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PODZIEKOWANIA

Dzigkuje mojej zonie, Dorocie, za wyrozumiato$¢ i nieocenione wsparcie. Dzigkuje moim
promotorom za cenne uwagi i poswigcony czas. Dziekuje takze wszystkim pozostalym
nauczycielom akademickim, wspdtpracownikom oraz kolegom za cierpliwos¢, otwartosé
i gotowos¢ do pomocy oraz merytorycznych dyskusji. Niniejsza praca, mimo iz sygnowana
moim imieniem, nie powstataby bez udziatu kazdego i1 kazdej z was z osobna.



Streszczenie

Technika analityczna wykorzystujaca plazme sprzezong indukcyjnie w potaczeniu z optyczna
spektrometrig emisyjng (ICP-OES) jest stosowana w analizie pierwiastkowej ze wzgledu na jej
wysoka czutosé, selektywnosé oraz rozdzielczo$¢. Cechy te umozliwiajg jej zastosowanie do
przeprowadzania jakosciowej i iloSciowej analizy pierwiastkow obecnych np. w prébkach
$rodowiskowych 1 w probkach zywnosci. Zastosowanie techniki analitycznej ICP-OES wigze
sie jednak z wysokimi kosztami eksploatacyjnymi tj. stosowanie duzych objetosci ultraczystego
gazu plazmowego (np. argonu), wysokich nakladow energii elektrycznej oraz regularnego,
autoryzowanego serwisowania. W efekcie technika analityczna ICP-OES nie jest powszechnie
dostepna, natomiast zakup aparatury ICP-OES bywa czesto nieuzasadniony ekonomicznie dla
mniejszych laboratoriow badawczych. Istotnym aspektem aparatury pomiarowej ICP-OES sa
réwniez jej wymiary, uniemozliwiajace jej mobilnos$¢ oraz potencjalne prowadzenie pomiardw
in situ. Wprowadza to wieloetapowos¢ w procesie analizy probek, co wydtuza czas ich analizy
1 moze negatywnie wptywaé na uzyskiwane wyniki pomiaréw. Odpowiedzig na powyzsze
wyzwania moze by¢ miniaturyzacja plazmowych zrédet wzbudzenia do ich zastosowania np.
w potaczeniu z optyczng spektrometrig emisyjng (OES). Zagadnienie to zyskuje w ostatnich
latach coraz wigksze zainteresowanie srodowiska naukowego. Opracowywane mikrosystemy
plazmowe s3 czesto duzo mniej skomplikowane pod wzgledem konstrukcyjnym, tansze
i przenosne, jednakze w dalszym ciagu nie sa wolne od ograniczen i niedoskonatosci tj. np. ich
awaryjnosc.

Niniejsza rozprawa doktorska stanowi przewodnik po zbiorze czterech publikacji
naukowych, opisujacych mozliwosci 1 wyzwania zwigzane z procesem miniaturyzacji zrodet
plazmowych 1 ich praktycznym zastosowaniem w analizie probek $rodowiskowych
1 zywnosciowych. W przedstawionych pracach integrowane z miniaturowymi zrédtami plazmy
oraz z OES sa takie techniki jak chemiczne i fotochemiczne generowanie par (CVG, PCVQ),
generowanie wodorkéw (HG), czy zatezanie lotnych form analitu poprzez pulapkowanie na
ztocie (GT). Co wigcej, badane sg rowniez wysokonapieciowe zrodta pradu statego, zmiennego
1 przemiennego oraz przenosne zrodta pradu. Prowadzone badania pozwolily na
usystematyzowanie czynnikow, wplywajacych na sygnal analityczny, tym samym
przyczyniajac si¢ do postgpu w rozwoju miniaturowych analitycznych metod plazmowych
bazujacych na technice OES. Opisywane prace mialy na celu prezentacje praktycznego
zastosowania opracowywanych systeméw oraz przedstawialy realne wyzwania konstrukcyjne

na réznych etapach ich tworzenia.
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Abstract

The analytical technique based on inductively coupled plasma combined with optical emission
spectrometry (ICP-OES) is widely used in elemental analysis due to its high sensitivity,
selectivity, and resolution. These characteristics enable both, qualitative and quantitative
analysis of elements present, for example, in environmental and food samples. However, the
application of ICP-OES is associated with high operating costs, including the consumption of
large volumes of ultra-pure plasma gas (for example, argon), high electrical energy demands,
and the need for regular authorized servicing. As a result, ICP-OES is not commonly accessible,
and the purchase of ICP-OES instrumentation is often economically unjustified for smaller
research laboratories.

Another important aspect of ICP-OES instrumentation is its size, which limits its
mobility and prevents the possibility of conducting in situ measurements. This introduces
additional stages into the sample analysis process, thereby increasing analysis time and
potentially negatively affecting the obtained measurement results. One possible solution to
these challenges is the miniaturization of plasma excitation sources for applications combined,
for example, with optical emission spectrometry (OES). In recent years, this topic has attracted
increasing interest within the scientific community. The developed plasma microsystems are
often significantly less complex in terms of design, less expensive, and portable, however, they
still suffer from certain limitations and imperfections, such as operational instability or
susceptibility to failure.

This doctoral dissertation serves as a guide to a collection of four scientific publications
describing the possibilities and challenges associated with the miniaturization of plasma sources
and their practical application in the analysis of environmental and food samples. The presented
studies integrate miniature plasma sources with OES and employ techniques such as chemical
and photochemical vapor generation (CVG, PCVG), hydride generation (HG), and the
preconcentration of volatile analyte species by gold trapping (GT). Furthermore, high-voltage
direct current, alternating current, and pulsed current power supplies, as well as portable power
sources, were investigated. The conducted studies enabled the systematization of factors
influencing the analytical signal, thereby contributing to the advancement of miniature plasma-
based analytical methods utilizing OES. The described works aimed to demonstrate the
practical applicability of the developed systems and to present real engineering challenges
encountered at various stages of their development.
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Stosowane symbole i akronimy

AAS — Atomowa Spektrometria Absorpcyjna (ang. Atomic Absorption Spectrometry)
AFS — Spektrometria Fluorescencji Atomowej (ang. Atomic Fluorescence Spectrometry)

APGD — Wyladowanie Jarzeniowe generowane pod Cisnieniem Atmosferycznym (ang.
Atmospheric Pressure Glow Discharge)

CCD — Detektor z Matryca Liniowa (ang. Charge Coupled Device)

CCMP - Plazma Mikrofalowa Sprzezona Objetosciowo (ang. Capacitively Coupled
Microwave Plasma)

CMOS - Detektor Liniowy oparty na technologii Komplementarnych Pdélprzewodnikow
tlenkowych (ang. Complementary Metal Oxide Semiconductor)

CVG - Chemiczne Generowanie Par (ang. Chemical Vapor Generation)

DBD — Wyladowanie Barierowe (ang. Dielectric Barrier Discharge)

DCP — Plazma Statopradowa (ang. Direct Current Plasma)

DL (LOD) — Granica Wykrywalnosci (ang. Detection Limit / Limit of Detection)

EMG - Rozklad Gaussa Zmodyfikowany Wykladniczo (ang. Exponentially Modified
Gaussian)

ETV — Odparowanie Elektrotermicane (ang. Electrothermal Vaporization)
FLA — Ciekta Przeptywajaca Anoda (ang. Flowing Liquid Anode)

FLC — Ciekta Przeplywajaca Katoda (ang. Flowing Liquid Cathode)

FLE — Ciekta Przeptywajaca Elektroda (ang. Flowing Liquid Electrode)
GLS — Separator Gaz-Ciecz (ang. Gas Liquid Separator)

GT — Pulapka Amalgamatorowa (ang. Gold Trap)

HG — Generowanie Wodorkéw (ang. Hydride Generation)

HPLC-DAD — Wysokosprawna Chromatografia Cieczowa z Detektorem Diodowym (ang.
High Performance Liquid Chromatography with Diode Array Detector)

ICP — Plazma Sprzgzong Indukcyjnie (ang. Inductively Coupled Plasma)
LA — Ablacja Laserowa (ang. Laser Ablation)

LMWOC - Maloczasteczkowe Zwiazki Organiczne (ang. Low Molecular Weight Organic
Compounds)



LS — Probkowanie Cieczy (ang. Liquid Sampling)

LTE — Lokalna Réwnowaga Termodynamiczna (ang. Local Thermodynamic Equilibrium)
MHCD — Wyladowanie w mikroKatodzie Wnekowej (ang. Microhollow Cathode Discharge)
MIP — Plazma Mikrofalowa (ang. Microwave Induced Plasma)

MS — Spektrometria Mas (ang. Mass Spectrometry)

MSE — Wyladowanie w Elektrodach Mikrostrukturalnych (ang. Microstructure Electrode
Discharge)

OES — Optyczna Spektrometria Emisyjna (ang. Optical Emission Spectrometry)

PCVG — Fotochemiczne Generowanie Par (ang. Photochemical Vapor Generation)

PMT - Fotopowielacz (ang. Photomultiplier)

PN — Rozpylanie Pneumatyczne (ang. Pneumatic Nebulization)

PTFE — Politetrafluoroetylen (ang. Polytetrafluoroethylene)

SAGD — Wyladowanie Jarzeniowe z Ciekla Anodg (ang. Solution Anode Glow Discharge)
SBR — Stosunek Sygnatu do Tta (ang. Signal to Background Ratio)

SCGD — Wyladowanie Jarzeniowe z Cieklg Katoda (ang. Solution Cathode Glow Discharge)

SDLA — Wytadowanie w kontakcie z Pojedyncza Kropla Cieczy petniaca role Anody (ang.
Single Drop Liquid Anode)

SDLE — Wytadowanie w kontakcie z Pojedyncza Kropla Cieczy petniaca role Elektrody (ang.
Single Drop Liquid Electrode)

USN - Rozpylanie Ultradzwigkowe (ang. Ultrasonic Nebuilization)

XRF — Fluorescencja Rentgenowska (ang. X Ray Fluorescence)
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Projekt Opus 17, UMO-2019/33/B/ST4/00356 pt.: ., Wyladowanie barierowe
generowane w aerozolu probki do odparowania roztworu i chemicznego tworzenia
lotnych indywiduow — nowe i uniwersalne systemy wprowadzania probek do czulych i
wolnych od interferencji wielopierwiastkowych analiz metodg ICP-MS”, Narodowe
Centrum Nauki, 01.11.2021 —31.10.2023, budzet: 1 042 680 PLN, kierownik projektu:
prof. dr hab. inz. Pawet Pohl

Projekt WEAVE-UNISONO, UMO-2022/04/Y/ST4/00055, Wszechstronne Zrédta
plazmy i zaawansowane podejscie do przetwarzania sygnatu jako nowe koncepcje w
analizie pierwiastkow sladowych w spektrometrii atomowej, Narodowe Centrum Nauki,
01.11.2023 —31.10.2024 , budzet: 358 759 PLN, kierownik projektu: prof. dr hab. inz.
Pawet Pohl



Przedmowa

Niniejsza rozprawa, przygotowana w celu spelnienia wymagan do otrzymania stopnia
doktora nauk chemicznych, jest przewodnikiem po cyklu czterech publikacji naukowych,
poswigconych gléwnemu jej zagadnieniu, tj. opracowaniu, Kkonstrukcji i optymalizacji
zminiaturyzowanych zrédet wzbudzania zimnej plazmy atmosferycznej do ich pdzniejszego
wykorzystania w optycznej spektrometrii emisyjnej. Forma rozprawy jest zgodna
z wymaganiami przedstawionymi w ustawie ,,Prawo o szkolnictwie wyzszym i nauce” (Dz. U.
poz. 1668, z p6zZn. zm.).

Publikacje omawiane w gldwnej czesci pracy przedstawione zostaly w ciggu, ktory
nieznacznie odbiega od kolejnosci chronologicznej w jakiej ukazywaty si¢ one publicznie.
Zabieg ten pozwolil na usystematyzowanie zgrupowanie omawianych zagadnien, co z kolei
powinno pozytywnie wplyna¢ na czytelnos¢ przedstawianych tresci. Artykuly naukowe
stanowigce podstawe niniejszej pracy oraz oswiadczenia ich wspdtautorow zostaty zataczone

na jej koncu.
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1. Dorobek naukowy

1.1. Publikacje naukowe

Publikacje stanowiqce podstawe rozprawy doktorskiej:

1.

Tymoteusz Kli§, Pawel Pohl, Anna Dzimitrowicz, Piotr Jamr6z., A miniaturized
microplasma excitation source coupled with photochemically induced volatile species
generation as a cost-effective tool for in situ mercury pollution analyses. Journal of
Analytical Atomic Spectrometry. 2024, vol. 39, nr 12, s. 2982-2991,
https://doi.org/10.1039/D4JA00306C

Tymoteusz KIli§, Piotr Jamréz, Jan Kratzer, Krzysztof Greda, Pawel Pohl., The
determination of germanium by hydride generation-atmospheric pressure glow
discharge optical emission spectrometry (HG-APGD OES). Spectrochimica Acta Part
B, Atomic Spectroscopy. 2025, vol. 234, art. 107323, s. 1-8,
https://doi.org/10.1016/j.sab.2025.107323

Tymoteusz Kli§, Krzysztof Greda, Jan Cech, Piotr Jamroz, Toma$ Medek,
Michal Pazderka, Pavel Dvotak, Pawet Pohl., Ultra-trace mercury determination in
drinking water by APGD OES with cold vapor generation and gold trap enrichment,
Talanta. http://dx.doi.org/10.2139/ssrn.7049468 (zgtoszona do druku).

Tymoteusz KIli$, Pawel Pohl, Anna Dzimitrowicz, Aleksandra Bielawska-Pohl, Magda
Caban, Piotr Cyganowski, Aleksandra Klimczak, Piotr Jamréz., Effect of cold
atmospheric pressure plasmas on physicochemical, nutritional, and cytotoxic
properties of red and white wines - comprehensive studies. Food Research
International. 2025, vol. 221, pt. 2, art. 117262,  s. 1-13,
https://doi.org/10.1016/j.foodres.2025.117262

Pozostate publikacje:
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5. Piotr Cyganowski, Dominik Terefinko, Agata Motyka-Pomagruk, Weronika Babinska-

Wensierska, Mujahid Khan, Tymoteusz Kli§, Wojciech Sledz, Ewa Lojkowska, Piotr
Jamréz, Pawel Pohl, Magda Caban, Monica Magureanu, Anna Dzimitrowicz., The

potential of cold atmospheric pressure plasmas for the direct degradation of organic



pollutants derived from the food production industry. Molecules. 2024, vol. 29, nr 12,
art. 2910, s. 1-27, https://doi.org/10.3390/molecules29122910

Anna Dzimitrowicz, Agata Motyka-Pomagruk, Piotr Cyganowski, Piotr Jamrdz,
Dominik Terefinko, Pawel Pohl, Tymoteusz Klis, Magda Caban., Cold atmospheric
pressure plasmas as versatile tools for effective degradation of a mixture of hazardous
and endocrine disturbing compounds from liquid wastes. Journal of Environmental
Chemical Engineering. 2021, vol. 9, nr 6, art. 106718, s. 1-11,
https://doi.org/10.1016/j.jece.2021.106718

Anna Dzimitrowicz, Aleksandra Bielawska-Pohl, Pawet Pohl, Piotr Cyganowski, Agata
Motyka-Pomagruk, Tymoteusz Klis, Malgorzata Policht, Aleksandra Klimczak, Piotr
Jamroz., Comprehensive studies on the properties of apple juice treated by non-thermal
atmospheric plasma in a flow-through system. Scientific Reports. 2020, vol. 10, art.
21166, s. 1-13, https://doi.org/10.1038/s41598-020-78131-6

1.2. Konferencje naukowe

Aktywne uczestnictwo w konferencjach naukowych:
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1.

Tymoteusz KIis, Piotr Jamroz, Agata Motyka-Pomagruk, Piotr Cyganowski, Dominik
Terefinko, Pawel Pohl, Magda Caban, Anna Dzimitrowicz, Jak ograniczy¢
wystepowanie zwigzkow endokrynnie czynnych w srodowisku? Nowoczesne podejscie
do odwiecznego problemu, XIX Wroctawskie Studenckie Sympozjum Chemiczne,

Wroctaw, 2022

Tymoteusz KIli§, Anna Dzimitrowicz, Pawel Pohl, Piotr Jamréz, Czy analiza
pierwiastkowa musi by¢ przeprowadzana wylgcznie w laboratorium analitycznym? O
miniaturowych systemach monitorujacych zawartosci pierwiastkow, XX Wroclawskie

Studenckie Sympozjum Chemiczne, Wroctaw, 2023

Tymoteusz Kli$, Anna Dzimitrowicz, Pawel Pohl, Piotr Jamr6z, Miniaturyzacja zrodet
zimnej plazmy i ich potencjat w rozwoju metod analitycznych, Seminarium Chemikoéw

Teoretykow "Hamiltonian", Wroctaw, 2023
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Bierne uczestnictwo w konferencjach naukowych:

4.

Anna Dzimitrowicz, Agata Motyka-Pomagruk, Piotr Cyganowski, Dominik Terefinko,
Tymoteusz KIli$, Piotr Jamr6éz, Magda Caban, Zastosowanie nietermicznej plazmy
atmosferycznej do degradacji zwigzkow endokrynnie czynnych z odpadow cieklych, X1
Ogodlnopolska  Konferencja  Hydromikrobiologiczna —  Hydromicro  2021:

,Mikroorganizmy wodne — zagrozenia i nadzieje”, Sopot, 2021

Piotr Jamrdz, Anna Dzimitrowicz, Dominik Terefinko, Mateusz Bykowski, Pawet Pohl,
Krzysztof Greda, Krzysztof Swiderski, Tymoteusz Kli§, Zimna plazma atmosferyczna

- nowe nadzieje na rozwigzanie aktualnych probleméw nauki i techniki, Seminarium

PTCHEM, Wroctaw, 2020

Piotr Jamréz, Tymoteusz Klis§, Pawel Pohl, Miniaturyzacja systeméw analitycznych

opartych na mikroplazmach, Konwersatorium Spektrometrii Atomowej, Biatystok,
2023

1.3. Patenty

1.

Agata Motyka-Pomagruk, Anna Dzimitrowicz, Wojciech Sledz, Pawel Pohl,
Tymoteusz KIli$, Piotr Jamr6oz, Ewa Lojkowska Patent. Polska, nr PL 242412, opubl.
20.02.2023. Zglosz. nr 431823 z 15.11.2019. Sposdb dezaktywacji antybiotykow w
roztworach wodnych / Politechnika Wroclawska, Wroctaw, PL ; Uniwersytet Gdanski,
Gdansk, PL ; Agata Motyka-Pomagruk [iin.]. 14 s.

1.4. Staze naukowe

1.

Staz naukowy w Katedrze Analizy Srodowiska na Wydziale Chemii Uniwersytetu
Gdanskiego pod opieka dr hab. Magdy Caban, prof. UG. Podczas stazu wykonywatem
badania zawartosci zwigzkow lotnych technikami chromatograficznymi z
wykorzystaniem techniki HS-SMP w roztworach traktowanych zimna plazma oraz

promieniowaniem UV. czerwiec 2023

1.5. Udzial w projektach naukowych

3.

Stypendysta w projekcie Opus 17, UMO-2019/33/B/ST4/00356 pt.: ,,Wyladowanie
barierowe generowane w aerozolu probki do odparowania roztworu i chemicznego

tworzenia lotnych indywiduow — nowe i uniwersalne systemy wprowadzania probek do
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czulych i wolnych od interferencji wielopierwiastkowych analiz metodg ICP-MS”,

finansowanym przez Narodowe Centrum Nauki, 01.11.2021 —31.10.2023

Stypendysta w  projekcie WEAVE-UNISONO, UMO-2022/04/Y/ST4/00055,
Wszechstronne Zrodla plazmy i zaawansowane podejscie do przetwarzania sygnatu jako
nowe koncepcje w analizie pierwiastkow Sladowych w spektrometrii atomowej,

finansowanym przez Narodowe Centrum Nauki, 01.11.2023 —31.10.2024



2. Cel badan

Glownym celem badan bylo opracowanie i szczegdélowe scharakteryzowanie nowych
systeméw analitycznych, ktére mogly by zostaé wykorzystane do pierwiastkowych analiz
ilosciowych i jakosciowych probek srodowiskowych i zywnosci, przy dbatosci o to, by
tworzone systemy byly przenosne, przyjazne S$rodowisku oraz niedrogie w produkcji
1 eksploatacji.

Optyczna spektrometria emisyjna (OES, ang. Optical Emission Spectrometry)
w polaczeniu z plazmg sprzezong indukcyjnie (ICP, ang. Inductively Coupled Plasma) jest
obecnie jedng z najczesciej stosowanych komercyjnie technik do analiz ilosciowych
i jakosciowych pierwiastkow znajdujacych si¢ w probkach srodowiskowych i zywnos$ci. Mimo
wielu zalet tej techniki, tj. bardzo dobra czulos$¢ i selektywnos$¢ jej zastosowanie jest pod
wieloma wzgledami jest problematyczne. Cz¢$¢ z jej cech jest ekonomicznie lub funkcjonalnie
niekorzystna, co stanowi bariere dla mniejszych laboratoriow przemystowych, naukowych
1 badawczych. Z ekonomicznego punktu widzenia kluczowe do zaadresowania sg koszty
produkcji oraz eksploatacji pomiarowych urzadzen analitycznych. W przypadku
przemystowego aparatu ICP-OES jego cena zakupu moze wynosi¢ setki tysiecy zlotych,
a podczas jego podzniejszej eksploatacji wymagane jest dostarczanie ultraczystego gazu
plazmowego (argonu) w ilosci siegajacej 20 dm*/min. Po uwzglednieniu kosztow zwiazanych
m.in. z serwisowaniem czy dostarczeniem energii elektrycznej, male grupy badawcze czgsto
musza decydowac¢ si¢ na zlecanie tego rodzaju prac badawczych wigkszym laboratoriom.
Niestety, taka praktyka moze wprowadza¢ pewne opdznienia w wykonywaniu pomiarow lub
je zupetnie uniemozliwiaé. Réwniez z funkcjonalnego punktu widzenia, ze wzgledu na
gabaryty aparatu wykorzystujacego ICP-OES oraz jego wymagania techniczne,
przeprowadzanie analizy probek bezposrednio w miejscu ich pobierania jest praktycznie
niemozliwe. Dodatkowo, wieloetapowy charakter procesu prébkowania powoduje, ze w trakcie
jego realizacji mogg wystapi¢ czynniki negatywnie wplywajace na wiarygodno$¢é wynikow
analizy. Istotnym aspektem jest roéwniez czas, tj. pobieranie i transport probek stanowia
znaczaca czes¢ czasu catkowitej analizy.

Opracowanie stabilnych w réznych warunkach atmosferycznych, niewielkich systemow
plazmowych matej mocy moglo by odpowiedzie¢ na przedstawione wyzej potrzeby oraz
sprawié, ze wykonalne stalo by sie tworzenie wydajnych czujnikéw do monitorowania stezenia
réznych pierwiastkéw, mozliwych do podiaczenia i stalej pracy w miejscach, z ktérych obecnie

okresowo pobiera si¢ probki analityczne.
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3. Omowienie wybranych technik spektrometrii atomowej

Spektrometria  jest naukg badajaca  oddzialywania  pomiedzy  materig
a promieniowaniem elektromagnetycznym [1]. Spektrometria atomowa to zbidr réznych
technik, bazujacych na oddzialywaniach pozwalajacych na iloSciowe oznaczanie zawartosci
wybranych pierwiastkbw w roéznego rodzaju probkach analitycznych. Do powszechnie
stosowanych technik analitycznych zalicza si¢ atomowa spektrometri¢ absorpcyjng (AAS, ang.
Atomic Absorption Spectrometry), atomowa spektrometri¢ fluorescencyjng (AFS, ang. Atomic
Fluorescence Spectrometry), fluorescencje rentgenowska (XRF, ang. X-ray Fluorescence),
spektrometric mas (MS, ang. Mass Spectrometry) oraz optyczng (badz tez atomowa)
spektrometri¢ emisyjna (OES). Techniki te mozna podzieli¢ na 3 podgrupy przez wzglad na
réznice w rodzaju promieniowania i w sposobie interakcji z badang materig [1]. Techniki AAS,
AFS oraz OES opieraja si¢ na oddzialywaniu promieniowania elektromagnetycznego
o dtugosci fal z zakresu UV-Vis na elektrony walencyjne atoméw w fazie gazowej [2]. Z kolei
w technice XRF czgsteczki o bardzo wysokiej energii bombardujg elektrony znajdujace si¢ na
wewnetrznej warstwie analizowanych atomow, co prowadzi do zjawiska emisji rentgenowskiej
[1,2]. W MS zjonizowane atomy badanej probki sa rozdzielane w polu elektrycznym lub
magnetycznym zgodnie z ich stosunkiem masy do fadunku (m/z). [2].

Techniki AAS, AFS, jak i OES laczy ten sam rodzaj promieniowania, ale mechanizmy
przekazywania energii do 1 z atomow analizowanego pierwiastka zachodzace w tych technikach
znaczaco si¢ migdzy soba roznig [1,2]. W przypadku techniki AAS wykorzystywane jest
zjawisko absorpcji promieniowania (Rys. 1la). Metale i metaloidy absorbuja $wiatlo
o charakterystycznej dla siebie dtugosci fali, co pozwala na selektywne oznaczanie wielu
pierwiastkbw poprzez okreslenie roznicy pomigdzy intensywnoscia promieniowania
generowanego przez jego zrodlo, a zmierzong intensywnoscig promieniowania po jego
interakcji z analizowana probka [3]. Z kolei techniki AFS i OES opieraja si¢ na pomiarze emisji
promieniowania generowanego przez atomy powracajace ze stanu wzbudzonego do nizszego
(w tym podstawowego) stanu energetycznego [4]. Techniki te r6znig si¢ jednak sposobem
wprowadzania atoméw w stan wzbudzony. W technice AFS (Rys. 1b) atomy w stanie
podstawowym absorbuja energi¢ pochodzaca z fotondw, a nastepnie powracaja one do stanu
nizszego lub podstawowego, jednoczesnie emitujac promieniowanie o okreslonej
intensywnosci 1 dtugosci fali [1,4]. W przypadku techniki OES (Rys. 1c) wzbudzenie atomu
nastepuje wskutek jego kolizji z innymi wysokoenergetycznymi atomami, jonami, elektronami

badz czasteczkami [1,4]. Mechanizm wzbudzania przez elektrony jest dominujacym procesem.
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Réznice w mechanizmach dziatania tych technik wptywaja na ich potencjat analityczny
oraz na ztozono$¢ i stopien skomplikowania konstrukcji aparatow na nich bazujacych. Kazda
z technik cechuje szereg zalet i wad. W zaleznosci od zlozonos$ci probki analitycznej inaczej
reaguja one na interferencje zaréwno spektralne jak i chemiczne. Wybierajac uzycie jednej
z nich mozna osiggna¢ inng granice wykrywalnosci (LOD, ang. Limit of Detection) wybranego
pierwiastka w danych warunkach niz osiggneto by si¢ stosujac inng technike. Podsumowujac,
nie da si¢ jednoznacznie okresli¢ wyzszos$ci jednej techniki spektrometrycznej nad pozostatymi,
poniewaz ich wady i zalety wynikaja w duzej mierze z kontekstu ich zastosowania.

Niniejsza praca opiera si¢ na zastosowaniu OES, w ktorym obserwuje sie linie atomowe
lub jonowe pierwiastkdw, bedace nastepstwem wzbudzenia ich w wyniku zderzenia gléwnie

z elektronami [1,4].

(@) (b) (c)
E’ E’ E’
a ¥ 3 S
- | = - - X (-
Eo Eo v Eo A
AAS AFS OES

Rys. 1. Poréwnanie mechanizmoéw wystepujacych w: a) AAS - atomowej spektrometrii absorpcyjnej, b) AFS -
atomowej spektrometrii fluorescencyjnej oraz c¢) OES - optycznej spektrometrii emisyjnej. E0 i £’ przedstawiaja
stany energetyczne atomu (podstawowy oraz wzbudzony). Fioletowymi strzalkami przedstawiona jest fala
elektromagnetyczna (hv), na pomarafczowo zaznaczona zostata energia mechaniczna powstata wskutek zderzenia
atomu z wysokoenergetyczna czasteczka, jonem, elektronem badz innym atomem. Zrddlo Rysunku: opracowanie

wlasne.

3.1. Podstawy teorii emisji atomowej

Wykorzystanie emisji atomowej w analizie pierwiastkowej jest najstarsza wspolczesnie
stosowang do tego celu technika spektroskopowa [4]. W duzym uproszczeniu opiera si¢ ona na
dostarczeniu takiej ilosci energii do atomu, by ulegl on wzbudzeniu [4]. Nastepnie, w wyniku
samoistnego powrotu do stanu nizszego, atom emituje kwant promieniowania
o specyficznej dlugoscei fali, ktérego intensywnos$¢é jest mierzona za pomocg odpowiedniego
spektrometru emisyjnego [4]. Stan wzbudzony atomu osiagga si¢ wskutek kolizji obecnego

w prébee pierwiastka z innymi naladowanymi lub pozbawionymi tadunku czasteczkami.
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Wzbudzenie moze by¢ tez termiczne lub inicjowane promieniowaniem w zakresie UV. Do tego
celu wykorzystuje sie takze rdznego rodzaju wyladowania elektryczne w gazach (tuk
elektryczny, wyladowania jarzeniowe, wyladowania barierowe tworzace zimng plazme
atmosferyczng).

Warunkiem koniecznym dla uzyskania silnego sygnalu emisyjnego i dobrej czulosci
analitycznej przez dane zrodlo wzbudzenia jest jego zdolnos$¢ do uzyskania w nim wzglednie
wysokiej populacji standw wzbudzonych badanych pierwiastkow [4]. Aby modc okresli¢
populacje dowolnego stanu wzbudzonego, nalezy zalozy¢, ze wewnatrz zrdédla wzbudzenia
panuje lokalna réwnowaga termodynamiczna (LTE, ang. Local Thermodynamic Equilibrium).

Podczas LTE, udziat w populacji stanu wzbudzonego N; mozna wyznaczy¢ z zaleznosci:

Nj

Nca{k. B Z(T)

—Ej
gje )

gdzie g; okresla wage statystyczng, E; — energie wzbudzenia stanu j, k — stalg Boltzmanna,
T — temperature (w kelwinach) a Z(T) reprezentuje wzgledng populacje wszystkich innych

standéw w atomie zgodnie z zaleznoscig [4]:

=
21y =) giew
i=0

Dla wzglednie ,chlodnych” zrodet plazmy (t. o temperaturze T<3000 K)
Z(T) w przyblizeniu rowna si¢ wadze statystycznej stanu podstawowego gy, co pokazuje,
ze w plazmie nietermicznej wiekszo$¢ atomow znajduje sie w stanie podstawowym [4]. Samo
przeprowadzenie atomu do stanu wzbudzonego nie jest jednak czynnikiem wystarczajacym. Po
wzbudzeniu musi on by¢ w stanie ulec relaksacji energetycznej do stanu o nizszej energii
(w wielu przypadkach jest to powrot do stanu podstawowego, a emitowana w takim momencie

linia emisyjna jest nazywana linig rezonansowa) [4].

3.2. Parametry fizykochemiczne i charakterystyka zimnej plazmy

Plazmg definiuje sie jako zjonizowany gaz, makroskopowo elektrycznie obojetny [5],
w ktorego sktad wchodza elektrony, dodatnio i ujemnie natadowane jony, rodniki, stany
wzbudzone czagstek [6-8]. Obecnie szacuje si¢, ze ponad 99% materii we Wszechswiecie
znajduje sie w stanie plazmy. Na Ziemi wystepuje ona naturalnie pod postacig takich zjawisk
jak zorza polarna i pioruny. Dlatego, by moc korzystaé¢ z jej unikalnych wilasciwosci

fizykochemicznych, konieczne jest jej sztuczne generowanie [5]. Pierwsze eksperymenty
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laboratoryjne z plazma (zwana bardzo czesto ,,czwartym stanem skupienia materii’’) opisane
zostaty przez Williama Crookes’a w roku 1879 [9]. Od tamtego czasu zainteresowanie plazma
stale rosnie. Poczatkowo plazme stosowano glownie do celow technicznych i przemystowych,
tj. spawanie, konstrukcja lamp fluorescencyjnych czy tez produkcja podzespoldow
elektronicznych [5]. Nastepnie, w naukach chemicznych, plazme zaczeto stosowaé jako
katalizator w reakcjach utleniania lotnych zwigzkéw organicznych tj. benzen, toluen,
cykloheksan [10], syntezy amoniaku i metanolu [10], do syntezy nanoczastek [11, 12], do
modyfikacji powierzchni materialéw tj. drewno [13, 14], widkna tekstylne [15] czy tez
polimery i tworzywa sztuczne [13, 16]. Istotnym aspektem zastosowan plazmy jest rowniez
medycyna [13, 17-20], rolnictwo [13], przetworstwo 1 poprawa trwatosci zywnoscei [13, 21, 22]
oraz ochrona $rodowiska [23, 24]. Plazma znalazta réwniez zastosowanie w chemii analitycznej
jako zrédlo wzbudzenia i1 jonizacji, co znaczaco przyczynito si¢ do rozwoju metod
analitycznych odpowiednio bazujacych na OES [5] jak i MS.

Zimng plazma atmosferyczng okresla sie elektrycznie obojetny, stabo zjonizowany gaz
znajdujacy sie w stanie nierownowagi termodynamicznej. Oznacza to, ze temperatura
elektrondw jest znacznie wyzsza niz temperatura rotacyjna (gazu) [25]. Mimo braku rownowagi
termodynamicznej, zimna plazma atmosferyczna stanowi w dalszym ciggu bogate zrédlo
wysokoenergetycznych 1 wysoce reaktywnych czastek tj. jonow czy rodnikow, pozwalajac na
wzbudzanie wprowadzanych do niej atoméw [5, 6], przy jednoczesnie duzo nizszym poborze
mocy w porownaniu do plazm termicznych. Nizsza temperatura oraz nizsza wymagana moc
pozwalaja na konstruowanie niewielkich (w tym miniaturowych) Zrédet zimnej plazmy
atmosferycznej, ktore dzieki swej kompaktowosci, nie wymagaja stosowania
skomplikowanych systemdéw odprowadzania ciepta i moga by¢ z powodzeniem integrowane w
przenosnych, zasilanych bateryjnie, systemach analitycznych [5, 26, 27]. Plazmy o wielkosci 1
mm lub ponizej definiuje si¢ jako mikroplazmy. Pomimo niewielkich rozmiar6w plazmy tego

rodzaju pozwalaja na efektywna atomizacja jak i wzbudzenie probek.

3.3. Diagnostyka zrédel plazmy

Aby moc poréowna¢ migdzy sobg roézne zrddla zimnej plazmy atmosferycznej nalezy
przyjac istotne dla analizy pierwiastkowej punkty odniesienia, ktére mozna w przypadku
kazdego zrodla zmierzy¢ lub okreslic w postaci parametréw fizykochemicznych. Do
najwazniejszych parametrow fizykochemicznych naleza temperatury optyczne (rotacyjne,
wzbudzenia, oscylacyjne, elektronow) oraz gestos¢ elektronowa. Wyznaczanie takich

parametréw mozna okresli¢ jako diagnostyke zrodet plazmy, ktdéra stosuje sie rowniez w celu
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optymalizacji pracy systeméw plazmowych, walidacji modeli kinetycznych oraz okreslenia
przebiegu procesow w niej zachodzacych (tj. wzbudzenie, jonizacja) [25]. Podstawowym
narzedziem diagnostycznym jest optyczny spektrometr emisyjny, poniewaz pozwala on na
nieinwazyjne badanie plazmy bez zakldcania jej stanu [25].

Za istotne parametry diagnostyczne zroédet zimnej plazmy atmosferycznej przyjmuje sie:

e Temperaturg rotacyjna (Trot) - W przypadku zimnych plazm atmosferycznych jest ona
zblizona do temperatury kinetycznej gazu plazmowego [25, 28]. Szacuje si¢ ja poprzez
dopasowanie teoretycznych pasm molekularnych (np. czasteczek OH, Nz) do widm
emisyjnych tych czasteczek rejestrowanych doswiadczalnie [25, 26]

e Temperature oscylacyjna (Tviv) — pozwalajaca na okreslenie stopnia wzbudzenia
oscylacyjnego czasteczek (tj. N2, OH,), co stanowi istotny parametr plazmy
nietermicznej [25]. Wyznacza si¢ ja podobnie do temperatury rotacyjnej.

e Temperature wzbudzenia elektronow (Texc) — okreslang mianem temperatury
wzbudzenia, stanowigcg odzwierciedlenie energii elektrondéw obecnych w obszarze
plazmy oraz ich zdolnosci do wzbudzania innych obecnych w niej czastek [25, 29].
Wyznacza si¢ ja na podstawie stosunku intensywnosci emisji linii spektralnych
(najczesciej sa to linie atomu wodoru z serii Balmera — Ha 1 HP), przy zatozeniu LTE
korzystajac z rozktadu Boltzmanna [4, 25].

o Gestos¢ elektronowa (ne) — okreslajaca liczbe wolnych elektronow w jednostce
objetosci. Parametr ten wigze si¢ z wystepowaniem procesOw zderzeniowych
w plazmie, ktére sg kluczowe w kontekscie wprowadzania atomow w stan wzbudzony
[5, 25]. Najczgsciej wyznacza sie ja poprzez wyznaczenie poszerzenia Starka linii
atomowych H z serii Balmera, lub analizujac procesy jonizacji (na podstawie roOwnania

Sahy) [25, 26].

