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PREDMLUVA

Tato skripta vznikla pro potieby kursu Inovace v atomové absorpéni a fluorescenéni
spektroskopii, pofddané¢ho ve dnech 20. a 21. listopadu 2007 v rdmci projektu “Prazské
analytické centrum inovaci” ¢z.04.3.07/4.2.01.1/0002 v grantovém schématu jpd3 “Spolu-
prace vyzkumnych a vyvojovych pracovist s podnikatelskou sférou, podpora inovaci”.
Jako posledni kapitola byl zazazen text prednasky prof. Arrudy, Trends in sample prepa-
ration: innovative strategies from trace elements to metalloproteins, ktera byla v ramci

téhoz projektu proslovena dne 19. zaii 2007.

Cilem celého projektu je ptispét k rozsifeni komunikace mezi vyzkumnou a vyvojovou
sférou na stran¢ jedné a sférou podnikatelskou na stran¢ druhé, a tim i k urychleni pienosu
novych poznatkl vzniklych ve vyzkumné sféfe do oblasti praktickych aplikaci. Autofi jed-
notlivych kapitol budou proto vdécni za jakékoliv kritické ptfipominky k jejich koncepci
i provedeni, zejména za jakékoliv ndméty vedouci k realizaci prezentovanych poznatkil

Vv praxi.

Jiri Dédina



1. ATOMOVA ABSORPCNI SPEKTROMETRIE
S VYUZITIM LASEROVYCH DIOD

doc. RNDr. Bohumil Docekal, CSc.
Ustav analytické chemie AV CR, v.v.i., Brno,
docekal@iach.cz,

V osmdesatych letech minulého stoleti ukazal K. Niemax se svymi spolupracovniky z In-
stitutu pro spektrochemii a aplikovanou spektroskopii (ISAS) v Dortmundu, Ze 1ze vyhod-
né vyuzit miniaturni polovodicové laserové diody v rtiznych oblastech atomové spektro-
skopie, jako napt. v atomové absorpéni spektroskopii, spektroskopii s vysokym rozliSenim
umoziujici stanoveni jednotlivych isotopii, spektroskopii s eliminaci Dopplerova jevu,
laserem indukované fluorescenci, prvkové selektivni detekci v plynové chromatografii

a rovnéz v dalSich technikach souvisejicich s laserem indukovanou ionizaci [1, 2].

Polovodi¢ové miniaturni laserové diody (LASER — Light Amplification by Stimulated
Emission of Radiation) pracuji na principu stimulované emise zafeni, a to vyvolané fotony
o stejné frekvenci zafeni jak to odpovida prislusnému prechodu atomu z vyssi energetické
hladiny na hladinu nizsi. Pfitom jsou emitovany fotony se stejnou fazi (koherentni zafeni)
jakou maji fotony stimulujiciho zafeni. Ke stimulované emisi dochazi jen tehdy, je-li za-
stoupeni atomti na piislusné vyssi energetické hladiné vétsi nez na hladiné nizsi. Za bézné
termické rovnovahy je vSak vétsi zastoupeni atomil na hladin€ nizsi. Proto k dosazeni po-
ttebné inverzni populace stavi je tfeba ,,precerpavat® elektrony do odpovidajicich vyssich
energetickych hladin. To se d&je v polovodi¢ovych laserovych diodach prichodem proudu

piechodem P - N polovodice, vétSinou na bazi materiali GaAlAs nebo InGaAsP.

V laserovych diodach odpovida emitované zatfeni prechodu elektronti mezi vodivostnim
a valencnim pasem polovodice (viz obr. 1.1). Elektrony ve vodivostnim pasu, odpovidajici
excitovanému stavu, rekombinuji s pozitivnimi dirami ve valenénim pasu a tim se uvolnuji
fotony odpovidajici rozdilu energii obou stavi. Pomér slozek polovodice (napi. Al a Ga)
urcuje energeticky rozdil mezi pasem vodivostnim a valen¢nim, a tedy 1 vlnovou délku
zateni vychazejiciho z aktivni vrstvy ptechodu (viz obr. 1.2). Bézné€ dostupné diody emitu-
ji zéfeni v oblasti 630-1 600 nm. Laserovy paprsek pouzitelny v praxi vznikd v oscilatoru
laseru (Fabry-Perotiiv rezonator), v aktivni vrstvé mezi dvéma planparalelnimi odraznymi
ploskami vzniklymi na aktivni laserové vrstvé ve sméru optické osy (viz obr. 1.3 a). Zateni
smétujici ve sméru optické osy je odrazy mezi zrcadlovymi ploskami zesilovano (viz
obr. 1.3c-f), zatimco zafeni odchylujici se od optické osy unika z rezonatoru (viz obr. 1.3b)

a je absorbovano substratem diody. Pii dopadu na odrazné plosky proniké ve sméru optic-



ké osy cast zafeni mimo aktivni vrstvu. Jakmile se mnozstvi zesileného zéafeni vyrovna
mnozstvi zafeni ztraceného v bocich rezonatoru, absorpci v polovodici a inikem pies zrca-

dlové plosky dostava se laser do stavu oscilaci.

Zateni vychazejici z laserovych diod ma vysoky stupeii Casové i prostorové koherence, coz
umoziuje vytvaret velmi uzké svazky paralelnich paprskit vhodnych pro spektroskopické
aplikace.
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Obr. 1.1:  Schéma energetickych hladin v polovodic¢ové laserové diodé
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Obr. 1.2: Schéma polovodicové laserové diody typu Ga;_.Al.As
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Obr. 1.3:  Schéma procesu probihajicich v laseru

anh

Polovodiové miniaturni (o rozmérech 0, 3 x 0, 3 x 0, 15 mm) nizkovykonové (10° az
10" mW) laserové diody nejsou b&zné vyrabény pro spektroskopické ucely, ale prevaznd
v masovém meéftitku pro pouziti ve sd€lovaci technice, v technologii ¢teni a zaznamu kom-
paktnich diskd (CD, DVD), pfi zdznamu na optickych nebo thermo-magneto-optickych
pamétovych médiich, v laserovych tiskarnach, ve ¢tecich zatizenich ¢arkovych kodi, ve
faxech a skenerech, apod. Konstrukce diody je schematicky zobrazena na obr. 1.2. Spekt-
roskopické vlastnosti téchto bézné dostupnych levnych diod byly podrobné studovany

a popsano jejich mozné vyuziti v atomové spektroskopii [3].

Dilezitou vlastnosti téchto diod je, ze vinova délka vychéazejiciho zarfeni maze byt v urci-
tém rozsahu modulovana v pozadovaném Uzkém spektralnim intervalu zménou teploty ¢i
s vysokou frekvenci (az 10° GHz) zm&nou napajeciho proudu (viz obr. 1.4). Snadngjsi re-
gulaci teploty laserové diody umoznuje integrace diody a Peltierova ¢lanku v jednom cipu
(viz obr. 1.2). Zivotnost polovodi¢ovych laserovych diod za b&zného provozu je fadu né-
kolika desitek tisic hodin.

V klasickém uspotfadani méfeni absorpce zafeni atomy analytu, jak bylo postulovano za-
kladatelem atomové absorpcni spektrometrie sirem A. Walshem v padesatych letech minu-
1ého stoleti s ohledem na tehdejsi technické moznosti, se doposud prevazné vyuzivaji ¢aro-

vé zdroje primarniho, prvkové specifického zafeni. Tyto zdroje bézné tvoii vybojky s du-
tou katodou (HCL - hollow cathode lamp) nebo bezelektrodové vybojky (EDL - electrode
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Obr. 1.4:  Schéma ladéni vinové délky zaieni vychazejiciho z polovodicové laserové
diody: )(a) napdjeci zdroj, chladic¢ s diodou a kolimacni ¢ockou, (b) ladéni
zménou teploty, (c) ladéni zménou prochazejiciho proudu

