VI)) wynosity 2,5 i 5,4%. Niskie
warto$ci RSD $wiadcza o dobrej odtwarzalnos$ci przygotowywanych elektrod.

Zbadano rowniez odtwarzalnos$¢ sygnatu w funkcji czasu dla elektrody PbF/SPCE
(Publikacja 3) poprzez rejestracje 10 woltamperograméw dla stezenia 5 x 10® mol L™
U(VI) w pieciu kolejnych dniach. Na podstawie otrzymanych wynikow obliczono warto$¢

RSD. Niska warto$¢ wzglednego odchylenia standardowego (4,5%) $wiadczy o braku
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zmiennosci wlasciwosci elektrody, skutecznym sposobie elektrochemicznego oczyszczania

elektrody i braku wystgpowania efektu pamieci [56].

2.3. Interferencje oraz sposoby ich minimalizacji

W trakcie prowadzonych badan sprawdzono selektywno$¢ opracowanych procedur
oraz zaproponowano sposoby minimalizacji wyst¢pujacych interferencji. Podczas badania
wpltywu jonéw metali, ktére moga wystepowaé¢ w probkach wod srodowiskowych na
sygnal analityczny oznaczanych jonow Cd(II), Pb(Il), U(VI) i Mo(VI) nie stwierdzono
negatywnego ich wptywu (sygnal analityczny po dodaniu interferenta nie zmienit si¢
0 wiecej niz £ 5-10% w poroéwnaniu do oryginalnej wartosci, Publikacja 1, 3 i 4).
W przypadku TI(I) istotnym zrodlem interferencji okazala si¢ obecno$¢ w analizowanym
roztworze jonow Cd(II) i Pb(Il). Zaobserwowano naktadanie si¢ sygnatéw TI(I) i Cd(II)
oraz znaczacy spadek sygnatu TI(I) w obecnosci jonow Pb(Il). W prowadzonych
badaniach do minimalizacji interferencji zastosowano dodatek roztworu EDTA (s6l
dwusodowa kwasu etylenodiaminotetraoctowego) [57-61]. EDTA tworzy trwale
kompleksy z jonami Cd(l1) i Pb(II), dzigki czemu negatywny wplyw tych jondw na sygnat
TI(I) zostat zminimalizowany (Rys. 5) (Publikacja 2).
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Rys. 5. Woltamperogramy zarejestrowane w roztworze buforowym (0,0265 mol L™
CH3COONH, + 0,0235 mol L™ CH;COOH + 0,0235 mol L™ NH4CI) o pH = 4,6 + 0,1
zawierajacym 2 x 10° mol L™ Bi(IIl) i: A) a) 5 x 10°® mol L™ TI(I); b) jak (a) + 1 x 107
mol L™ Cd(Il) i ¢) jak (b) + 1 x 10° mol L EDTA; B) a) 2 x 10”7 mol L™ TI(1); b) jak (a)
+4 x 107 mol L™ Cd(ll) i ¢) jak (b) + 1 x 10° mol L EDTA; C) a) 5 x 10® mol L™ TI(1)
+1x10° mol L* EDTA; b) jak (a) + 5 x 10® mol L™ Pb(l1) i ¢) jak (a) + 5 x 107 mol L™
Pb(I1); D) a) 2 x 107 mol L™* TI(I) + 1 x 10° mol L™ EDTA; b) jak (a) + 2 x 107 mol L™
Pb(I1) i ¢) jak () + 2 x 10® mol L™ Pb(11) (Publikacja 2).

W przypadku kazde; z opracowywanych procedur, badano wplyw substancji
powierzchniowo czynnych: niejonowego Tritonu X-100, anionowego siarczanu dodecylu
sodu (SDS) i kationowego bromku cetylotrimetyloamoniowego (CTAB) na sygnat
analityczny oznaczanego jonu metalu. Wplyw obecno$ci substancji powierzchniowo
czynnych na sygnat Cd(II), Pb(II), T1(I), U(VI) i Mo(VI) przedstawiono w tabeli 6.
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Tabela 6. Wpltyw substancji powierzchniowo czynnych na sygnal oznaczanych jonow

Cd(n, Pb(1n), TI(l), U(VI) oraz Mo(V1) (Publikacje 1-4).

Oznaczany jon/ Sygnal wzgledny (%)

stezenie (mol L™) Stezenie (mg L) Triton X-100 CTAB SDS
Cd(I) /5 %107 0,2 87,1 80,7 56,6
0,5 57,1 54,8 35,8
1 35,4 32,4 36,5
2 23,0 21,3 33,0
5 13,1 17,4 20,1
Pb(Il) /5 x 10° 0,2 105,8 92,0 96,6
0,5 84,0 87,6 86,0
1 73,2 83,9 84,3
2 57,7 67,2 76,4
5 475 57,9 79,2
0,2 105,7 102,1 101,6
0,5 103,4 73,3 98,9
1 101,4 36,5 96,2
TID) /1 x 107 2 105,7 20,3 92,2
5 106,7 12,7 82,2
10 56,2 0 70,5
20 31,1 0 56,5
50 8,4 0 50,2
0,25 34,4 18,0 84,2
0,5 14,6 0,08 80,3
1 0 0 71,6
U(VI) /5 % 10® 2 0 0 61,6
5 0 0 31,6
10 0 0 18,8

20 0 0 0

50 0 0 0
0,2 101,4 102,0 102,3
0,5 101,4 80,3 102,7
1 75,7 57,9 101,0
Mo(VI) /5 x 10® 2 58,6 38,9 97,8
5 41,3 20,8 96,7
10 26,1 11,6 89,6
20 0 0 54,9

50 0 0 0

Sygnal wzgledny (%) - stosunek wysokosci piku analitu po dodatku substancji powierzchniowo czynnej do

wysokosci poczatkowej sygnalu wyrazony w procentach
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Ze wzgledu na to, ze opracowane procedury majg mie¢ zastosowanie w analizie
polowej, do minimalizacji negatywnego wplywu spowodowanego obecnoscig substancji
powierzchniowo czynnych w przypadku oznaczen TI(I), U(VI) i Mo(VI) w probkach wod
srodowiskowych zastosowano zywice adsorpcyjne (Amberlite XAD-7, Amberlite XAD-
16) [62-66]. W trakcie prowadzanych badan zoptymalizowano procedur¢ minimalizacji
interferencji poprzez dobdér masy i czasu wytrzasania zywicy z probka (Tabela 7).
Zoptymalizowane procedury minimalizacji wystepujgcych interferencji sg proste
w wykonaniu, niewymagajace dlugiego naktadu czasu, a takze sa mozliwe do

zastosowania w warunkach laboratoryjnych oraz w terenie.

Tabela 7. Zoptymalizowane warunki procedury minimalizacji interferencji pochodzacych
od substancji powierzchniowo czynnych oraz dopuszczalne st¢zenie substancji
powierzchniowo czynnej (nie powodujace zmiany wielkos$ci sygnatu oznaczanego jonu

metalu o wigcej niz + 10%) (Publikacje 2-4).

Oznaczany  Typ zywicy Masa Czas Dopuszczalne Publikacja
jon zywicy (g) wytrzasania zywicy  Stezenie substancji
Z prébka (s) powierzchniowo

czynnej (mg L™)

TI(N) Amberlite 0,5 30* 28 Dc 2
XAD-7
uvI1) Amberlite 0,5 30%* 20%° 3
XAD-16 3
Mo(VI) Amberlite 0,025 30** 2% b 4
XAD-16

* **

- zywica dodawana bezposrednio do naczynka woltamperometrycznego; - zywica dodawana do

osobnego naczynka; ? - Triton X-100; ® - CTAB; © - SDS
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2.4. Zastosowanie opracowanych procedur do analizy probek wod

W celu sprawdzenia opracowanych woltamperometrycznych  procedur
przeprowadzono analize ilosciowa Cd(II), Pb(Il), TI(I) i Mo(VI) w certyfikowanych
materiatach odniesienia (TMRAIN-04 (woda deszczowa), SRM 1640a (woda naturalna)
oraz SPS SW2 (woda powierzchniowa)). Oznaczenia prowadzono metodg dodatku wzorca,
a otrzymane wyniki zestawiono w tabeli 8. Probki przed pomiarem zostaly przygotowane
zgodnie z procedurg opisang w podrozdziale 2.3 (Publikacja 2-4) lub zostaty poddane

bezposredniej analizie, bez etapu przygotowywania (Publikacja 1).

Tabela 8. Zestawienie wynikow otrzymanych podczas oznaczania Cd(II), Pb(II), TI(I),
U(VI]) i Mo(VI) w certyfikowanych materiatach odniesienia (Publikacje 1-4).

Certyfikowany Oznaczany Stezenie Stezenie Blad Am/ Publikacja
material jon oznaczone certyfikowane  wzgledny Ua
odniesienia +SD +SD (n=3) (%)
(n=3)

TMRAIN-04 cd(1n 0,57 +0,033* 0,52+ 0,030 9,6 0,041/ 1
0,048

Pb(Il) 0,39+0,041°  0,35+0,035° 11,4 0,045/ 1
0,059

TI(N) 1,91 + 0,095° 1,84 +0,29" 3,7 - 2

SRM 1640a TI(N) 7,86+027° 7,86 £0,073° 0 - 2

uvI) 0,11 +0,0066° 0,11 +0,0011° 0 - 3

Mo(VI) 0,45+0,014° 0,47 + 0,006° 43 - 4

SPS SW-2 TI() 0,128 £0,013° 0,122 +0,00098° 4,9 - 2

Mo(VI) 0,54+ 0,025° 0,52+ 0,003° 3,8 - 4

SD - odchylenie standardowe; 2 - stezenie wyrazone w pg L™; ® - stezenie wyrazone w nmol L™ ; © - stezenie
wyrazone w pmol L', Am - bezwzgledna réznica miedzy $rednig wartoscia zmierzong a warto$cia
certyfikowana; U, . polaczona niepewno$¢ wyniku i wartoéci certyfikowanej; blad wzgledny - (|stezenie

0znaczone — st¢zenie certyfikowane| / st¢zenie certyfikowane) x 100%
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Na  postawie  otrzymanych  wynikéw  stwierdzono, Ze  opracowane
woltamperometryczne procedury oznaczania Cd(ll), Pb(Il), TI(I), U(VI) i Mo(VI)
z wykorzystaniem sitodrukowanych elektrod weglowych modyfikowanych btonkg bizmutu
lub otowiu mogg by¢ stosowane w analizie probek waod.

W przypadku metody jednoczesnego oznaczania Cd(II) i Pb(I) wykonano réwniez
pomiary dla probek wod z rzeki Krzny oraz Morza Battyckiego. Oznaczenia wykonano
jednoczes$nie dla probek wod niezmineralizowanych (brak etapu przygotowania probki)
oraz dla poréwnania dla probek zmineralizowanych (mineralizacja UV przez 3 godziny)
(Publikacja 1), natomiast procedur¢ oznaczania U(VI) zastosowano do analizy probek
pobranych z rzeki Bystrzycy (Publikacja 4). Otrzymane wyniki zestawiono
w tabeli 9. Wartosci odzyskow bliskie 100% potwierdzaja niewielki wptyw matrycy

analizowanych probek wod na sygnat analityczny oznaczanych jonéw metali.

Tabela 9. Wyniki otrzymane podczas oznaczania Cd(Il) i Pb(ll) z wykorzystaniem
BiF/SPCE oraz U(VI) z uzyciem PbF/SPCE w probkach wod srodowiskowych.

Préobka Oznaczany jon Stezenie Stezenie Odzysk (%) RSD (n=5)
dodane oznhaczone (%)
(nmol L™ (nmol L™
Rzeka Krzna Cd(1n) 20 19,04 95,2 3,5
80 81,28 101,6 33
Pb(ll) 2 2,10 105,0 2,9
8 7,65 95,6 4,2
cd(Iny=* 20 20,67 103,4 438
80 76,40 95,5 51
Pb(I1)* 2 1,90 95,0 35
8 7,66 95,8 4.3
Morze Cd(ln 20 19,90 99,5 4,5
Baltyckie 80 78,16 97,7 4.8
Pb(11) 2 2,11 105,5 5,0
8 8,34 104,3 3,3
cd(n=* 20 20,98 104,9 53
80 82,.32 102,9 3,7
Pb(11)* 2 2,08 104,0 45
8 8,38 104,8 4,3
Rzeka U(vl) 5 5,02 100,4 44
Bystrzyca 20 19,7 98,5 1,8

* - probke poddano procesowi mineralizacji przed oznaczeniem
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3. Podsumowanie

W niniejszej rozprawie doktorskiej zaproponowano zastosowanie sitodrukowanych
elektrod weglowych modyfikowanych btonka bizmutu lub olowiu bez i z wykorzystaniem
odtwarzalnie osadzanego mediatora do analizy sladowej jonéw Cd(II) i Pb(II), TI(I), U(VI)
i Mo(VI). Otrzymane elektrody stanowig alternatywe dla elektrod rteciowych i innych
elektrod opisanych w literaturze.

Modytikacja powierzchni elektrody SPCE btonka bizmutu lub otowiu pozwolita na
znaczgce wzmocnienie sygnatow analitycznych oznaczanych jonéw Cd(II), Pb(Il), TI(I)
i U(VI) (Publikacje 1-3). Efekt ten spowodowany byt zmiang struktury, morfologii
i sktadu chemicznego powierzchni, co potwierdzity wykonane badania z wykorzystaniem
nowoczesnych technik instrumentalnych: SEM, TEM-EDX, mikroskopii i profilometrii
optycznej, AFM i XPS. Innym efektem, ktory przyczynit si¢ do wzmocnienia sygnatu
analitycznego Mo(VI) na SPCE modyfikowanej btonka otowiu byla poprawa szybkos$ci
przenoszenia elektronéw (Publikacja 4).

Dodatkowe wzmocnienie sygnalow analitycznych Cd(II) i Pb(ll) uzyskano poprzez
zastosowanie odtwarzalnie osadzanego mediatora (Zn) w etapie osadzania btonki bizmutu
na powierzchni elektrody pracujacej (Publikacja 1). Zastosowanie mediatora przyczynito
si¢ do zmiany mikroskopowej struktury osadzanej btonki, co z kolei skutkowato
zwigkszeniem powierzchni aktywnej elektrody.

Woltamperometryczne procedury oznaczania wybranych jonow metali opisane
w pracach zawartych w niniejszej rozprawie doktorskiej charakteryzuja si¢ jednymi
z najnizszych (w przypadku Cd(II) i Pb(Il)) lub najnizszymi (w przypadku TI(I), U(VI),
Mo(VI)) granicami wykrywalnosci sposrod dostgpnych w literaturze prac, w ktorych do
oznaczen tych jonow wykorzystywano elektrody sitodrukowane. Dodatkowa zaletg
zaproponowanych elektrod jest prosty i szybki proces modyfikacji ich powierzchni.

Opracowane metody oznaczen z wykorzystaniem modyfikowanych btonka bizmutu
lub otowiu sitodrukowanych elektrod weglowych moga by¢ z powodzeniem stosowane do
analizy probek wod naturalnych. Cel ten osiggnigto miedzy innymi dzieki optymalizacji
procedur minimalizacji interferencji pochodzacych od matrycy probek wod
srodowiskowych (wptyw obcych jonow metali oraz substancji powierzchniowo czynnych
zostal wnikliwie zbadany, a w przypadku wystgpowania negatywnego wplywu podjeto

kroki w celu jego minimalizacji). Zaproponowane procedury minimalizacji wystepujacych
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interferencji sa proste w wykonaniu, niewymagajace dtugiego nakladu czasu, a takze sa
mozliwe do zastosowania w warunkach laboratoryjnych oraz w terenie.

Opracowane procedury oznaczania jonow Cd(I1) i Pb(Il), TI(I), U(VI) i Mo(VI)
oraz minimalizacji interferencji zostaly sprawdzone poprzez analize¢ certyfikowanych
materiatéw odniesienia. St¢zenia oznaczonych jondw metali zgodne z wartoSciami
certyfikowanymi $wiadczg o tym, ze opracowane procedury moga by¢ z powodzeniem
stosowane do ilosciowe] analizy probek wod naturalnych. Warto zauwazy€, ze
zaproponowane elektrody moga by¢ w przysztosci zastosowane w analizie polowej, co
dodatkowo eliminuje problem transportu, przechowywania probki oraz zmiany jej
parametroOw w czasie.

Badania realizowane w ramach niniejszej pracy doktorskiej pozwolilty na
poszerzenie wiedzy dotyczacej przygotowania, charakterystyki 1 zastosowania
modyfikowanych  btonkag metalu elektrod sitodrukowanych.  Przeprowadzone
eksperymenty pozwolily na otrzymanie woltamperometrycznych procedur oznaczania
Sladowych stgzen jondéw Cd(I) i Pb(Il), TI(I), U(VI) i Mo(VI) w probkach wod

srodowiskowych w warunkach laboratoryjnych, jak rOwniez w terenie.
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5. Streszczenie w jezyku polskim

Niniejsza rozprawa doktorska obejmuje prace dotyczace przygotowania,
charakterystyki i zastosowania sitodrukowanych elektrod weglowych modyfikowanych
btonka bizmutu lub otowiu bez i z wykorzystaniem mediatora W o0znaczeniach sladowych
stezen jonéw metali (Cd(Il), Pb(Il), TI(I), UVI) i Mo(VI)) w probkach wod
srodowiskowych.

Badania realizowane w ramach niniejszej pracy obejmowaly optymalizacije
procedury modyfikacji powierzchni sitodrukowanych elektrod weglowych btonkg bizmutu
lub otowiu, tj. doboér rodzaju i stezenia jondéw modyfikatora, potencjalu oraz czasu
osadzania btonki, st¢zenia oraz potencjatu i czasu usuwania mediatora z powierzchni
elektrody. Modyfikacja powierzchni sitodrukowanych elektrod weglowych btonka otowiu
I bizmutu przyczynita si¢ do =znaczacego wzmocnienia sygnaldow analitycznych
oznaczanych jonow Cd(Il), Pb(ll), TI(l), U(VI) i Mo(VI). Dodatkowe wzmocnienie
sygnatow Cd(II) i Pb(Il) uzyskano dzigki zastosowaniu odtwarzalnie osadzanego
mediatora w etapie osadzania blonki bizmutu.

Morfologia powierzchni elektrod niemodyfikowanych oraz modyfikowanych
blonka metalu zostala zbadana z wykorzystaniem: mikroskopii i profilometrii optycznej,
mikroskopii sit atomowych, elektronowej mikroskopii skaningowej i transmisyjnej. Sktad
chemiczny powierzchni elektrod niemodyfikowanych i modyfikowanych zbadano
z wykorzystaniem rentgenowskiej spektroskopii fotoelektronow i spektroskopii dyspersji
energii promieniowania rentgenowskiego. Otrzymane wyniki potwierdzily migdzy innymi
istotne roznice w  strukturze, morfologii 1 skladzie powierzchni elektrod
niemodyfikowanych i modyfikowanych blonka metalu oraz zalezno$¢ mikroskopowe;j
struktury powierzchni od parametrow procedury osadzania btonki metalu. W celu
dodatkowej charakterystyki powierzchni elektrody pracujacej w pracy dotyczacej
oznaczania Mo(VI) obliczono i poréwnano wielko$¢ powierzchni aktywnej elektrody
niemodyfikowanej wzgledem modyfikowanej btonka otowiu oraz szybkos$¢ przenoszenia
elektrondbw. Na podstawie przeprowadzonych obliczen stwierdzono, ze modyfikacja
powierzchni elektrody jedynie w nieznacznym stopniu zwigkszyta powierzchni¢ aktywna

elektrody, ale przyczynita si¢ do poprawy szybkos$ci przenoszenia elektronow.
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W trakcie realizacji badan do niniejszej rozprawy doktorskiej wykonano réwniez
optymalizacj¢ woltamperometrycznych procedur oznaczen jonow Cd(Il), Pb(ll), TI(I),
U(VI) i Mo(VI), tj. rodzaju elektrolitu, jego st¢zenia i pH oraz typu i stezenia czynnika
kompleksujagcego (w  przypadku zastosowania adsorpcyjnej  woltamperometrii
stripingowej). Ponadto, zoptymalizowano potencjal i czas zat¢zania analitu na powierzchni
elektrody. Dobrano takze technike rejestracji sygnatu analitycznego oraz jej parametry,
takie jak amplituda, czestotliwos¢, szybkos¢ skanowania.

Woltamperometryczne procedury oznaczania wybranych jonow metali opisane
W pracach zawartych w niniejszej rozprawie doktorskiej charakteryzuja si¢ jednymi
z najnizszych (w przypadku Cd(II) i Pb(Il)) lub najnizszymi (w przypadku TI(I), U(VI),
Mo(VI)) granicami wykrywalnosci sposréd dostgpnych w literaturze prac, w ktorych do
oznaczen tych jondw wykorzystywano elektrody sitodrukowane. Dodatkowa zaleta
zaproponowanych elektrod jest prosty i szybki proces modyfikacji ich powierzchni.

W ramach badan objetych niniejszg rozprawa doktorska przeprowadzono réwniez
eksperymenty majace na celu sprawdzenie wptywu matrycy probek wod srodowiskowych
(jonéw metali i substancji powierzchniowo czynnych) na sygnat oznaczanych jonow.
W przypadku wystepowania interferencji zaproponowano i zoptymalizowano procedury
ich minimalizacji. Etap ten umozliwit zastosowanie opracowanych procedur do analizy
wybranych jonéw metali w probkach wdd bez koniecznosci ich mineralizacji. Negatywny
wplyw jonow Cd(II) i Pb(II) na sygnat TI(I) zostal zminimalizowany poprzez zastosowanie
roztworu soli dwusodowej kwasu etylenodiaminotetraoctowego (EDTA) jako czynnika
kompleksujacego przeszkadzajace jony. Natomiast efekt ttumienia sygnatu analitycznego
Ti(I), U(VI) oraz Mo(VI) przez substancje powierzchniowo czynne zostal
zminimalizowany dzieki zastosowaniu zywicy adsorpcyjnej (Amberlite XAD-7 lub
Amberlite XAD-16). Sposob ten jest korzystniejszy od stosowanej w warunkach
laboratoryjnych mineralizacji probki ze wzgledu na krotszy czas usuwania matrycy
organicznej z probek wod oraz mozliwo$¢ wykonania tego etapu w warunkach polowych.
Stezenie EDTA, masa zywicy i czas jej wytrzasania z probka zostaty odpowiednio dobrane
na podstawie przeprowadzonych badan eksperymentalnych.

Potwierdzenie mozliwosci zastosowania zaproponowanych elektrod
sitodrukowanych w oznaczeniach sladowych stgzen jonow Cd(Il), Pb(ll), TI(I), U(VI)
I Mo(VI) osiaggnigto wykonujac analize certyfikowanych materialdow odniesienia:
TMRAIN-04 (woda deszczowa), SRM 1640a (woda naturalna) oraz SPS SW2 (woda

powierzchniowa). W przypadku metody jednoczesnego oznaczania Cd(ll) i Pb(ll)
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wykonano réwniez pomiary dla probek wod z rzeki Krzny oraz Morza Baltyckiego,
natomiast procedur¢ oznaczania U(VI) zastosowano do analizy probek pobranych z rzeki
Bystrzycy. Wartosci odzyskow bliskie 100% potwierdzaja niewielki wpltyw matrycy
analizowanych probek wod na sygnat analityczny oznaczanych jonow metali.

Na  postawie otrzymanych  wynikdw  stwierdzono, ze  opracowane
woltamperometryczne procedury oznaczania Cd(ll), Pb(Il), TI(I), U(VI) i Mo(VI)
z wykorzystaniem sitodrukowanych elektrod weglowych modyfikowanych btonkg bizmutu
lub otowiu mogg by¢ stosowane w analizie probek wod srodowiskowych. Opracowane
procedury z zastosowaniem sitodrukowanych elektrod weglowych modyfikowanych
btonka bizmutu lub otowiu moga by¢ stosowane nie tylko w warunkach laboratoryjnych,
ale takze w przeno$nych analizatorach elektrochemicznych, umozliwiajacych prowadzenie

pomiarOw w terenie.
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4. Streszczenie w jezyku angielskim

The following doctoral dissertation is devoted to the preparation, characterization
and application of screen-printed carbon electrodes modified with bismuth or lead film
prepared with or without the use of mediator in trace analysis of metal ions (Cd(ll), Pb(Il),
TI(1), U(VI1) and Mo(V1)) in environmental water samples.

The research carried out within this study included optimization of the procedure of
surface modification of screen-printed carbon electrodes with bismuth or lead film,
i.e. selection of the type and concentration of modifier ions, potential and time of film
plating, concentration of the mediator, potential and the time of its removal from the
electrode surface. Modification of screen-printed carbon electrodes surfaces with bismuth
or lead film contributed to significant enhancement of analytical signals of the determined
ions Cd(I1), Pb(I1), TI(I), U(VI) and Mo(VI). Additional amplification of Cd(ll) and Pb(ll)
signals was obtained by using a reversibly deposited mediator at the stage of bismuth film
plating. The morphology of unmodified electrodes surface and electrodes modified with
the metal film was examined with the use of optical microscopy and profilometry, atomic
force microscopy, scanning and transmission electron microscopy. The surface
composition of unmodified and modified electrodes was studied using X-ray photoelectron
spectroscopy and X-ray energy-dispersive spectroscopy. The obtained results confirmed,
among others, significant differences in the structure, morphology and surface composition
of unmodified and modified electrodes, and the dependence of microscopic surface
structure on the parameters of the metal film plating procedure. In order to obtain
additional characteristics of working electrode surface in the research on Mo(VI)
determination, the size of the unmodified electrode’s active surface in relation to that of the
electrode modified with lead film, and the rate of electron kinetics were calculated and
compared. On the basis of the conducted calculations, it was found that the modification of
the electrode surface only slightly increased the active surface area but contributed to the
increase the speed of electron transfer kinetics.

