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Streszczenie 

Technika 

 (ICP-OES) jest stosowana w analizie pierwiastkowej 

  do 

np. 

 i . Zastosowanie techniki analitycznej ICP-OES 

 tj. stosowanie ultraczystego 

gazu plazmowego (np. argonu), energii elektrycznej oraz regularnego, 

autoryzowanego serwisowania. W efekcie technika analityczna ICP-OES nie jest powszechnie 

, natomiast zakup aparatury ICP-OES 

 Istotnym aspektem aparatury pomiarowej ICP-

j ej potencjalne 

in situ. ich analizy 

uzyskiwane wynik

np. 

w  (OES). Zagadnienie to zyskuje w ostatnich 

 Opracowywane mikrosystemy 

plazmowe   

, jednak  i tj. np. ich 

 

 Niniejsza rozprawa doktorska stanowi przewodnik po zbiorze czterech publikacji 

naukowych, 

plazmowych i ich praktycznym zastosowaniem   

. W przedstawionych pracach integrowane z 

oraz z OES  jak chemiczne i fotochemiczne generowanie par (CVG, PCVG), 

 (HG), 

GT)  

i przemiennego oraz . 

, 

technice 

zastosowania 

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  W Jarzeniowe generowane pod C Atmosferycznym (ang. 
Atmospheric Pressure Glow Discharge) 

CCD  Detektor z M L Charge Coupled Device) 

CCMP  Plazma Mikrofalowa S O ang. Capacitively Coupled 
Microwave Plasma) 

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

CVG  Chemiczne Generowanie Par (ang. Chemical Vapor Generation) 

DBD  Barierowe (ang. Dielectric Barrier Discharge) 

DCP  Plazma S  Direct Current Plasma) 

DL (LOD)  Granica W g. Detection Limit / Limit of Detection) 

EMG  Zmodyfikowany W  (ang. Exponentially Modified 
Gaussian) 

ETV  Odparowanie Elektrotermicane (ang. Electrothermal Vaporization) 

FLA  Anoda (ang. Flowing Liquid Anode) 

FLC  Katoda (ang. Flowing Liquid Cathode) 

FLE  Elektroda (ang. Flowing Liquid Electrode) 

GLS  Separator Gaz-Ciecz (ang. Gas Liquid Separator) 

GT  Amalgamatorowa (ang. Gold Trap) 

HG  Generowanie W  (ang. Hydride Generation) 

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

ICP  Plazma S Indukcyjnie (ang. Inductively Coupled Plasma) 

LA  Ablacja Laserowa (ang. Laser Ablation) 

LMWOC  Z Organiczne (ang. Low Molecular Weight Organic 
Compounds) 
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LS  P Cieczy (ang. Liquid Sampling) 

LTE  Lokalna R Termodynamiczna (ang. Local Thermodynamic Equilibrium) 

MHCD  W mikroKatodzie Wn Microhollow Cathode Discharge) 

MIP  Plazma Mikrofalowa (ang. Microwave Induced Plasma) 

MS  Spektrometria Mas (ang. Mass Spectrometry) 

MSE  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  Jarzeniowe z C A Solution Anode Glow Discharge) 

SBR  Stosunek S T Signal to Background Ratio) 

SCGD  Jarzeniowe z C K Solution Cathode Glow Discharge) 

SDLA  kontakcie z P K C Anody (ang. 
Single Drop Liquid Anode) 

SDLE  kontakcie z P K C Elektrody (ang. 
Single Drop Liquid Electrode) 

USN  Rozpylanie U Ultrasonic Nebuilization) 

XRF  Fluorescencja Rentgenowska (ang. X Ray Fluorescence) 
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Przedmowa 

Niniejsza rozprawa

doktora nauk chemicznych, jest przewodnikiem po cyklu czterech publikacji naukowych, 

, tj. opracowaniu, konstrukcji i optymalizacji 

wykorzystania w optycznej spektrometrii emisyjnej. Forma rozprawy jest zgodna  

z wymaganiami przedstawionymi  

zm.). 

, 

nieznacznie odbiega . 
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2. Cel  

celem  opracowanie  i scharakteryzowanie nowych 

analitycznych,  pierwiastkowych analiz 

ek  ,  o to, by 

tworzone systemy przeno   niedrogie w produkcji  

i eksploatacji. 

Optyczna spektrometria emisyjna (OES, ang. Optical Emission Spectrometry)  

ICP, ang. Inductively Coupled Plasma) jest 

obecnie technik do analiz  

 . Mimo 

wielu zalet tej techniki,  jej zastosowanie jest pod 

 jest  

niekorzystna, co stanowi mniejszych   naukowych  

i badawczych. Z ekonomicznego punktu widzenia 

produkcji oraz eksploatacji . W przypadku 

ICP-OES jego  ,  

a podczas eksploatacji wymagane jest dostarczanie ultraczystego gazu 

plazmowego (argonu) dm3/min. Po    

m.in.  z serwisowaniem czy dostarczeniem energii elektrycznej, 

 tego rodzaju prac badawczych . 

   lub 

je .  

gabaryty aparatu ICP-OES oraz jego wymagania techniczne, 

, 

analizy. , tj.  p

 

, niewielkich 

  

do 

miejscach ych obecnie 

okresowo  analityczne.  
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3. technik spektrometrii atomowej 

Spektrometria jest  

a promieniowaniem elektromagnetycznym [1]. 

technik, anie zawar

wybranych nego rodzaju itycznych. Do powszechnie 

stosowanych technik analitycznych ang. 

Atomic Absorption Spectrometry),   (AFS, ang. Atomic 

Fluorescence Spectrometry),  XRF, ang. X-ray Fluorescence), 

ang. Mass Spectrometry) oraz  ) 

  (OES). 3 podgrupy  na 

w rodzaju promieniowania i w sposobie interakcji z  [1]. Techniki AAS, 

 promieniowania elektromagnetycznego  

z zakresu UV-Vis na elektrony walencyjne fazie gazowej [2]. Z kolei 

w technice 

zjawiska emisji rentgenowskiej 

[1,2]. W MS zjonizowane atomy  u elektrycznym lub 

magnetycznym m/z). [2]. 

 Techniki AAS, AFS, jak , ale mechanizmy 

 technikach 

  [1,2]. W przypadku techniki AAS wykorzystywane jest 

zjawisko absorpcji promieniowania (Rys. 1a). Metale i metaloidy  

, co pozwala na selektywne oznaczanie wielu 

 poprzez   promieniowania 

, a 

 [3]. Z kolei techniki 

promieniowania generowanego 

(w tym podstawowego) stanu energetycznego [4]

. W technice AFS (Rys. 1b) atomy w stanie 

podstawowym  , a n do stanu 

 podstawowego  

 [1,4]. W przypadku techniki OES (Rys. 1c) wzbudzenie atomu 

jego kolizji z innymi wysokoenergetycznymi atomami, jonami, elektronami 

 [1,4].  
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oraz   

z technik cechuje szereg zalet i wad. W  analitycznej inaczej 

 .  jednej  

z nich    ang. Limit of Detection) wybranego 

pierwiastka , 

techniki spektrometrycznej nad  

mierze z kontekstu ich zastosowania.  

OES, 

 

z elektronami [1,4]. 

 
Rys. w: a) AAS - atomowej spektrometrii absorpcyjnej, b) AFS - 

atomowej spektrometrii fluorescencyjnej oraz c) OES - optycznej spektrometrii emisyjnej. E0 i  

stany energetyczne atomu (podstawowy oraz wzbudzony). a jest fala 

elektromagnetyczna (h

atomu z . 

 

 

3.1. Podstawy teorii emisji atomowej 

Wykorzystanie emisji atomowej w 

do tego celu  [4].  ona na 

dostarczeniu takiej energii do atomu,  [4] , w wyniku 

samoistnego powrotu do stanu , atom emituje kwant promieniowania  

 jest mierzona 

spektrometru emisyjnego [4]. Stan wzbudzony obecnego  

 pierwiastka z innymi  . 
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Do tego 

celu 

elektryczny    

).   

Warunkiem koniecznym dla 

analitycznej przez dane o wzbudzenia jest jego 

wysokiej populacji  [4]. 

ang. Local Thermodynamic Equilibrium). 

Podczas w populacji stanu wzbudzonego Nj  

 

gdzie gj Ej  j, k  ,  

T   reprezentuje 

 [4]: 

 

 

tj. o temperaturze T<3000 K)  

g0, co pokazuje,  

. Samo 

 

, a emitowana w takim momencie 

 

 

3.2. Parametry fizykochemiczne i charakterystyka zimnej plazmy 

zjonizowany  gaz, y  [5], 

 , stany 

[6-8 W

. N  takich zjawisk 

jak zorza polarna i pioruny. Dlatego, 

fizykochemicznych, konieczne jest jej sztuczne generowanie [5]. Pierwsze eksperymenty 
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9]. Od tamtego czasu zainteresowanie 

 

tj. spawanie, konstrukcja lamp fluorescencyjnych czy  

elektronicznych [5].  w naukach chemicznych,  jako 

katalizator w reakcjach 

cykloheksan [10], syntezy amoniaku i metanolu [10], 11, 12], do 

 tj. drewno [13, 14 15

polimery i tworzywa sztuczne [13, 16 plazmy 

medycyna [13, 17-20], rolnictwo [13],    [13, 21, 22] 

23, 24]. Plazma z  zastosowanie w chemii analitycznej 

jako  wzbudzenia i jonizacji, 

analitycznych odpowiednio  OES [5] jak i MS.  

. Oznacza to

temperatura rotacyjna (gazu) [25

termodynamicznej, zimna plazma atmosferyczna 

 czy rodnik

5, 6], 

  

atmosferycznej , 

, systemach analitycznych [5, 26, 27]. 

 

 

 

 

parametr  fizykochemiczn  temperatury optyczne (rotacyjne, 

 elektronowa. Wyznaczanie takich 
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, jonizacja) [25]. Podstawowym 

25]. 

Za istotne parametry diagnostyczne my atmosferycznej  

 (Trot) - w przypadku zimnych plazm atmosferycznych jest ona 

25, 28

N2) do widm 

25, 26]  

  (Tvib)  pozwala  enie stopnia wzbudzenia 

2, OH,), co stanowi istotny parametr plazmy 

nietermicznej [25  

 exc)  

wzbudzenia, stanowi  

25, 29]. 