3.4. Rodzaje zrodel wzbudzenia w spektrometrii emisyjnej

Zrédta wzbudzenia, zwane rowniez zrédlami emisji atomowej (jonowej), poza
wzbudzeniem jak najwigkszej liczby linii atomowych, interesujacych pod katem analitycznym
pierwiastkow, czesto pomagaja rowniez w atomizacji probki [29]. Zrodto takie powinno byé
w stanie nie tylko wzbudzi¢ wszystkie oczekiwane stany energetyczne w pierwiastku, ale takze
robi¢ to w sposob powtarzalny i odtwarzalny. Do tego celu najczesciej stosuje sie roznego
rodzaju plazmy, taka jak np. plazme sprz¢zong indukcyjnie (ICP) [5, 30, 31], plazme
mikrofalowa (MIP, ang. Microwave Induced Plasma) [5, 30], plazme mikrofalowa sprzezona
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objetosciowo (CCMP, ang. Capacitively Coupled Microwave Plasma) [30], plazme

statopradowa (DCP, ang. Direct Current Plasma), tuk elektryczny [30] oraz wytadowanie

jarzeniowe (GD, ang. Glow Discharge) i barierowe (DBD) [5]. Poza plazma jako Zrdédlo

atomizacji wzbudzenia stosuje si¢ rowniez ptomien palnika gazowego. Jak wspomniano, poza

wyze] wymienionymi plazmami, coraz czesdciej stosuje si¢ plazmy zminiaturyzowane oraz

zimne plazmy atmosferyczne. Do najczesciej wykorzystywanych mikroplazm zalicza sig:
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Wyladowanie jarzeniowe generowane pod cisnieniem atmosferycznym (APGD,
ang. Atmospheric Pressure Glow Discharge) [6, 29], ktore w zaleznosci od polaryzacji
elektrod oraz stanu skupienia wprowadzanej probki mozna podzieli¢ na:

o zmiennopradowe APGD, w ktorym ciekla elektroda pelni naprzemiennie
funkcje anody i katody (FLE, ang. Flowing Liquid Electrode) [6],

o stalopradowe APGD, w ktérym ciekta elektroda pelni role anody (FLA, ang.
Flowing Liquid Anode) [6, 29],

o stalopradowe APGD, w ktérym wprowadzana do systemu ciecz peini role
katody (FLC, ang. Flowing Liquid Cathode) [6, 29],

o APGD z probkowaniem cieczy, miniaturowy system, w ktérym wytadowanie
zachodzi miedzy stalowag kapilarg a metalowa elektroda (LS, ang. Liquid
Sampling) [27],

o zmiennopradowe APGD, w ktérym wytadowanie zachodzi pomiedzy stala
elektroda a kropla roztworu (SDLE, ang. Single Drop Liquid Electrode) [6],

o stalopradowe APGD, w ktorym wyladowanie zachodzi pomiedzy stata elektroda
a kropla roztworu stanowiaca anode (SDLA, ang. Single Drop Liquid Anode)
[6].

Wyladowanie barierowe (DBD, ang. Dielectric Barrier Discharge) — wytadowanie
charakteryzujace sie obecnoscia co najmniej jednej warstwy dielektryka miedzy
elektrodami, co chroni elektrode przed erozja a probke przed zanieczyszczeniami
pochodzacymi z elektrody [5, 6],

Mikrowyladowanie w katodzie wnekowej (MHCD, ang. Microhollow Cathode
Discharge) — wyladowanie generowane pomiedzy oddzielonymi izolatorem
elektrodami o grubo$ci warstwy ponizej 150 um we wnece o srednicy ponizej 500 pm
[5],

Miniaturowa plazma sprzezona objetosciowo (CCMP) [5, 27] — generowana migdzy

dwiema elektrodami oddzielonymi warstwami dielektryka,



e Miniaturowa plazma sprze¢zona indukecyjnie (mICP, ang. miniature Inductively
Coupled Plasma) 5, 27] — ICP w znaczaco pomniejszonej skali,
e Plazma mikropaskowa [5, 27] (MSP, ang. Microstrip Plasma) — mikrofalowa plazma

generowana na chipie z wykorzystaniem technologii mikropaskowe;.

W niniejszej pracy konstruowane systemy bazowaly na rozmych rodzajach wyladowania

Jjarzeniowego. Dokladne roznice i podobienstwa zostang opisane w dalszej czesci rozprawy.

3.5. Ogoélna budowa plazmowego ukladu OES

System bazujacy na OES sklada sie z pieciu gléwnych komponentéw: uktadu
wprowadzania probki, zrédla wzbudzenia, spektrometru, detektora oraz oprogramowania
pozwalajacego na zapisanie zarejestrowanego przez detektor sygnatu [30]. Przedstawione
wyzej elementy, ich rola oraz wigzace si¢ z nimi ograniczenia konstrukcyjne zostang omowione
pojedynczo w kolejnych podrozdziatach.

W przypadku analizy probek w formie lotnych indywiduéw za pomocg OES system
analityczny moze sklada¢ si¢ z nastepujacych elementow: reaktora umozliwiajacego
wygenerowanie lotnych indywidudéw, komory rozdzielajacej faze lotng probki od fazy cieklej
(GLS, ang. Gas-Liquid Separartor), osuszacza (w celu usunigcia niewielkich ilosci pary
wodnej) komory wytadowczej, uktadu sterujacego przepltywem gazu plazmowego, uktadu
pomiarowego (wyposazonego w detektor promieniowania) i uktadu optycznego [30]. Kazdy
z tych komponentow wptywa na koncowe parametry systemu analitycznego, przez co istotne

jest doktadne zrozumienie roli, jaka kazdy z nich pelni w koncowej konstrukeji.

W przypadku, gdy do plazmy zostanie wprowadzona probka lotna, wystepujaca
pierwotnie w roztworze wodnym, istotne jest zastosowanie odpowiedniego osuszacza, tj.
pasywnego elementu umozliwiajacego usuniecie z wprowadzanej do plazmy materii resztek
rozpuszczalnika. Zabieg taki pozwala na osigganie wyzszych precyzji oraz nizszych granic
wykrywalnosci (DL, ang. Detection Limit) oznaczanych pierwiastkow, poniewaz energia
plazmy nie jest dzigki temu spozytkowana na interakcj¢ z czasteczkami tego rozpuszczalnika
[6, 27]. Jest to szczegoblnie istotne w przypadku mikroplazm, poniewaz nawet niewielka ilos$é
pary wodnej w komorze wyladowczej jest w stanie znaczaco wplyna¢ na stabilnos¢
wyladowania. Do najczesciej stosowanych uktadéw nalezg szklane spirale (kondensatory),
kolumny separacyjne oraz ,,suszki” chemiczne, np. rurki wypelnione selektywnym sorbentem,
przez ktdre przepuszcza si¢ probke opuszczajaca GLS [6, 29].
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GLS oraz opisane powyzej uklady suszace stosuje si¢ w przypadku, gdy zadna
z elektrod nie jest ciekla, tzn. by uniemozliwi¢ wprowadzenie cieczy do komory wyladowcze;j.
Element ten czesto moze petnic role reaktora chemicznego, w ktérym miesza si¢ analizowang
probke z odpowiednimi reagentami w celu ulotnienia z niej interesujacych nas analitow. Jak
w przypadku komor wyladowcezych, GLS moze przybiera¢ rozne bardziej i mnigj
skomplikowane formy. Najczesciej jest to niewielka kwarcowa komora z kilkoma doplywami
(gazu, prébki, reagentoéw) oraz z odpltywami (osobno dla analitu oraz mieszaniny poreakcyjnej).
Przyktadowy GLS, podobny do zastosowanego w pracy 1, przedstawia Rys. 2.

Doplyw

reagentow

_ Lotny
analit

: . Odplyw
Spicek szklany poreakeyjny

Doplyw gazu nosnego

Rys. 2. Przyktadowy uktad GLS sktadajacy sie z kwarcowego szczelnego reaktora wyposazonego w 2 doplywy
i 2 odptywy oraz spiek szklany stabilizujacy przeptyw gazu oraz zapobiegajacy przedostawaniu si¢ cieczy do

przylacza gazowego. Zrédlo Rysunku: opracowanie wlasne.

Uktad wprowadzania probki do komory GLS stanowi system wezykdéw, pomp
i zawordéw, shuzacych do precyzyjnego mieszania reagentow i dostarczania ich do GLS
w odpowiednim tempie i proporcji. Dtugos¢ takiego uktadu oraz $rednica stosowanych wezy
sg istotnymi parametrami, poniewaz im sg te wartosci wigksze, tym wigksza jest tzw. ,,objetos¢
martwa” catego systemu i zwieksza si¢ tym samym minimalna wymagana ilo$¢ probki
analitycznej potrzebnej do przeprowadzenia analizy. Zwigkszenie drogi, ktorg muszg pokonac
reagenty pozwala z kolei na ich lepsze wymieszanie oraz umozliwia poddanie ich
dodatkowemu napromieniowaniu. Jest to bardzo istotne np. w przypadku fotochemicznego
generowania lotnych par (omawianego w dalszej czesci rozprawy doktorskiej) lub wtedy, gdy
reakcja chemiczna zachodzi juz w trakcie transportu reagentow (Praca 1). Znalezienie
odpowiedniego balansu pomiedzy tymi parametrami pozwala na poprawe powtarzalnosci
1 odtwarzalnos$ci pomiarow

Komora wyladowcza jest elementem konstrukcyjnym w ktérym inicjowana jest plazma.

W zaleznosci od rodzaju zastosowanych elektrod, mocy generatora plazmowego, stanu
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skupienia analitu oraz koniecznosci (lub jej braku) wprowadzania dodatkowych strumieni
gazoOw wspomagajacych, komory wytadowcze znaczaco réznig si¢ migdzy soba. Moga by¢ one
skrajnie nieskomplikowane (jak np. komora zastosowana w Pracy 1, sktadajaca si¢ z metalowe;j
rurki, kawatka drutu i szklanej probdéwki, Rys. 3a) lub bardziej zaawanasowane (np.
zastosowana w pracy 2 komora teflonowa z wymiennymi elektrodami, radiatorem,
mozliwoscig precyzyjnej regulacji odleglosci miedzyelektrodowej oraz mechanizmem
ulatwiajacym zainicjowanie wyladowania (Rys. 3b).

a) b)

Przycisk do inicjacji

Doplyw gazu nos$nego/plazmowego wyladowania

Rurka wolframowa —— Mosigzny radiator
|

Elektrody ze stopu
wolframu i miedzi

Okno |
spektralne

Komora teflonowa

Okno spektralne

Rurka szklana

Mosiezny radiator

Igta wolframowa [

Rurka kwarcowa

Doplyw gazu no$nego/plazmowego

Rys. 3. Przykltadowe komory plazmowe i réznice w ich konstrukcji. a) komora szklana skladajaca si¢ z 2
wolframowych elektrod (rurki oraz drutu/igly), podobna do zastosowanej w pracy I, b) przyktad bardziej
zaawansowanej komory, pozwalajacej na efektywne odprowadzanie ciepta oraz wysoka odtwarzalnos¢ i precyzje
w przypadku jej demontazu i ponownego montazu, podobna do zastosowanej w pracy 2. Zrédlo Rysunku:

opracowanie wlasne.

Rolg generatora plazmy, w zaleznosci od rodzaju generowanego wyladowania,
najczescie] petni wysokonapieciowy zasilacz pradu stalego, zmiennego lub przemiennego.
Napigcie pracy waha si¢ od kilkuset V do kilkunastu kV, natezenie pradu w takich uktadach
zazwyczaj nie przekracza od kilkudziesieciu do kilkuset mA. Do sterowania przeplywem
gazow stosuje sie elektroniczne programowalne zawory, umozliwiajace bardzo precyzyjne
okreslenie przeplywu gazu lub doktadne proporcje mieszania réznych gazow, w metodach na
tym bazujacych.

Uktadem pomiarowym w OES najczesciej jest wysokorozdzielczy spektrometr
emisyjny, wyposazony w fotopowielacz (PMT, ang. Photomultiplier) [30, 32, 33], detektor
z matryca liniowa (CCD, ang. Charge Coupled Device) [4, 30] albo wtryskowa (CID, ang.
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Charge Injection Device) [30] lub detektor liniowy oparty na technologii komplementarnych
polprzewodnikéw tlenkowych (CMOS, ang. Complementary Metal Oxide Semiconductor)
[25]. Rolg detektora jest przetworzenie sygnatu optycznego na impulsy elektryczne, ktore
z pomoca spektrometru oraz odpowiedniego oprogramowania pozwalajg na rejestracje widma
emisyjnego. Rolg uktadu optycznego jest precyzyjne dostarczenie impulséw promieniowania

ze 7zrodla plazmy do detektora oraz zapewnienie odpowiednio wysokiej rozdzielczosci.

3.6. Charakterystyka widm emisyjnych

Na widmo atomowe w APGD-OES skladajg si¢ gtownie linie atomowe pochodzace
z prébki analitycznej oraz niewielka liczba linii jonowych (w przypadku pierwiastkow
alkalicznych) [29]. Widmo réwniez czesto charakteryzuje niewielki poziom tla, utrzymujacy
sie zwykle na statym poziomie [29]. Poza liniami, na widmie emisyjnym czgsto zaobserwowac
mozna pasma molekularne pochodzace ze sktadowych gazu plazmowego, prébki lub powietrza
atmosferycznego, tj. OH, N2, NO [29], CO, czy C> [25]. Pasma te moga by¢ zroédtem
interferencji spektralnych, ale moga tez stuzy¢ do diagnostyki systemu (jak opisano w punkcie
3.3). Najintensywniejsze linie emisyjne powstaja najczgsciej w wyniku przejécia atomu ze
stanu wzbudzonego do stanu podstawowego i sg to tzw. linie rezonansowe [4]. Najwicksza
dostepna baza linii atomowych roznych pierwiastkow jest tworzona i udostepniana przez NIST
[34]. W teorii linie atomowe sg niemal nieskonczenie waskie (zwykle szeroko$¢ takiej linii
siega rzedu 0,00001 nm) [4], jednak w praktyce rejestruje si¢ linie o kilka rzedow szersze. Na
poszerzenie linii spektralnych ma wplyw wiele czynnikéw, z ktorych najwazniejsze opisywane
s przez:

e Efekt Dopplera, wynikajacy z ruchu termicznego atoméw [4],

e [Efekt Starka, wynikajacy z wplywu oddzialywania jondéw i elektrondw ze soba

sasiadujacych oraz z zewnetrznym polem elektrycznym [4],
e Efekt Zeemana, wynikajacy z interakcji czasteczek i jonéw z zewnetrznym polem
magnetycznym [4],

e Efekt Van der Waalsa, wynikajacy z oddzialywan migdzyczasteczkowych [25],

e Efekt ci$nieniowy, zwigzany z ci$nieniem gazu

e Poszerzenie aparaturowe, bedace stalg wartoscig wynikajaca z rozdzielczosci aparatury

pomiarowej [25].

4. Wprowadzanie probek analitycznych do plazmy
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Etap wprowadzania probek do ukladow pomiarowych jest krytycznym elementem
analizy, majgcym bezposredni wplyw na czulo$é, precyzje oraz granice wykrywalnosci
i oznaczalnosci danej metody [6, 30]. Wybdr techniki wprowadzania probek zalezy w gloéwne;j
mierze od stanu skupienia probki, sktadu matrycy oraz wymaganej wydajnosci transportu
analitu. Jednym z gtownych wyzwan dla plazm o niskiej mocy jest wytrzymato$¢ plazmy na
wprowadzany rozpuszczalnik (np. woda w formie aerozolu, para wodna, itd.). Para wodna
dostajaca si¢ do obszaru wytadowania powoduje miejscowe ochtadzania plazmy i w skrajnych
przypadkach moze prowadzi¢ do catkowitego jej wygaszenia [27, 29, 30]. W zaleznosci od
analizowanego pierwiastka oraz matrycy probki, na widmie analitycznym mogg pojawic si¢
réoznego rodzaju interferencje spektralne. Z tego powodu dobdr odpowiedniej techniki
wprowadzania probki do obszaru wytadowania jest bardzo istotny [27]. Wiodace w tym celu
sa techniki chemicznego i fotochemicznego generowania par oraz techniki pneumatyczne,
termiczne badz tez plazmowe, bazujace na bezposredniej interakcji plazmy i analizowanego

roztworu (systemy z ciekla elektrodg) [6, 27, 29].

4.1. Generowanie par

Jedna z najpowszechniejszych metod pozwalajacych na wysoce wydajne 1 efektywne
transportowanie analitdw do plazmy jest nietermiczne generowanie lotnych indywidudw
oznaczanych pierwiastkow, okreslane w literaturze jako generowanie par [6, 26, 27, 29].
Technika ta stanowi dobrg alternatywe dla uprzednio stosowanego rozpylania pneumatycznego
z uzyciem rozpylaczy [35, 36]. Proces ten polega na chemicznym lub fotochemicznym
przeksztatceniu znajdujacych sie w roztworze jondéw lub atoméw analizowanego pierwiastka
w jego lotne gazowe formy, tj. pary atomowe lub wodorki oraz zwiazki alkilowe lub
karbonylowe [35]. Kluczowa zaleta metody jest jej blisko stuprocentowa wydajnos¢ transportu
analitu, pozwalajaca takze na skuteczne wydzielenie go z matrycy probki, co znaczaco wplywa

na czuto$¢ pomiaru i pozwala osiggaé bardzo niskie granice wykrywalnosci [6, 35, 37].

4.1.1 Chemiczne generowanie par

Chemiczne generowanie par (CVG, ang. Chemical Vapor Generation) lub w przypadku
niektérych pierwiastkow, tj. As, Ge, Pb, Sb, Se czy Sn, generowanie wodorkéw (HG, ang.
Hydride Generation) [29] lub Hg, Cd generowanie zimnych par to metody wykorzystujace
reakcje w fazie cieklej w obecnosci bardzo silnych reduktoréw chemicznych (najczescie)

NaBH4 lub SnClz) w srodowisku kwasowym [6, 7, 38]. Metoda ta jest niestety podatna na
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interferencje chemiczne pochodzace od jonow metali przejsciowych [6, 7, 39]. Warto

wspomniec tez, ze stabilno$¢ stosowanych w niej odezynnikdw redukujacych jest dos¢ niska.

4.1.2. Fotochemiczne generowanie par

Fotochemiczne generowanie par (PCVG, ang. Photo-Chemical Vapor Generation)
opiera si¢ na zastosowaniu promieniowania z zakresu UV w obecnosci matoczasteczkowego
zwigzku organicznego (LMWOC, ang. Low Molecular Weight Organic Compound) jakim
moga by¢ np. niskoczasteczkowe kwasy karboksylowe lub alkohole. W wyniku fotolizy takiego
zwigzku powstajg reaktywne wolne rodniki o silnym potencjale redukujacym (np. H, CO) ,
zdolne do przeprowadzenia jonow lub tez atomdéw metali do ich lotnych postaci [35, 38, 40].
Przez brak koniecznosci zastosowania silnych chemicznych reduktorow, fotochemiczne
generowanie par uwaza si¢ za technike blizsza zielonej chemii. PCVG jest bardziej odporne na

interferencje od jonéw metali przejsciowych niz CVG [35].

4.1.3. Inne techniki generowania par

Nieco rzadziej stosowane alternatywne techniki generowania par obejmuja:

e Generowanie par za pomoca plazm atmosferycznych (tj. APGD, DBD), w ktorej proces
redukcji zachodzi na granicy faz pomiedzy plazma a wprowadzang do niej ciecza.
Dzigki obecnosci rodnikéw oraz solwatowanych elektronow redukcja zachodzi bez
koniecznosci udziatu dodatkowych chemicznych reduktorow [6, 41],

o Ultradzwickowe generowanie par (energia wymagana do tworzenia rodnikow
przenoszona jest w postaci ultradzwickow) [7, 42],

e Elektrochemiczne generowanie par (czynnikiem redukujacym sa elektrony emitowane
z katody) [43],

e Chelatacje (analit znajdujacy sie¢ w roztworze poddawany jest reakcji z odczynnikiem

chelatujacym, w wyniku ktorej powstaja lotne i termicznie stabilne chelaty) [41].

4.2. Metody pneumatyczne

Metody pneumatyczne sg to nietermiczne metody bazujace na wytworzeniu aerozolu
analizowanej probki. Do najczesciej stosowanych naleza rozpylacze pneumatyczne
i ultradzwigkowe. Rozpylanie pneumatyczne (PN, ang. Pneumatic Nebulizer) z uzyciem
rozpylaczy jest bardzo powszechng metoda wprowadzania probek cieklych ze wzgledu na

prostote budowy i stosunkowo niskie koszty [30]. Niewatpliwg wadg tego rozwigzania jest
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niestety bardzo niska wydajnos¢ (< 5 %) [44]. W przypadku rozpylania ultradzwickowego,
dzieki zastosowaniu drgan krysztalu piezoelektrycznego mozliwe jest generowanie aerozolu
o bardzo malym rozmiarze kropel. Wpltywa to na uzyskiwanie wyzszych wydajnosci niz

w przypadku PN, jednak kosztem drozszego urzadzenia [30].

4.3. Metody termiczne

W literaturze spotka¢ mozna réwniez szereg metod termicznych, polegajacych na
gwaltownym odparowaniu prébki. Nalezg do nich migdzy innymi odparowanie
elektrotermiczne (ETV, ang. Electro-Thermal Vaporization), stosujace energie elektryczng do
bardzo szybkiego ogrzania i odparowania probki, oraz ablacje laserowa (LA, ang. Laser
Ablation), wykorzystujaca wiazke lasera do odparowania materiatu z powierzchni probki statej
lub ciektej [31]. Metody termiczne mozna rowniez stosowa¢ w kombinacji z innymi metodami

(np. CVG) w celu akumulacji a pdzniej naglego uwolnienia analitu.

4.4. Metody oparte na wyladowaniach jarzeniowych generowanych w kontakcie z ciekly
elektroda

Istotna role w oznaczaniu pierwiastkow metodami bazujacymi na zastosowaniu zimnej
plazmy atmosferycznej petnig systemy, w ktérych probka w postaci cieklej ma bezposredni
kontakt z generowanym wyladowaniem. S3 to m.in. wspomniane wczesniej uktady
przeptywowe, tj. FLE, FLA 1 FLC oraz uklady okresowe, tj. SDLE, SDLA i LS.

Systemy z cieklg elektroda zaczely zyskiwaé popularno$¢ od konca XX wieku [29],
kiedy to Cserfalvi i Mezei opublikowali prace o APGD generowanym w kontakcie z ciecza
petniaca role katody. Wyladowanie w kontakcie z ciecza moze utrzymywac sie¢ w powietrzu
atmosferycznym bez koniecznosci stosowania zadnych dodatkowych gazow plazmowych [45].
Transport analitu z probki do obszaru wyladowania nastepuje, wskutek tego wytadowania, co
eliminuje dodatkowo koniecznos$¢ stosowania innych metod wprowadzania probki,
tj. rozpylaczy czy komdr mgielnych. Systemy te (poczatkowo FLC a poézniej jeszcze FLA
1 FLE) okazaty si¢ obiecujagcymi i konkurencyjnymi dla ICP Zrédtami wzbudzenia, co przy
braku koniecznos$ci uzywania gazéw plazmowych i znaczaco nizszym poborze pradu [29]
przyczynito si¢ do postepu w tworzeniu alternatywnych, miniaturowych systemow bazujacych
na OES. Przez wzglad na rézna polaryzacje elektrod, mechanizmy zachodzace w tych
systemach rowniez nie sg sobie tozsame. W przypadku FLC powierzchnia roztworu pelnigcego
role katody jest bombardowana przez jony dodatnie, co powoduje rozpylanie i odparowanie

termiczne kropel roztworu probki analitycznej i tym samym transport analitu do obszaru
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wyladowania [46-48]. W przypadku polaryzacji FLA, powierzchnia probki bombardowana jest
przez elektrony, ktére sa zbyt lekkie by moc ja rozpyli¢ [29, 46]. Przyjmuje si¢, ze w tej
konfiguracji anality uwalniane sg w postaci lotnych indywiduéw powstajacych wskutek reakcji
elektrochemicznych na powierzchni styku plazmy z probka [46]. W przypadku FLE obydwa
procesy zachodza naprzemiennie. Zjawisko to jest badane pod katem jego przydatnosci
w systemach analitycznych, ale cieszy si¢ ono znacznie mniejszym zainteresowaniem
srodowiska naukowego w poréwnaniu do FLC i FLA [46]. Systemy okresowe (LS, SDLA,
SDLE) cechuje dodatkowo wieksza ztozono$¢ konstrukcyjna, bardzo krétki czas pomiaru oraz
mate zuzycie analitu [6, 27, 29].

Na efektywnos¢ (LOD, SBR) oznaczania pierwiastkbw z uzyciem wyzej
wspomnianych systemow przeptywowych ma wplyw szereg czynnikow i parametréw,
z ktorych za najistotniejsze [29] uwaza sie:

e Napigcie wyladowania,

e Natezenie pragdu wyladowania,

e Natezenie przepltywu probki analitycznej,

e pH probki analitycznej,

e Rodzaj kwasu zastosowany do otrzymania pozadanego pH probki,

o Odlegto$¢ miedzyelektrodowa,

e Natezenie przeplywu oraz rodzaj gazu pomocniczego (w systemach taki gaz
wykorzystujacych),

e Stezenie i rodzaj LMWOC (o ile sg stosowane),

e Napiecie powierzchniowe roztworu probki analityczne] (modyfikowane za pomoca
surfaktantow),

e Rodzaj i stezenie reduktora w przypadku systeméw bazujacych dodatkowo na CVG.

Niewatpliwg zaleta stosowanych ukladoéw jest brak koniecznosci wydzielania analitu
z probki przed jej wprowadzeniem do plazmy oraz mozliwo$¢é oznaczania wielu pierwiastkow
réwnoczesnie. Niestety zastosowanie ich wigze si¢ z szeregiem niedogodnosci i czynnikow
negatywnie wptywajacych na LOD oraz precyzje. Kluczowym problemem sg pulsacje roztworu
spowodowane dziataniem pompy perystaltycznej. W metodach tych rdwniez istotna role petnia
efekty matrycowe, duza ilo$¢ pary wodnej w obszarze wytadowania, koniecznos¢ stosowania
komoér pozwalajacych na odprowadzenie roztworu poplazmowego oraz osadzanie si¢ na

powierzchni elektrod soli zwigzkdw obecnych w probee [29].
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4.5. Podsumowanie metod wprowadzania probki

Kazda z wymienionych powyzej metod tj. generowanie par, metody pneumatyczne
i termiczne oraz metody bazujace na wyladowaniach w kontakcie z ciekla elektroda,
charakteryzuje si¢ pewnymi wadami i zaletami, oraz stosowana by¢ moze ze wzgledu na rodzaj

wprowadzanej probki lub charakter matrycy. Zestawienie metod wraz z ich cechami

charakterystycznymi zostato przedstawione w Tabeli 1.

Tabela 1. Poréwnanie metod wprowadzania probek analitycznych.

Metoda Zalety Wady Referencje
wprowadzania
Chemiczne generowanie Wydajno$¢ zblizona do Ograniczony zakres [6, 7,29, 39]
par i wodorkow 100%, skuteczne oznaczanych analitéw, silne
(CVG 1 HG) oddzielenie analitu interferencje od metali
od matrycy przejsciowych, koniecznos¢
stosowania silnych
reduktoréw chemicznych
Fotochemiczne Bardzo wysoka wydajnos¢ Ograniczony zakres [35, 38, 40]
generowanie par (porownywalna z CVG), analitow, koniecznos¢
(PVG) mniejsza ilo$¢ naswietlania prébki wydtuza
generowanego wodoru niz czas analizy
w CVQG, brak silnych
nieorganicznych
reduktorow
Rozpylanie pneumatyczne | Proste w obstudze, mozna Wydajno$¢ transportu [30, 44]
(PN) stosowac¢ dla wigkszosci zwykle ponizej 5%,
analitow wrazliwe na lepko$¢
roztworu, ryzyko zatykania
kapilar wymusza prace na
rozcienczonych roztworach
Rozpylanie Wyzsza wydajno$¢ niz Skomplikowana [30]
ultradzwiekowe w PN, mozna stosowac dla | konstrukcja, generuje duzo
(USN) wigkszo$ci analitow pary wodnej ktora nalezy
usuwac, aby nie chlodzita
plazmy
Odparowanie Wyzsza wydajnos¢ niz Wysokie koszty [31]
elektrotermiczne metody pneumatyczne,
(ETV) mozliwos¢ pracy z bardzo
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niewielka iloscig analitu

oraz z zawiesinami

wyladowaniach
jarzeniowych
z ciekla elektroda
(FLE-APGD)

wielu pierwiastkow
jednoczes$nie, dobrze
skalowalne (mozliwos¢

miniaturyzacji)

przewodnictwa i pH
analizowanego roztworu,
pulsacje przeplywu moga
powodowac migotanie

plazmy

Ablacja laserowa Mozliwos¢ analizy probek Metoda bardzo podatna na [31]
(LA) statych, cieklych oraz efekty matrycowe, wymaga
powierzchni, brak odpowiednio dopasowanych
koniecznos$ci dodatkowego wzorcow o zblizonej lub
przygotowania probek takiej samej matrycy
Metody oparte na Mozliwos¢ oznaczania Koniecznos¢ kontroli [6,29]

W realizowanych przeze mnie pracach skoncentrowano sie¢ na metodach CVG, HG i PVG

ze wzgledu na ich wysoka wydajnos¢ oraz selektywnos¢.

32




5. Omowienie publikacji
5.1. Publikacja 1: Mikroplazmowy uklad do oznaczania rteci z uzyciem fotochemicznego

generowania lotnych par

Tymoteusz Kli$, Pawel Pohl, Anna Dzimitrowicz, Piotr Jamroz, A miniaturized microplasma
excitation source coupled with photochemically induced volatile species generation as a cost-

effective tool for in situ mercury pollution analyses, J. Anal. At. Spectrom., 2024, 39, 2982

Pierwsze badania, realizowane w ramach rozprawy doktorskiej, dotyczyly konstrukcji
mikroplazmowego systemu PCVG bazujacego na niedrogim (ok. 30 PLN), komercyjnym
zasilaczu do neonow, o mocy nieprzekraczajacej 10 W. Zasilacz ten pehit role generatora
zimnej plazmy atmosferycznej typu APGD. Stosowany uktad reakcyjny (Rys. 4) sktadat sie
z: a) pompy perystaltycznej (ISM4312, Ismatec, USA), b) fotoreaktora wyposazonego
w nieabsorbujaca w zakresie UV kwarcowa spirale oraz zaréwki UV (PURITEC HNS S OW
UVC, Osram, Niemcy), ¢) komory GLS separujacej pary rteci od mieszaniny poreakcyjnej,
d) szklanej komory wytadowczej z elektrodami wolframowymi, e) zasilacza (Hongba HB-C04,
Chiny) oraz e) aparatury pomiarowej — achromatycznej soczewki 1 optycznego spektrometru

emisyjnego (Shamrock SR500, Andor, UK).
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Rys. 4. Schemat uktadu reakcyjnego, wykorzystanego do realizacji prac badawczych, przedstawionych publikacji

nr 1. Zrédlo Rysunku: Publikacja 1, opracowanie wiasne.

Do generowania lotnych par rteci wykorzystano promieniowanie UV w polaczeniu
z dodatkiem LMWOC do analizowanej probki. To podejscie pozwalato na wyeliminowanie
koniecznosci uzycia silnych nieorganicznych reduktoréw. W literaturze jako LMWOC
stosowano roézne zwigzki organiczne, jednak najczesciej stosowanym byt kwas mréwkowy [35,
40, 42, 49]. W realizowanych pracach badawczych zbadano w jaki sposob dodatek roznych
zwigzkow wplywat na efektywnos$¢ generowania lotnych par analitu, tym samym badajac
rézne klasy zwiazkéw organicznych tj. kwasy organiczne (kwas octowy, kwas mrowkowy,
kwas propionowy, kwas szczawiowy, kwas malonowy), alkohole (metanol, etanol, glicerol,
glikol etylenowy) oraz aldehydy (aldehyd octowy oraz formaldehyd) w stezeniach (m/m)
w zakresie od 2% do 10%. Dokladne zestawienie wptywu dodatku zwigzkéw na zmiane
intensywnosci sygnalu analitycznego przedstawia Rys. 5.

W przypadku uzycia etanolu, metanolu oraz aldehydu octowego i formaldehydu
znormalizowana intensywnos$¢ netto sygnatu analitycznego pochodzacego od Hg wynosita
mniej niz 10% we wszystkich badanych stezeniach tych zwiazkéw. Co ciekawe, byt to efekt

zupelnie odwrotny do zaobserwowanego przez inny zespol badawcezy (Jie Yu, et al. [49]) przy
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oznaczaniu Hg metodg FLC, gdzie dodatek metanolu i etanolu skutkowatl znacznym wzrostem
obserwowanego sygnatu analitycznego.

Poza wspomnianymi wyze] 4 zwigzkami organicznymi (etanolem, metanolem,
aldehydem octowym i formaldehydem) pozostale zwigzki (t.j. kwas octowy, kwas mrowkowy,
kwas propionowy, kwas szczawiowy, kwas malonowy, glicerol, glikol etylenowy) znaczaco
wptywaty na wzrost znormalizowanego wobec tla sygnalu analitycznego. Najwyzsze wzrosty
zaobserwowano dla kwasu propionowego w stezeniu masowym 10% oraz porownywalnie dla
kwasu mrowkowego w stezeniu masowym réwnym 8%. Przez wzglad na otrzymane wyniki
badan eksperymentalnych, w dalszej czesci badan zdecydowano si¢ stosowal zwigzek

0 nizszym wymaganym stezeniu — tj. 8% kwas mrowkowy.

100% — = - — z W= Etanol

@ 80 e Metanol
% 70 Formaldehyd
=. 60" —+— Kwas mrowkowy
~
; E 50¢ Kwas propionowy
E. A —o— Kwas malonowy
'5 30 —o— Glicerol
=

Kwas octowy

ﬂ ﬂ —i -_j " o |~ ikl civlenowy

mm Aldehyd octowy

» Kwas szczawiowy

Stgzenle 1'e‘1genta (m/m)

Rys. 5. Wplyw poszczegdlnych LMWOC na wzgledna intensywnos¢ netto sygnatu analitycznego. Zrédlo

Rysunku: Publikacja 1, opracowanie wiasne.

Jako zrodto promieniowania UV wykorzystano lampe rteciowa firmy OSRAM , ktorej
profil spektralny przedstawiono na Rys. 6. Jak mozna zauwazy¢, lampa emitowala
promieniowanie w zakresach UV-A, UV-B oraz UV-C. Uklad fotoreaktora sktadat si¢ ze spirali
kwarcowej wylozonej od wewnatrz folig aluminiowa. W centrum spirali zamocowano lampe,
wokot ktorej umieszczono nieabsorbujaca we wspomnianych zakresach spektralnych
kwarcowa spiralg, przez ktoéra plyneta mieszanina reakcyjna. Objetos¢ spirali i predkosé

przeplywu probki powodowala, Zze czas naswietlania danej porcji analitu wynosit ok. 20 s.
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Rys 6. Widmo emisyjne zaréwki UV w zakresie 200 — 400 nm. Zrédfo Rysunku: SI Publikacja I, opracowanie

wlasne.

Aby odseparowaé powstate w wyniku naswietlania UV lotne pary rteci od mieszaniny
poreakcyjnej zastosowano prosta szklang komore GLS ze szklanym spiekiem, ktory
przedmuchiwano argonem z dotu o natezeniu przeplywu optymalizowanym w przedziale od 10
do 120 cm®/min. Najbardziej optymalnym przeptywem gazu bylo 20 c¢cm®/min. Komore
wytadowcza stanowila rurka szklana, wewnatrz ktorej umieszczono 2 elektrody wolframowe.
Od gory umieszczono wngkowa elektrode o srednicy wewnetrznej 1,5 mm, przez ktéra analit
wprowadzany byt do plazmy, natomiast od dotu umieszczono ostrg elektrode o srednicy 1 mm.
Odlegtos¢ miedzy elektrodami stanowita 1 mm. Takie ustawienie zapewnialo stabilne
wyltadowanie oraz najwyzsza powtarzalno$¢ pomiardw.