In the course of the research for this dissertation, optimization of voltammetric
procedures for determination of Cd(l1), Pb(ll), TI(1), U(VI) and Mo(V1) ions, i.e. the type
of electrolyte, its concentration and pH, as well as the type and concentration of the
complexing agent (in case of adsorptive striping voltammetry) was performed. In addition,

the potential and time of the analyte deposition on the electrode surface were optimized.
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The technique of voltammograms registration and its parameters, such as amplitude,
frequency, scan rate, were also selected.

Voltammetric procedures for determination of selected metal ions described in this
dissertation are characterized by one of the lowest (in the case of Cd(Il) and Pb(Il)) or the
lowest (in the case of TI(1), U(VI), Mo(V1)) detection limits among the works available in
the literature in which screen-printed electrodes were used for the determination of these
ions. The additional advantage of these electrodes is a simple and fast surface modification
process.

Within the framework of the research covered by this PhD dissertation, experiments
were also conducted to examine the influence of the matrix of environmental waters
samples (metal ions and surface active substances) on the signal of the determined ions. In
the case of the occurrence of interferences, procedures for their minimization have been
proposed and optimised. This stage enabled the application of the developed procedures
for the analysis of selected metal ions in water samples without the need of their
mineralization. Negative effects of Cd(ll) and Pb(ll) ions on the TI(l) signal were
minimized by using a solution of ethylenediaminetetraacetic acid disodium salt (EDTA) as
an agent complexing the disturbing ions. The effect of suppression of the analytical signal
TI(I), U(VI) and Mo(VI) by surface active substances was minimized by the use of
adsorptive resin (Amberlite XAD-7 or Amberlite XAD-16). This method is more
advantageous than laboratory mineralization of the sample due to the shorter time of
removing the organic matrix from water samples and the possibility to perform this stage
in field conditions. The EDTA concentration, the mass of the resin and the time of shaking
with the sample were properly selected based on the experimental tests carried out.

Confirmation of the applicability of the proposed screen-printed electrodes in the
determination of Cd(Il), Pb(Il), TI(I), U(VI) and Mo(V1) ions concentrations was achieved
by analysis of certified reference materials: TMRAIN-04 (rainwater), SRM 1640a (natural
water) and SPS SW2 (surface water). In the case of simultaneous Cd(ll) and Pb(lI)
determination method, measurements were also performed for samples of the waters from
the Krzna River and the Baltic Sea, while the U(V1) procedure was used for the analysis of
samples collected from the Bystrzyca River. The recovery values close to 100% confirm
the small influence of analyzed water samples matrix on the analytical signal of the
determined metal ions.

On the basis of the obtained results it was found that the developed voltammetric
procedures for the determination of Cd(Il), Pb(ll), TI(I), U(VI) and Mo(V1) using screen-
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printed carbon electrodes modified with bismuth or lead film can be used in the analysis of
environmental waters samples. The procedures developed with the use of screen-printed
carbon electrodes modified with bismuth or lead film can be used not only in laboratory

conditions but also in portable electrochemical analyzers, enabling the field analysis.
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Doroty Kotodynskiej, prof. UMCS, Nauka i przemyst - lubelskie spotkania studenckie,
Lublin 2018, str. 44-46, ISBN 978-86-945225-5-1. (recenzowany artykut
pokonferencyjny)

K. Jedruchniewicz, K. Tyszczuk-Rotko, A. Sasal, Zespolone, sitodrukowane czujniki
elektrochemiczne do ozmnaczania jonow metali w probkach wod naturalnych, Praca
zbiorowa pod redakcja dr hab. Doroty Kotodynskiej, prof. UMCS, Nauka i przemyst -
lubelskie spotkania studenckie, Lublin 2019, str. 73-76, ISBN 978-83-227-9220-9.

(recenzowany artykut pokonferencyjny)

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchniewicz, Zastosowanie miniaturowego,
sitodrukowanego uktadu pomiarowego w oznaczeniach cytrynianu sildenafilu, Praca
zbiorowa pod redakcja dr hab. Doroty Kotodynskiej, prof. UMCS, Nauka i przemyst -
lubelskie spotkania studenckie, Lublin 2019. str. 149-151, ISBN 978-83-227-9220-9.
(recenzowany artykut pokonferencyjny)

S. Kanak, K. Rudzik, I. Sadok, K. Jedruchniewicz, M. Staniszewska, Oznaczanie
zawartosci tryptofanu i kinureniny w piwie metodqg HPLC-DAD, Praca zbiorowa pod
redakcjg dr hab. Doroty Kotodynskiej, prof. UMCS, Nauka i przemyst - lubelskie
spotkania studenckie, Lublin 2019, str. 80-83, ISBN 978-83-227-9220-9. (recenzowany
artykut pokonferencyjny)
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21. K. Rudzik, S. Kanak, 1. Sadok, K. Jedruchniewicz, K. Tyszczuk-Rotko,
M. Staniszewska, Analiza poziomu tryptofanu i jego metabolitu (kinureniny) w medium
hodowlanym komercyjnych linii komérek nowotworowych, Praca zbiorowa pod
redakcjg dr hab. Doroty Kotodynskiej, prof. UMCS, Nauka i przemyst - lubelskie
spotkania studenckie, Lublin 2019, str. 145-148, ISBN 978-83-227-9220-9.

(recenzowany artykut pokonferencyjny)

Wykaz posterow i prezentacji wygtoszonych na konferencjach krajowych

i miedzynarodowych

1. 1. Sadok, K. Tyszczuk-Rotko, K. Domanska, M. Wojciak-Kosior, A. Nosal-
Wiercinska, New voltammetric procedure for the determination of ursolic and
oleanolic acids at glassy carbon electrode, 4rd International Conference and Workshop
,,Plant-the source of research material”, Lublin, 20-23.09.2015 r. (poster)

2. K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Woltamperometryczna procedura
oznaczania kwasu oleanolowego i ursolowego z wykorzystaniem elektrody z wegla
szklistego, VI Ogodlnopolska Studencka Konferencja ,,Nowoczesne Metody
Doswiadczalne w Fizyce, Chemii i Inzynierii”, Lublin, 27-29.11.2015 r. (poster)

3. I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Analiza phmow fizjologicznych
i preparatow farmaceutycznych z wykorzystaniem elektrod modyfikowanych polimerem
i metalem, VI Ogolnopolska Studencka Konferencja ,,Nowoczesne Metody
Doswiadczalne w Fizyce, Chemii i Inzynierii”, Lublin, 27-29.11.2015 r. (poster)

4. K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Aktywnosé¢ biologiczna kwasu
oleanolowego i ursolowego oraz woltamperometryczna procedura ich oznaczania
w probkach roslinnych, 1X edycja Konferencji Mlodych Naukowcow ,,Wptyw
Mtodych Naukowcow na Osiagnigcia Polskiej Nauki”, Krakow, 05.12.2015 r. (poster)

5. 1. Sadok, K. Tyszczuk-Rotko, K. Domanska, Woltamperometryczna procedura

jednoczesnego oznaczania paracetamolu i kofeiny na elektrodzie diamentowej

~ 50 ~



10.

11.

domieszkowanej borem modyfikowanej blonkg Nafionu i bizmutu, 1X edycja
Konferencji Miodych Naukowcow ,,Wptyw Miodych Naukowcow na Osiggnigcia
Polskiej Nauki”, Krakow, 05.12.2015 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Voltammetric procedure for
determination of oleanolic and ursolic acid in plants extracts and their biological
activity, 2nd Lublin International Medical Congress ,,Different Faces of Surgery”,
Lublin, 11-12.12.2015 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Mercury species toxicity and trace
analysis of Hg(ll) using lead nanoparticles-modified thiol-functionalized polysiloxane
film electrode in environmental samples, 2nd Lublin International Medical Congress
,,Different Faces of Surgery”, Lublin, 11-12.12.2015 r. (prezentacja)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Kwas oleanolowy i ursolowy -
wystepowanie, aktywnos¢ biologiczna oraz woltamperometryczna procedura ich
oznaczania w ekstraktach roslinnych, VIl Interdyscyplinarna Konferencja Naukowa
TYGIEL 2016 ,,Interdyscyplinarnos¢ kluczem do rozwoju”, Lublin, 12-13.03.2016 r.

(prezentacja)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Poprawa elektrochemicznych
wtasciwosci blonkowej elektrody bizmutowej i antymonowej z wykorzystaniem
odtwarzalnie osadzanego mediatora, VI Interdyscyplinarna Konferencja Naukowa
TYGIEL 2016 ,,Interdyscyplinarno$¢ kluczem do rozwoju”, Lublin, 12-13.03.2016 r.

(prezentacja)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Zastosowanie blonkowej elektrody
bizmutowej w oznaczeniach woltamperometrycznych chromu(VI), III Ogélnokrajowa
Konferencja ,,Mtodzi Naukowcy w Polsce — Badania i Rozw¢j”, Lublin, 15.04.2016 r.
(poster)

K. Domanska, K. Tyszczuk-Rotko, |. Sadok, Przykladowe zastosowania elektrod

sitodrukowanych modyfikowanych metalem w oznaczeniach woltamperometrycznych,
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12.

13.

14.

15.

16.

17.

III Ogdlnokrajowa Konferencja ,,Mtodzi Naukowcy w Polsce — Badania i Rozwo;j”,

Lublin, 15.04.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, M. Barczak, K. Domanska, Polisilseskwioksany
syntezowane z monomerow zawierajgcych mostki siarkowe — przygotowanie oraz

ocena mozliwosci zastosowania w woltamperometrii, 11l Ogolnokrajowa Konferencja

,,Mtodzi Naukowcy w Polsce — Badania i Rozw6j”, Lublin, 15.04.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, M. Barczak, K. Domanska, Polisilseskwioksany
syntezowane z monomerow zawierajgcych ugrupowania weglowe — przygotowanie
oraz ocena mozliwosci zastosowania w woltamperometrii, 111 Ogolnokrajowa
Konferencja ,,Mtodzi Naukowcy w Polsce — Badania i Rozw¢j”, Lublin, 15.04.2016 r.
(poster)

K. Domanska, K. Tyszczuk-Rotko, |. Sadok, Budowa i zastosowanie elektrod
sitodrukowanych modyfikowanych metalem w oznaczeniach woltamperometrycznych,
Interdyscyplinarna Konferencja Mtodych Naukowcow NOWE WYZWANIA DLA
POLSKIEJ NAUKI ,,Spojrzenie Mtodych Naukowcow”, Poznan, 17.04.2016 r.
(poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Chrom(VI1) — wystepowanie, witasciwosci
I zastosowanie oraz woltamperometryczne procedury oznaczania Cr(VI)
z wykorzystaniem elektrod weglowych modyfikowanych bizmutem, Interdyscyplinarna
Konferencja Mtodych Naukowcow NOWE WYZWANIA DLA POLSKIEJ NAUKI
,»Spojrzenie Mtodych Naukowcoéw”, Poznan, 17.04.2016 r. (prezentacja)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, A. Nosal-Wiercinska, Poprawa czutosci
i selektywnosci oznaczen zwigzkoéw biologicznie aktywnych na elektrodach
modyfikowanych btonkg metalu i polimeru, Interdyscyplinarna Konferencja Mtodych
Naukowcow NOWE WYZWANIA DLA POLSKIEJ NAUKI ,,Spojrzenie Mtodych
Naukowcow”, Poznan, 17.04.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Woltamperometria — skuteczna metoda

oznaczania Sladowych stezen kwasu oleanolowego i ursolowego, VII Sympozjum
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18.

19.

20.

21.

22.

23.

Doktorantéw Nauk Farmaceutycznych wraz z Otwartym Seminarium Nauk o Zyciu,

Lublin, 19.04.2016 r. (prezentacja)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Wphw moczu, krwi i osocza na
woltamperometryczne sygnaty paracetamolu i dopaminy rejestrowane na elektrodzie
BDD pokrytej btonkq Nafionu i otowiu, VII Sympozjum Doktorantow Nauk
Farmaceutycznych wraz z Otwartym Seminarium Nauk o Zyciu, Lublin, 19.04.2016 r.
(poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie elektrody BDD
modyfikowanej blonkq Nafionu i bizmutu do jednoczesnego Ilub indywidualnego
oznaczania paracetamolu i kofeiny w preparatach farmaceutycznych i/lub
suplementach diety, VII Sympozjum Doktorantow Nauk Farmaceutycznych wraz
z Otwartym Seminarium Nauk o Zyciu, Lublin, 19.04.2016 r. (poster)

A. Nosal-Wiercinska, K. Tyszczuk-Rotko, I. Sadok, K. Domanska,
Woltamperometryczne procedury oznaczania Hg(ll) na nowych elektrodach, VII
Krajowa Konferencja Radiochemii i Chemii Jadrowej, Lublin, 17-20.04.2016 r.
(poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, The novel voltammetric procedure for
determination of ursolic and oleanolic acids in plant extracts using the glassy carbon
electrode, 1st Meeting of Young Researches from V4 Countries, Rzeszow,
20.04.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Determination of caffeine in different
beverages using stripping voltammetric method, 1st Meeting of Young Researches
from V4 Countries, Rzeszow, 20.04.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Catalytic adsorptive stripping
determination of trace chromium(VI) using bismuth film electrode, 6th International
Young  Scientists  Conference ,,Human-Nutrition-Environment”,  Rzeszow,
21-22.04.2016 r. (poster)
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24.

25.

26.

27.

28.

29.

30.

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Toxicity of mercury species and
determination of Hg(ll) in environmental water samples using different modified
working electrodes, 6th International Young Scientists Conference ,,Human-Nutrition-
Environment”, Rzeszow, 21-22.04.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, |. Sadok, Zrédia i zagrozenia wynikajgce
z obecnosci chromu(VI) w srodowisku oraz jego woltamperometryczna procedura

oznaczania, 1l Forum Mtodych Przyrodnikow, Lublin, 21.05.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Procedura oznaczania Cd(Il) metodg
woltamperometrii stripingowej na blonkowej elektrodzie olowiowej przygotowanej

z uzyciem mediatora, 111 Forum Mtodych Przyrodnikow, Lublin, 21.05.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, M. Barczak K. Domanska, Trace analysis of Bi(lll)
using electrode modified with functionalized polysiloxane film and lead nanoparticles
in natural water samples, III Forum Mtodych Przyrodnikéw, Lublin, 21.05.2016 r.
(poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Control of ascorbic acid concentration
on human usine samples and comercially available dietary supplements using boron-
doped diamond electrode, III Forum Mtodych Przyrodnikow, Lublin, 21.05.2016 r.
(poster)

K. Tyszczuk-Rotko, A. Nosal-Wiercinska, B. Czech, M. Rotko, K. Domanska,
I. Sadok, Nowa woltamperometryczna procedura oznaczania U(VI), XV Konferencja
Elektroanaliza w Teorii i Praktyce, Krakow, 2-3.06.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, 1. Sadok, Wystepowanie, zastosowanie,
toksycznos¢  oraz  woltamperometryczne  procedury — oznaczania — chromu(VI)
z  wykorzystaniem blonkowej elektrody bizmutowej, XIX Naukowa Lubelska
Konferencja Magnezologiczna potaczona z Panelem Studenckim ,,Znaczenie
pierwiastkow chemicznych w $rodowisku i1 medycynie”, Lublin, 04.06.2016 r.

(prezentacja)
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31.

32.

33.

34.

35.

36.

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Zastosowanie elektrody sitodrukowanej
modyfikowanej metalem w woltamperometrii stripingowej, XIX Naukowa Lubelska
Konferencja Magnezologiczna pofaczona z Panelem Studenckim ,,Znaczenie

pierwiastkow chemicznych w §rodowisku i medycynie”, Lublin, 04.06.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, M. Barczak, K. Domanska, Elektrody modyfikowane
funkcjonalizowanym  polisilseskwioksanem i  nanoczgstkami  olowiu  jako
woltamperometryczne czujniki jonéw Hg(Il), XIX Naukowa Lubelska Konferencja
Magnezologiczna potaczona z Panelem Studenckim ,,Znaczenie pierwiastkéw

chemicznych w srodowisku i medycynie”, Lublin, 04.06.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, M. Barczak, K. Domanska, Zastosowanie
funkcjonalizowanych polisilseskwioksanow modyfikowanych pytem olowianym lub
nanoczgstkami ofowiu w woltamperometrycznej analizie jonow Hg(Il), XIX Naukowa
Lubelska Konferencja Magnezologiczna potaczona z Panelem Studenckim ,,Znaczenie

pierwiastkow chemicznych w srodowisku i medycynie”, Lublin, 04.06.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Chrom(VI) — Zrddta, toksycznosé oraz
woltamperometryczna procedura jego oznaczania z uzyciem elektrody z wegla
szklistego pokrytego blonkq bizmutu, Nauka i Przemyst — lubelskie spotkania
studenckie, Lublin, 06.06.2016 r. (poster)

I.  Sadok, K. Tyszczuk-Rotko, K. Domanska, A. Nosal-Wiercinska,
Woltamperometryczne procedury oznaczania kofeiny na elektrodach modyfikowanych
blonkg Nafionu i metalu (otowiu lub bizmutu), Nauka i Przemyst — lubelskie spotkania
studenckie, Lublin, 06.06.2016 r. (poster)

K. Tyszczuk-Rotko, K. Domanska, |. Sadok, B. Czech, M. Rotko, Uran(VIl) —
wystepowanie, wiasciwosci i zastosowanie oraz woltamperometryczna procedura
oznaczania, IX Ogodlnopolskie Sympozjum ,Nauka i Przemyst — metody
spektroskopowe w praktyce, nowe wyzwania i mozliwosci” Lublin, 7-9.06.2016 r.

(poster)
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37.

38.

39.

40.

41.

42.

43.

K. Tyszczuk-Rotko, I. Sadok, K. Domanska, M. Barczak, Odtwarzalnie osadzany
metaliczny mediator — zastosowanie w woltamperometrii, IX Ogolnopolskie
Sympozjum ,,Nauka i Przemyst — metody spektroskopowe w praktyce, nowe wyzwania
i mozliwosci” Lublin, 7-9.06.2016 r. (poster)

K. Tyszczuk-Rotko, K. Domanska, K. Vytras, R. Metelka, A. Nosal-Wiercinska,
Application of screen-printed carbon electrode modified with lead in stripping
analysis, 15th Ukrainian-Polish Symposium on Theoretical and Experimental Studies
of Interfacial Phenomena and their Technological Applications (simultaneously with
the 2d NANOBIOMAT Conference "Nanostructured Biocompatible/Bioactive
Materials"), Lwow, 12-15.09.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Zastosowanie elektrody sitodrukowanej
modyfikowanej metalem z wykorzystaniem mediatora w analizie stripingowej, ,,Nauki
Biologiczne i Chemiczne. Spojrzenie Mlodych Naukowcow”, Krakow, 22.10.2016 .
(poster)

K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Nowa procedura oznaczania Cd(Il) na
PbF/SPCE z wykorzystaniem metalicznego mediatora metodq woltamperometrii
stripingowej, ,.Zagrozenia dla Srodowiska. Spojrzenie Miodych Naukowcow”,
Krakow, 23.10.2016 r. (prezentacja)

K. Domanska, K. Tyszczuk-Rotko, |. Sadok, Wplyw mediatora (Zn) na sygnat
analityczny Cd i Pb otrzymany na sitodrukowanej elektrodzie weglowej modyfikowanej

bizmutem, ,,Zagrozenia dla Srodowiska. Spojrzenie Mtodych Naukowcow”, Krakow,
23.10.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie woltamperometrii
w analizie sladowej Hg(Il) i Bi(Ill) w probkach wod naturalnych, ,,Zagrozenia dla

Srodowiska. Spojrzenie Mtodych Naukowcow”, Krakow, 23.10.2016 r. (prezentacja)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Elektrody modyfikowane

funkcjonalizowanym polisiloksanem i nanoczgstkami olowiu — synteza, charakterystyka
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44,

45.

46.

47.

48.

49.

powierzchni oraz zastosowanie w woltamperometrii, ,,Nauki Biologiczne i Chemiczne.
Spojrzenie Mtodych Naukowcow”, Krakow, 22.10.2016 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Nowe woltamperometryczne procedury
oznaczania  Hg(ll) na elektrodach  modyfikowanych  funkcjonalizowanym
polisiloksanem i metalem, ,,Nauki Biologiczne i Chemiczne. Spojrzenie Mtodych
Naukowcow”, Krakow, 22.10.2016 r. (prezentacja)

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

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 Mtodych Naukowcow, Poznan,
05.11.2016 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zagrozenia wynikajqgce
z obecnosci Cd i Pb w Srodowisku oraz woltamperometryczna procedura ich
oznaczania na sitodrukowanej elektrodzie weglowej modyfikowanej btonkq bizmutu, \\V
Ogoélnokrajowa Konferencja ,,Mtodzi Naukowcy w Polsce — Badania i Rozwoj”,

Lublin, 25.11.2016 r. (prezentacja)

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Wplyw mediatora (Zn) na sygnat
analityczny Cd otrzymany na sitodrukowanej elektrodzie weglowej modyfikowanej
btonkq ofowiu, IV Ogoblnokrajowa Konferencja ,,Mtodzi Naukowcy w Polsce —

Badania i Rozw¢j”, Lublin, 25.11.2016 r. (poster)
A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Pestycydy — wlasciwosci

I zastosowanie, IV Ogolnokrajowa Konferencja ,,Mtodzi Naukowcy w Polsce —
Badania i Rozw¢j”, Lublin 25.11.2016 r. (poster)
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50.

51.

52.

53.

54.

55.

56.

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, The dangerous effects of
cadmium(ll) on human health and a simple voltammetric method for its quantitative
determination, 3rd Lublin International Medical Congress for Students and Young
Doctors, Lublin, 2-3.12.2016 r. (prezentacja)

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

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie metalicznego
mediatora -  skuteczna  metoda  wzmocnienia  sygnalu  analitycznego
w woltamperometrii, Zjazd Zimowy Sekcji Studenckiej Polskiego Towarzystwa
Chemicznego, Lublin, 17.12.2016 r. (poster)

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

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Nowa woltamperometryczna
procedura jednoczesnego oznaczania Cd(ll) i Pb(Il) na BiF/SPCE z zastosowaniem
mediatora, X Edycja Konferencji ,,Wplyw Mlodych Naukowcoéw na Osiggnigcia
Polskiej Nauki”, Krakéw, 14.01.2016 r. (prezentacja)

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Prosta metoda wzmocnienia
sygnatu analitycznego Cd(Il) na PbF/SPCE - zastosowanie metalicznego mediatora,
X Edycja Konferencji ,, Wptyw Mlodych Naukowcow na Osiggniecia Polskiej Nauki”,
Krakow, 14.01.2016 r. (poster)

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Nowe zastosowanie elektrody
diamentowej domieszkowanej borem w oznaczeniach kwasu askorbinowego, X Edycja
Konferencji ,,Wptyw Mtodych Naukowcoéw na Osiaggniecia Polskiej Nauki”, Krakow,
14.01.2016 r. (poster)
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57. A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Oznaczanie kofeiny w probkach
srodowiskowych z wykorzystaniem sitodrukowanej elektrody weglowej modyfikowanej
btonkq bizmutu, X Edycja Konferencji ,,Wptyw Miodych Naukowcow na Osiggni¢cia
Polskiej Nauki”, Krakow, 14.01.2016 r. (prezentacja)

58. K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Woltamperometria stripingowa —
metoda umozliwiajgca oznaczanie Sladowych stezen Cd(Ill) i Pb(l), X
Interdyscyplinarna Konferencja Naukowa TYGIEL 2017 ,Interdyscyplinarno$é¢
kluczem do rozwoju”, Lublin, 18-19.03.2017 r. (prezentacja)

59. A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie sitodrukowanej
elektrody weglowej modyfikowanej blonkg bizmutu w woltamperometrycznych
oznaczeniach kofeiny, IX Interdyscyplinarna Konferencja Naukowa TYGIEL 2017

,Interdyscyplinarno$¢ kluczem do rozwoju”, Lublin, 18-19.03.2017 r. (prezentacja)

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

61. K. Domanska, K. Tyszczuk-Rotko, 1. Sadok, Wphw kadmu i olowiu na
funkcjonowanie  organizmu  cztowieka oraz woltamperometryczna procedura

umozliwiajgca ich oznaczanie w probkach wod naturalnych, VI Wroctawska
Konferencja Studentéw Nauk Technicznych i Scistych PUZZEL 2017, Wroctaw,
1-2.04.2017 r. (prezentacja)

62. K. Domanska, K. Tyszczuk-Rotko, I. Sadok, Zastosowanie mediatora - metoda
umozliwiajgca wzmocnienie sygnatu analitycznego Cd i Pb w woltamperometrii, VI
Wroctawska Konferencja Studentéw Nauk Technicznych i Scistych PUZZEL 2017,
Wroctaw, 1-2.04.2017 r. (poster)

63.1. Sadok, K. Tyszczuk-Rotko, K. Domanska, Wplyw rodzaju metalicznego

modyfikatora blonki funkcjonalizowanego polisiloksanu na woltamperometryczny
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64.

65.

66.

67.

68.

69.