 , 

25]. 

 e)   

 zderzeniowych  

[5, 25

atomowych H z serii Balmera, (na podstawie 

Sahy) [25, 26]. 

 

3.4 spektrometrii emisyjnej 

,  (jonowej), poza 

wzbudzeniem liczby linii atomowych,  

, w atomizacji  [29].  

, 

 

rodzaju plazmy   indukcyjnie (ICP) [5, 30, 31], plazm  

mikrofalow  (MIP, ang. Microwave Induced Plasma) [5, 30], 
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CCMP, ang. Capacitively Coupled Microwave Plasma) [30], plazm  

 (DCP, ang. Direct Current Plasma)  [30] oraz 

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

atomizacji   palnika gazowego. Jak wspomniano, poza 

 

 W  (APGD, 

ang. Atmospheric Pressure Glow Discharge) [6, 29]

 

o ,  naprzemiennie 

anody i katody (FLE, ang. Flowing Liquid Electrode) [6], 

o  (FLA, ang. 

Flowing Liquid Anode) [6, 29], 

o 

katody (FLC, ang. Flowing Liquid Cathode) [6, 29], 

o system, 

 (LS, ang. Liquid 

Sampling) [27], 

o 

 (SDLE, ang. Single Drop Liquid Electrode) [6], 

o 

 (SDLA, ang. Single Drop Liquid Anode) 

[6]. 

  (DBD, ang. Dielectric Barrier Discharge)  adowanie 

[5, 6], 

  (MHCD, ang. Microhollow Cathode 

Discharge)   oddzielonymi izolatorem 

elektrodami 

[5], 

  (CCMP) [5, 27]  generowana mi

dwiema elektrodami oddzielonymi warstwami dielektryka, 
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 mICP, ang. miniature Inductively 

Coupled Plasma) [5, 27]  , 

 Plazma mikropaskowa [5, 27] (MSP, ang. Microstrip Plasma)  mikrofalowa plazma 

generowana na chipie z wykorzystaniem technologii mikropaskowej. 

 

W niniejszej pracy konstruowane 

 

 

3.5. udowa plazmowego OES 

OES 

30]. Przedstawione 

 

system 

analityczny m  : 

(GLS, ang. Gas-Liquid Separartor

wodnej)  

pomiarowego ( detektor promieniowania) i  [30].  

 

 

W przypadku, gdy do plazmy zostanie wprowadzona a lotna, a 

pierwotnie w roztworze wodnym, istotne jest zastosowanie odpowiedniego osuszacza, tj. 

pasywnego elementu ego  z wprowadzanej do plazmy materii resztek 

rozpuszczalnika. Zabieg taki 

DL, ang. Detection Limit

plazmy  

[6, 27]. 

 (kondensatory), 

kolumny separacyjne , , 

GLS [6, 29]. 
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GLS  

, tzn. by wprowadzenie cieczy  

 Jak  

skomplikowane formy

dowy GLS, podobny do zastosowanego w pracy 1, przedstawia Rys. 2. 

 
Rys. 2.  

 oraz spiek szklany 

  

 

stanowi system , pomp  

, ich do GLS  

w odpowiednim tempie i proporcji.  

 istotnymi parametrami  im  

 

analitycznej potrzebnej do przeprowadzenia analizy. 

reagenty pozwala z kolei na ich lepsze wymieszanie oraz  poddanie ich 

dodatkowemu napromieniowaniu. Jest to bardzo istotne np. w przypadku fotochemicznego 

generowania lotnych par (  doktorskiej) lub wtedy, gdy 

 (Praca 1). Znalezienie 

y tymi parametrami pozwala na   

w  
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skrajnie nieskomplikowane (jak np. komora zastosowana w P

3a) lub bardziej zaawanasowane (np. 

zastosowana w pracy 2 komora teflonowa z wymiennymi elektrodami, radiatorem, 

3b). 

 
Rys. 3. komory plazmowe 

wolframowych elektrod ( w pracy 1, b) 

w pracy 2.  

 

 

zazwy

ty  

 

ang. Photomultiplier) [30, 32, 33], detektor  

ang. Charge Coupled Device) [4, 30
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Charge Injection Device) [30] lub detektor liniowy oparty na technologii komplementarnych 

ang. Complementary Metal Oxide Semiconductor) 

[25]  

 

 

3.6. Charakterystyka widm emisyjnych  

Na widmo atomowe w APGD-  

liczba 

alkalicznych) [29

29

 lub powietrza 

atmosferycznego, tj. OH, N2, NO [29], CO, czy C2 [25

interferencji spektralnych, 

3.3). ze 

stanu wzbudzonego do stanu podstawowego  tzw. linie rezonansowe [4].  Najwi

[34]

,

 

 , 

 

, 

 Efekt Zeemana

magnetycznym [4], 

 25], 

   

 

pomiarowej [25]. 

 

4  do plazmy 
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E jest krytycznym elementem 

,   

 [6, 30]   

matrycy  

analitu.  plazmy na 

wprowadzany rozpuszczalnik (np. woda w formie aerozolu, para wodna, itd.). Para wodna 

miejscowe 

wygaszenia [27, 29, 30]. 

 [27]

 oraz techniki pneumatyczne, 

, 

 [6, 27, 29].  

 

4.1. Generowanie par 

i efektywne 

do plazmy jest 

 [6, 26, 27, 29]. 

Technika ta stanowi 

rozpylaczy [35, 36]. Proces ten polega na chemicznym lub fotochemicznym 

 

w jego lotne gazowe formy, tj. pary atomowe lub wodorki oraz 

karbonylowe [35

analitu

 [6, 35, 37]. 

 

4.1.1 Chemiczne generowanie par 

Chemiczne generowanie par (CVG, ang. Chemical Vapor Generation) lub w przypadku 

 , tj. As, Ge, Pb, Sb, Se czy Sn, ang. 

Hydride Generation) [29] lub Hg, Cd generowanie zimnych par 

NaBH4 lub SnCl2 asowym [6, 7, 38]. Metoda ta jest niestety podatna na 
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interferencje chemiczne  [6, 7, 39]. Warto 

stosowanych w niej  

 

4.1.2. Fotochemiczne generowanie par 

Fotochemiczne generowanie par (PCVG, ang. Photo-Chemical Vapor Generation) 

wego 

ang. Low Molecular Weight Organic Compound) jakim 

mo  kwasy karboksylowe lub alkohole. W wyniku fotolizy takiego 

  (np. H, CO) , 

postaci [35, 38, 40]. 

fotochemiczne 

. PCVG jest bardziej odporne na 

35]. 

 

4.1.3. Inne techniki generowania par 

Nieco rzadziej stosowane : 

 Generowanie par  plazm atmosferycznych (tj. APGD, rej proces 

redukcji zachodzi na granicy faz 

redukcja zachodzi bez 

 [6, 41], 

  (energia 

 [7, 42], 

 elektrony emitowane 

z katody) [43], 

  

 [41]. 

  

4.2. Metody pneumatyczne 

Metody pneumatyczne s nietermiczne metody 

.  

 Rozpylanie pneumatyczne (PN, ang. Pneumatic Nebulizer) 

rozpylaczy jest 

 [30]. 
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 (< 5 %) [44] , 

 

. W to  

 [30]. 

 

4.3. Metody termiczne 

elektrotermiczne (ETV, ang. Electro-Thermal Vaporization), 

ang. Laser 

Ablation  

[31]. 

 

 

4.4. Metody oparte na 

 

zimnej 

plazmy atmosferycznej 

kontakt z generowanym 

 

 y 29], 

kiedy to Cserfalvi i Mezei 

 

45]. 

 

eliminuje dodatkowo  

tj. rozpylaczy  czy FLC  

i FLE) 

29] 

na OES. 

termic
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46-48

29, 46

konfiguracji 

46]. W przypadku FLE obydwa 

.  

w systemach analitycznych, 

 FLC i FLA [46]. Systemy okresowe (LS, SDLA, 

pomiaru oraz 

27, 29].   

 

29  

 , 

 , 

 , 

 , 

 , 

 , 

 

, 

 , 

 

, 

 . 

 

stosowanych  

zastosowanie ich e 

LOD 

 [29]. 
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4.5.  

 metod tj. generowanie par, metody pneumatyczne  

i termiczne , 

Zestawienie metod wraz z ich cechami 

1. 

Tabela 1.  . 

Metoda 

wprowadzania 

Zalety Wady Referencje 

Chemiczne generowanie 

par   

(CVG i HG) 

100%, skuteczne 

oddzielenie analitu  

od matrycy 

Ograniczony zakres 

oznaczanych 

interferencje od metali 

stosowania silnych 

 

[6, 7, 29, 39] 

Fotochemiczne 

generowanie par  

(PVG) 

w CVG, brak silnych 

nieorganicznych 

 

Ograniczony zakres 

czas analizy 

[35, 38, 40] 

Rozpylanie pneumatyczne 

(PN) 

 

 transportu 

roztworu, ryzyko zatykania 

  

[30, 44] 

Rozpylanie 

 

(USN) 

  

 

Skomplikowana 

 

plazmy 

[30] 

Odparowanie 

elektrotermiczne  

(ETV) 

metody pneumatyczne, 

Wysokie koszty [31] 
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oraz z zawiesinami 

Ablacja laserowa  

(LA)  oraz 

powierzchni, brak 

 

Metoda bardzo podatna na 

efekty matrycowe, wymaga 

odpowiednio dopasowanych 

takiej samej matrycy 

[31] 

Metody oparte na 

jarzeniowych  

 

(FLE-APGD) miniaturyzacji) 

przewodnictwa i pH 

analizowanego roztworu, 

plazmy 

[6, 29] 
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5. publikacji 

5.1. Publikacja 1: fotochemicznego 

generowania lotnych par 

 

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, konstrukcji 

mikroplazmowego systemu PC drogim (ok. 30 PLN), komercyjnym 

zasilaczu w, . Zasilacz ten  generatora 

zimnej plazmy atmosferycznej typu APGD. (Rys. 4  

z: a) pompy perystaltycznej (ISM4312, Ismatec, USA), b) fotoreaktora  

w  w zakresie UV 

UVC, Osram, Niemcy), c) ,  

d)  wolframowymi, e) zasilacza (Hongba HB-C04, 

Chiny) oraz e) aparatury pomiarowej  achromatycznej soczewki i optycznego spektrometru 

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

nr 1.  Publikacja 1,  

 

wykorzystano  

z dodatkiem LMWOC wyeliminowanie 

 stosowanym  [35, 

40, 42, 49]. W realizowanych pracach badawczych 

e klasy  tj. kwasy organiczne (

kwas propionowy, kwas szczawiowy, kwas malonowy), alkohole (metanol, etanol, glicerol, 

glikol etylenowy) oraz aldehydy (aldehyd octowy oraz formaldehyd) w ach (m/m)  

w zakresie od 2% do 10%. 

u analitycznego przedstawia Rys. 5.  