Odnosnie zasilacza, poczatkowo testowano rézne dostepne generatory wysokiego
napiecia. Interesujgce i potencjalnie warte uwagi okazaly sie proste konstrukcje na bazie
trafopowielaczy oraz cewek samochodowych. Niemniej przez wzglad na dostepnos¢ i prostote
konstrukcji zdecydowano si¢ na zastosowanie powszechnie dostepnego zasilacza do szyldow
neonowych o napieciu pracy do 5 kV. Generowal on podczas pracy calego systemu prad
zmienny o sredniej mocy ok. 5 W.

Jako uktad pomiarowy zastosowano achromatyczng soczewke o ogniskowej =60 oraz
spektrometr optyczny z 10 um szczeling 1 siatkg dyfrakcyjna posiadajaca do 1800 rys/mm,
wyposazony w kamer¢ CCD. Widmo rejestrowano przy 10-krotnej akumulacji i czasie
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integracji wynoszacym 0,1 s. Przykladowe widmo bazowe bez analitu oraz widmo po

wprowadzeniu analitu przedstawia Rys 7.

bez dodatku analitu

.
» —
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Rys. 7. Porownanie widma emisyjnego samej plazmy oraz plazmy po wprowadzeniu prébki analitycznej

w przedziale 240 — 265 nm. Zrédlo Rysunku: Publikacja 1, opracowanie wiasne.

Dla systemu APGD oraz dla systemu APGD sprzgzonego z PCVG wyznaczono takie
parametry spektroskopowe jak temperatury rotacyjne (Trot) czasteczek OH i Ny, temperature
oscylacyjna (Tviv) N2, temperature wzbudzenia (Texc) H, oraz gestos¢ elektronowa (ne).
Wyznaczone wartosci zostaly przedstawione w Tabeli 2.

Tabela 2. Poréwnanie parametrow spektroskopowych samego uktadu mikroplazmowego

z uktadem mikroplazmowym z PCVG.

Trot N2 [K] Tt OH [K] Tviv N2 [K] Texe H [K] nex10' [em.s]
sam uktad 810+ 100 2490 + 140 3810+ 360 5400 + 500 33+0.2
uktad z PCVG 1200 £+ 100 3100+ 90 4970 + 640 4800 + 500 2.8+0.2

Jak mozna zaobserwowac¢ w Tabeli 2, zastosowanie PCVG przyczynito si¢ do wzrostu
temperatury rotacyjnej czasteczek N> i OH, oraz temperatury oscylacyjnej czasteczki Na.
Prawdopodobnie spowodowane bylo to zwigkszonym transportem pary wodnej do obszaru
wyladowania. Sytuacja ta thumaczyla by réwniez nieznaczny spadek temperatury wzbudzenia

oraz gestosci elektronowe] — przedostajace si¢ do obszaru plazmy czasteczki pary wodnej
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obciazyly uktad powodujac jej ostabienie. Obserwowane wartosci potwierdzaja wystepowanie
w obydwu systemach nieréwnowagi termodynamicznej. Gestos¢ elektronowa na poziomie ok.
rzad nizszym niz dla ICP [50] okazala sie¢ jednak wystarczajaca do efektywnego wzbudzenia
par Hg.

Na Rys. 7. mozna zaobserwowac linie emisyjne Hg I o dlugosci fali 253,7 nm i energii
wzbudzenia 5,3 eV oraz wiele pasm tlenku azotu (NO) nalezacych do systemu y (przejscia
A" - X?II). Poza zaznaczonymi pasmami NO, w przypadku ukladu z PVG mozna na tym
samym widmie dodatkowo zaobserwowac¢ sygnat pochodzacy od czasteczki OH (przejscie 2-0
przy 262,2 nm), pojawiajacy si¢ wskutek wprowadzania niewielkich ilosci pary wodnej wraz
z analitem do plazmy. Tak liczna obecnos¢ pasm NO na widmie emisyjnym wynika z faktu, iz
uktad byt otwarty i wytadowanie byto generowane w atmosferze powietrza. Warto zaznaczy¢
jednak, ze zastosowanie PCVG wplynelo w istotnym stopniu na wygaszanie wzbudzonych
czasteczek NO, tym samym czegsciowo redukujgc poziom tta w okolicy gldwnego pasma
analitycznego.

W publikacji 1 opracowano proste, zmiennopradowe zrédto APGD do oznaczania Hg
metoda PCVG. Przy optymalnych parametrach systemu analitycznego, tj. odleglosci
miedzyelektrodowej 1 mm, przeptywie reagentéw 2 cm®/min, natezeniu przeptywu argonu 20
cm?/min, oraz zastosowaniu kwasu mréwkowego w masowym stezeniu 8% osiagnieto granice
wykrywalnosci Hg na poziomie 0,33 pg/dm? przy precyzji pomiaréw (wyrazonej jako RSD)
ponizej 5%. Wartosci te sa nizsze od osigganych na komercyjnie uzywanym CVG-ICP OES,
co sprawia, ze zaprezentowany uklad moze by¢ dobra alternatywa do oznaczania rteci
w $rodowisku naturalnym. Dodatkowo niewielka konstrukcja i mozliwo$é pracy przy
zastosowaniu akumulatora sprawia, ze Ww polaczeniu z przenosSnym miniaturowym
spektrometrem uklad ten powinien dobrze sprawdzi¢ si¢ rowniez w warunkach polowych do

pomiaréw zawartosci Hg w miejscu gdzie obserwuje si¢ zmiany jej stezenia.
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5.2. Publikacja 2: Mikroplazmowy uklad do oznaczania germanu z uzyciem metody

generowania wodorkow

Tymoteusz Klis, Piotr Jamrdz Jan Kratzer, Krzysztof Greda, Pawel Pohl, The determination of
germanium by hydride generation-atmospheric pressure glow discharge optical emission
spectrometry (HG-APGD OES), Spectrochimica Acta Part B: Atomic Spectroscopy 234
(2025) 107323

Kolejnym tematem badawczym byto opracowanie uktadu mikroplazmowego do analizy
zawartosci germanu w probkach $rodowiskowych. Metaloid ten w ostatnich latach zaczat
zyskiwaé popularno$¢ w réznych dziedzinach technologii jako potprzewodnik. Zwiekszone
zapotrzebowanie na ten surowiec skutkuje wzrostem skali jego wydobycia, co przyczynia si¢
do wigkszego ryzyka zanieczyszczenia nim $rodowiska. W przyszlosci moze okazaé sig
koniecznym, by stezenie germanu byto monitorowane np. w poblizach miejsc jego wydobycia,
dlatego konstruowanie mobilnych systeméw do jego sladowej analizy wydaje si¢ by¢
potencjalnie korzystne i ekonomicznie uzasadnione.

W niniejszych pracach badawczych zastosowano prosta, lecz duzo bardziej
zaawansowang technologicznie, w porownaniu do publikacji 1, komore wyladowcza,
przedstawiong na Rys. 3b. Teflonowy korpus tej komory zostal wyposazony w mechanizm,
pozwalajacy na precyzyjne i odtwarzalne ustawianie odlegtosci migdzyelektrodowej. Kazda
z elektrod wyposazona zostata w duzy mosiezny radiator, znaczaco wydtuzajacy jej zywotnosé.
Elektrody wykonano ze stopu wolframu z miedzig (90/10, m/m), co zwigkszylo ich
plastycznos¢ i pozwolito na bardziej precyzyjna obrébke mechaniczng, przy zachowaniu
wysokiej trwatosci. Zarowno elektrody jak i caly uktad wyladowczy byl rowniez tatwo
i powtarzalnie demontowalny, co pozwolito na testowanie elektrod o réznych $rednicach i ich
prosta i szybka wymiang¢ w razie koniecznosci. Ponadto, komora wyposazona zostata
w ruchomg gdrng elektrode, co pozwalalo na bezpieczne 1 szybkie inicjowanie wyladowania

podczas uruchamiania systemu analitycznego (Rys. 8).
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Rys. 8. Schemat systemu do generowania i oznaczania wodorku germanu. Zrédto Rysunku: opracowanie wtasne,

publikacja 2.

Poczatkowo planowano wykorzysta¢ ten sam uklad separatora faz GLS, ktéry
z sukcesem datl si¢ zastosowaé m.in. podczas oznaczania rteci [S1] oraz arsenu, selenu czy
antymonu [37] (Rys. 9), jednak podczas wstepnych badan zaobserwowano interesujace
zjawisko, zwigzane ze stabilnoscia sygnatu analitycznego. Intensywno$¢ linii germanu byta
rejestrowana przez wigkszo$¢ czasu na stabilnym, wzglednie niskim poziomie, jednak
w miarowych, kilkusekundowych, odstepach na krotki moment osiggata ona znaczaco wyzsze
wartosci. Nastepnie sygnal znowu si¢ stabilizowal na poprzednim, nizszym poziomie.
Zauwazono, ze mieszanina reakcyjna trafiajaca do komory GLS nie byta homogeniczna, gdyz
w poprzedzajacym jg taczniku gromadzity si¢ pecherzyki gazu (Rys. 9). Kazdorazowo, gdy taki
pecherzyk trafial do GLS, sygnal analityczny momentalnie kilkukrotnie wzrastat, jak opisano
powyzej.

Pomimo iz we wspomnianych wczesniej przypadkach Hg, Se, Sb i As rdéwniez
stosowano metode CVG, jednak podobny problem tam nie wystepowal. Mimo pracy
w srodowisku kwasowym, optymalne stezenie NaBH4 przy oznaczaniu tych pierwiastkéw byto
na tyle niskie (0.005% dla Hg oraz 0.1% dla As, Sb i Se), ze zachodzace reakcje zasadniczo tez
nie byly intensywne, ale mieszanina docierajaca do GLS byla homogeniczna. W przypadku
germanu, optymalne pH bylo zblizone do obojetnego i mimo iz stezenie NaBH4 wynosito 3%,
reakcja generowania wodorkéw przechodzita wzglednie wolno przez niskie stezenie jondw
H30". To w polaczeniu z geometrig obecnego uktadu wprowadzania probki powodowato, ze
przed komora powoli formowaly si¢ pecherzyki wodoru zmieszanego z wodorkiem germanu.
W momencie, gdy taki pecherzyk trafial do GLS (mniej wigcej co 10 sekund), nastepowal

gwaltowny wzrost sygnatu analitycznego wskutek uwolnienia skumulowanego wodorku.
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Rys. 9. Schemat poczatkowo zastosowanej komory GLS. Zrédlo Rysunku: opracowanie wiasne, SI Publikacja 2.

Niestabilnos¢ sygnatu analitycznego wymusita wprowadzenie szeregu modyfikacji
a ostatecznie skonstruowania osobnej komory wyladowczej na potrzeby opracowywanego
w niniejszej pracy efektywnego systemu analitycznego. W celu homogenizacji mieszaniny
reakcyjnej trafiajacej do komory zastosowano podwdjna petle reakcyjng oraz zmieniono punkt
doptywu gazu nosnego i plazmowego (He) w sposob przedstawiony na Rys. 8. Dzieki temu
zabiegowi uzyskano stabilny sygnat analityczny, pozwalajacy na kontynuowanie prac nad tym
systemem.

Dzigki braku koniecznosci wprowadzania gazu bezposrednio do GLS, spiek szklany
réwniez przestal by¢ potrzebny, co w konsekwencji pozwolito na okreslenie wpltywu zmiany
objetosci komory na reakcje instrumentdéw pomiarowych dzieki znaczaco zwigkszonej
swobodzie konstrukcyjnej. W tym celu przygotowano 3 szczelne komory wykonane
z przewodow wykorzystywanych w technice HPLC-DAD oraz z pojemnikow laboratoryjnych
o objetosciach wewnetrznych 10 cm?®, 50 cm? oraz 120 cm?®. Nastepnie bez ingerencji w uklad
wyladowczy oraz bez zmiany wartosci st¢zenia stosowanych odczynnikow obserwowano
zmian¢ sygnalu analitycznego zarejestrowanego przy zastosowaniu kazdej komory z osobna.
Dla kazdej analizowanej komory udato si¢ uzyskac stabilny sygnal analityczny, niemniej czas

stabilizacji 1 ostateczna jego intensywnos$¢ znaczaco si¢ miedzy sobg roznily. Najwieksza
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bezwladno$¢ oraz jednoczesnie najnizsza intensywnos$¢ sygnatu zarejestrowano dla komory

3 3

o pojemnosci 120 cm’. Nieco lepsze wartosci zaobserwowano dla komory 50 cm
a w przypadku komory 10 cm’ intensywno$¢ sygnatu analitycznego byla zdecydowanie
najwyzsza (ok 15% wyzsza niz dla 50 cm® oraz 30% wyzsza niz dla 120 cm?). Wraz ze
zmniejszeniem objetosci GLS przypuszczalnie zmniejszyt sie efekt pamigci ukladu, co moze
tlumaczy¢ nizsze osiagane warto$ci LOD na GLS o pojemnosci 10 cm® wzgledem GLS
o pojemnosciach wiekszych. Bardzo mozliwe, Zze stosujac komore GLS o jeszcze nizszej
objetosci mozna by osiagna¢ jeszcze wyzsze sygnaly analityczne, niemniej nie byto to badane
w tej pracy. Przez wzglad na zastosowane przeplywy reagentow dalsze zmniejszanie komory
wigzalo by sie ze zwickszonym ryzykiem przedostawania si¢ rozpuszczalnika do plazmy mimo
zastosowania mechanizmow ,,suszacych”, co w konsekwencji moglo by skutkowaé jej
wygaszeniem lub destabilizacja. Zestawienie znormalizowanych intensywnosci netto oraz

stosunku sygnatu analitycznego do sygnatu tta (SBR, ang. Signal to Background Ratio)

w zaleznosci od objetosci zastosowanego GLS przedstawiono na Rys. 10.
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Rys. 10. Wplyw objetosci komory GLS na SBR i intensywno$¢ sygnatu analitycznego. Zrédlo Rysunku:
opracowanie wlasne.

Analizowano takze wplyw osuszania gazow uwalniajacych si¢ w separatorze faz.
W tym celu poréwnano systemy bez osuszacza (krotka rurka szklana taczyta GLS bezposrednio

z komorg wyladowczg), szklang spirale z niewielkim zbiornikiem (suszenie grawitacyjne), oraz
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tube o s$rednicy wewnetrznej 15 mm i dhugosci 10 cm, wykonang z PTFE i wypelniong
granulkami NaOH (dalej zwang ,,suszka™). Brak suszki lub spirali skutkowatl destabilizacja
wyladowania. Nawet niewielka ilos¢ ciektego rozpuszczalnika (wody) byla w stanie skutecznie
zaburzy¢ prace mikroplazmy. 7 pomigdzy pozostaltych 2 dostepnych rozwigzan
zdecydowali$my sie na zastosowanie suszki z NaOH. Obserwowane SBR nie réznito sie
znaczaco od otrzymanego dla tej samej probki z uzyciem szklanej spirali jednak sama
intensywnos$¢ sygnatu byta wyzsza. Otrzymane wyniki potwierdzajg obserwowane przez rozne
zespoly badawcze zjawisko wygaszania plazmy przez dostajace sie do jej centrum czasteczki
pary wodnej [27, 29]. Osuszacz powinien by¢ jednak dobierany indywidualnie w zaleznosci od
generowanego lotnego indywiduum. W przeciwnym wypadku istnieje ryzyko, ze oprocz
czasteczek pary wodnej moze zaadsorbowaé on czasteczki analitu, co z kolei moze sprawié, ze
sygnal analityczny nie ulegnie wzmocnieniu lub nawet zupelnie zaniknie. Z tego powodu
w wickszos$ci przypadkow bezpieczniejsze bedzie zastosowanie szklanej spirali (kondensatora)
poniewaz nie powinna ona adsorbowaé na swej powierzchni czasteczek analitu. Zestawienie
znormalizowanych intensywnosci netto oraz SBR w zaleznos$ci od zastosowanego osuszacza

przedstawiono na Rys. 11.
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Rys. 11. Wplyw rodzaju osuszacza na SBR i intensywnos¢ sygnatu analitycznego. Zrédlo Rysunku: opracowanie

wilasne.
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Po wykonaniu opisanej powyzej przedwstepnej optymalizacji pozostale parametry
wyjsciowe systemu wstepnie oszacowano i rozpoczeto badania majace na celu ich docelowa
optymalizacje. Zaréwno poczatkowe jak i optymalne parametry przedstawiono w zbiorczej
Tabeli 3.

Tabela 3. Zestawienie poczatkowych oraz optymalnych parametrow uktadu analitycznego.

Wartosé
Warto$¢ optymalna Jednostka
Parametr poczatkowa
Stezenie NaBH4 3 % mas.
Stezenie NaOH 0,1 % mas.
Stezenie HCI 0,25 M
Stezenie buforu Tris 0,03 M
Natezenie przeplywu probki _
2 cm?®/min
analitycznej
Natezenie przeplywu NaBH4 +
2 cm’/min
NaOH
Objetos¢ GLS 10 cm?
Rodzaj osuszacza Suszka wypelniona statym NaOH -
Odleglos¢ miedzyelektrodowa 2 0,5 mm
Wewnetrzna srednica elektrody 0,9 0,7 mm
Natezenie pradu 30 45 mA
Natezenie przeplywu He 200 400 cm?®/min

Optymalne wartosci stezen oraz proporcje reagentow otrzymano od wspotpracujacego
z nami zespotu naukowego z Czech (projekt WAVE-UNISONO) [52]. W nastepnych krokach
weryfikowano wplyw na spektrum emisyjne takich parametrow fizycznych uktadu jak
odleglo$¢ migdzyelektrodowa, $rednica wewnetrzna elektrody wngkowej, natezenie pradu
wytadowania oraz nat¢zenie przeplywu gazu nosno-plazmowego (He).

Odlegtos¢ miedzyelektrodowa zoptymalizowano w przedziale 0,5 — 2,5 mm. Wraz ze
zmniejszeniem si¢ odleglosci mozna bylo odnotowaé znaczacy spadek intensywnosci pasm
emisyjnych pochodzacych, od czasteczek NO, prawdopodobnie wskutek utrudnionej dyfuzji
czasteczek azotu do obszaru wytadowania z otaczajacego go powietrza atmosferycznego. Ten
fakt sam w sobie byl juz obserwowany podczas innych prac [53, 54], ale zaskakujace
1 odmienne od spodziewanego bylo zaobserwowanie wzrostu zar6wno intensywnosci netto jak
i SBR dla sygnalu analitycznego, gdy odleglo$¢ miedzyelektrodowa byta najnizsza. Zmiana

SBR oraz intensywnosci sygnalu w zaleznosci od odleglosci migdzy elektrodami zostala

44



przedstawiona na Rys. 12. Niewykluczone, ze dalsze zmniejszanie tej odleglosci moglo by

przynies$¢ jeszcze pozytywniejszy skutek, jednak wymagato by ono zastosowania bardziej

precyzyjnego systemu sterowania elektrodami, aby uzyskane wyniki mozna bylo uzna¢ za

wiarygodne.
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Rys. 12. Wplyw odlegtosci miedzyelektrodowej na SBR i intensywnos¢ sygnatu analitycznego. . Zrédlo Rysunku:

opracowanie wlasne.

Mozliwym wytlumaczeniem wspomnianego zjawiska jest znaczaco zwiekszona gestosé

energii przy odlegtosci 0,5 mm (6 kW/ cm?®) wzgledem odlegtosci np. 2 mm (2 kW/ cm?).

Ponadto, wicksza odlegltos¢ miedzyelektrodowa moze sprzyjaé zwiekszonej dyfuzji do centrum

wyladowania tlenu atmosferycznego, co z kolei moze powodowaé formowanie si¢ niewielkich

ilosci czasteczek tlenku germanu, tym samym zmniejszajac populacje wolnych atoméw Ge.

W praktyce udalo sie zaobserwowac niektore z pasm GeO (Rys. 13), jednak ich intensywnos¢

byta na tyle niewielka, Ze nie nadawaty by si¢ one do ilosciowego oznaczenia tej czasteczki.
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Rys. 13. Wybrane linie emisyjne Ge oraz pasma emisyjne czasteczki GeO. Zrédlo Rysunku: Publikacja 2,

opracowanie wlasne.

Na tym etapie potwierdzono, ze zdecydowanie najbardziej optymalng linig emisyjna
atomowego Ge do zastosowania w analizie ilo$ciowej jest linia Ge I przy dtugosci fali réwne;j
265,1 nm. Obserwowalismy zmiany intensywnosci wielu linii i1 z nich wszystkich ta zdata si¢
by¢ najbardziej odporna na interferencje spektralne pochodzace od czasteczek NO oraz byta
najintensywniejsza ze wszystkich rejestrowanych linii tego pierwiastka.

W nastepnym etapie badano wplyw zmiany srednicy wewngtrznej elektrody, przez ktora
do plazmy dostarczana byta probka. Dla kazdej z testowanych elektrod (0,5 mm, 0,7 mm, oraz
0,9 mm) wykonano dodatkowo optymalizacje natezenia pradu wytadowania (w przedziale 10
— 60 mA) oraz przeplywu gazu nosno-plazmowego (w przedziale 100 — 450 cm?/min).
Z kombinacji tych 3 parametréw najoptymalniejsza okazata si¢ dysza o Srednicy 0,7 mm.
W przypadku dyszy o wigkszej srednicy zaobserwowaé mozna bylo wzrost intensywnosci tla
(w gléwnej mierze zwiazany ze zwiekszong iloscig azotu dyfundujacego do strumienia gazu,
natomiast mniejsza srednica prawdopodobnie zmniejszala catkowity czas przebywania analitu
w obszarze wyladowania. Analiza wynikow wykazala, ze optymalne wartosci dla
poszczegdlnych dysz nie r6znily si¢ znaczaco. Jednakze w przypadku dyszy o srednicy 0,7 mm

odnotowano najwyzsze wartosci intensywnosci netto sygnatu oraz SBR.
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Optymalizacja nat¢zenia pradu wykazata, Zze zar6wno intensywno$¢ sygnatlu
analitycznego jak i SBR rosty niemal liniowo w calym badanym przedziale. Ponadto
zaobserwowano, ze wzrost natezenia pradu z 10 mA do 45 mA poskutkowal wzrostem
obserwowanej optycznie temperatury rotacyjnej OH (Troqomn)) 0 ok. 200 K (z 900 K do 1100 K)
1 temperatury wzbudzenia wodoru (Texety) 0 ok. 250 K (z 4050K do 4300 K). Wzrost ten
réwniez pozytywnie wplynal na zwickszenie gestosci elektronowej o blisko 1.7 x 10'* cm™
(z2,9x 10" cm™ do 4,6 x 10'* cm™).

Za optymalne natezenie pradu przyjeto jednak 45 mA, poniewaz powyzej tej wartosci,
mimo zastosowania radiatorow o duzej pojemnosci cieplnej, elektrody zaczynaty si¢
przegrzewaé. Zjawisko to mogto by prowadzi¢ do ich szybkiego zuzycia i stopniowej zmiany
odlegtosci migedzy nimi. W przysztosci moze by¢ dobrym pomystem opracowanie systemu
chlodzenia aktywnego, co pozwoli na wykorzystywanie wyzszego pradu wytadowania.

W przypadku natezenia przeplywu gazu obserwowano wzrost intensywnosci sygnatu
wraz ze wzrostem przeptywu ze 100 cm®/min do 300 cm?/min. Przy wyzszych wartosciach (300
— 450 cm®/min) Zaréwno SBR jak i intensywno$é netto sygnatu utrzymywaly sie na mniej
wigcej stalym poziomie. Przebieg zmiany SBR oraz intensywnosci sygnalu w zaleznosci od

zastosowanego natezenia pradu i przeplywu gazu przedstawiono na Rys. 14 oraz Rys. 15.
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Rys. 14. Wplyw zmiany natezenia pradu na SBR i intensywno$¢ sygnahlu analitycznego. Zrédlo Rysunku:

opracowanie wlasne.
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Rys. 15. Wplyw zmiany natezenia przeptywu He na SBR i intensywnos¢ sygnatu analitycznego. Zrédlo Rysunku:

opracowanie wlasne.

Co ciekawe, wzrost natezenia przeplywu gazu plazmowego (ze 100 cm?/min do 400
cm?/min) prowadzil do spadku jego temperatury osiaganej w plazmie (przyblizonej poprzez
Trotomy) 0 niemal 500 K (z 1600 K do 1100 K). Sugeruje to, ze temperatura samego gazu nie
wplywata w sposéb kluczowy na wydajno$¢ wzbudzania analitu. Istotniejszej roli nalezy
doszukiwaé sie wiec w zmianach gestosci energii oraz populacji czastek reaktywnych
(tj. elektrony 1 rodniki).

W optymalnych warunkach (Tabela 3) granica wykrywalnosci Ge wyznaczona zostala
na poziomie 0,4 pg/dm?3. Wartos¢ ta jest porownywalna z osiagalng granica wykrywalnosci na
komercyjnych aparatach ICP-OES [55-57] oraz MIP-OES [58], co w powigzaniu z prostg
i tanig konstrukcja opisywanego uktadu czyni go konkurencyjnym posrdd obecnie stosowanych
rozwigzan w oznaczaniu tego pierwiastka. Prezentowana metoda wykazala si¢ wysoka
odpornoscia na wystepowanie w matrycy jonéw K*, Mg?* oraz Ca*" (do ich stezenia 100
mg/dm? odzysk Ge miescil si¢ w przedziale 94 — 115%. Niestety, w przypadku jonéw metali
przejsciowych (tj. Mn?", Fe**, Cu?*, oraz Zn**) wartosci odzyskow okazaly sie znacznie nizsze.
Do stezenia interferentow na poziomie 0.1 mg/dm® wynosily one od 96% do 108% ale

(z wylaczeniem jonéw manganu) wraz z dalszym wzrostem stezenia metali sygnatl analityczny
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germanu znaczaco spadat (29 £ 2 % dla Cu®' o stezeniu 5,0 mg/dm’, 32 £ 2 % dla Fe**
o stezeniu 5.0 mg/dm?). Negatywny efekt udato sie czesciowo zredukowaé poprzez dodatek
0.001 M EDTA. Dla wspomnianych wyzej prébek z jonami miedzi i zelaza odzysk w obecnosci
EDTA wyniost kolejno 41 £ 1 % oraz 98 = 3 %). Pozytywny wptyw EDTA odnotowano
réwniez w przypadku cynku (wzrost odzysku z 50 £ 2 % do 94 £ 5 %) ale w przypadku Mn
zaobserwowany efekt byt odwrotny (z poczatkowego odzysku 95 £ 5 % po dodaniu EDTA
spadt on do 86 + 2 %).

By potwierdzi¢ stosowalnosé¢ opisywanego uktadu HG-APGD-OES w analizie probek
srodowiskowych, wykonano analize¢ Ge w szeregu probek wod (kranowej, rzecznej,
butelkowanej, oraz mineralnej) wzbogaconych o ten pierwiastek w stezeniu 10 — 20 pg/dm?>.
Uzyskane odzyski wyniosty kolejno 99 + 13 %, 103 + 6 %, 114 + 6 %, oraz 102 = 7 %, co
w potaczeniu z opisywanymi wyzej cechami uktadu uznane zostato za zadowalajace.

W publikacji 2 przedstawiono proste i przystepne narzedzie mikroplazmowe do analizy
sladowej Ge w wodach s$rodowiskowych. Zaleta tego systemu na tle innych ukladow
mikroplazmowych jest fakt, ze obydwie stosowane tu elektrody sg stale. W przypadku
konkurencyjnych SCGD oraz SAGD jedng z elektrod stanowita analizowana probka, ktorej
przeplyw wplywa w sposdb negatywny na stabilnos¢ wyladowania. Ponadto, wigze si¢ to
z koniecznoscig tworzenia komodr pozwalajacych na doprowadzanie i odprowadzanie cieczy

z plazmy. W przypadku uktadu ze statymi elektrodami takie niedogodnosci nie wystepuja.
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5.3. Publikacja 3: Mikroplazmowy uklad do oznaczania rteci metodg chemicznego

generowania par z kontrolowanym zate¢zaniem z uzyciem amalgamacji

Tymoteusz Kli$, Krzysztof Greda, Jan Cech, Piotr Jamréz, Tomas Medek, Michal Pazderka,
Pavel Dvorak, Pawel Pohl, Ultra-trace mercury determination in water by APGD OES coupled
with cold  vapor  generation and  gold  trap  enrichment, Talanta.

http://dx.doi.org/10.2139/ssrn.7049468

W powyzszej publikacji zaprezentowano uktad CVG-APGD OES do oznaczania Hg
w roztworach wodnych z zastosowaniem techniki chemicznego generowania par (CVG) oraz
niestandardowego amalgamatora — putapki wykonanej ze zlota (GT, ang. gold trap).
Poréwnano mozliwosci systemu zaréwno z jaki i bez GT, oraz zastosowano 2 rdézne zasilacze
wysokonapigciowe, tj. stalopragdowy oraz impulsowy. Schemat optymalnego uktadu do

oznaczania Hg z uzyciem GT-CVG zaprezentowano na Rys. 16.
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Rys. 16. Schemat mikroplazmowego systemu APGD zastosowanego w pracy 3. Zrédlo Rysunku: opracowanie

wlasne, publikacja 3.
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Jako komore wyladowcza uzyto korpus teflonowy z 2 wspolosiowymi, pionowo
zorientowanymi elektrodami, jak opisano w publikacji 2. Dolng elektrodg byta katoda
wnekowa, przez ktorg do plazmy trafiat gaz wyladowezy wraz z parami Hg. Gorng elektrode
(anodg) stanowit lity metalowy dysk. Obydwie elektrody wykonano ze stopu miedzi i wolframu
(9:1 m/m) a odlegtos¢ miedzy nimi wynosita wstepnie 1 mm. W pierwszym kroku
optymalizowano nat¢zenie przeplywu He oraz stezenia NaBH4 1 HCL

Optymalizacja polegata na wyznaczeniu najkorzystniejszej wartosci danego parametru
fizykochemicznego uktadu, przy ktorej stosunek sygnatu do tta (SBR) lub tez intensywnos¢
netto sygnatu analitycznego pochodzacego od Hg (mierzonego przy 253,7 nm) byta najwyzsza.
W tym celu wykonano serie pomiarowe skladajace si¢ z min. 3 powtorzen. Wyniki
zaprezentowane ponizej obarczone sg niepewnoscig na poziomie < 5%.

Natezenie przeptywu gazu nosno-plazmowego optymalizowano w przedziale 200 — 400
cm?®/min (Rys. 17). Mimo nieznacznej zmiany intensywnosci netto sygnahu, SBR wypadt
najkorzystniej przy 250 cm’/min. Przebieg wykresu wskazuje, ze w tym wlasnie punkcie
osiggniety zostal kompromis pomiedzy czasem przebywania analitu w obrebie wyladowania

oraz zawartoscig powstajacego w wyniku reakcji wodoru czasteczkowego.
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Rys 17. Wplyw zmiany natezenia przeplywu He na SBR i intensywnos¢ sygnatu analitycznego. Zrédlo Rysunku:

opracowanie wlasne.
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Stezenie NaBH4 optymalizowano w przedziale 0.005 — 0.5 % (m/m). Wyniki pomiarow
sugeruja, ze uktad jest podatny na wysokie stezenie wydzielanego w wyniku reakcji wodoru,
ktorego ilos¢ jest proporcjonalna do stezenia tego reagenta. Optymalne stezenie na poziomie
0.01% pozwolilo na osiggnigcie najwyzszej wartosci zarowno intensywnosci jak i SBR (Rys.
18). W przypadku HCIl sytuacja wygladala zupelnie inaczej. Z badan wyniknelo, ze
w optymalizowanym przedziale (2 — 16% m/m) zaréwno intensywnos$¢ sygnatu analitycznego
jak i SBR rosty liniowo wraz ze wzrostem stezenia kwasu (Rys. 19). Jednakze w przypadku
tego parametru zdecydowano o uzycie jego nizsze] wartosci niz wynikala ona
z przedstawionego wykresu. Wraz ze wzrostem stezenia HCl wzrastato rozcienczenie probki
analityczne] oraz zuzycie dodawanego ultraczystego odczynnika. Analiza uzyskanych
wynikéw wykazata, ze réznice w intensywnosci sygnalu dla badanych stezen HCI byly

niewielkie. W zwigzku z tym do dalszych badan wybrano HCI o stezeniu masowym 4%.
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Rys. 18. Wplyw zmiany stezenia NaBH4 na SBR i intensywno$¢ sygnatlu analitycznego. Zrédlo Rysunku:

opracowanie wlasne.
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Rys. 19. Wplyw zmiany stezenia HCl na SBR i intensywnos$¢ sygnatu analitycznego. Zrédlo Rysumku:

opracowanie wlasne.

Podczas wstepnych badan porownano rowniez wplyw rodzaju zasilacza zastosowanego
do wygenerowania plazmy APGD na jej stabilno$¢ i1 charakterystyke. Do tego celu
wykorzystano zasilacz stalopradowy DC (DP50H-024pH, DSC Electronics) oraz zasilacz
impulsowy nanosekundowy (AVR-8A-B, Avtech Electrosystems). W przypadku zasilacza
statopradowego zastosowane wartosci napigcia oraz natezenia pradu wynosity kolejno 440 V
oraz 30 mA, przy rozbieznosci na poziomie < 0.2% dla czestotliwosci 40 kHz. Zasilacz
impulsowy pracowal z czgstotliwoscia 1kHz przy dlugosci pulsu na poziomie ponizej 2 us.
Mimo bardzo krotkiego cyklu pracy (w praktyce ok. 0,1%) kazdy taki puls prezentowal ponad
10 kW mocy chwilowej (w najwyzszym punkcie byto to ok. 16 A przy 1 kV). Wieksza moc
chwilowa przyczynita si¢ do wzrostu obserwowanej temperatury rotacyjnej czasteczki OH oraz
wyzszej gestosci elektronowej zrodla wykorzystujacego wyladowanie impulsowe, jednak, gdy
do takiej plazmy zostaly wprowadzone pary Hg linie atomowe tego pierwiastka nie byly
widoczne na widmie emisyjnym. Prawdopodobnie ttumaczyé to mozna poprzez krétki cykl
pracy (sprawiajacy, ze rzeczywista moc calego cyklu wynosita do kilku W). Ponadto,
intensywnos¢ linii emisyjnej wodoru byla w tej plazmie o rzad wielkosci wyzsza niz przy

zastosowaniu zasilacza DC. Powyzsze wyniki sugeruja, ze mimo iz wyladowanie impulsowe
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zdaje si¢ zapewnia¢ korzystniejsze warunki wzbudzenia innych atomow, nie dalo sie
zastosowa¢ do efektywnego wzbudzania Hg. Z tego wzgledu wszystkie dalsze eksperymenty
przeprowadzono z wykorzystaniem zasilacza DC.

Podczas optymalizacji nat¢zenia pradu zasilacza DC, zauwazono, ze wraz z jego
wzrostem ro$nie znaczaco intensywnos¢ emisji tta przy jednoczesnym, bardzo znikomym
wplywie na sam sygnat analityczny (Rys. 20). Zoptymalizowano ten parametr w przedziale 15
—40 mA, jednak przy 15 mA plazma byla niestabilna i wyniki pomiaroéw nie byly powtarzalne.

7 tego wzgledu dalsze badania prowadzono przy natezeniu pradu rownym 20 mA.
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Rys. 20. Wplyw zmiany natezenia pradu na SBR i intensywnos¢ sygnatu analitycznego. Zrédlo Rysumku:

opracowanie wiasne.

W warunkach optymalnych LOD Hg w prezentowanej metodzie CVG-APGD OES
wynosito 0,2 pg/dm? i 0,08 pg/dm? (kolejno dla czasu integracji 1 s oraz 10 s). Wartosci LOD
na tym etapie badan byly porownywalne z wartosciami zgtaszanymi dla innych uktadéw [59-
61], jednak konstrukcja naszego uktadu byta mniej skomplikowana.

Dalszy krok badan stanowila implementacja jednostki GT widocznej na Rys. 16.
Skladata si¢ ona z rurki kwarcowej o srednicy zewnetrznej 0,83 cm, owinigtej spiralg grzewcza
i wypetnione;j siatka wykonang z wysokiej czystosci ztotego drutu (99.9%) o srednicy 0,3 mm.
Calkowita powierzchnia sorpcyjna Au wynosita ok. 10 cm?, co przy natezeniu przeplywu gazu

na poziomie 250 cm?®/min sprawialo, ze czas przebywania pary Hg w strefie sorpcyjnej wynosit
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okoto 0,1 s. Spirala grzewcza zasilana byla akumulatorem litowo-polimerowym 6S (LiPo)
o pojemnosci 12 Ah i napieciu znamionowym 22.2 V. W takiej konfiguracji mozliwe bylo
osigganie wysokich pradow (okolo 38 A) i bardzo szybkie ogrzewanie spirali. W celu
zapewnienia powtarzalnosci i odtwarzalnosci procesu ogrzewania, akumulator pracowat
w zakresie napigcia pomigdzy 3,85 V a 3,70 V na 1 ogniwo). Przyblizong temperature wewnatrz
GT mierzono z uzyciem rezystancyjnego czujnika temperatury (HD 2307.0 RTD, Delta Ohm)
i wynosila ona niemal 660 K.

