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Abstrakt

Disertatni prace se zabyva studiem UV-fotochemického generovani tékavych
sloucenin (UV-PVG) ve spojeni s atomovou absorpéni spektrometrii (AAS). S vyuzitim
modelového analytu selenu (Se(IV)) byla provedena cela fada experimentd pfispivajicich
k rozsifeni dosavadnich poznatkl o dané problematice.

V prvé fazi vyzkumu byla sestavena aparatura pro UV-PVG v rezimu kontinudlni
pritokové analyzy propojena s detekci AAS se zevné vyhfivanym kiemennym
atomizatorem. Diraz byl kladen na konstrukeci generatoru tékavych sloucenin neboli na
UV-fotoreaktor, kdy byly jako reakéni civky vyuzity teflonové hadicky a kiemenné
trubi¢ky rdznych rozméri. Po kompletaci aparatury nasledovala optimalizace pracovnich
podminek (pfedevs§im koncentrace a druh fotochemického C¢inidla i dalSich ¢inidel
zvySujicich analyticky signal; prutokova rychlost nosného plynu a vodiku; pritokova
rychlost vzorku) a uréeny byly zakladni analytické charakteristiky stanoveni selenu
navrzenou metodou. Z vysledkd vyplynulo, ze teflonové reakéni civky velmi dobie
konkuruji tém kfemennym. Spravnost metody byla uspéSné potvrzena analyzou
certifikovaného referencniho materialu, prakticka vyuzitelnost byla ovéfovana analyzou
vzorki s riznorodou matrici. Stanovovan byl obsah selenu ve vzorcich pitnych vod a ve
vybranych potravinovych dopliicich. Za ucéelem zjisténi celkové ucinnosti UV-PVG byla
provedena série experimenti s radioaktivnim indikatorem °Se. Kromé pievodu analytu na
tékavé slouCeniny bylo danou metodou mozné sledovat distribuci analytu do jednotlivych
Casti aparatury. DalSiho snizeni mezi detekce a citlivosti bylo dosazeno propojenim
UV-PVG sin situ zachytem tékavych sloucenin v grafitové kyveté pied vlastni
elektrotermickou atomizaci. Provedena byla také interferenéni studie, kdy byl zkouman vliv
vybranych mineralnich kyselin a soli, pfechodnych kovii nebo ostatnich hydridotvornych
prvkil na stanoveni selenu.

Pro srovnani byla zna¢na c¢ast experimentd uskutecnéna s vyuzitim tradi¢niho
chemického generovani tékavych sloucenin s tetrahydridoboritanem sodnym jako
redukénim Cinidlem. Analytické charakteristiky ziskané za zoptimalizovanych pracovnich
podminek ¢i dosazené UCinnosti jasné ukazaly, ze je UV-PVG plné alternativni ke
konvenénimu piistupu ke generovani té€kavych sloucenin. Jako hlavni nedostatek se na

soucasné trovni poznani jevi celkoveé niz§i odolnost viéi interferenénim vlivim.
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1 0UVOD

Spektrometrické metody patii mezi nejvyznamnéjsi analytické pfistupy vyuzivané pro
(ultra)stopovou prvkovou analyzu. Pfestoze se v poslednich letech do popfedi zajmu
dostavaji zejména metody vyuzivajici jako budici zdroj indukéné vazané plazma, své
uplatnéni stile nachazi i atomova absorpéni spektrometrie (AAS). Vynika piedev§im
relativné snadnym konstrukénim uspofadanim a tim i niz§imi pofizovacimi a provoznimi
naklady. Vyuzivana byva v nékolika variantach, které se lisi zplisobem provedeni
atomizace. Pro (ultra)stopovou analyzu je vhodna elektrotermicka atomizace ¢i atomizace
v kiemennych atomizatorech. Oba zminéné typy lze GCinn€ propojit S generovanim
tekavych sloucenin.

Selen je pro nas organismus velice dilezitym a zajimavym stopovym prvkem. Muize
byt esencialni i toxicky, pfiGemz hranice rozlidujici oba dva stavy je pom&rn& tizka'. Toto
dvoji chovani je jednim z divodi, pro¢ se stal selen pfedmétem mnoha studii. Zarovei je
také jednim ze zastupcl klasickych hydridotvornych prvku, které lze pomérné snadno
premeénit na t€kavé slouceniny.

Techniky generovani jsou s oblibou vyuZivany jiz nékolik desitek let jako
alternativa ke konven¢nimu davkovani kapalnych vzorkd. Jejich vyhoda spociva ve vysoké
transportni G¢innosti analytu do detekéniho systému ¢i v i€inném odseparovani matrice
vzorku. V disledku téchto jevl Casto dochazi k omezeni interferenci a ke snizeni limit
detekce. Existuje n¢kolik zplsobd, jak pievést analyt z kondenzované faze do faze plynné.
Siroce aplikované je predevs§im chemické generovani (CVG), pii kterém je analyt
redukovan na té€kavou sloueninu nejéastéji reakci s tetrahydridoboritanem sodnym
v prostiedi kyseliny chlorovodikové (NaBH4-HCI). 1 pies svou dlouholetou popularitu
vykazuje CVG jisté nedostatky. Redukéni ¢inidlo NaBH4 je pomérné drahé, nestabilni a
ptipravit ho lze pouze vomezené Cistoté (tim Se samo stava potencialnim zdrojem
kontaminaci vzorku)®®,

Relativné novym ptistupem ke generovani tékavych sloucenin je UV-fotochemické
generovani tékavych sloucenin (UV-PVG). T&kavé slouceniny jsou v tomto piipadé
generovany v dusledku ptisobeni UV-zafeni na kapalny vzorek s obsahem analytu.
Klicovou roli pifitom vedle UV-zafeni zastavaji fotochemicka c¢inidla, pouzivaji se
predevéim organické kyseliny s nizkou molarni molekulovou hmotnosti*®. Reakéni
mechanismus vzniku tékavych sloucenin je diky sloZité povaze fotoreakei stale predmétem

diskuzi. Predstaveno bylo nékolik moznych teorii. Jedna z nich predpoklada, ze v disledku



fotolytického rozkladu fotochemického ¢inidla vznikaji reaktivni volné radikaly, které maji
schopnost redukovat sledovany analyt pravé aZ za vzniku tékavych slouGenin®., Na zéklads
teoretickych kalkulaci byl navren i alternativni mechanismus bez pitomnosti radikalé’.

RozliSujeme dva zakladni rezimy generovani — pouzivaji se metody pfimého pienosu
a metody spojené s kolekci. Pfi prvnim zpusobu jsou t&kavé slouCeniny uvolnéné
z kapalného vzorku pfimo transportovany do atomizatoru®. Uplatnit lze tfi riizné varianty
piimého prenosu, a sice kontinualni priitokovou analyzu*®, priitokovou injekéni analyzu'®*
a davkové uspotadani®'?; varianta davkového uspofadani je pfi UV-PVG vyuzivana méng
Casto. Pokud jde o kolekéni maod, t&kavé slouceniny jsou nejprve zachytavany v riznych
kolekénich zafizenich. Az po ukonceni generovani (generovani z celého davkovaného
objemu vzorku) dochézi k atomizaci®. Kolekéni techniky se zatim uplatnily pfi identifikaci
t8kavych specii (kolekce vymrazovanim)**™®. Za uSelem zvySeni citlivosti stanoveni byly
tekavé slouceniny nékterych analyti shromazd’ovany piimo v atomizatoru. Uplatnén byl
zejména in situ zachyt tékavych sloucenin a naslednd atomizace v grafitové kyveté
(GF-AAS)™™Y Vedle zlepseni citlivosti piindsi in situ zachyt ve srovnani s pifmou
atomizaci 1 nékteré dal$i vyhody. Za piednost je povaZovana eliminace vlivu kinetiky
uvolnovani tékavych sloucenin ze separatoru fazi, omezeni atomizacnich interferenci ¢i
redukce vlivu fluktuaci pritoku nosného plynu na ziskany signal.

Zékladem aparatury pro UV-PVG je generator tekavych sloucenin neboli
UV-fotoreaktor. Predstaveny byly rtizné konstrukéni typy. V pritokovém usporadani je
nejéastéji slozen ze zdroje zafeni a zreakéni civky, kterou proudi vzorek. Jako zdroje
zafeni se pouzivaji rtutové UV-vybojky s riznym tlakem uvnitf trubice a riiznym vykonem.

*15 nebo z kiemene™°. Obvykle byvaji kolem zdroje

Reakéni civky jsou vyrabény z teflonu
UV-zateni ovinuty, k povrchu vybojky mohou byt upevnény i jinym zptisobem.

Celkovy proces generovani sestava z nékolika dil¢ich procesu, mezi které je fazena
konverze analytu na tékavé slouceniny, jejich uvolnéni do plynné faze (separace plyn-
kapalina) a nasledny transport do detektoru. Vysledna Géinnost generovani je zavisla na
ucinnostech jednotlivych kroki. K jejimu hodnoceni lze pfistupovat nékolika zpasoby. Pii
nejobjektivnéj$im zplsobu je vyuzivana radioaktivné znacena sloucenina analytu
(radioaktivni indikator). Uginnost je urlovana na zakladé porovnani radioaktivity
piislusného radioaktivniho indikatoru zméfené ve vstupnim roztoku (vzorek pied UV-PVG)
s aktivitou téhoz indikatoru ve formé vygenerovanych tékavych sloucenin zachycenych na
vhodném sorbentu. Metoda dale umozituje zmapovat distribuci pfislusného radioizotopu

(a tim padem i studovaného analytu, protoze jsou ve stejné form¢) — kromé frakce analytu



prevedené na tékavé sloudeniny je mozné zjistit frakci analytu piechazejici do kapalného
odpadu &i frakei ulpivajici na riiznych povrsich aparatury'"*,

Jednim z problémti konvenéniho chemického generovani jsou interference
zpuisobené piechodnymi kovy®. Vyskytuji se zejména b&hem generacniho kroku v disledku
tvorby aktivniho kovu (napf. elementarni forma kovu, srazenina nebo koloid), ktery
adsorbuje a/nebo rozklada tékavé slouCeniny analytu ¢i samotné redukéni c¢inidlo
NaBH,>**%®. Dalsi interference vyplyvaji z piitomnosti ostatnich hydridotvornych prvki,
které mohou byt problematické hlavné v plynné fazi (v atomizatoru). Tolerance vi&i

412,15 . .
G . Ukazalo se, ze

potencialnim interferentim byla zkoumana i v souvislosti s UV-PV/
zavazné interference se objevuji i pfi tomto zplsobu generovani. Mechanismy interferenci
zatim nebyly plné objasnény, je vSak pravdépodobné, Ze se do zna¢né miry shoduji s témi
pti CVG (napf. konkurence mezi analytem a interferentem o redukujici radikaly,

spolusrazeni redukovanych forem interferentd s meziprodukty UV-PVG analytu apod.®").

2 CILE PRACE

Hlavnim cilem disertac¢ni prace bylo implementovat do laboratofe spektrometrickych
metod UV-fotochemické generovani tékavych sloucenin a obohatit tim doposud
vyuzivanou §kalu technik zavadéni vzorku o novou alternativu. Zaémérem bylo vyuzit nejen
poznatki z literatury, ale piedev§im pokusit se prispét k dalsimu rozvoji techniky.

Vyty€eno bylo nékolik dil¢ich cila:

1) Sestavit aparaturu pro UV-fotochemické generovani tekavych sloucenin
Vv pritokovém uspofadani a propojit ji s atomovou absorp¢ni spektrometrii se zevné
vyhfivanym kfemennym atomizatorem (UV-PVG/QF-AAS).

2.) Blize se zamétit na mozna konstrukéni feSeni generatoru t€kavych sloucenin.

3.) Optimalizovat experimentalni podminky pro modelovy prvek selen a ur¢it zakladni
analytické charakteristiky stanoveni selenu.

4.) Ovetit spravnost navrzené metody analyzou certifikovaného referenéniho materialu
a vyzkouset ji za UcCelem analyzy vybranych realnych vzorkd (vzorky vod,
potravinové dopliky).

5.) Zjistit u¢innost UV-fotochemického generovani t€kavych sloucenin selenu zejména

na zaklads experimentd s radioaktivnim indikatorem >Se.