 

(Jie Yu, et al. [49]) przy 
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 (etanolem, metanolem, 

aldehydem octowym i formaldehydem)  (t.j. 

kwas propionowy, kwas szczawiowy, kwas malonowy, glicerol, glikol etylenowy) 

 

 

  

 
Rys. 5. . 

Rysunku: Publikacja 1,  

 

no lamp  rteciow  firmy OSRAM 

profil spektralny przedstawiono na Rys. 6. lampa 

promieniowanie w zakresach UV-A, UV-B oraz UV-C. spirali 

kwarcowej  . W centrum spirali zamocowano , 

spomnianych zakresach spektralnych 

 

.  
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Rys 6.  400 nm. SI Publikacja 1, opracowanie 

 

przedmuchiwano argonem od 10 

do 120 cm3/min.  20 cm3/min. 

 rurka szklana 2 elektrody wolframowe. 

 ,

 

 mm. Takie ustawienie  stabilne 

oraz  

 zasilacza, p

konstrukcji zdecydowa

 podczas  

zmienny o mocy ok. 5 W. 

 oraz 

spektrometr optyczny z 10  rys/mm, 

 Widmo rejestrowano przy 10-krotnej akumulacji i czasie 
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,1 s po 

wprowadzeniu analitu przedstawia Rys 7. 

 
Rys. 7.  

w przedziale 240  265 nm. Publikacja 1,  

 

Dla systemu APGD oraz dla systemu APGD CVG wyznaczono takie 

parametry spektroskopowe jak temperatury rotacyjne (Trot) N2

 (Tvib) N2  (Texc)  (ne). 

Tabeli 2. 

Tabela 2. P arametr  spektroskopowych samego  

z em mikroplazmowym z PCVG. 

 Trot N2 [K] Trot OH [K] Tvib N2 [K] Texc H [K] nex1014 [cm-3] 

      

CVG      

 

C

2 2. 

 to 
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50 jednak 

par Hg. 

Na Rys.   linie emisyjne Hg I 253,7 nm i energii 

wzbudzenia 5,3 eV oraz wiele pasm tlenku azotu (NO)  

A2 + - X2 . Poza zaznaczonymi pasmami NO

 -0 

przy 262,2 nm)  wraz  

z analitem do plazmy. Tak liczna 

w atmosferze powietrza

zastosowanie PCVG wzbudzonych 

analitycznego. 

Przy optymalnych parametrach systemu analitycznego, tj. 

cm3/min, u argonu 20 

cm3/min

0, /dm3 

 -ICP OES, 

co   

przy 

zastosowaniu akumulatora 

 do 

 .  
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5.2. Publikacja 2: germanu z 

 

 

,  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 b  mikroplazmowego do analizy 

germanu w . Metaloid ten 

 . 

nim   

, 

dlatego konstruowanie mobilnych  

potencjalnie korzystne i ekonomicznie uzasadnione. 

W niniejszych pracach badawczych zastosowano  lecz 

e, publikacji 1, 

Rys. 3b. Teflonowy korpus , 

odtwarzalne ustawianie . K  

,  jej 

E , m/m

, przy zachowaniu 

  

i powtarzalnie demontowalny

 Ponadto,  

podczas uruchamiania systemu analitycznego (Rys. 8). 
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Rys. 8. Schemat systemu do generowania i oznaczania wodorku germanu. , 

publikacja 2. 

 

 

51] oraz arsenu, selenu czy 

antymonu [37] (Rys. 9), jednak podczas bada  zaobserwowano 

zjawisko, z  

rejestrowana  

w miarowych  ona  

m ym poziomie. 

 mieszanina reakcyjna  

w  erzyki gazu (Rys. 9).  gdy taki 

 analityczny momentalnie kilkukrotnie  jak opisano 

 

e wspomnianych  przypadkach Hg, Se, Sb i As 

CVG, jednak podobny problem tam  Mimo pracy  

4 

na tyle niskie (0.005% dla Hg oraz 0.1% dla As, Sb i Se),   

intensywne, ale  W przypadku 

germanu, optymalne  4 

 przez n

H3O+.   

wodoru zmieszanego z wodorkiem germanu. 

W momencie, 

ego wodorku. 
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Rys. 9. . , SI Publikacja 2. 

 

  wprowadzenie szeregu modyfikacji  

a ostatecznie skonstruowania osobnej komory  na potrzeby opracowywanego  

w niniejszej pracy efektywnego systemu analitycznego. W celu homogenizacji mieszaniny 

reakcyjnej zastosowano zmieniono punkt 

Rys. 8. temu 

zabiegowi uzyskano , kontynuowanie prac nad tym 

systemem.  

, spiek szklany 

, u zmiany 

 

swobodzie konstrukcyjnej. W tym celu przygotowano 3 szczelne komory wykonane  

technice HPLC-DAD oraz 

10 cm3, 50 cm3 oraz 120 cm3. 

a stosowanych obserwowano 

zarejestrowanego 

Dla analizowanej  analityczny, niemniej czas 

stabilizacji i  
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cm3. cm3  

a w przypadku komory 10 cm3 

cm3 oraz 3 120 cm3). Wraz ze 

3  

 GLS 

 

  dalsze zmniejszanie komory 

 mimo 

, co 

 

ang. Signal to Background Ratio)  

przedstawiono na Rys. 10.  

 
Rys. 10.  . 

 

.  

W tym celu systemy  szklana 

z  z niewielkim zbiornikiem (suszenie grawitacyjne), oraz 
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  i 

 

 (wody)  w stanie skutecznie 

. Obserwowane SBR o 

 od otrzymanego  jednak sama 

. 

pary wodnej [27, 29]. 

 

w  bezpieczniejsze nie szklanej spirali (kondensatora) 

Zestawienie 

  

przedstawiono na Rys. 11. 

 

 
Rys. 11. . 
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  parametry 

oszacowano  

Tabeli 3.   

Tabela 3. . 

Parametr  
 Jednostka 

4 3 % mas. 

 0,1 % mas. 

 0,25 M 

buforu Tris 0,03 M 

analitycznej 
2 cm3/min 

NaBH4 + 

NaOH 
2 cm3/min 

 10 cm3 

Rodzaj osuszacza NaOH - 

 2 0,5 mm 

 0,9 0,7 mm 

 30 45 mA 

 200 400 cm3/min 

 

Optymalne  oraz prop otrzymano 

 (projekt WAVE-UNISONO) [52]. 

weryfikowano  

yelektrodowa

w -plazmowego (He). 

zoptymalizowano w przedziale 0,5  2,5 mm. Wraz ze 

 

, , prawdopodobnie wskutek utrudnionej dyfuzji 

 atmosferycznego. Ten 

podczas innych prac [53, 54], e  

, Zmiana 
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przedstawiona na Rys. 12. Niewykluczone, 

y bardziej 

precyzyjnego systemu sterowania elektrodami, 

wiarygodne. 

 
Rys. 12. . . 

 

 

,5 mm (6 kW/ cm3 / cm3). 

Ponadto, 

niewielkich 

  

 (Rys. 13), 

niewielka,  
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Rys. 13. Wybrane linie emisyjne Ge oraz . Publikacja 2, 

 

 

Na tym etapie potwierdzono

atomowego Ge do zastosowania jest linia Ge I 

265,1 nm. i z nich wszystkich ta z

 

najintensywniejsza ze wszystkich rejestrowanych linii tego pierwiastka. 

badano 

 (0,5 mm, 0,7 mm, oraz 

0,9 mm) wykonano 

 -plazmowego (w przedziale 100  450 cm3/min).  

Z kombinacji tych 3 ,7 mm.  

azotu , 

. 
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 Ponadto 

 wzrost 

obserwowanej optycznie temperatury rotacyjnej OH (Trot(OH)) o ok. 200 K (z 900 K do 1100 K) 

i temperatury wzbudzenia wodoru (Texc(H)) o ok. 250 K (z 4050K do 4300 K). Wzrost ten 

1.7 x 1014 cm-3  

(z 2,9 x 1014 cm-3 do 4,6 x 1014 cm-3). 

Za optymalne e  tej  

 Zjawisko to 

 

W przypadku 

wraz ze wzrostem przep 3/min do 300 cm3/

 450 cm3/min)  

 

Rys. 14 oraz Rys. 15. 

 
Rys. 14. . 
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Rys. 15. . 

 

 

 (ze 100 cm3/min do 400 

cm3/min)  jego temperatury  (  poprzez 

Trot(OH)) o niemal 500 K (z 1600 K do 1100 K). Sugeruje to, 

 

zmianach  

(tj. elektrony i rodniki). 

W optymalnych warunkach (Tabela 3) Ge 

na poziomie 0,4 g/dm3. na 

komercyjnych aparatach ICP-OES [55-57] oraz MIP-OES [58],  

 

 K+, Mg2+ oraz Ca2+ (do 100 

mg/dm3 odzys  94  115%. Niestety, metali 
2+, Fe3+, Cu2+, oraz Zn2+) odzysk   

/dm3   

 wraz z dalszym 
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 (  % dla Cu2+ o st  5,0 mg/dm3,  % dla Fe3+  

o st  5.0 mg/dm3). 

0.001 M EDTA. Dla 

 % oraz  %). 

 ale w przypadku Mn 

 

 HG-APGD-OES 

wykonano Ge w 

butelkowanej, oraz 10  /dm3. 