less discharge lamp) pracujici na principu doutnavého vyboje. Zminéné klasické ¢arové
zdroje lze s jistymi omezenimi vyhodné nahradit polovodi¢ovymi laserovymi diodami.
Oproti klasickému uspotadani se vSak absorpce atomy neméfi na monochromatorem vy-
mezené ¢are analytu v Gzkém spektralnim rozsahu nékolika desetin nanometru, ale s roz-
mitdnim vlnové délky zafeni emitovanym diodou s typickou spektralni $ifi 40 fm (t;.
10krat az 100krat uzsi nez je bézna spektralni $ife absorbujicich atomti v atomizatoru). Tak
je mozné koncipovat atomovou absorpéni spektrometrii s modulaci vinové délky zare-
ni [4]. Rozmitdnim vinové délky zafeni s vysokou frekvenci v blizkém okoli analytické
ary (podle typu diody a zpiisobu modulace v rozsahu 10~ az 10' nm) se tak promé&fuje
absorp¢ni profil absorbujicich atomii s vysokym rozliSenim (viz obr. 1.5). Odpada tak nut-
nost pouziti optickych disperzich prvkil, ¢imz se méfici aparatura podstatné zjednodusSuje
a zleviiuje. Srovnani klasického uspofadani pro AAS a s pouzitim laserovych diod je zna-
zornéno na obr. 1.6. Detek¢ni systém s laserovymi diodami je mozné kombinovat s libo-
volnym vhodnym typem atomizatoru. S ohledem na konstruk¢ni jednoduchost detekéniho
systému neni vyznamné omezovana konstrukce atomizatoru poptipadé¢ jeho justace do op-
tické osy. S pouzitim né€kolika diod (diodovych modulil) a jednim polovodiCovym detekto-

rem lze rovnéz sestavit jednoduchy vicekanalovy méfici systém pro simultdnni stanoveni



vice prvkil (viz obr. 1.7) [1, 5]. Pii specifickém méteni jednotlivych prvka ve vicekanalo-
vém uspofadani ovladd multiplexer napajeni laserovych diod pracujicich s rozdilnymi
frekvencemi a zdroven méteni detektorem (lock-in zesilovac). Diky vysokému rozliSeni je
mozné souc¢asné méfit uroven neselektivni absorpce v blizkosti absorpéniho profilu analy-
tické ¢ary a tak kompenzovat prispévek pozadi, a to v realném &ase (10' ps) vzhledem
k ¢asovému prubéhu procest probihajicich v atomizatoru.
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Obr. 1.5: Signaly méiené v AAS s polovodicovou laserovou diodou a s modulaci vinové
délky. Absorpcni spektra méiena piimo (a), s prvni (b) a druhou (c) harmo-
nickou modulacni frekvenci
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Obr. 1.6: Srovnani experimentdlniho uspoiadani v AAS pii méieni na analytické Caie
pomoci vybojky s dutou katodou a pii méreni s polovodic¢ovou laserovou dio-
dou s modulaci vinové délky



Proudova modulace vinové délky zafeni vychazejiciho z diody zaroven umoznuje vyrazné
snizit Sum méfeni. Pracuje-li se s vysokou modulaéni frekvenci napajeni diody v megaher-
tzovém rozsahu a detekuje-li se s prvni nebo druhou harmonické frekvence modulace (viz
obr. 1.5), je mozné méfit presné i absorbance na trovni 107 az 10™°. V zavislosti na druhu
analytu a typu pouzité diody to pfinasi ve srovnani s konvencni atomovou absorp¢ni spekt-
rometrii 10 az 1000-ndsobné snizeni detekénich limitl a zaroven i podstatné rozsiteni dy-
namického rozsahu méteni az o n€kolik f4dl. Detekeni limity metody s modulaci laserové
diody v kombinaci s plamenovou technikou tak dosahuji detek¢nich limiti konvecni ato-
mové absorpéni spektrometrie s elektrotermickymi atomizatory. Jako piiklad je na obr. 1.8
uvedena kalibracni kiivka pro stanoveni Cr plamenovou technikou s béZnym pneumatic-
kym zamlZzovac¢em. V kombinaci s elektrotermickymi atomizatory lze pak dosdhnout 1 de-

tek¢ni schopnosti srovnatelné s instrumentalné ndkladnou ICP MS.
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Obr. 1.7: Schéma experimentdalniho uspoidadani pro simultanni stanoveni prvkit AAS
s vice polovodi¢ovymi laserovymi diodami
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Obr. 1.8: Kalibracni kiivka pro Cr pii méieni s polovodi¢ovou laserovou diodou na
Caie 425,44 nm a s atomizaci v plameni acetylen—vzduch
(pievzato 7 prdace [4])



Vyznamnym omezenim pro aplikaci polovodicovych laserovych diod je zatim nedostup-
nost diod vyzatujicich v UV-oblasti (pod 400 nm), kde lezi podstatna ¢ast resonanc¢nich
analytickych linii mnoha prvki. Jsou vyvijeny nové diody na bazi ZnSe vyzatujici v ,,mod-
rozeleném rozsahu vlnovych délek (470-515 nm) a také na bazi InGaN vyzatujici v ,,tma-
vé modrém* rozsahu vinovych délek okolo 420 nm. Je jen otazkou Casu, kdy budou tyto
nové typy diod uvolnény z vyzkumu pro vojenské ucely ¢i kosmicky vyzkum a budou tak
komeréné dostupné. Nicméné zminénou nevyhodu nedostupnosti ,,modrych* diod Ize obe-
jit pouzitim prvkl nelinearni optiky (tzv. nasobici frekvence, napt. krystalu LilOs) ptfimo
integrovanych na dostupné diody (630 nm). Tak lze rozsifit spektralni rozsah méteni a do-
sdhnout az vinovych délek emitovaného zafeni tésné nad 300 nm. SniZzené vykony druhé
harmonické frekvence zafeni na Grovni 10" uW pfitom pln& postaduji k méfeni absorpce
atomy. Misto béznych prominentnich resonan¢nich ¢ar Ize pak k méfeni vyuzit 1 jiné
vhodné analytické Cary a stanovovat velmi citlivé vétSinu prvka. Prehled moznosti stano-
veni s uvedenim detekénich mezi je uveden v pracich [1-2]. Zasadni omezeni této techniky
plati pro stanoveni prvkil v blizkosti 200 nm, piedevsim prvki tvoficich t€kavé kovalentni
hydridy (As, Bi, Ge, Hg, Sb, Se, Sn, Te), a dle pro stanoveni Au, Be, Mg, P, Si a Zn.

Nasledovnici K. Niemaxe se podileli na vyvoji komeréné dostupné instrumentace vyuziva-
jici polovodi¢ovych laserovych diod [6]. Pfedevs§im jsou konstruovany jednoduché jedno-
ucelové pristroje pro feSeni specifickych analytickych uloh. Pfikladem je instrumentace
pro speciacni analyzu Cr(IIl) a Cr(VI) - viz obr. 1.9. Aktuélni informace o pfistrojich pro

ruzné analytické aplikace 1ze nalézt na internetovych strankach (www.laserspec.de).

plamen
hydraulicky vysokotlaky zmlzovac
laserova nasobic R
dioda T frekvence detektor
>
A A2 {s)
HPLC
Cr (1)
50 Cr (VI)
| bM
blank 1 ng/ml 2 ng/ml 5 ng/ml 20 ng/ml

Obr. 1.9:  Instrumentace pro separaci HPLC a stanoveni Cr(I1l) a Cr(VI) atomovou
absorpcni spektrometrii s laserovou diodou a atomizaci v plameni acetylen-
vzduch. Chromatogramy byly ziskdany pro vzorky deionizované vody (prevzato
z prdce [2])
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2. DETEKTORY V ATOMOVE ABSORPCNI
SPEKTROMETRII

doc. RNDr. Bohumil Docekal, CSc.
Ustav analytické chemie AV CR, v.v.i., Brno,
docekal@iach.cz,

Pro méteni v atomové absorpcni spektrometrii s ¢arovymi zdroji specifického zafeni se
bézné uziva fotonasobice (Photo-multiplier tube — PMT) (obr. 2.1) jako detektoru propus-
téného zéfeni. Fotonasobic¢e mivaji rozsiteny spektralni detekéni rozsah fotokatody do
dlouhovinné oblasti, a to pro zvySeni citlivosti méfeni nekterych alkalickych prvki (K,
Cs). Fotony dopadajici na fotokatodu vyrazeji z jejiho povrchu v disledku fotoelektrického
jevu elektrony, které se pak lavinovité mnozi pii dopadu na kaskadu dynod s vlozenym
rostoucim napétim a tim vytvareji méfitelny elektricky proud. Elektricky signél se pak ze-

siluje a dale zpracovava do formy absorban¢niho udaje.
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Nekteré moderni pfistroje vyuzivaji s vyhodou kiemikovych fotodiod (silicone photodio-
des) (obr. 2.2), které se vyznacuji vysokou linearitou a dynamickym rozsahem 6-8 rada
(www. oriel. com). Jejich rozsah citlivosti pokryva celou spektralni oblast UV-VIS
a blizkou infracervenou v rozmezi 185-1 100 nm. Fotony dopadajici na aktivni povrch dio-
dy (obr. 2.2a) generuji elektrony a pozitivni diry v blizkosti pfechodu mezi n- a p-typem
dopovaného kiemikového materidlu, ptiCemz se diry posouvaji do p-materialu a elektrony
do n-materialu. Tim se vytvafi potencidlovy spad na rozhrani a nasledné i elektricky proud,
je-li dioda ptipojena do elektrického obvodu.