Optymalizacja GT polegala w pierwszym kroku na okresleniu w jaki sposob zmienia
sie temperatura wewnatrz jednostki zarowno podczas jej ogrzewania jak i chtodzenia.
Poczatkowy czas pasywnego chlodzenia byt niezadowalajacy, dlatego uktad zostal pdzniej
doposazony w wentylator, ktéry byl uruchamiany po zaprzestaniu ogrzewania. Nastepnym
krokiem byto okreslenie czasu wygrzewania. W tym celu przez 5 min akumulowano w GT rtec
pochodzaca z roztworu wzorca a nastepnie jednoczesnie zatgczano ogrzewanie (5 — 15 s)
1 rozpoczynano seri¢ pomiarowa. Efekty ogrzewania oraz bezwtadno$¢ zmiany temperatury
wewnatrz uktadu mozna zaobserwowaé na Rys. 21. Gdy czas nagrzewania wynosil 5s,
nieznaczny wzrost sygnalu dato sie zaobserwowac dopiero po ok. 30 sekundach. W takich
warunkach wigkszos¢ zakumulowanej rteci nadal pozostawata wewnatrz GT, co réwniez wida¢
po ponownym ogrzaniu uktadu (intensywny sygnat od Hg widoczny w drugim cyklu, rys 21,
czas ponownego ogrzewania — 10 s). Przy czasie nagrzewania 7 s wiekszos¢ Hg zostawata
uwolniona, jednak rejestrowany sygnal byl bardzo rozciagnigty w czasie. Najbardziej
zadowalajace efekty otrzymano po czasie nagrzewania 12 s. Wzrost czasu nagrzewania do 15
s nie przynidst istotnego wzrostu intensywnosci mierzonej linii emisyjnej Hg, przez co 12 s
zostalo wybrane jako optymalny czas nagrzewania. Przy tym czasie réwniez nie bylo
koniecznosci wprowadzania ,.fazy czyszczacej GT” (jego ponownego ogrzania przed
wprowadzeniem kolejnej probki), poniewaz uwigziona w nim Hg zostawala uwalniana

ilosciowo.
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Rys. 21. Intensywno$¢ linii atomowej Hg 1 (253.7 nm) w zalezno$ci od dlugosci cyklu wygrzewania komory GT.

A — start cyklu pierwszego, B — start cyklu drugiego. Zrédlo Rysunku: publikacja 3.

W optymalnych warunkach wygrzewania (t = 12s) temperatura wewnatrz GT wynosita

390 °C, co okazalo si¢ wystarczajace do catkowitego uwolnienia zakumulowanej Hg

1 jednoczesnie nie $wiadczyto o przegrzaniu systemu. W optymalnych warunkach procedura

obstugi GT byta jak przedstawiono w Tabeli 4.

Tabela 4. Zestawienie poszczegdlnych etapow cyklu pomiarowego metody CV-GT-APGD-OES.

Etap Czas od rozpocze¢cia pomiaru [min] Temperatura (°C)
(czas trwania etapu)
1. Generowanie par rteci 0:00 - 5:00 (5 min) 24 - 30
2. Przedmuchiwanie par 5:00 - 5:30 (30 s) 24
3. Ogrzewanie GT 5:30-5:42 (12 s) 24 —110
4. Okres pomiedzy zakonczeniem 5:42-6:10 (28 s) 110 —390
nagrzewania a chlodzeniem
uktadu
5. Chtodzenie uktadu 6:10 do 8:30 (2 min 20 s) 390— 24 -30

Najlepsza powtarzalno$¢ pomiaru (<6%) osiagni¢to poprzez aproksymacje piku funkcja

EMG (ang. Exponentially Modified Gaussian). Podobng strategie wykorzystuje si¢

powszechnie w chromatografii cieczowej [62], tj. maksimum tej funkcji zostato przyjete jako

sygnal analityczny. Dzieki zastosowaniu GT udalo si¢ obnizy¢ poczatkowe LOD Hg ponad 100
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krotnie. Osiagnieta warto$¢ 0,003 g/dm?® jest poréwnywalna z raportowanymi warto$ciami
otrzymanymi z uzyciem CV-AAS oraz GT-CV-AFS, oraz nizsza niz osiggana przez takie
metody jak ICP-OES a nawet wykorzystujacy nebulizacje ICP-MS.

W celu oceny prawdziwosci prezentowanej metody CV-GT-APGD OES zmierzono
odzysk Hg z probek wody kranowej. Poczatkowe pomiary samej probki wykazaly zawartos¢
Hg na poziomie 0,02 + 0.01 pg/dm>. Nastepnie z uzyciem roztworu wzorcowego zwiekszono
stezenie Hg w probkach wody do 0,25 pg/dm’® oraz 0,50 pg/dm’. Po pomiarach probek
z dodatkiem wzorca odzysk Hg oszacowano na poziomie kolejno 101% oraz 104%, co pozwala
zatozy¢, ze otrzymane wyniki oraz sama metoda analityczna sg wiarygodne.

W publikacji 3 przedstawiono wydajny system CVG-GT-OES do analizy $ladowych
zawartosci Hg w préobkach wody. Gtowna zaleta nowej metody (wzgledem np. ICP-MS) jest
prostota konstrukcji aparatury, niskie koszty konserwacji i fakt, ze nie wymaga ona do jej
obstugi wysoko wykwalifikowanego personelu. Ograniczeniem w osiggnigciu jeszcze nizszych
LOD dla systemu CVG-GT-APGD OES bylo sladowe zanieczyszczenie odczynnikdw,
najprawdopodobniej pochodzace z HCl. Pomimo uzycia odczynnika o najwyzszej dostepnej

czystosci chemicznej, sygnaty Hg w $lepej probie, w dalszym ciggu byly zauwazalne.
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5.4. Publikacja 4: Uklad do analizy wplywu zimnej plazmy atmosferycznej na parametry

fizykochemiczne win.

Tymoteusz Kli$, Pawet Pohl, Anna Dzimitrowicz, Aleksandra Bielawska-Pohl, Magda Caban,
Piotr Cyganowski, Aleksandra Klimczak, Piotr Jamroz, Effect of Cold Atmospheric Pressure
Plasmas on Physicochemical, Nutritional, and Cytotoxic Properties of Red and White Wines -
Comprehensive Studies, Food Research International. 2025, vol. 221, pt. 2, art. 117262,
s. 1-13.

Niniejsza publikacja, mimo iz w znacznym stopniu dotyczy zastosowania zrddta plazmy
W przetworstwie zywnosci, stanowi rozszerzenie prowadzonych przeze mnie badan nad
oddziatywaniem plazmy z roztworami. Prace zwigzane z powstawaniem tego artykutu
pozwolity mi na doktadniejsze zbadanie interakcji pomigdzy réznymi rodzajami zimnej plazmy
atmosferycznej a ciecza. Okreslenie sktadu, energii oraz temperatury plazmy w roéznych
warunkach przyczynito si¢ pdzniej do bardziej ukierunkowanego rozwoju analitycznych
uktadow mikroplazmowych opisywanych w wymienionych wczesniej publikacjach. Ponadto,
praca ta mimo odmiennego docelowego obszaru zastosowania plazmy jest spojna z pozostatymi
pod katem stosowanych technik diagnostycznych i rozwigzan konstrukcyjnych.

System plazmowy zastosowany w tej analizie (Rys. 22) sktadal si¢ z 2 elektrod (statej
elektrody wolframowej (1) oraz rurki kwarcowej zakonczonej tuleja grafitowa (2), przez ktéra
wprowadzana byla prébka (3), za pomocg czterokanatowej pompy perystaltycznej (Masterflex
L/S, Core-Parmer,USA, (4)). Elektrody umieszczone zostaly wspolosiowo w niewielkiej,
otwartej komorze kwarcowej wyposazonej w odptyw roztworu po-plazmowego (5). W badaniu
zastosowano 2 roézne zasilacze wysokonapieciowe (6), tj. stalo- pradowy (DP50H-024pH, DSC
Electronics Niemcy) i zmienno-pradowy (Wyrob Elektroniczej Aparatury Laboratoryjnej Jerzy
Dora, Polska).
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Rys. 22. Schemat systemu APGD zastosowanego w niniejszej publikacji 4. Zrédlo Rysunku: opracowanie wiasne.

Dzigki zastosowaniu roznych rodzajow zasilaczy i ich polaryzacji, mozliwe bylo
uzyskanie 3 rodzajow wyladowan, przy zastosowaniu cieklej przeptywajacej katody, anody
i elektrody tj. FLA-APGD, FLC-APGD oraz FLE-APGD W przypadku stalopradowego
wytadowania jarzeniowego, generowanego pod cisnieniem atmosferycznym w kontakcie
z przeplywajacg ciekia katoda (FLC-APGD), napigcie robocze wynosito 1,1 kV przy nat¢zeniu
pradu 40 mA, dla FLA-APGD byto to 1,3 kV przy 50 mA. W przypadku modulowanego za
pomocy czestotliwosei radiowej wyladowania jarzeniowego generowanego pod ci$nieniem
atmosferycznym w kontakcie z cieczg (FLE-APGD) wartos$¢ czestotliwo$¢ zmian polaryzacji
wynosita 150 kHz przy wypelnieniu pradu ok. 20%.

Stwierdzono, ze wskutek zastosowania analizowanego rodzaju wytadowania, wartos$¢
pH roztworu traktowanego wytadowaniem typu APGD byla nieznacznie nizsza od wartosci pH
wyjsciowej probki. W przypadku FLC-APGD wartos¢é pH wina czerwonego nie ulegta zmianie
w odniesieniu do nietraktowanej prdobki, natomiast w probce wina bialego poddanego
traktowaniu plazmg warto$¢ pH zmalata z wartosci 3,56 do 3,49 odpowiednio dla préobki
nietraktowanej i traktowanej plazma. W FLA-APGD zmiany wartosci pH wynosity 3,69 i 3,65
dla prébek wina czerwonego odpowiednio nietraktowanych i traktowanych oraz 3,56 i 3,55

odpowiednio dla probek wina bialego nietraktowanego oraz traktowanego plazma.
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Najintensywniejszg zmiane wartosci pH odnotowano po zastosowaniu systemu plazmowego
FLE-APGD: z 3,69 do 3,59 dla wina czerwonego odpowiednio nietraktowanego i traktowanego
i podobnie z 3,56 do 3,45 dla nietraktowanego oraz traktowanego wina bialego. Wraz ze zmiang
pH probek zmieniala si¢ réwniez wartos$¢ ich przewodnictwa. Co ciekawe zmiany te nie byty
do siebie proporcjonalne i wynosily: z 2,208 mS/cm do 3,129 mS/cm i z 2,147 mS/cm do 2,878
mS/cm dla FLC-APGD w winie czerwonym i biatym, z 2,208 mS/cm do 2,360 mS/cm iz 2,147
mS/cm do 2,151 mS/cm dla FLA-APGD w winie czerwonym i biatym oraz z 2,208 mS/cm do
2,606 mS/cm i1z 2,147 mS/cm do 2,564 mS/cm dla systemu plazmowego FLE-APGD kolejno
W winie czerwonym oraz biatym. W przypadku systemu plazmowego FLC-dc-APGD
powierzchnia ciektej elektrody bombardowana byta dodatnio natadowanymi jonami [63], dla
systemu plazmowego FLA-dc-APGD byty to elektrony przyspieszane w polu elektrycznym
[63]. Stad przyjmuje si¢, ze w przypadku systemu plazmowego FLE-pm-rf-APGD,
powierzchnia roztworu bombardowana jest naprzemiennie dodatnio naladowanymi
jonami/czasteczkami oraz elektronami [64]. Sytuacja ta tlumaczy powyzej zaobserwowane
zmiany parametrow fizykochemicznych ciektej elektrody.

Interesujacych wynikéw dostarczyla analiza frakcjonowana metali zawartych
w badanych prébkach. Z eksperymentéw wynika, ze zastosowanie poszczegolnych wyladowan
typu APGD sprzyja rozkladowi wigkszych zwigzkow organicznych zawartych w matrycy
probki i/lub rozpadowi zwiazkéw koordynacyjnych jakie metale moga tworzy¢ z zwigzkami
organicznymi (np. polifenole) . Tym samym ,,uwalniajac” zwigzane przez nie atomy réznych
pierwiastkéw. Catkowita zawartos¢ metali w probce nie ulegla zmianie (po uwzglednieniu
odparowania czesci rozpuszczalnika wskutek zastosowanego wyladowania roznice
w zawartosci metali nie byly istotne statystycznie), jednak zmiany ich rozktadu
w poszczegdlnych frakcjach rozmiarowych po traktowaniu plazma byty znaczace.

Istotne pod wzgledem zastosowania opisywanych wyladowan w analityce
pierwiastkowej byly rowniez powstajace w skutek ich trwania reaktywne formy tlenu i azotu
(RONS, ang. reactive oxygen/nitrogen species). Jak przedstawiono na Rys. 23, wskutek
zastosowania wytadowan typu APGD na widmie emisyjnym pojawily si¢ pasma oscylacyjne
tlenku azotu NOy(A2Z*-X?I1) (pomiedzy 200 a 275 nm), z ktorych najbardziej intensywne to
przejscia 2-0 (204,7 nm 1 205,2 nm), 1-0 (214,9 nm oraz 215,5 nm), 2-2 (221,6 nm i 222,2 nm),
3-4 (228,4 nm i 228,9 nm), 2-3 (230,91 231,6 nm), 0-1 (236,3 nm oraz 237,0 nm) i 0-2 (247,1
1247,8 nm).

Podobnie zaobserwowa¢ mozna bylo wiele wzbudzonych pasm azotu czasteczkowego

z systemu Na(C>I1,-B°Ily) w przedziale miedzy 290 a 440 nm. Ponadto, widoczne byly dwie
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intensywne linie pochodzace od czasteczki OH (system A%X*-X°IT): 1-0 (282,8 nm) oraz 0-0
(308,9 nm). Dodatkowo pojawito sie réwniez kilka linii systemu B2X,"-X?%," czasteczki N,':
0-0 (391,4 nm), 1-0 (427,8 nm) i 0-2 (470,9 nm). Przy wyzszych dtugosciach fali mozna byto
réwniez zaobserwowac linie pochodzace od tlenu atomowego (777,4 nm oraz 840,6 nm), oraz
linie wodorowe (Ha przy 656,2 nm i HP przy 486,13 nm). Na prezentowanym widmie
wystepuja rowniez intensywne linie atomowe Mg, Na oraz K. Sg to pierwiastki obecne w duzej
ilosci w analizowanej probce i mimo, iz metoda nie byta optymalizowana do ich oznaczania,
ich intensywnos¢ sugeruje, ze badane uktady mozna by z potencjatem rozwija¢ w kierunku

analizy ilosciowej tych pierwiastkdw w probkach win.
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Rys. 23. Widmo emisyjne probki wina czerwonego traktowanej przez FLE-pm-rf-APGD, oraz FLA i1 FLC-dc-
APGD. Zrédlo Rysunku: SI Publikacja 4, opracowanie wlasne.

W publikacji 4 przedstawiono i scharakteryzowano system do plazmowej obrobki win
w przeptywie cigglym. Analiza pierwiastkowa i frakcjonowana wykazaly zwigkszony udziat
jonow metali we frakcji wysoce przyswajalnej (czasteczki - kompleksy metali o rozmiarze <5
kDa). Zwigkszyl si¢ réwniez udzial zwigzkow tenolowych, co przy pozytywnych wynikach
testéw Dbiologicznych na licznych liniach komoérkowych sugeruje, Zze zimna plazma

atmosferyczna poza zastosowaniem analitycznym moze rowniez shuzyé jako obiecujace

61



narzedzie do obrobki zywnosci w celu pozyskania zywnosci funkcjonalnej

o lepszym parametrach np. odzywczych .
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6. Podsumowanie

W  niniejszej rozprawie doktorskiej zaprezentowano i omodwiono konstrukcje stato
i zmiennopragdowych przenos$nych systemow analitycznych bazujacych na APGD-OES.
Przedstawione systemy sg w stanie niewielkim kosztem konkurowaé z uktadami stosowanymi
komercyjnie oraz czesto pozwalajg osiagga¢ nizsze LOD wybranych pierwiastkéw niz
komercyjne dostepne uktady (np. F-AAS, ICP OES).

Praca zostata sporzagdzona w formie zbioru publikacji naukowych, w ktérym poruszone
zostaly rozne aspekty i metody stosowane przy miniaturyzacji zrédet plazmowych. Publikacje
1 — 3 omawiajg uktady z dwoma stalymi elektrodami sprz¢zonymi z systemami generowania
lotnych indywiduéw, natomiast Publikacja 4 skupia si¢ na oddzialywaniu plazmy z cieczami.
Publikacja 1 omawia zastosowanie techniki PCVG oraz dodatku LMWOC w celu oznaczenia
Hg w probkach wod. Zastosowano tutaj zmiennopradowy generator plazmy do analizy Hg.
Publikacja 2 porusza aspekt stalopradowego generatora plazmy w potaczeniu z HG do analizy
Ge, wraz z potencjalnymi wyzwaniami stawianymi przez geometri¢ komor GLS oraz
wydzielajacy sie w wyniku reakcji wodor czasteczkowy. Publikacja 3 traktuje o alternatywne;j
metodzie oznaczania $ladowej zawartosci Hg z uzyciem CVG oraz zatezania w uktadzie GT,
porownujac rowniez efektywnos¢ generatorow stato i zmiennopradowych. Publikacja 4
omawia interakcje zachodzace miedzy plazma a probka do niej wprowadzang w systemach
FLA, FLC oraz FLE.

Prowadzone badania pozwolily usystematyzowaé czynniki wptywajace na sygnat analityczny
w metodach HG, CVG i PCVG, tym samym przyczyniajac si¢ do postepu w rozwoju
miniaturowych analitycznych metod plazmowych bazujacych na APGD-OES. Opisywane
prace mialy na celu zaprezentowanie praktycznosci opracowywanych systemow oraz
przedstawialy realne wyzwania konstrukcyjne na réznych etapach ich konstrukeji. Zawarte tu
badania mogg stanowi¢ uzyteczny punkt wyjsciowy, lub tez punkt odniesienia, do dalszych
prac w tematyce miniaturyzacji zrédel wzbudzania zimnej plazmy atmosferycznej do

zastosowania w optycznej spektrometrii emisyjne;j.
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Perspektywy Rozwoju Tematyki Badawczej

W literaturze stosunkowo niewiele mowi si¢ o zastosowaniu uktadéw zmiennopradowych w
zminiaturyzowanych systemach plazmowych w optycznej spektrometrii  emisyjne;.
Prawdopodobnie jest to gataz, w ktérej mozna dopatrywac sie ciekawych odkry¢ w przysztosci.
Ponadto rozwdj technologii materialowej powinien mie¢ pozytywny skutek na rozwoj
miniaturowych systemow plazmowych [65]. W dalszym ciggu potrzebne sg odporne na erozje,
temperature i1 niskie pH materialy o réznej przewodnosci elektrycznej, stuzace zaréwno do
konstrukcji elektrod jak i catlych komér plazmowych. Niewiele jest tez prac traktujacych
o mikroplazmach (ze stalymi i ciektymi elektrodami) generowanymi pod réznymi ci$nieniami
[66]. Prawdopodobnie w przysziosci powstana rowniez systemy tandemowe, tj. systemy
w ktorych np. zimna plazma atmosferyczna zostanie zastosowana do generowania lotnych
indywiduéw a nastepnie zimna plazma atmosferyczna innego rodzaju postuzy do ich atomizacji
i wzbudzenia. W przysztosci nalezy dazy¢é do stworzenia w pelni autonomicznych
1 przenosnych systemow analitycznych (a nie samych Zrodet wzbudzenia), poniewaz obecnie

powstajace systemy w dalszym ciggu nie sg doskonale i uniwersalne.
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A new portable miniaturized atmospheric microplasma discharge (LAPD) system coupled with the optical
emission spectrometry (OES) detection for the determination of Hg in water samples was developed.
The device was built from cheap, easily replaceable, and commercially available parts and was able to
work with the photo-induced chemical vapor generation (PCVG). To optimize the photochemical
volatile Hg generation process, a wide range of low molecular weight organic compounds (LMWOCs),
namely formic, oxalic, acetic, propionic, and malonic acids, in addition to methanol, ethanol, glycerin,
ethylene glycol, formaldehyde, and acetaldehyde, were tested to establish their influence on the signal
of Hg. To assess the excitation and atomization potential of the newly developed pAPD system and its
impact on the analytical performance of this microplasma excitation source, the plasma temperatures
and the electron number density were evaluated. The analytical figures of merit were determined for the
coupled PCVG-pAPD system. Additionally, the usability of the method was tested in reference to the
analysis of selected environmental samples, i.e., tap, well, and river water spiked with Hg. A recovery test
was also performed to evaluate the accuracy of the method. The examined analytical system allowed to
detect Hg in water at a level lower than 0.33 pg L™t when operating it at relatively low sample flow rates
(2 mL min™) and Ar supporting and plasma forming gas rates (20 mL min™%). The precision of
measurements was better than 5% for formic acid. We believe that the presented system might be an
attractive, cheaper alternative to commercial, highly expensive systems, e.g. based on inductively
coupled plasma optical emission spectrometry (ICP OES).
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are atomic fluorescence spectrometry (AFS) and the chemical
vapour generation (CVG) associated with atomic absorption

1. Introduction

Mercury (Hg) is a toxic element known for its mobility and
persistence in the natural environment.! It is well known that
Hg exhibits the intense negative chemical and biological activity
and enters the environment through natural processes or
improper human activities." As a consequence, the concentra-
tion of Hg in different parts of the environment is crucial to be
monitored, particularly in the case of water consumed by living
organisms. The negative impact of Hg on humans is associated
with the exposure to this element through different routes, e.g.,
inhalation, skin contact, or ingestion. For this reason, deter-
mining both the presence and concentration of Hg in the
natural environment is of great concern. Currently, the most
common techniques used to determine Hg in liquid samples
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spectrometry (AAS), inductively coupled plasma optical emis-
sion spectrometry (ICP OES), microwave-induced plasma
optical emission spectrometry (MIP OES) and inductively
coupled plasma mass spectrometry (ICP MS).>* Although reli-
able and precise, the mentioned analytical techniques involve
instruments that are large, heavy, and restricted to use under
stable environmental conditions (such as properly equipped
laboratories).* For these reasons, it is desirable to develop an
apparatus that would be relatively inexpensive and portable and
work under a wider range of atmospheric conditions, making it
useable in the field analyses with the highest possible stability
and the lowest limits of detection (LODs).

Due to the low transport efficiencies related to the size of the
instruments used and the significant matrix interferences
associated with the direct introduction of samples into excita-
tion and ionization sources or atomization cells in the case of
atomic spectrometry methods, it is necessary to develop an
indirect approach for the introduction of analytes that could
solve the above-mentioned issues.” One such approach is the

This journal is © The Royal Society of Chemistry 2024
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CVG, which is generally divided into two main branches.>® One
of them is the generation of Hg vapour, including the chemical
vapors of the selected group of elements, i.e., hydrides of As, Bi,
Ge, Pb, Sb, and Se, with reducing agents such as NaBH, or SnCl,
(only for Hg). The other is the photo-induced CVG (PCVG), in
which the reaction is propagated by the use of the UV irradia-
tion only and one or more additional organic compounds. As
such, there is no need to use such reagents like NaBH,/KBH,/
SnCl,, which are toxic and accompanied by the overproduction
of H, (the case of NaBH,/KBH,), deteriorating the performance
of common excitation, ionization or atomization sources. In
addition to those two modes of the volatile species generation of
given analytes, it is necessary to mention that the cold atmo-
spheric plasma-induced CVG’ is also researched for Hg as well
as some other techniques, including the electrochemical
hydride generation, the alkylation, the chelation, or the
microwave-assisted oxidation.®

The coupling of the miniaturized plasma sources with CVG
techniques has been successfully achieved by a few scientific
groups so far. Rong et al.? coupled atmospheric pressure glow
discharge (APGD) optical emission spectrometry (OES) with the
CVG of Hg, using NaBH, as the reducing agent. The authors
reported a relatively low LOD of Hg (0.26 pg L™ %), achieved by
applying a low-cost and low-power apparatus. Similarly, Yuan
et al.® reported promising results for the OES determination of
Hg using a point discharge microplasma as the excitation
source and the introduction of Hg in the form of vapors
produced in the CVG reaction with KBH,. The LOD of Hg
achievable with the developed system was 0.15 pg L™ ". Zheng
et al.'® presented an alternative to the abovementioned tech-
nique for the generation of the Hg vapors, specifically the PCVG
in the presence of formic acid. The LOD of Hg obtained for this
method was at an extreme level, reaching 0.003 pg L.
Recently, researchers have also developed portable analytical
systems based on the 3D printing technique. Accordingly, Yang
et al.'* proposed a dual mode CVG/PCVG micro-point discharge
(uPD) system for the OES determination of inorganic and
organic Hg species. The LOD of inorganic Hg was 0.1 pg L™ " in
this case. Similarly, Li et al.™* presented the same system for
detecting inorganic Hg at a level above 0.1 pg L.

In this research, a new, inexpensive, and low-power high-
voltage alternating current (HV-ac) microplasma discharge
(LAPD) source combined with the PCVG technique was devel-
oped and proposed for the determination of Hg in water
samples. After the optimization of the system, the analytical
performance of the PCVG-uAPD-OES method was evaluated.
The possible interference in the case of the PCVG process was
studied and the effectiveness of the PCVG of Hg was assessed.
Additionally, the plasma parameters, i.e., the optical micro-
plasma discharge temperatures and the electron number
density, were determined for pAPD and PCVG-MAPD systems
and compared. The PCVG-pAPD-OES method was validated,
while its applicability was tested in the analysis of environ-
mental water samples for the Hg content as an alternative and
cheaper technique for the Hg determination. To the best of our
knowledge, this is the first work where such an approach has
been proposed, optimized, and validated.

This journal is © The Royal Society of Chemistry 2024
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2. Experimental

2.1. Microplasma device and instrumentation

A scheme of the nAPD system is presented in Fig. 1. Briefly, the
device consists of a small sized quartz reactor (OD of 10 mm and
length 30 mm) with a sharpened solid tungsten electrode (ID of
1.0 mm) and a hollow tungsten electrode (OD of 3.0 mm and ID
of 1.5 mm). The distance between the electrodes was adjusted to
1.0 mm for the highest plasma stability. The microplasma was
maintained in an open-air atmosphere. The HV-ac power supply
was a laboratory-made device based on a commercially available
and cheap (~10 USD) neon power supply (Hongba, China). The
power supply was operated at a maximum voltage of 5 kV and an
output current of 30 mA, and connected to a step-down input
voltage converter. It should be noted that this HV-ac power
supply consumed only up to ~10 W and can be powered by
a battery. As plasma-supporting and carrier gas of the generated
volatile Hg species, argon (Ar 5.0 SIAD, Poland) was applied.
Miniature flow rates of Ar were used, ie., within 10-120
mL min~" (scem - standard cubic centimeters per min at STP),
and controlled using a Tylan General system, including an RO-
28 gas flow meter and an F-2900 flow controller. The pAPD
system was coupled with a PCVG quartz photoreactor (see
Fig. 1). Sample solutions were introduced into the PCVG reactor
with a 3-chanell ISM4312 peristaltic micropump (Ismatec, USA)
and UV-irradiated. As a source of the UV radiation, a commer-
cially available PURITEC HNS S 9 W UVC lamp (Osram, Ger-
many) was used. The UV radiation was isolated from the
environment using an aluminum foil. The foil served a dual
purpose: its primary function was to protect the operator from
the harmful UV radiation, while also reflecting the radiation
near the reactor, potentially enhancing the irradiation effi-
ciency. The emission spectrum of the UV-radiation lamp was
recorded and is presented in Fig. S1.t As can be seen from
Fig. S1,T the most intense radiation of this lamp was the UV-C
region (approximately 50% of the total UV radiation). Addi-
tionally, a strong atomic emission line of Hg (Hg I) was observed
at 253 nm. After the UV irradiation of the sample solutions, they
were transported into a gas-liquid phase separator (GLS)
chamber, where a stream of Ar swept the volatile Hg species and
separated them from the liquid medium. Then, the volatile Hg
species were introduced in the stream of Ar into the nAPD zone
via the hollow tungsten electrode, while the liquid wastes were
drained from the system at a flow rate equal to the sample flow
rate, so as to maintain a stable liquid level in the GLS chamber
(the waste pump was started 1 min after the system started). The
photoreactor and the GLS chamber were cleaned by using 5%
(m m™") HNO;.

The radiation emitted by the nAPD was collimated by using
an achromatic UV lens (f = 60) and focused on an entrance slit
(10 pm) of a Shamrock SR500 (Andor, UK) spectrograph. The
spectrometer was equipment with two holographic gratings:
1800 and 1200 grooves per mm, for the spectral ranges 200-
400 nm and 400-900 nm, respectively. For the detection of the
radiation emitted by the pAPD source, a Newton DU-940 CCD
camera (Andor, UK) with the pixel dimensions 1024 x 256 was
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Fig. 1 A representative scheme of the system (not in scale) of the nAPD coupled with the photoreactor (PCVG) system.

applied. The CCD camera was operated in full vertical binning
mode (FVB) with an integration time of 0.1 s and a 10-fold
accumulation. The measured signals, being the intensities of
the Hg I emission line at 253.7 nm, were background corrected,
using a two-point correction method on one side of the recor-
ded line profile.

2.2. Reagents and sample preparation

All chemical compounds used during the experiments were at
least of analytical grade. Water solutions were prepared with
deionized water (>20 MQ cm) obtained with a DL3-400 water
deionizing system (Polwater, Poland). A stock solution of Hg
(1000 mg L") and an ICP multi-element solution containing Al,
B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni,
Pb, Se, Sr, Te, Ti, and Zn at concentrations of 100 mg L™" were
obtained from Supelco (Germany). Other reagents, low-
molecular weight organic compounds (LMWOCS), including
acetic acid (Sigma-Aldrich, Germany), formic acid, methanol
and formaldehyde (POCH, Poland), as well as propionic acid,
oxalic acid, malonic acid, glycerol, ethylene glycol, acetaldehyde
and ethanol (Stanlab, Poland), were also applied for the PCVG
reaction. The Hg and multi-element solutions were prepared by
proper dilutions of the stock solutions. The following water
samples, i.e., tap water (collected from Wroclaw city, Poland),
river water (collected from the Odra river in Wroclaw, Poland),
and well water (collected from Debica city, Poland), were
analyzed. The pH of the analyzed samples was 7.5-8. The
samples were collected into 0.5 L precleaned plastic containers.
Next, the water samples were filtered through 0.45 pm PTFE
syringe filters. The determination of Hg by the PCVG-uAPD-OES

2984 | J Anal. At. Spectrom., 2024, 39, 2982-2991

method in water samples was performed using the calibration
curve with 9 standard solutions. For that purpose, HCOOH at
a final concentration of 8% (m m™ ') was added to the analyzed
solutions of water samples and standards. Appropriate blank
solutions were also prepared and analyzed. A spike-and-
recovery study was also carried out. For that purpose, the
analyzed water samples were spiked with Hg. For examining the
hardness of the analyzed water samples, the complexometric
titration method with EDTA and Eriochrome Black T was used."®

2.3. The determination of microplasma parameters

The rotational temperature (Ty,) of OH and N, i.e., T;o(OH)
and T,(N,), was estimated by fitting the experimental emission
spectra of these molecules with their vibrational-rotational
spectra simulated by using the Liftbase (in the case of OH)
and Specair (in the case of N,) computer programs. For that
purpose, the OH band spectra (for the A-X system and the (0-0)
transition) in the range of 306-310 nm, with the band head at
309.0 nm, and the N, band spectra (for the C-B system and the
(0-2) transition) in the range of 376-380 nm, with the band
head at 380.2 nm, were acquired and analyzed. A similar
procedure was applied to determine the vibrational tempera-
ture of N, — Tyip(N,); here, four bands of the N, (C-B) system,
corresponding to the (0-2), (1-3), (2-4), and (3-5) transitions,
were taken into account. The excitation temperature of the H
atoms (Tex(H)) was determined using the two emission line
method for two prominent lines, i.e., H, at 656.2 nm and Hg at
486.1 nm. The electron number density (1.) was estimated on
the basis of the Stark broadening of the Hg line. For that
purpose, the experimental profile of the Hg line was fitted using

This journal is © The Royal Society of Chemistry 2024
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the Voight line algorithm and only the Lorentz full width at half
maximum (FWHM) was considered when calculating the Stark
broadening. The van der Waals broadening of the Hg line was
included in the calculations. All necessary details on the
determination of T;o((OH), Trod(N2), Tvib(N2), Texe(H) and n, are
given in our earlier work.™

3. Results and discussion

3.1. Optical characteristics of atmospheric microplasma
discharge

A typical optical emission spectrum in the range near the Hg I
line at 253.7 nm (240-267 nm spectra zone for the CCD camera)
for the pAPD excitation source without and with the PCVG
system is presented in Fig. 2. For the PCVG, the concentration of
Hg was 50 pg L~ '. Moreover, the addition of 8% (m m ")
HCOOH was applied in the case of the PCVG reaction system. It
should be noted that in the case of the PCVG-HAPD system, the
Hg line with an excitation energy of 5.3 eV was observed at
253.7 nm due to the generation of the Hg volatile species in the
PCVG reactor and their transport in the Ar (plasma-supporting
and carrier gas) stream into the pAPD zone. Furthermore,
multiple NO bands belonging to the y-system of the (A>Z" —
XTI) transition were also observed in the spectra of both pAPD
systems. The main NO bands of this system were for the
following transitions: (1-3) at 244.0 and 244.7 nm, (0-2) at 247.1
and 247.8 nm, (1-4) at 255.0 and 255.9 nm, and (0-3) at 258.7
and 259.6 nm. Additionally, the OH band (2-0) at 262.2 nm was
clearly observed in the system with the PCVG, resulting from the
transport of the H,O vapour into the microplasma zone.

It was noted that the NO (A-X) bands were clearly visible in
the emission spectrum of the pAPD system without the PCVG
reactor. The NO molecule was likely formed from N, and O,
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present in the surrounding air atmosphere due to the following
plasma chemical processes: N, + O=NO+Nand N+ O, =NO +
O. The intensity of the abovementioned NO bands in the case of
the pAPD system combined with the PCVG reactor was,
however, almost 3-times lower than that in the case of the pAPD
system. Since the presence of the NO bands near the Hg I line
could be a possible source of the background signal fluctuation
and the signal to background ratio lowering, the less intensive
spectrum of the NO bands, particularly those for the (1-4)
transition, was really promising and quite convenient. The
decrease in the NO emission intensity was probably due to the
quenching of the excited states of NO, i.e., NO(A), by the H,O
vapor (when the liquid sample was introduced into the photo-
reactor) and/or H, (product of the destruction of LMWOCs).**
The emission spectra were also collected in a wider spectral
range, i.e., 200-900 nm, in order to identify the reactive species
in the studied tAPD and PCVG-pAPD systems. Apparently, the
NO (A-X) and N, (C-B) emission bands were mainly identified in
the 200-400 nm spectral region for both systems. The most
intense bands of the N, (C-B) system were noted at 337.1 nm (0-
0), 357.7 nm (0-1) and 380.2 nm (0-2). Three strong bands of
OH (A-X) with the bandheads at 262.2 nm (2-0), 289.3 nm (1-0)
and 309.4 nm (0-0) were also easily excited in the case of the
HAPD and PCVG-pAPD systems. Additionally, the atomic lines of
H (HIat486.1 nm and 656.2 nm) and O (O I at 777.4 and 844.6
nm), and multiple atomic lines of Ar (Ar I) in the range of 650—
900 nm (with the excitation energy within 13-15 eV) were
observed in both systems. It was found that the introduction of
the volatile Hg species by using the PCVG reactor into the pnAPD
caused the growth of the intensity of the H I lines and the OH
bands, probably due to the enhanced production of the H
radicals in the case of the PCVG process and/or the transport of
H,O vapor into the excitation source. In contrast, the intensity

Hg |
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with photo-CVG

NO (1-4)

/ | A
\/ \(

N
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Fig. 2 The optical emission spectrum of the microplasma discharge (WAPD) source with and without the photo-chemical vapour generation

system.
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Table 1 The spectroscopic parameters determined for the miniaturized atmospheric microplasma discharge (WAPD) system with and without
the photochemical vapor generation (PCVG) system. Tthe addition of 8% (m m 1) formic acid was applied in the case of the PCVG reaction

Trot(N2)7 K Trot(OH)7 K Tvib(NZ)a K TeXc(H)v K ne/10141 Cm73
PCVG-pHAPD 1200 £ 100 3100 = 90 4970 + 640 4800 + 500 2.8+ 0.2
HAPD 810 + 100 2490 £ 140 3810 £ 360 5400 £ 500 3.3+£0.2

of the N, and NO bands decreased, possibly due to the
quenching of the excited states of N, and/or NO by for example
H,O and/or H,."*

3.2. Spectroscopic characterization of the atmospheric
microplasma discharge

The selected spectroscopic parameters, i.e., Trol(OH), Troi(Ns),
Tyib(N3), Texc(H) and n., were determined for the pAPD system
with or without the PCVG system in order to evaluate the exci-
tation and atomization potential of the newly developed exci-
tation microsource. The results are presented in Table 1.
Trot(N) and T (OH) as well as T;;,(N,) were clearly higher in the
case of the PCVG-pAPD system as compared to those assessed
for the pAPD system. This could probably be a result of the
transport of H,O vapor in the stream of Ar (plasma-supporting
and cold vapour of Hg carrier gas) into the nAPD system. In
contrast, Tex.(H) and n. were higher in the case of the pAPD than
those assessed for the system combined with the PCVG system.
This pointed out that the electrons could be consumed by the
H,O0 vapor and/or the possible products of the decomposition of
the low-molecular weight organic compounds (LMWOCS)
applied for the PCVG process.