Uzyskane odzyski  %, co  

. 

W publikacji 2 przedstawiono 

Ge w 

 W przypadku 

konkurencyjnych SCGD oraz SAGD 

 ,  

odprowadzanie cieczy  

z plazmy.   
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5.3. Publikacja 3: 

 

 

 

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 

 

 zaprezentowano  CVG-APGD OES do oznaczania Hg  

w roztworach wodnych z zastosowaniem techniki chemicznego generowania par (CVG) oraz 

niestandardowego amalgamatora  i wykonanej (GT, ang. gold trap). 

ano zastosowano 

, tj.  Schemat 

-CVG zaprezentowano na Rys. 16. 

 
Rys. 16. Schemat mikroplazmowego systemu APGD zastosowanego w pracy 3. 

, publikacja 3. 
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zorientowanymi elektrodami

 

(anod )  lity metalowy dysk. Obydwie elektrody wykonano ze stopu miedzi i wolframu 

  1 mm. W pierwszym kroku 

optymalizowano 4 i HCl. 

,  

 

-plazmowego optymalizowano w przedziale 200  400 

cm3/min (Rys. 17). 

najkorzystniej przy 250 cm3/min

 

 
Rys 17. . 
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4 optymalizowano w przedziale 0.005  

 na poziomie 

0.01% Rys. 

18  

w optymalizowanym przedziale (2  

Rys. 19). 

tego parametru zdecydowano o jego   

HCl zenie 

analitycznej oraz dodawanego ultraczystego odczynnika. Analiza uzyskanych 

 
Rys. 18. 4 . 
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Rys. 19. . 

 

 

  rodzaju zasilacza zastosowanego 

do wygenerowania plazmy APGD . Do tego celu 

wykorzystano zasilacz DC (DP50H-024pH, DSC Electronics) oraz zasilacz 

impulsowy nanosekundowy (AVR-8A-B, Avtech Electrosystems). W przypadku zasilacza 

dla 

,1%) 

10 kW mocy chwilowej 

jednak, gdy 

Hg 

 do kilku W). Ponadto, 

 

zastosowaniu zasilacza DC
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nie da  

Z tego  wszystkie dalsze eksperymenty 

przeprowadzono z wykorzystaniem zasilacza DC. 

ono

 przy jednoczesnym, bardzo znikomym 

Rys. 20). Zoptymalizowano ten parametr w przedziale 15 

 

 prowadzono  

  
Rys. 20. . 

 

 

W warunkach optymalnych LOD Hg w prezentowanej metodzie CVG-APGD OES 

, /dm3 i 0,08 g/dm3 (kolejno dla czasu integracji 1 s oraz 10 s). 

59-

61  

Rys. 16. 

,

  ,3 mm. 
2, co przy  u gazu 

na poziomie 250 cm3/min 
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, -polimerowym 6S (LiPo)  

ogrzewanie spirali. W celu 

 

,85 V a 3,70 V na 1 

GT mierzono HD 2307.0 RTD, Delta Ohm) 

a ona niemal 660 K. 

dopos

 15 s)  

 

Rys. 21

czas ponownego ogrzewania  10 Hg 

 Hg, przez co 12 s 

ana 
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Rys. 21. 

A  start cyklu pierwszego, B  start cyklu drugiego. publikacja 3. 

 

W 

 

 W optymalnych warunkach procedura 

jak przedstawiono w Tabeli 4. 

 

Tabela 4. -GT-APGD-OES. 

Etap  

(czas trwania etapu) 

 

 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)  

 

5:42 - 6:10 (28 s)  

5.  6:10 do 8:30 (2 min 20 s) - 30 

 

EMG (ang. Exponentially Modified Gaussian  

powszechnie w chromatografii cieczowej [62], tj. maksimum 
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,003 g/dm3 

-AAS oraz GT-CV-AFS,  

metody jak ICP- -MS.  

-GT-APGD OES zmierzono 

Hg na poziomie 0, /dm3

,25 3 oraz 0,50 3  

z dodatkiem wzorca odzysk Hg oszacowano na poziomie kolejno 101% oraz 104%, co pozwala 

. 

W publikacji 3 przedstawiono wydajny system CVG-GT- ych 

 -MS) jest 

prostota konstrukcji aparatury, niskie  ona do jej 

 

LOD dla systemu CVG GT

HCl. odczynnika o 

ej . 
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5.4. Publikacja 4: parametry 

fizykochemiczne win. 

 

Tymoteusz Kli , Pawe  Pohl, Anna Dzimitrowicz, Aleksandra Bielawska-Pohl, Magda Caban, 

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  

stanowi rozszerzenie prowadzonych przeze mnie  

roztworami

mi 

. 

warunkach p rozwoju analitycznych 

 opisywanych w . Ponadto, 

praca ta mimo odmiennego docelowego obszaru zastosowania 

 

System plazmowy zastosowany w tej analizie (Rys. 22 z 2 elektrod 

elektrody wolframowej (1) oraz (2), 

 (3),  pompy perystaltycznej (Masterflex 

L/S, Core-Parmer,USA, (4)). Elektrody umieszczon  

otwartej komorze -plazmowego (5). W badaniu 

, tj. - DP50H-024pH, DSC 

Electronics Niemcy) i zmienno-  (

Dora, Polska).   
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Rys. 22. Schemat systemu APGD zastosowanego w niniejszej publikacji 4.  

 

zasilaczy i ich 

 

i elektrody tj. FLA-APGD, FLC-APGD oraz FLE-APGD W przypadku  

dowania jarzeniowego  w kontakcie  

z -APGD), 

40 mA, dla FLA-  W przypadku modulowanego za 

 

 (FLE-

 przy  ok. 20%. 

Stwierdzono, zastosowania analizowanego 

pH roztworu  a a od pH 

 . W przypadku FLC-APGD pH wina czerwonego nie zmianie 

poddanego 

3,56 do 3,49 

. W FLA-APGD zmiany 3,69 i 3,65 

dla wina czerwonego odpowiednio nietraktowanych i traktowanych oraz 3,56 i 3,55 

odpowiednio . 
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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  

,208 mS/cm do 3,129 mS/cm i z 2,147 mS/cm do 2,878 

mS/cm dla FLC- ,208 mS/cm do 2,360 mS/cm i z 2,147 

mS/cm do 2,151 mS/cm dla FLA-APGD w winie czerwonym ,208 mS/cm do 

2,606 mS/cm i z 2,147 mS/cm do 2,564 mS/cm dla systemu plazmowego FLE-APGD kolejno 

W przypadku systemu plazmowego FLC-dc-APGD 

63], dla 

systemu plazmowego FLA-dc-APGD  elektrony 

[63] przypadku systemu plazmowego FLE-pm-rf-APGD, 

powierzchnia roztworu bombardowana 

64  ej zaobserwowane 

 

analiza frakcjonowana metali zawartych  

w badanych  wynika  

typu APGD sprzyja  

 

organicznymi (np. polifenole) . T przez nie 

 

w jednak zmiany u  

y . 

Istotne 

(RONS, ang. reactive oxygen/nitrogen species). Jak przedstawiono na Rys. 23, wskutek 

typu  oscylacyjne 

tlenku azotu NO (A2 +-X2 ) 

2-0 (204,7 nm i 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 (230,9 i 231,6 nm), 0-1 (236,3 nm oraz 237,0 nm) i 0-2 (247,1 

i 247,8 nm). 

  wiele wzbudzonych pasm 

z systemu N2(C3
u-B3

g) w . Ponadto, widoczne  dwie 
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system A2 +-X2 ): 1-0 (282,8 nm) oraz 0-0 

( systemu B2
u

+-X2
g
+ 

2
+: 

0-0 (391,4 nm), 1-0 (427,8 nm) i 0-

tlenu atomowego (777,4 nm oraz 840,6 nm), oraz 

linie wodorowe (H  przy 656,2 nm i H  przy 486,13 nm). Na prezentowanym widmie 

Mg, Na 

 

sugeruje, 

 . 

 

 
Rys. 23. Widmo  przez FLE-pm-rf-APGD, oraz FLA i FLC-dc-

APGD. SI Publikacja 4,  

 

W publikacji 4 przedstawiono i scharakteryzowano 

 - kompleksy metali  o rozmiarze < 5 

kDa) , co przy pozytywnych wynikach 
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. 
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6. Podsumowanie 

 

 -OES. 

komercyjnie    

komercyjne  (np. F-AAS, ICP OES). 

 zbioru publikacji naukowych, w  poruszone 

1   

. 

Publikacja 1 omawia zastosowanie techniki PCVG oraz dodatku LMWOC w celu oznaczenia 

y generator plazmy do analizy Hg. 

Publikacja 2 porusza aspekt  HG do analizy 

, 

. Publikacja 4 

w systemach 

FLA, FLC oraz FLE. 

-OES. Opisywane 

badania  

prac w tematyce miniaturyzacji  plazmy atmosferycznej do 

zastosowania w optycznej spektrometrii emisyjnej. 
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Perspektywy Rozwoju Tematyki Badawczej 

W literaturze stosunkowo niewiele  w 

zminiaturyzowanych systemach plazmowych w optycznej spektrometrii emisyjnej. 

 [65]

 

[66] , tj. systemy  

w 

atomizacji 

i wzbudzenia.  
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18 An atmospheric pressure glow discharge (APGD) optical emission spectrometry (OES) method for ultra-

19 trace Hg determination in water was developed by combining cold vapor (CV) generation with a custom-

20 built gold trap (GT). Two high-voltage power supplies were evaluated; constant DC discharge provided 

21 optimal Hg excitation, whereas pulsed nanosecond DC plasma was ineffective due to its low duty cycle 

22 and transient behavior. Under optimized conditions, limits of detection (LODs) for Hg in CV–APGD OES 

23 were 0.2 and 0.08 µg L–1 for 1 s and 10 s integration times, respectively. Coupling with the GT unit 

24 improved sensitivity by over 100-fold, yielding an LOD of 0.003 µg L–1, well below regulatory limits for 

25 drinking water. The method was validated using spiked water samples (sub-µg L–1 levels), with recoveries 
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26 of 101–104% and good agreement with ICP MS. Compared to ICP MS, the proposed approach shows 

27 reduced memory effects, lower cost, simpler instrumentation, and lower maintenance requirements.