zéfeni A - . 1024 ELEMENTS J
aktivni zéna 25.6 mm 4—|

=1 Lo Parstva R T
ouT

‘ 2.5mm
2E00
prm

zdna
symbol "~ pFechodu
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—_—T1 <
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vyska f |

Stérbiny I
vysoké mérny _
nizka { paprsek |
|
referenéni l : ; ;
paprsek
stérbina 0.2 a 0.7 nm | I
s : £
(c) @ |

Obr. 2.2: Schéma kiemikové fotodiody (a), iady fotodiod (b), seskupeni deviti fotodiod
pro soucasné méieni v mérném a referencnim paprsku a pro ruzné vysky vy-
stupni Stérbiny monochromadtoru u pristroju Fady AAnalyst 600-800 Perkin-
Elmer (c) a snimek elektronického uspoiadani téchto diod na Cipu (d)

Tyto individualni fotodiodové prvky jsou velmi Casto seskupovany (obr. 2.2 b az d) tech-
nologii integrovanych obvodi do linedrnich fad fotodiodovych prvki (linearni zobrazovaci
senzory, Photodiode Arrays - PDA) nebo jinych specialnich sestav. Pfi métfeni se analogo-
vy signdl z kazdého fotodiodového prvku (pixelu) postupné v fadé€ po sobé odecita pomoci
individualnich FET piepinaci (field-effect transistorti). Velikost signalu odpovidd mnozstvi
dopadajiciho zafeni na jednotlivé pixely. Pro spektroskopické ucely jsou prvky vytvafeny
na Cipu jako vysoké, izké pixely tak, aby korelovaly s geometrii/obrazem $térbiny spektro-
skopickych systémt.
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Pro pouziti v AAS (AAnalyst 600, 700 a 800 firmy Perkin-Elmer) byl vyvinut (Hamamat-
su Photronics) specialni monoliticky segmentovany fotodiodovy detektor ("Solid-State
Detector™) (obr. 2.2 c, d). Je slozen z deviti segmentt (obr. 2.2d vpravo), které jsou opatie-
ny zesilovaci na bazi technologie CMOS (obr. 2.2d vlevo). Tento detektor se vyznacuje
zlepSenym pomeérem signal/Sum, zvySenou citlivosti detekce (kvantovou Uc¢innosti) ve
srovnani s béznymi fotondsobici (napt. fady P 982), coz vede k podstatnému zlepseni in-
strumentalnich limith detekce. Signély z urCitych segmentti seskupeni fotodiod mohou byt
soucasn¢, nezavisle vyhodnocovany pomoci spolecné integrovanych elektronickych obvo-
di na Cipu. Ve spektrometru AAnalyst 700 umoziuje segmentovany detektor soucasné
méfit zmény signalu v mérném a referenénim paprsku. Méfeni nejsou tak separovana v Case,
ale jsou separovana v prostoru (referencni paprsek je veden nezavisle vlaknovou optikou).
Béhem bézné méfici periody je pak mozné zdvojnasobit integracni dobu. Tyto vyhodné

vlastnosti detektoru vedou k vyraznému snizeni instrumentalnich detek¢nich limitd.

Specidlné navrzeny plosny fotodiodovy detektor se 61 segmenty a zesilovacem s nizkym
Sumem byl vyuzit v kombinaci s echelle polychromatorem (viz obr. 2.3) ke konstrukci
simultdnniho pfistroje pro atomovou absorpcni spektrometrii (SIMAA 6000 - Simultane-
ous multielement AAS - Perkin-Elmer). Tento detektor umozituje méftit soucasné az v Sesti

libovolné volitelnych kanalech.

Obr. 2.3: Schéma spektrometru SIMAA 6000 firmy Perkin-Elmer (vlevo) a zvétSeny
snimek plo§ného detektoru s 61 fotodiodovymi segmenty slouZicimi k soucas-
nému aZ Sestikandlovému méieni
1 - vybojky s dutou katodou nebo bezelektrodové vybojky, 2 - slucovac pa-
prskii, 3 - atomizator, 4 - vymezovaci Stérbiny, 5 - echelle polychromdtor
(a - hranol, b - echelle miiZka), 6 - plosny polovodicovy detektor
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V soucasnosti také ziskavaji na vyznamu v riznych technologiich detekce zatreni a pro
zobrazovaci Ucely detekeni zafizeni pracujici na principu pienosu naboje "Charge Transfer
Devices". Mezi tato zatfizeni vyuzitelnd pro spektroskopické ucely patii plosné detektory
CCD — Charge Coupled Devices. U téchto typl detektorti jsou na kompaktnim €ipu vytva-
feny jednotlivé fotocitlivé prvky (pixely) o rozmérech ptiblizné¢ 25 x 25 um pomoci tii
hradel (elektrod) s proménnym potencidlem, pfi¢emz prostfedni miva nejvyssi potencial
(obr. 2.4). Fotocitlivé prvky jsou uspotfaddany v fadach a sloupcich tak, ze vytvareji plosny
detektor. Zateni dopadajici na prvek uvoliiuje elektrony, které migruji do sbérného mista
(potenciadlové studny, vytvorené prostfedni elektrodou), kde jsou shromazd’ovany. Zménou
potencidlli na elektrodach se nashromazdény naboj posouva mezi pixely az do ¢teciho re-
gistru (ve sméru Sipek vpravo na obr. 2.4), kde se méfi jeho velikost. Pfi vyhodnocovéni
1ze néboje z jednotlivych, po sob¢ odecitanych pixeli s¢itat (binning), coz umoziuje s vy-
hodou snizovat pfispévek Sumu méfeni a také vyhodnocovat pfislusné obrazy analytickych
¢ar na plosném detektoru. Pro ucely optické spektroskopie je citlivost CCD detektort pii
vyrobé uceloveé zvysena pro UV oblast, ¢imZ detektory ziskéavaji potfebnou vysokou kvan-
tovou ucinnost az 90 % (backthinned CCD — fotony a nasledné fotoelektrony dosahuji
snadnéji na ztenéeném Cipu aktivni zony - depletion region). Zminéné detektory se vyzna-
¢uji dostatecné vysokou saturacni kapacitou pixelti a nizkym Sumem pfi rychlém odecitani,

a tim 1 vysokym dynamickym rozsahem detekce zafeni.

1024 prvkua
27.54 mm

—

5V 10V 5V e

casteéné zaplnény =

av @\ i EEE] iRESREAAE R ERRE; : i L
ouT Q:l sloupce 7 256 J
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\_/L 26 ym pixely

Obr. 2.4: Schéma funkce jednoho fotocitlivého prvku (vlevo) a integrace prvkii na Cipu
CCD detektoru (vpravo)

V soucasnosti je detektoru CCD, specialné vyvinutého firmou Hamamatsu, s 576 pixely
vyuzivano jako linedrniho detek¢éniho prvku pro spektralni rozsah ptiblizn€ 1 nm v pfistro-
jich pro HR-CS AAS (High Resolution Continuum Source Atomic Absorption Spectromet-
ry) fady contrAA (modely 300 a 700) firmy Analytik Jena pro simultanni méteni s vyso-

kym spektralnim rozliSenim (viz obr. 2.5).
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Obr. 2.5: Schéma spektrometru rady contrAA pracujicim na principu HR-CS-AAS se
spektralnim rozsahem 189-900 nm a dvojitym monochromdtorem

1 - xenonova vysokotlaka vybojka s kratkym obloukem, 3 - elipticka zrcadla,
4 - atomizdtor, 5 - vstupni Stérbina, 6 - parabolicka zrcadla, 7 - Littrowiiv
hranol pro separaci radi spektra, 8 - zrcadlo s meziclonou, 9 - echelle miiz-
ka, 10 - CCD-detektor
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3. PRINCIPLES AND APPLICATIONS OF
HIGH-RESOLUTION CONTINUUM SOURCE AAS

Dr. Uwe Heitmann,
Technical University of Berlin, Institute for Optics and Atomic Physics,
Hardenbergstr. 36, 10623 Berlin, Germany,

uwe.heitmann@online.de

This Chapter should give a brief overview about the principles, present features and new
applications possible by means of the use of high-resolution continuum source atomic
absorption spectrometry (HR-CS AAS). It is neither intended to cover the entire field of
this outstanding analytical technique, which recently became commercially available, nor
to give detailed descriptions of all individual parts of a corresponding spectrometer. Most
of the material presented in this script has already been published during the last years in
numerous papers as well as a book in a more comprehensive manner. Thus, the reader is
advised to take a closer look to the full references listed in part 3.5 in order to obtain ad-
ditional information regarding the different topics of HR-CS AAS he especially is inter-

ested in.