As can be seen from Table 1, for both examined pAPD
systems Tyo(OH) was higher than T,.(N,). The difference
between these temperatures for a given system was about 1900
K (PCVG-pAPD) and 1700 K (LAPD). It could be presumed that
the formation of the OH molecules, mainly coming from the
H,O0 vapor, occurred in the plasma filament zone, while the
excitation of the N, molecules, coming from the open-air
atmosphere, possibly occurred in the region of discharge
outside this filament zone. Thus, T;.(OH) could represent the
gas temperature of the filament zone, while T;(N,) could relate
to the mean gas temperature in the outside filament zone.
Finally, for both nAPD systems examined here, the following
relationship between the temperatures was observed: Tyo(Ny) <
Trot(OH) < Tyip(N,) = Texo(H). This inequality of the optical
temperatures indicated a high nonequilibrium state of the
studied pAPD systems. Moreover, estimated Ty in the filament
zone of the microdischarge (3100 K for the PCVG-pAPD and
2490 K for the PAPD), Tey (~4800-5400 K) and 7. (~3 x 10"
cm ), though lower than those in ICP, i.e., 3500-4000 K, 6000~
7800 K and ~10" cm ™, respectively,® are sufficiently high to
enable the efficient atomization and/or excitation of samples.
The power density of both HAPD systems was estimated to be 12
kW cm? and was about 2- and 20-fold higher than the power
density assessed for the APGD sustained in contact with
a flowing liquid cathode (FLC) and a typical ICP system,
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respectively.’® The latter parameter was relatively high,
primarily due to the small volume of the studied discharge.

3.3.
of Hg

Optimization of the pAPD system for the determination

The selected factors that influence the intensity of the Hg signal
in the PCVG-pAPD-OES method were investigated to optimize
the overall response of the analytical system. The sample and
gas flow rates, along with the concentration of LMWOCs (alco-
hols, aldehydes and acids), were selected as the most important
ones and examined accordingly. All experimental data were
recorded using an Andor SR-500i spectrometer, monitoring the
Hg Iline at 253.7 nm. The intensity of this line was background-
corrected, and the two-point correction method was applied.

3.3.1 Effect of the plasma-supporting and carrier Ar flow
rate. The importance of the Ar stream and its flow rate for the
performance of the system was twofold: it was necessary both
for sustaining and operating the pAPD and for carrying the
volatile Hg species from the GLS to the excitation source. To
find the optimal Ar flow rate, the net intensities of the signal of
Hg (at a concentration of 50 pg L") were examined as a func-
tion of a miniature Ar flow rate within the range of 10-120
mL min " (see Fig. 3a). As can be observed, the most optimal Ar
flow rate for this system was 20 mL min ™ '. This value was at
least 10 times lower than those reported for other similar
systems and was likely related to the low dimensions of the
PCVG reactor and the pAPD system.'”'® In general, the trend
observed for the impact of the Ar flow rate in the present work
was similar to those reported in the literature."”

3.3.2 Effect of the sample flow rate. As is presented in
Fig. 3b, the increase of the sample flow rate resulted in a non-
linear increase in the net intensity of the measured Hg signal.
Although a further enhancement of the signal of Hg with
a higher sample throughput could be possible, it was decided
not to exceed the sample flow rate above 2 mL min~" to mini-
mize the use of the samples. It was presumed that the sample
flow rate had a direct impact on the photo-irradiation time of
the analyzed samples. The quartz coil around the UV light
source had an internal volume of approximately 0.65 mL,
which, considering a sample flow rate of 2 mL min~", corre-
sponded to a UV irradiation time of 20 s. This value was
consistent with those available in the literature on the PCVG of
Hg combined with different methods.”

3.3.3 Influence of low-molecular weight organic
compounds. LMWOC:s are often used in the PCVG because they
decomposed into certain reactive radicals (e.g. H, CO,) by the UV
irradiation and that species caused the reduction of the Hg(u)

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The normalized net intensity of the Hg | line as a function of (A) the Ar flow rate and (B) the sample flow rate detected for 8% m m~

HCOOH.

ions into the volatile Hg species.*® In this work, a wide range of
organic compounds, i.e., alcohols (methanol, ethanol, glycerol,
and ethylene glycol), aldehydes (formaldehyde and acetalde-
hyde), and carboxylic acids (formic, oxalic, acetic, propionic and
malonic acid), were tested. The influence of the concentration
of these compounds in the sample solutions (in the range of 2-
10% m m™") on the signal of Hg was studied (see Fig. 4).

It was found that for ethanol, methanol, acetaldehyde, and
formaldehyde, the normalized net intensity of Hg I was lower
than 10%, irrespectively of the concentration of the LMWOC
used (2-10% m m ™). The signal of Hg rather slightly depended
on the concentration of these compounds in the solution. This
indicated that the reduction of the Hg(u) ions to the volatile Hg
species in the presence of these compounds under the UV
irradiation was insignificant. For other LMWOCs, such as pro-
pionic acid, malonic acid, formic acid, glycerin and ethylene

This journal is © The Royal Society of Chemistry 2024

1

glycol, the growth of their concentration in the range from 2 to
10% caused an increase in the normalized net intensity of the
Hg I line from 16% to 100%, from 63 to 89%, from 86 to 100%,
from 10 to 64%, and from 12 to 31%, respectively. In contrast,
for oxalic acid and acetic acid, the analogous increase in the
concentration of these LMWOCs resulted in a drop of the
normalized intensity of the Hg I line from 60% and 37% to 42%
and 19%, respectively. Finally, the highest signal of Hg was
observed in the case of formic acid (at 8% m m™'), propionic
acid (at 10% m m~") and malonic acid (at 10% m m™'). It
should be noted that the addition of certain LMWOCs, espe-
cially aldehydes (i.e., formaldehyde and acetaldehyde) and
simple alcohols (i.e.,, methanol and ethanol), significantly
reduced the stability of the pAPD system, leading to the higher
fluctuations of the signal of Hg and the background intensity in
the vicinity of the Hg I line. In the case of organic acids, the

J Anal. At. Spectrom., 2024, 39, 2982-2991 | 2987



Open Access Article. Published on 22 October 2024. Downloaded on 10/27/2025 6:22:19 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ffec).

JAAS

100%
90%
80%

>

=

B 70%
c
b
£ 60%

)

Y so%

o

Y 0%
©
e 30%
| S
o
2 20%

10%

2% 4% 6%

I I B

View Article Online

Technical Note

M Ethanol

I Acetaldehyde

mm Methanol

Formaldehyde

—e—Formic acid

Propionic acid

—e— Malonic acid

—e—Glycerin

Acetic acid

—e—Ethylene glycol

8% 10% —e— Oxalic acid

Mass content of the compound in the analytical sample

Fig.4 The influence of the organic compounds and their concentration on the normalized net intensity of the signal of Hg in the PCVG-puAPD-

OES method.

efficiency of the volatile Hg species formation during the UV
irradiation seemed to be the highest among all the LMWOCs
studied here. Additionally, the PCVG-HAPD system combined
with the application of organic acids was distinguished by the
high stability of the excitation source (RSD between 2 and 6%).

Formic acid (HCOOH) at a concentration of 8% (m m™ ") was
chosen for further experiments as the most convenient LMWOC
for the PCVG of Hg. Similarly, this organic acid was previously
reported in multiple PCVG techniques.>'*'* Comparable results
were also obtained with the use of propionic and malonic acids.

Considering that the PCVG efficiency was enhanced by
increasing the addition of formic acid, two possible pathways
could be responsible for that during the UV irradiation,'®* i.e.,
the formation of H radicals (HCOOH + hv — H' + ‘COOH — H,
+CO,) and/or CO radicals (HCOOH + hv — HCO" + ‘OH — CO +
H,0). Both radicals generated under these conditions, i.e., H,
CO, by the UV irradiation of HCOOH could reduce the Hg(u)
ions present in the solution to the volatile Hg species.

3.4. Analytical performance and application

The analytical figures of merit were determined for the optimal
parameters of the PCVG-uAPD system, ie., flow rate of Ar: 20
mL min "', sample flow rate: 2 mL min~ ', and the presence of
8% (m m~") HCOOH. A typical calibration curve was linear (R* =
0.996) up to 100 pg L' (see Fig. 5). The precision of the
measured intensity of the Hg I line (n = 9) was expressed as the
relative standard deviation (RSD), and it was varied from 2.7%
to 4.7% for different concentrations within the established
linearity range. For other LMWOCS, the precision ranged from

2988 | J Anal At. Spectrom., 2024, 39, 2982-2991

4% to 12% (see Table 2). It is worth noting that similar linearity
ranges of the calibration curves were observed for oxalic acid,
acetic acid, propionic and malonic acid. To assess the usability
of the applied LMWOC reagents, the LODs of Hg were calcu-
lated using the 3o criterion.

The determined LODs for the studied LMWOCs at their
optimal concentrations are presented in Table 2. The lowest
LOD of Hg (0.33 ug L™") was noted for formic acid at a concen-
tration of 8% (m m ). The corresponding LOD values were also
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Fig. 5 The typical calibration curve for 8% (m m~%) HCOOH.
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Table 2 The LODs of Hg achievable with the PCVG-pAPD-OES
method

Concentration LOD, Precision® (RSD),

LMWOCs (mm ") pg L1 %

Formic acid 8% 0.33 3.1°
Oxalic acid 2% 0.49 4.1°
Acetic acid 2% 0.74 6.2°
Propionic acid 10% 0.62 3.8°
Malonic acid 10% 0.34 4.0’
Methanol 2% 14.9 12.5°
Ethanol 2% 24.4 10.5°
Glycerin 10% 0.98 4.8°
Ethylene glycol 10% 1.80 5.5°
Formaldehyde 10% 19.3 11.5¢
Acetaldehyde 2% 11.2 10.4°

@ Precision as RSD for 9 independent measurements. ” Hg at
a concentration of 10 ug L™". ¢ Hg at a concentration of 50 ug L™

obtained for other organic acids, i.e., malonic acid, propionic
acid, oxalic acid, and acetic acid, namely 0.34, 0.62, 0.49 and
0.74 pg L', respectively.

The obtained LOD of Hg as well as the precision for the
PCVG-pAPD-OES method using 8% (m m™ ') formic acid were
comparable to those reported in the literature for other
comparable techniques, as presented in Table 3. It should be
noted that the LOD of Hg obtained here was comparable with
ICP-OES coupled with PCVG and CVG techniques.®

To assess the potential analytical application of the method, at
first the chemical interferences were studied. In this case, stan-
dard solutions of Hg (50 pg L), admixed with a multi-element
standard solution containing elements such as: Al, B, Ba, Be, Bi,
Ca, Cd, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Se, Sr, Te, Ti,
and Zn, were prepared and analyzed by PCVG-uUAPD-OES versus
the calibration using the standard solutions not spiked with these
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elements. The concentration range of each interfering element
was changed from 1 to 20 mg L™ ". Measuring the Hg concentra-
tion in such sample solutions, it was found that for the solution
containing 1 mg L™" of each of the elements, the recovery of Hg
was 103 =+ 3.9%. However, when this concentration increased to
10 mg L' and 20 mg L7, the recovery of Hg was lower, i.e., 96 +
1.6% and 85 =+ 3.0%, respectively. It was also established in the
additional experiments that the determination of Hg by PCVG-
HAPD-OES was not prone to the chemical interferences origi-
nating from the separately studied easily ionized elements (EIEs).
Here, it was established that the following concentrations of the
EIEs in the Hg solutions could be tolerated: up to 100 mg L~" for
Na, up to 20 mg L™ for K, up to 200 mg L™ " for Ca, and up to
30 mg L' for Mg.

Finally, the PCVG-pAPD-OES method was employed for
monitoring the Hg level in natural waters. The concentration of
Hg was determined in three water samples: tap water, well
water, and river water. In this case, formic acid (8% m m ™) was
added for the efficient PCVG and the external calibration was
used. Unfortunately, the concentration of Hg in these samples
was below the LOD achievable with this method, i.e., 0.33 pg
L. For that reason, the analyzed water samples were spiked
with a standard Hg solution to a final concentration of 50 pg
L™, and the recoveries of Hg were evaluated. The results on the
determination of Hg in the analyzed water samples are pre-
sented in Table 4 along with the hardness of these water
samples. The recoveries obtained, being within 94-110%,
confirmed the possible usability of the presented system for the
in situ analysis of environmental water samples by the devel-
oped PCVG-UAPD system.

As is presented in Table 4, the results of the Hg recoveries
(94-110%) were acceptable independently of the hardness of
water, which varied from 11 to 25 degrees of hardness, corre-
sponding to 78-178 mg L' of Ca, and corroborated the

Table 3 The comparison of the limit of detection (LOD) of Hg and the precision of the measured intensity (as RSD) in the case of the deter-

mination of Hg by different methods®

Sample introduction technique Detection system LOD, pg L™* Precision (RSD), % Reference
PCVG ICP-OES 1.20 9.5 20
AFS 0.02 — 18
AFS 0.003 4.0 10
PD-OES 0.10 — 21
HAPD-OES 0.33 2.7-4.7 This work
CVG ICP-OES 0.1 — 6
AFS 0.08 4.8 22
HAPGD-OES 2.3 4.1 23
APGD-OES 0.26 0.7 8
PD-OES 0.15 2.7
PD-OES 0.10 4.5 10
PD-OES 0.10 4.0 11
Plasma-assisted CVG AFS 0.03 6.2 24
ICP-OES 0.70 1.2 25
HPLC-AFS 0.67 5.9 26
APGD-OES 0.70 3.5 27

“ PCVG - photo-induced chemical vapor generation, CVG - chemical vapor generation, ICP - inductively coupled plasma, OES - optical emission
spectrometry, AFS - atomic fluorescence spectrometry, APGD — atmospheric pressure glow discharge, HPLC - high-pressure liquid chromatography,

and PD - point discharge.

This journal is © The Royal Society of Chemistry 2024
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Table 4 The results of the analysis of spiked and not-spiked water
samples®

Water origin Added Determined Recovery £+ SD
(hardness) (gL' (gL (%)
Tap (11.3 dH) 0 <0.33 —
50 47 £ 3 94 +6
Well (24.8 dH) 0 <0.33 —
50 48.5+ 1.5 97 +3
River (15.9 dH) 0 <0.33 —
50 55 £ 2.5 110 £ 5

“ dH: degree of hardness (1 dH represents 10 mg of CaO in 1 L of water,
which corresponds to 7.1 mg L' of Ca or 4.3 mg L™ Mg).

previous findings about the lack of the chemical interferences
in the PCVG-uAPD system from the EIEs. As such, it was
confirmed that the typical composition of environmental water
should not negatively influence the use of the examined method
in its analysis.

4. Conclusions

This work presented an inexpensive and simple excitation
microsource for optical emission spectrometry based on a pAPD
coupled with the PCVG technique for the reliable determination
of Hg. According to the World Health Organization (WHO)
guidelines,”® the concentration of inorganic Hg in water
consumed by humans should not exceed 6 ug L™, which could
mean that the excitation source presented here could be easily
applied to monitor water and environmental pollution related
to this toxic element. The LOD of Hg assessed with this method
was 0.33 pg L™ '; however, it could be expected that with sensi-
tive optical fiber portable spectrometers, this LOD could be even
better. Although the developed PCVG-pAPD-OES method
provided a slightly worse LOD than that reported for CVG-ICP-
OES, ie., 0.1 ug L', it was considered to meet the green
analytical chemistry standards and would be preferred over the
CVG due to the absence of hazardous chemical compounds
such as THB (NaBH,).

The stable operation of the proposed pAPD excitation source
under miniature flow rates of Ar (20 mL min~") and a very low
power consumption (~10 W) makes the device inexpensive to
maintain and operate. Spike-and-recovery and interference
studies indicate that the apparatus could function as a highly
specialized device for the trace Hg determination and/or as
a handy tool for the rapid assessment of the potential Hg
pollution in environmental water. Improving the stability of the
UAPD and coupling it with a small portable spectrometer could
be a very promising way to obtain a novel, fast, cheap, and easy-
to-use apparatus capable of serving the role of an environmental
pollution sensor.
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ARTICLE INFO ABSTRACT

Keywords:

Hydride generation (HG) was combined with an atmospheric pressure glow discharge (APGD) to determine Ge
by optical emission spectrometry (OES) employing the Ge I 265.1 nm emission line. It was revealed that efficient
atomization of GeH,4 and excitation of Ge atoms require a microplasma with a higher energy density than other
hydride-forming elements such as As, Sb, and Se. The operating conditions were optimized: discharge gap = 0.5
mm, cathode nozzle diameter = 0.7 mm, current = 45 mA, and carrier/discharge gas flow rate of 400 mL min~!
He. The measurement repeatability (n = 10) was within the range of 3.3-4.8 %, demonstrating the high stability
of the novel HG-APGD system. The upper limit of linearity was 1000 pg L™! Ge, and the method was resistant to
interferences from easily ionized elements (Ca, K, Mg) at concentrations up to at least 100 mg L1, The detection
limit (DL) of Ge (0.4 pg L) was comparable to the values achieved using more expensive and sophisticated
analytical instrumentation based on inductively coupled plasma (ICP) or microwave induced plasma (MIP)
combined with OES. The trueness of HG-APGD OES was confirmed through a recovery test, which showed a high
agreement between spiked and measured concentrations of Ge in the matrix of bottled, mineral-rich, river, and
tap water samples. The Ge recoveries ranged from 99 % to 114 % at the spiking concentration of 10-20 pg L™,

Atmospheric pressure glow discharge (APGD)
Optical emission spectrometry (OES)
Microplasma

Germanium hydride

Technology critical elements (TCE)

1. Introduction

Germanium (Ge), despite its rarity, belongs to a group of elements
that have seen a recent increase in use in multiple branches of modern
technology. Currently, the world refinery production of Ge is roughly
140 tons per year [1] and is twice as high as at the beginning of this
century [2]. As increased use comes with a higher risk of the environ-
mental pollution, it may soon become necessary to control the Ge con-
centration in numerous geographical regions. Popov et al. [3] reported
the presence of anthropogenic Ge (at a concentration of 0.13-0.88 mg
kg™!) in river sediments and soils from industrial and agricultural ac-
tivities. Bu-Olayan et al. [4] observed that Ge and other Technology
Critical Elements (TCE) could leach from e-wastes and plastic materials
and be absorbed by marine organisms. In both studies, inductively
coupled plasma mass spectrometry (ICP MS) was used for the Ge
determination. Although ICP MS is the most powerful analytical method
for the trace element analysis, the high costs of the instrumentation limit
its use in the environmental monitoring.

Other, more affordable analytical methods for the Ge determination

* Corresponding author.
E-mail address: tymoteusz.klis@pwr.edu.pl (T. KIi§).

https://doi.org/10.1016/j.sab.2025.107323

include inductively coupled plasma optical emission spectrometry (ICP
OES) [5,6], microwave-induced plasma optical emission spectrometry
(MIP OES) [7-9], flame atomic absorption spectrometry (FAAS) [10], or
direct current plasma optical emission spectrometry (DCP OES) [11].
Since these methods have a significantly lower sensitivity than this
offered by ICP MS, they are routinely combined with the techniques
enabling the generation of the Ge volatile species, i.e., GeCly [5,6] or, far
more frequently, GeHy [7-10]. To further reduce the instrumentation
costs and consequently increase the accessibility of analyses,
microplasma-based atomizers and excitation sources received a signifi-
cant attention in recent decades [12]. Unfortunately, despite the
ongoing development of such systems, they were relatively rarely used
for the Ge determination.

Recently, we presented a dielectric barrier discharge (DBD)-based
atomizer for the Ge determination by hydride generation (HG) coupled
to AAS [13]. Although the sensitivity of this atomizer was several times
higher than that of competing atomizers, such as diffusion flame (DF)
and externally heated quartz tube atomizers, represented by its
advanced design - a multiple microflame quartz tube atomizer
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(MMQTA), the Ge detection limit (DL) exceeded 100 pg L1, It was thus
much higher than in the case of other hydride-forming elements deter-
mined by DBD-AAS, due to the poor atomization efficiency of the Ge
species or a fast decay of free Ge atoms (secondary reactions).

In 2016, Huang et al. [14] developed a hydride generation-solution
cathode glow discharge system for the determination of Sn, Ge, and Se
by optical emission spectrometry (HG-SCGD OES). Chemically gener-
ated hydrides were introduced into the microplasma through a metal
nozzle serving as an anode, while a cathode was a flowing solution of
0.1 mol L™! HC, providing electrical conductivity. This system offered
an impressively low DL of 0.5 pg L™ Ge, allowing the authors to
determine the Ge traces in sediment and wastewater samples. It is worth
noting that very similar systems were also used to determine Hg [15,16]
and other hydride-forming elements, i.e., As, Pb, Sb, and Se [17-20]. In
the last years, the combination of HG with solution anode glow
discharge (SAGD) was also reported [21-23]. In this method, volatile
species (hydrides or Hg cold vapors) were introduced into the micro-
plasma through a metal cathode, while the acid solution served as the
anode.

A drawback of SCGD and SAGD is the necessity of using a flowing
solution (typically diluted acid) as one of the electrodes; an additional
peristaltic pump is required, which somewhat complicates the design of
the measurement system. Furthermore, fluctuations in the solution flow
may occur, which can lead to reduce the measurement precision. This
inconvenience is not present in setups in which both electrodes are solid.
The microplasma systems with titanium and tungsten solid electrodes
were successfully implemented for the determination of As [24] and Sb
[24-26]. Moreover, trace levels of Se and Sb were determined using a
solid electrode system composed of tungsten and stainless steel [27].
Another important branch of liquid-less electrode plasma systems is
based on point discharge (PD) microplasmas. Trace levels of Hg were
analyzed by Yuan et al. [28], who presented a PD microplasma system
with a hollowed stainless-steel electrode and a tungsten needle elec-
trode. Li et al. [29] used a HG-PD OES system with two tungsten needle
electrodes to determine As, Bi, Sb, and Sn. Li et al. [30] also constructed
another system with similar solid electrodes to determine As, Bi, Ge, Hg,
Pb, Sb, Se, and Sn, where the DL of Ge was 1.6 pg L.

As shown above, although microplasma systems are being inten-
sively developed, their application in the determination of Ge remains
limited, possibly due to challenges associated with the atomization or
excitation of Ge atoms. Very recently, we reported an atmospheric
pressure glow discharge (APGD) system with solid electrodes, which
proved to be an efficient hydride atomizer and excitation source for As,
Sb, and Se atoms [31]. In this study, to further enhance the applicability
of that system, we attempted to apply HG-APGD OES for the determi-
nation of Ge. This task was not previously reported in the literature and
is particularly challenging as GeH4 is one of the most stable volatile
hydrides, and after its decomposition, it tends to form the stable Ge
oxide species [32].

In the first stage, we optimized the setup for the generation and
separation of GeH4. Next, we investigated the effect of the discharge
system operating parameters on the analytical response. In the final step,
we evaluated the analytical performance of the new method and applied
it to the analysis of water samples.

2. Experimental
2.1. Reagents and sample preparation

Deionized water from a DL3-400S717PVMQE water purification
system (Polwater, Poland) was used throughout the study. A stock
standard solution of Ge (1000 mg L’l, (NH,4)2GeFg) obtained from
Merck (Germany) was used to prepare all working standard solutions.
Analytical-grade reagents for HG, including solid NaBH,4, NaOH, NH>C
(CH,0H)3 (Trizma® base), and a concentrated HCl solution (12 mol
L’l), were also sourced from Merck (Germany). The experimental
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conditions for hydride generation of Ge were similar to those described
in our previous work [13]. The reductant solution (3 % NaBH4 in 0.1 %
NaOH) was freshly prepared and filtered through a 0.45 pm (nylon)
syringe filter. The TRIS-HCI buffer (0.25 mol L) was prepared by
acidifying a solution of NH,C(CH,OH)3 (Trizma® base) with HCI to pH
6.5. Working standards of Ge, typically at a concentration of 100 pg L%,
were prepared daily by dilution with the TRIS-HCI buffer.

To study the matrix effects, analytical-grade salts, ie, Ca
(NO3)2-4H20, CU(NO3)2-3H20, Fe(N03)3-9H20, KNOg, Mg
(NO3)2-6H20, MnS04-4H20, Zn(NO3)2-6H0, and disodium ethylene-
diaminetetraacetate dihydrate (Na,EDTA) were sourced from Chempur
(Poland). High-purity He (99.999 %) used for the microplasma gener-
ation was supplied by Air Products (Poland). Four types of water sam-
ples were analyzed to demonstrate the application of HG-APGD OES in
the Ge determination. Samples of bottled drinking water and mineral-
rich water used for therapeutic purposes were purchased from a local
store. River water (sampled from the Oder river in the city of Wroclaw,
Poland) and municipal tap water (Wroclaw, Poland) were collected in
pre-cleaned 1 L polyethylene (PE) bottles. Before the analysis, the river
water sample was filtered through a 0.45 pm (nylon) syringe filter. All
sample solutions (including blank samples) were prepared in triplicate
and analyzed on the Ge content by HG-APGD OES using the external
standard calibration.

The Na, K, Mg, Ca, Mn, Fe, Cu, and Zn concentrations in the analyzed
water samples were determined using ICP OES to provide the informa-
tion on their major and trace matrix constituents. An ICP OES spec-
trometer (model 5110, Agilent, USA) was operated under the optimal
conditions recommended by the manufacturer. The analytical signals
were recorded at the following wavelengths: Na I 589.592 nm, K I
766.491 nm, Mg 1285.213 nm, Cal 422.573 nm, MnII 257.610 nm, Fe II
238.204 nm, Cu I 327.395 nm, and Zn I 213.857 nm.

2.2. Hydride generator

In our previous studies [22,31], we reported the use of a lab-made
gas-liquid phase separator (GLS), which successfully enabled the sepa-
ration of hydrides of As, Sb, and Se, as well as Hg vapor, from the post-
reaction mixture (Figure ESI-1 A). However, the same GLS used to
separate GeH, did not provide the satisfactory measurement precision.
The main issue was the non-homogeneity of the reaction mixture
entering the GLS, which, along with the implemented solutions, is
described in details in the text ESI-1. Ultimately, a custom-made HG
system incorporating a lab-made GLS with an internal volume of 10 mL
was used to generate and separate GeHy (Fig. 1). Standard/sample so-
lutions, prepared in a 0.25 mol L™ TRIS-HCI buffer, and a reductant (3
% NaBH4 in 0.1 % KOH) solution were mixed in a polypropylene Y-
junction (i.d. = 0.8 mm) being introduced by a peristaltic pump (model
Reglo ICC 3CH, Ismatec, USA) at a flow rate of 2 mL min~! (each so-
lution). After passing the reaction loop (i.d. = 0.6 mm, length = 50 cm),
a stream of 400 mL min ' He as carrier/discharge gas was admixed to
the reaction mixture in another Y-junction to be subsequently intro-
duced into the GLS. The waste solution was drained from the bottom
using the same peristaltic pump. The produced GeH4 was transported in
the stream of carrier He into the APGD through a NaOH dryer. This dryer
consisted of a polypropylene tube with an inner diameter of 15 mm and
a length of 10 cm, filled with NaOH pellets. The presence of the dryer
increased the net intensity of the Ge lines by approximately 10 %.
Simultaneously, it caused only minor changes in the microplasma pa-
rameters; under the applied operating conditions of the HG-APGD sys-
tem, the rotational temperature of the OH molecules (T;o(OH)) and the
excitation temperature of H atoms (Tex(H)) were respectively 1150 +
70 K and 4300 + 140 K without the dryer, and 1260 + 70 K and 4420 +
130 K with the dryer. This slight increase in both temperatures may
result from a more efficient separation of water (aerosol and/or vapor)
from the gaseous flow introduced into the APGD system. Indeed, while
the microplasma exhibited an intense orange color without the dryer
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Fig. 1. Schematics of the hydride generation system used.

(most likely due to the presence of Na in the tiny aerosol of a post-
reaction solution), this coloration disappeared when the dryer was
used. However, the greatest benefit of the dryer was the increased sta-
bility of the microplasma itself.

2.3. APGD atomization/excitation source

A detailed description of the APGD system used can be found in our
previous paper [31]. To outline briefly, the APGD was sustained in He
between a coaxially oriented gas nozzle made of W/Cu alloy (90/10),
which served as the cathode, and a roller electrode (W/Cu: 90/10),
which acted as the anode (Fig. 2). The carrier/discharge gas with
generated GeH, and Hp, the latter released as a by-product of the NaBH4
decomposition, was introduced through the cathode, employing a
quartz tube (i.d. = 2 mm, length = 65 mm) inserted in the cathode body
to eliminate the analyte losses due to a direct contact of hydride with the
metal surface. The anode was adjustable within the discharge chamber
(made of polytetrafluoroethylene, PTFE), allowing for the precise con-
trol of the inter-electrode distance. To power the microplasma system, a
high-voltage supply (model DP50H-024pH, DSC Electronics, Germany),
operated in a constant current mode, was used. A ballast resistor (4.7
kQ) was connected in series to enhance the discharge stability. To ignite
the APGD system, the inter-electrode distance was reduced by pressing a

PTFE button

Brass heatsink
with electrical contact

5

]

5

@

o W/Cu (90/10)

2 Inspection roller anode
Window W/Cu (90/10)

nozzle cathode

Brass heatsink
with electrical contact

H Quartz tube

Carrier/discharge gas inlet

Fig. 2. A scheme of the atmospheric pressure glow discharge (APGD) system.

PTFE button on the top of the discharge chamber, which short-circuited
the electrodes. A mass flow controller (model DPC17S-VOL6-BB2; Aal-
borg, USA) regulated the He flow rate employed as carrier/discharge
gas.

2.4. OES detector

The radiation emitted by the APGD was monitored through the in-
spection holes in the walls of the PTFE chamber. Using an achromatic
quartz lens (f = 80 mm), the microplasma radiation was imaged (1:1)
onto the vertical entrance slit (10 pm) of an imaging spectrograph
(Shamrock 500i, Andor, UK), equipped with a CCD camera (Newton DU-
920P-OE, Andor, UK). The CCD camera was operated in a full vertical
binning (FVB) mode, summing the charges from each vertical pixel
column into the shift register. The Andor Solis 64-bit software for
Windows was used to manage the spectrometer, configure its settings,
and acquire the data.

2.5. The determination of temperatures and electron number density

The rotational temperature of the OH molecules (T;,(OH) was
determined by fitting the experimental spectra with the emission spectra
of the OH(A-X) system simulated using a Lifbase 2.0 software program
at different rotational temperatures [33]. Only the part of the OH(0-0)
spectra, within the wavelength range of 306-311 nm, with low rota-
tional levels was used for measuring the T, (OH).

The excitation temperature of H atoms (Texc(H)) was determined
using two-line radiance ratio method [34], employing two H emission
lines: Hy (A = 656.28 nm, Eeyc = 12.09 eV) and Hp (A = 486.14 nm, Eexc
= 12.75 eV). Before measuring the intensities of these lines, the spectral
response of the detection system was calibrated across the relevant
wavelength range using a suitable calibration lamp. All spectroscopic
data required for calculations (namely: energies of upper levels, transi-
tion probabilities, statistical weights) were obtained from the NIST
database [35] The uncertainties of the measured excitation tempera-
tures were found to be below 5 %.

The electron density value (n.) was estimated based on the formula
proposed by Gigosos et al. [36] which correlated the n, (in crn’s) with
the Stark broadening of the Hy line (in nm): As = 4.8(ne/1017)0-68116,
Using the Origin software, the experimental profiles of the Hy line,
measured under different APGD excitation conditions, were fitted with
the Voigt profiles (probability distributions convoluting both Lorentz
and Gaussian distributions). For the calculation of the Stark broadening
only the Lorentz part of the Voigt profile was used. In order to precisely
determine the ne, the van der Waals broadening of the Hy line was also
included in the final calculation of the Stark broadening. The exemplary
profile of the Hf line fitted using the Voigt fitting model is presented in
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ESI (Figure ESI-2). The uncertainly of the determination of the n. was
found to be below 10 %.

3. Results and discussion

3.1. Investigation of the OES spectrum and selection of the most sensitive
Ge line

Aiming to identify the most prominent emission line of Ge, the HG-
APGD spectrum was acquired (Fig. 3). Numerous emission lines of Ge
I were observed, with the most intense ones appearing at the following
wavelengths: 259.3, 265.1, 269.1, 271.0, and 275.5 nm. The excitation
energy levels for these lines ranged from 4.64 to 4.85 eV. The Ge
emission lines appeared in the spectral region where the NO molecular
emission (y system, transition: %y 5 21'[) was observed, with band heads
at 255.9 nm (1-4), 259.6 nm (0-3), 268.0 nm (1-5), and 272.2 nm
(0-4). Due to the highest sensitivity and relatively minor spectral in-
terferences, the Ge I 265.1 nm emission line was monitored in further
studies. We considered the optimal operating parameters of the system
to be those that provided the highest signal-to-background ratio (SBR).

As a side note, in addition to the atomic emission, we also observed
weak GeO emission bands at 249.2 nm and 253.1 nm (Fig. 4), con-
firming the formation of the GeO molecules in the APGD. However, due
to the low intensity of these bands, significant spectral interferences, and
instability (appearing intermittently in the spectra), their use for the
analytical or microplasma diagnostic purposes is highly questionable.

3.2. Optimization of APGD operating parameters

The atomization efficiency of GeHy in a diffusion flame (DF) atom-
izer as low as 1 % was recently estimated by laser-induced fluorescence
[37]. The reason is that the Ge atoms tend to form stable oxide species
[32]. Considering this, the optimal operating conditions of the novel
APGD system for the Ge determination might differ significantly from
those previously established for As, Sb, and Se [31]. Therefore, they
have to be carefully studied, considering the different physicochemical
properties of this element.

The initial operating parameters of the APGD system were as follows:
the discharge gap = 2.0 mm, the discharge current = 30 mA, the gas
nozzle diameter = 0.7 mm, and the carrier/discharge gas flow rate =

16

14

4.85¢V)

12

10

Gel, 265.1 nm (Eexc= 4.85 eV)
Gel, 269.1 nm (Eexc=4.67 €V)
Ge I, 271.0 nm (Eexe = 4.64 €V)
Gel, 275.5 nm (Eexc= 4.67 €V)

Net intensity [a.u. x 10%]
oc
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255 26 263 270
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— Ge standard solution

Fig. 3. HG-APGD emission spectrum within the wavelength range of 255-280
nm. Ee. — energy of the excited level. The discharge gap = 0.5 mm, the
discharge current = 45 mA, the gas nozzle diameter = 0.7 mm, and the carrier/
discharge gas flow rate = 400 mL min~! He. Ge concentration = 1 mg L.
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Fig. 4. The presence of GeO emission bands at 249.2 nm and 253.1 nm near
two atomic Ge lines (249.8 nm, and 253.3 nm). The discharge gap = 0.5 mm,
the discharge current = 45 mA, the gas nozzle diameter = 0.7 mm, and the
carrier/discharge gas flow rate = 400 mL min~' He. Ge concentration = 1
mg L%

200 mL min~! He.

Firstly, the effect of the discharge gap in the range between 0.5 and
2.5 mm was investigated. As expected, by reducing the distance between
the electrodes, the intensity of the NO molecular emission bands was
decreased, most likely due to the hindered diffusion of Ny into the
discharge. This effect was already reported, both for the systems with
solid [31] and liquid electrodes [38]. Quite surprisingly, the highest
intensity of the Ge emission line and consequently the highest SBR was
observed at the narrowest discharge gap of 0.5 mm (Fig. 5A). This was
likely due to the higher energy density in the smaller microplasma
volume (2 kW/cm® at 2 mm versus 6 kW/cm® at 0.5 mm). Additionally,
at a larger discharge gap, more atmospheric O, entered the micro-
plasma, which could promote the formation of the Ge oxides and reduce
the amount of free Ge atoms. Unfortunately, due to their intermittent
appearance, the GeO molecular emission bands were unstable and could
not be considered a reliable indicator of the GeO concentration in our
microplasma system.