28
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31 Atmospheric Pressure Glow Discharge

32 Optical Emission Spectrometry

33 Gold Amalgamation

34 Mercury Preconcentration

35

36 1. Introduction

37 Due to Hg toxicity and concerns regarding environmental and human health [1], global Hg use has 

38 declined substantially. Nevertheless, more than 1000 tons of elemental Hg are still produced annually and 

39 employed in various industrial applications [2]. A portion of this may ultimately be released into the 

40 environment and, given the persistence of Hg compounds already present within the biota, systematic 

41 monitoring of its concentrations in the environment remains essential.

42 Hg traces can be determined using multiple spectroscopic methods, including atomic absorption 

43 spectrometry (AAS) [3–5], atomic fluorescence spectrometry (AFS) [6,7], optical emission spectrometry 

44 (OES) [5,8], and mass spectrometry (MS) [5,9]. AAS was for a long time the most widely studied method 

45 for Hg determination, however, recent research shows a clear trend toward the development of OES with 

46 alternative excitation microsources. To date, systems based on dielectric barrier discharge (DBD) [10,11], 

47 solution cathode/anode glow discharge (SCGD/SAGD) [12–14], atmospheric pressure glow discharge 

48 (APGD) [15–17], microwave-induced plasma (MIP) [18,19], point discharge (PD) [20,21], and 

49 capacitively coupled plasma (CCP) [22,23] have been reported.
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50 To increase sensitivity, all of the abovementioned methods are typically combined with well-

51 established cold vapor (CV) generation [24,25], photochemical vapor generation (PVG) [26,27], or the 

52 more recently developed plasma-induced vapor generation (PIVG) [28–36].

53 To further enhance sensitivity, the generated Hg vapor, regardless of whether CV, PVG, or PIVG 

54 is used, can be preconcentrated for a certain period and then rapidly released, producing a significantly 

55 intensified analytical signal. Very recently, et al. [37] demonstrated a system in which plasma-

56 induced Hg vapor was accumulated in the gas phase within a closed chamber. After 60 s of 

57 preconcentration, the chamber was opened, and the Hg-enriched aerosol was introduced into an ICP OES 

58 spectrometer for detection. This approach enabled a 140-fold reduction in the limit of detection (LOD) 

59 compared to conventional pneumatic nebulization ICP OES.

60 A more common and long-established approach involves preconcentration of Hg vapor using solid 

61 sorbents. Although alternative materials, such as thiol-modified mesoporous silica [14] and activated 

62 carbon [38], have been reported, Au-based sorbents clearly predominate [4,15,39,40]. In a gold trap (GT), 

63 Hg vapor selectively forms an Au–Hg amalgam, which is readily decomposed at elevated temperature to 

64 release the analyte.

65 An inherent drawback of analytical methods coupled with on-line preconcentration is their 

66 relatively low sample throughput. Considering the high consumption of energy and plasma gas in large-

67 scale plasma-based techniques, e.g., ICP OES, Hg vapor preconcentration is not routinely applied. In 

68 contrast, microplasma-based techniques appear more suitable for coupling with on-line preconcentration, 

69 as their inherently low consumption of energy and gases makes extended analysis times less cost-

70 prohibitive.

71 The aim of this work was to develop a method for the determination of ultra-trace levels of Hg in 

72 aqueous solutions using a low-operating-cost microplasma-based system combined with on-line 

73 preconcentration on a GT. Despite the considerable potential of such approaches, this area remains largely 

74 underexplored. To the best of our knowledge, only one study has addressed the integration of APGD with 
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75 a GT; however, the proposed system was only briefly described and limited to the analysis of gaseous 

76 samples [15].

77 In this study, the effect of the discharge power supply, i.e., direct and pulsed current modes, on the 

78 emission characteristics of the generated microplasma was investigated. Subsequently, the operating 

79 conditions of the CV–APGD OES system were optimized, followed by coupling with a custom-built GT 

80 unit and evaluation of its analytical performance for water sample analysis. The trueness of the method 

81 was evaluated through recovery experiments with spiked drinking water samples and further confirmed 

82 by comparison with a reference ICP MS method.

83

84 2. Experimental

85 2.1. Instrumentation

86 Herein, a microplasma system previously implemented for the determination of trace levels of As, 

87 Sb, and Se [41], as well as Ge [42], was employed. Briefly, the discharge assembly consisted of two 

88 vertically oriented, coaxial electrodes mounted in a polytetrafluoroethylene (PTFE) housing (Figure 1). 

89 The lower electrode was a hollow tubular cathode allowing the discharge gas and Hg vapor to be 

90 introduced through a profiled gas nozzle. The upper electrode, acted as an anode, was a solid metallic 

91 roller. Both electrodes were fabricated from a W:Cu alloy (90:10, w/w), and the interelectrode gap was 

92 roughly 1 mm.

93
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94

95 Fig. 1. Schematic diagram of the measurement system.

96

97 The performance of two direct current (DC) power sources was compared. The first operated in a 

98 constant-current mode (model DP50H-024pH, DSC Electronics), whereas the second was a pulsed power 

99 supply (model AVR-8A-B, Avtech Electrosystems). A detailed description of both supplies and a 

100 comparison of their performance is provided in Section 3.1. For the DC source, discharge voltage and 

101 current waveforms were monitored with a digital storage oscilloscope (model DHO4204, Rigol), and a 

102 pair of high-voltage probes (model P6015A, Tektronix; RP1018H, Rigol). For the pulsed source, the 

103 discharge current was determined using a current monitor (model 150, Pearson Electronics).

104 The radiation emitted by the microplasma was imaged onto the spectrometer entrance slit (10 µm) 

105 using an achromatic lens (f = 80 mm). The detection system comprised a Shamrock 500i spectrograph 

106 (Andor Technology) equipped with holographic gratings (1800 lines mm–1, UV blaze; 1200 lines mm–1, 

107 500 nm blaze) and a CCD detector.

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

109 Briefly, the sample solution acidified with HCl and the alkalized reductant solution (NaBH4 + 0.1% 
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110 NaOH) were delivered at flow rates of 3 mL min–1 using a peristaltic pump (ISM4312, Ismatec). Both 

111 streams were merged in a T-junction and subsequently transported to a glass gas–liquid separator (GLS). 

112 The post-reaction solution was removed by the same peristaltic pump, while the generated Hg vapors were 

113 swept by a carrier gas (He). When introduced into the APGD, the carrier gas also served as the plasma-

114 forming gas; no additional gas flows were applied.

115 A custom-made GT unit was based on a quartz tube (diameterin/out = 0.63/0.83 cm) containing Au 

116 coils uniformly distributed in the central part of the tube over a length of 1.5 cm (Figure 2). The coils were 

117 fabricated from 1 m of high-purity Au wire (99.9%) with a diameter of 0.3 mm. The surface area of the 

118 coils available for Hg vapor adsorption was almost 10 cm2. At a carrier gas flow rate of 250 mL min–1, 

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

120

121

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

123 tube with Au coil during heating.

124

125 A heating coil with a length of 9 cm, manufactured from Kanthal D® wire (diameter = 1.6 mm), 

126 was wound around the outer surface of the quartz tube. The coil was powered by a lithium-polymer (LiPo) 

127 battery with a capacity of 12000 mAh and a nominal voltage of 22.2 V (6S configuration). The LiPo 
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128 battery was selected due to its ability to deliver very high currents, which in the present setup reached up 

129 to 38 A. To ensure that the supply voltage did not vary significantly with the state of charge of the LiPo 

130 battery pack, the system was operated within a voltage range of 3.85–3.70 V per cell. The temperature of 

131 the GT unit (inside the quartz tube) was measured using a temperature meter (model HD 2307.0 RTD, 

132 Delta Ohm) equipped with a compatible resistance temperature detector (RTD). Although, due to the 

133 thermal inertia of the RTD, time-resolved temperature measurements provided only approximate values, 

134 they confirmed that the temperature was sufficient to release Hg vapors from the GT unit.

135 ICP MS was used as a reference method for Hg determination by CV–GT–APGD OES. The 

136 operating parameters of the ICP MS instrument (model Agilent 7500cx, Agilent Technologies) were set 

137 according to the manufacturer’s recommendations. It was equipped with a MicroMist™ nebulizer (400 

138 min–1) and a Scott-type spray chamber cooled to 2 °C. The acquisition mode was set to full quantification, 

139 with an integration time of 0.1 s per point.

140

141 2.2. Reagents and sample preparation

142 Deionized water produced by a purification system (DL3-400S717PVMQE, Polwater) was used 

143 throughout the study. A stock Hg standard solution (1000 mg L–1) for preparation of working standards, 

144 as well as Au and Ir standards (1000 mg L–1) for ICP MS analysis were purchased from Merck. Analytical-

145 grade NaBH4 and NaOH solids were also obtained from the same supplier. Ultrapure hydrochloric acid 

146 (HCl, 32–35%, NORMATOM®) for trace-metal analysis was supplied by VWR International. High-purity 

147 He (99.999%) for the APGD generation and Ar (99.999%) for the operation of the ICP MS instrument 

148 were supplied by SIAD Poland.

149 Hg-containing working standard solutions, typically in the concentration range from sub-µg L–1

150 levels up to 10 µg L–1, were prepared by multistep dilution of the stock standard solution using 4% HCl. 

151 A NaBH4 solution was prepared by dissolving an appropriate amount of powdered NaBH4 in a 0.1% (w/w) 

152 NaOH solution to ensure its stabilization.
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153 Freshly collected drinking water samples from the municipal water supply in  were 

154 acidified with concentrated HCl to a final concentration of 4% (w/w). To verify the trueness of the 

155 proposed method, the standard addition approach was applied: water samples were spiked with a Hg 

156 standard solution to increase the Hg concentration by 0.25 µg L–1 or 0.50 µg L–1. All samples were 

157 prepared and analyzed in triplicate using CV–GT–APGD OES with external calibration. Prepared tap 

158 water samples were also analyzed using a reference method, i.e., ICP MS. Prior to the measurements, the 

159 sample introduction system (based on pneumatic nebulizer) was rinsed with a 1% HCl solution containing 

160 Au (100 µg L–1, as H[AuCl4]) to remove residual Hg from the system and eliminate memory effects. 

161 Before analysis, an H[AuCl4] solution was added to both samples and calibration standards to obtain an 

162 Au concentration of 100 µg L–1 and stabilize Hg2+ ions. The analytical signal was recorded for the 202Hg 

163 isotope (IE1 = 10.4 eV), whereas 193Ir (IE1 = 8.97 eV) was employed as an internal standard to compensate 

164 for signal drift.