70.

sygnat Hg(Il), Fizykochemia granic faz - metody instrumentalne, Lublin,
23-26.04.2017 r. (prezentacja)

K. Tyszczuk-Rotko, I. Sadok, K. Domanska, A. Szwagierek, Elektrody modyfikowane
metalem — przygotowanie, charakterystyka i zastosowanie w oznaczeniach
woltamperometrycznych, Fizykochemia granic faz — metody instrumentalne, Lublin,
23-26.04.2017 r. (wyktad)

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Zastosowanie sitodrukowanej
elektrody  zespolonej  modyfikowanej bizmutem w  woltamperometrycznych
oznaczeniach TI(I), Elektroanaliza w Teorii i Praktyce, Krakow, 1-2.06.2017 r. (poster)

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie bizmutu do
wzmocnienia sygnatu kofeiny na sitodrukowanej elektrodzie weglowej, Elektroanaliza

w Teorii i Praktyce, Krakow, 1-2.06.2017 r. (poster)

I. Sadok, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie funkcjonalizowanych
polisilseskwioksanow w woltamperometrycznych oznaczeniach Hg(ll),
V Ogodlnopolskie Sympozjum Nauka i Przemyst — lubelskie spotkania studenckie,
Lublin, 20.06.2017 r. (poster)

K. Domanska, K. Tyszczuk-Rotko, S. Dagbal, I. Sadok, Procedura jednoczesnego
oznaczania sladowych stezen Cd(Il) i Pb(Il) na BIFE z zastosowaniem mediatora,
V Ogodlnopolskie Sympozjum Nauka i Przemyst — lubelskie spotkania studenckie,
Lublin, 20.06.2017 r. (poster)

K. Tyszczuk-Rotko, I. Sadok, K. Domanska, A. Szwagierek, Przygotowanie,
charakterystyka powierzchni i zastosowanie nowych czujnikow
woltamperometrycznych, X Ogoélnopolskie Sympozjum ,,Nauka i przemyst — metody

spektroskopowe, nowe wyzwania i mozliwosci”, Lublin, 21-23.06.2017 r. (wyktad)

K. Tyszczuk-Rotko, K. Domanska, A. Szwagierek, |. Sadok, Biological activity

of ursolic and oleanolic acids and voltammetric procedure for their determination in
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71.

72.

73.

74.

75.

76.

77.

plants extracts, 5th International Conference and Workshop ‘Plant — the source
of research material’, Lublin, 21-24.06.2017 r. (poster)

K. Tyszczuk-Rotko, A. Szwagierek, K. Domanska, K. Surowiec, A. Nosal-
Wiercinska, Rutin — properties, application and voltammetric procedure for its
determination, 5th International Conference and Workshop ‘Plant — the source of
research material’, Lublin, 21-24.06.2017 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 .

(prezentacja)

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

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)

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)

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Nowa woltamperometryczna
metoda oznaczania U(VI) w probkach wéd naturalnych, V Konferencja Innowacje
w Praktyce, Lublin, 5-6.04.2018 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)
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78.

79.

80.

81.

82.

83.

84.

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Woltamperometryczne oznaczenia
stezenia U(VI) w probkach wod z wykorzystaniem sitodrukowanej elektrody zespolonej,
I Ogdlnopolskie Sympozjum Miodych Naukowcow ,,ProDoc”, Lublin, 13-14.04.2018

r. (prezentacja)

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Prosta metoda wzmocnienia
sygnatu analitycznego kofeiny za pomocq bizmutu na sitodrukowanych elektrodach
weglowych,

I Ogoélnopolskie Sympozjum Mtodych Naukowcow ,,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) metodg woltamperometrii stripingowej, 1 Ogolnopolskie Sympozjum
Mtodych Naukowcow ,,ProDoc”, Lublin, 13-14.04.2018 r. (poster)

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Woltamperometria stripingowa —
metoda umozliwiajgca oznaczanie Sladowych ilosci rutyny, 1 Ogolnopolskie

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

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

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Woltamperometryczna procedura
oznaczania kofeiny na nanowtoknach weglowych, VI Ogdlnopolska Konferencja

,»Nauka i przemyst — lubelskie spotkania studenckie”, Lublin, 25.06.2018 r. (poster)
K. Tyszczuk-Rotko, K. Domanska, A. Szwagierek, Miniaturowe czujniki

woltamperometryczne w monitoring wod, Nauka i1 przemyst - metody spektroskopowe

w praktyce, nowe wyzwania i mozliwosci, Lublin, 26-28.06.2018 r. (wyktad)
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85.

86.

87.

88.

89.

90.

91.

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

(prezentacja)

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

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)

K. Domanska, K. Tyszczuk-Rotko, A. Szwagierek, Nowe zastosowania
sitodrukowanych elektrod weglowych modyfikowanych metalem
w woltamperometrycznych oznaczeniach jonéw metali ciezkich, X Polska Konferencja
Chemii Analitycznej, Lublin, 1-5.07.2018 r. (prezentacja)

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

woltamperometrycznego sygnatu metali cigzkich, X Polska Konferencja Chemii
Analitycznej, Lublin, 1-5.07.2018 r. (poster)

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Zastosowanie nowych czujnikow
elektrochemicznych  pokrytych  nanowtoknami  weglowymi ~ w  oznaczeniach
paracetamolu, X Polska Konferencja Chemii Analitycznej, Lublin, 1-5.07.2018 r.

(prezentacja)
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92.

93.

94.

95.

96.

97.

98.

99.

A. Szwagierek, K. Tyszczuk-Rotko, K. Domanska, Oznaczanie kofeiny na zespolonej
elektrodzie sitodrukowanej pokrytej nanowtoknami weglowymi, X Polska Konferencja
Chemii Analitycznej, Lublin, 1-5.07.2018 r. (poster)

K. Jedruchniewicz, K. Tyszczuk-Rotko, A. Sasal, Analiza sladowa jonéw Mo(VI)
w  probkach wod z zastosowaniem  miniaturowego czujnika PbF/SPCE,
IT Ogolnopolskie Sympozjum Mtodych Naukowcow ,,ProDoc”, Lublin, 12.04.2019 r.
(poster)

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchniewicz, /losciowa analiza paracetamolu na
miniaturowym czujniku  pokrytym nanowtoknami weglowymi, 11 Ogo6lnopolskie

Sympozjum Mtodych Naukowcow ,,ProDoc”, Lublin, 12.04.2019 r. (prezentacja)

K. Jedruchniewicz, K. Tyszczuk-Rotko, A. Sasal, Zastosowanie miniaturowych,
Sitodrukowanych elektrod weglowych w analizie jonow metali w probkach wad,

VI Forum Mtodych Przyrodnikéw, Lublin, 25.05.2019 r. (prezentacja)

K. Jedruchniewicz, K. Tyszczuk-Rotko, A. Sasal, Nowe zastosowanie PbF/SPCE
w  woltamperometrycznych oznaczeniach molibdenu(Vl), VI Forum Mtodych
Przyrodnikow, Lublin, 25.05.2019 r. (poster)

K. Jedruchniewicz, |. Sadok, M. Staniszewska, Zastosowanie chromatografii
cieczowej sprzezonej ze spektrometriq mas do analizy kinurenin w medium z hodowli
komorek nowotworowych, VI Forum Mtodych Przyrodnikéw, Lublin, 25.05.2019 r.
(poster)

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchniewicz, Oznaczanie cytrynianu sildenafilu

na miniaturowej zespolonej elektrodzie weglowej, VI Forum Mtodych Przyrodnikéw,
Lublin, 25.05.2019 r. (poster)

K. Jedruchniewicz, 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, 24.06.2019 r. (poster)
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100.

101.

102.

A. Sasal, K. Tyszczuk-Rotko, K. Jedruchniewicz, Zastosowanie miniaturowego,
sitodrukowanego uktadu pomiarowego w oznaczeniach cytrynianu sildenafilu,
VII Ogolnopolskie Sympozjum Nauka i przemyst - lubelskie spotkania studenckie,
Lublin, 24.06.2019 r. (prezentacja)

S. Kanak, K. Rudzik, I. Sadok, K. Jedruchniewicz, M. Staniszewska, Oznaczanie
zawartosci tryptofanu i kinureniny w piwie metodg HPLC-DAD, VII Ogolnopolskie
Sympozjum Nauka i przemyst - lubelskie spotkania studenckie, Lublin, 24.06.2019 r.
(poster)

K. Rudzik, S. Kanak, I. Sadok, K. Jedruchniewicz, K. Tyszczuk-Rotko, M.
Staniszewska, Analiza poziomu tryptofanu i jego metabolitu (kinureniny) w medium
hodowlanym  komercyjnych linii komorek nowotworowych, VII Ogodlnopolskie
Sympozjum Nauka i przemyst - lubelskie spotkania studenckie, Lublin, 24.06.2019 r.
(poster)

WyrozZnienia

Wspotautor wyrdznionego posteru pt. ,,Analiza pltynow fizjologicznych i preparatow
farmaceutycznych z wykorzystaniem elektrod modyfikowanych polimerem i metalem”
zaprezentowanego przez llon¢ Sadok podczas VI edycji Ogolnopolskiej Konferencji
Studenckiej Nowoczesne Metody Doswiadczalne w Fizyce, Chemii i1 Inzynierii, ktora

odbyta si¢ w dniach 27-29.11.2015 r. w Lublinie.

Wyréznienie za komunikat ustny pt. ,,Chrom(VI) — wystepowanie, wiasciwosci
i zastosowanie, oraz woltamperometryczne procedury oznaczania Cr(VI)
z wykorzystaniem elektrod weglowych modyfikowanych bizmutem” wygloszony
podczas Konferencji Mlodych Naukowcow NOWE WYZWANIA DLA POLSKIEJ
NAUKI ,,Spojrzenie Mlodych Naukowcow”, ktora odbyla si¢ 17.04.2016 r.

w Poznaniu.
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Wspétautor wyrdéznionego posteru pt. ,,Poprawa czutosci i selektywnosci oznaczen
zwigzkow biologicznie aktywnych na elektrodach modyfikowanych btonkqg metalu
i polimeru”, zaprezentowanego przez llon¢ Sadok podczas Konferencji Mtodych
Naukowcéw NOWE WYZWANIA DLA POLSKIEJ NAUKI ,,Spojrzenie Mtodych
Naukowcow”, ktora odbyta si¢ 17.04.2016 r. w Poznaniu.

Nagroda za zajecie III miejsca w konkursie na najlepszg prezentacj¢ ustng I sesji pt.
»Woltamperometria — skuteczna metoda oznaczania sladowych stezen kwasu
oleanolowego i ursolowego” wygloszong podczas VII Lubelskiego Sympozjum
Doktorantéw Nauk Farmaceutycznych wraz z Otwartym Seminarium Nauk o Zyciu,

ktore odbyto si¢ 19.04.2016 r. w Lublinie.

Wspotautor wyrdznionego komunikatu ustnego pt. ,,Nowe woltamperometryczne
procedury oznaczania Hg(ll) na elektrodach modyfikowanych funkcjonalizowanym
polisiloksanem i metalem" wygtoszonego przez Ilon¢ Sadok podczas Konferencji
Mtodych Naukowcow ,,Nauki Biologiczne i Chemiczne. Spojrzenia Mtodych
Naukowcow”, ktora odbyta si¢ 22.10.2016 r. w Krakowie.

Wyrdznienie za zaprezentowany poster pt. ,,Wplyw mediatora (Zn) na sygnat
analityczny Cd i Pb otrzymany na sitodrukowanej elektrodzie weglowej
modyfikowanej  bizmutem”  podczas  Konferencji  Mtodych  Naukowcow
nt. ,,Zagrozenia dla Srodowiska. Spojrzenie Mtodych Naukowcow™, ktora odbyla sie

23.10.2016 r. w Krakowie.

Wyrdznienie za komunikat ustny pt. ,,Zagrozenia wynikajgce z obecnosci Cd i Pb
w  Srodowisku oraz woltamperometryczna procedura ich oznaczania na
sitodrukowanej elektrodzie weglowej modyfikowanej btonkq bizmutu” podczas IV
Ogolnokrajowej Konferencji ,,Mtodzi Naukowcy w Polsce — Badania i Rozwdj”
(Lublin 25.11.2016r.).

Nagroda na zajecie II miejsca na najlepszg prezentacje ustng pt. ,,The application
of modified integrated screen-printed sensor for the voltammetric determination
of U(VI)” zaprezentowana podczas XII edycji konferencji ,,Copernican International

Young Scientists Conference”, ktora odbyta sie¢ w dniach 28-29.06.2018 r. w Toruniu.
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10.

11.

1.

Nagroda za zajecie Il miejsca w konkursie posterow za plakat pt. ,,Analiza sladowa
jonow Mo(VI) w probkach wod z zastosowaniem miniaturowego czujnika PbF/SPCE”
zaprezentowany podczas II Ogoélnopolskiego Sympozjum Mtodych Naukowcow
,,ProDoc”, ktore odbyto si¢ 12.06.2019 r. w Lublinie.

Nagroda za zajecie II miejsca w konkursie na najlepszy poster za plakat pt. ,,Nowe
zastosowanie PbF/SPCE w woltamperometrycznych oznaczeniach molibdenu(VI1)”
zaprezentowany podczas VI Forum Mtodych Przyrodnikéw, ktore odbylo sie
25.05.2019 r. w Lublinie.

Wspotautor nagrodzonego I miejscem w konkursie na najlepszy poster plakatu pt.
,Oznaczanie cytrynianu sildenafilu na miniaturowej zespolonej elektrodzie
weglowej” zaprezentowanego przez Agnieszke Sasal podczas VI Forum Mtodych

Przyrodnikow, ktore odbyto si¢ 25.05.2019 r. w Lublinie.

Projekty badawcze

Kierownik zadania badawczego pt. ,,Sitodrukowane elektrody weglowe modyfikowane
metalem: przygotowanie, charakterystyka i nowe zastosowania” finansowanego
z konkursu wydziatowego dotyczacego podziatu dotacji celowej na prowadzenie badan
naukowych lub prac rozwojowych oraz zadan z nimi zwigzanych, stuzacych rozwojowi
mtodych naukowcow oraz uczestnikow studiow doktoranckich na Wydziale Chemii

UMCS, 2017 rok.

Kierownik zadania badawczego pt. ,,Nowe, miniaturowe czujniki woltamperometryczne
do monitoringu jonow metali cigzkich w probkach wod” finansowanego z konkursu
wydziatowego dotyczacego podzialu dotacji celowej na prowadzenie badan
naukowych lub prac rozwojowych oraz zadan z nimi zwigzanych, stuzgcych rozwojowi
mlodych naukowcow oraz uczestnikow studiow doktoranckich na Wydziale Chemii
UMCS, 2018 rok.
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Stypendia naukowe

Stypendium dla Najlepszych Doktorantéw przyznane przez JM Rektora UMCS w roku
akademickim 2017/2018.

Stypendystka zwigkszonego stypendium doktoranckiego z dotacji podmiotowej na
dofinansowanie zadan projako$ciowych przyznanego przez Uniwersytet Marii Curie-
Sktodowskiej w Lublinie na rok akademicki 2018/2019.

Stypendystka ,,Miejskiego programu stypendialnego dla studentow i1 doktorantow” na

rok akademicki 2018/2019 przyznanego przez Prezydenta Miasta Lublin, Krzysztofa
Zuka w dniu 12 marca 2019 r.

Dodatkowa dzialalnosé

. Czlonek Kota Naukowego Alkahest dziatajacego przy Wydziale Chemii Marii
Curie-Sktodowskiej w Lublinie (pazdziernik 2015 r. - pazdziernik 2018 r.).

. Czlonek Sekcji Studenckiej Polskiego Towarzystwa Chemicznego od pazdziernika

2015 r. do chwili obecnej.

. Cztonek Rady Wydziatu Chemii w roku akademickim 2015/2016.

. Przewodniczagca Komitetu Organizacyjnego IV~ Ogolnopolskiego  Turnieju
All-Chemicznego, ktory odbyt si¢ w dniach 10 marca 2018 r. oraz 8 czerwca 2018 r. na

Wydziale Chemii UMCS.

. Czlonek Komisji Plakatowej podczas V Ogdlnopolskiego Turnieju All-Chemicznego,
ktory odbyl si¢ 9 marca 2019 r. na Wydziale Chemii UMCS.

~ 68 ~



ANEKS - TEKSTY PUBLIKACJI BEDACYCH

PRZEDMIOTEM ROZPRAWY DOKTORSKIEJ

~ 69 ~



Publikacja 1

K. Tyszczuk-Rotko, Katarzyna Domanska, Simple and sensitive voltammetric procedure
for determination of Cd(ll) and Pb(Il) using bismuth-coated screen-printed carbon
electrode prepared with mediator, Journal of The Electrochemical Society, 164 (2017)

H537-H544.
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Journal of The Electrochemical Society, 164 (7) H537-H544 (2017) H537
0013-4651/2017/164(7)/H537/8/$37.00 © The Electrochemical Society

Simple and Sensitive Voltammetric Procedure for Determination of
CdI) and Pb(II) Using Bismuth-Coated Screen-Printed Carbon
Electrode Prepared with Mediator

Katarzyna Tyszczuk-Rotko” and Katarzyna Domariska

Department of Analytical Chemistry and Instrumental Analysis, Faculty of Chemistry, Maria Curie-Sktodowska

University, 20-031 Lublin, Poland

In this paper, in-situ deposited bismuth films that have been plated with the use of a zinc mediator on either self-produced
or commercially available screen-printed carbon electrodes (BiF/SPCEs) are assessed for their potential as Cd(II) and Pb(II)
determinates, and as for being cheap and environmentally friendly alternatives to mercury and other bismuth-coated electrodes.
Herein, the composition of the supporting electrolytes and the influence of procedure parameters on the sensitivity of Cd and Pb
responses are discussed. The voltammetric studies were also complemented by optical and atomic force microscopic, and optical
profilometry observations, as well as by X-ray photoelectron spectroscopic analysis. The obtained detection limits for Cd(II) and
Pb(Il) were 1.35 x 10~ and 1.41 x 107" mol L= (the deposition time of 190 s), respectively. The proposed voltammetric
procedure was then applied for the simultaneous determination without a preliminary mineralization step of Cd(II) and Pb(II) in
certified reference material, as well as in sea and river water samples. The obtained results were found to be satisfactory.
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Heavy metals are characterized by their high densities, high atomic
weights and potential environmental toxicity.! Despite the fact that
heavy metals naturally occur in the Earth’s crust, the majority of envi-
ronmental pollution is brought about by anthropogenic activities such
as industrial production and utilization, mining, metallurgy and the
formulation of metals and metal-containing compounds.”™ Increas-
ing heavy metals environmental contamination is also a result of coal
burning, petroleum combustion and refining.' Heavy metals pollution
has a hazardous short and long term influence on human health, and
it significantly enhances the negative environmental effects of such
natural phenomena as volcano eruptions and weathering processes.™®

Cadmium and lead are heavy metals which are very toxic for
animals, and these particularly induce many ill-health effects - both
in the short and long term. These hazardous elements can accumulate
in both water and soil, and as a consequence, contaminate crops, thus,
the food supply chain.” Cadmium ions are quite soluble in water and
are readily absorbed in plant tissues and in animal organs such as the
liver and kidneys. Indeed, cadmium contamination has been found in
wheat and rice, as well as in sea foods such as mussels. Lead is also
known to accumulate in plant tissues, particularly in crops of large
leaf area e.g. cabbage and spinach.®

The afore-mentioned toxic elements are introduced into animals
(particularly the higher animals such as human-beings) by two routes:
inhalation and ingestion.” Cadmium has a severe influence on the
respiratory and digestive system. Due to its chronic inhalation, ade-
nocarcinoma of the lung is formed,'" while, after direct ingestion,
immediate symptoms include excessive salivation, vomiting, abdom-
inal pain, loss of consciousness and vertigo.!! Lead, too, is easily
accumulated in the organs of higher animals, especially in the liver,
kidneys, heart and brain, however, the vast majority of lead in the
body is located within the skeleton.!? Lead has a negative influence on
the nervous system and can induce headache, irritability and memory
loss."*™* Siill, the most dangerous effects are seen in pregnant women.
Herein, the lead absorbed by the mother is transfer to the developing
fetus.'> On account of the presence of hazardous heavy metals in food
chain, their contamination should be constantly controlled.”

The most common methods to determine and then quantitatively
analyze Cd(Il) and Pb(II) content include electrothermal and flame
atomic absorption spectrometry, inductively coupled plasma atomic
emission and mass spectrometry.'®'S However, spectrometric meth-
ods are unsuitable for in-situ measurements owing to the complex
instrumentation required. Additionally, the stated spectrometric meth-
ods are expensive, cumbersome and time consuming. Moreover, they
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require the analysis to be performed by skilled personal in a special-
ized manner."” In contrast, voltammetry makes it possible to simple
and easy trace the presence of Cd(II) and Pb(II) in environmental
samples, doing so with good sensitivity, selectivity and low cost.?

It is possible to place influence via electrode choice or modifica-
tion, on Cd(IT) and Pb(II) determination procedure parameters, and,
hence, to decrease the detection limitations. Such alterations include
employing hanging mercury drop electrode (HMDE),?' bismuth film
electrode modified with mesoporous silica nanoparticles,”® bismuth
film/1-nitroso-2-napthol/nafion modified glassy carbon electrode,”
PEDOT/PSS modified glassy carbon electrode’ and many others.

In recent years, for the purposes of performing rapid ‘in situ’ analy-
sis, analytical chemists have taken into their arsenal, sensitive yet, reli-
able, extremely inexpensive and portable, reproducible screen-printed
sensors.”>”® Following this interesting trend, the purpose of this work
was to optimize a novel voltammetry procedure for the simultaneous
determination of cadmium(II) and lead(Il) in non-pretreated water
samples, using an environmental friendly bismuth film screen-printed
carbon electrode (BiF/SPCE). The current literature has revealed that
bismuth modified screen-printed electrodes (SPEs) can be applied for
the simultaneous determination of Cd(IT) and Pb(I1).”” % However,
in this paper, for the first time the screen-printed carbon electrode
was in-situ modified with bismuth film using a reversibly deposited
mediator metal (Zn) in order to improve the sensitivity of Cd(IT) and
Pb(Il) determination.’®*” Then, the proposed sensor was employed
for the simultaneous assay of Cd(II) and Pb(Il) without the sample
pretreatment step in certified reference material as well as in sea and
river water samples.

Experimental

Reagents and water samples.—A 1 mol L~ acetate buffer solu-
tion, used as a supporting electrolyte, was prepared from CHCOONH,
and HCl (30%, Suprapur) obtained from Sigma-Aldrich. The stock
standard solutions of Pb(II), Cd(IT) and Bi(TIT) (1 g L") were pur-
chased from Merck. The working solutions of Cd(II), Pb(IT) and Bi(IIT)
were then prepared by way of the appropriate dilution of the stock
standard solutions in 0.1 mol L=! HNOj; (Merck). To study the inter-
ference effect, standard solutions of Mo(VI), Ni(Il), Fe(IlI), Cu(II),
Sh(1l) and V(V) (1 g L', Merck) were used. Beyond this, Triton
X-100, sodium dodecyl sulfate (SDS) and cetyltrimethylammonium
bromide (CTAB) were purchased from Fluka. All solutions were pre-
pared using ultra-purified water (>18 M2 cm) supplied by a Milli-Q
system (Millipore, UK).

Certified reference material, rain water TMRAIN-04, was ob-
tained from the National Research Council, Canada. The natural water
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samples were collected from the Baltic Sea (Wladystawowo, Poland)
and Krzna River (Jelnica, Poland), and the sea and river water samples
were first filtered using a 0.45 pwm Millipore filter. All materials were
analyzed directly in the form in which they had been purchased or
collected, as well as in (regarding the sea and river samples) after a
3 hour mineralization using a UV-digester made by Mineral, Poland.
Before the UV-mineralization, the sea and river water samples were
acidified to pH = 2 using concentrated HNO;.

Apparatus.—The electrochemical experiments were carried out
by way of an pAutolab analyzer equipped with USB electrochemical
interface and driven via a GPES 4.9 software package (Eco Chemie,
Netherlands), in conjunction with a three electrode system and a per-
sonal computer for data storage and processing. For research purposes,
a conventional three electrode quartz cell with a volume of 5 mL was
used with (*) an Ag/AgCl 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. This was
competitively assessed with a (**) three electrode screen-printed sen-
sor with a graphite working electrode (1 mm diameter) coated during
analysis with bismuth film, as well as a platinum counter electrode and
a Ag/AgCl reference electrode (BVT, AC1.W4.R1, Czech Republic).

Atomic force microscopy (AFM) measurements were performed
using a Digital Instruments NanoScope III (USA, 2001). The elec-
trodes surface was also imaged through employing a confocal Nikon
Eclipse MA 200 microscope. In addition, the electrode surface profile
measurements were carried out by way of a Veeco’s Contour GT-
K1 optical profilometer, while the X-ray photoelectron spectroscopy
(XPS) spectra were obtained using a Multi-Chamber Analytical Sys-
tem (Prevac, Poland).

Preparation of the screen-printed carbon electrodes.—The
screen-printed carbon electrodes were prepared using a commercial
carbon ink (C10903D 14, Gwent Electronic Materials Ltd., Pontypool,
UK), by way of the screen-printing of the ink onto the ceramic sup-
ports (each 40 x 10 mm). Regarding the ceramic substrates, thickened
carbon ink layers were formed on these through utilizing an etched
stencil (thickness 100 pm, electrode printing area 105 mm?) and a
screen-printing device kit (UL 1505 A, Tesla, Czech Republic). The
printed electrodes were dried at 60°C for 30 min and then were cov-
ered with a layer of PVC insulation, leaving a defined rectangular
shaped (5 x 3 mm) as working area and a similar area on the other
side for electrical contact.

Procedure of bismuth film coating and Cd(II) and Pb(II) voltam-
metric determination.—The screen-printed working electrode was
modified with a bismuth film using an in-situ plating method and a
reversibly deposited zinc mediator. The bismuth film coating and the
voltammetric determinations of cadmium and lead under optimized
conditions were carried out in a solution containing 0.05 mol L™!
acetate buffer (pH 3.8 £ 0.1),2 x 107> mol L' Bi(III), 2 x 10~ mol
L~! Zn(1l) and variable concentrations of Cd(II) and Pb(II). The po-
tential of the electrode was changed in the following sequence: —1.65
V for 180 s and —0.95 V for 10 s. In the first step, Bi, Zn, Pb and Cd
were deposited simultaneously onto a screen-printed carbon surface.
During the second step, zinc was stripped from the surface, while bis-
muth, lead and cadmium continued to be deposited. During both steps,
the solution was stirred using a magnetic stirring bar. Afterwards, the
stirring was stopped, and following 5 s of equilibration time, anodic
square wave voltammograms were recorded between —1.65 and 0.5
V with a frequency of 40 Hz, an amplitude of 75 mV and a scan rate of
400 mV s~'. The recorded voltammograms were cut in the potential
range from —1.0 to —0.25 V.