3.1 Fundamentals

Atomic absorption spectrometry (AAS) is, without any doubt, one of the oldest optical
techniques applied for element analysis. Despite its mature age, even nowadays AAS still
has an increasing global spread and is the most widely used analytical technique. This is
mainly due to its simplicity in instrumentation, straightforwardness in operation and cost

effectiveness.

Basically AAS can be accomplished with both continuum and line radiation sources, either
in continuous or pulsed operation. Even so in the very beginning of spectroscopic investi-
gations, which dates back to the 19" century, exclusively continuum sources, i.¢., radiation
sources emitting a continuous spectrum over a large wavelength range were used. Already
in 1814 J. von Fraunhofer investigated the spectrum of the sun, the most prominent contin-
uum source known, and observed more than 550 dark lines. Later on in 1860 R.W. Bunsen
and G.R. Kirchhoff carried out their fundamental investigations on the line reversal in
emission spectra of alkali and alkaline earth elements and compared these lines with the
solar spectrum. For signal registration photographic plates were used at that time since they

allowed the registration of the entire spectrum.

However, in particular because of the use of continuum sources and photographic plates

spectroscopists in the following decades increasingly gave preference to atomic emission
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over atomic absorption for quantitative measurements since it was obviously much easier
to detect a weak emission signal against a dark background than a slight reduction in emis-
sion intensity over a narrow spectral interval against a bright background. Moreover, in
order to separate individual atomic absorption lines a spectral resolution of only a few pi-
cometer would be required, which was far beyond the capabilities of the best spectrometers
available at that time. Thus, continuum source instrumentation lost more and more in inter-

est and almost completely disappeared.

3.1.1 Conventional line source AAS

A completely new approach for AAS investigations was made by A. Walsh in 1952 (refer
to Fig. 3.1). He proposed the use of a radiation source emitting a very narrow spectral pro-
file, a so-called line source (LS), which preferably only emits the lines of the element of
interest. With the availability of the first sealed-off hollow cathode lamps in 1955 his de-
sire became reality and Walsh could demonstrate first applications of LS AAS to chemical

analysis.
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Fig. 3.1:  First sketch of an atomic absorption spectrometer drawn by A. Walsh in 1952
(© Australian Academy of Science)

In this configuration only a low-resolution monochromator was required and its task was
now reduced to the separation of the analytical line from other lines emitted by the LS.
However, a modulation of the emission of the LS and the use of a selective detection sys-
tem, i.e., an amplifier synchronously tuned to the modulation frequency, was necessary in
order to eliminate any emission from the atomizer, which was obviously not modulated
and hence disregarded by the amplifier.

In conclusion, the combination of the use of a LS and the modulation principle provides
the advantage of a high specifity and selectivity, but at the same time restricts LS AAS to
a one-element-at-a-time technique. Nevertheless, Walsh’s approach quasi re-invented AAS
and made LS AAS a simple, inexpensive and very popular technique, and even nowadays
almost every commercial AAS instrument is based on this approach.
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3.1.2 Atomic absorption with a continuum source

As previously mentioned, first AAS investigations were performed by means of continuum
sources (CS) as they were the only reliable radiation sources available in these ages. But
due to the difficulties in handling of the early instruments CS AAS played only a negligi-

ble role in spectroscopic research during the first half of the 20" century.

Fortunately, the idea of using a CS as a primary radiation source for AAS was never given
up, and there were many famous spectroscopists among those who worked in that field.
However, substitution of the LS by a CS, without changing the rest of the instrument, was
not a reasonable approach. Especially the instability of the most intense CS, i.e. xenon arc
lamps, and their dramatic decrease in intensity at wavelengths below 280 nm resulted in
elevated baseline noise and poorer limits of detection (LOD). In addition, the low-
resolution monochromators normally used in LS AAS provided a much too large spectral
bandwidth for use with a CS. Thus, only poor sensitivity and specificity, non-linear cali-

bration curves and higher susceptibility to spectral interferences was obtained.

In view of these drawbacks a kind of turning point could be reached in 1975 when Keliher
and Wohlers for the first time used a high-resolution echelle grating spectrometer. In the
following years several groups continuously improved the CS AAS principle by introduc-
ing wavelength modulations, pulsed CS and solid-state detectors, i.e., linear photodiode
arrays. However, in the end all these attempts still suffered from some limitations and
never found their way to the instrument market. The main reason for this failure was the
fact that all groups started from individual commercially available equipment, which they

assembled and modified according to their needs.

graphite fumace 4 5 /

CCD

detector
Xenon short-arc

lamp

hollow cathode
lamp (optional)

high-resolution
monochromator

Fig. 3.2: Schematic setup of the HR-CS AAS prototype spectrometer at ISAS Berlin,
Germany (hollow cathode only necessary for direct comparison with LS
AAS)
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Consequently, CS AAS required a complete re-design of the whole spectrometer with all
its individual components. This goal was finally reached in 1996 by Becker-Ross and co-
workers at ISAS — Institute for Analytical Sciences in Berlin, who came up with a new
approach, taking into consideration the special requirements of CS AAS [1,2]. The spec-
trometer they designed is schematically depicted in Fig. 3.2. It consists of a single high-
intensity xenon short-arc lamp as CS. The emitted continuous radiation is focused into an
atomizer, known from conventional LS AAS instruments, and subsequently imaged onto
the entrance slit of a compact, high-resolution double monochromator. At first the incom-
ing light will be dispersed by a prism / echelle grating combination and finally a certain
spectral interval around the analytical line of interest is recorded by means of a linear charge
coupled device (CCD) array detector. The features and specifications of the individual com-

ponents of the HR-CS AAS spectrometer are described in more detail in Part 3.2.

3.1.3 Signal registration and background correction principles

Due to the distinct differences in optical setup and the individual components used in LS

and CS AAS both techniques have totally different measurement principles.

LS AAS spectrometers, independent of a single- or double-beam arrangement, must be
seen as instruments having only a single measurement ‘channel’ for registration of the ana-
lytical signal. The radiation of the element-specific LS is conducted through the absorption
volume and, after passing the low-resolution monochromator, recorded by a single detec-
tor, in most cases a photomultiplier. Thus, the absorption is measured only over the very
narrow spectral interval corresponding to the width of the atomic line emitted by the LS,
1.e., over a few picometer, and no information is available about the spectral environment.
However, the absorption measured at the analytical line might well consist not only of
atomic absorption due to the element of interest, but also to background absorption caused
by matrix constituents. Since it is only possible to measure the total absorption when
measuring with the LS in normal operation mode, the background absorption has to be
determined in a second, independent measurement and afterwards subtracted from the total
absorption for obtaining the net atomic absorption. These two measurements have to be
made in rapid sequence, particularly in the case of fast transient signals, i.e., electrothermal

atomization, in order to minimize artifacts, namely ‘bracketing’ effects.

Therefore, in LS AAS, an additional background correction (BC) system is essential for
correct signal registration. Over the years this need has resulted in the design of a variety
of BC systems, using deuterium (D) lamps as a second source, which emit a continuous
spectrum, high-current pulsing of the primary source, the so-called Smith-Hieftje BC
method, or the Zeeman-effect BC, where the absorption profile is split under the influence
of a magnetic field. All these approaches can handle not too fast changing ‘continuous’

effects reasonably well, but have certain problems with structured background. In addition,
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all of them have made LS AAS spectrometers more complex and expensive, and none of

the approaches is ideal.