6.) Pokusit se snizit meze detekce a zvysit citlivost stanoveni selenu prostiednictvim
in situ zachytu vygenerovanych tékavych sloucenin v grafitové kyveté atomového
absorpéniho spektrometru (UV-PVG/GF-AAS) pied vlastni elektrotermickou
atomizaci.

7.) Provést interferenéni studii — sledovat vliv vybranych mineralnich kyselin a soli,
ptechodnych kovii nebo ostatnich hydridotvornych prvkli na stanoveni selenu
navrzenou metodou.

8.) Provést celkové porovnani s tradiénim chemickym generovanim zalozenym na
reakci s redukénim ¢inidlem tetrahydridoboritanem sodnym (porovnani zakladnich

analytickych charakteristik, u¢innosti ¢i porovnani odolnosti vi¢i interferencim).

3 MATERIAL A METODIKA

3.1 Pristroje a zafizeni

3.1.1 UV-fotoreaktor

Pii UV-PVG byly tékavé sloueniny selenu generovany v pratokovém
UV-fotoreaktoru slozeném ze zdroje zafeni a z reakéni civky pfichycené k jeho povrchu.
Zdrojem UV-zafeni byla nizkotlaka rtutova UV-vybojka trubicovitého typu (253,7 nm,
20 W, rozméry 610 mm x 152 mm x 108 mm) (Ushio, Japonsko). Reakéni civka byla
zhotovena z teflonu nebo z kiemene. Teflonové hadi¢ky byly okolo UV-vybojky omotany
ptimo. Kiemenné trubicky byly zohybany do tvaru pismene ,,S“, spojeny kousky
Tygonovych hadicek, a ptichyceny k povrchu vybojky béznou stahovaci kabelovou paskou.

Pro zjednodu$eni jsou jednotlivé reakéni civky (a potazmo i UV-fotoreaktory)

Vv disertacni praci ozna¢ovany dle pouzitého materialu a rozméra jako:

» Teflon1 (1,0 mmi.d./2,0 mm o.d.)

»  Teflon 11 (1,0 mmi.d./1,4 mm o.d.)
» KiemenI (2,0 mmi.d./4,0 mmo.d.)
» Kiemen II (0,5mmi.d./2,0 mm o.d.)



3.1.2 Atomovy absorp¢ni spektrometr

Atomovy absorpéni spektrometr Unicam 939 Solaar (Unicam, UK) byl pouzit
k detekci tékavych slouéenin selenu. Ke korekei nespecifické absorpce poslouzila ve vech
pifipadech deuteriova vybojka (Cathodeon, UK). Jako zdroj primarniho elektromagnetic-
kého zafeni byla povétSinou vyuzivana vybojka s dutou katodou pro selen (napajeci proud
10 mA, $iika spektralniho intervalu 0,5 nm) (Heraeus, UK). Zafeni bylo detekovano na
charakteristické vinové délce 196,0 nm. Pouze pii analyze realnych vzorkt byla jako zdroj
zafeni pouzita vybojka svelmi vysokou intenzitou zafeni, tzv. superlampa (Photron,
Australie).

K atomizaci t€kavych sloucenin byl pouzivan ptedevsim kiemenny atomizator ve
tvaru pismene ,, T zevn& vyhiivany na teplotu 950 °C. Pokud bylo UV-PVG kombinovano
s in situ zachytem, byla atomizace provadéna v grafitovém atomizatoru GF 90 (Unicam,
UK). Vnitini povrch grafitové kyvety s prodlouzenou zivotnosti byl modifikovan vrstvou

iridia.

3.1.3 Méfeni radioaktivity

Pii experimentech s radioaktivnim indikatorem Se byl k meéfeni radioaktivity
(méfena off-line) pouzivan gama spektrometr Minaxi Auto-Gamma 5000 (Packard
Instrument Co., USA) vybaveny polovodi¢ovym detektorem studnicového typu zhotove-
nym z monokrystalu Nal(Tl). Rozsah méfenych energii gama zafeni byl na analyzatoru

nastaven v intervalu 60 — 467 keV, méfeni probihalo po dobu 120 s.

3.2 Procedura

3.2.1 Generovani tékavych sloucenin

UV-fotochemické generovani tékavych sloucenin bylo provadéno v rezimu
kontinualni pritokové analyzy. Pfed samotnou analyzou byl kapalny vzorek s obsahem
selenu off-line smisen s fotochemickym ¢inidlem. V nékterych ptipadech byla navic
ptidavana dalsi cinidla (zejména kyselina dusi¢nd). Vzorky/slepé pokusy byly
peristaltickou pumpou ¢erpany do UV-fotoreaktoru, kde byly v disledku pusobeni
UV-zafeni generovany tékavé sloueniny selenu. Pfepinani mezi pumpovanim vzorku a
slepého pokusu bylo realizovano manualné ovladanym dvoucestnym ventilem. Reakéni

smés obohacena o t€kavé slouceniny byla na vystupu z UV-fotoreaktoru transportovana do



separatoru fazi s nucenym odtahem, kde se oddélovala kapalna a plynnd faze. Zatimco
prebyte¢na kapalina byla fizen¢ odCerpavana druhou peristaltickou pumpou do odpadu,
plynna faze byla proudem nosného plynu (argon; zavadén do proudu kapalného vzorku
pied UV-fotoreaktor) unasena do zevné vyhiivaného kifemenného atomizatoru. Za Gcelem
efektivni atomizace bylo do atomizatoru zavddéno malé mnozstvi vodiku. Schéma
aparatury pro UV-PVG/QF-AAS je naértnuto na Obr. 1.

Pfi in situ zachytu byla plynna faze na vystupu ze separatoru fazi vedena pies
solenoidovy ventil do pfedehtaté grafitové kyvety (nebo do odpadu). K usnadnéni prace
bylo vyuZito automaticky ovladané davkovaci zafizeni. Vodik tentokrate do atomizatoru

zavadén nebyl.

Obr. 1 Schéma aparatury pro UV-PVG/QF-AAS

1 — dvoucestny prepinaci ventil; 2 — peristaltickd pumpa; 3 — UV-fotoreaktor; 4 — tiakovd lahev
S nosnym plynem; 5 — rotametr; 6 — separdtor fazi s nucenym odtahem; 7 — tlakova lahev

S vodikem; 8 — digitalni regulator pritoku plynii; 9 — kfemenny atomizator

Aparatura pro srovnavaci chemické generovani s NaBH, (taktéz v pritokovém
uspofadani) byla modifikovana. Pfedev§im nebyl zapottebi UV-fotoreaktor, nahrazen byl
teflonovou reakéni civkou. Pii experimentech s kiemennym atomizatorem nebyl do
atomizatoru zavadén piidavny vodik, dostateéné mnozstvi se uvolhovalo rozkladem
redukéniho ¢inidla. Pfi zjistovani ucinnosti (radioexperimenty) byla vyuzita také varianta

CVG v davkovém usporadani.
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3.2.2 Experimenty s radioaktivnim indikatorem "°Se

Pfi experimentech S radioindikatorem byla vyuzita stejna aparatura jako pro
kontinualni generovani popsana v souvislosti s UV-PVG/QF-AAS. Na vystupu ze
separatoru fazi vSak nebyl umistén kiemenny atomizator, nybrz dvé sériové zapojené
plastové kolonky naplnéné granulovanym aktivnim uhlim. Po skonceni generovani byly
celé kolonky umistény do méticich nadobek a byla méfena jejich aktivita. Méfena byla také
aktivita odpadnich roztokii po generovani a aktivita jednotlivych soucasti aparatury, které
ptisly do styku s radioindikatorem selenu (napt. Cerpaci a spojovaci hadi¢ky véetné spojek).
Diky svym rozmériim nebylo mozné do méficich nadobek umistit separator fazi a reakéni
civky. Z toho diivodu byla méfena aktivita ve vyluzich ziskanych na zakladé opakovaného
vyplachu (trojnasobného) lu¢avkou kralovskou.

Utinnost UV-PVG byla uréena na zakladé frakce analytu (% podil ze vstupni aktivity
zmétené v kapalném vzorku pted UV-PVG) zachycené na kolonkach. Obdobné byly ke
vstupni aktivit¢ vztahovany aktivity zjisténé v kapalném odpadu a v jednotlivych ¢astech
aparatury. Pro ziskani celkové u¢innosti UV-PVG selenu byly frakce analytu na kolonkach

vztazeny k maximalni dosazitelné ucinnosti (i¢innost CVG v davkovém usporadani).

4 VYSLEDKY A DISKUZE

4.1 Optimalizace

Po sestaveni aparatury bylo pfikro¢eno k optimalizaci experimentalnich parametrti
kombinované metody UV-PVG/QF-AAS. Optimalizaéni studie s modelovym analytem
(5,0 pg I Se(IV)) byla provedena pro viechny &tyfi typy UV-fotoreaktorti (Teflon I, II a
Ktemen I, II). Optimalizovana byla délka reakeéni civky, druh a koncentrace
fotochemického ¢inidla (testovana byla kyselina mravenéi a kyselina octova), pritokové
rychlosti pouzitych plynt (argon, vodik), pritokova rychlost vzorku, koncentrace kyseliny
dusicné. Kyselina dusi¢na byla do analyzovanych vzorkll pfidavana za ucelem az
n&kolikanasobného zvyseni analytického signalu selenu (vétSina experimenti byla
provadéna jak s pfidavkem kyseliny dusi¢né, tak bez ng&j). Je potieba zdiraznit, Ze ono
zvySeni bylo pozorovano pouze vuzkém koncentraénim rozmezi kyseliny dusicné
(cca 5,0 — 15,0 mmol 1™ dle pouzitého UV-fotoreaktoru) a jiz malé odchylky od optimélni
hodnoty vedly k vyraznym vykyvim signalu. To samé platilo i pro dusi¢nany. Funkce
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HNO; zatim nebyla zcela objasnéna. Za ptedpokladu, ze bude pfijata teorie o vzniku
tékavych sloucenin v disledku redukce analytu volnymi radikaly, kyselina dusiéna by
mohla ovliviiovat produkci/pomér radikaltl, které se pfimo podili na redukei Se(IV). Navic,
t€kavé produkty se pii UV-PVG bez/s pridavkem kyseliny dusiéné 1isi. P¥i UV-PVG pouze
s kyselinou mravenéi je generovan selenovodik a selenokarbonyl, pifidavek kyseliny
dusiéné potlaguje vznik selenovodiku®,

Optimalni hodnoty zakladnich studovanych parametri jsou shrnuty v Tabulce 1.
Tradiéni chemické generovani tekavych sloufenin s redukénim ¢inidlem NaBH, bylo
zvoleno jako srovnavaci metoda. Relevantni experimentalni parametry CVG selenu byly

Vv ramci studie taktéz optimalizovany (Tabulka 2).