165

166 2.3. Methods

167 In the CV–APGD OES method, the sample flow rate was kept constant and the generated vapors 

168 were immediately swept into the microplasma, resulting in an Hg emission line of constant intensity. For 

169 this steady state, the analytical signal was defined as the background-corrected intensity of the Hg I 253.7 

170 nm line. In contrast, in the CV–GT–APGD OES method, the signal was time-dependent (transient) and 

171 exhibited a chromatographic-like profile. Since the time-resolved signal consisted of only a few data 

172 points and its maximum could not always be captured directly, the analytical signal was estimated by 

173 fitting the data with an exponentially modified Gaussian (EMG) function, an approach commonly used in 

174 chromatography. The net intensity of the Hg I 253.7 nm emission line as a function of time (1 s acquisition 

175 interval) was fitted to the EMG model to achieve the best agreement between the experimental and 

176 simulated signals. The function parameters were optimized numerically using Microsoft Excel’s Solver 

177 tool to minimize the sum of squared errors (SSE). The analytical signal was then taken as the numerically 

178 determined maximum of the fitted EMG function.
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179 The LOD for Hg was determined based on the relationship  where  denotes the 

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

181 given calibration curve.

182 The rotational temperature of OH (Trot(OH)) was determined from unresolved rotational-vibrational 

183 OH spectra by fitting the experimental data with simulated spectra generated at different rotational 

184 temperatures using the LIFBASE 2.1 software. For this purpose, the (0–0) band of the OH A2 +–X2

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

186 nm range.

187

188 3. Results and discussion

189 3.1. Selection of the HV power supply

190 In a preliminary experiment, two different HV power supplies were evaluated for their ability to 

191 generate plasma in an APGD system and for their efficiency in exciting introduced Hg vapors. The first 

192 unit (model DP50H-024pH, DSC Electronics) was a DC supply operating in constant-current mode with 

193 the current limiter engaged, continuously delivering energy. To prevent electrical arcing, a ballast resistor 

194 (5.6  50 W) was connected in series with the discharge circuit. Oscilloscope traces of the discharge 

195 voltage and current were consistent with the power supply settings (440 V, 30 mA), ensuring continuous 

196 energy delivery. The periodic pattern was identified on the current and voltage waveforms with 

197 approximately 1V/0.05 mA amplitude and 40 kHz frequency. The pattern was attributed to the internal 

198 operating frequency of the power supply; with an output ripple of ~0.2%, the system can still be considered 

199 to operate under DC conditions.

200 The second unit tested (model AVR-8A-B, Avtech Electrosystems) was a pulsed DC power supply 

201 delivering voltage in short rectangular pulses. The working hypothesis was that the discharge current 

202 during each pulse would reach substantially higher values, potentially improving the microplasma's 

203 overall energetics and the excitation conditions for Hg atoms.

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

) was determined from unresolved rotational-vibrational ) was determined from unresolved rotational-vibrational 

OH spectra by fitting the experimental data with simulated spectra generated at different rotational 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 Atemperatures using the LIFBASE 2.1 software. For this purpose, the (0–0) band of the OH A

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

In a preliminary experiment, two different HV power supplies were evaluated for their ability to 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 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 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 the current limiter engaged, continuously delivering energy. To prevent electrical arcing, a ballast resistor 

 50 W) was connected in series with the discharge circuit. Oscilloscope traces of the discharge  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 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 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 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 operating frequency of the power supply; with an output ripple of ~0.2%, the system can still be considered 

to operate under DC conditions.to operate under DC conditions.

The second unit tested (model AVR-8A-B, Avtech Electrosystems) was a pulsed DC power supply 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 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 during each pulse would reach substantially higher values, potentially improving the microplasma's 

overall energetics and the excitation conditions for Hg atoms.overall energetics and the excitation conditions for Hg atoms.
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204 Using the pulsed source, a stable microplasma was achieved only with He as the working gas at 

205 the maximum pulse frequency (1000 Hz) and duration (2  imposed by a duty cycle limit of 0.2%. As 

206 shown in Figure 3, after pulse initiation, the voltage increased steeply, reaching 1000 V within 

207 approximately 50 ns (10–90% in 33 ns). Despite the nominal pulse duration of 2  the actual pulse lasted 

208 less than 1  with a full width at half maximum (FWHM) less than 0.4  This behavior is most likely 

209 caused by the power supply's designed capacity, which cannot sustain the high-current discharge, resulting 

210 in a drop in output voltage after transferring a certain amount of charge . Despite the extremely small duty 

211 cycle (in practice, less than 0.1%), the peak current reached almost 16 A, nearly three orders of magnitude 

212 higher than with a constant DC power source. This represents more than 10 kW of instantaneous peak 

213 power; however, the mean power is only 2–3 W at a pulse repetition rate of 1 kHz. The estimated charge 

214 transferred per high-voltage pulse is 7–10  A very high discharge current and its duration suggest that 

215 the discharge had the characteristics of a transient spark-to-arc discharge rather than a glow discharge 

216 supposed for the DC regime of operation.

217

218

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

220

221 The extremely high current in the pulsed DC plasma was reflected in the average Trot(OH), which 

222 was approximately twice that observed for the constant DC plasma, i.e., 2680±25 K and 1200±10 K, 

223 respectively. It should be noted that the instantaneous Trot(OH) at the peak of the pulsed DC discharge was 

224 likely considerably higher.

 Oscilloscope traces of the discharge voltage and current (pulsed DC power source). 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 TThe extremely high current in the pulsed DC plasma was reflected in the average T
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 imposed by a duty cycle limit of 0.2%. As  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 shown in Figure 3, after pulse initiation, the voltage increased steeply, reaching 1000 V within 

 the actual pulse lasted  the actual pulse lasted 

 This behavior is most likely  This behavior is most likely 

caused by the power supply's designed capacity, which cannot sustain the high-current discharge, resulting 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 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 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 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 power; however, the mean power is only 2–3 W at a pulse repetition rate of 1 kHz. The estimated charge 

 A very high discharge current and its duration suggest that  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 the discharge had the characteristics of a transient spark-to-arc discharge rather than a glow discharge 

likely considerably higher.likely considerably higher.
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225 The high current in the pulsed DC discharge was also associated with a much higher electron 

226 density. Figure 4 compares the normalized H  emission profiles for the constant DC plasma and the pulsed 

227 DC plasma; the markedly larger FWHM in the latter case clearly indicates a much higher ionization degree 

228 [44]. Based on a rough estimation, the electron density for the constant DC discharge is on the order of 

229 ~1015 cm–3, which is within the range of values previously reported for APGD with a liquid electrode [45–

230 47]. In contrast, for the nanosecond pulsed discharge, the electron density increases to 1016–1017 cm–3, 

231 depending on the assumed instrumental contribution and plasma temperature.

232

233 Fig. 4. Comparison of H  line profiles for discharges driven by constant DC and pulsed DC power sources.

234

235 Given these observations, it was surprising that when the CV unit for Hg was connected to both 

236 discharge systems, no Hg emission lines were observed in the spectrum of the pulsed DC plasma. In 

237 contrast, the constant DC plasma produced a very intense atomic line at 253.7 nm, as well as several 

238 weaker atomic lines at 365.0 nm, 404.7 nm, 435.8 nm, 546.1 nm, and 577.0 nm.

239 Although, according to the working hypothesis, the pulsed DC plasma provided improved overall 

240 energetics, the discharge conditions were clearly unfavorable for Hg excitation. The very small duty cycle 

241 may partly account for the absence of Hg emission, but it is not the only factor. For instance, under the 

242 same conditions, the emission intensity of H lines were an order of magnitude higher than in the constant 

243 DC plasma. These results indicate that a more intense pulsed discharge does not necessarily provide more 

244 favorable excitation conditions for Hg atoms, even if it efficiently excites other species. Because of that, 

245 all subsequent experiments were conducted using the constant DC power supply.

 emission profiles for the constant DC plasma and the pulsed  emission profiles for the constant DC plasma and the pulsed 
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depending on the assumed instrumental contribution and plasma temperature.depending on the assumed instrumental contribution and plasma temperature.
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Given these observations, it was surprising that when the CV unit for Hg was connected to both 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 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 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.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 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 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 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 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 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, 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.all subsequent experiments were conducted using the constant DC power supply.
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246

247 3.2. Optimization of CV–APGD OES operating parameters

248 Since the presented microdischarge system had not previously been applied for Hg determination, 

249 the initial experiments focused on the effect of operating parameters on the emission spectra, particularly 

250 on the intensity of the Hg I line at 257.3 nm and surrounding NO  (1-4) molecular band, which can 

251 interfere with this line. The investigated parameters included the concentrations of NaBH4 and HCl, the 

252 discharge current, and the flow rate of the carrier/discharge gas (He). Optimization was performed using 

253 a one-factor-at-a-time (OFAT) approach in the order listed above. The initial and optimized parameter 

254 values are summarized in Table 1.

255

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

Parameter Initial value Tested range Optimal value

NaBH4 conc. (%, w/w) 0.005 0.005–0.5 0.01

HCl conc. (%, w/w) 16 2–16 4

Discharge current (mA) 25 15–40 20

Gas flow rate (sccm) 200 200–400 250

257

258 The investigated APGD system exhibited very limited tolerance to H2, which is generated as a by-

259 product of NaBH4 decomposition. Higher NaBH4 concentrations thus caused a sharp decrease in the Hg 

260 I 253.7 nm line intensity (Figure 5), a behavior also observed for other microplasma-based sources 

261 [13,16]. An alternative reducing agent that could be employed is SnCl2; in the CV process, it does not 

262 produce H2. However, it is ineffective in reducing organomercury compounds, which are commonly 

263 present in water and food samples. Consequently, SnCl2 is less versatile than NaBH4, and therefore NaBH4

264 (at a concentration of 0.01%) was retained for the remainder of this study.