From the optical point of view HR-CS AAS spectrometers are also belonging to single-
beam instruments, as there is only one beam passing the atomizer and going to the detec-
tor. However, due to the use of a linear CCD array detector, which consists of several hun-
dred pixels, HR-CS AAS must be considered as a technique with multiple measurement
‘channels’. All individual pixels act as independent detectors covering a certain wave-
length interval, are illuminated at the same time by the CS and simultaneously read out. As
only a few of these pixels are typically used to measure the analyte absorption, any other

pixel or set of pixels can be used for other analytical or BC purposes.

This means that the wavelength-resolved measurement principle of HR-CS AAS has at
least two mayor advantages in comparison to conventional LS AAS. Firstly, the entire
spectral environment of the analytical line becomes visible, i.e., instead of getting absorb-
ance information over time only, as is usual in LS AAS, one now gets three-dimensional
information (absorbance over time and over wavelength). This obviously greatly helps to
recognize and to avoid spectral interferences and to facilitate method development in gen-
eral. Moreover, the nature and spectral distribution of the background become visible,
which makes it much easier to take the appropriate action for its removal or correction.
Secondly, the measurement of atomic and background absorption takes place at the same
time, so that no artifacts, like ‘bracketing’ effects, are observed, even for the most rapidly

changing background signals.

On the basis of Fig 3.3 the simplified computer-aided signal processing and background
correction scheme of an analytical cycle in HR-CS AAS will be explained [10]:
In the first step, before the dosing of the sample into the graphite furnace or the aspiration
of a sample into the flame, a given number of sequential reference intensity spectra without
any analyte absorption is recorded. These spectra are averaged and used as the reference
intensity signal. Then a series of analytical intensity spectra during the analytical cycle is
recorded (see Fig. 3.3a) and subsequently each individual spectrum is normalized to the
reference intensity signal, giving an intensity correction factor, which is a measure of the
non-specific background absorption and similar to LS AAS systems. In this way, all ‘con-
tinuous’ effects, such as broadband absorption and lamp fluctuations, as well as systematic
errors, such as pixel errors, are removed and a series of transmittance spectra is obtained
(refer to Fig. 3.3b). In the second step, the absorbance is calculated from the transmittance
spectra, resulting in a three-dimensional plot of absorbance versus wavelength and time, as
shown in Fig. 3.3c. Once the ‘continuous’ background is eliminated, the rotational fine
structure of molecular absorption due to electron excitation becomes visible, as well as
possible atomic absorption due to concomitant elements. In most cases it is not necessary

to take further action in order to remove this residual fine-structured background, as long
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as it is not directly overlapping with the analyte absorption in wavelength and time. For the
rare case that analyte and background absorption coincide both spectrally and temporally,
it is possible to correct for the fine-structured background in a third step. This is accom-
plished by means of previously recorded reference spectra, which can be stored in the
software of the HR-CS AAS spectrometer. These spectra may then be subtracted from each
individual spectrum measured for the actual sample using a least-squares algorithm, result-

ing in background-free absorbance spectra (Fig. 3.3d).

a)

Intensity
Transmission

Absorbance

Absorbance

Wavelength Wavelength

Fig. 3.3:  Simplified signal processing and background correction scheme in HR-CS
AAS; (a) uncorrected analyte intensity spectra, (b) continuous background
corrected transmittance spectra, (c) continuous background corrected ab-
sorbance spectra, (d) absorbance spectra after correction for continuous and
fine-structured background

Practical examples of the effectiveness the background correction principle of HR-CS
AAS will be given later on in Part 3.3.
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3.1.4 Multi-pixel signal evaluation schemes in HR-CS AAS

One of the major detractions of LS AAS spectrometers for applications in real sample
analysis is their limited linear working range, which typically covers not more than two
orders of magnitude in concentration. These limitations arises from stray radiation and the
finite width of the emission lines of the radiation source, which is not monochromatic and

just three to five times narrower than the absorption profile.

In contrast, with HR-CS AAS there is no theoretical limit to the calibration range, only the
practical limits imposed by the size of the array detector, the increasing possibility of spec-
tral interferences, and the ability to clean the atomizer after extremely high analyte concen-
trations have been introduced. However, HR-CS AAS inherently provides an elegant way
to extend the linear working range, since signal evaluation cannot only be done at the center
pixel M, corresponding to the line core, as in conventional LS AAS, but also using the vol-
ume Mx of the absorption peak with an increasing number x of pixels, the so-called peak
volume evaluation, or the side pixels Nx only, the so-called side-pixel evaluation. The differ-
ences and individual advantages of these schemes are demonstrated in Fig. 3.4 by means of

the In absorption line at 303.936 nm, which extends over more than five detector pixels.

In case of peak volume evaluation, i.e., the addition of more and more wing pixels
of the absorption line, the sensitivity obtained in HR-CS AAS is at first significantly lower
than that in LS AAS when solely the center pixel M is used for signal evaluation (see Fig.
3.4a). But a significant improvement in sensitivity can be obtained in HR-CS AAS for M1
evaluation. Even up to M5 evaluation the sensitivity can still be improved. However, fur-
ther extension of the peak volume evaluation does not make sense, as the line profile
drops, and only noise would be summed up. In summary, peak volume evaluation provides
increased sensitivities and in consequence, when assuming a constant noise level, the pos-
sibility for an extension of the linear working range towards lower element concentrations

as well as an achievement of better LOD.

On the other hand, the use of side pixels (Nx) only at increasing distance from the
line core for evaluation results in reduced sensitivity but better linearity (refer to Fig. 3.4b).
Therefore, side-pixel evaluation allows the determination of higher analyte amounts with-
out the need for a sample dilution, which is especially delicate in case of solid sample
analysis, and enables the extension of the linear working range of HR-CS AAS to at least

five orders of magnitude in concentration, as claimed for ICP AES and ICP-MS.
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Fig. 3.4: Influence of peak volume (a) and side-pixel evaluation (b) on the sensitivity
and working range of HR-CS AAS in case of the In absorption line at

303.936 nm
(HCL indicates the corresponding measurement with a LS)

Each evaluation scheme yields an individual sensitivity and linear working range, and
quasi represents an own calibration curve. All of them are available at the same time due to
the use of a multitude of pixels for signal registration. Since the whole data sets are stored
by the software of the HR-CS AAS spectrometer for each individual analytical measure-
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ment, all this information is steadily available. Moreover the software offers comfortable
post-processing capabilities, i.e., all the data can be recalled at a future date and re-
processed using the desired evaluation scheme, which dramatically reduces the need for

additional measurements of the sample.

In this context special care must be taken when comparing the numerical values of the ab-
sorbances calculated using the different evaluation schemes in HR-CS AAS with those of
LS AAS [32]. In general, the absorbance is defined as the negative decadic logarithm of
the absorption factor. This is the classical definition and is typically used in flame meas-
urements. In case of sample atomization with a graphite furnace, the absorbance signal
varies in time. Here, the area under the absorbance signal is proportional to the analyte

mass and the integrated absorbance, having the unit ‘second’, has to be evaluated.

The introduction of a pixel detector for signal registration in HR-CS AAS yields an addi-
tional dimension, the spectral interval over which the absorbance is recorded. Although the
principle problem of different (absorption and emission) line widths is known for several
decades in conventional LS AAS, it is usually disregarded. Especially changes in the oper-
ating current of the LS make this effect obvious. By choosing a certain number of pixels in
HR-CS AAS a defined wavelength interval can be selected over which the absorbance is
recorded. With a steady-state signal, as in flame AAS, the individual pixel absorbances can
be added, resulting in the wavelength-selected absorbance (WSA) or integrated, resulting
in the wavelength-integrated absorbance (WIA), respectively. While the first one is again
unit-free, the latter one now has a wavelength unit, such as ‘picometer’. Finally, adding the
transient component, as in graphite furnace AAS, one can add-up or integrate the individ-
ual integrated absorbance values of the selected pixels to obtain the volume under the ab-
sorbance peak. This results in the definitions peak volume selected absorbance (PVSA)
and peak volume integrated absorbance (PVIA), having the units ‘second’ and ‘picometer

second’, respectively.

The numerical values of some of these definitions can reach fairly high numbers, but must
be seen individually according to their calculation and are not directly comparable with the
conventional absorbance or integrated absorbance, as known from LS AAS. Furthermore,
care must be taken when simply adding individual pixel absorbance values, as in the case
of WSA and PVSA evaluation, since these values may vary between different HR-CS AAS

spectrometers.