Tabulka 1 Optimalni pracovni podminky pro stanoveni selenu metodou UV-PVG/QF-

AAS s kyselinou mravenéi jako fotochemickym &inidlem®

Typ UV-fotoreaktoru Teflon | Teflon 1l KiemenI Kiemen II
Vnitini/vn&jsi pramér r. civky (mm) 1,0/2,0 1,0/1,4 2,0/4,0 0,5/2,0
Délka reakéni civky (m) 1,5 35 2,8 45
Koncentrace HCOOH (mol 1) 0,7 0,5 0,7 0,7
Pratokova rychlost argonu (ml min™) 12/9 13/11 16/12 7/5
Pratokova rychlost vodiku (ml minfl) 2,0/3,0 2,0 3,0/4,0 2,0
Pritokova rychlost vzorku (ml minfl) 4.5 4.5 4.5 3,0
Koncentrace HNO3 (mmol 1) 10,0 5,0 5,0 5,0

? Hodnoty pred/za lomitkem odpovidaji stanoveni selenu bez/s piidavkem HNO; do analyzova-
nych vzorkii; kde neni lomitko uvedeno, byly hodnoty stejné jako pri generovani pouze s HCOOH

Tabulka 2 Optimalni experimentalni podminky pro stanoveni selenu metodou CVG/QF-
AAS

Parametr Hodnota
Délka reakéni civky (m) 0,8
Koncentrace NaBH, (hmot. %) 0,5
Priitokova rychlost NaBH, (ml min?) 0,7
Koncentrace HCI (mol I™%) 1,0
Prattokova rychlost vzorku (ml min ™) 4,5
Prattokova rychlost argonu (ml min ™) 20

8 Redukéni ¢inidlo NaBH, bylo stabilizovano 0,4% NaOH
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4.2 Zakladni analytické charakteristiky

Za optimalnich pracovnich podminek UV-PVG/QF-AAS byla provedena kalibrace.
Pro vSechny typy UV-fotoreaktori byly kalibracni kiivky linearni do koncentrace
15 pg 17 Se(IV). Urgeny byly zakladni analytické charakteristiky (Tabulka 3). Dle
ocekavani byly niz$i meze detekce (LOD) a vys§i citlivosti dosazeny tehdy, pokud byla pii
generovani vyuzivana kyselina dusi¢na; LOD byly pfiblizné 1,5 — 3krat nizsi oproti stavu
bez piidavku této kyseliny. Opakovatelnost (relativni smérodatnd odchylka — RSD (%))
byla na dobré trovni, v Z4dném z piipadd nepresahla 2,4 % (mé&feno pro 5,0 pg I Se(1V)).
Nejniz§i hodnoty LOD a nejvyssi citlivosti (bez/s HNOs) byly ziskany pro Teflon II. Teflon
tedy v konkurenci pro UV-zafeni propustngjsiho kiemene obstal.

Pro porovnani jsou v poslednim sloupci tabulky uvedeny hodnoty dosaZzené pro
Se(lV) srovnavaci metodou CVG/QF-AAS. Kalibra¢éni kiivka byla opét linearni do
15 pg I"' Se(IV). PHi CVG byly pozorovany vys§i odezvy na slepy pokus, coz mize
souviset s omezenou &istotou redukéniho ¢inidla. Ve vysledku se tyto zvySené absorbance
projevily na dosazenych mezich detekce. Platilo, Ze oproti UV-PVG s nékterymi typy
UV-fotoreaktorii byla pti CVG dosazena horsi mez detekce, ackoliv citlivost byla vys$si.

Tabulka 3 Zakladni analytické charakteristiky dosazené¢ pro Se(IV) metodami UV-
PVG/QF-AAA a CVG/QF-AAS

UV-PVG CVG
UV-fotoreaktor Teflon | Teflon 11 Kiemen I Kiemen I1 -
Ptidavek HNO3 Ne Ano Ne Ano Ne Ano Ne Ano -
LOD (ng I 102 36 46 27 48 33 81 44 50
LOQ (ng I 341 121 153 89 160 111 271 147 | 165
Citlivost (10°Ing™) 16 43 32 54 30 47 19 35 41
RSD (%) 08 1,6 15 14 11 19 24 22 | 15
oo e ) 15 15 15 15 15 15 15 15 | 15

13



4.3 Analyza certifikovaného referen¢niho materialu

Za ucelem ovéfeni spravnosti navrzené metody UV-PVG/QF-AAS byla provedena
analyza certifikovaného referen¢niho materialu (SRM NIST 1643e). Jak ukazuji hodnoty
v Tabulce 4, dosazeno bylo dobré shody mezi certifikovanou a experimentalng zjisténou

hodnotou.

Tabulka 4 Analyza standardniho referenéniho materialu metodou UV-PVG/QF-AAS

SRM NIST 1643e Obsah selenu (ug 1)
Certifikovano 11,97 £ 0,14
Zjisténo (analyza bez HNO3) 11,42 +£0,40
Zjisténo (analyza s HNO3) 11,33+ 0,44

4.4 Ucinnost generovani tékavych sloucenin

Obecné je rozsifeno, ze dil¢i uéinnosti pro tvorbu, separaci plyn-kapalina a transport
t€kavé slouceniny (selenovodiku) jsou pii CVG V podstaté kvantitativni, a proto miZze byt
dany pristup ke generovani pouzit jako relativni méfitko uginnosti®. P experimentech
s radioaktivnim indikatorem "°Se, viak byly fadou autord dosaZeny podstatnd nizsi

18,22,23

hodnoty . Nekonzistentni vysledky mohou souviset s odlisnymi ptistupy k piipravé
indikatoru & k jejich uchovani®*. Navic bylo zjisténo, Ze "°Se(IV) uchovavany v kyseling
chlorovodikové (bézny postup zvoleny i pro potieby disertacni prace) miize byt pomérné
rychle oxidovan na hydridové neaktivni "°Se(V1)®.

V ramci studie byla nejprve prostiednictvim chemického generovani v davkovém
uspofadani ovéfena nejvy$$i moznd ucinnost generovani dosazitelnd s pfipravenym
radioindikatorem "*Se. V rozmezi n&kolika tydnii byly zjiitény nasledujici frakce ze vstupni
aktivity pouzitého radioindikatoru: 76,6 + 0,9 %; 82,4 + 0,7 %; 80,1 + 3,3 %; 83,8 + 0,8 %;
79,0 £ 0,8 %; 83,6 + 2,2 %. Dle ocekavani se ani v jenom piipadé G¢innost neptiblizovala
100 %.

Déle byla provedena série pokusii za tucelem zhodnoceni w¢innosti UV-PVG.
Zjistovany byly frakce analytu (% vstupni aktivity) adsorbované na dvou sériové
zapojenych kolonkach naplnénych aktivnim uhlim. Zadna aktivita pfitom nebyla

zaznamenana na druhé kolonce, coz sv&éd¢i o dobré sorpéni schopnosti aktivniho uhli. Pro
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ziskani celkové Géinnosti UV-PVG selenu byly frakce analytu na kolonkach vztazeny
k u¢innosti CVG v davkovém usporadani (maximélni dosazitelnd uginnost). Po ukon&eni
generovani byla celd aparatura rozebrana a zméfena byla aktivita jednotlivych jejich ¢asti;
méfena byla i aktivita kapalného odpadu. Tim bylo mozné odhalit potencialni ztraty analytu
Vjednotlivych c&astech aparatury a otestovat vhodnost materialit pouzivanych k jeji
konstrukci.

Dosazené vysledky jsou shrnuty v Tabulce 5 A (hodnoty pro UV-PVG bez kyseliny
dusi¢né) a v Tabulce 5 B (hodnoty pro UV-PVG s kyselinou dusi¢nou). Celkové G¢innosti
se pohybovaly mezi 21,3 — 56,5 %. Pramémné vyssi G¢innosti (57,7 — 67,1 %) byly
zaznamenany pii UV-PVG s navic ptidanou kyselinou dusiénou. Nejvétsi rozdil
v t¢innostech mezi vzorky bez/s HNO3 byl zaznamenan pro Teflon I, u né¢hoz se hodnoty
lisily vice nez dvojnasobné (cca 2,6krat). Takto vyznamny narGst pomérné dobie
korespondoval s vysledky experimentli s neaktivnim selenem (napf. podobny rozdil jako
mezi LOD dosazenymi pti UV-PVG/QF-AAS). U ostatnich civek nebyl nartist uéinnosti
v dasledku ptidavku kyseliny dusi¢né tak vyrazny, pohyboval se mezi 4,1 — 12,0 %.

Primérné méné radioindikatoru selenu ztstavalo zachyceno v aparatuie tehdy, pokud
byla do analyzovanych vzorkll pifidavana kyselina dusicna. To by mohlo souviset
S vymyvacimi schopnostmi této kyseliny nebo S rozdilnymi produkty generovanymi bez/s
HNOs. Dle Gvahy o rozdilnych tékavych produktech by se tedy selenokarbonyl zachytaval
Vaparatufe méné¢ nez selenovodik (pfi UV-PVG skyselinou dusiénou vznika
pravd&podobna pouze selenokarbonyl)*.

Pokud jde o material reakéni civky UV-fotoreaktoru, nelze jednozna¢né rozhodnout,
zda se vice analytu sorbovalo v teflonové nebo kiemenné civce. Ve vétSiné piipadd byla ve
vyluzich z reaktoru nalezena frakce analytu do 1 % bez ohledu na pouZity material.
Osvédcily se i1 ostatni materidly pouzité k sestaveni aparatury (Tygonové a Teflonové
hadicky, spojky apod). Celkovy soucet zmétenych aktivit byl v dobré shod¢ se vstupni
aktivitou, coZ znamena, ze nebyly zpozorovany vyznamné ztraty radioaktivity; ve vSech

ptipadech bylo nalezeno minimalné 96,6 % vstupni aktivity.
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Tabulka 5 Frakce radioaktivniho indikétoru "°Se nalezené v jednotlivych fézich a Sastech

aparatury po UV-fotochemickém generovani t&kavych slou¢enin selenu®

A) UV-fotochemické generovani bez Kkyseliny dusi¢né

UV-fotoreaktor Teflon | Teflon 11 Kiemen I Ktemen I1
Frakce analytu (%)
Plynna faze 16,3+£0,3 44,6 + 1,6 422+1,8 42,1 +3,8
Kapalny odpad 77,5+1,9 453+0,9 47,1+£0,5 46,0+5,2
Odpadni hadi¢ky 3,0 3,7+0,1 0,7 3,6
Reakéni civka 0,6 0,3 5,8+0,1 0,5
Separator fazi 1,2 2,8+0,1 0,9 3,6
Ostatni hadicky 0,2 0,8 2,3 1,8
Soucet aktivit 98,8+0,5 97,5+0,6 99,0+ 0,4 97,6 =04
Celkova udinnost 21,3+0,5 56,5 +2,2 55,1 +24 54,9 +5,1
B) UV-fotochemické generovani s pridanou kyselinou dusi¢nou
UV-fotoreaktor Teflon | Teflon 11 Kiemen I Ktemen II
Frakce analytu (%)
Plynna faze 442 +2.6 47,8 +£0,5 51,4+0,5 474+1,3
Kapalny odpad 52,2+0,7 50,0+ 1,3 41,7+1,8 50,0 £0,8
Odpadni hadi¢ky 1,6 0,7 1,7 2,2
Reakéni civka 0,1 0,0 1,0 0,7
Separator fazi 0,4 0,0 0,5 0,1
Ostatni hadicky 0,2 0,0 0,3 0,5
Soucet aktivit 98,7+0,5 98,5+0,7 96,6 +0,4 100,9 +£0,5
Celkova udinnost 57,7+3,4 60,5 +1,0 67,1 £1,0 61,8+1,8

2 Hodnoty v #ddku ,, Plynnd faze“ a ,,Kapalny odpad “ jsou aritmetickymi prioméry ze ti méfeni +

smérodatnd odchylka. Nejistoty v ostatnich Fadcich byly vypocitany dle Kragtena®; nejistoty pod

0,05 % nejsou zaznamendny. V poslednim radku tabulky je uvedena celkova ucinnost UV-PVG

ziskand po korekci na maximalni dosazitelnou ucinnost generovani (76,6 % pro Teflon I, Kiremen

1, 11 nebo 79,0 % pro Teflon II).

Pro porovnani byla zjistovana také uéinnost CVG v pritokovém usporadani. Za

podminek shrnutych v Tabulce 2 bylo na kolonkach (a tedy v plynné fazi) nalezeno pouze

35,1 £ 0,5 % vstupni aktivity. Po korekci na maximalni dosazitelnou u¢innost danou CVG
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v davkovém uspotadani &inila uéinnost CVG 44,4 + 0,8 %. Oproti UV-PVG byla
v aparatufe po CVG nalezena podstatné vétsi frakce radioindikatoru; 16,9 + 0,2 % bylo
zjisténo v odpadnich hadickach a 7,1 + 0,5 % v reakéni civee a separatoru fazi. Tyto vy-
sledky by mohly podpotit vyse uvedené tvrzeni, Ze je selenovodik oproti selenokarbonylu
pravdépodobné mnohem vice zachytavan na sténach aparatury; na rozdil od UV-PVG je pii
CVG je generovan pouze selenovodik. Vice radioaktivniho analytu zachyceného Vv systému
by mohlo mit ¢aste¢né vliv i na celkové nizsi ucinnost generovani ve srovnani s UV-PVG.
Pfi naslednych pokusech bylo ovéfeno, Zze se vzdjemné li§i pracovni podminky
vedouci k dosazeni maximalni citlivosti (pfi UV-PVG/QF-AAS) a maximalni uéinnosti
generovani te€kavych slou¢enin. Celkovou u¢innost se podafilo zvysit o vice nez 12 %,
pokud byl za pozménénych podminek (tedy ne té&ch optimalnich pro UV-PVG) proveden

dodateény experiment s radioindikatorem "Se.