It should be noted that the measurements were carried out utilizing
an non-deaerated solution. Moreover, the background current mea-
surements were subtracted from the voltammetric curves registered
during the determination of Cd(IT) and Pb(II).
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Figure 1. Square wave voltammograms obtained at the in situ BiF/SPCE
prepared without (a) and with (b) the use of a zinc mediator. The measurements
were carried out in solutions containing 0.1 mol L™! acetate buffer (pH 4.6 &
0.1),2 x 1073 mol L ™" Bi(III), 0 (a) or 2 x 10~ mol L' Zn(II) (b), 2 x 10~7
mol L™! Cd(II) and 2 x 1077 mol L~} Pb(II). The Zn, Cd, Pb and Bi were
deposited simultaneously at a potential of —1.6 V for 120 s. The potential and
time of the Zn oxidation and further deposition of Cd, Pb and Bi were —0.95
V and 5 s, respectively. Stripping parameters: frequency of 10 Hz, amplitude
of 50 mV and scan rate of 10 mV s~'.

Results and Discussion

Preliminary measurements.—In order to identify the oxidation
potentials of zinc, cadmium, lead and bismuth, the square wave
voltammogram was registered. This was generated within the acetate
buffer solution of pH 4.5 after the electrodeposition of these metals
(—1.6 V for 120 s) onto a screen-printed carbon electrode surface in
the potential range of —1.6 to 0.5 V. At a potential in the range from
—0.875 to —0.95 V, it was noted that zinc will be stripped from the
surface, while cadmium, lead and bismuth will continued the deposi-
tion. Additionally, zinc, cadmium, lead and bismuth can be deposited
simultaneously at potentials more negative than —1.25 V. In further
measurements, a potential of —1.6 V and time of 120 s were used
for simultaneously plating zinc, cadmium, lead and bismuth; and a
potential of —0.95 V and time of 5 s were used for stripping zinc and
bringing about further deposition of cadmium, lead and bismuth.

A comparative study of the in-situ BiF/SPCE, prepared with and
without the use of a zinc mediator for measuring 2 x 10~7 mol L™
Cd(1I) and Pb(II) as model analyte ions, is presented in Fig. 1. As
can be seen, well-defined, sharp and well-separated signals of Cd
and Pb were obtained using both electrodes. However, the use of a
zinc mediator brought about a 2-fold increase in the Cd(II) and Pb(II)
signals, as well as a decrease in the background current at the in-situ
prepared BiF/SPCE, respectively. Therefore, further study focused on
the characterization of the BiF/SPC electrode surface, the optimization
procedure of electrode preparation with the use of a zinc mediator and
the simultaneous detection of Cd(IT) and Pb(II), as well as a refinement
of application of the proposed procedure for determining these metal
ions in water samples without sample pretreatment.

Characterization of the electrode surface.—Changes in the sur-
face morphology of the bismuth deposit prepared without and with
the use of mediator onto a screen-printed carbon electrode surface
were noted after optical and atomic force microscopic, and optical
profilometry observations (Fig. 2A). In this figure, on the optical mi-
croscope images, the bismuth particles can be clearly seen as bright
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Figure 2. A) Optical microscope (a and b) and profilometer (e and f) images of the BiF/SPCE surface prepared without (a and e) and with (b and f) the use of a
zinc mediator. AFM images of a bare SPCE (c) and the BiF/SPCE prepared with mediator (d). Fig. 2B) XPS spectrum of the BiF/SPCE prepared with the use of
a zinc mediator with deconvoluted Bi 4f region. In this work, the solutions for the electrode preparation containing 0.05 mol L™! acetate buffer (pH 3.8 = 0.1),
2 x 107> mol L™ Bi(IIT), and 0 (a and e) or 2 x 10~ mol L™! Zn(II) (b, d and f). Other parameters were as in Fig. 1.
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Figure 3. Influence of: A) Bi(IIT) and B) Zn(IT) concentration on the voltammetric signals of Cd(IT) (a) and Pb(II) (b). The measurements were carried out in
solution containing 0.05 mol L~ acetate buffer (pH 3.8 + 0.1), from 0 to 5 x 10~ mol L~ Bi(Ill) (A) or 2 x 10~ mol L~! Bi(Ill) (B), 2 x 10~ mol L™!
Zn(IT) (A) or from 0 to 5 x 1075 mol L=! Zn(IT) (B), 5 x 10~% mol L= Cd(IT) and 2 x 10~% mol L=! Pb(II). Other parameters were as in Fig. 1.

structures (Figs. 2Aa and 2Ab). On the surface of the electrode pre-
pared with a mediator, the amount of these structures is much higher.
This leads to the conclusion that the zinc mediator induced an increase
in the bismuth particle surface coverage. This result is consistent with
the literature data.”’

The AFM images presented in Figs. 2Ac and 2Ad reveal the struc-
ture of the deposited film at higher magnification than that obtained
by optical microscope. Herein, a pattern that is typically characteristic
of a heterogeneous screen-printed carbon surface can be seen in the
case of the bismuth-free and bismuth modified samples. However, in
the second case, on the AFM images, the agglomerates of bismuth
particles can be clearly seen as patchy structures.

The heterogeneous bismuth film screen-printed carbon electrode
surfaces modified without and with the use of mediator are also seen
in the optical profiles (Figs. 2Ae and 2Af). These reveal that the zinc
mediator, to a negligible extent, increases the roughness (Ra) of the
bismuth deposit.

The XPS analysis undoubtedly confirms the presence of bismuth
on the electrode surface (Fig. 2B). The XPS atomic Bi composition
of the deposited films prepared without and with mediator is 3.1%
and 8.1%, respectively. The latter higher content of bismuth at the
electrode surface is related to the use of a zinc mediator in the electrode
modification step. This effect was also confirmed using microscopic
study.

Composition of the solution.—The influence of the following sup-
porting electrolytes on the cadmium and lead peak currents was as-
sessed: sulfuric acid, hydrochloric acid, acetate buffer (pH 3.8, 4.6
and 6.0 & 0.1) at 0.1 mol L™! concentration. These measurements
were carried out in solutions containing 2 x 10~ mol L= Bi(III), 1
x 107 mol L' Zn(IT), 5 x 10~% mol L~! Cd(IT) and 2 x 10~ mol
L~! Pb(1I). In the acid solutions, no Cd and Pb peaks were received,
while well-defined voltammetric signals were obtained in the acetic
buffer solutions. Indeed, the highest peak currents of Cd(II) and Pb(II)
were obtained in the acetic buffer solution of pH 3.8. On the basis of
these results, further measurements were carried out in this solution,
and its concentration was evaluated from 0.025 to 0.15 mol L. As
a result of such work, the highest values of Cd(Il) and Pb(Il) peak

currents were obtained at 0.05 mol L™! concentration, hence this was
adopted for all subsequent experiments.

As stated within published work,”” concentrations of Bi(IIT) and
Zn(1I) in the solution are the main chemical factors that determine the
morphology of the in-situ plated bismuth film, and consequently, the
analytical results. Therefore, the influence of Bi(IlI) concentration in
the supporting electrolyte was investigated within the range of O to 5
x 1073 mol L ™!, For this purpose, the screen-printed carbon electrode
was immersed in 0.05 mol L' acetate buffer solution (pH 3.8 & 0.1)
containing 2 x 107 mol L™! Zn(Il), 5 x 10~ mol L' Cd(II), 2
» 107% mol L' Pb(II) and increasing Bi(IIl) concentrations. The
bismuth film was deposited under stirring on the electrode surface at
the potential of —1.6 V for 60 s, and then at —0.95 V for 5 s. As
shown in Fig. 3A, the Cd (curve a) and Pb (curve b) voltammetric
signals reach the maximum values at Bi(IIl) concentrations of 5 x
1073 and 2 x 1073 mol L™, respectively. Since the peak current of
Pb(II) drastically decreased at 5 x 107> mol L' Bi(III), the Bi(III)
concentration of 2 x 107 mol L' was chosen for further experiments.
Next, the influence of Zn(lI) concentration was studied using a 0.05
mol L™! acetate buffer solution (pH 3.8 & 0.1) containing 2 x 10-°
mol L™ Bi(IT), 5 x 10~* mol L™' Cd(II), 2 x 10~® mol L~' Pb(I)
and increasing Zn(II) concentrations (from 0 to 5 x 10~ mol L'
Zn(II)). The obtained results are presented in Fig. 3B. Herein, it can be
observed that the peak current of Cd(II) increases in all studied range
of Zn(II) concentrations, while the peak current of Pb(II) increases to 1
x 1072 mol L=! Zn(II) concentration and then decreases. The Zn(Il)
concentration of 2 x 1073 mol L' was, hence, chosen for further
study, as this is a compromise between the increase of Cd signals and
the decrease of Pb signals.

Optimization of the bismuth film plating and metal ions determi-
nation procedure parameters.—The potential of the zinc mediator,
bismuth film, cadmium and lead deposition was investigated in the
range of —1.7 to —1.2 V for the Cd(II) and Pb(II) concentrations of
5 x 107% and 2 x 107® mol L', respectively. The potential and time
of the zinc oxidation and further deposition of bismuth, cadmium and
lead were —0.95 V and 5 s, respectively. The obtained results are
presented in Fig. 4A. The results indicate that the mediator, bismuth
film and detected metal ions can be electro-deposited most effectively
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Figure 4. Influence of: A) the potential and B) the time of simultaneous Zn,
Bi, Cd and Pb deposition, and C) the time of oxidation of zinc and further
deposition of Bi, Cd and Pb on the voltammetric signals of Cd(II) (a), Pb(II)
(b) and Zn(IT) (c). The solution containing 0.05 mol L~" acetate buffer (pH
3.8 £0.1),2 x 107 mol L™ Bi(Ill), 2 x 10~ mol L= Zn(II), 5 x 10~8
mol L=' Cd(II) and 2 x 1078 mol L= Pb(II). The Zn, Cd, Pb and Bi were
deposited simultaneously at potential of —1.65 V (A and B) for 180 s (A and
C). The potential and time of the Zn oxidation and further deposition of Cd,
Pb and Bi were —0.95 V (A, B and C) and 5 s (A and B), respectively.

on the electrode surface at a potential of —1.65 V, so this value was
chosen for further study. The time of simultaneous Zn, Bi, Cd and
Pb deposition onto the electrode surface was also studied. In doing
so0, the deposition time was changed within the range of 0 to 2700
s, and its influence on the oxidation peaks of cadmium and lead was
studied. The obtained results are presented in Fig. 4B. In this part
of the study, the maximum currents were reached within 2700 and
1200 s for Cd(II) and Pb(II) ions, respectively. However, for further
measurements, a time of 180 s was chosen in order to decrease the
total time of analysis.

In accordance with the results described in Preliminary measure-
ments section a potential and time of —0.95 V and 5 s were chosen
for stripping zinc and to bring about further deposition of bismuth,
cadmium and lead, respectively, and in this part of experiment, the
time of the oxidation of the zinc and the further deposition of Bi, Cd
and Pb was examined in detail. So as to achieve this, the time was
modified within the range of 0 to 60 s, and the effect of its influence
on the Zn, Cd and Pb peaks was studied (Fig. 4C). As a result of such
work, it was observed that the Cd peak increases up to the time of 5 s,
and then decreases. In the case of the Pb peak current, this increases
with the prolongation time up to 60 s. As can be seen in Fig. 4C, all the
zinc is stripped from the surface of the electrode within an oxidation
time of 5 s. As a compromise between the value of the peak currents
of Cd and Pb, and the complete oxidation of zinc, the time of 10 s was
chosen for further study.

The influence of diverse levels of the instrumental parameters
(frequency, amplitude and scan rate) of square-wave scan mode on
the Cd(IT) (5 x 107% mol L=") and Pb(IT) (2 x 10~% mol L") peak
currents was subsequently investigated. In doing so, the frequency
was modified within a range of 10-100 Hz. As a result of such work,
it was observed that Cd and Pb peaks attained maximum values at a
frequency of 40 Hz, hence, this value was chosen for further study. In
assessing the influence of the amplitude on the Cd and Pb oxidation,
peak currents were investigated within the range of 10 to 100 mV.
Such work revealed that the Cd peak attained maximal and nearly
stable value within amplitudes ranging from 75 to 100 mV. In the case
of Pb(II) determination, the signal increases along with increases of
amplitude up to 75 mV. Thus, an amplitude of 75 mV was chosen
for further study. In investigating the dependence of the Cd and Pb
signals on scan rate (10-800 mV s™!), an increase of Cd and Pb signals
and background current was observed with the increase of scan rate.
Furthermore, a distorted Cd peak shape was observed at any scan rate
higher than 400 mV s~'. On the basis the obtained results, a scan rate
of 400 mV s~! was chosen for further measurements.

Finally, the need for cleaning working electrode surface after each
measurement was verified. In this case, 10 successive measurements
of 5 x 1078 mol L~" Cd(1I) and 2 x 10~% mol L~" Ph(II) analytical
signals using both purification at 0.5 V for 30 s and no purification,
were performed. In so-doing, relative standard deviations of the Cd
peak current of 5.39% and 2.35%, and the Pb peak current of 1.92%
and 3.18% with and without purification of the electrode surface were
obtained, respectively. On the basic of these results, further study was
conducted without an incorporated cleaning step.

Calibration graphs.—The proposed voltammetric procedure in-
volving the BiF/SPCE prepared by way of a mediator was employed
for both individual and simultaneous determination of Cd(Il) and
Pb(II). For this purpose, measurements were taken in solutions con-
taining: constant concentration of one determined ion and increasing
concentrations of the second, and simultaneous increases of both de-
termined metal ions. All measurements were performed utilizing a
bismuth film modified in-lab fabricated screen-printed carbon elec-
trode (BiF/SPCE) device, and a commercially available BVT three-
electrode screen-printed sensor (BVT BiF/SPCE), for a total cadmium
and lead deposition time of 190 s (—1.65 V for 180 s and —0.95 V for
10 s). For this case, Pb(II) concentration was modified with a range
of 2 x 107 to 5 x 1077 mol L™ (for BiF/SPCE)or 5 x 10~ to 5
x 107 mol L~! (for BVT BiF/SPCE), while the Cd(II) concentration
was made equal to 2 x 1077 mol L~! (for BiF/SPCE) or 2 x 10~¢ mol
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Table I. The data obtained at the BiFE/SPCE (1-3) and the BVT BiF/SPCE (4-6) during: (1, 4) Pb(II) determination in the presence of constant
concentration of Cd(Il), (2, 5) Cd(Il) determination in the presence of constant concentration of Pb(Il), (3, 6) simultaneous determination of

increasing concentrations of Cd(II) and Ph(II).

No. LR [mol L™1] LRE r LOD [mol L™!] LOQ [mol L™
1 2x107% —2 x 1077 Ip (RA) = 0.58 x C (nmol L™!) — 1.64 0.9991 5.95 x 10710 1.98 x 1077
2 1 x10%—-2x 107 Ip (LAY =0.13 x C (nmol L™!) — 1.88 0.9988 285 % 107 9.50 x 1077
3 Cddr)

5% 107% —1x 1070 Ip (LA) = 0.20 x C (nmol L™") — 0.95 0.9996 1.35 x 1077 4.50 x 107

Ph(IT)

5x1079—5 x 1077 Ip (LA) = 0.57 x C (nmol L™!) + 0.23 0.9987 1.41 x 10710 470 x 10710
4 5x 10782 x 1070 Ip (LA) = 1648 x C (pmol L™!) — 0.26 0.9994 132 x 1078 439 x 1078
5 1% 1077=2 % 1073 I, (LA) = 2.87 x C (umol L™") + 0.60 0.9977 2.95 x 1078 0.83 x 1078
6 Cd(ID)

2% 1077 =2 x 1073 I (LAY =17.18 x C (umol L™") — 0.040 0.9997 5.84 % 1078 1.95 x 1077

Pb(Il)

2% 1078—1 x 1070 Ip (RA) = 1.60 x C (pmol L™) + 0.23 0.9981 5.59 x 1072 1.86 x 1078

LR: linear range; LRE: linear regression equation, r: correlation coefficient, LOD: limit of detection, LOQ: limit of quantification.

L-! (for BVT BiF/SPCE). Additionally, similar measurements were
carried out utilizing a solution containing a constant concentration of
Pb(IT) made equal to 5 x 10~* mol L~ (for BiF/SPCE) or 5 x 1077
mol L~! (for BVT BiF/SPCE) and increasing concentrations of Cd(Il)
in the range of 1 x 107 t0 5 x 1079 mol L' (for BiF/SPCE) or 5 x
107* to 5 x 107> mol L' (for BVT BiF/SPCE). Finally, Cd(IT) and
Pb(1I) were determined while simultaneously increasing their concen-
trations from 5 x 107" to 5 x 10~° mol L' (for BiF/SPCE) or 5 x
1077 to 5 x 10~ mol L' (for BVT BiF/SPCE). In all cases, opti-
mized conditions were applied for finding the linear range (LR), the
linear regression equation (LRE), the correlation coefficient (1), the
limit of detection (LOD) and the limit of quantification (LOQ). In such
work, the detection and quantification limits of Cd(II) and Pb(II) were
estimated at 3 or 10 times the standard deviation (n = 5) for the lowest
determined concentration of Cd(II) and Pb(Il) divided by the slope
of the linear regression equation, respectively. The obtained results
are collected in Table 1. As can be seen, the detection and quantifica-
tion limits are higher when the commercially available electrodes and
three-electrode screen-printed sensor (BVT BiF/SPCE) was utilized,
rather than the in-lab fabricated screen-printed carbon electrodes and

device. This effect is connected with the lowered surface area of the
working electrode (0.79 vs. 15.0 mm?). Table Il reveals a comparison
of the analytical parameters obtained by the proposed method at the
BiF/SPCE, with those obtained by way of utilizing similar electro-
chemical techniques and metal modified screen-printed electrodes for
simultaneous Cd(II) and Pb(II) determination. The comparison shows
that bismuth film modified screen-printed carbon electrode provide
lower detection limit.2833353845 Indeed, it is in one case alone™ that
the Cd(II) detection limit is lower (8.90 x 107!° mol L~ for the de-
position time of 340 s) than that obtained by the procedure presented
in this work (1.35 x 107 for the deposition time 190 s). However, in
the latter case, the detection limit can be easily lowered by prolonging
the deposition time.

Effect of interferences.—The effects of co-existing ions in the
sample solution were tested using a fixed concentration of 2 x 1077
mol L™! Cd(11) and 2 x 10~® mol L™! Pb(1l). As aresult, the tolerance
levels of foreign ions were discovered to be 2 x 10~® mol L~! of
Mo(VI), Ni(II), Fe(I1I), Cu(Il), Sb(IIl), V(V) for Cd(Il), and 2 x 1077
mol L=" of Mo(VI), Ni(II), Fe(IIl) and 2 x 10~¢ mol L~" of Cu(ID),

Table II. Comparison of different working metal modified screen-printed electrodes for the simultaneous determination of Cd(II) and Pb(II).

Detection limit [mol L]

Maodifier of SPE surface Electrochemical technique Deposition time [s] Cd(II) Pb(II) Reference
In situ plated BiF SWASV 120 3.20 x 1078 121 x 10~% 28
Ex situ plated BiF DPASV 60 : - 29
Bismuth from Bi; O3 CCSCP 120 142 x 1077 3.86 x 1078 30
Bismuth from Bi,O3 SWASV 120 222 x 1078 241 x 1078 31
Bismuth from Bi; 03 SWASV 300 1.33 x 107% .11 x 1078 32
Bi nanoparticles SWASV 120 1.16 x 1078 434 x 107 33
Sputtered Bi DPASV 360 8.90 x 10710 8.69 x 10710 34
In situ plated BiF SIA-SWASV 180 6.14 x 1077 430 x 1077 35
Ex situ plated MF SWASV or PSA 180 8.90 x 107 1.93 x 1077 38
In situ plated MF SWASV 120 1.78 x 1078 4.83 % 107° 39
Cellulose-derivative mercury coating SWASV 240 8.90 x 107 1.45 x 1077 40
Cellulose-derivative mercury coating SWASV with SIA 240 5.34 x 107° 6.76 x 107 41
MF coated by a crown-ether based membrane LSASV 120 5.96 x 107 401 x 107 42
Mercury nano-droplets SWASV 300 1.20 x 1078 2.30 x 1078 43
Gold SWASV 120 1.25 x 1078 2.41 x 1077 44
Graphene-Nafion-gold nanocomposite film DPASV 240 3.11 x 107? 1.11 x 1077 45
In situ plated BiF with mediator SWASV 190 1.35 x 107 1.41 x 10710 This work

BiF: bismuth film; MF: mercury film; SWASV: square wave anodic stripping voltammetry; DPASV: differential pulse anodic stripping voltammetry;
CCSCP: constant current striping chronopotentiometry; PSA: potentiometric stripping analysis; SIA: sequential injection analysis; LSASV: linear sweep

anodic stripping voltammetry.
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Table III. Results of Cd(II) and Pb(II) determination in certified
reference material.

Certified reference
material (TMRAIN-04)

Analytical parameters Cd(II) Pb(II)
Measured value + SD* (ng LD 0.57 4 0.033 0.39 4+ 0.041
Certified value 4 SD (ug L") 0.52 + 0.030 0.35 + 0.035
AmP 0.041 0.045

Ux® 0.048 0.059

AStandard deviation (SD) for n = 3.

b Absolute difference between mean measured value and certified value.
“Expended uncertainty of difference between results and certified
value.

Am < Uj,, no significant difference between measured results and
certified value at 95% confidence level (coverage factor, k = 2).

Sb(III), V(V) for Pb(II). In such work, the tolerable limit was defined
as the amount of foreign ions that produced an error not exceeding
5.0% in the peak currents of the determined cadmium and lead.

The influence of surfactants on the peak current of 5 x 1077
mol L=" Cd(IT) and 5 x 10~% mol L~" Pb(II) was investigated by
the addition of Triton X-100, CTAB and SDS (in a range from 0 to
2.0 mg L") to the studied solution. As a result, it was seen that the
addition of 2.0 mg L~ Triton X-100 decreased the height of Cd(IT) and
Pb(1l) stripping signals to 23.0% and 57.7% of their original values
(respectively), while, 2.0 mg L~! SDS decreased the cadmium and
lead peaks to 33.0% and 76.4% of their original values (respectively),
and the addition of 2.0 mg L' of CTAB decreased the height of Cd(II)
and Pb(II) stripping signals to 21.3% and 67.2% of their original
values (respectively). Because the cadmium and lead signals, after
the addition of all surfactants at concertation of 2.0 mg L™}, were
still clearly visible and easy to measure, it was realized that Cd(II)
and Pb(II) could be accurately ascertained in water samples without
a preliminary mineralization step.

Application of the voltammetric procedure.—The proposed
voltammetric procedure using the BiF/SPCE prepared with a me-
diator was applied for determining the presence of Cd(IT) and Pb(II)
in certified reference material (rain water, TMRAIN-04) and in water
samples that were collected from the Baltic Sea and from the Krzna
River. A comparison of the measurement result with the certified value
indicates that there is no significant difference between the former and
the latter at a confidence level of about 95% (Table I11).%¢ It has to be
noted that the certified material was used without pretreatment.

Preliminary investigation revealed that the Cd(II) and Pb(II) con-
centrations in the Baltic Sea and Krzna River samples were below
the detection limit of the proposed procedure. Therefore, the analyzed
samples were spiked with Cd(II) and Pb(II) at different concentra-
tion levels, and the cadmium and lead contents were assessed using
the standard additional method. In such work, the samples were an-
alyzed without and with the use of UV-mineralization. The results
are summarized in Table IV. The recovery values are between 95.2
and 105.3% for the determined metal ions, with a relative standard
deviation between 2.9 and 5.1%. As can be seen in Table IV, there
is no significant difference between the results obtained without and
with prior UV-mineralization of the water sample.

In summary, it can be stated that the obtained results show the
analytical usefulness of the proposed voltammetric procedure for the
determination, without sample pretreatment, of trace Cd(II) and Pb(II)
in natural water samples.

Conclusions

In this paper, significant progress has been made in the devel-
opment of suitable electrochemical procedure for a simple, sensitive

Table IV. Results of Cd(II) and Pb(II) determination at the
BiF/SPCE prepared in natural water samples without and with
the use of UV-mineralization.

Cd(IT) and Pb(IT)
added found Recovery RSD
Sample (mmol L~ 1) (nmolL1) (%) n=135) (%)
Krzna River Cd(II) 20.0 19.04 95.2 3.5
Without* 80.0 81.28 101.6 3.3
Pb(II) 2.0 2.10 105.0 2.9
8.0 7.65 95.6 42
With? Cd(II) 20.0 20.67 103.4 4.8
80.0 76.40 95.5 5:1
Pb(II) 2.0 1.90 95.0 35
8.0 7.66 95.8 43
Baltic Sea  Cd(II) 20.0 19.90 99.5 4.5
Without" 80.0 78.16 97.7 4.8
Pb(II) 2.0 2.11 105.5 5.0
8.0 8.34 104.3 33
With? Cd(In) 20.0 20.98 104.9 5.3
80.0 82.32 102.9 3.7
Pb(II) 2.0 2.08 104.0 4.5
8.0 8.38 104.8 43

Without of UV-mineralization of the samples.
®With 3 h UV-mineralization of the samples.

and selective Cd(II) and Pb(Il) determination in natural water sam-
ples without pretreatment step, due to the application of bismuth film
coated screen-printed electrode prepared with a reversibly deposited
zinc mediator. According to our knowledge, this is the first application
in situ plated bismuth film screen-printed carbon electrode prepared
with mediator for the determination of Cd(II) and Pb(II) in environ-
mental water samples. Herein, the bismuth film plated in situ with
the use of mediator onto the self-produced or commercially available
SPCE surface induced an increase in the peak currents of both de-
termined metal ions, and a decrease of background current. It has to
be mentioned, that the proposed procedure can be used in laboratory
analysis as well as in rapid ‘in situ’ analysis (in the place of sampling)
mainly due to facts that: 1) it is simple, sensitive and selective, 2)
the water samples need no preparation step, 3) the working electrode
(in situ plated bismuth film electrode screen-printed electrode) can be
applied in portable analyzers.
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In the present paper, for the first time, the integrated three-electrode screen-printed sensor with in situ
plated bismuth film carbon working electrode was applied for the ultratrace determination of thallium(I)
(TI(1)). Under optimized conditions extremely low limits of detection were reached, 8.47 x 10 10 and
6.71 x 1072 mol L~ for the deposition times of 60's and 300, respectively. The influences of foreign
metal ions and surfactants on the voltammetric signal of thallium in natural samples were minimized
using 1 x 10> molL~! EDTA and Amberlite XAD-7 resin added to the buffer solution (CH3COONHyg,
CH3COOH and NH4Cl) of pH=4.6 +0.1. The developed voltammetric method with integrated three-
electrode screen-printed sensor was validated with use of certified reference materials (surface, rain
and natural water) and can be in future applied to field analyses of TI(I).