However, in order to make a fair comparison between absorbance values obtained with
instrumentation from different manufacturers, values integrated over the entire wavelength
interval, i.e., WIA or PVIA in case of flame or furnace measurements, respectively, should
be used. These absorbance values are independent from the pixel scheme, i.e., the spectral

resolution of the individual spectrometer or the number of pixels used for signal evalua-
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tion. Moreover, these values can be directly related to the ones measured with conventional
LS AAS, when taking the actual emission line width of the hollow cathode lamp or elec-

trodeless discharge lamp into account.

3.2 Instrumentation for HR-CS AAS
As already mentioned above, the final breakthrough of HR-CS AAS was only possible

because of the selective development and optimization of its individual components. The
three key elements necessary in order to set up a HR-CS AAS spectrometer which can at
least compete with the performance, i.e., the sensitivities and LOD, of conventional LS

AAS instrumentation, are:

o a continuum radiation source, emitting a very high spectral radiance even in the far-

UV wavelength region,;

o a compact monochromator, having a very high spectral resolution in the order of the
linewidths of atomic absorption lines and, at the same time, offering a high light
throughput, an extreme wavelength accuracy, as well as the possibility for observing

a certain spectral interval around the analytical line under investigation; and

. a state-of-the-art detector, enabling a fast signal readout, high UV quantum effi-

ciency and registration with multiple ‘channels’.

All these components, which are described in more detail in the following parts, are nowa-

days available and made HR-CS AAS a ready-for-the-market technique.

3.2.1 Continuum radiation source

The most obvious advantage of using a CS in AAS is that only one single radiation source
is required for all elements and lines, which covers the entire wavelength range of analyti-
cal interest. This is a great simplification compared to LS AAS, and also a significant cost

saving when more than just a few elements have to be determined.

In principle, incandescent sources, such as halogen lamps and different types of arc lamps
filled with deuterium or xenon may be used for HR-CS AAS. However, all these commer-
cially available CS have a notoriously weak emission in the far-UV below 250 nm, which
is the most critical parameter for the selection of the radiation source. In order to achieve
similar LOD as in LS AAS the spectral radiance per picometer bandwidth increment of the
CS should be at least one order of magnitude higher than that of the narrow emission lines
of hollow cathode lamps, since the geometrical conductance of a HR-CS AAS spectrome-

ter is lower by the same order of magnitude.

Hence, this problem had to be solved by the development of an improved CS lamp type
with increased UV emission and was done in close cooperation with the lamp manufac-

turer GLE (Berlin, Germany). The new lamp is based on the conventional design and still
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looks like a classical xenon short-arc lamp (refer to left image of Fig 3.5), as for example
used for stadium illumination, but has been optimized to operate in a so-called hot-spot
mode, i.e., the discharge of the lamp is characterized by the formation of a small plasma
spot close to the surface of the lamp cathode, as depicted in the right image of Fig. 3.5. The
contraction of the plasma is mainly achieved by selection of a reduced electrode distance
(typically less than 1 mm), an increased gas pressure of about 16 bar in cold condition, and
a special temperature regime induced by optimized electrode geometries. Under normal
operating conditions the inner pressure of the lamp increases to about 50 bar, and a hot-
spot with a diameter of approximately 0.2 mm and a plasma temperature of about 10,000 K
develops.

Although the lamp is only operated at a nominal power of 300 W, the formation of the hot-
spot results in significantly higher radiation intensity, particularly in the far-UV, where the
spectral radiance is some two orders of magnitude higher than that of conventional xenon
arc lamps operating in diffuse mode, and about three orders of magnitude higher than that

of deuterium arc lamps, which are typically used in LS AAS for BC purposes.

Fig. 3.5:  Xenon short-arc lamp operating in hot-spot mode (GLE, Berlin, Germany);
photos of the complete lamp (left) and a typical profile of the discharge

(right)

As the hot-spot xenon short-arc lamp roughly provides the same spectral radiance over the
whole wavelength range between 190 nm and 900 nm, the use of such a CS in AAS leads
directly to another advantage: From LS AAS it is well known that lines emitted by a LS,
such as a hollow cathode lamp, can have significantly different intensities. Thus, spectro-
scopists in some cases, like Pb, tend to use secondary absorption lines of an element in

order to get better signal-to-noise ratios (SNR). This problem of ‘weak’ lines does not exist
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in HR-CS AAS and secondary lines can be used without compromises and without a sacri-
fice of precision. Furthermore, as literally radiation is available from a CS over the entire
spectral range without any gap, it is possible to determine elements or even molecules, as

will be discussed in part 3.3.4, for which no LS are available.

3.2.2 Echelle monochromator with high spectral resolution

The second, but even more sophisticated component in HR-CS AAS is the monochroma-
tor. In particular, its instrumental resolving power has to be about two orders of magnitude
higher than in conventional LS AAS in order to avoid loss of sensitivity and excessive cur-
vature of the calibration curve, and to ensure the greatest possible freedom from spectral
interferences due to line overlap. It has been shown for several elements [1] that the sensi-
tivity continuously increases with increasing resolution until the spectral bandwidth is in
the order of the width of the atomic absorption line, and that no further improvement in
sensitivity is possible beyond that level. Thus, optimum conditions are obtained for HR-CS
AAS when the resolving power A/AA is of about 110,000.

In addition to a high spectral resolution, the monochromator should provide adequate geo-
metrical conductance and diffraction efficiency to guarantee low LOD, primarily in the far-
UV region. Moreover, the capability for a truly simultaneous measurement of any analyti-
cal line and its spectral vicinity is essential for accurate BC. Last but not least, the overall
dimensions of the monochromator should almost remain the same as of low-resolution

ones in order to be compatible with the layout of conventional instrumentation.

Therefore, preference was made to a system based on an echelle grating, since it perfectly
fits to the requirements of HR-CS AAS (refer to Fig. 3.6). The new developed double
echelle monochromator (DEMON) comprises a prism monochromator creating the order
pre-selection in front of a simple echelle monochromator. Both components have a similar
Littrow-arrangement and they are coupled with each other by two folding mirrors. The
radiation entering the entrance slit is reflected by the first off-axis parabolic mirror towards
the prism, which has a reflective coating on its rear side. After the collimated beam is re-
fracted by the prism a small segment of the low-dispersed continuum spectrum passes the
intermediate slit, which is, moreover, the entrance slit of the echelle monochromator. Rota-
tion of the prism ensures that exactly the spectral interval, which involves the analytical
line of interest and its spectral vicinity, is transmitted. Subsequently the echelle mono-
chromator acts like a magnifying glass and spreads the pre-selected section of one echelle
order with substantially higher dispersion. Finally, by rotation of the grating the spectral
interval of interest can be selected, which is then recorded by a linear CCD array detector.
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Fig. 3.6: Optical scheme of the double
echelle monochromator
(DEMON); I: entrance slit, A\_/
2: off-axis parabolic mirrors,
3: Littrow-prism, 4: intermedi-
ate slit, 5: folding mirrors,
6: echelle grating, 7: linear X Qs i
CCD array detector, 8: neon 2 2
lamp

Obviously, such a high-resolution monochromator requires active wavelength stabilization
in order to avoid drift problems and to ensure high absolute wavelength accuracy. This has
been accomplished through an internal neon lamp, mounted on an adjustable stand in front
of the intermediate slit between the prism pre- and echelle-monochromator, so that it can
be moved into the beam automatically if necessary. The neon lamp emits many relatively
narrow lines in the red wavelength region, and, in the absence of any pre-selection, these
lines are separated by the echelle grating into various superimposed orders. This means
that without pre-dispersion at least two neon lines for every grating position surely fall on
the detector, and can be used for stabilization. The precision of this stabilization is only
limited by the stepper motor for grating adjustment, and is better than one-tenth of the

pixel width.

3.2.3 State-of-the-art solid-state detector

The requirements on the third component of the high-resolution spectrometer, the detector
for signal registration, are very complex in order to exploit fully the methodical potential
of HR-CS AAS. Among several other features, an adequate detector should offer at the
same time fast readout at low noise levels, high quantum efficiency and dynamic range, as
well a good spatial resolution and a sufficiently large number of pixels. Some of these cri-
teria are already fulfilled by currently available detectors, others are still critical or subject
to trade-offs. Hence, the development of HR-CS AAS was and still is strongly influenced
by the progress in detector technology [27].
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The performance of a detector is described in particular by its dynamic range, which means
the application area of the detector, where shot-noise limited absorbance measurements are
possible. It depends on basic detector parameters and is calculated by the ratio between the
saturation capacity and the square of the readout noise. The importance of a large dynamic
range becomes obvious when taking into account measurements with strong background

absorption as well as simultaneous measurements over a wide spectral region.