4.5 Analyza praktickych vzorki

Dalsi experimenty byly provedeny za ucelem ovéteni aplikovatelnosti navrzené
metody UV-PVG/QF-AAS pro rutinni analyzu. Pro ziskani ucelengjsi pfedstavy o mozném
praktickém vyuziti metody byly vybrany dva typy vzorkd s riznorodou matrici. Nejprve
byl obsah selenu stanovovan ve vzorcich pitnych vod. Nalezeny byly hodnoty kolisajici
v okoli meze stanovitelnosti uréené pro selen metodou UV-PVG/QF-AAS. Ukazalo se
tedy, ze pravdépodobné diky nizkému obsahu Se(IV) v analyzovanych vodach neni
navrzena metoda pro podobny typ vzorkd optimalni.

Nasledovalo stanoveni selenu v potravinovych dopliicich. Analyzovano bylo pét
komer¢éné dostupnych preparati (A — E). Ziskané vytéznosti pro jednotlivé vzorky jsou na
Obr. 2 vyjadieny ve formé sloupcovych grafi. Az na jednu vyjimku (vzorek E) jsou
hodnoty v rozumné shod¢ s hodnotami deklarovanymi vyrobci (+ 15%).

Protoze se jednalo o doplnky stravy obsahujici ve vodé rozpustné specie Se(IV) nebo
Se(VI), zvoleny byly relativné jednoduché upravy vzorki pred analyzou. Pokud byly
analyzovany vzorky s obsahem seleni¢itych iontl, uéinna byla pouha ultrazvukem
asistovana extrakce Se(IV) z tablet deionizovanou vodou; pro v§echny vzorky bylo zjisténo
vice nez 90 % z mnozstvi selenu uvedeného v piibalovych letacich potravinovych dopliku.
Vedle deionizované vody byla k extrakci vyuzita také 0,5 mol 1" HNOs a 50,0 mmol I
HCI, pti¢emz dosazeny byly srovnatelné vysledky. U vzorka s obsahem Se(VI) bylo nutné
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pted vlastnim stanovenim metodou UV-PVG/QF-AAS zafadit ptredredukéni krok.
Piedredukce na hydridové aktivni Se(IV) spocivala v povateni vzorku (30 min, 90 — 95 °C)
v 6,0 mol I"! HCL. Vzorek E byl navic podroben mikrovinnému rozkladu v piitomnosti
koncentrované kyseliny dusiéné a peroxidu vodiku. Tato procedura byla zvolena z diivodu
neuspokojivych vysledkl ziskanych pii Gipravé vzorku pouze na zakladé jeho rozpousténi

V deionizované vodeé.

;* 100 A 0 F ] ;;120 B)
S & % g g
) £ ’ H gloo
S w =N AIE =
= g E 80
60 = g £
= / H 60
H 7 H
40 H ’ H
H ? H 40
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Vzorek A Vzorek B Vzorek C Vzorek D Vzorek E

Obr. 2 Vytéznosti selenu u jednotlivych testovanych potravinovych dopliiki

Hodnoty jsou vztazeny k obsahiim deklarovanym vyrobci (povazovano za 100 %); A) Vzorky
s obsahem Se(1V); B) Vzorky s obsahem Se(VI)

Jednotlivé sloupce odpovidaji vyuziti riiznych extrakcnich cinidel:

H0: I 12; HNO, (4, B, C) nebo HNO, + H 0, (E): T ([, #ee: 1 13

1 — Prvni stanoveni, Il — Druhé stanoveni

4.6 In situ zachyt tékavych sloucenin v grafitové kyveté

Propojeni techniky UV-fotochemického generovani s in situ zachytem vygenerova-
nych té€kavych sloufenin a naslednou atomizaci v grafitové kyveté (UV-PVG/GF-AAS)
bylo realizovano za ucelem mozného vylepSeni mezi detekce a citlivosti oproti hodnotam
dosazenym pti UV-PVG s on-line atomizaci v kiemenném atomizatoru.

Prakticky bylo nezbytné sestavit nékolikafazovy teplotni program zahrnujici proces
zachytu tekavych sloucenin, volatilizaci a atomizaci. Konkrétné byla optimalizovana
poloha zavadéci kapilary vii€i dnu grafitové kyvety pfi zachytu (optimum 2 mm), kolekéni

teplota (optimum 350 °C), doba trvani zachytu (zvoleno 60 s) a teplota pfi atomizaci



(optimum 2 000 °C). Kviili zvySeni G¢innosti zachytu té€kavych sloucenin v grafitové ky-
veté byl jeji vnitini povrch modifikovan. Vybrano bylo iridium, jeden z tzv. permanentnich
modifikatorti. Vytvofeny povlak nebylo nutné obnovovat pred kazdym méficim cyklem,
byl staly i po vice neZ tisici méfenich. Podminky UV-PVG zistaly az na pratokovou
rychlost argonu stejné jako pii UV-PVG/QF-AAS; pritok argonu byl optimalné nizsi.
Zatazeni in situ zachytu t€kavych sloucenin splnilo sviij uéel. Pokud byly hodnoceny
vysky pikl, meze detekce se podafilo sniZit az o jeden fad ve srovnani s atomizaci
v kifemenném atomizatoru. DosaZené vysledky jsou shrnuty v Tabulce 6 (k porovnani
s hodnotami v Tabulce 3, se sloupci piislusejicimi Teflonu [1). Jesté zfeteln&jSimu
vylepSeni hodnot branily zejména vyssi signaly slepych pokust pifi experimentech
s grafitovou kyvetou. Tomu nasvéd¢uji i rozdily v citlivostech, kdy pii UV-PVG/GF-AAS
byly zjistény az padesatkrat vys$§i hodnoty oproti UV-PVG/QF-AAS. Navic, dalsi posun
smérem k lepSim citlivostem by byl mozny tehdy, pokud by byla prodlouzena kolekce
tekavych sloucenin v grafitové kyveté ze stavajicich 60 s. Vedle koncentra¢nich LOD/LOQ
(ng I'") jsou v tabulce uvedeny absolutni LOD/LOQ (pg) zohlediiujici pritokovou rychlost
vzorku a dobu kolekce té€kavych sloucenin v grafitové kyveté. Citlivost je vyjadiena jako
smérnice kalibracni k¥ivky, uvedena je také v souvislosti sGF-AAS obvykle
upiednostiiovana charakteristicka hmotnost (pg). Pro porovnani jsou v Tabulce 6 uvedeny
také hodnoty pro srovnavaci metodu CVG/GF-AAS. Spravnost metody byla opét ovétena

analyzou certifikovaného referencniho materidlu a také analyzou dvou vzork fi¢nich vod.

Tabulka 6 Zakladni analytické charakteristiky dosazené pro selen metodami UV-PVG/GF-
AAS s fotochemickym ¢inidlem kyselinou mravenéi a CVG/GF-AAS

UV-PVG s Teflonem |1 CVG
Parametr Bez HNO; S HNO;
Charakter. hmotnost (pg) 12 10 13
LOD (ng ™" 6 4 8
LOQ (ng I 19 14 28
Absolutni LOD (pg) 26 18 37
Absolutni LOQ (pg) 86 61 124
Citlivost (10 ° 1 ng™") 1616 1989 1556
RSD (%) 3,2 3,0 2,7

-1

(LL%% ‘f‘ggglg ) 1,0 1,0 1,0
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K odhadu u¢innosti UV-PVG bylo provedeno porovnani s piimym zavadénim
kapalného vzorku do grafitové kyvety (povazovano za 100%). Pokud by mély byt Gi¢innosti
srovnany s hodnotami ziskanymi na zakladé experimentii s radioindikatorem "*Se, mohlo
by byt pro Teflon II vyféeno nasledujici: Lepsi shody bylo dosazeno pro UV-PVG bez
ptidavku kyseliny dusi¢né, kdy byla v této ¢asti studie G€innost generovani odhadnuta
pfiblizné na 65 % a pifi experimentech s radioindikatorem selenu to bylo zhruba 0 10 %
méné. Pfi generovani s kyselinou dusi¢nou byl rozdil v u¢innostech vétsi; piiblizné o 20 %
niz§i uéinnosti (hodnoceny vySky piku) byly ureny pii objektivn&j$im zpisobu
kvantifikace u¢innosti. Také v piipadé CVG byly nizsi G¢innosti zjistény pti experimentech

s radioindikatorem selenu.

4.7 Interferenéni studie

Hlavnim cilem posledni Casti disertaéni prace bylo objasnit, jaky vliv maji na
stanoveni selenu metodou UV-PVG/QF-AAS (i UV-PVG/GF-AAS) riizné anorganické
ionty. Pro studium byly vybrany zastupci pifechodnych kovii (Co(II), Ni(Il), Cu(Il) Fe(III),
Mn(I1), Cr(I11), Cd(I1), Ag(l)) a ostatnich hydridotvornych prvkt (As(III), Sb(IIT) a Pb(II)).
Zjistovan byl také vliv mineralnich kyselin (HCI, H2SO4, H3POy) a piislusnych soli (NaCl,
Na»SO4, NazPO,) na analyticky signal selenu.

Vysledky ukazaly, ze v navrzeném uspofadani je CVG oproti UV-PVG celkové
odolngjsi wvuci pritomnosti zkouSenych interferentl; nejmensi odolnost vykazovalo
UV-PVG s pridavkem kyseliny dusi¢né do analyzovanych roztoki. Pro prakticka stanoveni
by mohla byt problematickd zejména nizka odolnost vii¢i minerdlnim kyselindm, které se
Casto vyuzivaji k uchovani ¢i upravam vzorku pied analyzou. Vysoka citlivost stanoveni by
vsak mohla v mnoha pfipadech umoznit vzorky vhodnym zplsobem nafedit a
minimalizovat tak mozné komplikace plynouci z pfitomnosti ruSivych slozek matrice.
K omezeni vlivu interferentd by mohly byt, teoreticky, vyuzity i dal$i znamé zpisoby
(odpafovani, metoda standardniho piidavku, maskovaci €inidla apod.). Vysledky studie
nepotvrdily tvrzeni nékterych autord, ze pravé vyssi tolerance vuci interferencim
piedstavuje jednu z vihod UV-PVG oproti CVG**®. Naopak v souladu s ostatnimi autory je

poznatek, ze fada interferentii zpiisobuje pfechodny nartist analytického signalu.
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5 ZAVERY

Disertacni prace se zabyva UV-fotochemickym generovanim tékavych sloucenin,
které bylo aplikovano jako mozna alternativa k doposud zavedenym pfistupim ke
generovani tékavych sloucenin (tj. chemické ¢i elektrochemické generovani). Jako
modelovy analyt byl pro studii zvolen zastupce klasickych hydridotvornych prvki selen
(Se(1V)), tekavé slouceniny byly detekovany atomovou absorpéni spektrometrii.

V prvé fazi vyzkumu byla sestavena aparatura pro UV-fotochemické generovani
vrezimu kontinudlni pritokové analyzy, ktera byla on-line propojena se zevné
vyhiivanym kfemennym atomizatorem (detekce QF-AAS). Duraz byl kladen na konstrukcei
generatoru tékavych sloucenin neboli na UV-fotoreaktor. Testovano bylo nékolik variant
slozenych z nizkotlaké rtutové UV-vybojky a K jejimu povrchu upevnéné reakéni civky.
Jako reakéni civky se uplatnily dva druhy teflonovych hadi¢ek a dva druhy kiemennych
kapilar lisici se svymi rozméry (délka, vnitfni/vnéj§i primér) a zpusobem piichyceni
k vybojce.