In the previous study, focused on the As, Sb, and Se determination
[31], the emission lines of these elements were practically undetectable
under such a small microplasma volume (discharge gap of 0.5 mm).
Only an increase in the discharge gap to the optimum value of 2.0 mm,
allowed to observe the analytical signals of As, Sb, and Se. As can be
seen, the optimal conditions for the atomization of GeH4 and the exci-
tation of the Ge atoms were totally different from those reported pre-
viously for As, Se, and Sb [31]. To further improve the sensitivity of the
Ge detection, it would be worthwhile in the future to generate the APGD
at an even smaller discharge gap.

Secondly, we investigated the influence of the discharge current on
the intensity of the Ge signal. An almost 10-fold enhancement of the Ge
emission line intensity was reached by increasing the current from 10 to
60 mA (Fig. 5B). A likely explanation could be that a more energetic
microplasma provided a higher gas temperature and a greater concen-
tration of high-energy particles, which can induce the atomization of
GeHy, e.g., H radicals [39], and the excitation of the Ge atoms. When
increasing the discharge current from 10 mA to 45 mA, an approxi-
mately 20 % rise in the T, (OH) was observed, i.e., from 900 + 30 K to
1100 + 40 K, and a roughly 60 % increase in the n,, i.e., from 2.9 4+ 0.3
x 10" em™3 to 4.6 £ 0.4 x 10 em™3. Additionally, the Tex.(H)
assessed at 10 and 45 mA was 4050 £+ 130 K and 4300 + 120 K,
respectively, indicating the improved excitation efficiency at the higher
discharge current.
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Fig. 5. The effect of operating parameters of the HG-APGD system (A - the
discharge gap, B — the discharge current, C — the carrier/discharge gas flow
rate) on the intensity of Ge I 265.1 nm emission line and signal-to-background
ratio (SBR). The gas nozzle diameter = 0.7 mm, Ge concentration = 500 pg L1

In contrast to GeHy, an increase in the discharge current of the
identical APGD device did not significantly affect the emission in-
tensities of As, Sb, and Se lines [31]. It appears that AsHs, SbH3, and
H,Se can be effectively atomized under the milder plasma conditions
owing to the lower stability of their molecules. In the case of Ge, the
highest analytical signals were observed at 60 mA. However, to avoid
the overheating of the system, further experiments were conducted at
45 mA. It should be noted that for this discharge current, the SBR was
only slightly lower than that achievable at 60 mA (Fig. 5B).
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Finally, the effects of the gas nozzle internal diameter (0.5, 0.7, and
0.9 mm) and the carrier/discharge gas flow rate (100-450 mL min~! He)
on the intensity of the Ge I 265.1 nm emission line were investigated.
The highest intensities and SBR were observed for the nozzle diameter of
0.7 mm. As reported in our previous work [31], the larger the nozzle
diameter, the higher the intensity of the emission bands of N, and NO
molecules. These molecules can compete with the other species for the
excitation, resulting in a decrease in the intensity of the analyte emission
lines. On the other hand, for a nozzle with a narrow diameter (0.5 mm),
the linear velocity of the carrier/discharge gas is relatively high, leading
to a shorter residence time of the analytes in the APGD when compared
to the nozzles with larger diameters.

As for the optimal He flow rate in the system with a 0.7 mm nozzle,
the intensity of the Ge signal was increasing monotonously between 100
and 300 mL min~! He, reaching a plateau between 300 and 450 mL
min~ ! He (Fig. 5C). A higher gas flow caused the microplasma to become
more saturated with He, thus decreasing the percentage fraction of Hy,
which could improve the excitation conditions. On the flip side, a lower
gas flow rate allowed for reaching a higher concentration of GeH, in the
carrier/discharge gas. Moreover, it resulted in a longer residence time of
analytes in the APGD. Thus, the optimal gas flow value of 400 mL min !
appeared to be a compromise between all these factors.

It is also worth mentioning that by increasing the He flow rate from
100 to 400 mL min " the Trot(OH) decreased from 1600 + 60 K to 1100
+ 30 K. This observation clearly indicates that the T,,(OH), which can
serve as a limited approximation of the kinetic temperature of gas, does
not significantly affect the efficiency of the presented excitation source.
Instead, the concentration and energy of the reactive species, such as
free electrons or H radicals, play a more crucial role.

3.3. Analytical performance

Under the optimal operating conditions of the HG-APGD system
found in section 3.2, the DL of Ge was determined to be 0.4 pg L™}, using
the 3o criterion. Notably, this DL was comparable to that achieved by
commonly used techniques such as HG-ICP OES or HG-MIP OES.
Furthermore, excluding systems with in-atomizer preconcentration of
GeHy (in-situ trapping), HG-APGD OES proved to be competitive with
other analytical methods employing microplasmas as excitation/atom-
ization sources (Table 1). As compared to ICP and MIP, the proposed
measurement system features a much simpler design and lower con-
sumption of resources (plasma gas, electricity), which is the advantage

Table 1

The comparison of Ge detection limits (DLs) reached by different analytical
methods with detection either by optical emission spectrometry (OES) or atomic
absorption spectrometry (AAS). Works dealing with in-atomizer preconcentra-
tion (in-situ trapping) of GeH, in the atomizer are not considered.

Method DL (ug L% Reference
HG-APGD OES 0.4 This work
HG-SCGD OES 0.5 [12]
HG-ICP OES 0.4 [41]
CG-ICP OES 0.25 [51
CG-ICP OES 3 [6]
HG-MIP OES 0.19 [7]
HUSN-HG-MIP OES 6.3 [8]
HG-HEPD-OES 1.6 [30]
HG-IAT-FAAS 25 [9]
HG-MMQTA AAS 28 [11]
HG-DBD AAS 127 [11]

AAS - atomic absorption spectrometry. APGD — atmospheric pressure glow
discharge. CG - chloride generation. DBD — dielectric barrier discharge. FAAS —
flame atomic absorption spectrometry. HG — hydride generation. IAT - inte-
grated atom trap. ICP — inductively coupled plasma. MIP — microwave-induced
plasma. MMQTA - multiple microflame quartz tube atomizer. OES — optical
emission spectrometry. HEPD — hollow electrode point discharge. SCGD — so-
lution cathode glow discharge. USN - ultrasonic nebulization.
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over commercially available instruments.

The upper linearity range of the Ge calibration curve was found to be
1000 pg L%, providing approximately 3 orders of magnitude of line-
arity. The measurement repeatability (n = 10) was 4.8 % and 3.3 %, at
Ge concentrations of 10 pg L™! and 100 pg L7!, respectively. This
satisfying measurement precision is due to the modifications in the
design of the HG system and the excellent microplasma stability.

Anticipating that HG-APGD OES could be used for detecting envi-
ronmental pollution in water samples, the influence of matrix effects
from alkali metals, alkaline earth metals, and selected transition metals
was investigated. We measured the Ge recovery for single-interferent
solutions containing Ca%*, K¥, or Mg?" at concentration levels of 1,
10, 50, and 100 mg L™}, as well as Cu?*, Fe>*, Mn®*, or Zn?* at con-
centration levels of 0.1, 0.5, 2, and 5 mg L™\. The investigated ranges of
interferent concentrations were chosen to mimic those typically found in
natural water samples. Additionally, to reduce the impact of the matrix
effects caused by the transition metals, the effect of Na,EDTA added to
the sample solutions at a concentration of 0.001 mol L' was
investigated.

As expected, the presence of alkali metals and alkaline earth metals,
even at the highest tested concentration level (100 mg L’l), did not
significantly affect the intensity of the Ge emission line (Table 2). The
situation was completely different for transition metals; although the
presence of these elements at the concentration level of 0.1 mg L™ was
well tolerated (recoveries within the range of 97-104 %), their presence
at 5 mg L™ resulted in a significant suppression of the Ge recovery, ie.,
29 %, 32 %, 95 %, and 50 %for Cu, Fe, Mn, and Zn, respectively. As
shown in Table 3, this effect could be partially compensated by adding
NayEDTA at concentration 0,001 M to the sample solutions. The influ-
ence of the transition metals on the chemical generation of volatile
species is widely discussed in the literature [40], and generally, due to
their low concentration, they do not pose a significant issue in the
analysis of water samples.

To determine the trueness of the Ge determination by HG-APGD OES,
4 samples of water, ie., tap water, river water, bottled water, and
mineral-rich water were analyzed. Since the concentration of Ge was
below the DL (0.4 pg L™! Ge) in all samples, each solution was subse-
quently spiked with 10-20 pg L1 of Ge. Since the analysis of the studied
water samples for major and trace matrix components showed very low
concentrations of the transition metals (Table ESI-1), no masking agents
were used in the Ge determination by HG-APGD OES. As shown in
Table 4, the recovery of Ge for all studied samples was within the range
of 99-114 %, indicating that the HG-APGD OES method is reliable for
determining Ge in water samples.

4. Conclusions and outlooks

Accurate Ge determination at trace levels was reached employing a
simple and affordable APGD microplasma device combined with a
compact HG system and coupled to the OES detector. The achieved DL of
0.4 ug L1 Ge is comparable to that of commercially available MIP OES
or ICP OES instruments. However, the presented HG-APGD OES system
offers advantages in terms of low investment and operation costs as well
as construction simplicity. The main advantage of the HG-APGD system
over the competitive microplasma systems with liquid electrodes (SAGD
or SCGD) is its simpler discharge system design. A flowing liquid elec-
trode requires an extra peristaltic pump to supply the electrolyte and
remove the post-plasma solutions. Additionally, some fluctuations in the
electrolyte solution flow can destabilize the microplasma, reducing the
measurement precision. The solid-electrode system presented here
avoids these issues.

The optimal operating conditions of the APGD system found in this
work for the Ge determination were harsher than those reported pre-
viously in the same APGD design for the atomization/excitation of As,
Sb, and Se [31]. This was likely due to the tendency of free Ge atoms to
form stable oxides. Nevertheless, the APGD system was proven to
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Table 2
The effect of the alkali and alkaline earth metals on recovery (%) of Ge, un-
certainty expressed as combined standard deviation.

Cation conc. (mg L™!)  Recovery (%) of the Ge signal in the presence of an

interferent

K+ Mg2+ Ca2+
1.0 101 + 4 100 £ 6 102 £ 5
10 101+4 100+1 104+6
50 98 +4 98 +1 101 £ 2
100 113+ 2 99 + 2 99 +2

Table 3
Recovery (%) of Ge signal in the presence of interfering transition metal ions,
with and without Na,EDTA addition.

Cation conc. Recovery (%) of the Ge signal in the presence of an interferent

(mgL™ Mn2* FeS+t cu?t Zn2+

0.1 102+ 6 102 +1 97 £1 104 + 4

0.5 98 + 4 90 + 4 84 +4 97 £ 5

2.0 98 +5 73+5 58 +3 89 +5

5.0 95 + 5 (86 32 +2(98 29 +2 (41 50 + 2 (94
+2)* + 3)* +1)* + 5)*

* Values in parentheses refer to recoveries for samples containing 0.001 mol
L™ Na,EDTA.

Table 4

Results of Ge determination in water samples by HG-APGD OES.
Sample Found (pg Added (ug Measured (g Recovery

L L L (%)

Tap water <DL 10.5 10.5+ 1.4 99 +13
River water <DL 10.3 10.8 £ 0.6 103 £ 6
Bottled water <DL 10.2 12.0 + 0.7 114+ 6
Mineral-rich <DL 20.1 205+ 1.3 102 +7

water

<DL - Below detection limit (<0.4 pg L™1).

achieve high atomization and excitation efficiency for Ge, resulting in
excellent sensitivity and low DL. It appears that the APGD owes its
distinctive atomization ability more to the high concentration of reac-
tive species and high-energy electrons than to the plasma temperature
(Troc(OH)), which reaches 1100 + 30 K under optimal conditions. This
value is even lower than that of an air-acetylene flame (2500 K) and
comparable to that of the hottest zone of the DF atomizer in which at-
omization efficiency as low as 1 % was reported [37]. Given the prop-
erties of the APGD, the question remains open regarding its potential for
the determination of other elements forming volatile species which
subsequently tend to form stable oxides during the atomization/detec-
tion step, e.g., Mo and W.
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ABSTARCT

An atmospheric pressure glow discharge (APGD) optical emission spectrometry (OES) method for ultra-
trace Hg determination in water was developed by combining cold vapor (CV) generation with a custom-
built gold trap (GT). Two high-voltage power supplies were evaluated; constant DC discharge provided
optimal Hg excitation, whereas pulsed nanosecond DC plasma was ineffective due to its low duty cycle
and transient behavior. Under optimized conditions, limits of detection (LODs) for Hg in CV-APGD OES
were 0.2 and 0.08 pg L! for 1 s and 10 s integration times, respectively. Coupling with the GT unit
improved sensitivity by over 100-fold, yielding an LOD of 0.003 pg L', well below regulatory limits for

drinking water. The method was validated using spiked water samples (sub-ug L! levels), with recoveries
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of 101-104% and good agreement with ICP MS. Compared to ICP MS, the proposed approach shows

reduced memory effects, lower cost, simpler instrumentation, and lower maintenance requirements.
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Drinking Water Analysis

Atmospheric Pressure Glow Discharge
Optical Emission Spectrometry

Gold Amalgamation

Mercury Preconcentration

1. Introduction

Due to Hg toxicity and concerns regarding environmental and human health [1], global Hg use has
declined substantially. Nevertheless, more than 1000 tons of elemental Hg are still produced annually and
employed in various industrial applications [2]. A portion of this may ultimately be released into the
environment and, given the persistence of Hg compounds already present within the biota, systematic
monitoring of its concentrations in the environment remains essential.

Hg traces can be determined using multiple spectroscopic methods, including atomic absorption
spectrometry (AAS) [3-5], atomic fluorescence spectrometry (AFS) [6,7], optical emission spectrometry
(OES) [5,8], and mass spectrometry (MS) [5,9]. AAS was for a long time the most widely studied method
for Hg determination, however, recent research shows a clear trend toward the development of OES with
alternative excitation microsources. To date, systems based on dielectric barrier discharge (DBD) [10,11],
solution cathode/anode glow discharge (SCGD/SAGD) [12-14], atmospheric pressure glow discharge
(APGD) [15-17], microwave-induced plasma (MIP) [18,19], point discharge (PD) [20,21], and

capacitively coupled plasma (CCP) [22,23] have been reported.
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To increase sensitivity, all of the abovementioned methods are typically combined with well-
established cold vapor (CV) generation [24,25], photochemical vapor generation (PVG) [26,27], or the
more recently developed plasma-induced vapor generation (PIVG) [28-36].

To further enhance sensitivity, the generated Hg vapor, regardless of whether CV, PVG, or PIVG
is used, can be preconcentrated for a certain period and then rapidly released, producing a significantly
intensified analytical signal. Very recently, Greda et al. [37] demonstrated a system in which plasma-
induced Hg vapor was accumulated in the gas phase within a closed chamber. After 60 s of
preconcentration, the chamber was opened, and the Hg-enriched aerosol was introduced into an ICP OES
spectrometer for detection. This approach enabled a 140-fold reduction in the limit of detection (LOD)
compared to conventional pneumatic nebulization ICP OES.

A more common and long-established approach involves preconcentration of Hg vapor using solid
sorbents. Although alternative materials, such as thiol-modified mesoporous silica [14] and activated
carbon [38], have been reported, Au-based sorbents clearly predominate [4,15,39,40]. In a gold trap (GT),
Hg vapor selectively forms an Au—Hg amalgam, which is readily decomposed at elevated temperature to
release the analyte.

An inherent drawback of analytical methods coupled with on-line preconcentration is their
relatively low sample throughput. Considering the high consumption of energy and plasma gas in large-
scale plasma-based techniques, e.g., ICP OES, Hg vapor preconcentration is not routinely applied. In
contrast, microplasma-based techniques appear more suitable for coupling with on-line preconcentration,
as their inherently low consumption of energy and gases makes extended analysis times less cost-
prohibitive.

The aim of this work was to develop a method for the determination of ultra-trace levels of Hg in
aqueous solutions using a low-operating-cost microplasma-based system combined with on-line
preconcentration on a GT. Despite the considerable potential of such approaches, this area remains largely

underexplored. To the best of our knowledge, only one study has addressed the integration of APGD with



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

a GT; however, the proposed system was only briefly described and limited to the analysis of gaseous
samples [15].

In this study, the effect of the discharge power supply, i.e., direct and pulsed current modes, on the
emission characteristics of the generated microplasma was investigated. Subsequently, the operating
conditions of the CV-APGD OES system were optimized, followed by coupling with a custom-built GT
unit and evaluation of its analytical performance for water sample analysis. The trueness of the method
was evaluated through recovery experiments with spiked drinking water samples and further confirmed

by comparison with a reference ICP MS method.

2. Experimental
2.1. Instrumentation

Herein, a microplasma system previously implemented for the determination of trace levels of As,
Sb, and Se [41], as well as Ge [42], was employed. Briefly, the discharge assembly consisted of two
vertically oriented, coaxial electrodes mounted in a polytetrafluoroethylene (PTFE) housing (Figure 1).
The lower electrode was a hollow tubular cathode allowing the discharge gas and Hg vapor to be
introduced through a profiled gas nozzle. The upper electrode, acted as an anode, was a solid metallic
roller. Both electrodes were fabricated from a W:Cu alloy (90:10, w/w), and the interelectrode gap was

roughly 1 mm.
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Fig. 1. Schematic diagram of the measurement system.

The performance of two direct current (DC) power sources was compared. The first operated in a
constant-current mode (model DP50H-024pH, DSC Electronics), whereas the second was a pulsed power
supply (model AVR-8A-B, Avtech Electrosystems). A detailed description of both supplies and a
comparison of their performance is provided in Section 3.1. For the DC source, discharge voltage and
current waveforms were monitored with a digital storage oscilloscope (model DHO4204, Rigol), and a
pair of high-voltage probes (model P6015A, Tektronix; RP1018H, Rigol). For the pulsed source, the
discharge current was determined using a current monitor (model 150, Pearson Electronics).

The radiation emitted by the microplasma was imaged onto the spectrometer entrance slit (10 um)
using an achromatic lens (f = 80 mm). The detection system comprised a Shamrock 5001 spectrograph
(Andor Technology) equipped with holographic gratings (1800 lines mm™!, UV blaze; 1200 lines mm™!,
500 nm blaze) and a CCD detector.

A custom-made Hg vapor generation unit has been previously described in detail elsewhere [43].

Briefly, the sample solution acidified with HCl and the alkalized reductant solution (NaBH, + 0.1%

5
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NaOH) were delivered at flow rates of 3 mL min! using a peristaltic pump (ISM4312, Ismatec). Both
streams were merged in a T-junction and subsequently transported to a glass gas—liquid separator (GLS).
The post-reaction solution was removed by the same peristaltic pump, while the generated Hg vapors were
swept by a carrier gas (He). When introduced into the APGD, the carrier gas also served as the plasma-
forming gas; no additional gas flows were applied.

A custom-made GT unit was based on a quartz tube (diameter;,/,,; = 0.63/0.83 cm) containing Au
coils uniformly distributed in the central part of the tube over a length of 1.5 cm (Figure 2). The coils were
fabricated from 1 m of high-purity Au wire (99.9%) with a diameter of 0.3 mm. The surface area of the
coils available for Hg vapor adsorption was almost 10 cm?. At a carrier gas flow rate of 250 mL min!,

the residence time of Hg vapor in the Au-containing section was around 100 ms.
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gold cqil 5 5

Battery pack o F On/off switch

with power leads ‘\\

-
rﬁ—s @ Heating
col ~
B o Gas flow

de=

Gold coil ingid
©Qquartz t}tbe 3

x

Fig. 2. Photographs of the custom-built gold trap (GT) unit. A) internal view, B) front panel, C) quartz

tube with Au coil during heating.

A heating coil with a length of 9 cm, manufactured from Kanthal D® wire (diameter = 1.6 mm),
was wound around the outer surface of the quartz tube. The coil was powered by a lithium-polymer (LiPo)

battery with a capacity of 12000 mAh and a nominal voltage of 22.2 V (6S configuration). The LiPo
6
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battery was selected due to its ability to deliver very high currents, which in the present setup reached up
to 38 A. To ensure that the supply voltage did not vary significantly with the state of charge of the LiPo
battery pack, the system was operated within a voltage range of 3.85-3.70 V per cell. The temperature of
the GT unit (inside the quartz tube) was measured using a temperature meter (model HD 2307.0 RTD,
Delta Ohm) equipped with a compatible resistance temperature detector (RTD). Although, due to the
thermal inertia of the RTD, time-resolved temperature measurements provided only approximate values,
they confirmed that the temperature was sufficient to release Hg vapors from the GT unit.

ICP MS was used as a reference method for Hg determination by CV-GT-APGD OES. The
operating parameters of the ICP MS instrument (model Agilent 7500cx, Agilent Technologies) were set
according to the manufacturer’s recommendations. It was equipped with a MicroMist™ nebulizer (400 pL
min') and a Scott-type spray chamber cooled to 2 °C. The acquisition mode was set to full quantification,

with an integration time of 0.1 s per point.

2.2. Reagents and sample preparation

Deionized water produced by a purification system (DL3-400S717PVMQE, Polwater) was used
throughout the study. A stock Hg standard solution (1000 mg L) for preparation of working standards,
as well as Au and Ir standards (1000 mg L") for ICP MS analysis were purchased from Merck. Analytical-
grade NaBH, and NaOH solids were also obtained from the same supplier. Ultrapure hydrochloric acid
(HC1, 32-35%, NORMATOMP™) for trace-metal analysis was supplied by VWR International. High-purity
He (99.999%) for the APGD generation and Ar (99.999%) for the operation of the ICP MS instrument
were supplied by SIAD Poland.

Hg-containing working standard solutions, typically in the concentration range from sub-ug L!
levels up to 10 ug L1, were prepared by multistep dilution of the stock standard solution using 4% HCI.
A NaBHy, solution was prepared by dissolving an appropriate amount of powdered NaBH,4 in a 0.1% (w/w)

NaOH solution to ensure its stabilization.
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Freshly collected drinking water samples from the municipal water supply in Wrocltaw were
acidified with concentrated HCI to a final concentration of 4% (w/w). To verify the trueness of the
proposed method, the standard addition approach was applied: water samples were spiked with a Hg
standard solution to increase the Hg concentration by 0.25 pg L' or 0.50 pg L-1. All samples were
prepared and analyzed in triplicate using CV-GT-APGD OES with external calibration. Prepared tap
water samples were also analyzed using a reference method, i.e., I[CP MS. Prior to the measurements, the
sample introduction system (based on pneumatic nebulizer) was rinsed with a 1% HCI solution containing
Au (100 ug L1, as H[AuCly]) to remove residual Hg from the system and eliminate memory effects.
Before analysis, an H[AuCl,] solution was added to both samples and calibration standards to obtain an
Au concentration of 100 pg L~ and stabilize Hg?" ions. The analytical signal was recorded for the 20?Hg
isotope (IE; = 10.4 €V), whereas '°*Ir (IE; = 8.97 V) was employed as an internal standard to compensate

for signal drift.

2.3. Methods

In the CV=APGD OES method, the sample flow rate was kept constant and the generated vapors
were immediately swept into the microplasma, resulting in an Hg emission line of constant intensity. For
this steady state, the analytical signal was defined as the background-corrected intensity of the Hg 1 253.7
nm line. In contrast, in the CV-GT-APGD OES method, the signal was time-dependent (transient) and
exhibited a chromatographic-like profile. Since the time-resolved signal consisted of only a few data
points and its maximum could not always be captured directly, the analytical signal was estimated by
fitting the data with an exponentially modified Gaussian (EMG) function, an approach commonly used in
chromatography. The net intensity of the Hg [ 253.7 nm emission line as a function of time (1 s acquisition
interval) was fitted to the EMG model to achieve the best agreement between the experimental and
simulated signals. The function parameters were optimized numerically using Microsoft Excel’s Solver
tool to minimize the sum of squared errors (SSE). The analytical signal was then taken as the numerically

determined maximum of the fitted EMG function.
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The LOD for Hg was determined based on the relationship 3c/a, where "c¢" denotes the

nan

background-corrected standard deviation of a respective blank (n = 10), and "a" represents the slope of a
given calibration curve.

The rotational temperature of OH (T;oom)) Was determined from unresolved rotational-vibrational
OH spectra by fitting the experimental data with simulated spectra generated at different rotational
temperatures using the LIFBASE 2.1 software. For this purpose, the (0-0) band of the OH AZX"—X2I1

system, with a band head at 309.3 nm, was selected, and emission spectra were recorded in the 305-311

nm range.

3. Results and discussion
3.1. Selection of the HV power supply

In a preliminary experiment, two different HV power supplies were evaluated for their ability to
generate plasma in an APGD system and for their efficiency in exciting introduced Hg vapors. The first
unit (model DP50H-024pH, DSC Electronics) was a DC supply operating in constant-current mode with
the current limiter engaged, continuously delivering energy. To prevent electrical arcing, a ballast resistor
(5.6 kQ, 50 W) was connected in series with the discharge circuit. Oscilloscope traces of the discharge
voltage and current were consistent with the power supply settings (440 V, 30 mA), ensuring continuous
energy delivery. The periodic pattern was identified on the current and voltage waveforms with
approximately 1V/0.05 mA amplitude and 40 kHz frequency. The pattern was attributed to the internal
operating frequency of the power supply; with an output ripple of ~0.2%, the system can still be considered
to operate under DC conditions.

The second unit tested (model AVR-8A-B, Avtech Electrosystems) was a pulsed DC power supply
delivering voltage in short rectangular pulses. The working hypothesis was that the discharge current
during each pulse would reach substantially higher values, potentially improving the microplasma's

overall energetics and the excitation conditions for Hg atoms.
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Using the pulsed source, a stable microplasma was achieved only with He as the working gas at
the maximum pulse frequency (1000 Hz) and duration (2 ps), imposed by a duty cycle limit of 0.2%. As
shown in Figure 3, after pulse initiation, the voltage increased steeply, reaching 1000 V within
approximately 50 ns (10-90% in 33 ns). Despite the nominal pulse duration of 2 us, the actual pulse lasted
less than 1 ps, with a full width at half maximum (FWHM) less than 0.4 ps. This behavior is most likely
caused by the power supply's designed capacity, which cannot sustain the high-current discharge, resulting
in a drop in output voltage after transferring a certain amount of charge . Despite the extremely small duty
cycle (in practice, less than 0.1%), the peak current reached almost 16 A, nearly three orders of magnitude
higher than with a constant DC power source. This represents more than 10 kW of instantaneous peak
power; however, the mean power is only 2-3 W at a pulse repetition rate of 1 kHz. The estimated charge
transferred per high-voltage pulse is 7-10 pC. A very high discharge current and its duration suggest that
the discharge had the characteristics of a transient spark-to-arc discharge rather than a glow discharge

supposed for the DC regime of operation.

1200 18
Voltage  Current

800 N\ 12
A ~,
400 / \ \ 6
200 / \ \\ 3
Fm* - \“— 0

800 1200 1600 2000
Time (ns)

Voltage (V)
Current (A)

Fig. 3. Oscilloscope traces of the discharge voltage and current (pulsed DC power source).

The extremely high current in the pulsed DC plasma was reflected in the average Ty om), which
was approximately twice that observed for the constant DC plasma, i.e., 2680+25 K and 1200+10 K,
respectively. It should be noted that the instantaneous T,qom) at the peak of the pulsed DC discharge was

likely considerably higher.
10
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The high current in the pulsed DC discharge was also associated with a much higher electron
density. Figure 4 compares the normalized H, emission profiles for the constant DC plasma and the pulsed
DC plasma; the markedly larger FWHM in the latter case clearly indicates a much higher ionization degree
[44]. Based on a rough estimation, the electron density for the constant DC discharge is on the order of
~10' ¢m3, which is within the range of values previously reported for APGD with a liquid electrode [45—
47]. In contrast, for the nanosecond pulsed discharge, the electron density increases to 1016—10!7 cm,

depending on the assumed instrumental contribution and plasma temperature.
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Fig. 4. Comparison of H,, line profiles for discharges driven by constant DC and pulsed DC power sources.

Given these observations, it was surprising that when the CV unit for Hg was connected to both
discharge systems, no Hg emission lines were observed in the spectrum of the pulsed DC plasma. In
contrast, the constant DC plasma produced a very intense atomic line at 253.7 nm, as well as several
weaker atomic lines at 365.0 nm, 404.7 nm, 435.8 nm, 546.1 nm, and 577.0 nm.

Although, according to the working hypothesis, the pulsed DC plasma provided improved overall
energetics, the discharge conditions were clearly unfavorable for Hg excitation. The very small duty cycle
may partly account for the absence of Hg emission, but it is not the only factor. For instance, under the
same conditions, the emission intensity of H lines were an order of magnitude higher than in the constant
DC plasma. These results indicate that a more intense pulsed discharge does not necessarily provide more
favorable excitation conditions for Hg atoms, even if it efficiently excites other species. Because of that,

all subsequent experiments were conducted using the constant DC power supply.
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3.2. Optimization of CV-APGD OES operating parameters

Since the presented microdischarge system had not previously been applied for Hg determination,
the initial experiments focused on the effect of operating parameters on the emission spectra, particularly
on the intensity of the Hg I line at 257.3 nm and surrounding NO vy (1-4) molecular band, which can
interfere with this line. The investigated parameters included the concentrations of NaBH4 and HCI, the
discharge current, and the flow rate of the carrier/discharge gas (He). Optimization was performed using
a one-factor-at-a-time (OFAT) approach in the order listed above. The initial and optimized parameter

values are summarized in Table 1.

Table 1. Initial values, tested ranges, and optimized parameters for the CV-APGD OES system.

Parameter Initial value | Tested range | Optimal value
NaBH, conc. (%, w/w) 0.005 0.005-0.5 0.01

HCI conc. (%, w/w) 16 2-16 4

Discharge current (mA) 25 1540 20

Gas flow rate (sccm) 200 200-400 250

The investigated APGD system exhibited very limited tolerance to H,, which is generated as a by-
product of NaBH, decomposition. Higher NaBH, concentrations thus caused a sharp decrease in the Hg
I 253.7 nm line intensity (Figure 5), a behavior also observed for other microplasma-based sources
[13,16]. An alternative reducing agent that could be employed is SnCl,; in the CV process, it does not
produce H,. However, it is ineffective in reducing organomercury compounds, which are commonly
present in water and food samples. Consequently, SnCl, is less versatile than NaBHy, and therefore NaBH,4

(at a concentration of 0.01%) was retained for the remainder of this study.
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Fig. 5. Effect of NaBH,4 concentration on the intensity of the Hg I line at 253.7 nm.

Increasing HCI concentration from 2 to 16 % (w/w) linearly enhanced Hg emission by 50%
without affecting the background. However, high HCl additions dilute the sample and increase
consumption of costly ultra-pure acid; therefore, 4% (w/w) was chosen as the optimal concentration.

Increasing the discharge current above 30 mA caused a gradual decrease in the Hg 1 253.7 nm line
intensity. Simultaneously, across the tested current range, the background intensity doubled, resulting in
a drastic deterioration of the signal-to-background ratio (SBR). A current of 20 mA ensured a stable
microplasma and high Hg I line intensity, and was therefore selected as optimal value.

Regarding the discharge gas flow, the highest net intensity and SBR for the Hg I 253.7 nm line
were obtained at 250 sccm. This flow rate represents a compromise between H, and Hg vapor dilution,
the residence time of Hg in the microplasma, and the overall stability of the discharge.

Under the optimized operating conditions, the LOD for Hg in the CV-APGD OES method was
0.2 and 0.08 pg L' for integration times of 1 s and 10 s, respectively. These LODs are comparable to
those reported for other glow discharge—based systems [16], including setups employing liquid electrodes

[43,48], while the present system offers the advantage of a simpler design.

3.3. Coupling with a gold trap
The optimized CV-APGD OES system was coupled with a custom-built GT unit to enable Hg

vapor preconcentration and enhance measurement sensitivity. The first set of experiments was designed
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to evaluate the heating characteristics of the GT unit, including the heating rate, maximum attainable
temperature, and cooling behavior. Cooling of the GT unit could occur either passively or be assisted by
an auxiliary fan. In these experiments, a temperature probe was placed inside the GT unit to monitor its
internal temperature during heating, while a constant flow of carrier gas (He, 250 sccm) was maintained.

Upon power-on (t = 0 s), the system was heated by a short, 10-s energy pulse. As shown in Figure
6, the temperature increased rapidly upon energizing and reached a maximum of approximately 370-375
°C in the post-heating phase. Since Hg release from the amalgam occurs efficiently at temperatures of
around 200 °C or even lower [49], and analytical systems operating at 300 °C have been reported in the
literature [50], the temperature attained in the present setup was considered sufficient for rapid analyte

desorption.

400 ,
without
200 u/ withou
=
=
o
o
10045

active cooling

with
active
cooling

Temperature (°C)

Post-hea
Cooling

0

30 60 90 120 150
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Fig. 6. Temporal evolution of temperature inside the GT unit following heater switch-on (t =0 s). Heating

time = 10 s.

After reaching the maximum temperature, the system was cooled either passively or with an
auxiliary fan. Under passive cooling, the maximum cooling rate was 2.1 °C s!, implying that several
minutes would be needed to reach a temperature suitable for efficient Hg trapping and thus limiting
analytical throughput. Active cooling increased the maximum cooling rate to 3.8 °C s~!, demonstrating

the effectiveness of forced convection. Therefore, in all subsequent experiments, the fan was kept off
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during heating and immediate post-heating stages, and turned on afterwards to rapidly cool the GT unit
close to room temperature.

In the next experiment, the effect of the heating phase duration (5-15 s) on the time-resolved Hg
emission signal was examined. A Hg standard solution was introduced into the CV-GT system for 5 min.
After completion of the reaction and an additional 30 s vapor sweeping phase, which ensured quantitative
transfer of the generated Hg vapor from the GLS to the GT unit, heating of the unit was initiated and the
analytical signal was recorded. To verify whether Hg was completely released from the GT unit, an
additional heating step was applied, serving as a 10 s cleaning phase.

When the initial heating time was set to 5 s, the main part of the measurement revealed a low-
intensity, temporally broadened signal (Figure 7). Under these conditions, most of the Hg remained in the
amalgam and was released predominantly during the cleaning phase. Increasing the heating time to 7 s
resulted in an earlier onset and higher intensity of the analytical signal. However, the signal was still
relatively broad, and small amounts of Hg remained trapped in the amalgam and were released during the

cleaning step.

—ilg 10 s
3 —7s —12s ——
&
-
S
—
R
@
z TR
< Start 2"“ heating
= (cleaning)

60 80 100

Time (s)
Fig. 7. Temporal evolution of Hg I at 253.7 nm emission signal in CV-GT-APGD OES following heater

switch-on (t =0 s and t = 65 s). 1%t heating time = 5-12 s. 2"d heating (cleaning) time = 10 s.

Heating the GT unit for 10 s produced a high-intensity signal characterized by a narrow peak width

and minimal tailing. Importantly, no analytical signal was observed during the cleaning phase, indicating

15



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

quantitative Hg release during the main measurement stage. An even more intense and slightly more
compact signal was obtained when the heating time was extended to 12 s, resulting in a temperature of
390 °C inside the GT unit. Further prolongation of the heating phase did not lead to significant changes
in the signal profile but could result in overheating of the system and would necessitate a longer cooling
period. Consequently, a heating time of 12 s was selected as optimal for subsequent experiments. Under
these conditions, all accumulated Hg was released and no additional cleaning phase was required.

Based on the performed experiments, an analytical cycle program was established, defining the
durations of the heating, post-heating, and cooling stages prior to introduction of the next sample (Table

2). The total cycle time was 8 min 30 s, corresponding to an analytical throughput of 7 samples h!.

Table 2. Timing and temperature overview of the analytical cycle for CV-GT.

Phase Time (duration) Temperature (°C)
1. Vapor generation | 0:00 to 5:00 (5 min) ~RT

2. Vapor sweeping | 5:00 to 5:30 (30 s) RT

3. Heating 5:30t0 5:42 (12 s) RT—110

4. Post-heating 5:42 t0 6:10 (28 s) 110—390

5. Active cooling 6:10 to 8:30 (2 min 20 s) | 390—~RT

RT — room temperature.

3.4. Analytical performance of CV-GT-APGD OES

In the CV-GT-APGD OES method, the time-resolved signal acquired at 1 s intervals consisted of
only a few data points. Attempting to capture the maximum directly from this sparse signal resulted in
poor measurement precision, exceeding 10% at an analyte concentration of 1 ug L. Some improvement
was achieved when the analytical signal was taken as the area under the peak, which had a width of 5 s,
yielding a precision of 7-8%. However, the best repeatability (6%) was obtained by approximating the

peak with an EMG function, a strategy adapted from liquid chromatography [51], and taking its maximum
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as the analytical signal. Finally, the Hg I 253.7 nm line exhibited an intensity more than 100-fold higher
in the presence of the GT unit compared to CV-APGD OES alone.

The LOD for Hg was as low as 0.003 pg L1, highlighting the crucial contribution of the GT unit.
This value lies between those reported for CV-AAS and extremely sensitive CV-AFS employing Au
amalgamation (Table 3). The achieved LOD was also 1-2 orders of magnitude lower than those reported
for competitive OES methods employing both microplasmas and commercially available ICP sources as
excitation systems.