From this point of view, a CCD detector is the most favored detector for HR-CS AAS and,
therefore, was selected for the actual setup. Furthermore, the implementation of a so-called
‘back-thinned” CCD removes sensitivity limitations of classical front-illuminated and
UV-coated version and yields quantum efficiency in the UV of up to 90 %, which is much

better than the one of photomultiplier used in conventional LS AAS.

In contrast to a less expensive photodiode array detector, which has a sequential readout
scheme, the utilization of a CCD, at the same time, guarantees a truly simultaneous regis-
tration of the absorbance values at the position of the analytical line and its spectral vicin-
ity. Modern CCD detectors are offered in different outlines, either with a linear or a two-
dimensional arrangement. However, since simply a limited spectral interval has to be re-

corded in the present configuration, it is only necessary to apply a linear CCD array detector.

n columns individual
-1 pixel
m rows
\ \ \ \ \
||||||I*[
readout register amplifier

Fig. 3.7:  Functional readout principle of a linear CCD array detector

A typical layout of such a detector type is shown in Fig. 3.7. The corresponding readout
scheme is truly simultaneous, because each individual photosensitive pixel simultaneously
converts the incident photons into photoelectrons and stores them during the illumination
time. The stored charge pattern of all pixels is then very rapidly simultaneously transferred
into the non-photosensitive readout register. In this way, using the so-called full vertical

binning procedure, all charges within a specific column, which represent the same wave-
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length, are collected in a single element of the readout register. Subsequently, these binned
charges are converted into charge-proportional voltage impulses by means of an on-chip

amplifier, which are finally further amplified and digitalized.

This detector layout has the advantage that the next illumination cycle can already take
place, while to the readout is still going on. Thus, dead times are eliminated and it is guar-
anteed that proportional variations in the intensity are precisely converted into proportional

changes in the digitalized signals for each individual wavelength position.

3.3 Specific application

During a time period covering the last ten years, numerous investigations have been per-
formed using the fascinating, newly available technique of HR-CS AAS. All this research
work was carried out using identical HR-CS AAS prototype spectrometers, built at ISAS
Berlin. The systems are based on conventional LS AAS instruments (model AAS 6 Vario
from Analytik Jena AG, Jena, Germany), from which the entire optical compartment in-
cluding detector and associated controls were removed and replaced by a high-resolution
double monochromator (DEMON) as well as the additional components mentioned in the
previous part. The prototype spectrometers were controlled by personal computers, running

an in-house developed data acquisition program.

All the applications possible with conventional LS AAS instrumentation can also be per-
formed with the HR-CS AAS systems. And since only the optical compartment has been
modified, all the experiences regarding sample handling and atomization can directly be
transferred to the new spectrometers. However, HR-CS AAS offers a lot of new possibili-

ties for sample analysis, which are even now not fully exploited.

It is far beyond the scope of this Chapter to discuss all the new features of HR-CS AAS in
detail and the reader is referred to the corresponding publications. Nevertheless, at least the
two most outstanding ones, i.c., least-squares BC as well as the possibility for the determi-

nation of non-metals via molecular absorption, shall be presented in the following.

3.3.1 Correction of molecular background in the flame

In part 3.1.3 the sophisticated BC scheme of HR-CS AAS to correct for ‘continuous’ and
‘structured’ effects during sample atomization has already been discussed. However, even
in absence of any sample background structures may be present, which are originating

from the atomizer itself.

One prominent example for this is the diatomic molecule OH. It is present everywhere in
flame AAS, independent of the type of gases used, and generates huge fine-structured
bands separated into four groups in the wavelength region of analytical interest. These
bands are due to electronic transitions between different energy states and the strongest

structure is lying in the wavelength region around 310 nm.
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Fortunately, the existence of these OH bands is normally not a general problem for the BC
systems of conventional LS AAS instruments since they are present during sample as well
as blank measurement and are of the same order on average over time. Nevertheless, when
the matrix is not matched for both recordings, the OH concentrations are different, and the
structures can occur as additional absorptions or negative absorptions (like ‘emissions’),
depending on their ratio. However, in case of LS AAS investigations close to the LOD,
even the statistical fluctuations of the flame itself are high enough to increase the back-
ground noise levels or to result in small BC errors due to the fact that the D, correction is

not wavelength selective.

This problem can be overcome when using HR-CS AAS instrumentation. Its correction
capability for this kind of background is shown in Fig. 3.8 in the case of Bi determination
at the 306.772 nm line doublet in a standard air-acetylene flame. This line doublet directly
overlaps with a molecular absorption band of the OH radical. As the molecular absorption
is not stable over time, but subject to short-term fluctuations, it contributes significantly to
the overall noise level of the measurement, as is shown in Fig. 3.8a. With the spectrometer
software it is possible to record the molecular spectrum of OH over the spectral range un-
der consideration by measuring the flame absorption without any analyte. This spectrum
can be stored in the computer and subtracted from the measurement of a real sample using

the least-squares BC algorithm previously mentioned.

The measurement corrected in this way is shown in Fig. 3.8b, where all the flame noise has
disappeared, resulting in a significantly improved SNR of the measurement and hence
a better LOD.

3.3.2 Correction for direct line overlap

Not only the existence of molecules during sample atomization can result in interfering
structures, but also the presence of a concomitant element can lead to additional absorption
lines within the recorded spectral interval. However, they are only of interest when they
directly overlap with the analyte line and cannot be separated in time in the case of GF

measurements.

Even in this rare case HR-CS AAS can eliminate the interference due to direct line overlap
presupposing that the interfering element has at least one additional absorption line within
the recorded spectral interval. Since the line strengths are directly correlated to each other,
the unknown contribution of the overlapping line to the total absorbance signal at the ana-
lyte wavelength position can be determined by using the additional absorption line of the
interfering element for BC. This is accomplished in a way similar to the correction for mo-
lecular structures and demonstrated for the example of the direct line overlap of the
213.859 nm Fe line with the resonance line of Zn at 213.856 nm (refer to Fig. 3.9).
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Fig. 3.8:  Correction for OH molecular structures of an air-acetylene flame in the case
of Bi determination at 306.772 nm; (a) without BC, (b) with least-squares BC
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Fig. 3.9:  Correction for direct line overlap of Zn and Fe (sample: 0.3 mg L Zn in
1000 mg L Fe matrix, atomization: air-acetylene flame); (a) without correc-
tion, (b) Zn-free iron matrix, (c) with least-squares BC

After recording the absorbance pattern of the interfering element alone (Fig. 3.9b), this
reference spectrum can be stored and used as a linear function in the least-squares fitting
procedure. Finally, the undisturbed Zn absorbance signal can be obtained by subtracting

the fitted reference spectrum from the actual absorption pattern (Fig. 3.9c¢).

3.3.3 Correction of molecular background in real sample analysis

Full advantage of the outstanding BC capabilities of HR-CS AAS is especially gained in
the case of real sample analysis, which shall be finally demonstrated for the example of the
determination of Se in human urine [3] (refer to Fig. 3.10). Here the Se absorption is inter-
fered by two independent molecular structures, which can be ascribed to the NO and PO

radicals present during sample atomization in the graphite furnace.
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Fig. 3.10: Time-resolved absorbance spectrum of a human urine sample in the vicinity
of the Se resonance line at 196.026 nm

(sample: 5 uL undiluted urine + 10 uL Ni 10 g L, atomization: 2 300 °C);
(a) without BC, (b) with least-squares BC

As these structures are partially shifted under the influence of a magnetic field, even the
powerful Zeeman-effect BC system of conventional LS AAS instrumentation is not capa-

ble of handling this kind of interference and yields erroneous results. However, this prob-
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lem can again be eliminated with the HR-CS AAS spectrometer by making use of the spec-

tral information provided.

In the present case two molecular reference spectra (see Fig. 3.11) have at the same time to
be taken into account for the least-squares BC procedure. But once more, after subtraction

of both spectra, a ‘clean’ spectrum containing solely the Se absorption line is obtained.
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Fig. 3.11: Time-integrated reference spectra of NO (100 ug urea, CH,N,0) and PO
(20 ug NH/H>POy,) in the vicinity of the Se resonance line at 196.026 nm
(dashed)

3.3.4 Determination of non-metals via molecular absorption

Up to now fine-structured spectra of molecules have only been considered as non-specific
background that should be removed by means of the sophisticated BC algorithms previ-

ously mentioned.