265

200–400200–400 250250

15–40 2020

Since the presented microdischarge system had not previously been applied for Hg determination, 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 the initial experiments focused on the effect of operating parameters on the emission spectra, particularly 

 (1-4) molecular band, which can  (1-4) molecular band, which can 

interfere with this line. The investigated parameters included the concentrations of NaBHinterfere with this line. The investigated parameters included the concentrations of NaBH4 and HCl, the 

discharge current, and the flow rate of the carrier/discharge gas (He). Optimization was performed using 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 a one-factor-at-a-time (OFAT) approach in the order listed above. The initial and optimized parameter 
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The investigated APGD system exhibited very limited tolerance to HThe investigated APGD system exhibited very limited tolerance to H

 decomposition. Higher NaBH decomposition. Higher NaBH

I 253.7 nm line intensity (Figure 5), a behavior also observed for other microplasma-based sources 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[13,16]. An alternative reducing agent that could be employed is SnCl

. However, it is ineffective in reducing organomercury compounds, which are commonly . However, it is ineffective in reducing organomercury compounds, which are commonly 

present in water and food samples. Consequently, SnClpresent in water and food samples. Consequently, SnCl

(at a concentration of 0.01%) was retained for the remainder of this study.(at a concentration of 0.01%) was retained for the remainder of this study.
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266

267 Fig. 5. Effect of NaBH4 concentration on the intensity of the Hg I line at 253.7 nm.

268

269 Increasing HCl concentration from 2 to 16 % (w/w) linearly enhanced Hg emission by 50% 

270 without affecting the background. However, high HCl additions dilute the sample and increase 

271 consumption of costly ultra-pure acid; therefore, 4% (w/w) was chosen as the optimal concentration.

272 Increasing the discharge current above 30 mA caused a gradual decrease in the Hg I 253.7 nm line 

273 intensity. Simultaneously, across the tested current range, the background intensity doubled, resulting in 

274 a drastic deterioration of the signal-to-background ratio (SBR). A current of 20 mA ensured a stable 

275 microplasma and high Hg I line intensity, and was therefore selected as optimal value.

276 Regarding the discharge gas flow, the highest net intensity and SBR for the Hg I 253.7 nm line 

277 were obtained at 250 sccm. This flow rate represents a compromise between H2 and Hg vapor dilution, 

278 the residence time of Hg in the microplasma, and the overall stability of the discharge.

279 Under the optimized operating conditions, the LOD for Hg in the CV–APGD OES method was 

280 0.2 and 0.08 µg L–1 for integration times of 1 s and 10 s, respectively. These LODs are comparable to 

281 those reported for other glow discharge–based systems [16], including setups employing liquid electrodes 

282 [43,48], while the present system offers the advantage of a simpler design.

283

284 3.3. Coupling with a gold trap

285 The optimized CV–APGD OES system was coupled with a custom-built GT unit to enable Hg 

286 vapor preconcentration and enhance measurement sensitivity. The first set of experiments was designed 

 concentration on the intensity of the Hg I line at 253.7 nm. concentration on the intensity of the Hg I line at 253.7 nm.
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0.2 and 0.08 µg L–1–1 for integration times of 1 s and 10 s, respectively. These LODs are comparable to  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 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.[43,48], while the present system offers the advantage of a simpler design.

3.3. Coupling with a gold trap3.3. 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 vapor preconcentration and enhance measurement sensitivity. The first set of experiments was designed 
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287 to evaluate the heating characteristics of the GT unit, including the heating rate, maximum attainable 

288 temperature, and cooling behavior. Cooling of the GT unit could occur either passively or be assisted by 

289 an auxiliary fan. In these experiments, a temperature probe was placed inside the GT unit to monitor its 

290 internal temperature during heating, while a constant flow of carrier gas (He, 250 sccm) was maintained.

291 Upon power-on (t = 0 s), the system was heated by a short, 10-s energy pulse. As shown in Figure 

292 6, the temperature increased rapidly upon energizing and reached a maximum of approximately 370–375 

293 °C in the post-heating phase. Since Hg release from the amalgam occurs efficiently at temperatures of 

294 around 200 °C or even lower [49], and analytical systems operating at 300 °C have been reported in the 

295 literature [50], the temperature attained in the present setup was considered sufficient for rapid analyte 

296 desorption.

297

298

299 Fig. 6. Temporal evolution of temperature inside the GT unit following heater switch-on (t = 0 s). Heating 

300 time = 10 s.

301

302 After reaching the maximum temperature, the system was cooled either passively or with an 

303 auxiliary fan. Under passive cooling, the maximum cooling rate was 2.1 °C s–1, implying that several 

304 minutes would be needed to reach a temperature suitable for efficient Hg trapping and thus limiting 

305 analytical throughput. Active cooling increased the maximum cooling rate to 3.8 °C s–1, demonstrating 

306 the effectiveness of forced convection. Therefore, in all subsequent experiments, the fan was kept off 

temperature, and cooling behavior. Cooling of the GT unit could occur either passively or be assisted by temperature, and cooling behavior. Cooling of the GT unit could occur either passively or be assisted by 
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around 200 °C or even lower [49], and analytical systems operating at 300 °C have been reported in the 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 literature [50], the temperature attained in the present setup was considered sufficient for rapid analyte 
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minutes would be needed to reach a temperature suitable for efficient Hg trapping and thus limiting minutes would be needed to reach a temperature suitable for efficient Hg trapping and thus limiting 
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the effectiveness of forced convection. Therefore, in all subsequent experiments, the fan was kept off the effectiveness of forced convection. Therefore, in all subsequent experiments, the fan was kept off 



15

307 during heating and immediate post-heating stages, and turned on afterwards to rapidly cool the GT unit 

308 close to room temperature.

309 In the next experiment, the effect of the heating phase duration (5–15 s) on the time-resolved Hg 

310 emission signal was examined. A Hg standard solution was introduced into the CV–GT system for 5 min. 

311 After completion of the reaction and an additional 30 s vapor sweeping phase, which ensured quantitative 

312 transfer of the generated Hg vapor from the GLS to the GT unit, heating of the unit was initiated and the 

313 analytical signal was recorded. To verify whether Hg was completely released from the GT unit, an 

314 additional heating step was applied, serving as a 10 s cleaning phase.

315 When the initial heating time was set to 5 s, the main part of the measurement revealed a low-

316 intensity, temporally broadened signal (Figure 7). Under these conditions, most of the Hg remained in the 

317 amalgam and was released predominantly during the cleaning phase. Increasing the heating time to 7 s 

318 resulted in an earlier onset and higher intensity of the analytical signal. However, the signal was still 

319 relatively broad, and small amounts of Hg remained trapped in the amalgam and were released during the 

320 cleaning step.

321

322

323 Fig. 7. Temporal evolution of Hg I at 253.7 nm emission signal in CV–GT–APGD OES following heater 

324 switch-on (t = 0 s and t = 65 s). 1st heating time = 5–12 s. 2nd heating (cleaning) time = 10 s.

325

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

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

 Temporal evolution of Hg I at 253.7 nm emission signal in CV–GT–APGD OES following heater  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). 1switch-on (t = 0 s and t = 65 s). 1

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

In the next experiment, the effect of the heating phase duration (5–15 s) on the time-resolved Hg 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. 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 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 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 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-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 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 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 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 relatively broad, and small amounts of Hg remained trapped in the amalgam and were released during the 
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328 quantitative Hg release during the main measurement stage. An even more intense and slightly more 

329 compact signal was obtained when the heating time was extended to 12 s, resulting in a temperature of 

330 390 °C inside the GT unit. Further prolongation of the heating phase did not lead to significant changes 

331 in the signal profile but could result in overheating of the system and would necessitate a longer cooling 

332 period. Consequently, a heating time of 12 s was selected as optimal for subsequent experiments. Under 

333 these conditions, all accumulated Hg was released and no additional cleaning phase was required.

334 Based on the performed experiments, an analytical cycle program was established, defining the 

335 durations of the heating, post-heating, and cooling stages prior to introduction of the next sample (Table 

336 2). The total cycle time was 8 min 30 s, corresponding to an analytical throughput of 7 samples h–1.

337

338 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 5:30 to 5:42 (12 s)

4. Post-heating 5:42 to 6:10 (28 s)

5. Active cooling 6:10 to 8:30 (2 min 20 s)

339 RT – room temperature.

340

341 3.4. Analytical performance of CV–GT–APGD OES

342 In the CV–GT–APGD OES method, the time-resolved signal acquired at 1 s intervals consisted of 

343 only a few data points. Attempting to capture the maximum directly from this sparse signal resulted in 

344 poor measurement precision, exceeding 10% at an analyte concentration of 1 µg L–1. Some improvement 

345 was achieved when the analytical signal was taken as the area under the peak, which had a width of 5 s, 

346 yielding a precision of 7–8%. However, the best repeatability (6%) was obtained by approximating the 

347 peak with an EMG function, a strategy adapted from liquid chromatography [51], and taking its maximum 

compact signal was obtained when the heating time was extended to 12 s, resulting in a temperature of compact signal was obtained when the heating time was extended to 12 s, resulting in a temperature of 
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period. Consequently, a heating time of 12 s was selected as optimal for subsequent experiments. Under 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.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 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 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 h2). The total cycle time was 8 min 30 s, corresponding to an analytical throughput of 7 samples h

 Timing and temperature overview of the analytical cycle for CV–GT. Timing and temperature overview of the analytical cycle for CV–GT.

Temperature (°C)Temperature (°C)

RT

6:10 to 8:30 (2 min 20 s)6:10 to 8:30 (2 min 20 s)

3.4. Analytical performance of CV–GT–APGD OES3.4. 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 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 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 µg Lpoor measurement precision, exceeding 10% at an analyte concentration of 1 µg L

was achieved when the analytical signal was taken as the area under the peak, which had a width of 5 s, 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 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 peak with an EMG function, a strategy adapted from liquid chromatography [51], and taking its maximum 



17

348 as the analytical signal. Finally, the Hg I 253.7 nm line exhibited an intensity more than 100-fold higher 

349 in the presence of the GT unit compared to CV–APGD OES alone.