Po kompletaci aparatury byly optimalizovany zakladni pracovni podminky procesu
UV-PVG selenu. Za optimalnich podminek byly pro kazdy typ UV-fotoreaktoru uréeny
zakladni analytické charakteristiky stanoveni selenu metodou UV-PVG/QF-AAS. Meze
detekce se s vyuzitim fotochemického Ccinidla kyseliny mravenci pohybovaly mezi
46 — 102 ng I”'. Ukézalo se, Ze teflonové reakéni civky v navrzeném uspofadani UV-
fotoreaktoru velmi dobie konkuruji tém kfemennym, ackoliv je kiemen obecné (pfi stejné
tloust’ce stén) podstatné 1épe propustny pro UV-zareni. SpiSe nez material reakéni civky
méla na valida¢ni parametry vliv kyselina dusi¢na navic ptidana do analyzovanych roztokd.
Pridavek této kyseliny vuzkém koncentranim rozmezi (cca 5,0 — 10,0 mmol [
v zavislosti na UV-fotoreaktoru) vedl ke znaénému vylepSeni mezi detekce a citlivosti
stanoveni selenu metodou UV-PVG/QF-AAS. Konkrétné meze detekce se timto krokem
podafilo snizit na 27 — 44 ng I”'. K vyzdviZeni je celkové dobra opakovatelnost mé&fen,
ktera pro zadny testovany UV-fotoreaktor (bez/s kyselinou dusi¢nou) nepieséhla 2,4 %.
Spravnost navrzené metody byla uspé$né ovéfena analyzou certifikovaného referencniho
materialu.

Na zaklad$ experimentii s radioaktivnim indikatorem "Se byla pro jednotlivé typy
UV-fotoreaktorii zjistovana uéinnost UV-fotochemického generovani. Opét byly vyssi
ucinnosti dosazeny v téch pfipadech, kdy byly analyzovany vzorky s pfidavkem kyseliny
dusiéné (21,3 — 56,5 % vs. 57,7 — 67,1 %). Vétsinou vsak rozdily v hodnotach nebyly tak
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markantni jako u mezi detekce ¢i citlivosti. Kromé pievodu analytu na t€kavé slouceniny
umoznila metoda sledovat distribuci analytu do jednotlivych ¢asti aparatury. Ukazalo se, Ze
Vv systému bylo sorbovano relativné malo radioindikatoru. Navic, pokud byla pifi generovani
vyuzita kyselina dusi¢na, frakce analytu nalezena v aparatufe se jest¢ snizila. To mohlo
souviset napf. s vymyvacimi schopnostmi kyseliny dusi¢né nebo s rozdilnymi t€kavymi
produkty generovanymi piti UV-PVG bez/s touto kyselinou. Experimentalné bylo
prokazano, ze spolu plné nekoresponduji pracovni podminky, za kterych je dosahovano
maximalnich citlivosti a maximalnich G¢innosti generovani.

Prakticka vyuZitelnost navrzené metody byla ovéfovana analyzou vzorki
s riznorodou matrici. Stanovovan byl obsah selenu ve vzorcich pitnych vod, kdy byly
zjistény hodnoty kolisajici v okoli meze stanovitelnosti metody UV-PVG/QF-AAS.
Pozitivngjsi vysledky pfinesla analyza vybranych potravinovych doplikt. Vzhledem
k charakteru vzorkl se osvéd¢ila pouze jejich nenaro¢na prediprava zahrnujici rozpousténi
vzorku v deionizované vod¢ s vyuZitim G¢inku ultrazvuku. Pro vzorky s obsahem Se(VI)
bylo nutné zatfadit navic predredukéni krok. Pro Ctyfi z péti vzorkd byla dosazena
minimalné 85% shoda oproti vyrobcem deklarovanému obsahu selenu.

Piestoze byly meze detekce dosazené metodou UV-PVG/QF-AAS nizké, za uéelem
dalsiho mozného vylepseni hodnot bylo UV-fotochemické generovani propojeno s in situ
zachytem tékavych sloucenin pied vlastni atomizaci atomovou absorpéni spektrometrii. Pro
fazi zachytu a naslednou elektrotermickou atomizaci byla vyuzita grafitova kyveta, jejiz
vnitini povrch byl pro zvysSeni ucinnosti zachytu modifikovan iridiovym povlakem. Proces
zavadéni t€kavych sloucenin do grafitové kyvety byl automatizovan. V ramci optimalizace
pracovnich podminek byla pozornost vénovana sestaveni nékolikafdzového teplotniho
programu. Jak potvrdily dosazené analytické charakteristiky, zamér zafazeni in situ zachytu
tekavych sloucenin byl spravny. Meze detekce se timto krokem podafilo snizit az o jeden
fad, vyrazné vzrostly citlivosti. Pfiblizné 1% pokles byl zaznamenan v souvislosti
s opakovatelnosti. Navrzend metoda byla porovndna s pfimym zavadénim kapalného
vzorku do grafitové kyvety (stanoveni selenu bez zatazeni generovani tékavych sloucenin).

V posledni ¢asti disertacni prace byla provedena interferencni studie. Zkouman byl
vliv vybranych prechodnych kovill a ostatnich hydridotvornych prvkl na stanoveni selenu
metodou UV-PVG s QF-AAS ¢i GF-AAS detekei. Zjistovan byl také t¢inek mineralnich
kyselin a piislusnych soli. Jak se ukdzalo, omezena odolnost vi¢i interferenénim vlivim je
na soucasné urovni poznani ziejme nejvétsim nedostatkem UV-fotochemického generovani

tékavych sloucenin a mohla by byt limitujicim faktorem pifi analyze nékterych typt
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realnych vzorkd. Vysoka citlivost stanoveni by v8ak mohla v mnoha pfipadech umoznit
vzorky vhodnym zplsobem nafedit a minimalizovat tak mozné komplikace plynouci
z pfitomnosti rusivych slozek. K omezeni vlivu interferenti by mohly byt teoreticky
vyuzity i dal$i zndmé zpisoby (odpafovani, metoda standardniho piidavku, maskovaci
¢inidla apod.). Pro zna¢nou ¢ast zkoumanych interferenti platilo, Ze v urcitém
koncentraénim rozmezi analyticky signal selenu vlivem jejich pfidavku podstatné rostl.
I tohoto poznatku by se dalo prakticky vyuzit, stejné jako bylo v diserta¢ni praci vyuzito
ucinkd kyseliny dusiéné.

Pro srovnani byla zna¢na ¢ast vySe uvedenych experimentil provedena téz s vyuzitim
chemického generovani tékavych slou¢enin s redukénim ¢inidlem tetrahydridoboritanem
sodnym. Za zoptimalizovanych pracovnich podminek dosazené analytické charakteristiky
jasné ukazaly (pokusy s kfemennym i grafitovym atomizatorem), ze je UV-fotochemické
generovani plné alternativni k tradi¢nimu pfistupu ke generovani tékavych sloucenin.
Zejména pii UV-fotochemickém generovani s kyselinou dusi¢nou bylo dosahovano lepsich
mezi detekce a citlivosti, linearni dynamicky rozsah ¢i opakovatelnost zustaly pfiblizné
zachovany. Porovnatelné byly i u¢innosti vycislené na zakladé experimenti s radioaktivnim
indikatorem selenu; niz§i hodnoty odpovidajici chemickému generovani v pritokovém
usporadani mohly caste¢né souviset s vétsim podilem radioaktivniho analytu zjisténym
Vv aparatufe po generovani. Za vyhodu chemického generovani oproti UV-fotochemickému
generovani mize byt oznacena celkové vyssi odolnost vici studovanym interferentim.

Zavérem lze konstatovat, ze se GspéSn¢ podarilo splnit vytyCené cile disertacni cile.
Kromé cinnosti obvyklych pifi zavadéni nové metody (optimalizaéni studie, urceni
zékladnich analytickych charakteristik nebo tfeba studium interferenci) byla feSena dalsi
témata prispivajici k rozvoji studované problematiky. Jmenovana milze byt napf.
kvantifikace u¢innosti s vyuzitim radioindikatoru selenu, aplikace metody UV-PVG/QF-
AAS pfi analyze potravinovych doplikd ¢&i zautomatizovany in situ zachyt tékavych
sloucenin v grafitové kyveté. O vyznamu disertacni prace svéd¢i fakt, ze byly dosazené
vysledky publikovany v nékolika odbornych impaktovanych ¢asopisech.

Celkovy dojem z UV-fotochemického generovani vytvoieny na zakladé celé fady
provedenych pokust je takovy, ze by tento citlivy a nenarocny pfistup ke generovani
tékavych sloucenin mohl zaujmout rovnocenné postaveni mezi ostatnimi zplsoby
generovani (a to nejen v nasi laboratofi spektrometrickych metod). Vzhledem k omezené
odolnosti vici interferen¢nim vlivim lze ocekavat, ze v laboratorni praxi najde tato

technika zavadéni vzorku uplatnéni zejména pii analyze vzorkd s jednodussi matrici.
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Abstract

This thesis deals with the study of UV-photochemical generation of volatile
compounds (UV-PVG) in connection with atomic absorption spectrometry (AAS).
Selenium (Se(1V)) was selected as a model analyte and many experiments were carried out
to expand the current sum of knowledge of the topic.

The study was commenced by assembling the UV-PVG apparatus in the continuous
flow mode. The detection method used was AAS with externally heated quartz furnace
atomizer. The focus of the first step of the study was on the construction of the volatile
compounds generator (UV-photoreactor) with emphasis on the material used; tubes made of
teflon or quartz of different diameters were tested. The construction of the apparatus was
followed by optimization of the reaction conditions (the type and concentration of the
photochemical agent and other agents, which increase the analytical signal; the carrier gas
and the auxiliary hydrogen gas flow rate; the sample flow rate). Eventually, the analytical
figures of merit of the selenium determination using the proposed method were found. The
results showed that teflon reaction tubes are a good competitor to those made of quartz. The
accuracy of the method has been successfully verified by analysis of certified reference
material and its applicability has been further tested on analysis of samples in various
matrices; selenium was determined in samples of drinking water and selected dietary
supplements. Series of experiments using radiotracer °Se have been carried out to estimate
the overall efficiency of the conversion of the analyte to the volatile compound. Moreover,
it was possible to observe the distribution of the analyte in the apparatus. Further
improvement of sensitivity and the limits of detection was achieved by combining the
UV-PVG with in situ collection of the generated volatile compound in a graphite furnace
prior to its electrothermal atomization. Another set of experiments carried out was an
interference study addressing the effects of selected inorganic acids and salts, transition
metals and other hydride forming elements on the determination of selenium.

For comparison, many experiments were performed using traditional chemical
generation with sodium borohydride as a reducing agent. The figures of merit and the
efficiency achieved with the optimized conditions clearly show that UV-PVG is fully
comparable alternative to the conventional approach to the generation of volatile
compounds. The main disadvantage at the current state of its research lies in the lower
tolerance of UV-PVG to interference effects.
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1 INTRODUCTION

Spectrometric methods rank among the most important analytical approaches used
for (ultra)trace element analysis. Although especially methods utilizing inductively coupled
plasma as an excitation source have come to the fore in recent years, atomic absorption
spectrometry (AAS) is still successfully employed. It excels in a relatively easy
arrangement and thus lower acquisition and operational costs. This method can be used in
several variants, which differ in the atomization. Electrothermal atomization or atomization
in a quartz furnace atomizer are suitable for (ultra)trace analysis. Both types can be
effectively connected with the generation of volatile compounds.

Selenium is a very important and interesting trace element in terms of human body. It
can be essential as well as toxic and the borderline between these states is relatively sharp™.
This dual behavior has led to selenium becoming the subject of many studies. Selenium is
also one of the classical hydride forming elements that can be relatively simly converted to
a volatile compound.

The generation techniques have been successfully used for several decades as an
alternative to conventional liquid sample introduction. They have the advantage of high
introduction efficiency of the analyte to the detection system and in effective separation of
an analyte from the sample matrix. These phenomena often lead to prevention of
interferences and reduction of limits of detection. There are several ways to convert the
analyte from the condensed phase to the gaseous phase. Especially chemical vapor
generation (CVG) has been extensively employed; in this process, the analyte is usually
reduced to a volatile compound through the reaction with sodium borohydride in a
hydrochloric acid medium (NaBH,-HCI system). Despite its high popularity, CVG also has
some drawbacks. For example, the reducing agent NaBHj is rather expensive, unstable and
can be prepared only with limited purity (so it becomes a potential source of sample
contamination)?®.