Finally, the LOD obtained in this study was approximately five times lower than that achieved
using ICP MS with a pneumatic nebulization sample introduction (Agilent 7500cx), where the LOD was
largely constrained by memory effects. Coupling ICP MS instrument with CV would greatly enhance its
sensitivity, lowering the LOD to levels unattainable with the CV-GT-APGD OES system. However,
under the conditions tested in this study, the CV-GT-APGD OES approach provided lower LODs and
negligible memory effects, indicating that Hg vapors did not significantly adsorb onto the GLS walls and
that Hg release from the GT unit was quantitative. The main advantage of the new method is its
instrumental simplicity, lower maintenance costs, and the fact that it does not require highly trained
personnel, thereby outperforming ICP MS in these aspects. A limitation in achieving even lower LODs
for the CV-GT-APGD OES system was trace contamination in reagents, most likely originating from
hydrochloric acid (HCI). Despite using the highest purity chemicals available, blank signals were small

but variable; therefore, the instrumental LOD could, in principle, be further reduced.

Table 3. Comparison of limits of detection (LODs) for Hg in liquid samples obtained by different

analytical methods.

Method Preconcentration | Accumulation | Analytical throughput | LOD (ug L™!) | Reference
technique time (s) (samples h™')

CV-APGD OES - - -8 0.2%/0.08¢ This work

ICP MS - -2 60 0.015 This work
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CV-ICP OES e e e 0.54 [5]

SAGD OES e e e 0.16 [12]
SAGD-ICP OES FIGA 60 e 0.035 [37]
FI-SCGD OES SPE 180 7 0.75 [14]
CV-AAS SPE 100 22 0.01 [38]
CV-GT-APGD OES | GT 300 7 0.003 This work
CV AAS GT 210 e 0.006 [4]
FI-CV AFS GT 100 9 8x10°3 [39]

CV AFS GT 30 mins e 3x10°6 [40]

2 Not applicable/not given.  Integration time = 1 s. © Integration time = 10 s. AAS — atomic absorption spectrometry. AFS —
atomic fluorescence spectrometry. APGD — atmospheric pressure glow discharge. CV — cold vapor. FI — flow injection. FIGA
— flow injection gas analysis. GT — gold trap. ICP — inductively coupled plasma. LOD — limit of detection. MS — mass
spectrometry. OES — optical emission spectrometry. SAGD — solution anode glow discharge. SCGD — solution cathode glow

discharge. SPE — solid phase extraction.

To assess the trueness of the CV-GT-APGD OES method, recovery experiments for Hg were
performed using drinking tap water samples. The initial Hg concentration, determined by CV-GT-APGD
OES, was estimated at 0.02+0.01 ug L-!. The water samples were subsequently spiked with Hg standard
solutions to increase the concentration by 0.25 and 0.50 ug L. The obtained recoveries were 101% and
104%, respectively (Table 4), indicating satisfactory trueness of the proposed method. These results
demonstrate that CV-GT-APGD OES enables reliable determination of Hg at sub-pg L-! levels in water.

The maximum allowable concentration of Hg in drinking water is 1 pg L' under Directive (EU)
2020/2184 of the European Union and 2 ug L' according to the US Environmental Protection Agency.
Higher guideline values have been established by the World Health Organization (6 ug L"), while several
Asian and South American countries adopt limits of 1 pg L!. Regardless of the regulatory limit

considered, the proposed method remains suitable for routine drinking water quality monitoring.
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Table 4. Recoveries of Hg in spiked water samples determined by CV-GT-APGD OES and comparison

with ICP MS as the reference method.

Measured Added Found (ug L") Recovery (%)

(ng LHy* (ngL!) | CV-GT-APGD OES ICP MS CV-GT-APGD OES ICP MS
0.02+0.01 0.25 0.27+0.06 0.25+0.05 101 93
0.02+0.01 0.50 0.54+0.04 0.53+0.03 104 102

*Based on CV-GT—-APGD OES measurements.

As a reference method, both spiked samples and unspiked tap water samples were analyzed using
ICP MS. While reliable results were obtained for the spiked samples, no trustworthy determination could
be achieved for the original tap water sample due to pronounced memory effects. This issue persisted
despite 30 min pre-rinsing of the sample introduction system with 1% HCI containing Au (100 pg L', as
H[AuCly)) for effective removal of residual Hg. This observation suggests that contamination was likely
associated with internal components of the ICP MS system, such as the sample cone, skimmer cone, and
ion lenses. Although their disassembly and cleaning can be performed by the instrument operator, this
procedure is time-consuming and requires a higher level of expertise. Owing to its simpler and less
maintenance-intensive setup, the CV-GT-APGD OES technique appears to be a more suitable choice for

routine determination of Hg at sub-pg L1 levels.

4. Conclusions

A detailed evaluation of high-voltage power supplies revealed that a constant DC source provides
more favorable conditions for Hg excitation in APGD than a pulsed DC supply. Despite its extremely
high instantaneous power, the pulsed discharge was unsuitable for effective Hg excitation due to its very
short duty cycle and transient behavior.

Under the optimized conditions of the CV-APGD OES method, LODs for Hg were 0.2 and 0.08
ng L for 1 s and 10 s integration times, respectively. Coupling the CV-APGD system with a custom-

built GT unit enabled Hg vapor preconcentration and removal of H, excess from the discharge gas,
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providing over a 100-fold enhancement in the intensity of the Hg I line at 253.7 nm. Under optimal
conditions (12 s heating of the GT unit), complete Hg release was achieved, and analytical signals could
be reliably quantified using an EMG approximation. The resulting repeatability and LOD for Hg were 6%
and 0.003 pg L1, respectively.

The CV-GT-APGD OES method was successfully validated using tap water, demonstrating
satisfactory trueness for Hg measurements at sub-pug L' concentration levels. CV-GT-APGD OES
outperformed ICP MS for trace Hg determination in water samples, while offering lower operating costs,
simpler instrumentation, and reduced maintenance requirements. Despite the relatively long analytical
cycle, which is inherent to on-line preconcentration methods, CV-GT-APGD OES is economically
advantageous owing to its low power requirements and reduced plasma-forming gas consumption.
Although the method requires 15 mL of sample per measurement (5 min x 3 mL min!), this is fully
compatible with drinking water analysis and does not limit its practical applicability, given the virtually

unlimited sample availability in such cases.
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Keywords:

Non-thermal plasma

Alcoholic beverages

Inorganic and organic compounds
Bioavailability, proliferation activity

In recent years, there has been an increasing interest in natural food products, including wines, due to their
unique properties such as high polyphenol content and antioxidant capacity. Here we presented controlled
application of cold atmospheric pressure plasma (CAPP) for functional wine production. By treating red and
white wine with CAPPs, significant improvements were observed, including: an increase in the contribution of
the most bioavailable “< 5 kDa” fraction of metals and an increase in total phenolic compounds and phenolic

acid content in red wine samples, among others. Furthermore, the application of CAPP maintained the cyto-
toxicity properties of red wine towards Caco-2 cell lines and was not toxic to normal FHs74 Int cell lines. The
findings suggest that CAPP can be a valuable tool in the wine industry, producing wines with enhanced health
benefits without compromising their natural qualities.

1. Introduction

Presently, a tendency related to rising consumption of natural food
products is observed. With this in mind, consumers are focused on
purchasing products characterized by lack of synthetic chemicals,
including growth-accelerating substances, pesticides, fertilizers, and
flavour aroma enhancers (Mesias et al., 2021; Roman et al., 2017).
Among different liquid products, various wines gained wines’ con-
sumers and consumers’ attention due to their unique characteristics,
including an intense content of polyphenols and apparent selective
antiproliferative and antioxidant properties (Kamei et al., 1998; Kim
et al., 2006). These above-mentioned compounds usually are respon-
sible for the stability of the beverages. Therefore, any excessive chemical
substances should be excluded from the liquid food production process.
In addition, the methods applied for achieving this aim must not
adversely affect the composition, appearance, taste, color, and aroma of

* Corresponding author.
E-mail address: piotr.jamroz@pwr.edu.pl (P. Jamroz).
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the final liquid food product. For these reasons, it becomes crucial to
develop and adjust new technologies for food processing. Recently, a
close focus has been paid to the utilization of cold atmospheric pressure
plasmas (CAPPs) for the fabrication of food products with enhanced e.g.
physicochemical, nutritional, and microbiological properties (Ding
et al., 2022).

Among commonly applied liquid and solid food processing methods,
such as sterilization and pasteurization (Belitz et al., 2008), CAPPs have
been reported to positively affect foods properties on two levels. First,
CAPPs might extend food product shelf life by inactivating selected and
numerous microorganisms responsible for its spoilage (Ding et al., 2022;
Pohl et al., 2022). Second, the application of CAPPs in food processing
might affect the stability and concentration of defined organic com-
pounds such as e.g. phenolic compounds in food products, which might
increase their resistance to various chemical processes such as e.g.
oxidation (Pohl et al., 2022). Both of these CAPP actions are related to
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the production of Reactive Oxygen and Nitrogen Species (RONS) during
its operation (Pohl et al., 2022), making the CAPP-based processes
effective, green, and sustainable. Until now, CAPP-based technology has
been implemented for different functional liquid food product fabrica-
tions, including, e.g., fruit juices (apple (Dzimitrowicz et al., 2020),
orange (Dzimitrowicz et al., 2022), pomegranate (Kovacevic et al.,
2016), sapota (Rodriguez et al., 2022)), vegetable juice (carrot (Umair
et al., 2019), beetroot (Dzimitrowicz et al., 2021), raspberry
(Dzimitrowicz et al., 2025), and tomato (Starek et al., 2019), among
others (Ding et al., 2022). However, considering CAPP as a method used
in food processing, its effect on the flavour, taste, aroma, health, and
safety should be deeply considered due to its red-ox properties. Referring
to the flavour of a food liquid products, which, according to the defi-
nition provided by Taylor (1998), is occurring when the flavour-active
molecules have been emitted from the food product and can be detec-
ted by the mouth and nose (Taylor, 1998), when CAPP technology is
applied, it can impact the sensoric properties of food, depending on the
characteristics of the applied CAPP source and operation properties,
such as, e.g. type of applied discharge, treatment time, discharge at-
mosphere, or its current-voltage characteristics (e.g. Ucar et al., 2021).
Having in mind the possibilities and impact on CAPP for food products
treatment, at this point, it is crucial to estimate the safety-to-consume of
CAPP-treated products. According to our best knowledge, the biological
in vitro experiments related to the safety for consumption of food liquid
products have been done only in our research group towards human
intestinal epithelial cells (FHs 74 Int) (Dzimitrowicz et al., 2020), the
human colon adenocarcinoma cells (Caco-2) (Dzimitrowicz et al., 2025,
2021), and non-malignant human intestine microvascular endothelial
cells (HIMEC) (Dzimitrowicz et al., 2021). For this reason, further
in-vitro and in-vivo experiments are necessary.

While concentrated effort has mostly been given to producing
functional juices with extended shelf life and advanced physicochemical
and nutritional properties (Pohl et al., 2022), there is a room to examine
the effect of CAPP on the properties of wine due to its special chemical
composition, primarily based on sugars, polyphenols, metals, and water
(Pohl, 2007). However, there are only few studies in which the effect of
CAPP on the physical and chemical properties of wine samples was
investigated (Lukic et al., 2019; Niedzwiedz et al., 2022; Niedzwiedz,
Simeonov, Wasko and Polak-Berecka, 2022; Sainz-Garcia et al., 2019).

In the work presented by Sainz-Garcia et al. (2019) wine samples
were treated by CAPP in two modes: batch, nonflowing mode, and
continuous flowing mode. However, in both cases, the CAPP was ignited
under an argon atmosphere, increasing the cost of the functional food
product manufacturing process. In the studies proposed by Niedzwiedz
etal., 2022, and Lukic et al. (2019), the CAPP-based systems worked in
stationary mode, limiting their utilization in the winemaking industry.
Furthermore, in these reports, there is no information related to the
bioavailability of elements in different fractions of wine (Niedzwiedz
et al., 2022; Sainz-Garcia et al., 2019), they report only the impact of
CAPP on quality (Sainz-Garcia et al., 2019) in addition to phenolic
compounds (Lukic et al., 2019; Niedzwiedz et al., 2022) and the content
of biogenic amine (Niedzwiedz et al., 2022). Having this in mind, in our
research group we employed three continuous-flow reaction-discharge
systems, using direct current (dc) atmospheric pressure glow discharge
(APGD), generated in contact with a flowing liquid cathode (FLC) or
anode (FLA), in addition to pulsed modulated radio-frequency atmo-
spheric pressure glow discharge (pm-rf-APGD), generated in contact
with a flowing liquid electrode (FLE) as a plasma source, to produce red
and white wine of changed properties. To address the issue associated
with the verification of the bioavailability and biosafety of the obtained
wine samples, we have performed comprehensive analyses on the
physicochemical, nutritional, and cytotoxic properties of those sub-
jected to FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-rf-APGD red and
white wine samples. In the case of physicochemical and nutritional
properties, the selected analytical methods and techniques were
employed. On the other hand, cytotoxicity properties were chosen as a
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research indicator because it is a widely used and sensitive parameter for
assessing potential health risks associated with the presence or trans-
formation of bioactive compounds in food. Evaluating cytotoxicity al-
lows us to determine whether the wine preservation process introduces
any changes that could cause undesirable effects at the cellular level.
Also, the mechanisms of CAPPs operation on functional wine production
were discussed.

2. Experimental
2.1. Reagents and solutions

Red wine (Shiraz Cabernet Sauvignon, 2022) and white wine (Sau-
vignon Blanc, 2022) from the Western Cape region of South Africa were
obtained in the local market. The wine bottles were stored at 4 °C until
their subsequent analyses. For the proper assays, concentrated nitric
acid (65 %), concentrated hydrochloric acid (37 %), and ICP multi-
element standard solution were obtained from Supelco (Germany).
Hydrogen peroxide, pepsin, pancreatin, aluminum chloride, sodium
chloride, Folin-Ciocalteu reagent, and gallic acid were purchased in
Sigma-Aldrich (Germany). On the other hand, methanol, sodium ace-
tate, sodium bicarbonate, sodium carbonate, and sodium hydroxide
were bought in Avantor Performance Materials, (Poland), when bile
salts, Arnovos reagent, quercetin, and caffeic acid were obtained in
Fluka (Germany), Chempur (Poland), and Pol-Aura (Poland), respec-
tively. For chromatographic studies, ammonium formate, formic acid,
and acetonitrile (ACN) were purchased in Thermo Fisher Scientific Inc.,
(USA). All the reagents for chromatographic studies were of chromato-
graphic grade. For the cytotoxic studies, DMEM with GlutaMAX medium
were bought in Thermo Fisher Scientific (USA). For medium supple-
mentation, fetal bovine serum was obtained in FBS, Gibco (UK), and
penicillin solution, and streptomycin solution were bought in Sigma-
Aldrich, (Germany). An eBioscience™ Annexin V Apoptosis Detection
Kit APC was purchased from Invitrogen (Thermo Fisher Scientific, USA).
All reagents used during the elemental analyses were at least of
analytical grade or better. De-ionized water was used in all water so-
lutions throughout the study.

2.2. Adjustment of cold atmospheric pressure plasma-based reaction-
discharge systems for wine treatment

To examine the effect of CAPP on the change in the physicochemical,
nutritional, and cytotoxic properties of red and white wine samples,
three continuous flow reaction-discharge systems (FLC-dc-APGD, FLA-
dc-APGD, and FLE-pm-rf-APGD) were used, as was previously devel-
oped in our research group (e.g. Dzimitrowicz et al., 2021). The wine
sample was delivered to these reaction-discharge by Masterflex L/S
peristaltic pump (Core-Parmer, USA). The flow rate of the wine samples
was 4.0 mL min~! for FLC-dc-APGD and FLE-pm-1f-APGD, and 6.0 mL
min~! for FLA-dc-APGD. The difference in the flow rates of the samples
was related to the difference in stability of each APGD system. CAPPs
were generated in open-air atmosphere. The discharge current and
voltage values for FLC-dc-APGD and FLA-dc-APGD were 42 mA, 1100 V
and 50 mA and 1300 V, respectively. The discharge voltage was pro-
vided from HV-dc power generator (DSC,Germany). As for the FLE-pm-
rf-APGD, this discharge was generated with a frequency of 150 kHz and
a duty cycle of 20 % by the Dora Electronic Equipment plasma generator
(Poland). After the CAPP treatment of the wine, the samples were
collected in PP tubes (Equimed, Poland) and stored in the refrigerator
for further characterization.
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2.3. Estimation of the physicochemical and nutritional properties of
analyzed wine samples

2.3.1. Determination of selected physicochemical properties in the wine
samples

The physicochemical properties of untreated and CAPP-treated red
and white wine samples were determined by measuring pH and con-
ductivity in addition to the colour change estimation. These pH and
conductivity measurements of wine samples were carried out using the
CPC-505 Elmetron (Poland). The device was calibrated with the
appropriate pH 4.0, pH 7.01 and 84 yS cm™! conductivity standards
(Hanna Instruments, Romania). For the evaluation of the colour of wine
samples, the CIELab colour system was used. CIE L*a*b* parameters
were acquired with the aid of a portable 4-Wave WR-18 colourimeter
(Eplaneta, Poland). The measurements complied with the CIE method-
ology, involving a 2 standard observer and a D65 illuminator (Oleari,
2015). Furthermore, a 40 mm measuring head and a constant white
background were used. All measurements were performed for 10-times
diluted wine samples as follows First, the untreated wine samples were
measured and the parameters L*a*b* were used as a reference. After-
wards, the CAPP-treated wine samples were measured and a difference
in L*a*b* (AL, Aa, Ab) between the reference sample and the processed
one was assessed. Then, a colour change (AE) was calculated using the
cube root function of AL, Aa, and Ab. These parameters were also used
to calculate the chroma and tint of all analyzed wine samples (Oleari,
2015).

2.3.2. Determination of selected nutritional properties in the wine samples
studied

2.3.2.1. Element analysis. Untreated and CAPP-treated red and white
wine samples were subjected to the analysis of the total content of
selected metals (Al, Ba, Ca, K, Mg, Mn, Na, Sr, and Zn). Accordingly, 5.0
g of the analyzed wine samples were weighed into polypropylene (PP)
digestion tubes (SCP Science), mixed with 1.0 mL of a concentrated
HNOj solution, covered with PP covers, and placed into a DigiPREP Jr.
digestion block (SCP Science) for their open-vessel wet digestion. The
wet digestion at 120 °C lasted 60 mins and resulted in the reduction of
the volume of the samples to less than 1 mL. After this time, 1 mL of a 30
% H,0; solution was added to the aliquots left, which were heated again
with the reagent at 120 °C for the next 30 mins. Finally, the resulting
remnants after the wet digestion of the samples were reconstituted with
water to 10.0 g and then analyzed by Inductively Coupled Plasma Op-
tical Emission Spectrometry (ICP OES) on the total content (Cota)) of Al,
Ba, Ca, K, Mg, Mn, Na, Sr, and Zn versus the simple standard solutions.

Considering the physical fractionation of the metals due to size of
their species, the following ultrafiltration protocol was used. At first,
15.0 g of wine samples (untreated and APGD-treated) were centrifuged
through the Vivaspin 20 (Sartorius) ultrafiltration tubes having the
molecular weight cut-off (MWCO) of 100 kDa. In this case, 5.0 g of the
resulting permeates were taken for the element analysis by ICP OES
(according to the description given above) on the concentration of the
studied metals in the “<100 kDa” fraction (C1¢g kpa)- The rest 10.0 g of
the permeates was centrifuged through the Vivaspin 20 ultrafiltration
tubes having the MWCO of 5 kDa. As before, 5.0 g of the resulting
permeates was subjected to the element analysis by ICP OES on the
concentration of the studied metals in the “<5 kDa" fraction (C <5 kpa)-
The percentage contributions of 3 different size fractions were deter-
mined as follows: “<5 kDa”, % = 100 x (C <5 kpa/Ctotal), “>100 kDa”, %
=100 x (Ctotal — C <100 kDa)/Ctotal, and “5-100 kDa”, % = 100 x (C <100
kpa — C <5 kDa)/ Crotal-

The concentrations of Al, Ba, Ca, K, Mg, Mn, Na, Sr, and Zn in all
examined (wet digested) samples of wines (untreated and APGD-treated,
subjected to the ultrafiltration-based physical fractionation) were
determined by using an Agilent 5110 ICP-OES instrument (USA). The
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operational conditions of ICP-OES was presented in Table S5 (see SI).

2.3.2.2. Total phenolic compounds, total flavonoids, total phenolic acids,
and saccharide content. In addition to determining the elemental
composition of the studied wine samples, the nutritional properties of
untreated and CAPP-treated red and white wines were characterized to
estimate the concentrations of total phenolic compounds, flavonoids,
total phenolic acids, and saccharides. The total content of phenolic
compounds was evaluated using a Folin-Ciocalteu method with minor
modification (Dzimitrowicz et al., 2021). Standard solutions based on
gallic acids (up to 200 mg L) were prepared by proper dilution of a
2000 mg L~! standard gallic acid solution with de-ionized water. Then, a
0.50 mL of the analyzed standard solution (or wine samples) was mixed
with 2.00 mL of 10-fold diluted Folin-Ciocalteu reagent and 10.00 mL of
deionized water. After mixing and 3 mins of incubation at room tem-
perature, 10 mL of 10 % Na;CO3 was added to the solutions. All samples
were incubated for 30 mins at room temperature. The absorbances of
solutions (725 nm) were measured with a Spectronic 20D UV/Vis ab-
sorption spectrophotometer (Thermo Scientific, USA).

The total concentration of flavonoids was estimated by applying the
aluminum chloride addition method (Hossain et al., 2011). Standard
solutions based on quercetin standards solutions (up to 200 mg L)
were prepared by proper dilution of 2000 mg L~! of stock standard so-
lution with methanol. Then, a 0.50 mL of standard solution (or proper
wine sample) was mixed with 0.1 mL of 10 % AlCl3, 0.1 mL of 1 mol L™}
of CH3COONa, and 4.3 mL of de-ionized water (for standard solutions)
or 0.5 mL of methanol and 3.8 mL of de-ionized water (for wine sam-
ples). All samples were mixed and then incubated at room temperature
for 30 min. Subsequently, the absorbance of the solution was measured
at 415 nm with a Spectronic 20D UV/Vis absorption spectrophotometer
(Thermo Scientific, USA).

The total concentration of phenolic acids was determined using the
Arnov’s method with modification (Gawlik-Dziki et al., 2009). In this
protocol, standard solutions of caffeic acids (up to 200 mg L™1) were
prepared by dilution of 2000 mg L™! of stock solution with MeOH. Then,
a 0.50 mL of the proper standard solution analyzed (or the appropriate
wine samples) was mixed with 3.0 mL of deionized water (for standard
solutions) or 2.5 mL of deionized water and 0.5 mL of MeOH (for wine
samples), 0.5 mL of 0.5 mol L™ of HC, 0.5 mL of Arnov’s reagent and
0.5 mL 1 mol L ! of NaOH. The absorbance of the solution (490 nm) was
then measured with a Spectronic 20D UV/Vis absorption spectropho-
tometer (Thermo Scientific, USA).

Finally, saccharide concentrations were evaluated using the Brix
method (De Whalley, 2013). These measurements were based on the
determination of the refracting indexes (RI) of the analyzed wine sam-
ples. These were acquired with the use of a Mettler-Toledo REFRACTO
30PX (USA) refractometer. Then, the obtained RI was recalculated using
Brix charts (De Whalley, 2013).

2.4. Evaluation of the fragrance composition of wine by HS-GC-MS
analyses in addition to the soluble organic profile by HPLC-DAD

Gas chromatography coupled with mass spectrometry (GC-MS) was
applied for qualitative analysis of volatile products from studied un-
treated and CAPP-treated wine samples. The volatile compounds were
extracted using the headspace extraction technique (HS). The untreated
and CAPP-treated samples were prepared in the same manner: 3.0 mL of
the studied wine sample was introduced into a 10 mL HS glass vial with
1 g NaCl. Automatic HS extraction was performed with the AOC-500
autoinjector (Combi PAL system). The GC-MS and HS details are pre-
sented in Table S6 (see SI). Qualitative analysis was performed using the
NIST library of mass spectra.

High-performance liquid chromatography (HPLC) with diode array
detection (DAD) was applied for the comparison of the soluble organics
profile in untreated and CAPP-treated wine samples. The samples were
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first dissolved by mobile phase component A (1:1, v/v), then were
mixed, and finally filtered by syringe filters (0.2 pm pore size, PES). This
caused lower the eluotropic force of sample solvent and improved
retention of most polar compounds. The mobile phase was composed of
two solvents. Component A was 10 mmol L~ of ammonium formate +1
% formic acid +5 % ACN (pH 3.12). Component B was ACN (HPLC
grade). The Nexera XR HPLC system (Shimadzu) and Scherzo SM-C18 (3
pm, 150 x 4.6 mm, Impakt) were used. The stationary phase was mixed
mode material (anion exchange+cation exchange+reversed pha-
se+normal phase) for separation of ionized and ionizable more polar
compounds. The gradient of elution was a change in B from 10 to 95 % in
12 mins, then 3 mins in 95 %, following the continuation of the starting
conditions (5 mins). The flow rate of the mobile phase was 1 mL min~,
while the injection volume was 25 L, autosampler at 10 °C and column
oven temperature 30 °C. The DAD detector was adjusted to monitor the
spectrum range of 190-800 nm.

2.5. Assessment of the cytotoxicity of analyzed wine samples
2.5.1. Invitro proliferation and cytotoxic activity of studied wine samples

2.5.1.1. Cell culture conditions and experimental groups. The Caco-2 cell
line (ATCC®HTB-37™), derived from human colonic adenocarcinoma,
was obtained from ATCC. The normal human intestinal epithelial cell
line-FHs 74 Int (ATCC® CCL-241™) was immortalized correspondingly
to the previously published method of receiving stable cell lines
(Dzimitrowicz et al., 2021). Both cell lines studied were used to assess
the effects of CAPP-treated white and red wine solutions on cell
viability.

To achieve this objective, cells were cultured in Opti-MEM with
GlutaMAX (Thermo Fisher Scientific, USA) medium, supplemented with
a 2% FBS (Gibco, UK), a 100 U mL ™! penicillin solution, in addition to a
100 pg mL~! streptomycin solution (Sigma-Aldrich, Germany). Subse-
quently, the cells were incubated at 37 °C under a 5 % CO, atmosphere.
Cells were routinely passed using a 0.05 % trypsin/0.02 % EDTA (w/v,
AIET, Poland) solution.

To sterilize the wine samples, they were filtered using MF-Millipore®
membrane filter, 0.45 pm pore size (USA). To evaluate the effect of
CAPP-treated wines on the proliferation efficacy of the tumour cell line
(Caco-2) and the non-tumour cell line (FH 74 Int), cells were incubated
with diluted samples of white and red wine that have previously been
subjected to different CAPP treatments (FLC-dc-APGD, FLA-dc-APGD
and pm-rf-APGD) or untreated (NT). Before all experiments, cells were
seeded and incubated for 24 h in a serum-deprived medium. Subse-
quently, cells were incubated in serum-deprived medium containing
0.02, 0.20, 0.50, 2.00, or 5.00 % white and red wine for 24 h and 72 h.
Concentrations of wine solution were proposed from the view of our
previous studies (Dzimitrowicz et al., 2021). As a control, a culture
medium without serum was used for all experiments. For the cytotox-
icity tests, the solutions of wines having concentrations of 0.50 % and
5.00 % were chosen for further analyses based on the proliferation test
results.

2.5.1.2. MTT assay. For this assay, cells were seeded in 96-well plates
in duplicate at a concentration of 4 x 10° FHs74 Int and Caco-2 cells/
well in Opti-MEM with GlutaMAX medium without FBS, supplemented
with a 100 U mL ™! penicillin solution and a 100 pg mL ™! streptomycin
solution (Dzimitrowicz et al., 2021). The next day, the cells were incu-
bated with white or red wine solutions in the culture medium without
serum (Opti-MEM). After 24 and 72 h, 100 pL of a 0.4 mg mL ! MTT
solution was added to each well and the cells were incubated for 3 h in
the dark at 37 °C. Then, the MTT solution was removed, and 100 pL of
DMSO was added to each well and subsequently incubated at 37 °C for
10 mins to dissolve the purple crystals. Absorbance was measured at
570 nm with a Victor 2 Perkin Elmer multifunction microplate reader
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(USA). Metabolic activity was calculated as the mean value+SEM of
absorbance performed in three independent experiments carried out
each time in duplicates. The results were analyzed using the unpaired t-
test in the GraphPad Prism 8 software. Statistical comparisons between
analyzed groups were performed using ANOVA followed by Tukey’s
post hoc test, with the significance level set at 1 % (p < 0.01).

2.5.1.3. Apoptosis analyses. Apoptosis was determined applying an
ApoFlowEx FITC kit (EXBIO, Czech Republic) and the flow cytometry
method. The number of late apoptotic, early apoptotic, and necrotic cells
in all of the investigated groups was compared with the proper control
(cells treated only with culture medium). Shortly, cells were seeded at a
concentration of 2 x 10* FHs74 Int and Caco-2 cells and cultured in the
medium containing serum in 48-well plates (Dzimitrowicz et al., 2021).
After reaching a confluence of 70-80 %, the analyzed white or red wine
solutions (0.50 and 5.00 %) were put into each well and the cells were
incubated for another 24 and 72 h. Prior to flow cytometry analyses, the
pictures of each well were taken utilizing a Primovert inverted micro-
scope equipped with a dry 10x lens (Zeiss, Germany). The images were
evaluated with Zen Blue software (Zeiss, Germany). For flow cytometry
studies, cell culture supernatants (containing death cells) and adhered
cells were harvested by trypsinization and washed in cold PBS. After
centrifugation and removal of the supernatants, cell pellets were
resuspended in an Annexin-binding buffer. Then Annexin V and propi-
dium iodide (PI) were added to each of the studied sample according to
the manufacturer’s instructions and incubated for 15 mins at room
temperature in the dark. Early apoptotic cells (Annexin V positive, PI
negative), late apoptotic cells (Annexin V positive, PI positive), necrotic
cells (Annexin V negative, PI positive), and alive cells (Annexin V
negative, PI negative) were detected using the FL1 (for Annexin V FITC)
and FL3 (for PI) modes. The gathered data were analyzed using a
FACSCalibur flow cytometer (Becton Dickinson, USA). The percentage
of apoptotic cells was calculated using the Flowing Software 2 pro-
gramme (Turku Bioscience, Finland). All values were shown as mean
valuestSEM for three independent experiments, each consisting of
technical duplicates. The results were evaluated using the GraphPad
Prism 8 software. The p-values for comparisons between all investigated
groups were calculated using one-way ANOVA followed by Tukey’s post
hoc test, with the significance level set at 1 % (p < 0.01).

2.6. Identification of reactive oxygen and nitrogen species

For the identification of RONS produced in the gaseous phase of the
studied CAPP sources in contact with a studied wine samples, the Op-
tical emission Spectrometry (OES) method was applied. Radiation
emitted by CAPP sources was characterized with a Shamrock SR-500i
spectrometer (Andor,UK) by focusing the radiation with an optical
achromatic lens on the entrance slit of the spectrometer. The DU-920P-
OE CCD camera (Andor, UK) was attached to the spectrometer operated
in full vertical binning mode and cooled before measurement to —60 °C.
The signal was measured with 0.1 s integration time in a spectral range
of 200 to 900 nm.

3. Results and discussion

3.1. Evaluation of pH, conductivity, and colour of CAPP-treated wine
samples

pH, conductivity, and colour are classified as physicochemical pa-
rameters that can change during the production and storage of drinks,
affecting their qualities. For this reason, monitoring of these parameters
after CAPP treatment is often classified as mandatory.

During the research, it was found that the pH of the CAPP-treated
wines changed from 3.69 and 3.56 for untreated red and white wines
to 3.60, 3.65, and 3.59 for FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-rf-
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APGD-treated red wine and to 3.49, 3.55, and 3.45 for FLC-dc-APGD,
FLA-dc-APGD, and FLE-pm-rf-APGD-treated white wine, respectively.
Changes in the pH and conductivity might be related to the character of
the applied discharge as a CAPP source.

Considering the effect of CAPP on the conductivity, we have found
that the conductivity of red and white wines increased after CAPP
treatment. In the case of red wine, conductivity increased from 2.208 mS
cm ! t03.129 mS em ™, to 2.360 mS cm ", and to 2.606 mS cm ™! after
treatment with FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-rf-APGD,
respectively. The same trend was observed for the white wine samples
treated with CAPP. Similarly to red wine, the highest increase in con-
ductivity was observed when white wine samples were treated with FLC-
dc-APGD (from 2.147 mS cm ™! to 2.878 mS cm ™). For the other CAPP
source, the conductivity of white wine increased from 2.147 mS cm ™! to
2.151 mS cm ™! and to 2.564 mS cm ! for the white wine samples treated
with FLA-dc-APGD and FLE-pm-rf-APGD, respectively. As suggested by
Sainz-Garcia et al. (2019), when the conductivity of solutions decreases,
it could be related to the decrease in the tartaric stability. Here, we have
observed an increase in the conductivity values, which putatively pre-
vented the loss in tartaric stability.

When we have applied FLC-dc-APGD, the wine was treated with
positive ions originating in the APGD zone (Shirai et al., 2014). On the
contrary, when we treated the sample using FLA-dc-APGD, the solution
was irradiated only by electrons from the APGD zone (Shirai et al.,
2014). Applying FLE-pm-rf-APGD, the solutions were bombarded either
by positive ions or electrons from CAPP (Dzimitrowicz et al., 2018).
Having this in mind, the trend of increasing conductivity might be
associated with the form of the RONS and charged particles that emit
from APGD during the wine sample treatment.

Taking a closer look at colour, this parameter needs to be analyzed
due to its influence on consumer behavior. Eye-tracking studies have
shown that visual appeal can have the greatest impact on a buyer’s
decision when choosing a product (Motoki et al., 2021). For this reason,
in the case of CAPP-treated wines, we have examined their impact on the
colour changes (see Table S1 in SI). As can be seen in Table S1, the CAPP
treatment carried out on white wine resulted in a slight decrease in its
colour brightness (negative AL). In addition, a slight change to red
(positive Aa) and yellow (positive Ab) colours can be distinguished in
the case of the FLE-pm-rf-APGD application. The use of FLA-dc-APGD
and FLC-dc-APGD resulted not only in a greater decrease in colour
lightness, compared to the application of pm-rf-APGD for white wine
treatment, but also led to a colour shift towards green and blue (negative
Aa and Ab, respectively). The differences are also reflected in the
chroma values, namely relative saturation (Table S1). In this context, the
application of the FLE-pm-rf-APGD configuration made the white wine
colour “less saturated” in contrast to the FLA-dc-APGD and FLC-dc-
APGD uses, resulting in a slight increase in the colour saturation of
the samples. In addition, slight differences in tint were noticed. How-
ever, all observed changes when considered as the sample colour change
(defined by AE parameter) were not perceptible by a human eye (AE <
1).

A different situation was observed in the case of a red wine sample. In
this case, an increase in lightness was observed when FLC-dc-APGD and
FLE-pm-rf-APGD were used (AL > 0), while the same parameter was
observed in the case of the application of FLA-dc-APGD that resulted in
AL < 0. Simultaneously, regardless of the type, of the used CAPP, the
processing of red wine resulted in colour shifts towards red/yellow that
further yielded a significant change in colour saturation (chroma,
Table S1). This may suggest the browning of saccharides, increased
content of solid fraction, or pigment degradation. These could also be
the reason that a colour change, defined by AE parameter was percep-
tible by close observation (in the case of FLE-pm-rf-APGD and FLA-dc-
APGD) and readily perceptible by a human eye (in the case of FLC-dc-
APGD).
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3.2. Changes in concentrations of elements in CAPP-treated wine samples

3.2.1. Total concentrations of metals

Considering the treatment of both studied wines by different CAPP
systems, it was found that the concentrations of measured metals (AL Ba,
Ca, K, Mg, Mn, Na, Sr, and Zn) increased on average by 9 %, 4 % and 23
% for the FLE-pm-rf-APGD, FLA-dc-APGD and FLC-dc-APGD systems
applied, respectively, as compared to those measured in untreated wine
(Table 1).