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Thallium is a heavy metal, which naturally occurs in the envi-
ronment in low concentrations [1] (e.g. the contents of thallium
dissolved in groundwater samples collected near Poznan city

* Corresponding author.
E-mail address: ktyszczuk@poczta.umcs.lublin.pl (K. Tyszczuk-Rotko).

https://doi.org/10.1016/j.aca.2018.06.078
0003-2670/© 2018 Elsevier B.V. All rights reserved.

(Poland) ranged from 0.0051 to 0.47 ppb [2]). Increasing level of
thallium may be caused by natural phenomena and human activ-
ities (e.g. the concentration of thallium in water samples collected
from water reservoirs in the vicinity of 3 big Polish Pb-Zn smelters
ranged from 0.02 to 9.69 ppb [3]). Thallium is utilized in the in-
dustry for the production of catalysts, pigments, low temperature
thermometers and optical lenses. It can be also used in agriculture
as insecticide [4]. Thallium and thallium - based compounds exhibit
higher water solubility compared to other heavy metals. They are
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therefore also more mobile (e.g. in soil), generally more bioavail-
able and tend to bioaccumulate in living organisms [2]. Thallium
accumulates in the nervous system, bones and the kidneys. Major
syndromes of poisoning are intestinal and stomach ulcers, poly-
neuropathy and alopecia. Besides, thallium causes insomnia,
weight loss, headaches, muscle pain and internal bleeding [5,6].
The threat posed by thallium is the main reason for the monitoring
of environmental contamination therewith.

As the concentrations of TI(I) in environmental samples are low
[2], an analytical technique, which enables its determination has to
be very sensitive. The most novel techniques for trace analysis of
TI(1) characterized by their selectivity and high sensitivity are
inductively coupled plasma mass spectrometry (ICP-MS) [7,8], and
atomic absorption spectrometry-based techniques: FAAS [9],
GFAAS [10] and ETAAS [ 11]. The good alternative for these methods
is stripping voltammetry (e.g. for validation of ICP-MS measure-
ment while the certified reference materials are missed). Numerous
advantages of this method, such as low detection limits, good
selectivity and accuracy, cheap and fast analysis make it adequate
for performing routine analyses of environmental samples. One of
the most important advantages is the easy equipment miniaturi-
zation, which makes it possible to perform sample analysis in field
(on site, where the sample is collected) [ 12]. The aforesaid qualities
of the voltammetric techniques make them attractive for use it in
routine analyses.

Mercury electrodes, such as the hanging mercury electrode and
mercury film electrodes are traditionally used for determination of
thallium by anodic stripping voltammetry [13—16]. For more than
three decades, mercury-free electrodes have come into use with
the view to replace mercury in voltammetric determination of TI(I)
[17—34]. It should be noted that from mercury-free electrodes
bismuth based electrodes became growingly popular [23—34]. This
type of electrode modification was chosen in this paper due to
simplicity of performance and the eco-friendly character of the
modifier.

In the 1990 the screen-printed technology was used, for the first
time, for manufacture of electrochemical sensors. It offered making
sensitive, selective and low-cost analytical tools for rapid analysis.
Technology of their production allows the introduction of various
modifications in both the printing ink and the surface of the elec-
trode. Change in the ink composition and surface treatment of the
electrode surface influences the properties of the electrodes. It may
improve their sensitivity and selectivity [35,36]. Furthermore, since
they can readily be used in portable devices, on-site analyses can be
carried out.

In this work the commercially available integrated three-
electrode screen-printed sensor with carbon electrode modified
in situ during measurement with bismuth film was used for the
determination of TI(I) in natural water samples without long and
complicated pretreatment. It should be mentioned that this sensor
configuration was used the first time for TI(I) determination. The
objective of performed experiments was to optimize the novel,
simple, sensitive, rapid and low cost voltammetric method with the
use of commercially available miniaturized integrated three-
electrode screen printed sensor with bismuth film electrode for
the determination of ultratrace concentrations of TI(1) for its future
use not only in laboratory but in field analyses as well.

2. Materials and methods
2.1. Apparatus
All experiments were performed using a pAutolab analyzer (Eco

Chemie, The Netherlands), which was combined with a computer
equipped with an electrochemical USB interface and driven with

use of the GPES 4.9 software package (Eco Chemie, The
Netherlands). Commercially available integrated three-electrode
screen-printed sensor (DropSens) with a carbon working elec-
trode (4 mm diameter), a platinum auxiliary electrode and silver
reference electrode was used to carry out the experiments. It
should be mentioned that silver reference electrode in the presence
of chloride ions from supporting electrolyte acts as Ag/AgCl/Cl-
electrode. The carbon electrode was plated with bismuth film in
situ, during measurements. Besides, the classical quartz cell with
the volume of 10 mL was used.

Optical microscopes: multizoom AZ 100 M microscope (Nikon)
and confocal Eclipse MA 200 microscope (Nikon) were applied for
imaging the electrode surface. Additionally, for the purpose of ac-
curate recognition of the surface morphology, the FEI Quanta 3D
scanning electron microscope (SEM) was employed. X-ray photo-
electron spectroscopy (XPS) spectra were received using a Multi-
Chamber Analytical System (Prevac, Poland).

2.2. Reagents

The supporting electrolyte was prepared by mixing 40 mL of
5mol L' of CH3COONH, (Sigma-Aldrich) and 94 mL of 1 molL™!
HCI (Fluka). Then, the flask was filled with distilled water to a
volume of 200 mL. The concentration of CH3COONH4 was 1 mol L™
and HCl was 0.47 mol L', Due to the reaction between these re-
agents buffer solution (0.53 mol L~ 'CH3COONHSa,
0.47 mol L~ CH3COOH and 0.47 mol L~ NH4Cl) of pH=4.6+0.1
was obtained. Solution of disodium salt of ethylenediaminetetra-
acetic acid (EDTA) (Sigma-Aldrich) was prepared by dissolving
appropriate amount of reagent in distilled water. The solution of
TI(I) and Bi(Ill) was prepared from the stock standard solution
(1gL~!, Merck) in 0.1 molL~! HNO;. The interference effect was
checked using standard solutions of 1gL~" Fe(Ill), Cu(ll), V(V),
Zn(11), Mn(II), Ni(11), Sn(1V), Se(IV), Mo(V1), Sb(1lI), Cd(Il) and Pb(II)
(Merck). The influence of organic substances was investigated
based on the following surfactants: Triton X-100, sodium dodecyl
sulphate (SDS) and cetyltrimethylamonnium bromide (CTAB),
which were all purchased from Fluka. Solutions were prepared
using ultra-purified water (>18 MQ cm) supplied by a Milli-Q sys-
tem (Millipore, UK). Amberlite XAD-7 resin (Sigma) was prepared
by rinsing four times with distilled water and dried at 50 °C before
use.

For the analysis following certified reference materials were
used: TMRAIN-04 (rain water, the National Research Council, Can-
ada), SRM 1640a (natural water, National Institute of Standards and
Technology, USA) and SPS-SW2 (surface water, Spectrapure Stan-
dards As, Norway). All water samples were added to the supporting
electrolyte and analyzed after 30 s shaking with 0.5 g Amberlite
XAD-7 resin.

2.3. Voltammetric procedure

The measurements were performed under optimized condi-
tions from buffer solution (0.0265 mol L ! CH3COONHj,
0.0235molL"! CH3COOH  and  0.0235mol L"!NH4Cl)  of
pH=4.6 + 0.1 containing 1 x 107> mol L~" EDTA, 1 x 10> mol L™!
Bi(Ill) and TI(I). The following sequence of potentials was applied
to the electrode: 0.5V for 10s and —1.1 V for 60s. First step was
performed for electrochemical cleaning of the working electrode
surface. Then, during the second step the bismuth film was
plated and thallium was deposited onto the surface of the elec-
trode simultaneously. During both steps the solution was stirred
with the use of magnetic stirring bar. After the equilibrium
period of 5s, square wave voltammograms were recorded
from —1.1 to 0.5V. The frequency of the measurements was
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40 Hz, the amplitude 75 mV and the scan rate 150 mV s~ .. Mea-
surements were recorded from non-deaerated solutions. The
background current was subtracted from each registered vol-
tammograms and then they were cut from —0.9 to —0.45V.

3. Results and discussion
3.1. The working electrode surface selection and characteristics

The electrode surface modification can influence both the height
and the shape of the signal obtained for analyzed substance.
Furthermore, in order to show possibility of application of devel-
oped sensor in field analysis of TI(I) four types of commercially
available, integrated screen-printed electrodes were applied: (1)
screen-printed carbon electrode with platinum auxiliary electrode
and silver reference electrode, (2) screen-printed carbon electrode
modified in situ with bismuth film, with platinum auxiliary elec-
trode and silver reference electrode, (3) screen-printed carbon
electrode modified with bismuth (III) oxide (Bi»0O3), with carbon
auxiliary electrode and silver reference electrode, and (4) thick-film
bismuth electrode with carbon auxiliary electrode and silver
reference electrode. The electrode 2 was modified during mea-
surement of TI(I) with a bismuth film. Measurements were per-
formed from buffer solution (0.053 molL ' CH3COONHy,
0.047 mol L' CH3COOH and 0.047 mol L~ ! NH4Cl) of pH=4.6+0.1
containing 5 x 10> mol L~! EDTA, 2 x 10~%mol L~ Bi(llI) (only in
the case of the electrode 2) and 5 x 1072 or 1 x 10~8 mol L' TI(I). It
was found that the signal obtained with the use of in situ modified
bismuth-film carbon electrode is the highest, best shaped and
easiest to measure in comparison to the other working electrodes.
Additionally, modification of the electrode surface with bismuth
film results in benefits of increased sensitivity. The in situ plating is
simple and rapid in principle (electrode surface is plated during
deposition of Tl). Therefore, this type of the electrode was recog-
nized as the most appropriate for TI(I) analysis and was used for the
further studies.

The effect of covering the working electrode surface with bis-
muth was confirmed after comparison of the images of bare and in
situ modified electrode surface obtained through optical and
scanning electron microscopes (Fig. 1A). In the optical microscope
image, the presence of bismuth particles is marginally visible in
form of shining bright points (Fig. 1Ab), which did not appear on
the bare electrode surface (Fig. 1Aa). The images obtained by
scanning electron microscope show homogenous structure of the
unmodified carbon working electrode (Fig. 1Ac). After the in situ
deposition of bismuth bright wavy lines appeared on the electrode
surface, which are clusters of bismuth particles (Fig. 1Ad). It was
further confirmed by XPS spectra (Fig. 1B), which revealed signifi-
cant amounts of Bi. Based on the results obtained we concluded
that modification of the electrode surface with bismuth film leads
to increase of the working electrode surface area and in conse-
quence enhances TI(I) peak current.

3.2. Effect of the type, pH and concentration of the supporting
electrolyte

In search for the appropriate type of the supporting electrolyte
for the determination of TI(I) the solutions prepared by mixing
1 mol L~ ! CH3COONHy4 with appropriate volume of 1 mol L~! HCl to
achieve pH values of 3.8, 4.6 and 5.9, 1 mol L~! HCI, 1 mol L~ PIPES
buffer (pH =7.0) and 1 mol L~ PIPES buffer (pH = 7.0) with addi-
tion of 0.1 mol L' sodium-potassium tartrate (applied in order to
prevent precipitation of bismuth hydroxide) were investigated.
1.0 mL these solutions were added to voltammetric cell. The square
wave voltammograms were recorded from solution containing also

5x 10> molL~! EDTA, 2x 10 ®molL~" Bi(lll) and increasing
concentrations of TI(I), ranging from 5 x 107 to 5 x 107’ mol L™,

The best analytical signals of TI(I) were received for the solution
prepared by mixing 1 mol L~! CH3COONH,4 with appropriate vol-
ume of 1 mol L' HCl to achieve pH value of 3.8, 4.6 and 5.9. The
peak currents were similar when the pH was between 3.8 and 4.6.
Use of a solution with a higher pH (4.6) caused a decrease in Pb(II)
peak current. This effect is desirable due to occurrence of Pb(II) ions
in real water samples. Low pH values favor deposition of lead on the
working electrode surface. When the solution with pH of 5.9 was
used no signal of Pb(II) was obtained. However, the peak current of
TI(I) decreased about 10 times relative to previous ones. No signals
of TI(I) were obtained using PIPES buffer with and without addition
of the sodium-potassium tartrate solution in the tested concen-
tration range. Based on conducted research the buffer solution
containing 0.053 mol L~ CH3COONH4, 0.047 mol L~! CH3COOH and
0.047 mol L~! NH4CI of pH = 4.6 + 0.1 was selected.

The influence of the concentration of CH3COONH4 used for
preparation of the supporting electrolyte on TI(I) signal was
examined in the range from 0.0125 to 0.125 mol L~ . This influence
was checked on the signal of TI(I) obtained for the concentration of
5x 1078 and 2 x 1077 mol L™, The highest signals were obtained
for the concentration of CH3COONH4 used for preparation of the
supporting electrolyte equal to 0.05 mol L.

3.3. Influence of EDTA and Bi(Ill) concentration

Authors of works that involved stripping voltammetry for TI(I)
determination frequently use EDTA to minimize the influence of
Cd(I1) and Pb(II) ions [27,29,30,33,34]. These common pollutants
are electrochemically active and their peaks appear close to the TI(I)
peak, which renders the performance of quantitative analysis
difficult. Addition of EDTA to the solution creates permanent
complexes with interfering ions and in consequence they no longer
influence the TI(I) signal. It should be noted that in the published
paper the influence of supporting electrolyte pH on masking effect
of EDTA was studied. It was confirmed that bivalent ions (Pb(II),
Cd(II) and Cu(Il)) can be masking using EDTA not only at pH 4—5 but
also in highly acidic media [37]. It should be mentioned, that DTPA
forms more stable complexes with interfering on the TI(I) signal
ions than EDTA, but at pH in the range of 5.5—6.2 [38,39].

In order to minimize influence of Cd(II) and Pb(II) on the peak
current of TI(I) (5 x 108 and 2 x 107 mol L") EDTA at concen-
tration in the range from 5 x 1077 to 5 x 10~> mol L' was added to
the supporting electrolyte. Based on amounts of Cd(Il) and Pb(II)
present in the real water samples at most 2-fold molar excess of
Cd(11) and 10-fold molar excess of Pb(II) relative to TI(I) concen-
tration were added to the solution. The first stage included adding
1x 10 7molL~'Cd(ll) (in the case of TI(I) concentration of
5% 10~8mol L") and 4 x 10~ mol L~! Cd(Il) (in the case of TI(I)
concentration of 2 x 1077 mol L™'). Then portions of EDTA were
added to the solution. As it seen in Fig. 2A and B the TI(I) signal
increased after addition of Cd(II) to the solution and then returned
to its original value when the concentration of EDTA was equal to
1 x 10> mol L% It should be added that higher concentrations of
EDTA caused slight decrease of the TI(I) signal.

Then, two series of experiments were conducted. In the first
one, to the solution containing TI(I) (5 x 108 molL~') and EDTA
(1x10°molL ")5x 10 8 molL " and then 5 x 10~7 mol L"! Ph(ll)
were added. In the second case to the solution containing TI(I)
(2x107molL ") and EDTA (1x10°molL ') 2x 10" molL"!
and then 2 x 1078 mol L' Pb(I1) were added and analytical signals
of TI(I) were observed. Based on obtained results (Fig. 2C and D) it
was found that even a 10-fold excess of Pb(II) did not influence the
TI(1) signal, provided that 1 x 107> mol L™' EDTA is added to the
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Fig. 1. A) Images obtained through optical microscope (a and b) and scanning electron microscope (c and d) for the bare (a and ¢) and modified with bismuth film (b and d) working
carbon electrode. B) XPS spectrum of the working carbon electrode modified with bismuth with deconvoluted Bi 4f region. Bismuth film modified electrode (b and d) was prepared
in situ from the buffer solution (0.0265molL ' CH;COONH,, 0.0235molL ' CH3COOH and 0.0235 mol L' NH4Cl) of pH=4.6+0.1 containing 1 x 10 >molL~' EDTA and

1% 10~ mol L™ Bi(l1).

analyzed solution. It means that the analytical signal does not
change more than in the range of +5% after addition of the afore-
mentioned amounts of Pb(II).

Preliminary studies have shown that bismuth coating of the
screen-printed carbon electrode significantly enhances its analyt-
ical signal. On this account, the influence of Bi(Ill) concentration on

TI(I) signal was tested. Examined concentrations of Bi(Ill) were
from 0 to 2 x 10> mol L' and the influence on analytical signal of
TI(I) for concentrations of 5 x 108 and 2 x 107" molL™! investi-
gated. The results obtained demonstrate that the determination of
TI(I) from the solution containing 1 x 10> mol L' Bi(IlI) results in
the highest peak current.



20 K. Domanska, K. Tyszczuk-Rotko / Analytica Chimica Acta 1036 (2018) 16—25

24 — A)
22 —
i / C (1.64 pA)
320 —
18 —
a (1.57 pA)
18 — T T T T
1 -0.9 -0.8 0.7 -0.6
EIV
18 — c)
17 -
7 C (0.826 pA)
?—_16 -
| b (0.800 pA)
15 —
14 — T T T T 1

- -0.9 -0.8 0.7 -0.6
E/V

32 — B)

28 -

b /(13.90 pA)

L S R B LA B B
-1
24—D)

22 -

C (4.72 pA)

b (4.63 pA)

14 ;

-1 0.9 -0.8 0.7 -0.6
E/V

Fig. 2. Square wave voltammograms obtained for the buffer solution (0.0265 mol L~ ! CH3COONH;, 0.0235 mol L' CH3COOH and 0.0235 mol L' NH4CI) of pH = 4.6 + 0.1, containing
2x10"%mol L™! Bi(lll) and: A) a) 5x10®melL" TI(1); b) as (a) + 1 x 107"molL™" Cd(ll) and ¢) as (b) + 1 x 10~°molL™" EDTA; B) a) 2 x 107" mol L™ TI(1); b) as
(a) + 4 x 107 molL™"! Cd(Il) and ¢) as (b) + 1 x 10 >molL~" EDTA; C) a) 5x 10 ¥ mol L™ TI(I) + 1 x 10" >molL! EDTA; b) as (a) + 5 x 10 ¥molL™" Pb(Il) and ¢) as
(a)+5 % 107 mol L' Pb(II); D)a) 2 x 107 mol L'V TI(I) + 1 x 10 * mol L' EDTA; b)as (a) + 2 x 107 mol L' Pb(Il) and c) as (a) + 2 x 10-%mol ™! Pb(Il). Electrochemical cleaning of
the electrode surface was performed at the potential of 0.3V for 10, simultaneous Bi film plating and Tl depositing at —1.1V for 60s.

3.4. Optimization of the procedure parameters

The influence of potential and time for simultaneous Bi plating
and Ti deposition on TI(I) peak current were investigated for the
TI(1) concentrations of 5 x 10~% and 2 x 10~7 mol L. The potential
ranged from —0.9 to —1.4V for time of 60s. As can be seen in
Fig. 3A, the maximum TI(I) peak currents ware obtained for the
potential of —1.1V, so for further measurements this value of po-
tential was adopted. Subsequently the influence of time of simul-
taneous plating Bi and deposition of Tl was checked for the selected
potential in the range from O to 2700 s. The dependence of time on
the voltammetric signal is presented in Fig. 3B. Prolonging this time
caused enhancement of peak current. In order to reduce total
analysis time, the time for simultaneous Bi plating and deposition
of Tl of 60s was selected for the further studies. Furthermore,
measurements to the calibration curve were carried out also for the
time of 300s in order to demonstrate an easy way to lower
detection limit of TI(I).

The remaining procedure parameters such as frequency,
amplitude and scan rate were optimized for 5x 10°% and
2x 10 "molL™! concentrations of TI(I). The frequency was
changed in the range from 10 to 80 Hz. For the concentration of

5 % 10~ mol L' TI(I), the best results were obtained for frequency
of 40 Hz. For higher concentration of TI(I) (2 x 1077 mol L") the
peak current increased proportionally to frequency, but it became
wider and thus more difficult to measure. For this reason 40 Hz was
chosen as an optimal value. Amplitude was modified in the range of
10—100 mV. For the lower concentration of TI(I), the highest peak
was obtained for 50 mV and those obtained for 75 mV were slightly
lower. In the case of higher concentration of TI(1) the highest signal
was obtained for 75 mV, so this value was selected for further work.
The examination of optimal scan rate was performed in the range of
10—500mV s~ ". With the increase of scan rate value analytical
signal was enhancing and becoming wider. Scan rate of 150mV s~
was found to be optimal.

3.5. Electrochemical cleaning, repeatability, reproducibility

During measurements both metals (Bi and TI) are deposited
onto the electrode surface and might not be completely removed
after analysis. The residues may remain and influence the subse-
quent signals of TI(I). The electrode design makes it impossible to
perform mechanical cleaning of the working electrode surface. Due
to this fact, the necessity of electrochemical cleaning of the working
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Fig. 3. Influence of simultaneous Bi plating and Tl deposition potential (A) and time (B)
on the voltammetric signal of TI(I). The buffer solution (0.0265 mol L~' CH3COONHy,
0.0235mol L™' CH3COOH and 0.0235mol L' NH4Cl) of pH=4.6+0.1 containing
1x 10> mol L' Bi(llI),1 x 10 >mol L' EDTAand 5 x 10~® mol L™ TI(I) (A (a) and B) or
2 x 1077 mol L' TI(1) (A (b)). Bi was plated and Tl was deposited simultaneously for
605s(A) at potential of —1.1V(B). The obtained, average values are shown with stan-
dard deviation for n=3.

electrode was verified. For this purpose the cleaning potentials of
0.3 and 0.5V were applied for the times of 10 and 60 s. Afterwards,
measurements were performed without the cleaning step. Vol-
tammograms were recorded 10 times for the concentrations of TI(I)
equal to 5 x 107 and 2 x 1077 mol L™, Table 1 contains the calcu-
lated relative standard deviations for each of the investigated cases.
In the light of lower RSD values obtained for measurements per-
formed with cleaning potential of 0.5V, this value was selected for
the further studies. Significant differences between relative stan-
dard deviations obtained for time 10 and 60 s were not recorded,

Table 1
Relative standard deviation (RSD) values obtained for determination of TI(I) without
and with electrochemical cleaning step.

Cleaning potential [V] Time [s] RSD" (n=10) [%] RSD" (n=10) [¥%]
_ 0 5.02 4.12
03 10 3.64 2.45
60 431 1.97
0.5 10 2.14 1.23
60 377 0.83

RSD — relative standard deviation.
* Crgy=5x10" mol L.
b Crgy=2x10""mol L.

albeit since the procedure should be suitable for rapid field analysis,
it was decided to cut the total analysis time and electrochemical
cleaning time of 10 s was approved.

Additionally, values of relative standard deviation (2.14% for
5x 108 molL~! of TI(I) and 1.23% for 2 x 107" molL™" of TI(I),
n=10) confirm the satisfactory repeatability of measurements
carried out with use of the integrated three-electrode screen-
printed sensor with in situ plated bismuth film carbon working
electrode. In order to test electrode-to-electrode reproducibility of
the proposed electrode measurements were performed for the
concentration of TI(I) 1 x 1077 mol L1 with the use of three inde-
pendently prepared electrodes. Based on obtained findings relative
standard deviation was calculated and its value is 2.45% (n=9).
This proves that the reproducibility of the proposed sensor is
satisfactory.