UV-photochemical generation of volatile compounds (= UV-photochemical
vapor generation; UV-PVG) is a relatively new approach to vapor generation. The analyte
is transferred to volatile compounds through the action of UV-radiation on the liquid
sample. Conversion to the gaseous phase also requires the presence of a photochemical
agent, usually a low molecular weight organic acid*®. The reaction mechanism for the
generation of volatile compounds is still a matter of discussion because of the complicated
nature of photoreactions. Several theories have been proposed. One of them assumes the



formation of reactive free radicals as a result of photolytic decomposition of the
photochemical agent, which subsequently reduces the studied analyte®. An alternative
mechanism without the presence of these radicals has been suggested; computational
methods were applied to determine the mechanism’.

There are two basic modes of generation — the direct transfer mode and the collection
mode. In the direct transfer mode, volatile compounds released from a sample solution are
directly transported to the atomizer®. These variants are currently employed: continuous

1011 and batch arrangement®*?; the batch arrangement is not so often

flow*®, flow injection
used in UV-PVG. In the collection mode, volatile compounds are trapped in a collection
device until the evolution is completed. Volatile compounds are then atomized all at once®.
Collection techniques have been applied in the identification of volatile species (cryotrap-
ping)**. In order to increase the sensitivity, volatile compounds of certain analytes have
been collected directly in an atomizer; in situ trapping and atomization in a heated graphite
furnace (GF-AAS) has usually been used for this purpose’®**. Besides the improvement in
sensitivity, in situ trapping brings some additional advantages in comparison with the direct
atomization. Elimination of influence of the kinetics of volatile compounds release from the
phase separator, reduction of atomization interferences or reduction of fluctuations of the
carrier gas flow on the analytical signal are considered to be benefits.

The UV-photoreactor (the generator of volatile compounds) is the main part of the
apparatus for UV-PVG. Various design types have been described. In flow-through
arrangements, it usually consists of a source of UV-radiation and a reaction coil through
which the sample flows. Mercury UV-lamps with various pressures inside the tube and with

various outputs are used as the source of radiation. The reaction coil is made of teflon*™® o

r
quartz tubes™. It is usually wrapped around the source of UV-radiation, but it can be
connected to the surface of the UV-lamp in some other way.

The whole generation process consists of several phases that include conversion of
the analyte into a volatile compound, its release from the liquid phase to the gaseous phase
(gas-liquid separation) and subsequent transport by a stream of the carrier gas into the
detector. The resultant generation efficiency is dependent on the efficiencies of the
individual steps. Several approaches can be used to evaluate it. Using radiotracer of the
analyte (radioactive indicator) is the most trustworthy mean. The efficiency is determined
based on comparison of the radioactivity of the relevant radioactive indicator measured in
the solution (the sample solution before UV-PVG) and the activity of the same indicator in
the form of the generated volatile compound trapped on a suitable sorbent. Furthermore,



this method can be used to map the distribution of the radioisotope (and thus also the
studied analyte, because it is in the same form) — in addition to the fraction of the analyte
converted to the volatile product, the fraction in the liquid waste or on the individual
surfaces of the apparatus can be found*",

One problem with the conventional chemical generation are interferences caused by
the transition metals®. Such interferences typically occur during the generation step, due to
the production of active metals (e.g. metallic state, colloidal forms) that adsorb and/or

decompose the generated hydrides or the reducing agent NaBH>**%

. Other possible
interferences include hydride forming elements, which may cause gas-phase interferences
(in the atomizer). Tolerance to the potential interferences was investigated also for
UV-PVG*'25 It was found that serious interferences persist in this way of generation.
Interference mechanisms are not fully understood yet, but it is likely that they partially
coincide with those in CVG (e.g. competition between the analyte and interferents for the
reducing radicals; co-precipitation of reduced forms of interferents with UV-PVG

intermediates of analyte®®).

2 AIMS OF STUDY

The primary aim of this thesis was to implement UV-photochemical vapor generation
into the laboratory of spectrometric methods (Department of Analytical Chemistry, Faculty
of Science) and to enrich the range of currently used sample introduction techniques with a
new alternative. The intention was not only to use information from the literature, but also
try to contribute to the further development of the technique. Several partial objectives have
been defined:

1. To construct the apparatus for UV-photochemical vapor generation in a
continuous flow mode and connect it with atomic absorption spectrometry with
an externally heated quartz furnace atomizer (UV-PVG/QF-AAS).

2. To focus more on the possible construction of a volatile compounds generator.

3. To optimize the experimental conditions for the model element selenium and to
determine the basic analytical characteristics.

4. To verify the accuracy of the studied method by the analysis of the certified
reference material and to test the method for analysis of the selected real
samples (water samples, food supplements).



5.  To determine the efficiency of UV-photochemical vapor generation mainly
based on the experiments with radioactive indicator "*Se.

6. To reduce detection limits and increase the sensitivity of the selenium
determination using in situ trapping of the generated volatile compounds in a
graphite furnace of atomic absorption spectrometer (UV-PVG/GF-AAS) prior to
the electrothermal atomization, if possible.

7. To perform interference study — to monitor the impact of the selected mineral
acids and salts, transition metals or other hydride forming elements on the
determination of selenium by the proposed method.

8.  To perform overall comparison with the traditional chemical vapor generation
based on reaction with the reducing agent sodium borohydride (to compare basic

analytical characteristics, efficiency or resistance to interferences).

3 MATERIAL AND METHODS

3.1 Instruments and equipment

3.1.1 UV-photoreactor

In UV-PVG, the volatile compounds of selenium were generated in a flow-through
reactor consisting of a source of UV-radiation with a reaction coil attached to its surface. A
low-pressure mercury UV bench lamp (253.7 nm, 20 W; dimensions: 610 x 152 x 108 mm)
(Ushio, Japan) was used as the radiation source. The reaction coil was made of teflon or
quartz. The teflon tubing was tightly coiled around the UV-lamp; the quartz tubes bend in
the shape of a letter "S" were interconnected by pieces of Tygon tubing and were attached
to the surface of the mercury UV-lamp by common cable ties. For simplification, the
individual reaction coils (and thus also the UV-photoreactors) are designated in this study
according to the kind of material used and dimensions as:

» Teflon 1 (1.0 mmi.d./2.0 mm o.d.)

» Teflon 11 (1.0 mmi.d./1.4 mm o.d.)
» Quartzl (20mmi.d./4.0 mmo.d.)
» Quartz Il (0.5 mmi.d./2.0 mmo.d.)



3.1.2 Atomic absorption spectrometer

A Solaar 939 (Unicam, UK) atomic absorption spectrometer was used as a detector of
volatile selenium compounds. Deuterium background correction was applied for all the
experiments (Cathodeon, UK). A selenium hollow cathode lamp was mostly employed as a
radiation source (operated with a current of 10 mA, band-pass of 0.5 nm) (Heraeus, UK).
Radiation was detected at the selenium resonance wavelength of 196.0 nm. Only when
analyzing real samples, a boosted discharge hollow cathode lamp (also called superlamp)
was used as a radiation source (Photron, Australia).

Atomization of volatile compounds was carried out in a T-shaped quartz furnace
externally heated to 950 °C. Atomization in a GF 90 graphite furnace atomizer was used
(Unicam, UK) during UV-PVG with in situ trapping. The inner surface of the graphite
furnace with an extended lifetime was coated with iridium.

3.1.3 Measurement of radioactivity

In experiments with "°Se radioactive indicator, the radioactivity was measured off-line
by a Minaxi Auto-Gamma 5000 series gamma-counter (Packard Instrument Co., USA)
equipped with a scintillation Nal(T1) well-type crystal detector. An energy window in the
range from 60 to 467 keV was set on the analyzer and the counting time of 120 s was
employed.

3.2 Procedure

3.2.1 Generation of volatile compounds

UV-photochemical vapor generation was realized in a continuous-flow mode. Before
the analysis, the liquid samples containing selenium were off-line mixed with a
photochemical agent. An additional agent (mostly nitric acid) was also added in some
experiments. Samples/blanks were propelled with the aid of the peristaltic pump to the
UV-photoreactor, where selenium volatile compounds were formed as a result of the
UV-irradiation. Switching between sample and blank pumping was performed using a
manually turned two-way valve. The reaction mixture enriched with generated volatile
products was subsequently transported from the UV-photoreactor to the gas-liquid
separator with the forced outlet. While the separated liquid phase was then withdrawn by
the second peristaltic pump to the waste, the gases were purged by a stream of the carrier



gas (argon; introduced into the sample stream before the UV-photoreactor) to the externally
heated quartz tube atomizer. To achieve effective atomization, a low flow of hydrogen was
also introduced into the atomizer. A schematic diagram of the instrumental set-up for
UV-PVG/QF-AAS is shown in Fig. 1.

During in situ trapping, the gases were directed from the gas—liquid separator via a
three-way solenoid valve to the preheated graphite furnace (or to the waste). The work was
facilitated using an automatically controlled sampling device. In this case, no hydrogen was
introduced into the atomizer.

Fig. 1 Scheme of the instrumental arrangement for UV-PVG/QF-AAS

1 — manually turned two-way valve; 2 — peristaltic pump; 3 — UV-photoreactor; 4 — argon gas
cylinder; 5 — rotameter; 6 — gas-liquid separator with a forced outlet; 7 — hydrogen gas cylinder;
8 — digital mass flow controller for gas; 9 — quartz furnace atomizer

A modified apparatus was used for comparative measurements, based on chemical
generation with NaBHj, (also in the continuous-flow mode). Primarily, the UV-photoreactor
was not employed in CVG; it was replaced by the teflon reaction coil. Extra hydrogen was
not added to the quartz furnace atomizer, because a sufficient amount was released through
decomposition of the reducing agent. To determine the generation efficiency
(radioexperiments), CVG in the batch mode was also performed.
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3.2.2 Experiments with "°Se radiotracer

The radiotracer measurements were carried out using the same instrumental set-up as
was described above for UV-PVG/QF-AAS; however the gases were directed from the gas-
liquid separator into two plastic columns in series, which were filled with activated
charcoal sorbent instead of being transported to the quartz furnace atomizer. After the
completion of the generation, the columns were placed in the measuring vials and the
activity was measured. The radioactivity of the collected waste solution was also measured
as was the radioactivity deposited on the surface of those parts of the apparatus that come
into contact with the radioactive material (e.g. connecting tubes including connectors). Due
to its dimensions, it was not possible to put the gas-liquid separator and reaction coils into
the measuring vials, so it was repeatedly (three times) rinsed with aqua regia and the
radioactivity in the leachates was subsequently counted.

The efficiency of UV-PVG was determined based on the analyte fraction (% of the
input activity measured in the sample solution before UV-PVG) trapped on the columns.
The analyte fraction retained in any part of the apparatus and in the waste was also
quantified in the same manner. To obtain the overall efficiency of UV-PVG of selenium,
the fraction of analyte on the columns was related to the maximum attainable efficiency
(the efficiency of CVG in a batch mode).

4 RESULTS AND DISCUSSION

4.1 Optimization

Optimum experimental conditions of the combined method UV-PVG/QF-AAS were
found after the completion of the apparatus. Optimization study with a model analyte
(5.0 pg L' of Se(IV)) was performed for all four types of UV-photoreactors (Teflon 1, Il
and Quartz I, I1). Following key parameters were optimized: the length of the reaction coil,
concentration and type of the photochemical agent (formic acid and acetic acid were
tested), flow rate of the gases employed (argon, hydrogen), sample flow rate, concentration
of nitric acid. Nitric acid was added to the analysed samples to increase the analytical signal
of selenium up to several folds (most experiments were performed with nitric acid as well
as without it). It must be emphasized that an increase in the analytical signal was observed
only in a narrow nitric acid concentration range (ca. 5.0 — 10.0 mmol L™ in dependence on
the UV-photoreactor employed) and even small deviations from the optimum values led to
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substantial fluctuations in the analytical signal. The same was true in case of nitrates. The
role played by HNOs is not clear yet. Assuming that reduction of the analyte in UV-PVG is
controlled by radicals produced during photolytic decomposition of the photochemical
agent, nitric acid could affect the amount/ratio of these radicals, which directly contributes
to the reduction of Se(lV). Furthermore, different volatile compounds are generated
without/with nitric acid. In UV-PVG without HNOs, both selenium hydride and selenocar-
bonyl are generated; formation of selenium hydride is inhibited when nitric acid is added®.