In general, the noted increases in the concentration of metals were
nothing new (Dzimitrowicz et al., 2021), and very likely resulted from
the evaporation of water during the CAPP operation in contact with
wine. Therefore, the rate of the water evaporation for the studied CAPP
systems sustained in contact with both wines was evaluated and
considered in the obtained results; the highest was assessed for the FLC-
dc-APGD system. When the water evaporation in differentially CAPP-
treated red and white wines was included in the determined concen-
trations of metals, it was actually found that there were no statistically
significant differences between the concentrations of metals determined

Table 1

Total concentrations of Al, Ba, Ca, K, Mg, Mn, Na, Sr, and Zn (in mg L™})
determined in red and white wine samples untreated and treated by different

APGD systems.
Untreated Treated by
FLE-pm-rf-APGD FLA-dc-APGD FLC-dc-APGD
Red wine
Al 0.336 £ 0.381 £ 0.023 0.362 £ 0.020 0.421 £ 0.001
0.002 (0.360 + 0.022) (0.342 + 0.019) (0.356 + 0.001)
Ba 0.333 £ 0.364 £ 0.009 0.350 = 0.014 0.411 + 0.009
0.002 (0.344 £ 0.009) (0.331 £ 0.013) (0.348 + 0.008)

Ca 741+ 4.8

76.1 + 2.8 (71.9

73.8 +7.2(69.8

86.0 + 1.5 (72.8

+26) +6.8) +£1.3)
1180 +30 (1120 1130+ 50 (1070 1350 + 20 (1140
Koo 108010 4 + 50) + 20)
185+4(1744+  177+8(167+ 210+ 4 (178 +
M +
g 169+1 5 o 5
2344004 (221 224+009(212 2.63 +0.06 (2.22
Mn o 214002 404 +0.09) +0.05)
31.5+0.8(20.8  30.1+1.6(285 366+ 1.0(30.9
Na 202402
a 29220 £0.8) +1.5) £0.8)
o 0889 0.964 + 0.016 0.933 + 0.041 1.09 + 0.03
0.009 (0.911 £ 0.015)  (0.883 £ 0.039)  (0.920 % 0.025)
s 0863 0.989 + 0.003 0.921 + 0.060 110 + 0.02
0.011 (0.934 +0.003)  (0.871+0.057)  (0.930 + 0.017)
White wine
o 0838 0.934 + 0.012 0.842 + 0.007 1.02 + 0.02
0.027 (0.877 £0.011)  (0.805+0.007)  (0.889 + 0.018)
gy 0176 0.197 + 0.003 0.177 + 0.003 0.212 + 0.003
0.004 (0.185 4+ 0.003)  (0.169 + 0.003)  (0.185 + 0.003)

Ca 744+ 3.4
K 985 + 27

Mg 99.9+25

85.7 + 3.8 (80.5
+ 3.6)

1090 + 30 (1030
+ 30)

111 £3 (104 +

77.5+ 0.4 (74.1
+0.4)

997 + 25 (954 +
24)

101 £2(97.1 £

90.2 + 0.3 (78.7
+0.3)

1190 + 20 (1040
+ 20)

121 £2 (105 +

3) 1.9) 3)
1.26 £ 0.01 (.18  1.14+0.03 (1.09  1.35 + 0.03 (1.18
Mn 1142003 401 £0.03) £0.03)
564+ 1.5(53.0 517 +1.1(49.5  61.8+ 1.5 (53.9
Na = 507+17 144 +£1.1) +£1.3)
& 0505 0.560 = 0.008 0.507 £ 0.011 0.602 = 0.013
0.016 (0.526 £ 0.008)  (0.485+0.011)  (0.525 + 0.011)
g 0586+ 0.644 + 0.032 0.581 + 0.009 0.781 + 0.121
0.027 (0.605+0.030)  (0.555 % 0.009)  (0.681 + 0.106)

Average concentrations (n = 2) and the standard deviations. In the brackets, the
concentrations of metals are given, considering the evaporation of water for
given APGD systems, i.e., red wine: 5.5 & 0.6 % for FLE-pm-rf-APGD, 5.4 + 0.6
% for FLA-dc-APGD, and 15.4 + 0.4 % for FLC-dc-APGD; white wine: 6.1 4 0.3
% for FLE-pm-rf-APGD, 4.3 & 0.7 % for FLA-dc-APGD, and 12.8 + 0.5 % for FLC-
dc-APGD.
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in untreated wines and those treated by different CAPP systems. This
was proved by the Welch ANOVA test because the variances for the
mean concentrations of the studied metals within the untreated and
CAPP-treated red and white wines were unequal. The outcomes of this
comparison are given in Table S2 (see SI), giving the averages and the
standard deviations of the concentrations of Al, Ba, Ca, K, Mg, Mn, Na, Sr
and Zn within the compared groups of wines in addition to the F* values
and the significance of the Welch test (p values). In addition, a multiple
comparison by means of the post-hoc Tukey honestly significant dif-
ference (HSD) test was carried out to find out which groups of wines
differed from each other. These possible pairs of comparisons are also
given in Table S2 along with the p values, showing the significance of the
test used. As can be seen, for each determined metal, no difference was
found in any of the pairs of the compared concentrations representing
each group of the applied wine treatment; in all cases, the p values were
much higher than the assumed 95.0 % significance level. Considering all
these observations, it was concluded that none of the CAPP system used
was a source of the contamination, while the effect of the metals con-
centrations increase is a result of the water evaporation due to the CAPP
action in the applied flow-through systems. The effect of the CAPP
treatment of red wine, limited to the action of a DBD plasma jet in a non-
flow-through system, on its chemical composition was lately studied,
however, the phenolic compounds (Niedzwiedz et al., 2022; Niedz-
wiedz, Simeonov, Wasko and Polak-Berecka, 2022), the biogenic amines
(Niedzwiedz et al., 2022) were traced only; the concentration of metals
was not examined so far in the case of wines.

3.2.2. Size fractions of metals

To get the insight into a more interesting physical fractionation
pattern of the examined metals (Al, Ba, Ca, K, Mg, Mn, Na, Sr, and Zn) in
the studied wines, resulting from their treatment by different APGD
systems, a size fractionation procedure by using the ultrafiltration
approach was carried out. The results of this physical (operational)
speciation are collected in Table 2 (for red wine) and Table 3 (for white
wine), giving the percentage contributions of the separated size frac-
tions, i.e., “<5 kDa”, “5-100 kDa” and “>100 kDa”.

In the case of red wine, its treatment by the applied APGD systems
resulted in the differentiated increases of the contributions of the “<5
kDa” fraction (in reference to the results achieved for untreated wine),
which is likely to include the unbound metals ions, their labile species
and the complexes with low molecular weight organic and inorganic
ligands of the red wine matrix (Pohl et al., 2016). The highest overall
increase of the fraction contributions of all studied metals was noted for
the FLE-pm-rf-APGD system, which was changed from 13 to 14 % (for K
and Na) to 37-39 % (for Ba and Sr), and was on average 25 % per each
metal. However, the precision of the determined fraction contributions,
expressed as the pooled standard deviation (SD), was less than fair,
likely due to complex matrix of red wine and a high variation of the
outcomes of the electrons and positive ions action on the constituents of
this wine. In the case of the FLA-dc-APGD system, the abovementioned
increase was somewhat lower, i.e., from 7 to 8 % (for K and Na) to
22-23 % (for Ba and Ca) with the average of 15 % per each metal. The
precision of the results was either relatively low as a possible result of
the highly variated action of the electrons from this discharge type on
the constituents of red wine. Finally, in the case of the FLC-dc-APGD
system, the increase of the contribution of the “<5 kDa” fraction was
the lowest, i.e., from 2 % (Ba) to 13 % (Ca), with the average of 7 % per
each metal. The precision of the results was, however, the best in this
case; the pooled SD was in the range from 0.5 to 6.1 %.

Considering the “5-100 kDa” fraction, the decreases of its contri-
butions were noted for all studied APGDs and for the overwhelming
amount of analyzed metals (there were only 2 exceptions, i.e., for Ba and
Sr in the case of FLC-dc-APGD). Accordingly, the highest decreases of the
fraction contributions were established for the FLE-pm-rf-APGD system;
in this case it was changed from 1 to 4 % (for Ba and Sr) to 23-27 % (for
Al and Ca), with the average of 15 % per each metal. It was followed by

Table 2
Percentage contributions of physical fractions of Al, Ba, Ca, K, Mg, Mn, Na, Sr
and Zn separated and determined in untreated red wine and the one treated by
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different APGD systems.
Untreated Treated by
FLE-pm-rf-APGD FLA-dc-APGD FLC-dc-APGD

“<5 kDa” physical fraction

Al 33.1+25 57.5+50.4(124) 48.1+£333(115) 324+61(1)
Ba 11.3 £ 0.7 50.3£67.5(139) 34.6+40.8(123) 13.6+0.5(12)
Ca 46.9 + 4.5 76.8 £37.8(130) 69.3+23.0(122) 59.5+4.9(113)
K 82.1+23 954+13.6(113) 89.2+10.1(17) 90.3 +1.6(18)
Mg 542 +32 77.34+39.2(123) 66.6+259(112) 60.6+4.8(17)
Mn 47.2+21 69.1 £359(122) 58.0£20.5(111) 56.0+3.5(19)
Na 83.1+1.9 96.6 +£14.1(1 14)  91.0 £ 10.5(1 8) 91.5 +3.2(1 8)
Sr 16.8 £ 0.7 53.8+61.9(137) 381+37.1(121) 219+11(15)
Zn 33.1+23 55.6 £38.6 (122) 459+£244(113) 41.7£40(19)

“5-100 kDa” physical fraction

Al 59.0 + 2.8 324+503(127) 403+£333(119) 542+6.1(5)
Ba 43.4+£247 421+£67501) 33.4+40.8(110) 57.6+£4.5(114)
Ca 48.3+9.8 254 +37.8(123) 28.0+221(120) 403+49(8)
K 17.9 £ 2.2 55+13.6 (1 12) 10.6 £9.2(1 7) 11.1+£1107)
Mg 44.6 £35 22.,54+39.2(J22) 321+£258(12) 39.0+4.9(6)
Mn 37.8+22 23.5+359(114) 27.8+205(110) 37.3+36(1)
Na 17.3 £ 1.9 7.3 £14.1( 10) 11.0 £ 9.3 (1 6) 106 £21(7)
Sr 42.3+204 3876194 324+43.6(110) 54.3+£44(112)
Zn 43.2+ 25 244+386(119) 303+243({13) 403+41(3)

., > 100 kDa” physical fraction

Al 7.9+1.4 10.1 +6.2 (1 2)
Ba 45.2+247 7.6 +27 (] 38)
Ca 4.8 +10.8 -

K a a

Mg 12+16 02+35011) B -

Mn 15.0+1.2 7.4+25(08) 142+43(1) 6.7 + 2.5 (] 8)
Na =@ a a a

Sr 40.8 +204 7.4+1.8(]33) 29.5+23.4(111) 238+4.4(117)
Zn 23.7+£1.6 20.0+0.6 (1 4) 23.9+£7.0(11) 18.0£21 (1 6)

11.6 £57 (14 13.4+£0.2(16)
32.0+£282(113) 28.8+49(116)
27+9.7(2) -

a

Average values (n = 2) and the pooled standard deviations. In the brackets, the
percentage increases (1) or decreases (|) of the contributions of the physical
fractions separated in treated wine are given in reference to the contributions of
these fractions in the untreated wine.

@ For a given metal, its concentration in the permeate is the same or even
higher than its total concentration.

the decreases of the fraction contributions assessed for the FLA-dc-APGD
system, i.e., 6-7 % (for K and Na) to 19-20 % (for Al and Ca), with the
average of 12 % per each metal. As for the “<5 kDa” fraction, the pre-
cision of the results obtained for both abovementioned systems was less
than fair. The lowest overall (counting all studied metals) decrease of the
contributions of the studied metals, except for Ba and Sr, was observed
for the FLC-dc-APGD system; it changed from 1 to 3 % (for Mn and Zn) to
7-8 % (for Ca, K and Na), with the average of 5 % per each metal.

Finally, the less ambiguous changes were established for the highest
size fraction determined here, i.e., “>100 kDa”. For such metals like Ca
(FLE-pm-rf-APGD and FLC-dc-APGD), K and Na (all examined APGD
systems) and Mg (FLA-dc-APGD and FLC-dc-APGD), no changes in their
fraction contributions were noted. In the case of other metals, e.g., Mg,
Mn and Zn, the changes in the contributions of their “>100 kDa” fraction
were quite low. The highest decreases of the contribution of this size
fraction were observed for the FLE-pm-rf-APGD treatment, and for Ba
(38 %) and Sr (33 %). Interestingly, they were coincident with the very
high increases of the contributions of the “<5 kDa” fraction of these
metals. For both dc-APGD systems, the decreases of the contribution of
the “>100 kDa” fraction were moderate, i.e., 13 % (Ba) and 11 % (Sr) in
the case of the FLA-dc-APGD system and 16 % (Ba) and 17 % (Sr) for the
FLC-dc-APGD system, but the highest as compared for other metals.
These decreases were again quite well coincident with the increases of
the contribution of the “<5 kDa” fraction of these metals.

In summary about the APGD treatment of red wine, it was evident
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Table 3

Percentage contributions of physical fractions of Al, Ba, Ca, K, Mg, Mn, Na, Sr
and Zn separated and determined in untreated white wine and the one treated by
different APGD systems.

Untreated Treated by

FLE-pm-rf-APGD FLA-dc-APGD FLC-dc-APGD

“<5 kDa” physical fraction

Al 86.4 + 4.5 851+76011)
Ba 55.4 +£1.9 56.2+39(11)
Ca 99.1 + 4.8 93.2 + 37.8(] 6)
K 99.7 + 3.1 101 +£4(1 1)
Mg 97.7 + 3.6 97.2 £ 4.1 (1))
Mn 90.3 +£ 3.1 95.5 £8.1(15)
Na 101 + 4 102 +4(1 1)

Sr 61.2 + 2.1 65.1 4.7 (14
Zn 79.7 £5.7 83.1 £9.6 (1 3)

87.5+£22(11 1)
56.6 + 1.1 (11)
97.4+11(2)
102+ 3(13)

99.8 £2.5(12)
93.1 £2.5(13)
103 +2(12)

83.2+1.6(12)
821+£1.2(12)

77.2+1.5019)
56.0 +1.9(11)
96.0 +1.2(1 3)
1024+2(12)
96.7 £23( 1)
94.2£3.2(14)
103 +£3(12)
65.0+22(14)
74.4+£11.90U5)

“5-100 kDa” physical fraction

Al 3.8+7.0 47+79011) 6.0+22(12) 9.6 = 0.6 (1 6)
Ba 40.2 £ 5.3 39.8 £4.3 (1) 43.1+£09(13) 378+£33(12)
Ca 1.5+ 4.1 0.7 £41(11) 1.8 +1.2(11) 82+16(117)
K - - - 1.1+£16(11)
Mg 5.5+ 1.9 (1 6)
Mn - -1 21+150(2) 07+26(11)
Na B - - 1.3£1.1(11)
Sr 321+6.2 30.5+52(12) 346+1.5(12) 20.8+22(12)
Zn - -1 1.7+ 0.5(12) 1.5+3.0(14)
“>100 kDa” physical fraction

Al 9.8 £6.9 10.2 +£ 2.8 (11) 6.6 +1.1(3) 13.3+19(14)
Ba 4.4 £ 5.6 4.0 2.4 (1D 03+19(4) 6.2+31(12)
Ca - 6.1+45017) 09+08(11) -

K 1.6 + 28 55+39(14) - -

Mg 28 +27 72+43014) 1.1+24012) s

Mn 9.7 £6.5 62+210U4 48+24(5) 52+20(l5)
Na - 47 +33(15) - -

Sr 6.7 £6.8 44+2702) 22+24014 52+26(2)

Zn 224+7.4 17.6 £5.6 (1 5 16.2 +1.6 ( 6) 24.0 £16.0 (1 2)

Average values (n = 2) and the pooled standard deviations. In the brackets, the
percentage increases (1) or decreases (}) of the contributions of the physical
fractions separated in treated wine are given in reference to the contributions of
these fractions in the untreated wine.

@ For a given metal, its concentration in the permeate is the same or even
higher than its total concentration.

that it resulted in the decrease of the contributions of the “>100 kDa”
and “5-100 kDa” fractions of the studied metals, and contributed to the
increase of their “<5 kDa” fraction, which is likely to be the most
bioavailable part of their total content, mostly because of the presence of
the unbound metals ions, the labile species of these metals and their
stable complexes with the low molecular weight organic and/or inor-
ganic compounds (Pohl et al., 2016).

The treatment of white wine by the applied APGD-systems was
underwhelming as compared to red wine. The action of the FLE-pm-rf-
APGD led to the increase of the contributions of the “<5 kDa” fraction
by just 1-5 % (for Ba, K, Mn, Na, Sr and Zn). For two other dc-APGD
systems, the effect was even lower, i.e., by 1-3 % (for Al, Ba, Mn, Na
and Sr) in the case of the FLA, and by 1-4 % (for Ba, K, Mn, Na, and Sr) in
the case of the FLC. Surprisingly, there were also established the de-
creases of the contribution of the “<5 kDa” fraction, e.g. of Ca (by 6 %, 2
% and 3 % for the FLE-pm-rf-APGD, FLA-dc-APFD and FLC-dc-APGD
systems, respectively), Al (by 9 % for the FLC-dc-APGD system) and
Zn (by 5 % for the FLC-dc-APGD system). These changes observed for the
“<5 kDa” fraction were, in general, coincident with the changes
observed for the contributions of both high molecular weight fractions,
i.e,, “>100 kDa” and “5-100 kDa”.

The less firm changes in the physical fractionation pattern of the
studied metals in white wine treated by different APGD-systems, how-
ever, could be related to the less complex chemical composition of this
wine and a lower degree of the metals complexation by organic
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compounds, as was evident on the basis of the contributions of the “<5
kDa” fraction in both studied wines. Here, the contributions of the “<5
kDa” fraction of Al, Ba, Ca, Mg, Mn, Sr and Zn in white wine were by
43-56 % higher than the respective contributions of these metals in red
wine, pointing that in the latter case the binding of the metals by
different organic ligands was higher and therefore could be responsible
for higher changes in the fractionation pattern of the analyzed metals
due to the APGD action.

3.3. Concentration of total phenolic compounds, total flavonoids, total
phenolic acids, and saccharides in wine after CAPP treatment

As red and white wines are products rich in many types of nutritional
compounds, it was necessary to monitor how the application of APGD
affects the concentration of total phenolic compounds, total flavonoids,
total phenolic acids, and saccharides in the studied wines samples.

As is given in Table 4 and Table S3 (statistical analyses), the total
content of phenolic compounds in the CAPP-treated wine samples is
generally increased (excluding white wine treated by FLA-dc-APGD).
Lukic et al. (2019) observed a slight increase in phenolic acid content,
however, only in the case of white wine subjected to high voltage
electrical discharge plasma, which in the view of our studies confirmed
that CAPP led to an increase in the concentration of total phenolic in the
white samples subjected to FLE-pm-rf-APGD and FLC-dc-APGD.

Considering the content of flavonoids in the investigated wine
samples, their concentrations increased in the case of white wine treated
with all types of CAPP and decreased in the case of red wine for all types
of CAPP, respectively (Table 4, Table S3). Observed positive changes
have occurred most likely as a result of the destructive influence of CAPP
on the cell membranes. Negative changes in flavonoids content could be
the result of the degradation of aromatic structures by RONS produced
during the CAPP treatment of wine. In this context, Niedzwiedz et al.,
2022 stated that plasma-assisted storage conditions might affect the
concentration of flavanols and flavan-3-ols, in wine samples.

Taking into account the content of total phenolic acids such as, e.g.
ferulic, gallic, coumaric, caffeic, and caftaric acid, among others
(Niedzwiedz et al., 2022), the increase in the concentration of total

Table 4

Nutritional properties in the view of content of total phenolic compounds, fla-
vonoids, phenolic acids (in mg L™ * 5, and saccharide (in °Brix) in the un-
treated and FLE-pm-rf-APGD, FLA-dc-APGD, FLC-dc-APGD treated red and
white wine samples.

untreated FLE-pm-rf- FLA-dc-APGD  FLC-dc-APGD
APGD
Red wine
total phenolic 2090.0 + 2423.0 + 2215.0 + 2683.0 =
compounds 17.0 26.0 (2288.7) 21.0 (2094.8) 30.0 (2271.3)
flavonoids 120.8 + 99.8 + 1.6 106.3 + 1.3 111.9 + 4.7
1.3 (94.3) (100.5) (94.7)
henoli id 912.8 + 1046.0 + 2.2 1128.0 + 1229.0 +
phenolicadds 77 (988.0) 10.0 (1066.8)  10.0 (1040.4)
°Brix 215 2.15 2.35 2.08
White wine
total phenolic 236.6 = 236.6 £ 0.9 2274+ 0.3 271.0 £3.2
compounds 0.9 (222.2) (217.5) (236.3)
. 14.7 £ 0.3 144 + 0.3 17.3+ 0.2
flavonoids 13.7 £ 0.2 (13.8) (13.8) as5.1)
. . 222+ 0.3 20.2 £ 0.2 225+ 0.1
phenolic acids 14.3 £ 0.2 (20.9) 19.3) 19.6)
°Brix 1.59 1.25 1.66 1.25

Average concentrations (n = 2) and the standard deviations. In the brackets, the
concentrations of compounds are given, considering the evaporation of water for
given APGD systems, i.e., red wine: 5.5 & 0.6 % for FLE-pm-rf-APGD, 5.4 + 0.6
% for FLA-dc-APGD, and 15.4 + 0.4 % for FLC-dc-APGD; white wine: 6.1 4 0.3
% for FLE-pm-rf-APGD, 4.3 & 0.7 % for FLA-dc-APGD, and 12.8 + 0.5 % for FLC-
dc-APGD.
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phenolic acids from 7.61 % determined for red wine subjected to pm-rf-
APGD to 31.6 % for white wine subjected to pm-rf-APGD has been
observed (Table 4, Table $3). This finding is consistent with the work of
Niedzwiedz, Simeonov, Wasko and Polak-Berecka, 2022, who observed
the increase in phenolic acids content following DBD treatment of red
wine.

Further considerations involved slight changes in sugar content, as is
defined by the °Brix values (Table 4). However, it is worth noting that
the application of FLA-dc-APGD in the case of both white and red wine
processing results in increasing °Brix values. This may suggest that the
uses of FLA-dc-APGD processing could have led to generation of
different RONS, and this could further explain why the colour of FLA-dc-
APGD treated red wine became ‘less bright” (Table 4, Table S1).

3.4. Examination of volatile and organics compounds profiles

The determination of the fragrance and composition of organic
compounds in liquid food products is crucial. Bearing this in mind, we
have performed the chromatographic analyses of the volatile and
organic compound profiles of the studied wine samples in order to
confirm that the specific smell of wine (HS-GC-MS) has not been lost,
and to evaluate the presence of organic compounds (HPLC-DAD). All
chromatograms (HS-GC-MS and HPLC-DAD) of untreated and CAPP-
treated wine samples are shown in Fig. 1.

Taking into account studies associated with wine fragrance (Fig. 1A,
B), analytes whose corresponding to the library was greater than 90 %
are listed in Table S4 (see SI). The fragrance substances found in the
studied wine samples are mainly alcohols and esters, which are typical
for wines (see Table S4, Saberi et al., 2012). Based on the results
collected (Fig. 1A,B and Table S4) it can be stated that the general
composition of volatile wine compounds remains the same after each
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CAPP treatment, except for two examples. Volatile compounds with a
retention time of 6.08 min were assigned to diethyl acetal and were
almost absent in untreated white wines. However, this compound is
typical for other alcohols, such as whisky and sherry, and is responsible
for their flavour. Additionally, this substance is easily hydrolyzed in the
stomach and approved for food addition. In the case of the application of
CAPP for the treatment of white wine, it might be produced as a product
of the oxidation and degradation of higher-mass compounds. As it has a
specific smell, it could change the perception of wine olfactory, while it
was found in relatively high concentration compared to other com-
pounds (based on the highest areas in the chromatograms, Fig. 1A,B).
Reflecting on the red wine sample, 4-methyl-3,5-dioxadecane was found
only in the CAPP-treated sample. This substance is a fragrance, it was
found, for example, in muscat wine (Bakharev et al., 2021). Most
probably it is a compound, which could not change the scent of wine,
since its peak is very low on the chromatograms. Similarly to acetal, its
chemical structure suggests that its product of oxidation is coupled with
degradation to lower mass compounds.

Referring to the organic compounds profile, their profile is presented
in Fig. 1C,D, which shows the extracted chromatograms (254 nm) of the
untreated and CAPP-treated wine samples. The general profile of the
organic compounds remains the same for all analyzed samples.
Numerous peaks are recorded, which is normal for plant product ex-
tracts. The richest analytical matrix is typical for red wine samples,
which means that in its solution there is the highest concentration of
compounds that have absorption at 254 nm wavelengths. It was also
observed that the peak height was almost the same for the untreated and
CAPP-treated wine samples. These results suggest that the general
composition of organics that can be determined by HPLC-DAD has not
changed after CAPP treatment, maintaining the nutritional properties of
wine.
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Fig. 1. Total ion current chromatograms from HS-GC-MS analyses of untreated and treated with FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-rf-APGD white (A) and
red wine samples (B) in addition to chromatograms (254 nm) extracted from HPLC-DAD analyses of untreated and treated with FLC-dc-APGD, FLA-dc-APGD, and
FLE-pm-rf-APGD white (C) and red wine samples (D). (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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3.5. Evaluation of cytotoxic properties

3.5.1. Invitro assays of biological activities solutions

It is well studied that red wine exhibits cancer protective properties
(He et al., 2008). This finding encouraged us to evaluate the activity of
CAPP-treated wines against cancer cell lines. With this in mind, in the
first step of biological studies, we have investigated the proliferation
activity of untreated and CAPP-treated red and white wine solutions.
Although cell culture models have well-known limitations, such as the
absence of metabolic processes, systemic interactions, and physiological
complexity, they remain an essential and irreplaceable tool in the early
stages of research for evaluating direct cellular effects and generating
initial mechanistic insights. Based on previously published data (Barron
et al., 2014), we used wine concentrations of 0.02, 0.20, 0.50, 2.00, and
5.00 % in our experiments, with measurements performed after 24 and
72 h; although we acknowledge the limitations of in vitro models and
the prolonged exposure times applied, such experimental designs are
commonly used to assess both acute and longer-term cytotoxic effects in
cell-based studies.

As is displayed in Fig. 2A white wine solutions did not influence non-
tumour FHs74 Int or tumour Caco-2 cell proliferation after 24 h. The
results obtained were at the level of control groups. Moreover, for the
non-tumour cell line only the highest concentration (5.00 %) exhibits
antiproliferation activity for the 72 h of observation for the investigated
groups treated with FLA-dc-APGD and FLE-pm-rf-APGD. The results
were statistically significant, showing a reduction in proliferation ac-
tivity (absorbance measured at 590 nm) from 0.9210 for the control
group to 0.7025 and 0.7134 values for the investigated FLA-dc-APGD
and pm-rf-APGD groups, respectively. Generally, inhibition of tumour
cell line proliferation (Caco-2) was observed after 72 h, when the con-
centration of the white wine solutions was above 0.02 %. White wine
solutions treated with FLA-dc-APGD or FLE-pm-rf-APGD demonstrated
their antiproliferative activity for Caco-2 tumour cell lines at a con-
centration of 0.20 %, while untreated and FLC-dc-APGD-treated wine
samples changed tumour cell proliferation activity at higher concen-
trations (above 0.50 %).

Red wine solutions significantly reduced Caco-2 tumour cell prolif-
eration after 72 h (lowercase letter ‘a’) at all concentrations studied
using the investigated groups, including untreated (NT), FLC-dc-APGD,
FLA-dc-APGD and FLE-pm-rf-APGD treated samples (Fig. 2B). Moreover,
for a given concentration, there were no differences in proliferation
activity between the CAPP-based systems used. The results obtained for
all types of CAPP were very similar to the untreated red wine samples
(NT) at each concentration tested (Fig. 2B). It is noteworthy that the
proliferation activity of non-tumour FHs74 Int cells did not change for
24 h and 72 h with only one exception, i.e., cells treated with 5.00 %
untreated wine solution.

As we have found within the study presented, red and white wines
exhibit different phenolic content and antioxidant activity, depending
mainly on the grape cultivar and territory (Bocsan et al., 2022). Here,
the biological activities of both types of wine solutions were examined.
The inhibitory effect of cancer cell proliferation of wines presented in
this paper was previously described in works by Barron et al. (2014) and
Kampa et al. (2000). However, there have been limited published ex-
periments in which the effect of white wine was demonstrated (Balea
et al., 2020; Kamei et al., 1998). In these studies (Balea et al., 2020;
Kamei et al., 1998) the researchers found that red wine fractions induced
stronger growth inhibition for all investigated tumour cells compared to
the white wine fractions. Similar effects were observed in our study,
where only red wine solutions induced antiproliferative activity in
tumour cells at all the concentrations investigated. Unfortunately, they
did not investigate the antiproliferative activity of wines against non-
tumour cells (Balea et al., 2020). A study by Matic et al. (2010)
showed that wine components induced a weaker cytotoxic effect in
unstimulated normal peripheral blood mononuclear cells than in cancer
cell lines. In our experiments, we also confirmed that non-tumour cells

Food Research International 221 (2025) 117262

were less sensitive to antiproliferative activity of red and white wines
solutions. The results are in line with previously published report ob-
tained for different human breast cancer cellular model and non-tumour
cell (Hakimuddin et al., 2004). They showed that the red wine fractions
showed maximum inhibition of breast cancer cell growth (MCF7) with
relatively low inhibition towards non-tumour cells (HMEC and MCF-10
A).

Based on the results obtained in proliferation activity experiments, in
the next step only two concentrations of wines solutions were chosen to
investigate the cytotoxicity of wine samples towards non-tumour and
tumour cell line models (0.50 and 5.00 %). Before analyzing the samples
by flow cytometry, pictures of each well were taken to visualize the
morphology change of tumour and non-tumour cells, incubated with red
and white wine solutions treated with different plasma modes (see
Fig. S1 in SI).

As is shown in Fig. 3 there is no cytotoxic activity in non-tumour and
tumour cells in a short time period (24 h), confirming that short-lived
RONS or temperature did not modulate apoptosis in non-tumour and
tumour cells. Furthermore, white and red wine solutions exhibited
cytotoxic activity to tumour cell line in a long-term culture (72 h). There
is a statistically significant increase in apoptosis of tumour cells
(lowercase letter ‘a’) treated with white and red wine solutions in all
investigated groups compared to the control group after 72 h (Fig. 3A
and 3B). The study gives us the impression that long-lived reactive
species play the most important role in targeting specific tumour cell
apoptosis. There was no cytotoxic activity in non-tumour cells, however,
the highest concentration (5.00 %) of untreated red wine induced cell
death after 72 h compared to the control group (Fig. 3B). There is also a
statistically significant increase in non-tumour cell viability (indicated
by lowercase letter ‘c’) in all plasma-treated red wine groups compared
to the 5.00 % untreated red wine group after 72 h, indicating a pro-
tective effect of plasma treatment on the wine samples (Fig. 3B).
Furthermore, we found a statistically significant difference (lowercase
letter ‘b’) between the NT 5.0 % and NT 0.5 % groups for non-tumour
cells after 72 h, highlighting the cytotoxic effect of the higher wine
concentration (Fig. 3B).

It was widely postulated that wines induced cancer cell apoptosis, as
confirmed by using different cellular models (Chen et al., 2019; Kraft
et al., 2009; Matic et al., 2010; Miskovic Spoljaric et al., 2023; Muqbil
et al., 2012; Yao et al., 2021). Furthermore, Park et al. (2007) showed
that colon carcinoma cells (HT29 cell line) were killed by resveratrol by
the involvement of the endoplasmic reticulum stress pathway. The other
group showed using the same HT-29 cellular model that trans-
resveratrol induced an early increase in mitochondrial ROS production
upstream of caspase activation (Juan et al., 2008). Furthermore, certain
red wine flavonoids were found to show selective cytotoxicity towards
breast cancer cells, while being marginally cytotoxic to normal cells
(Hakimuddin et al., 2004). Very interesting results were published by
Barron et al. (2014), who showed that red wine induced inhibition of
lung cancer cell survival and was not dependent on the content of
resveratrol or ethanol in the wine.

In physiological conditions, wine polyphenols are extensively
metabolized, so their metabolites, not the original compounds, might
interact with cells, which highlight the need for further in vivo studies or
in vitro models using relevant metabolites. Additionally, we acknowl-
edge limitations such as the use of a limited number of cell lines, lack of
molecular pathway analysis, and absence of bioavailability data, which
could help define directions for future research.

3.6. Identification of RONS involved in the change of wine properties
within the CAPP process

The effects of the measurement of the emission spectrum of all 3
examined CAPPs during treatment of red and white wine are presented
in Fig. S2 (see SI). For better readability, the descriptions of the
particular species on the graph were simplified. The NOy(AZS*-X2IT)
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Fig. 2. Verification of non-tumour cell line (FHs74Int) and tumour cell line (Caco-2) proliferation activity after treatment with white (A) and red (B) wines solutions

for 24 h and 72 h. Absorbances at the 570 nm wavelength were measured for both cell lines incubated with different concentrations (0.02, 0.20, 0.50,2.00, 5.00 %) of

white and red wines solutions treated wither with three different CAPPs, including FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-rf-APGD or untreated samples (NT). As
a control, the cells incubated with culture medium without serum was used (CONTROL). The data are given as the mean + SEM values for three independent
experiments performed in duplicate. Statistical comparisons between groups were performed using one-way ANOVA followed by Tukey’s post hoc test, with the

significance level set at 1 % (p < 0.01) and different lowercase letters indicate that there is a statistical difference between the groups (lowercase letter ‘a’ — versus

CONTROL, lowercase letter ‘b’- versus NT 0.02 %, lowercase letters ‘c’- versus NT 0.20 %, lowercase letters ‘d’- versus NT 5.00 %,). (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. 3. The percentage of apoptotic cells. The human non-tumour (FHs 74 Int) and human tumour cell line (Caco-2) after treatment with white (A) and red (B) wines
solutions. The incubation was performed for 24 h and 72 h. Both cell lines were incubated with different concentrations (0.02, 0.20, 0.50,2.00, 5.00 %) of white and
red wines solutions treated with three different CAPP, including FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-1f-APGD) or untreated samples (NT). As a control the cells
incubated with culture medium without serum was used (CONTROL). Percentages of alive cells, early apoptotic cells, late apoptotic cells and necrotic cells were
calculated as means + SEM for three independent experiments, each performed in duplicate. Statistical comparisons between groups were performed using one-way
ANOVA followed by Tukey’s post hoc test, with the significance level set at 1 % (p < 0.01) and different lowercase letters indicate that there is a statistically
significant differences between the compared groups (lowercase letter ‘a’ — versus CONTROL, lowercase letter ‘b’- versus NT 0.5 %, lowercase letter ‘c’- versus NT 5.0
%). (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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emission bands in the region between 200 and 270 nm are observed.
Especially noticeable are the (2-0) at 204.7 and 205.2 nm (1-0) at 214.9
and 215.5 nm, (2-2) at 221.6 and 222.2 nm, (3—-4) at 228.4 and 228.9
nm, (2-3) at 230.9 and 231.6 nm, (0-1) at 236.3 and 237.0 nm, and
(0-2) at 247.1 and 247.8 nm bands, which sufficiently prove the exis-
tence of the NO species in the plasma zone. Similarly, numerous
Nz(Csl'Iu-BSl'Ig) bands were excited mainly in the 290-440 nm spectra
range. Additionally, two bands of OH(A%E "-X?IT) at 282.9 nm (1-0) and
308.9 nm (0-0) and two bands of N3 (B*Z{-X*2) at 391.4 nm (0-0) and
427.8 nm (1-0), can be observed. The following lines of O I at 777.2 nm,
777.4 nm and 840.6 nm and Ha at 656.2 nm and Hp at 486.1 nm were
noted. In addition to RONS, the atomic lines of Mg I at 285.2 nm, Na I at
589.0 and 589.6 nm, K1 at 766.4 and 769.8 nm were also identified as a
result of transport process of inorganic species from liquid (wine) to the
APGD-gas zone. The intensities of particular bands vary depending on
the type of CAPP source used and their effect on the changes in the
physicochemical, nutritional, and cytotoxic properties of CAPP-treated
wine.

4. Conclusions

CAPPs-based technologies are recognized as an alternative preser-
vation method increasingly utilized in the food production technology.
In presented work it was found that applied three types of APGD sources,
classified as FLC-dc-APGD, FLA-dc-APGD, and FLE-pm-rf-APGD exhibit
different effects on the physicochemical, nutritional, and cytotoxic
properties of wine samples subjected to plasma treatment. All of the
studied CAPPs lead to an slightly increase in the concentrations of total
phenolic compounds and phenolic acids in red wine (Table 4) ranging
from 0.23 % for the sample treated with FLA-dc-APGD up to 8.68 % for
the sample treated with FLE-pm-rf-APGD due to the RONS action, pu-
tatively leading to the release of polyphenols to CAPP-treated wine so-
lution. Additionally, we found out that proportion of metals in the
physicochemical fraction in red and white wine samples changed after
CAPP treatment. Our results show that both untreated and CAPP-treated
wines samples exert similar cytotoxic effects on Caco-2 cells, indicating
that APGD treatment preserves this biological activity without ampli-
fying or diminishing it. For this reason, before implementation of CAPP-
treated beverages to the large scale industry, there is a strong need to
verify their biological activity to ensure that they are safe to consume.
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