3.6. Calibration graphs

The optimized voltammetric procedure with the use of inte-
grated screen-printed sensor consisting of an in situ plated bismuth
film carbon working electrode was adapted for the determination
of TI(I). Measurements for calibration graphs were carried out for
the deposition time of 60 and 300s. The wide ranges of linearity
were obtained, from 5x107° to 1x10 %molL™! and from
5x 10" to 1 x 1072 mol L™! for deposition times of 60 and 300,
respectively. The equation of calibration graph was y =
(56.38 +0.17) x — (0.90 + 0.016) for deposition time of 60 s, where x
— TI(I) concentration [pmol L™'] and y — peak current [pA]. The
linearity of the calibration curve is confirmed by correlation coef-
ficient (r=0.9996). For deposition time of 300 s the equation for
calibration graph was y = (18.73 + 0.09) x — (0.81 + 0.042), where x
— TI(I) concentration [nmol L™'] and y — peak current [pA]. The
correlation coefficient (r) was 0.9990. The standard deviations for
the slope and y-intercept of calibration graphs were calculated for
three repetitions. The calibration graphs for deposition time of 60
and 300 s as well as voltammograms obtained for the determina-
tion of TI(I) at deposition time of 300 s are presented in Fig. 4. Limits
of detection (LOD) and quantification (LOQ) were calculated as 3 or
10 times the standard deviation (n = 5) for the blank divided by the
slope of the calibration curve. Obtained LODs were
847 x 107 "molL™! and 6.71 x 1072 molL™! and LOQs were
2.87x102molL ! and 2.24 x 10" mol L"! for deposition times
of 60 and 300s, respectively. The obtained results (linear range,
detection limit and deposition time) were compared with those of
other voltammetric methods for TI(I) determination at Bi based
electrodes (Table 2) [23—34]. When compared with other voltam-
metric methods, the obtained LODs are generally lower. The similar
limit of detection was obtained in paper [34], but the distinguishing
quality of the present procedure is the application of commercially
available, miniaturized, and integrated three-electrode sensor,
which is easily modified during rapid analysis and suitable for use
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Fig. 4. The calibration graphs of TI(I) in the linear range for the deposition time of: A) 60 and B) 300 s. C) Square wave voltammograms for additions of increasing concentrations of
TI(I): a) 50x10°", b) 1.0x107'° ¢) 20x107'° d) 50x107'° ¢) 1.0x10 ?molL " in buffer solution (0.0265molL ' CH3COONH,, 0.0235molL ' CH;COOH and
0.0235 mol L~" NH4Cl) of pH = 4.6 0.1, solution containing 1 x 107> mol L~" EDTA, 1 x 10~ mol L' Bi(lll). Electrochemical cleaning of the electrode surface was performed at the
potential of 0.5V for 10, simultaneous Bi film plating and Tl depositing at —1.1V for 60 (A) and 300s(B and C).

in a portable analyzer. It should be mentioned that there are other
methods that allow the determination of thallium on a higher or
similar level of concentration. In the case of ICP-MS limits of
detection amount to  195x 10 ZmolL”! [7] and
489 x 10" mol L' [8], in case of FAAS 6.12molLmol L' [9],
GFAAS 2.45 x 10 °molL~! [10] and ETAAS 9.78 x 10 " mol L™!
[11]. The main disadvantage of these methods is lack of possibility
of performing the analysis outside the laboratory. The proposed
procedure enables application of the miniaturized sensor in a
portable apparatus and the conduction of sensitive and rapid
analysis at the sampling site (field analysis).

3.7. Study of interferences

The influence of various metal ions occurrence in water samples
was checked for the constant concentration of TI(I) equal to
1 x 1077 mol L. No influence on thallium peak was observed after
addition of 5 x 10~ mol L~" Cu(1I), Sh(IIl), Mo(V1), V(V) and Sn(IV),
1% 10 %molL~! of Zn(ll), Ni(Il) and Se(IV), 2 x 10~ molL~"! of

Mn(ll) and 5 x 10~% mol L~ of Fe(llI). It means that presence of the
aforesaid amounts of metal ions does trigger a thallium peak cur-
rent error in excess of +5%. The influence of Cd(II) and Pb(II) on TI(I)
signal was checked and is presented in section 3.3.

The presence of organic substances in natural water samples
negatively influences the voltammetric signals. Therefore the effect
of surfactants on TI(I) signal was also investigated. CTAB, SDS and
Triton X-100 were added in concentrations ranging from 0 to
50 mg L~ to the solution containing 1 x 1077 mol L~ of TI(I). It was
found that the addition of 1 mgL~" SDS and 5 mg L~ Triton X-100
does not lead to decrease of TI(I) peak by more than +5%. However,
SDS and Triton X-100 concentrations of 10mgL~! decreased the
TI(I) peak height to 71 and 56% of its original value, respectively.
The most significant influence on TI(I) peak current was observed
during addition of CTAB. The TI(I) peak completely disappeared at
CTAB concentration of 10 mg L' According to the literature data,
natural waters contain surfactants with the surface active effect
similar to the influence induced by 0.2—2.0 ppm of Triton X-100
[40]. The obtained results and the literature data demonstrate that
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The comparison of the voltammetric method enabled TI(I) determination with the use of bismuth based working electrodes.

Working electrode/technique

Linear range [mol L]

BiFE/SWASV
BiFE/SWASV
Bi-graphite electrode/
ASV
BiFE/DPASV
BiFE/SWASV
BiFE"/SWASV
Bi nanopowder
electrode/SWASV
Microfabricated BiFEs/
SWASV
BiF/GCE/SWASV
BiF/CFE/SWASV
SPEs modified with Bi
precursor compounds/
DPASV
BiF/SPE/DPASV
BiFE/SWASV
BiABE/DPASV
BiFE/SPCE/SWASV

9.80x 10 °-9.80x 107
4.89 x 1078 -4.89 x 1075

0-9.78 x 1077

2.00x10°°-3.00x 108
1.20x10°8-1.50 x 1077
4.89%x107°-489x10°8

4.89x10%-489 %1077
4.89x10°%-391x1077
5.00x107°—200x10"7
5.00x1072-4.50 %1077
245x107%-220%1077
245x10%-196x 107!
245x10°%-196x1077¢
245x10°%-196x1077
5.00x 107" -5.00x107°
5.00x 107" -1.40 x 10~°
5.00x10°-1.00x10°°

500x 10" -1.00 x 10°°

Detection limit [mol L~'] Deposition time [s] Reference
-~ 120 [23]

1.96 x 1078 120 [24]

489 x107° 600 [25]

4.42 x107° 60 [26]

6.00 x 10710 300 [27]

1.08 x 1078 120 [28]

1.46 x 10710 600 [29]

293 x10°° 240 [30]
1.91x10°° 120 [31]

2.04 x107° 120 [31]

489 x107° 120 [32]

538 x 107° 120 [32]

4.40 x 107 120 [32]
7.83x107° 120 [32]
210x 107" 600° [33]

5.00 x 10712 300 [34]

847 x 10710 60 This work
6.71x 107 "2 300

BiFE - bismuth film electrode; SWASV - square wave anodic stripping voltammetry; DPASV - differential pulse anodic stripping voltammetry; GCE — glassy carbon electrode;
CFE - carbon film electrode,; SPE - screen-printed electrode; BiABE - bismuth bulk annular band electrode; BiFE/SPCE - bismuth film screen-printed carbon electrode.

4 Accumulation time of 2—3 min.

b Rotating-disc bismuth film electrode.
¢ Modifier — bismuth oxide.

4 Modifier — bismuth zirconate.

¢ Modifier — bismuth aluminate.

" Double deposition.

the determination of TI(I) by the proposed method in water sam-
ples can by performed without sample preparation. However, in
environmental water samples containing high concentrations of
organic compounds the results show the necessity to minimize the
negative effect of surfactants on TI(I) peak. One of the methods
commonly used for decomposition of the interfering organic matrix
is the mineralization of sample. This method is effective but not
adequate in case of field analysis. In order to resolve this problem,
the application of Amberlite XAD-7 resin was proposed [40—42].
This method of sample preparation is easy to perform outside the
laboratory. Volumes of the resin and sample shaking time were
optimized. Optimization of the mass of resin (0.15, 0.3, 0.5 or 1.0 g)
for time of shaking equal to 4 min was carried out for concentration
of TI(I) equal to 1x107molL™" 1x10>molL~' EDTA and
increasing concentrations of CTAB (0—50 mg L~') were added to the
solution containing 0.0265 mol L~! CH3COONHy,
0.0235 mol L~ CH3COOH and 0.0235 mol L™ NH4CI
(pH=4.6 +0.1). CTAB was selected as a representative surfactant
due to its greatest negative impact on TI(I) peaks. After each addi-
tion of surfactant, the solution was shaken for 4 min in the presence
of resin. During this stage surfactants were adsorbed on the resin
surface but TI(I) remained in the solution. Fig. 5 presents the in-
fluence of CTAB on the relative signal of TI(I). As we see in the case
of CTAB concentrations that were lower and higher than 5.0 mg L™
the best results were obtained for 0.5 and 1.0 g of Amberlite XAD-7
resin, respectively. To reduce the amount of used reagent, 0.5 g of
resin was recognized as sufficient for the removal of surfactants.
For 0.5g of Amberlite XAD-7 the sample shaking time was
optimized. For this purpose we first recorded the voltammograms
for the solution containing 0.0265 mol L' CH3COONHy,,
0.0235 mol L~! CH3COOH and 0.0235 mol L™ NH4CI
(pH=4.6+0.1),1 x 107> mol L' EDTA, 1 x 107> mol L™ Bi(Ill) and
1 x 1077 mol L' TI(I). Then we added 2 mg L~ of CTAB and 0.5 g of
resin to the electrochemical cell and the solution was shaken for
various periods of time, ranging from 15 to 240s. The studies
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Fig. 5. The influence of CTAB on relative signal of 1 x 107 mol L™ TI(I) without (a) and
with mixing of the solution with 0.15g(b), 0.3 g (c), 0.5 g(d) and 1.0 g (e) of Amberlite
XAD-7 resin. Time of mixing 4 min. Electrochemical cleaning of the electrode surface
was performed at the potential of 0.5V for 10s, simultaneous Bi film plating and TI
depositing at —1.1V for 60s. The obtained, average values are shown with standard
deviation for n=3.

demonstrated that after 30s the TI(I) peak current returned to
92.0 + 0.9% of its original value (i.e. before the addition of CTAB to
solution). Therefore, the 30s time was chosen for further
measurements.
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3.8. Application

The newly developed procedure was applied for the determi-
nation of TI(I) in certified reference materials: SPS SW-2 (surface
water), SRM 1640a (natural water) and TMRAIN-04 (rain water).
Before the determination of TI(I), and in order to eliminate influ-
ence of organic substances on the analytical signal of TI(I), 0.5 g of
Amberlite XAD-7 resin was added to the electrochemical cell con-
taining buffer solution (0.0265 mol L' CH3COONHy,
0.0235mol L' CH3COOH  and  0.0235molL™'NH4Cl)  of
pH=4.6+0.1,1x 10> mol L™ EDTA, 1 x 10~>mol L™! Bi(lll), and
an appropriate volume of sample and it was shaken for 30 s. Then
measurements were performed under optimized conditions for the
same cell, without removal of resin. Quantification was carried out
with the use of standard additional method. Examples of voltam-
mograms registered during determination of TI(I) in certified
reference material (SPS SW-2) are shown in Fig. 6. Results obtained
during water samples analyses are presented in Table 3. As can be
seen, the relative error between result obtained by the proposed
method and certified value is lower than 5%. Additionally, accord-
ing to the t-Student test there are no significant differences be-
tween the recoveries obtained by both methods, suggesting 95%
confidence level. The calculated t values (texp.) are in the range of
0—0.65, which is below the critical value equal to 1.81 (for degrees
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Fig. 6. Square wave voltammograms registered from the buffer solution
(0.0265 mol L' CH3COONH,, 0.0235 mol L' CH3COOH and 0.0235 mol L' NH4Cl) of
pH = 4.6 + 0.1, containing: a) 1 x 107> mol L' EDTA, 1 x 10~ mol L' Bi(lll) and 164 uL
sample, b) as (a) + 2 x 107" mol L TI(I), ¢) as (a) + 4 x 10" mol L™" TI(I) and d) as
(@) + 6 x 107"°mol L' TI(I). Electrochemical cleaning of the electrode surface was
performed at the potential of 0.5V for 10s, simultaneous Bi film plating and TI
depositing at —1.1V for 300s.

Table 3
Results received during determination of TI(I) in certified reference materials.

Certified Measured value + SD  Certified value £ SD  Relative  texp,
reference (n=3) [nmol L] (n=3) [nmol L] error [%]
material

SRM 1640a 7.86+0.27 7.86+0.073 0 0
SPS SW-2 0.128 +0.013 0.122 + 0.00098 492 0.65
TMRAIN-04 1.91 +0.095 1.84+0.29 3.66 0.34

of freedom, f, equal to 4, f = ny+ ny—2). The obtained results prove
that the use of integrated screen-printed carbon sensor with in situ
plated bismuth film carbon working electrode allowed to obtain
precise, and accurate results in water samples.

4. Conclusions

Commercially available integrated three-electrode screen-prin-
ted sensor with carbon electrode modified in situ with bismuth film
turned out to be an excellent device for voltammetric determina-
tion and quantification of TI(I) in natural water samples. The pro-
posed sensor is environmentally friendly. Simplicity and very short
time of the electrode preparation enable fast, sensitive (limits of
detection are 8.47 x 10~ "% and 6.71 x 10~ for the deposition times
of 60 and 300 s, respectively) and selective analysis. Thanks to the
addition of EDTA and 30 s of sample shaking with Amberlite XAD-7
resin the influence of foreign metal ions and organic matter in
water samples were minimized. It should be noted that voltam-
metric measurements were performed without removal of resin
from the electrochemical cell. Furthermore, the proposed sensor
and simple procedure for TI(I) determination are potentially
applicable for field analysis.
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Uranium is an element that naturally occurs in the three isotopic
forms of U (99.27%), U (0.72%) and Z*U (0.0054%)." In the
environment uranium occurs in oxocationic form UO,>*, where ura-
nium oxidation state is +VI (the most stable form).> Uranium is a
comparatively mobile element and it is harmful to health due to its
radioactivity and chemical toxicity.>> Concentrations of uranium in
environmental samples are generally very low (e.g. in the Kalikratia
area in Northern Greece uranium concentration in groundwater were
in the 0.01-10 pg L' range), but due to the usage of uranium in
production of nuclear energy and its acquisition stages: uranium min-
ing, milling, conversion and enrichment, the contamination levels can
significantly increase.®®

People who working with uranium products and processes or liv-
ing in contaminated areas (e.g. military zones) are the most exposed to
toxic effects of uranium.’ Uranium’s most likely pathway the human
body is through contaminated water and food.'” The organs exposed
directly to the toxic activity of uranium are the kidneys and the skele-
ton, where it tends to accumulate.”!! It was also demonstrated that
uranium is toxic to the lungs, the liver and the brain.” Therefore, it is
necessary to control uranium contamination levels in environmental
samples such as water, soil and air.

Different instrumental techniques enable uranium determination
in environmental samples. Suitable techniques for this purpose are,
for example inductively coupled plasma optical emission spectrom-
etry (ICP-OES),'>!3 inductively coupled plasma optical emission
spectrometry (ICP-MS),'*!'® spectrophotometry,'”'® fluorometry,"”
gamma-ray spectroscopy?” or accelerator mass spectrometry.”! How-
ever, each of them has limitations which hamper their use, e.g. strong
spectral interferences of other elements (Ca, Fe, V, Zr) during the deter-
mination of uranium by ICP-OES or constricted quantification in high
saline samples due to suppression of the analyte ionization.?” Further-
more, the mentioned methods are not suitable for field analysis (large
size of apparatus) and their use generates high costs (purchase and
maintenance of expensive equipment, consumption of large amount
of high quality of reagents).

Electrochemical techniques, especially voltammetry, offer perfor-
mance of sensitive, precise and fast analyses.>* One of the most popu-
lar sensors involved for uranium determination is the hanging mercury
drop electrode (HMDE), which has a lot of advantages, but it is rarely
applied because of volatility and toxicity of mercury.”*° Examples
of alternative electrodes used for uranium quantification were: dou-
ble electrode system, where the first electrode was modified with lead
glassy carbon electrode (GCE) with a large surface area and the sec-
ond was an ensemble of five carbon composite microelectrodes also
modified with lead, glassy carbon electrodes modified in situ with
various metals: bismuth, mercury and lead or ex situ bismuth-coated
GCE.*'-* Moreover, other modified sensors were also applied: poly-
mer coated glassy carbon electrode obtained by electropolymerization

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

of N-phenylanthranilic acid and carbon nanotube-modified GCE.?"%
For the same purpose application of rotating-disk bismuth-film elec-
trode also was possible.*® All of the proposed sensors ensure low
detection limits, but they allow the analyses to be carried out only in
the laboratories. They cannot be applied in a portable analyzer, thus
rendering a field analysis impossible.

Due to increasing environmental pollution especially heavy metal
pollution it is necessary to develop proper tools for carrying out rapid
analysis at the place where the sample is collected.* This enables
us to control of metal ions and organic pollutants concentrations and
prevent long-scale environmental contamination.*’ Screen-printing is
a promising technology used for the production of inexpensive and
miniaturized sensors for rapid routine analyses.*'** Integrated screen-
printed electrodes (SPE) are the type of miniaturized sensor, where a
three-electrode system is placed on a support and they can be incor-
porated in portable analyzers and applied in field analyses.* Due to
the miniaturized size of SPEs, they enable the analysis of small sam-
ple volumes and reduce reagents consumption. Other advantages of
this devices are commercial availability, low cost, high reproducibility
and possibility to application in fast and simple quantification of wide
range of substances at very low concentrations.***

To the best of our knowledge, there is only one work in the subject
literature, where screen-printed sensor (graphite screen-printed elec-
trode) was applied as a working electrode for uranium determination.*®
However, application of this sensor does not provide a sufficiently low
detection limit, as well a short time of analysis of U(VI) in the envi-
ronmental water samples. The limit of detection at a preconcentration
time of 30 min. was 4.5 nmol L™'. Therefore, there is still a need to
develop sensor that will allow to determine very low U(VI) concentra-
tions (the order of 10~'"-107'" mol L") not only in the laboratory but
also in the place where the sample was collected. Therefore the aim
of our research was to fabricate screen-printed sensor for the selective
and sensitive determination of U(VI) in environmental water samples.

Experimental

Materials.—5 mol L~' CH3;COONH, (Sigma-Aldrich) and
1 mol L~! HCI (Fluka) were used for the preparation of supporting
electrolyte. After mixing the appropriate volumes of these reagents
and after allowing for the reaction between them the buffer solution
(0.92 mol L~! CH;COONHy, 0.08 mol L~' CH3COOH and 0.08 mol
L~! NH4Cl) of pH = 5.9 &+ 0.1 was obtained. The standard solu-
tions of U(VI) (0.01 mol L) was prepared from (CH3;COO),UO,
- 2H,0 by dissolution of reagent in 0.1 mol L~! HNO;. A 0.01 mol
L~! solution of Pb(NO;), was prepared from reagent acquired from
Sigma-Aldrich. The interference effect was checked using standard so-
lutions of Zn(II), Co(IT), Cu(II), Cd(IT), Mn(II0, Fe(III), AI(II), V(V),
Mo(VI) and Ni(II) (Merck). Triton X-100, sodium dodecyl sulfate
(SDS) and cetyltrimethylamonnium bromide (CTAB) were purchased
from Fluka. 0.02 mol L™" cupferron (N-nitrosophenylhydroxylamine
ammonium salt, Merck) solution was subsequently prepared every day
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by dissolving the reagent in water. Amberlite XAD-7 and XAD-16
resins (Sigma) were prepared by rinsing four times with distilled wa-
ter and dried at 50°C before use. The certified reference material, SRM
1640a (trace element in natural water, National Institute of Standards
and Technology, USA) was obtained from Sigma-Aldrich. The envi-
ronmental water samples were collected from Bystrzyca river (Lublin,
Poland). All water samples were added to the supporting electrolyte
and analyzed after 30 s by shaking with 0.5 g Amberlite XAD-16
resin. Additionally, the analysis of samples of certified reference ma-
terial after UV mineralization (3 hours) was also performed.

Instrumentation.—The voltammetric measurements were per-
formed in a potentiostat jLAutolab integrated with GPES 4.9 soft-
ware (Eco Chemie, Utrecht, The Netherlands) and electrode stand
(M164D, MTM Anko, Krakow, Poland). The measurements were car-
ried out using sensor based on the integrated three-electrode screen-
printed system with in situ plated lead film carbon working electrode
(SPCE/PbF) in a 10 mL one-compartment electrochemical cell. The
lead film was electrochemically plated at the carbon working electrode
surface (4 mm diameter) of commercially available integrated three-
electrode screen-printed sensor (DropSens, ref. 150) with a platinum
auxiliary electrode and silver reference electrode.

In order to acquire images of the surface morphology and the
destitution of lead particles, high-resolution microscopes, FEI Dual-
Beam Quanta 3D FEG scanning electron microscope (SEM) and Tec-
nai G2 T20 X-TWIN (FEI) transmission electron microscope (TEM)
equipped with an energy dispersive X-ray spectrometer (EDS) were
employed.

The water samples were mineralized using a UV-digester made
by Mineral, Poland. The conductivity of supporting electrolytes was
measured with use of conductivity meter, (CDM 83, Radiometer).

Electrochemical assays.—The differential pulse adsorptive strip-
ping voltammetry (DPAdSV) was employed as a sensitive voltam-
metric technique for the quantification of U(VI). Under optimized
conditions the voltammetric measurements of U(VI) were performed
in buffer solution (0.092 mol L~! CH;COONH,, 0.008 mol L~
CH;COOH and 0.008 mol L~! NH,Cl) of pH = 5.9 & 0.1, containing
2.5 x 107 mol L' Pb(Il) and 1 x 10~* mol L~ cupferron. Elec-
trochemical cleaning of the electrode surface was performed at the
potential of 0.2 V for a period of 10 s. Then, at the potential of —1.1 V
for 60 s the lead film was plated in situ at the carbon screen-printed
working electrode surface, and at —0.75 V for 60 s the simultaneous
further deposition of lead and U(VI)-cupferron complexes accumu-
lation were performed. After the equilibrium period of 5 s, the dif-
ferential pulse voltammograms were recorded in the potential range
from —0.65 to —1.75 V. The experimental conditions for the differen-
tial pulse voltammetry (DPV) were: pulse amplitude of 150 mV and
scan rate of 100 mV s~'. The background current was subtracted from
each registered voltammograms and then they were cut from —0.65
to—1.3V.

Results and Discussion

Selection of support and surface modifier.—One the most sensi-
tive methods of U(VI) determination is based on the adsorption of a
U(VI)-cupferron complexes at the lead film electrode surface.>'**3
However, the proposed sensor and procedures of measurement are not
adapted for field analysis, at the sample collection site. These limita-
tions were overcome, in the present paper, by applying sensor based
on the integrated three-electrode screen-printed system with lead film
working electrode, and a simple method of sample preparation.

In the first stage of experiments, the lead film electrodes plated
at the different, commercially available screen-printed supports were
checked. No analytical signal of U(VI) was obtained in the tested range
of concentrations (1 x 1078 — 1 x 1077 mol L™!) with the use of fol-
lowing supports: carbon nanofibers modified screen printed carbon
electrode (DropSens, ref. CNF110), multi-walled carbon nanotubes
modified screen printed carbon electrode (DropSens, ref. CNT110),

graphene modified screen printed carbon electrode (DropSens,
ref. GPH110), as well as commercially available lead film screen
printed electrode (DropSens, ref. PB10). The well-shaped and sym-
metrical reduction peaks of U(VI)-cupferron complexes were obtained
only at three-electrode screen-printed sensor carbon working elec-
trode (DropSens, ref. 150) modified in situ with lead film in the solu-
tion containing 0.2 mol L' acetate buffer of pH equal to 4.2 £ 0.1,
2.5 x 107 mol L~! Pb(Il) and 6 x 107> mol L' cupferron. The
U(VI)-cupferron complexes were accumulated at potential of —0.75 V
for 60 s. These conditions were derived from the previously published
work.*® The influence of other screen printed carbon electrode surface
metal film modifiers (bismuth, antimony, gold) on the U(VI) signals (1
x 1078 — 1 x 107" mol L") was also investigated. No analytical sig-
nal of U(VI) was obtained with the use tested metal film modifiers. In
the further part of the experimental work, the research was conducted
using the integrated three-electrode screen-printed sensors with in situ
plated lead film carbon working electrode.

Selection of supporting electrolyte, the effects of its pH and
concentration.—In this paper, for the first time, a new supporting
electrolyte composition (CH;COONH,4, CH3COOH and NH,Cl) has
been proposed in order to improve the electrochemical response of
SPCE/PbF toward U(VI) determination. As it can be seen in Fig. 1A,
the application of buffer solution (0.077 mol L~' CH;COONHj,
0.123 mol L=' CH;COOH and 0.123 mol L=' NH,Cl) of pH 4.2
obtained after mixing 0.2 mol L~! CH;COONH, with 0.123 mol L™!
HCl instead of 0.2 mol L~ acetate buffer solution (CH;COONa and
CH;COOH) of pH 4.2, as reccommended in previous works,*'**33 con-
tributes to the amplification of the U(VI) signals (1.08 vs. 0.36 A for
5nmol L' of U(VI) and 2.03 vs. 0.69 A for 10 nmol L~ of U(VI),
respectively), improving the shape of the peak and shifting the poten-
tial of the peak toward less-negative potentials (—0.96 vs. —1.12 V,
respectively). It is connected with improvement of conductivity of
the supporting electrolyte, which was confirmed by conductivity mea-
surements (3.63 vs. 1.09 mS cm™', respectively). It should be men-
tioned that the reduction mechanism of U(VI)-cupferron complexes
was investigated and is well described in literature.’>*” Thus, it can be
concluded that the obtained peaks in buffer solution (0.077 mol L™!
CH3COONHy, 0.123 mol L' CH;COOH and 0.123 mol L~! NH,Cl)
of pH 4.2 at potential of —0.96 V are connected with the U(VI) to U(V)
reduction process ([U(VI)-cupferron],gs+ e — ([U(V)-cupferron],qs)
and lower peaks at potential of —1.18 V are connected with U(V)
to U(IIl) reduction process ([U(V)-cupferron],g+ 2¢ — ([U(II)-
cupferron],qs). For analytical purposes, the higher peaks at the po-
tential of —0.96 V were used.

In the next stages of work, the influence of pH and concentration
of supporting electrolyte on the peak current of U(VI) was examined.
The influence of pH of the buffer solution (CH;COONH,, CH;COOH
and NH,Cl) on the stripping response was studied in the range of 3.8
to 6.5. As it can be seen in Fig. 1B, the responses for the U(VI) at
concentrations of 5 and 10 nmol L~" increase rapidly with the pH
and then drop rapidly above pH of 5.9. This profile indicates that pH
of 5.9 offers the most favorable performance. The increase and then
drop of the analytical signal might have been caused by different form
of cupferron in different pH values.’” The amino oxide form of cup-
ferron (varying from neutral to slightly acidic) favors the catalytic
mechanism. Next, the influence of the concentration of the supporting
electrolyte of pH = 5.9 £ 0.1 on the peak current in solution con-
taining 5 and 10 nmol L~" U(VI) was studied in the range from 0.046
to 0.23 mol L~" with reference to CH;COONH;. As can be seen in
Fig. 1C, the highest signal levels were obtained for the pH 5.9 buffer
containing 0.092 mol L~! CH;COONH,, 0.008 mol L=! CH;COOH
and 0.008 mol L~!' NH,CI, therefore such concentrations of buffer
components were selected for the subsequent experiments.