Table 1 summarizes the optimum values of the studied parameters. Traditional
chemical generation with a reducing agent NaBH, was chosen as a comparative method;
the relevant experimental conditions were also optimized within the study (Table 2).

Table 1 Optimum experimental conditions for the determination of selenium by
UV-PVG/QF-AAS with formic acid as a reducing agent®

Type of UV-photoreactor Teflon | Teflon 11 Quartz | Quartz I
Inner/outer diameter of r. coil (mm) 1.0/2.0 1.0/1.4 2.0/4.0 0.5/2.0
Reaction coil length (m) 15 35 2.8 45
HCOOH concentration (mol L") 0.7 0.5 0.7 0.7
Argon flow rate (mL min™") 12/9 13/11 16/12 7/5
Hydrogen flow rate (mL min") 2/3 2 3/4 2
Sample flow rate (mL min™") 45 45 45 3.0
HNO; concentration (mmol L") 10 5 5 5

# Values corresponding to UV-PVG without/with addition of HNO; to the analysed samples;
where slash is not specified, the values were the same as during generation only with HCOOH

Table 2 Optimum experimental conditions for the determination of selenium by CVG/QF-
AAS

Parameter Value
Reaction coil length (m) 0.8
NaBH, concentration (% w/v) 0.5%
NaBH, flow rate (mL min™) 0.7
HCI concentration (mol L™) 1.0
Sample flow rate (mL min %) 45
Argon flow rate (mL min™) 20

4Reducing agent NaBH, was stabilized in 0.4% NaOH
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4.2 Figures of merit

Calibration curves were constructed under the optimum experimental conditions for
UV-PVG/QF-AAS. The curves were linear up to a concentration 15 pg L™ of Se(IV) for all
studied UV-photoreactors. The basic analytical characteristics were determined
(Table 3). As expected, lower limits of detection (LOD) and higher sensitivities were
obtained when nitric acid was used; the LODs values were approximately 1.5 — 3 times
lower compared to conditions without addition of this acid. The repeatability (relative
standard deviation — RSD (%)) was good in all cases and did not exceed 2.4% (measured
for 5.0 ug L™ Se(IV)). Overall the lowest LODs and highest sensitivities (without/with
addition of nitric acid) were obtained for Teflon Il. Therefore, teflon was comparable with
quartz.

For comparison, the values for Se(lV) determined by the comparative method
CVG/QF-AAS are given in the last column of Table 3. The calibration curve was again
linear up to 15 pg L' of Se(1V). Somewhat higher responses were obtained for blanks in
CVG, which could be connected with the reduced purity of the reducing agent.
As a consequence, the elevated blank levels could be manifested in the resultant LODs.
Compared with some types of UV-photoreactors in UV-PVG worse LODs were obtained in
CVG, even though the sensitivity of CVG was quite a bit higher.

Table 3 Analytical figures of merit for Se(lV) determined by UV-PVG/QF-AAS and by
CVG/QF-AAS

UV-PVG CVG
UV-photoreactor Teflon | Teflon 11 Quartz | Quartz I -
Addition of HNO; No Yes No Yes No Yes No Yesi -
LOD (ng L™ 102 36 46 27 48 33 81 44 50
LOQ (ng Lfl) 341 121 153 89 160 111 271 147 165
Sensitivity (10°Lng”') 16 43 32 54 30 47 19 35 41
RSD (%) 08 16 15 14 11 19 24 22 15
(oo e L 15 15 15 15 15 15 15 15 | 15
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4.3 Analysis of certified reference material

In order to verify the accuracy of the method UV-PVG/QF-AAS, the analysis of the
certified reference material (SRM NIST 1643e) was performed. As indicated in Table 4
good agreement between the certified and the experimentally found value was achieved.

Table 4 Analysis of the certified reference material by the UV-PVG/QF-AAS method

SRM NIST 1643e Selenium content (g L")
Certified 11.97+0.14
Found (analysis without HNO3) 11.42+0.40
Found (analysis with HNO3) 11.33+£0.44

4.4 Generation efficiency

In general, it is assumed that the individual efficiencies for formation, gas-liquid
separation, and analyte transport of volatile compounds (selenium hydride) are essentially
quantitative in CVG and the response can thus be used as a relative benchmark for
performance®. However, in experiments with "°Se significantly lower generation
efficiencies have been published by some authors*®?*%. Inconsistent results could be a
consequence of a different approach to the preparation of the radioactive indicator or its
storage®. Furthermore, it was found that "°Se(IV) prepared in hydrochloric acid medium
(standard procedure also chosen for the needs of the dissertation), can be relatively fast
oxidized to hydride non-active °Se(V1)%.

In this study, the maximum attainable generation efficiency of prepared "°Se
radiotracer was first determined by means of the batch CVG. Over several weeks, values of
76.6 £ 0.9%; 82.4 = 0.7%; 80.1 £ 3.3%; 83.8 + 0.8%; 79.0 + 0.8%; 83.6 £ 2.2% of the input
activity were obtained for the used radioindicator. Thus, in no case did these values
approach 100% efficiency.

A subsequent series of experiments was performed to determine the efficiency of
UV-PVG. The efficiency was evaluated on the basis of the fraction of analyte (% of the
input activity) adsorbed on two columns connected in series and filled with activated
charcoal; no activity was detected on the second column which confirms the good
adsorption ability of the charcoal. To obtain the overall efficiency of UV-PVG of selenium,

14



the fraction of analyte on the columns was related to the efficiency of CVG in a batch mode
(the maximum attainable efficiency). The apparatus was disassembled after the generation
and the radioactivity of the individual parts was measured, as well as the radioactivity of
the liquid waste. So it was also possible to map potential losses of analyte in the individual
parts of the apparatus and test the suitability of the materials used for its construction.

The results of the experiment are summarized in Table 5 A (values for UV-PVG
without nitric acid) and in Table 5 B (values for UV-PVG with nitric acid). The overall
generation efficiency varied between 21.3% — 67.1%. Higher values (57.7% — 67.1%) were
obtained when nitric acid was added. The greatest difference in efficiencies between
samples without/with addition of HNO; was found for Teflon I, for which the values
differed more than twofold (ca. 2.6-fold). This significant increase corresponds quite well
to the UV-PVG/QF-AAS measurements (e.g. a similar difference as between LODs
achieved in UV-PVG/QF-AAS). Using the other reaction coils, the increase in the
efficiency as a result of addition of nitric acid was not as significant and varied between
4.1% — 12.0%.

On average, less radiotracer remained in the individual parts of the apparatus when
nitric acid was added to the analyzed samples. It could be connected with the flushing
ability of nitric acid or with the different volatile compounds generated without/with HNOs.
Under consideration of the different volatile products, selenocarbonyl could be less
captured on the walls of the apparatus than selenium hydride (only selenocarbonyl is
formed in UV-PVG with nitric acid)*.

In terms of the material of the reaction coil, it is not possible to unambiguously
determine whether more analyte was adsorbed in the teflon or quartz reaction coils. In most
cases, the leachates from the UV-photoreactor were found to contain a fraction of analyte to
1% regardless of the material employed. Other materials used to construct the apparatus
(Tygon and teflon tubings including connectors etc.) were also suitable for these purposes.
Finally, the overall sum of "Se activities was in good agreement with the input activity. It
means that substantial losses of "®Se radiotracer were not observed; in all cases, at least
96.6% of the input activity was found.
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Table 5 Fraction of "Se radiotracer found in the individual phases and parts of the

apparatus after UV-photochemical generation of volatile selenium compounds *

A) UV-photochemical generation without nitric acid

UV-photoreactor Teflon | Teflon Il Quartz | Quartz Il
Analyte fraction (%)
Gaseous phase 16.3+0.3 446+ 1.6 422 +1.8 42.1+3.8
Liquid waste 77.5+1.9 453+0.9 47.1+0.5 46.0+£5.2
Waste tubing 3.0 3.7+0.1 0.7 3.6
Reaction coil 0.6 0.3 5.8+0.1 0.5
Gas-liquid separator 1.2 2.8+0.1 0.9 3.6
Other tubes 0.2 0.8 2.3 1.8
Sum of activities 98.8+0.5 97.5+0.6 99.0+04 97.6+04
Overall efficiency 21.3+0.5 56.5 +£2.2 551+24 54.9 +£5.1
B) UV-photochemical generation with added nitric acid
UV-photoreactor Teflon | Teflon 11 Quartz | Quartz Il
Analyte fraction (%)
Gaseous phase 442+2.6 47.8+0.5 514+0.5 474413
Liquid waste 522+0.7 50.0+1.3 41.7+1.8 50.0£0.8
Waste tubing 1.6 0.7 1.7 2.2
Reaction coil 0.1 0.0 1.0 0.7
Gas-liquid separator 0.4 0.0 0.5 0.1
Other tubes 0.2 0.0 0.3 0.5
Sum of activities 98.7+0.5 98.5+0.7 96.6 £ 0.4 1009 £0.5
Overall efficiency 57.7+34 60.5+1.0 67.1+1.0 61.8+1.8

2 The values given in the lines “Gaseous phase“ and “Waste liquid“ are the arithmetic averages

of three values + the standard deviations. The uncertainty values given in the rest of the table
were calculated according to Kragten %; uncertainty below 0.05% is not shown. The last row of
the table indicates the overall efficiency of UV-PVG obtained after the correction to the maxi-
mum attainable efficiency of generation (76.6% for Teflon I, Quartz I, 11, or 79.0% for Teflon II).

The efficiency of continuous CVG was investigated for comparison as well. Under

the conditions summarized in Table 2, only 35.1 + 0.5% of the input activity was found on

the columns (i.e. in the gaseous phase). This value can be translated to the overall
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efficiency of 44.4 + 0.8% after correction to the maximum attainable efficiency (efficiency
of CVG in the batch mode). Much higher fraction of the input activity remained in the CVG
apparatus; 16.9 £ 0.2% was found in the waste tubing and 7.1 + 0.5% in total in the reaction
coil and gas-liquid separator. Since only selenium hydride is generated in CVG, this result
could support the above statement that selenium hydride is probably more captured on the
walls of the apparatus than selenocarbonyl formed in UV-PVG. The greater amount of
radioactive analyte adsorbed in the system in CVG could have a partial effect on the lower
obtained efficiency in comparison with the efficiency of UV-PVG.

Finally, it was experimentally demonstrated that the working conditions for the
maximum sensitivity in UV-PVG/QF-AAS and for the maximum possible generation
efficiencies did not fully correspond to one another. The experiment with the radioindicator
™Se was again performed under the modified experimental conditions (it means conditions
not optimal for UV-PVG/QF-AAS) and the efficiency was improved by more than 12%.

4.5 Analysis of samples

Further experiments were performed to verify the applicability of UV-PVG/ QF-AAS
for routine analysis. Two types of samples with heterogeneous matrix were chosen to
obtain a better picture of the practical utilization of the developed method. First, the
selenium content in samples of drinking water was determined. Found values were
fluctuating around the limit of quantification obtained for selenium by UV-PVG/QF-AAS.
Therefore, probably due to the low content of Se(IV) in the analyzed waters, the proposed
method is not suitable for similar types of samples.