350 The LOD for Hg was as low as 0.003 µg L–1, highlighting the crucial contribution of the GT unit. 

351 This value lies between those reported for CV–AAS and extremely sensitive CV–AFS employing Au 

352 amalgamation (Table 3). The achieved LOD was also 1–2 orders of magnitude lower than those reported 

353 for competitive OES methods employing both microplasmas and commercially available ICP sources as 

354 excitation systems.

355 Finally, the LOD obtained in this study was approximately five times lower than that achieved 

356 using ICP MS with a pneumatic nebulization sample introduction (Agilent 7500cx), where the LOD was 

357 largely constrained by memory effects. Coupling ICP MS instrument with CV would greatly enhance its 

358 sensitivity, lowering the LOD to levels unattainable with the CV–GT–APGD OES system. However, 

359 under the conditions tested in this study, the CV–GT–APGD OES approach provided lower LODs and 

360 negligible memory effects, indicating that Hg vapors did not significantly adsorb onto the GLS walls and 

361 that Hg release from the GT unit was quantitative. The main advantage of the new method is its 

362 instrumental simplicity, lower maintenance costs, and the fact that it does not require highly trained 

363 personnel, thereby outperforming ICP MS in these aspects. A limitation in achieving even lower LODs 

364 for the CV–GT–APGD OES system was trace contamination in reagents, most likely originating from 

365 hydrochloric acid (HCl). Despite using the highest purity chemicals available, blank signals were small 

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

367

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

369 analytical methods.

Method Preconcentration 

technique

Accumulation 

time (s)

Analytical throughput 

(samples h–1)

LOD (µg L–1) Reference

CV–APGD OES –a –a –a 0.2b/0.08c This work

ICP MS –a –a 60 0.015 This work

, highlighting the crucial contribution of the GT unit. , highlighting the crucial contribution of the GT unit. 

This value lies between those reported for CV–AAS and extremely sensitive CV–AFS employing Au 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 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 for competitive OES methods employing both microplasmas and commercially available ICP sources as 

Finally, the LOD obtained in this study was approximately five times lower than that achieved 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 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 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, 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 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 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 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 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 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 for the CV–GT–APGD OES system was trace contamination in reagents, most likely originating from 

hydrochloric acid (HCl). Despite using the highest purity chemicals available, blank signals were small hydrochloric acid (HCl). Despite using the highest purity chemicals available, blank signals were small 

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

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

analytical methods.analytical methods.

Method Preconcentration 

CV–APGD OESCV–APGD OES

ICP MSICP MS
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CV–ICP OES –a –a –a 0.54 [5]

SAGD OES –a –a –a 0.16 [12]

SAGD–ICP OES FIGA 60 –a 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 –a 0.006 [4]

FI–CV AFS GT 100 9 8×10–5 [39]

CV AFS GT 30 mins –a 3×10–6 [40]

370 a Not applicable/not given. b Integration time = 1 s. c Integration time = 10 s. AAS – atomic absorption spectrometry. AFS – 

371 atomic fluorescence spectrometry. APGD – atmospheric pressure glow discharge. CV – cold vapor. FI – flow injection. FIGA 

372 – flow injection gas analysis. GT – gold trap. ICP – inductively coupled plasma. LOD – limit of detection. MS – mass 

373 spectrometry. OES – optical emission spectrometry. SAGD – solution anode glow discharge. SCGD – solution cathode glow 

374 discharge. SPE – solid phase extraction.

375

376 To assess the trueness of the CV–GT–APGD OES method, recovery experiments for Hg were 

377 performed using drinking tap water samples. The initial Hg concentration, determined by CV–GT–APGD 

378 OES, was estimated at 0.02±0.01 µg L–1. The water samples were subsequently spiked with Hg standard 

379 solutions to increase the concentration by 0.25 and 0.50 µg L–1. The obtained recoveries were 101% and 

380 104%, respectively (Table 4), indicating satisfactory trueness of the proposed method. These results 

381 demonstrate that CV–GT–APGD OES enables reliable determination of Hg at sub-µg L–1 levels in water.

382 The maximum allowable concentration of Hg in drinking water is 1 µg L–1 under Directive (EU) 

383 2020/2184 of the European Union and 2 µg L–1 according to the US Environmental Protection Agency. 

384 Higher guideline values have been established by the World Health Organization (6 µg L–1), while several 

385 Asian and South American countries adopt limits of 1 µg L–1. Regardless of the regulatory limit 

386 considered, the proposed method remains suitable for routine drinking water quality monitoring.

387

[12]

[37][37]

[14][14]

[38][38]

0.003 This work

0.0060.006 [4]

8×108×10–5–5

3×103×10–6

Integration time = 10 s. AAS – atomic absorption spectrometry. AFS – Integration time = 10 s. AAS – atomic absorption spectrometry. AFS – 

atomic fluorescence spectrometry. APGD – atmospheric pressure glow discharge. CV – cold vapor. FI – flow injection. FIGA 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 – 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 spectrometry. OES – optical emission spectrometry. SAGD – solution anode glow discharge. SCGD – solution cathode glow 

To assess the trueness of the CV–GT–APGD OES method, recovery experiments for Hg were 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 performed using drinking tap water samples. The initial Hg concentration, determined by CV–GT–APGD 

OES, was estimated at 0.02±0.01 µg LOES, was estimated at 0.02±0.01 µg L–1. The water samples were subsequently spiked with Hg standard . The water samples were subsequently spiked with Hg standard 

solutions to increase the concentration by 0.25 and 0.50 µg Lsolutions to increase the concentration by 0.25 and 0.50 µg L

104%, respectively (Table 4), indicating satisfactory trueness of the proposed method. These results 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-µg Ldemonstrate that CV–GT–APGD OES enables reliable determination of Hg at sub-µg L

The maximum allowable concentration of Hg in drinking water is 1 µg LThe maximum allowable concentration of Hg in drinking water is 1 µg L

2020/2184 of the European Union and 2 µg L2020/2184 of the European Union and 2 µg L

Higher guideline values have been established by the World Health Organization (6 µg LHigher guideline values have been established by the World Health Organization (6 µg L

Asian and South American countries adopt limits of 1 µg LAsian and South American countries adopt limits of 1 µg L

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

389 with ICP MS as the reference method.

Found (µg L–1) Recovery (%)Measured 

(µg L–1)*

Added 

(µg L–1) 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

390 *Based on CV–GT–APGD OES measurements.

391

392 As a reference method, both spiked samples and unspiked tap water samples were analyzed using 

393 ICP MS. While reliable results were obtained for the spiked samples, no trustworthy determination could 

394 be achieved for the original tap water sample due to pronounced memory effects. This issue persisted 

395 despite 30 min pre-rinsing of the sample introduction system with 1% HCl containing Au (100 µg L–1, as 

396 H[AuCl4]) for effective removal of residual Hg. This observation suggests that contamination was likely 

397 associated with internal components of the ICP MS system, such as the sample cone, skimmer cone, and 

398 ion lenses. Although their disassembly and cleaning can be performed by the instrument operator, this 

399 procedure is time-consuming and requires a higher level of expertise. Owing to its simpler and less 

400 maintenance-intensive setup, the CV–GT–APGD OES technique appears to be a more suitable choice for 

401 routine determination of Hg at sub-µg L–1 levels.

402

403 4. Conclusions

404 A detailed evaluation of high-voltage power supplies revealed that a constant DC source provides 

405 more favorable conditions for Hg excitation in APGD than a pulsed DC supply. Despite its extremely 

406 high instantaneous power, the pulsed discharge was unsuitable for effective Hg excitation due to its very 

407 short duty cycle and transient behavior.

408 Under the optimized conditions of the CV–APGD OES method, LODs for Hg were 0.2 and 0.08 

409 µg L–1 for 1 s and 10 s integration times, respectively. Coupling the CV–APGD system with a custom-

410 built GT unit enabled Hg vapor preconcentration and removal of H2 excess from the discharge gas, 

ICP MSICP MS

9393

102102

As a reference method, both spiked samples and unspiked tap water samples were analyzed using 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 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 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% HCl containing Au (100 µg Ldespite 30 min pre-rinsing of the sample introduction system with 1% HCl containing Au (100 µg L

]) for effective removal of residual Hg. This observation suggests that contamination was likely ]) 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 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 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 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 maintenance-intensive setup, the CV–GT–APGD OES technique appears to be a more suitable choice for 

routine determination of Hg at sub-µg Lroutine determination of Hg at sub-µg L–1–1 levels. levels.

A detailed evaluation of high-voltage power supplies revealed that a constant DC source provides 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 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 high instantaneous power, the pulsed discharge was unsuitable for effective Hg excitation due to its very 

short duty cycle and transient behavior.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 Under the optimized conditions of the CV–APGD OES method, LODs for Hg were 0.2 and 0.08 

µg Lµg L–1–1 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 Hbuilt GT unit enabled Hg vapor preconcentration and removal of H
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411 providing over a 100-fold enhancement in the intensity of the Hg I line at 253.7 nm. Under optimal 

412 conditions (12 s heating of the GT unit), complete Hg release was achieved, and analytical signals could 

413 be reliably quantified using an EMG approximation. The resulting repeatability and LOD for Hg were 6% 

414 and 0.003 µg L–1, respectively.

415 The CV–GT–APGD OES method was successfully validated using tap water, demonstrating 

416 satisfactory trueness for Hg measurements at sub-µg L–1 concentration levels. CV–GT–APGD OES 

417 outperformed ICP MS for trace Hg determination in water samples, while offering lower operating costs, 

418 simpler instrumentation, and reduced maintenance requirements. Despite the relatively long analytical 

419 cycle, which is inherent to on-line preconcentration methods, CV–GT–APGD OES is economically 

420 advantageous owing to its low power requirements and reduced plasma-forming gas consumption. 

421 Although the method requires 15 mL of sample per measurement (5 min × 3 mL min–1), this is fully 

422 compatible with drinking water analysis and does not limit its practical applicability, given the virtually 

423 unlimited sample availability in such cases.

424
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