Effect of Pb(Il) and cupferron concentrations.—The influence of
the concentration of Pb(Il) in the range of 0-2.5 x 10~ mol L™! on
the peak current of U(VI) (0.5 and 5 nmol L") was studied (Fig. 2A).
The obtained results demonstrated that well-defined U(VI) peaks were
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Figure 1. (A) Comparison of the DPAdSV voltammograms obtained at the
SPCE/PbF for 5 (a and ¢) and 10 nmol L~! (b and d) of U(VID) in buffer
solution (CH3COONH,4, CH3COOH and NH4Cl) of pH 4.2 obtained after
mixing 0.2 mol L~! CH3;COONHy with 0.123 mol L~! HCI (¢ and d) and in
0.2 mol L™! acetate buffer solution (CH;COONa and CH;COOH) of pH 4.2
(a and b). The influence of pH (B) and concentration (C) of the buffer solution
(CH3COONH,4, CH3COOH and NH4Cl) on the stripping response of 5 (a) and
10 nmol L™! (b) of U(VI). The lead film was deposited at —1.1 V for 60 s,
the U(VI)-cupferron complexes were accumulated for 60 s at the potential of
—0.75 V.
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Figure 2. (A) The influence of the Pb(II) concentration on the peak current of
U(VI) (0.5and 5nmol L', aand b, respectively). (B) SEM (a) and TEM (b-e)
images of SPCE/PbF obtained from solution containing different concentra-
tions of Pb(IT): 2.5 x 1075 mol L™! (aand b), I x 10~* mol L~! (c), 2.5 x
10~* mol L~ (d), 2.5 x 1073 mol L~ (e). EDS spectrum of highlighted part
of TEM image (inset of Fig. 2Bb). (C) The influence of cupferron concentra-
tion on the peak current of U(VI) (0.5 and 5 nmol L', aandb, respectively).
Other conditions as in Fig. 1.
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observed only at the screen printed carbon electrode modified with
lead, thus confirming earlier studies, which indicated that lead film
modified electrode significantly influences on the electrochemical re-
sponse toward U(VI) reduction in comparison with the unmodified
electrode.’!3*% Additionally, it was found that the U(VI) peaks reach
maximum values in the concentration range of Pb(II) 2.5 x 1075 -175
x 107> mol L', and then the peak currents slightly decreased. There-
fore we selected the concentration of 2.5 x 10> mol L~ of Pb(II) for
further experiments. Furthermore, the morphology of screen printed
carbon layer modified with lead film was characterized by SEM and
TEM techniques (Fig. 2B). The SEM image for the SPCE/PbF ob-
tained from solution containing 2.5 x 10~ mol L= Pb(II), indicated
that the screen printed carbon surface is homogeneous, yet the lead par-
ticles were not visible. However, higher magnifications screen printed
structure with agglomerates of lead nanoparticles can be seen in TEM
image. The presence of lead is manifested by a series of signals on the
EDS spectrum. The reduction of the U(VI) signal for the Pb(II) con-
centrations above 7.5 x 107> mol L~! can be explained by the active
surface electrode being blocked by the forming lead film. The TEM
images (Fig. 2B) show the lead film deposition as the concentration
of Pb(II) increases.

According to Paneli et al. cupferron plays the double role of com-
plexing and oxidizing agent, leading to a parallel chemical re-oxidation
of U(IIT) to U(V) and hence to an enhanced signal.‘l7 Therefore, in-
vestigation of the impact of cupferron concentrations on the analyt-
ical signal of U(VI) is an important stage in the optimization of the
procedure. Therefore, the influence of cupferron concentration was
investigated in the range from 0—2 x 10~* mol L~ for the U(VI)
concentrations of 0.5 and 5 nmol L~! (Fig. 2C). The responses in-
crease rapidly with the ligand concentration in the entire examined
range. However, for the cupferron concentrations above 1 x 10~* mol
L~! the U(VI) peaks (for 0.5 nmol L") are distorted. That’s why fur-
ther studies were conducted using the cupferron concentration of 1 x
10~* mol L.

Optimization of lead film plating and U(VI) determination
procedure.—The results obtained during optimization of the potential
and deposition time of lead film are shown in Fig. 3A. The influence of
deposition potential (Eyep., from —1.3 to —0.75 V) and deposition time
(tgep., from O to 180 s) on the peak current height for 0.5 and 5 nmol
L‘F of U(VI) were studied. The results indicate that lead film can be
deposited most effectively on the electrode surface at the potential of
—1.1V, so this value was chosen for further study. Furthermore, the
deposition time of 60 s was selected, even though the peak current
increases with increase of time in the whole studied range. Such a
choice was dictated by distortion of the U(VI) peak at times that were
higher than 60 s, and the fact that the analyses are to be conducted in
field conditions, so the analysis time must be short.

The accumulation conditions strongly influence the sensitivity and
limit of detection of the stripping voltammetry techniques. Therefore,
the influence of accumulation potential (E,, from —1.1 to —0.6 V)
and time (t,., from 0 to 600 s) of U(VI)-cupferron complexes on
the peak current height of 0.5 and 5 nmol L~" U(VI) were studied
(Fig. 3B). As can be seen, the highest peak currents for both studied
concentrations of U(VI) were obtained at the potential in the range
of —0.7-(—0.8) V, so for further study we selected the potential of
—0.75 V for U(VI)-cupferron complexes accumulation. It should be
mentioned that at this value of the potential the further deposition of
lead film is also performed. In the case of accumulation time, the peak
current of U(VI) for both studied concentrations increased almost lin-
early up to the value of 300 s. Further increase of t,.._caused decrease
of voltammetric signals of U(VI). For the subsequent studies the accu-
mulation time of 60 s was chosen, due to fact of future application of
the sensor for the field analyses of U(VI). However, in order to improve
the detection and quantification limits of method the prolongation of
the accumulation time up to 300 s is recommended.

To optimize the conditions of the differential pulse adsorptive strip-
ping voltammetric determination of U(VI), the following instrumental
parameters were varied: pulse amplitude (dE, from 25 to 200 mV) and

Table I. Analytical parameters obtained during differential pulse
adsorptive stripping voltammetric determination of U(VI) at the
SPCE/PbF in buffer solution (CH3;COONH4, CH3COOH and
NH4Cl) of pH = 5.9 £ 0.1.

Parameter

Linear range [nmol LY 0.1-10
Accumulation time [s] 60
Slope (b) + SD [jtA/nmol L™'] 0.97 £ 0.00015

Intercept (a) 4= SD [pLA] 0.029 + 0.0062
Correlation coefficient (r) 0.9988

LOD [nmol L] 0.019

LOQ [nmol L] 0.063

Intra-day precision (RSD) [%] 22

Inter-day precision (RSD) [%] 4.5
Reproducibility (RSD) [%] 54

SD - standard deviation for n = 3; RSD - relative standard deviation
for n = 10 and U(VI) concentration of 0.5 nmol L',

scan rate (v, from 25 to 125 mV s~!) (Fig. 3C). It was found, that
for both studied concentrations of U(VI) (0.5 and 5 nmol L") the
peak current increased with increases of dE up to 150 mV and v up to
100 mV s~ In view of these results, the pulse amplitude of 150 mV
and scan rate of 100 mV s~! were selected for further experiments.

Analytical performance.—Quantitative evaluations were carried
out using DPAdSV technique from the linear relationships between
the peak currents and increasing concentrations of U(VI) under opti-
mized conditions. The obtained voltammograms were background-
subtracted using application included in the GPES software suite
(Fig. 4). The corresponding plot was created from the mean value
of three replicated measurements for each concentration of U(VI) (in-
set of Fig. 4), and it was linear in the range from 0.1 to 10 nmol L~".
The sensitivity of U(VI) determination was evaluated from the slope
of calibration plot and it was 0.97 &= 0.00015 jLA/nmol L~". The limits
of detection (LOD) and quantification (LOQ) were calculated from the
calibration plot according to the [UPAC recommendations: k SD,/b,
where k = 3 for LOD and k = 10 for LOQ, SD, is the standard devia-
tion of the intercept (n = 3), and b is a slope of the calibration plot.**
The estimated LOD and LOQ values for U(VI) on the SPCE/PbF were
0.019 and 0.063 nmol L™, respectively. The parameters obtained with
use of the SPCE/PbF were summarized in Table I. It should be clearly
indicated that for the shortest analysis time the proposed sensor allows
to obtained the lowest limits of detection and quantification compared
to all other sensors.>*~3%4¢ Additionally, for the first time, the proposed
sensor can be applied in portable analyzer, which enables us to perform
field analysis of U(VI) in concentrations that actually occur in envi-
ronmental water samples. Furthermore, the obtained limit of detection
is significantly lower than obtained for another techniques applied for
uranium determination in environmental samples: 2.4 nmol L™! and
1.8 nmol L~! for ICP-OES,'>"* 210 nmol L~! for ICP-MS,'* 2.5 nmol
L~! for spectrophotometry'” and 0.13 nmol L™' for fluorometric de-
termination of uranium."’

In addition, the precision of the proposed DPAdSV technique us-
ing the SPCE/PbF as an intra-day and inter-day precision was tested
by recording ten voltammograms at the concentration of U(VI) of
0.5 nmol L~'. Intra-day precision expressed as within-laboratory
within-day variations was estimated at 3.9%, while the inter-day value
expressed as within-laboratory across-day (5 days) variations was
4.5%. Such repeatability of the signal reflects the efficient cleaning
step (0.2 V for 10 s), i.e. removal of the lead film and U(VI)-cupferron
complexes from the previous measurement and absence of memory
effect.’? The reproducibility of the SPCE/PbF was evaluated by record-
ing differential pulse voltammograms in the same solution containing
0.5 nmol L' U(VI) using three different SPCEs modified with PbF.
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Figure 3. The influence of optimized parameters on the stripping signal of 0.5 (a) and 5 nmol L™ (b) U(VI): (A) the potential (Egep. from —1.3 to —0.75 V, left
figure) and time (tgep., from O to 180 s, right figure) deposition of lead film, (B) the accumulation potential (Eycc., from —1.1 to —0.6 V, left figure) and time (tyc.,
from 0 to 600 s, right figure) of U(VI)-cupferron complexes, (C) pulse amplitude (dE, from 25 to 200 mV, left figure) and scan rate (v, from 25 to 125 mV s~1,
right figure). The obtained, average values of peak current are shown with standard deviation for n = 3. Other conditions as in Electrochemical assays section.
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standard deviation for n = 3. Other conditions as in Electrochemical assays section.

The RSD was calculated as 5.4% (n = 9) confirming the satisfactory
reproducibility of the proposed sensor.

Study of selectivity.—The selectivity of the developed DPAdSV
procedure for the determination of U(VI) with the use of SPCE/PbF
was studied. The major sources of interferences in voltammetric mea-
surements based on adsorption of analyte are surfactants that can block
the electrode surface and other metal ions that form complexes with
the complexing agent for analyte. The effect of several metal ions as
well as surfactants on the U(VI) (5.0 nmol L™!) was studied. The ex-
perimental results are presented in Table II. The tolerance limit was
defined as the concentration of the interferent, which resulted in and
error in excess of +10% in the determination of U(VI). The obtained
results suggested that: *) no significant changes in reduction peak of
U(VI)-cupferron complex were observed with the concentrations of
the tested metal ions, which can be found in environmental water sam-
ples, **) surfactant have a significant impact on the analytical signals,
therefore their impact must be minimized. Because the sensor is to be
used for work outside the laboratory, application of Amberlite XAD-7

Table II. Maximum tolerance concentration of interfering species
with 5.0 nmol L~ U(VI) under optimum conditions.

Meal ions Tolerance concentration [nmol L]
Zn(II), Co(IT) 50000
Cu(Il) 10000
Cd(II), Mn(II), Fe(I1I) 5000
AT 1000
V(V), Mo(VI), Ni(II) 100
Tolerance concentration [ppm]

without Amberlite Amberlite
Surfactants resin XAD-T* XAD-16*
CTAB 0.01 20 20
Triton X-100 0.01 1 20
SDS 0.1 1 3

“the sample shacking with 0.5 g of resin for 30 s.

and Amberlite XAD-16 resins was proposed. In the first step of ex-
periments, the predicted adsorption of U(VI)-cupferron complexes on
the resins surface was confirmed by decreasing voltammetric signal
of U(VI) from measurement to measurement. Therefore, the mea-
surements were performed in two-steps. In the first step, the 10 mL
of appropriate concentration of standard solution of surfactant and/or
U(VI) was shaken for 30 s with 0.5 g of resin (the mass and time of
shaking were taken from previous work).*’ In the second step, the ap-
propriate volume of the solution was transferred to the voltammetric
cell and measurements were performed according procedure described
in Electrochemical assays section. On the basis of the obtained results
(see Table II) it can be concluded that this simple method forms a
very effective way for minimalizing influence of an organic matrix of
water samples on the analytical signal. The studies also demonstrated
that the use of Amberlite XAD-16 resin allows to determine U(VI) in
the presence of higher concentrations of surfactants in comparison to
Amberlite XAD-7 resin, so the Amberlite XAD-16 resin was selected
for further studies.

Analytical application.—The applicability of the developed pro-
cedure utilizing an integrated three-electrode screen-printed sensor
with in situ plated lead film carbon working electrode was tested by
means of certified reference material (SRM 1640a, natural water) and
Bystrzyca river water samples. It was found that U(VI) was not de-
tectable in the river water samples, thus the samples were spiked with
appropriated concentrations of standard solution of uranium. In both
cases 10 mL of the samples were shaken with 0.5 g of Amberlite XAD-
16 resin for 30 s before analysis and then the the appropriate volume of
the sample was transferred to the voltammetric cell and quantifications
were performed using the standard additional method. Additionally,
in order to confirm the correctness of the procedure of minimizing
interference, analysis of samples of certified reference material after
UV mineralization was also performed. Examples of voltammograms
registered during determination of U(VI) in analyzed river water sam-
ples are shown in Fig. 5. As can be seen in Table I1I the relative error
between result obtained by the proposed method and certified value is
equal to 0, which proves the high degree of accuracy of the method. It
was also confirmed by the t-Student test. The calculated t value (teyp .
0) does not exceed the critical value t.;, (4.303, level of significance of
0.05, number of degrees of freedom (f) of 2, f = n— 1), and therefore
it must be concluded that the measured value is not different from the
certified value in a statistically significant manner. Furthermore, there
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Table III. Analytical application of DPAdSV technique with the use of SPCE/PbF for the U(VI) determination.

Certified reference Measured value + SD Measured value + SD Certified value + SD Relative
material (n=3) [umol L™1]* (n=3) [umol L~'1° [wmol L—1] error [%]° texp:
SRM 1640a 0.11 & 0.0066 0.10 £ 0.0092 0.11 +0.0011 0 04; 1.53¢
Sample Added [nmol L] Found [nmol L™ Recovery + RSD (n = 3) [%]
Bystrzyca 0 - -
river 5.0 5.02 1004 +44
20.0 19.7 985+ 1.8

4the sample shacking with 0.5 g of Amberlite XAD-16 resin for 30 s.
YUV- mineralization of the sample for 3 hours.

Crelative error [%] = (certified value — measured value®)/certified value x 100%.

dcompare the certified and measured® values.

¢compare two sets of measured values™P.

are no significant differences between two sets of measured values
(first set — the sample shaken with 0.5 g of Amberlite XAD-16 resin
for 30 s, second set — UV- mineralization of the sample for 3 hours) for
the level of significance of 0.05. The calculated t value (t.y, ) is 1.53,
which is below the critical value equal to 2.776 (number of degrees
of freedom (f) of 4, f = n;+ n, — 2).>” Moreover, the recovery values
employing the proposed procedure are 98.5 and 100.4 % with the rel-
ative standard deviations (RSDs) of 1.8 and 4.4% for the determined
U(VI) in Bystrzyca river samples. These results further demonstrate
the satisfactory degree of accuracy of the proposed method, as well as
its precision.

Conclusions

In the present article, a new type of electrochemical sensor — the in-
tegrated three-electrode screen-printed sensor with in situ plated lead
film carbon working electrode (SPCE/PbF) — was applied for the first
time for the determination of U(VI) by means of differential pulse
adsorptive stripping voltammetry (DPAdSV). Furthermore, for the
first time, a new supporting electrolyte composition (CH;COONH,,
CH;COOH and NH4Cl of pH = 5.9 £ 0.1) has been proposed in order
to improve electrochemical response of SPCE/PbF toward U(VI) de-
termination. It was shown that under optimized conditions itis possible
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Figure 5. DPAdSV voltammograms recorded at the SPCE/PbF in the course
of U(VI) determination in Bystrzyca river water sample: a) 1000 L of sample,
b) as (a) + 0.5 nmol L=', ¢) as (a) + 1 nmol L™', d) as (a) + 1.5 nmol L™
of U(VI). The sample was shaken with 0.5 g of Amberlite XAD-16 resin for
30 s. Other conditions as in Electrochemical assays section.

to determine ultratrace concentrations of U(VI) with a low detection
limit of 0.019 nmol L~! for the accumulation time of U(VI)-cupferron
complexes of 60 s. Negligible influence of metal ions as well as surfac-
tants after application of simple method of sample preparation (shak-
ing the sample within 30 s with 0.5 g of resin) were observed. By
analyzing the certified reference material and Bystrzyca river water
samples, the usefulness of the SPCE/PbF in environmental analysis
of water samples was demonstrated. To the best our knowledge, for
the first time ever, the proposed sensor can be applied in portable an-
alyzer, thus enabling the performance of field analyses of U(VI) in
concentrations that actually occur in environmental water samples.
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A screen-printed sensor with carbon working electrode in situ modified with lead film (PbF/SPCE) was proposed
for the adsorptive stripping voltammetric determination of Mo(VI) in natural water samples. For this purpose,
Alizarin Red S was applied as a complexing agent. Application of the PbF/SPCE allows to obtain low limit of
molybdenum detection (2.1 X 107 '®mol L™') and wide linear range of calibration graph (from 1 x 10~ to
5x 10 ®molL™") for accumulation time of 60s. Additionally, the developed method was employed to
quantify Mo(VI) concentration in two certified reference materials. It was made possible due to introduction of

fast and simple sample preparation step for minimizing negative impact of surfactants through shaking water
sample (10 mL) with 0.5025 g of Amberlite XAD-16 resin for 30 s. The proposed method with the use of screen-
printed sensor is suitable for field analysis.

1. Introduction

Naturally molybdenum does not occur in environment in the me-
tallic form. Predominantly it exists in the Mo(IV) and Mo(VI) species
[1]. The concentration of molybdenum in the urban air is about
0.01-0.03 ug ™' in nonurban areas it varies between 0.001 and
0.0032 pg L™ ! and it is not considered as a pathway of molybdenum
exposure for humans [2]. Molybdenum compounds may get into the
human body through the alimentary pathway. Natural waters con-
tamination with molybdenum is diverse and depends on the water type:
in the oceans the concentration of molybdenum is estimated at
0.01 pg L™, in drinking water it ranges from 0.11 to 6.21 pug L™ ! and in
mineral water it is approximately between 2.3 and 3.3 pugL™! [3]. In
some places the concentration of Mo can increase (mining areas), for
example in Colorado the content of Mo has increased to 400 pgL™! (a
dose of 150-500 pg day ~! is considered safe for adults) [4]. Food can
be also significant source of molybdenum, as found e.g. in organ meats,
legumes or grains [5]. This element is necessary to maintain good body
condition but intake of its large doses can be detrimental [6]. Referring
to literature data, in some areas of Armenia the soil contamination of
Mo was higher compared to other regions (daily intake of Mo in this
area was about 10-times higher). The survey of inhabitants reveals the
occurrence of symptoms similar to gout (arthralgia in the knee joints,
hands, and feet) [3]. Consequently, it is important to control the mo-
lybdenum pollution level in environmental samples (water, soil).

* Corresponding author.
E-mail address: ktyszczuk@poczta.umes.lublin.pl (K. Tyszczuk-Rotko).
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Molybdenum quantification can be performed using different ana-
lytical methods [7]. The most widespread and most often applied ones
are spectrophotometry [8-10], electrothermal atomic absorption spec-
trometry (ETAAS) coupled with dispersive liquid-liquid extraction
(DLLME) [11,12], inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) [13,14], inductively coupled plasma mass spectro-
metry (ICP-MS) [14,15] and ion chromatography [16]. Stripping vol-
tammetry forms a good alternative for the aforesaid methods due to its
low cost, simplicity and great possibilities of conducting determinations
of metal ions.

A lot of literature data concerning voltammetric determination of
Mo(VI) applies to hanging mercury drop electrode [17-24]. In the last
decades this type of electrode was one of the most frequently used ones,
due to high reproducibility, and it was also considered extremely at-
tractive due to its wide scope of application [25]. In order to reduce
work with toxic and simultaneously volatile mercury compounds, dif-
ferent types of sensors for Mo(VI) were developed: bismuth film elec-
trode (BiFE) [26], lead film electrode (PbFE) [27], acetylene black
paste electrode (ABPE) [28], multi-walled carbon nanotubes modified
carbon paste electrode (MWCNT/CPE) [29] or PVC based sensors [30].
The screen-printing technology was first employed for electrochemical
sensors construction in the 1990s [31]. It gives possibility to create
environment-friendly, disposable and miniaturized sensors for trace
analysis. Additionally, this type of sensors is miniaturized and suitable
for portable analyzers for field analysis [32]. It brings many benefits,
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e.g. the possibility to perform preliminary measurements at the place of
sampling (eliminating sample transport and storing) and fast detection
of water contamination [33]. Literature data reports one work on Mo
(VD) determination with use of screen-printed sensor modified with
cupferron-tetraphenylborate ion-pair drop coated (Cup-SPCE) [34].
This work presents novel voltammetric method for molybdenum(VI)
determination at very low concentration levels with the use of simple
prepared screen-printed sensor, modified with lead film.

2. Experimental
2.1. Apparatus

A pAutolab analyzer (Eco Chemie, Netherlands) was used to con-
duct all voltammetric experiments. The analyzer and computer were
connected with USB electrochemical interface. The three-electrode
electrode system used for voltammetric measurements was a commer-
cially available screen-printed electrode consisting of a carbon elec-
trode (4 mm diameter) as a working electrode, a platinum auxiliary
electrode and a silver reference electrode (DropSens). The working
electrode surface was modified in situ with lead during each measure-
ment. The sensor was immersed in the supporting electrolyte placed in
a quartz cell (volume 10 mL). The surface of unmodified sensors and
those modified with lead was imaged with the use of high resolution
scanning transmission electron microscope (Tecnai G2 T20 X-TWIN
(FEI)) equipped with an energy dispersive X-ray spectrometer (EDS).

2.2, Reagents

The supporting electrolyte was prepared from solution of
CH;COONH, (Sigma-Aldrich) and HCl (30%, Suprapur) with con-
centration of 1 mol L™ CH;COONH, and 0.615 mol L™ ! HCl to obtain
a buffer solution of pH 4.2 = 0.1 (after reaction between substrates
the solution contained 0.385mol L™! CH3;COONH,, 0.615mol L™}
CH,COOH and 0.615 mol L™ NH,CD. Working solutions of Mo(VI)
(consisting of NazMoQ,4-2H,0) were prepared from the stock standard
solution (1 g L_], Merck) in deionized water. 0.1 mol L ™! solution of
Pb(NO3), was prepared by dissolving appropriate amount of reagent
(Sigma-Aldrich) in water. Alizarin Red S (Sigma-Aldrich) used as a
complexing agent of concentration 1 x 10~ 2 mol L ™! was prepared by
dissolving its appropriate amount in deionized water and from this
solution, the working solution with concentration of 1 x 10~ *mol L™*
was prepared by dilution every day. The influence of foreign ions was
examined for the following metal ions: Zn(II), Co(II), Cu(II), Ni(II), Fe
(II1), Ma(ID), CA(ID, V(V), Al(IID), Cr(VI), Sn(IV), W(VI) and Mg(II).
Their working solutions were prepared from the stock standard solu-
tions (1 g L™, Merck). Surfactants used to test the influence of organic
substances on Mo(VI) peak were: Triton X-100, sodium dodecyl sul-
phate (SDS) and cetyltrimethylamonnium bromide (CTAB), all pur-
chased from Fluka. Ultra-purified water (>>18 MQ cm) used for solu-
tions preparing was supplied by a Milli-Q system (Millipore, UK). The
Amberlite XAD-16 (Sigma) resin used for preliminary preparation of
water samples before voltammetric analysis, was prepared by rinsing it
four times and drying at 50 °C. The following certified reference ma-
terials were applied for the quantification of Mo(VI): SPS-SW2 (surface
water, Spectrapure Standards As, Norway) and SRM 1640a (natural
water, National Institute of Standards and Technology, USA).

2.3. Electrochemical measurements

Base solution used for Mo(VI) determination contained: buffer so-
lution (0.0385 mol

L~ ! CH;COONH,, 0.0615 mol L~! CH;COOH and 0.0615 mol L ™!
NH4Cl) of pH=42 % 01 as a supporting electrolyte,
2 x 10”3 mol L™ Pb(NO3), added to modify the WE surface with lead
film, 2 X 10 ™7 mol L ™! of Alizarin Red S used for Mo(VI) complexing.
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Before each measurement the potential of 0.5V for 30 s was applied in
order to clean of working electrode surface (Pb - 2e — Pb2*). After
that, modification of the working electrode was performed using in situ
method at the potential of —0.9V for 45s (Pb2* + 2e — Pb).
Subsequently, at potential of —0.6 V applied for 60 s the complexes Mo
(VI)-Alizarin Red S were accumulated on the WE surface and analytical
signal of molybdenum was received as a result of complexes reduction
during potential sweep from —0.65 to —1.1 V using differential pulse
voltammetry technique. Other parameters of the applied technique
were amplitude of 25 mV, scan rate of 50 mV s~ and step potential of
0.3 V. The signal of Mo(VI) was measured after subtracting the back-
ground. The analyses of real water samples were performed at room
temperature, using standard addition method in order to minimize the
effect of the sample matrix.