In the next step, determination of selenium in food supplements was performed. Five
commercially available dietary supplements (A — E) were analyzed. The overall yields are
shown in the bar graph (Fig. 2). With one exception (sample E), the attained values were in
reasonable accordance (+ 15%) with those declared by the producers. Due to the selection
of preparations containing water-soluble inorganic selenium species, relatively simple pre-
treatment procedures were carried out with the supplements. When analyzing products with
selenite ions, mere ultrasonic-assisted extraction of Se(IV) from the tablets by deionized
water was found to be effective; more than 90% of the selenium quantity reported in the
supplement package leaflets was obtained from all the samples. In addition to deionized
water, 0.5 mol L' HNO3 a 50.0 mmol L' HCI was also tested to extract selenium from the

analyzed preparations; comparable yields of Se(IVV) were obtained. It was necessary to
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incorporate a pre-reduction step for samples containing Se(VI) before analysis by
UV-PVG/QFAAS. Pre-reduction to hydride active Se(IV) was performed by heating the
sample (30 min, 90 — 95 °C) in 6.0 mol L' HCI. Sample E was additionally subjected to
microwave-assisted digestion with nitric acid and hydrogen peroxide; this procedure was
chosen due to unsatisfactory results obtained during the pretreatment of the sample only on
the basis its dissolution in deionized water.
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Obr. 2 Recovery of selenium from dietary supplements

Values are relative to the manufacturer's declared amount of selenium (taken as 100%);
A) Samples containing Se(1V); B) Samples containing Se(VI)
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4.6 In situ trapping in a graphite tube atomizer

UV-photochemical vapor generation in combination with in situ trapping of the
generated volatile compounds and subsequent atomization in the graphite tube atomizer
(UV-PVG/GF-AAS) was realized to improve the detection limit and the sensitivity, which
were obtained during UV-PVG with on-line atomization in a quartz furnace atomizer.

Practically, a multiphase temperature program including the process of volatile
compounds collection, volatilization and atomization was optimized. These parameters
were optimized: the position of the introduction capillary inside the graphite tube during the
collection (optimum 2 mm); collection temperature (optimum 350 °C); collection time (60 s

was selected) and atomization temperature (optimum 2 000 °C). The inner surface of the
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graphite furnace was modified to improve the trapping efficiency. One of the permanent
modifiers, iridium, was used for this purpose. Thereby repeated dosing of the modifier in
each measurement cycle has been eliminated; the coverage was stable for more than a
thousand experiments. Experimental conditions for UV-PVG remained the same as in the
UV-PVG/QF-AAS. The flow rate of argon was the exception; it was optimally lower.
Implementation of in situ trapping has fulfilled its purpose. When peak heights were
evaluated, LODs were reduced by up to one order of magnitude compared to the
atomization in a quartz furnace atomizer. The obtained results are summarized in Table 6
(compare with the values in Table 3, with columns for Teflon II). More evident
improvement of values was suppressed due to higher signals of the blanks in experiments
with the graphite furnace. This also indicates differences in sensitivity; up to fifty times
higher sensitivities were determined in UV-PVG/GF-AAS compared to UV-PVG/QF-AAS.
In addition, a further shift towards better sensitivities would be possible if collection of
volatile compounds in the graphite furnace was extended from the current 60 s. Besides the
concentration LODs/LOQs (ng L), the table shows the absolute LODs/LOQs (pg) taking
into account the sample flow rate or the collection time in the graphite furnace. The
sensitivity is expressed as the slope of the calibration curve; characteristic mass (pg) usually
preferred in GF-AAS is also shown. The values for the comparative method CVG/GF-
AAS, are also given in Table 6. The accuracy of the method was successfully verified by

the analysis of the certified reference material and two spiked river water samples.

Table 6 Analytical figures of merit obtained for selenium by the method of UV-PVG/GF-
AAS with formic acid as a photochemical agent and CVG/GF-AAS

UV-PVG with Teflon Il CVG
Parameter No HNO;3 With HNO3
Characteristic mass (pg) 12 10 13
LOD (ngL™") 6 4 8
LOQ (ngL™) 19 14 28
Absolute LOD (pg) 26 18 37
Absolute LOQ (pg) 86 61 124
Sensitivity (10° L ng™") 1616 1989 1556
RSD (%) 3.2 3.0 2.7

-1

(o el ) 10 10 10
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Estimation of the UV-PVG efficiency was carried out based on comparison with
direct liquid sample introduction of standard solutions into the graphite furnace (considered
as 100%). When comparing the efficiencies with the values obtained in experiments with
radiotracer "°Se, the following could be said for Teflon II: Better agreement has been
reached for UV-PVG without the addition of nitric acid; in this part of the study the
efficiency of generation was estimated to be approximately 65%, and it was about 10% less
in experiments with the radiotracer of selenium. Greater difference in efficiency was found
in generation with nitric acid; approximately 20% lower (peak height were evaluated)
efficiency were determined in a more objective approach to quantification of the efficiency.
In CVG, lower efficiency was also observed in experiments with the radioindicator "*Se.

4.7 Interference study

The aim of the last part of the dissertation was to investigate the influence of different
inorganic ions on the determination of selenium by UV-PVG/QF-AAS (or UV-PVG/GF-
AAS). Representatives of transition metals (Co(ll), Ni(Il), Cu(ll), Fe(l11), Mn(ll), Cr(llI),
Cd(ll), Ag(l)) and other hydride forming elements (As(lll), Sb(lll) and Pb(ll)) were
selected for the study. The effect of mineral acids (HCI, H,SO4, H3sPO,4) and appropriate
salts (NaCl, Na,;SO4, NazPO,) on the analytical signal of selenium was also studied.

The results showed that in the proposed arrangement of the methods, CVG is
generally more resistant to the presence of tested interferents compared to UV-PVG; the
lowest resistance was observed during UV-PVG with the addition of nitric acid to the
analyzed solution. The strong influence of mineral acids on the selenium determination
could be a drawback for routine applications, in particular because these acids are often
used for stabilization or for pre-treatment of real samples before analysis. However, due to
very high sensitivity of the method, dilution could be performed in many cases, to minimize
possible complications arising from the presence of interfering matrix components. To
reduce the influence of interferents other known ways could be, theoretically, used
(evaporation, standard addition method, masking agents etc.). On the one hand, the results
of the study did not confirm the claim of some authors about the higher tolerance to
interference is one of the advantages of UV-PVG in comparison with CVG**. On the other
hand, the observation that a number of interferents cause a transient increase of the analytic
signal is in accordance with other authors.
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5 CONCLUSIONS

This thesis deals with UV-photochemical vapor generation (UV-PVG), which was
used as an alternative to the previously established approaches to the generation of volatile
compounds (i.e. chemical or electrochemical generation). Selenium (Se(IV)), one of the
classical hydride forming elements, was chosen as the model analyte for the study. The
generated volatile compounds were detected by atomic absorption spectrometry.

The apparatus for UV-PVG in the continuous flow mode was first assembled, and
then it was on-line connected with the externally heated quartz furnace atomizer (QF-AAS
detection). The construction of the volatile compounds generator (UV-photoreactor) was
studied in detail. Several variants composed of a low-pressure mercury UV-lamp and
a reaction coil fixed to its surface were tested. Especially, two types of teflon tubing and
two types of quartz tubes differing in their dimensions (length, inner/outer diameter) and
the way of attachment to the lamp were employed as reaction coils.

The relevant working parameters affecting the UV-PVG process were optimized after
the completion of the apparatus. The basic analytical characteristics of selenium
determination by UV-PVG/QF-AAS were found under the optimum conditions for each
type of UV photoreactor. Using formic acid as the photochemical agent, limits of detection
ranged between 46 — 102 ng L ™", It was confirmed that in the proposed arrangement of
UV-photoreactor teflon reaction coils well competed with those of quartz; although quartz
is generally more permeable (at the same wall thickness) for UV-radiation. Unlike the
reaction coil material, the validation parameters were influenced more by the addition of
nitric acid to the photochemical agent. The addition of this acid in the narrow concentration
range (about 5.0 to 10.0 mmol L™, depending on the UV-photoreactor) resulted in the
significant improvement of detection limits and sensitivity in determination of selenium by
UV-PVGIQF-AAS. Specifically, the detection limits were reduced to 27 - 44 ng L' by this
step. It can be pointed out that the repeatability was good in all cases and did not exceed
2.4% for any tested UV-photoreactor (without/with nitric acid). The accuracy of the method
was successfully verified by the analysis of certified reference material.

The efficiency of UV-photochemical generation was evaluated (for all types of
UV-photoreactors) on the basis of experiments with radioactive indicator °Se. Higher
efficiencies were again achieved in those cases, where samples with the addition of nitric
acid were analyzed (21.3 - 56.5% vs. 57.7 - 67.1%). Differences in the efficiency values
were mostly less significant than for detection limits or sensitivities. Besides the study of
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efficiency of conversion into volatile compounds the method enables to monitor the
distribution of the analyte in the individual parts of the apparatus. In addition, the fraction
of adsorbed analyte was even lower when nitric acid was used. These results can be
associated with the flushing ability of nitric acid or with the difference of volatile
compounds generated in UV-PVG without/with this acid. It was experimentally
demonstrated that the working conditions for the maximum sensitivity and for the
maximum possible generation efficiency did not fully correspond to one another.

The practical applicability of the method was verified by the analysis of samples with
heterogeneous matrix. The selenium content in the samples of drinking water was deter-
mined, values fluctuating around the limit of quantification were achieved by UV-PVG/QF-
AAS. More positive results were obtained in the analysis of dietary supplements. Due to the
nature of the samples, only simple sample pre-treatment was chosen. Mere ultrasonic-
assisted dissolution of samples in deionized water was found to be effective; pre-reduction
step was additionally included for samples containing Se(VI). At least 85% of
manufacturer's declared selenium content was obtained for four of the five supplements.

Although limits of detection achieved by UV-PVG/QF-AAS were low,
UV-PVG was further connected with in situ trapping of volatile compounds prior to
detection by atomic absorption spectrometry; this step was included because of possible
improvements of the values. The graphite furnace was employed for the collection and
subsequent electrothermal atomization; its inner surface was coated with iridium to improve
the trapping efficiency. Introduction of volatile compounds into the graphite tube was
automated. Attention was paid especially to the multiphase temperature program during
optimization of working conditions. Obtained figures of merit confirmed that the including
in situ trapping of volatile compounds had been a proper improvement. Detection limits
were reduced by nearly one order of magnitude by this step, the sensitivity increased
significantly. Approximately 1% decline was recorded in relation with repeatability. The
proposed method was compared with the direct liquid sample introduction into the graphite
furnace (determination of selenium without generation of volatile compounds).

Interference study was carried out in the last part of the dissertation. The effect of
selected transition metals and other hydride-forming elements on the determination of
selenium by UV-PVG with QF-AAS or GF-AAS detection was investigated. The influence
of mineral acids and corresponding salts was also studied. The results showed that the
limited resistance to interference effects is probably the greatest drawback of UV-PVG at
the current level of knowledge, and could be a limiting factor in the analysis of certain
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types of real samples. However, high sensitivity of the method could allow dilution of
samples and thereby minimization of possible complications arising from the presence of
interfering components. Other known methods (evaporation, standard addition method,
masking agents etc.) could theoretically be used to reduce the effect of interferents. The
analytical signal of selenium was substantially increased as a consequence of the addition
of some interferents in the certain concentration ranges. This finding could be practically
utilized in the future, as well as the effect of nitric acid was utilized in this study.

For comparison, many of the above experiments were also carried out using chemical
vapor generation with the sodium borohydride reducing agent. Analytical characteristics
achieved under the optimum working conditions clearly showed (for both methods of
atomization) that the UV-PVG is fully alternative to the traditional approach to the volatile
compounds generation. Better limits of detection and sensitivity were obtained in
UV-PVG with nitric acid, linear dynamic range or repeatability remained approximately the
same. Efficiencies quantified on the basis of experiments with radioactive indicator of
selenium were also comparable; lower values during chemical generation in the continuous
flow mode can be partly attributed to a larger fraction of the radioactive analyte detected in
the apparatus after generation. A higher resistance to the interferents can be considered as
an advantage of chemical generation in comparison with UV-photochemical generation.

It can be concluded that aims of the study were successfully fulfilled. Besides the
activities commonly performed when introducing a new method (optimization study,
determination of basic analytical characteristics or interference study) also other important
themes related to the method were studied. For example: quantification of the generation
efficiency using the Se radiotracer; the application of UV-PVG/QF-AAS in analysis of
dietary supplements and the automated in situ trapping of volatile compounds in the
graphite furnace. The obtained results were published in several specialized impacted
journals, which demonstrates the importance of the thesis.

The overall impression of UV-photochemical generation, formed on the basis of a
number of experiments carried out, is as follows: this sensitive and simple approach to the
generation of volatile compounds could take an equal position among other methods of
generation (not only in our laboratory of spectrometric methods). Due to the limited re-
sistance to interference effects it can be expected that this technique of sample introduction
could find its application in laboratory practice, particularly in the analysis of samples with
a simple matrix.
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