3. Results and discussion
3.1. Selection of the electrode

To maximally simplify the whole method of molybdenum(VI)
quantification, cheap and miniaturized screen-printed electrodes were
purchased. This approach eliminates the often complicated electrode
preparation processes and allows to apply reproducible sensors in
portable analyzers for field analysis. Literature data [27] proves that
lead is a suitable metal modifier of the carbon electrode dedicated for
voltammetric determination of molybdenum(VI). Therefore, each type
of screen-printed carbon sensors surfaces used in examination was in
situ modified with lead. 6 x 10”7 mol L™' of Alizarin Red § and
3.75 x 10 *mol L™! Pb(NO3). were added to the buffer solution
(0.053mol L' CH3COONH,;, 0.047molL~!' CH;COOH and
0.047 mol L.~ ' NH,4CI) with of pH = 4.6 + 0.1. Voltammograms were
recorded for 5 x 107 mol L™ ! of Mo(VI). The best electrode for Mo
(VI) determination was selected from the following types of screen-
printed electrodes: carbon electrode modified with nanotubes and lead
(with carbon auxiliary electrode and silver reference electrode); carbon
electrode modified with nanofibers and lead (with carbon auxiliary
electrode and silver reference electrode); carbon electrode modified
with graphene and lead (with carbon auxiliary electrode and silver
reference electrode); carbon electrode modified with lead (with pla-
tinum auxiliary electrode and silver reference electrode); carbon elec-
trode modified with lead (with carbon auxiliary electrode and silver
reference electrode) and thick-film lead electrode with carbon auxiliary
electrode and silver reference electrode. Diameter of each working
electrodes was 4 mm. Signals of Mo(VI) obtained with the use of pro-
posed electrodes are shown in Fig. 1. The highest and best-shaped peak
was observed using screen-printed carbon electrode modified in situ
with lead and also consisting of platinum auxiliary electrode and silver
reference electrode. To prove that modification of the WE with lead film
has significant influence on sensitivity of the method, voltammograms
for 5 x 10 ¥ mol L1 of Mo(VI) were recorded for both unmodified
screed printed carbon electrodes and lead-modified ones (Fig. 2).

3.2. Optimization of the type, pH and concentration of the supporting
electrolyte

Based on the developed method the most favorable value of pH of
the supporting electrolyte for Mo(VI) determination is 4.6 [27]. So the
following types of supporting electrolytes (pH = 4.6 = 0.1) were
checked: (1) 0.1 mol L™ acetic buffer (CH;COONa + CH;COOH), (2)
buffer solution (0.053 mol L~ CH;COONH,, 0.047 mol L~ ! CH;COOH
and 0.047 molL™' NH,Cl) and (3) buffer solution (0.052mol L™
CH5COONHj, 0.048 mol L.~ CH;COOH and 0.047 mol ™! NH,NO3).
To the solution of the one of proposed type of electrolyte,
3.75 % 10" *mol L™ " Pb(NO3),, 6 x 10~ " mol L™ " Alizarin Red S and
two doses of Mo(VI): 1 x 10 ®and 5 % 10 ®mol L™}, were added. In
case of acetic buffer, any peaks on voltammograms were observed. For
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Fig. 1. Voltammograms obtained for 5 x 10”7 mol L ! of Mo(VI) with the use
of different screen-printed carbon sensors modified with: a) nanotubes and lead,
b) nanofibers and lead, c) graphene and lead or only with lead film (d and e).
Auxiliary electrode was carbon (a, b, ¢ and e) or platinum (d) and the reference
electrode was silver.
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Fig. 2. Differential pulse voltammograms obtained for 5 x 10~7 mol L' Mo
(VI) with the use of screen-printed carbon electrodes that were a) unmodified
and b) modified with lead film (Cppgp = 2 X 10 >mol L™1).

the solution of CH;COONH,, CH;COOH and NH4NO3;, molybdenum
signal was visible only for higher concentration and when the mixture
of CH3COONH, and HCl was used, well-shaped signals were obtained
for both concentrations of Mo(VI). Therefore, for the subsequent part of
our experiment, the influence of supporting electrolyte pH based on
mixture of CH3COONH,, CH3COOH and NH,4CI was checked.

The influence of buffer solution pH containing 0.1 molL™'
CH3COONH, and appropriate amount of HCl to achieve pH of:
3.8 £ 0.1, 42 = 0.1, 46 = 0.1, 5.1 = 0.1 and also solution of
0.1 mol L™ HCI (pH = 1) and 0.1 mol L™ CH3COONH, (pH ~ 7) on
peak current of 1 x 107% and 5 x 10 ¥ molL™! of Mo(VI) were
tested. 6 X 10~7 mol L ™! of Alizarin Red S was also added to the base
solutions. Obtained results are shown in Fig. 3A. Based on the results,
pH = 4.2 = 0.1 was selected (due to its best intensity of signals for
both concentrations) for the subsequent step of method optimization.
Then, the proper concentration of supporting electrolyte was selected.
The CH;COONH, concentration was varied from 0.01 (with addition of
0.00615 mol L™" HCI) to 0.2 mol L™ (with addition of 0.123 mol L ™"
HCI) and measurements were performed for Mo(VI) concentrations of
1 x 10 %and 5 x 10 ®mol L™'. The highest peak currents were ob-
tained for the solution containing 0.1 mol L~ ! of CH;COONH, with the
addition of 0.0615 mol L ™! HCI (Fig. 3B).
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Fig. 3. The influence of A) pH and B) concentration of supporting electrolyte on
Mo(VI) peak current obtained for the following concentrations of Mo(VI): a)
1x10 %andb)5 x 107

mol L™

3.3. Selection of appropriate complexing agent and its concentration

In the next part of experiment, the different types of complexing
agents were tested to find the one suitable for Mo(VI) determination.
Three substances were used: Alizarin Red S, cupferron and chloranilic
acid in concentrations equal to 6 x 10”7 mol L™ !. Measurements were
performed for 1 x 10 %and 5 x 10~® mol L™! Mo(VI). Results proved
that Alizarin Red S is the most appropriate complexing agent for Mo(VI)
determination because only in the presence of this substance, the ana-
lytical signal of molybdenum was visible and measurable. So afterwards
its concentration was optimized. The tested range of Alizarin Red S
concentrations was from 2 X 107% to 8 x 107’ molL™" and mea-
surements were carried out also without the complexing agent.
Voltammograms were recorded for 1 x 10 8and 5 x 10~ 8 mol L ™! of
Mo(VD). 2 x 1077 molL™! was selected as the optimal value of
Alizarin Red S concentration due to the highest peak currents obtained
for both concentration levels of Mo(VI).

3.4. Optimization of Pb(II) concentration and characteristics of electrodes
surface

Modification of the working electrode surface may lead to the
transformation of the electrode surface and allow to determine lower
concentration of the analyte. In this work lead was applied as a great
metal-modifier of the carbon electrode surface for Mo(VI) determina-
tion, which causes lowering the detection limit. Lead film was in situ
deposited during each measurement at potential —1.45V for 30s. At
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Fig. 4. The dependence of Pb(II) concentration on analytical signals of a)
1% 10 ®*molL™" and b) 5 x 107 ® mol L™" Mo(VI).

this potential ionic form of lead was reducing to metallic form. Optimal
concentration of Pb(NOs),, as a source of lead(Il) ions in the solution,
was experimentally selected. The influence of Pb(II) concentration on
Mo(VI) peak was checked in the range from 1 x 10 °molL™" to
3 x 10 *molL™'. The peak current obtained for 1 x 10™% and
5 % 10 ®*mol L™ ! Mo(VI) was found to be maximum when the lead
film was created from solution containing 2 x 10~ *mol L™ ! of Pb(II)
(Fig. 4). When the concentration of Pb(II) was higher, metallic lead
fragments were detached from the surface during the deposition step.

The surface images of unmodified carbon working electrodes and
those modified with lead film were acquired with the use of high re-
solution transmission electron microscope (S/TEM) and the presence of
Pb on modified electrodes were confirmed by energy-dispersive X-ray
spectroscopy (EDS). The images of unmodified electrodes and those
modified with various amount of Pb (different concentrations of Pb(II)
added to the electrolyte solution) are presented in Fig. 5.

Electrochemical characteristics of unmodified carbon working
electrodes and those modified with lead were tested in a solution of
0.1mol L™ KCl and 5 x 10~ ® mol L ™" K5[Fe(CN)s]. At the beginning
a potential —0.95 V was applied for 45 s (the stage of lead deposition)
and voltammograms were recorded in the range from —0.5 to 0.8V
(step potential 0.5 V). Cyclic voltammograms were recorded, at dif-
ferent scan rates ranging from 5 to 400 mV s~ ', for unmodified screen-
printed carbon electrode (Fig. 6A) and the one modified with lead
(Fig. 6B) and the dependence of anodic peak current (I,,) and square
root of the scan rates (v'/%) were determined. Based on the Randles-
Sevcik equation [35], the active surface areas of the working electrode
surfaces were calculated. For the bare SPCE the active surface area
equals to 0.06178 = 0.0003 cm? (n = 3), while the area of PbF/SPCE
was calculated to be 0.06225 + 0.0001 cm? (n = 3) so no significant
differences between examined electrodes were recorded.

For different scan rates well-defined anodic and cathodic peaks were
noted. The separation of both peaks for unmodified SPCE for the se-
lected scan rate (50 mV s~ ') was estimated to be 166.05 + 0.03 mV
(n = 3), while for PbF/SPCE this value was 122.05 *= 0.10 mV
(n = 3). These results prove the improvement of reversibility of the
redox reaction on the PbF/SPCE relative to bare SPCE. Subsequently,
the rate of the electrons transport was evaluated, based on relative peak
separations (%°). It was calculated for the reaction of [Fe(CN)s]** for
equation: ¥° = (Eg, - Eca) / 0.058, where E,, - potential of anodic peak
and E.q - potential of cathodic peak (mV) [36]. Theoretical value of
mentioned reaction equals 1. For the PbF/SPCE calculated value of
relative peak separation was 2.104 + 0.095 (n = 3) and it proves to
be closer to the theoretical value than this obtained on bare SPCE
(2.829 + 0.035, n = 3). Therefore it can be concluded that
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modification of the electrode causes an acceleration of electron transfer
kinetics.

3.5. Electrochemical cleaning of WE surface

The first step of parameters optimization for the technique was the
verification if the electrochemical cleaning of WE surface is necessary. For
this purpose the voltammograms were recorded for concentrations of Mo
(VI)of 1 x 10 %and 5 x 10~ ® mol L™ ! without the cleaning step. In this
case, peak current was constantly increasing along with subsequent
measurements, thus proving that electrochemical cleaning has to be con-
ducted before each measurement. In the next step four modes of cleaning
were proposed: (1) —1.45V for 10s and 0.5V for 10s, (2) —0.9V for
10sand 0.5V for 10s, (3) 0.5V for 10 s and (4) 0.5V for 30 s. Based on
10 performed measurements, relative standard deviations (RSD) were
calculated. The lowest values of RSD were obtained when the potential of
0.5 V was applied for 30 s and they equal 2.93% and 3.19% for 1 x 102
and 5 x 10"®mol L™! of Mo(VI), respectively. These values of RSD are
low enough for quantification process, so the potential of 0.5 V and time
30 s was selected as optimal for this method.

3.6. Optimization of potential and time of lead film depositing and Mo(VI)-
Alizarin Red S complexes accumulation on Mo(VI) peak current

The second stage of Mo(VI) determination was the deposition of lead
film on the WE surface. So potential and time of the modification process
were optimized. Lead film was deposited at potentials ranging from —0.6
to —1.5V for 30 s and voltammograms recorded for Mo(VI) concentra-
tionsof 1 x 10 ®and 5 x 10~ % mol L', The highest peak registered for
Mo(VI)-Alizarin Red S reduction complexes was reached at —0.9 V. This
potential was recognized as the best for electrochemical modification of
the electrode. The time of Pb deposition varied from 0 to 120 s. The peak
high of molybdenum was increasing with the elongation of Pb deposition
process. For the time equal to or longer than 60 s the amount of metallic
lead was so large that it caused its separation from the WE surface and in
consequence lack of repeatability of measurements. 45 s of Pb deposition
was considered as the best for film formation.

Before recording of voltammograms Mo(VI)-Alizarin Red S complexes
were accumulated onto working electrode surface. To choose the most
suitable potential, the range from —0.9 to —0.6 V was tested. From the
potential value of —0.9 to —0.6 V the molybdenum peak was increasing
and for potential —0.5V it significantly decreased. This effect might be
caused by lead film oxidation and its stripping from the surface. For the
selected potential of —0.6V, the time of complexes accumulation was
tested in the range from O to 300s. The intensity of Mo(VI) peak was
increased from O to 180 s and then for time of 240 and 300 s a drop in its
height was observed. In order to shorten the whole analysis, the time of
60 s was selected. In Fig. 7. the dependence of potential and time of
complexes accumulation on the analytical signal of Mo(VI) are shown.

3.7. Optimization of amplitude, scan rate and step potential

Voltammetric technique parameters such as amplitude, scan rate
and step potential were optimized for solution containing
0.385molL.”! CHCOONH,, 0.615moll~! CH,COOH and
0.615mol L™' NH,Cl (pH = 4.2 *+ 0.1),2 x 10~ *mol L™! Pb(NO3),,
2 % 1077 molL™" Alizarin Red S and 2 X 1077 molL™" Mo(VI).
Electrochemical cleaning of WE surface was performed at 0.5 V for 30 s,
deposition of lead film at — 0.9V for 45s and accumulation of com-
plexes Mo(VI) with Alizarin Red S at potential of —0.6 V for 60s.
Differential pulse voltammograms were recorded from —0.65 to
—1.1 V. The selection of amplitude was performed in the range from 10
to 125 mV. The best shaped and the highest signal of Mo(VI) was re-
corded for the amplitude of 25 mV. Scan rate was modified in the range
from 20 to 125 mV s~ 1. Based on the obtained results the 50 mV s~
was selected due to its highest analytical signal of Mo(VI). During the
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Fig. 5. The images of the working electrode surfaces of unmodified carbon electrode (A) and one modified with lead for Pb(II) concentrations of: 2 X 10~ SmolL™!
(B),2 % 10 *mol L™ (C) and 2 x 102 mol L™ (D) and EDS spectra obtained for electrode modified with lead from the solution of 2 x 10~2 mol L™ ! Pb(II) (E).

change of step potential there was not significant changes of peak high,
but in comparison to signals obtained for the other values of step po-
tential, 0.3V was recognized as the optimal value for Mo(VI) de-
termination (slightly higher and well-shaped peak).

3.8. Calibration graph

To know the working concentration ranges of the proposed method
for molybdenum(VI) quantification, in optimized conditions, the mea-
surements for calibration graph were performed with the use of screen-
printed electrode with carbon working electrode modified in situ with
lead. Mo(VI) was added to the base solution starting with the

concentration of 1 x 107 '% to 1 x 1077 mol L™, but linear increase
of molybdenum peak started from 1 x 107° to 5 x 10" ®mol L™!
(time of accumulation: 60 s). Fig. 8. shows differential pulse voltam-
mograms obtained in linear range and the determined calibration
curve. The equation of the signed curve is y = (0.012 = 0.0003) x
+ (0.017 = 0.0007), where y is the mean peak current (uA) and x is a
Mo(VI) concentration (nmol L™ 1). Correlation coefficient (r) calculated
for the curve equals 0.9995, which proves its perfect linearity. The
detection limit (LOD) and quantification limit (LOQ) were deduced
from the slope of the calibration curve. The limit of detection and
quantification were calculated as 3 and 10-times of the SD (n = 3)
for the blank divided by the calibration curve slope
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Fig. 6. Cyclic voltammograms obtained in solution containing 5 X 10> mol L~ ! K3[Fe(CN)] and 0.1 mol L™ ! KCl with the use of: A) unmodified screen-printed
carbon electrode and B) one modified with lead, for the scan rate range from 5 to 400 mV s7! (a-q); C) dependence between anodic peak current and scan rates
square roots (in the range of square root from 5 to 400 mV s ') and D) cyclic voltammograms obtained for: a) unmodified screen-printed carbon electrode, and b)

one modified with lead, for scan rate of 50 mV s~ .

(LOD = 3SD/a; LOQ = 10SD/a) and they equal 2.1 x 107 '° and
7.1 x 107 mol L™, respectively. In literature data lead film elec-
trode has been already used for the determination of Mo(VI) [27].
However, the LOD of that method is higher than LOD obtained in this
work (LODs: 9.0 x 107" ys. 2.1 x 10" mol L™'). In addition,
screen-printed electrodes are appropriate for using in portable analy-
zers. Screen-printed sensor for the determination of Mo(VI) was also
applied in the reference [34]. There, LOD is 2.5ngmL (~
2.6 x 10 ®mol L™1), so two order of magnitude higher than in this
work (2.1 x 107" mol L™"). Additionally, the electrode preparation
process in reference [34] is much more complicated. So, the developed
method of Mo(VI) determination with the use of PbF/SPCE is a new,
simple and sensitive alternative which enables performing measure-
ments in and outside the laboratory.

3.9. Interferences (foreign metal ions and surfactants)

The aim of the proposed method is its application for quantification
of Mo(VI) in natural water. Therefore, the influence of substances
present in this type of samples was tested, namely of foreign metal ions
and surfactants. The influence of foreign metal ions present in natural
water samples on molybdenum peak was checked based on the addition
of following metal ions: Zn(II), Co(1I), Cu(Il), Ni(II), Fe(III), Mn(II), Cd
(1D, V(V), AI(IID), Cr(VI), Sn(IV), W(VI) and Mg(Il). To the solution
containing 0.0385 mol L~! CH3COONH,, 0.0615 mol L~! CH3COOH
and 0.0615mol L™ ! NH4Cl (pH = 4.2 + 0.1), 2 x 10" *mol L' Pb
(NO3),, 2 X 1077 mol L™ ! Alizarin Red S and 5 x 10~ mol L™! Mo
(VI) further portions of foreign metal ions were added in the range from
0.1 to 1000-fold excess. During measurements peak current of Mo(VI)
was observed and in the case of «10% increase/decrease of peak

height, any negative influence was considered. Table 1 shows the tol-
erable excess of foreign metal ions relative to molybdenum con-
centration.

All of tested ions have no significant influence on analytical signal
of Mo(VI). Based on data of certified reference materials of natural
water samples (SPS-SW2 and SRM 1640a) the ratio of each ions con-
centration in every case is lower than tolerable value for proposed
method. Therefore no procedure for minimizing or eliminating the in-
fluence of foreign metal ions has to be applied and quantification of Mo
(VI) can be performed without further steps.

Based on each type of surface active substances: cationic (CTAB),
anionic (SDS) and non-ionic (Triton X-100) the effect of surfactants on
Mo(VI) peaks was tested. Measurements were performed analogously as
in the tests discussed above. Each surfactant was added to the solution
in concentrations ranging from 0.2 to 50 mg L™ '. Any significant in-
fluence was observed in the presence of SDS in the sample. It was not
until its concentration reached 10 mg L™ that SDS caused decrease of
Mo(VI) signal to 89.6% of its original value. Clearly more significant
impact on Mo(VI) signal was noted in the presence of Triton X-100 and
CTAB. Already at 1 mg L.~ ! Triton X-100 and at 0.5 mg L.~ ! of CTAB the
analytical signal was suppressed to 75.7% and 80.3%, respectively.
Because of the significant negative effect of surfactants on voltammetric
signals in natural water samples, the preparatory procedure for elim-
inating or minimizing the impact of surfactants was deemed necessary.

3.10. Minimizing of the negative effect of surfactants (mass of resin and
time of mixing optimization)

In order to minimize the negative influence of surfactants occurring
in natural water samples we applied the adsorptive resin Amberlite
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Fig. 7. The influence of: A) potential and B) time of Mo(VI)-Alizarin Red S
complexes accumulation on analytical signal of: 1 x 107% (A(a)),
5% 10" ®mol L™' (A(b)) and 2 x 10~ ® mol L™ ! (B). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. Differential pulse voltammograms obtained for linear range of the ca-
libration curve for concentrations of Mo(VI) ranging from 1 x 107° to
5 x 10 ®*mol L™' (a-h) and the calibration graph for Mo(VI) determination.

XAD-16. This method was proposed for organic matrix removal in
voltammetric method for U(VI) [37] and Bi(III) and Cd(II) determina-
tion [38]. At the beginning, the adsorption of complexes Mo(VI)-Ali-
zarin Red S on the resin surface was tested. Voltammograms for the
solution of acetic buffer solution (pH = 4.2 = 0.1),2 x 10 >mol L™}
of Pb(NO3),, 2 X107 7molL™! of Alizarin Red S and
2 x 10" ®mol L™! of Mo(VI) were recorded. Next, 0.5 g of Amberlite

Journal of Electroanalytical Chemistry 847 (2019) 113228

Table 1
Tolerable excess of foreign metal ions in determination of Mo(VI) at
concentration level of 5 X 107 mol L™ '.

Metal ion Tolerable excess”
Zn(I1), Mn(II), AI(III), Mg(IT) 1000

Co(1I), Cu(II), Fe(III) 100

Sn(IV) 20

Ni(II), Cd(I), V(V) 10

Cr(VI), W(VI) 2

# caused change of Mo(VI) peak current «10%.
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Fig. 9. Differential pulse voltammograms registered during analysis of certified
reference materials SRM 1640a (A) and SPS SW-2 (B): a) 100 pL of the sample;
b) as (@) +1 x 10 ®molL ! ¢) as (a) +2 x 10 ®molL"! d) as (a)
+ 3 x 10~ ®*mol L™! Mo(VI).

XAD-16 was added to the voltammetric cell and after 30 s of mixing the
content thereof with resin, voltammograms were recorded. The mo-
lybdenum peak became invisible. This indicates that complexes of Mo
(VD) with Alizarin Red S were adsorbed on the resin. Therefore, mixing
of the sample with the resin has to be performed in a separate vessel.

Subsequently we checked the effectiveness of surfactants removal
with the use of 0.5 g of Amberlite XAD-16 for time of mixing/shaking of
30 s. The range of the surfactants (SDS, CTAB and Triton X-100) con-
centrations was from 0.2 to 50 mg L™, In all cases, 0.5 g of the resin
and 30 s of mixing it with solution was sufficient for eliminating the
signal attenuation effect in the studied range. It was concluded that
used mass of resin can be reduced and in the subsequent step of ex-
amination, the mass of resin was selected.

Optimization of the resin mass was performed in the range from
0.01 to 0.5g At the beginning the analytical signal of
2x 10" ®mol L™! Mo(VI) was registered. Subsequently different
amounts of the resin (0.01, 0.025, 0.05, 0.1, 0.25, 0.5 g or 0.75 g) were
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Table 2

Results obtained during quantification of Mo(VI) in certified reference materials.

Journal of Electroanalytical Chemistry 847 (2019) 113228

Certified reference material

Determined concentration of Mo(VI) + SD (n = 3) [umol L™ ']

Certified concentration * SD Relative error [%]

[umol L™1]
SRM 1640a 0.45 + 0.014 0.47 + 0.006 4.3
SPS SW-2 0.54 + 0.025 0.52 + 0.003 3.8

added to the solution containing 1 x 10" °mol L' of Mo(VI) and the
surfactants mixture (2mgL~! SDS, 2mgL~! CTAB and 2mgL™’
Triton X-100) and placed in a separate vessel, and the solution was
shaken for 30s. After this time, 20 pL of the resulting solution was
added to the voltammetric cell and measurements were recorded.
Measurements were repeated minimum seven times and relative stan-
dard deviation was calculated. Based on the calculated recovery values
(~ 100%) and RSD values (= 5%) the effectiveness of surfactants re-
moval was estimated. Satisfactory results have already been obtained
for 0.025g of the resin (RSD = 2.63% for n = 7; recovery value
108.5%). For smaller mass of resin, the recovery was ~ 100%, but re-
lative standard deviation equaled to 6.40%. So 0.01 g of the resin was
considered to be inadequate for complete removal of surfactants from
the solution.

The time of resin and the sample mixing was similarly selected. The
sample containing 1 x 10 °mol L™ of Mo(VI), 2mgL~' SDS,
2mgL~! CTAB and 2 mg L™ Triton X-100 was shaken with 0.025 g of
Amberlite XAD-16 for 15, 30, 45 and 60 s. Satisfactory results (i.e. re-
covery value and RSD) were obtained for 30 s of the resin and sample
mixing. The shorter time was considered too short in view of RSD value
(4.63% vs. 2.63% for 15 and 30 s, respectively).

3.11. Application

The developed method of voltammetric determination of Mo(VI)
with the use of screen-printed electrode with carbon working electrode
modified in situ with lead was applied for quantification of Mo(VI) in
certified reference materials: SRM 1640a (natural water) and SPS SW-2
(surface water). Water samples were initially prepared before quanti-
tative analysis through shaking 10 mL of the sample with 0.025 g of
Amberlite XAD-16 for 30 s was performed. Concentrations of Mo(VI)
were estimated using the standard additional method. Registered vol-
tammograms are presented in Fig. 9. and calculated concentrations of
Mo(VI) in analyzed samples are summarized in Table 2.

4. Conclusions

A commercially available screen-printed three-electrode sensor was
successfully adopted for voltammetric determination of Mo(VI). The
surface of carbon working electrode was modified during analysis
through electrochemical reducing of lead ions to metallic form. That
fast and simple modification significantly reduced limit of molybdenum
detection. To enable voltammetric quantification of Mo(VI) in real
water samples, the negative influence of surfactants was minimized
through application of adsorptive resin: 0.025 g of Amberlite XAD-16
and shaking 10 mL of sample with the resin for 30 s. Applicability of the
developed method was checked through analysis of certified reference
materials with satisfactory results.
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