However, by using a CS not only atomic lines but also molecular absorption structures can
be used for element determination, provided that their spectral widths are comparable to
those of atomic lines, as is typically the case for diatomic molecules, and that their bands
lie within the accessible wavelength range of the spectrometer. In this way the determina-

tion of important non-metals, like phosphorus, sulphur, fluorine and chlorine, becomes
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possible, which normally is refused to conventional LS AAS instrumentation because of

the fact that all their main resonance lines are in the non-accessible vacuum-UV region.

Up to the present, the determination of several non-metals has been investigated using
sharp molecular absorption ‘lines’ selected from the fine structure of electron transition
spectra produced in an air-acetylene flame [13,15,16,18,21,25,34]. The advantage of the
flame in this case is that its stoichiometry can be modified in order to make it oxidizing for
the production of an oxide, such as PO, or reducing in order to produce carbide, such as
CS. The buffer effect of the flame gases can hence be used to produce the analyte molecule
of choice, a possibility that does not exist to the same extent in a graphite furnace. Never-
theless, it was also shown that this kind of molecular absorption spectrometry is even fea-
sible in a graphite furnace and offers the possibility for determination of chlorine via the
AICI molecule, fluorine via GaF, phosphorus via PO and sulfur via the CS molecule
[23,24,29]. This obviously opens a completely new field of application for HR-CS AAS.
The figures of merit obtained during the investigation are compiled in Tab. 3.1 for atomi-

zation in an air-acetylene flame and in Tab. 3.2 for electrothermal atomization.

Tab. 3.1: Figures of merit for non-metal determination via molecular absorption in
case of atomization in an air-acetylene flame

Element Wavelength LOD Linearity up to Alternative
/ nm /mg L’ /mgL"
P via PO 324.620 2.6 4,000 (P)
S via CS 258.056 2.4 3,200
Cl via InCl 267.240 3.0 1,800 AlCI
F via GaF 211.248 1.0 4,500 AlIF

Tab. 3.2: Figures of merit for non-metal determination via molecular absorption in
case of electrothermal atomization

Element Wavelength LOD Linearity up to Improvement to
/nm / pg /mg L flame*
P via PO 246.40 900 300,000 29
S via CS 258.056 2300 1,000,000 10
Cl via AICI1 261.420 70 25,000 430
F via GaF 211.248 9 > 5,000 1,100

* based on 10 uL sample volume

Just to give an impression of the potential of this kind of application, the determination of
sulphur via the CS molecule in an air-acetylene flame will be briefly discussed on the fol-

lowing pages.
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The CS molecule exhibits several typical molecular absorption bands in the far-UV, the
most pronounced part of which in the wavelength region around 258 nm is shown in Fig.
3.12. However, for the successful generation of CS spectra in the air-acetylene flame,
flame composition and observation height are decisive factors, and CS molecular absorp-

tion can only be observed with very fuel-rich flame conditions.

0-04 L) I T I T I T

. 257.593 nm .

/ 257.961 nm
0.03 - 4
/ 258,056 nm

@ - N / -
(&)
c
©
2 002- -
o H u
n
0
g /\ -
0.01 - V
0.00 : , : , : , :
257.50 257.75 258.00 258.25 258.50

Wellenlange / nm

Fig. 3.12: CS molecular absorption band head at 258 nm, generated in a fuel-rich air-
acetylene flame (sample: 1% sulfuric acid)

In principle, all the rotational absorption lines in Fig. 3.12 could be used for the determina-
tion of sulfur, as most of them have line widths of about 5 pm, i.e., are of the same magni-
tude as atomic lines. Nevertheless, two of the lines should be favored for investigations,
the line at 257.594 nm, because it exhibits the best sensitivity, and the line at 258.056 nm,
because it can be very well isolated from the other absorption lines and hence provides best
LOD. By using the latter absorption line for signal evaluation, values of 12 ng for the char-
acteristic mass and 2.3 ng for the LOD were obtained in case of electrothermal atomiza-
tion, and values of 130 mg L' for the characteristic concentration and 2.4 mg L™ for the

LOD in case of atomization in the air-acetylene flame.

Since the selected CS band consists of several rotational lines with similar absorption
strengths, a simultaneous evaluation of them would be useful in order to improve the over-
all performance. By taking more CS lines into account, i.e., summing up the PVSA values
of individual rotational lines, the sensitivity as well as the SNR can be significantly im-

proved. This effect is shown in Fig. 3.13, where, for a series of 10 subsequent measure-

37



ments, the means of the summed PVSA values of a certain number of rotational lines
around the main line at 258.056 nm and the corresponding relative standard deviations
(RSD) are depicted. For simplicity and in order to show the basic effect of a multi-line
evaluation, only the strong and ‘isolated’ rotational lines of the CS molecule were selected

for the calculations.

Starting from a single CS line and adding each time the next strongest one, the summed
PVSA value increases by almost one order of magnitude. In return, the RSD is reduced by
a factor of two, which is reached for the strongest five lines, and the achievable LOD can
be improved accordingly. Further enlargement of the line ensemble, however, is not bene-
ficial since the increase in summed PVSA becomes smaller and the RSD will start to in-

crease again, when too many rotational lines are summed up.
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Fig. 3.13: Influence of simultaneous multi-line evaluation of several CS lines (summed
according to their strength) on the means of the summed individual PVSA
values and on the corresponding RSD

3.4 Present status of HR-CS AAS and future developments

In essence, HR-CS AAS is a very fascinating and promising technique, which offers only

advantages over conventional LS AAS and eliminates most of its notorious limitations.

Firstly, as the instrument uses a CCD array with several hundred pixels, it is equipped with

hundreds of independent detectors, which are all illuminated and read out simultaneously.
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Since only a few pixels are necessary to measure atomic absorption, the rest of them are
available for other purposes. The first duty of these detectors is to correct for all the spec-
tral events that occur simultaneously on all pixels, the so-called ‘continuous’ effects. This
correction creates a simultaneous double-beam or even multiple-beam system that results
in shot-noise limited readout. In addition, measurement of atomic and background absorp-
tion is truly simultaneous so that even a very high and rapidly changing background can be

corrected without problems.

Secondly, because of the much higher radiation intensity of the CS compared to conven-
tional LS, the LOD obtained with HR-CS AAS are typically a factor of 5 better than those
of LS AAS. On the other hand, it is possible to reduce the sensitivity by using pairs of side
pixels to measure the absorbance in the line wings only. This way several working curves
of significantly different sensitivity can be established simultaneously, extending the linear

working range to at least 5 orders of magnitude.

Thirdly, while in LS AAS only the absorbance (with flame atomizers) or the absorbance
over time (with electrothermal atomizers) is measured, the CCD array detector adds the
wavelength as a third dimension in HR-CS AAS. This three-dimensional imaging obvi-
ously enhances the information about the spectral environment of the analytical line dra-
matically, which is of particular advantage in the case of dynamic signals, as they are pro-
duced in electrothermal atomizers. Potential spectral interferences due to other atomic lines,
and particularly due to electron excitation spectra of diatomic molecules, which exhibit
a pronounced fine structure, can now be easily recognized, and often avoided by optimiza-
tion of the analytical method. In cases where this is not possible, there is the option to store
complete molecular spectra in the software and subtract them from the measured spectrum

using least-squares fitting algorithms, so that only the net atomic absorption signal is left.

Fourthly, as a continuous radiation source is used in HR-CS AAS, any line in the entire
wavelength range of analytical interest is available, and even rotational absorption ‘lines’

caused by molecules can be used for quantitative determination.

Fifthly, although truly simultaneous multi-element measurement is not yet possible be-
cause of some instrumental limitations and the limited readout rate of currently available
CCD detectors, especially with the transient signals of electrothermal atomizers, fast se-
quential measurements are possible using flame atomizers. The echelle double monochro-
mator design supports a rapid wavelength change, and the sequential approach has the
clear advantage that flame stoichiometry and observation height can be adjusted automati-
cally for each element, avoiding ‘compromised conditions’, typical of the simultaneous

approach.

Last but not least, it is obvious that HR-CS AAS will redefine not only AAS, but the entire
field of atomic spectroscopy, as it combines the simplicity, ease of operation, relatively
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low cost and freedom from interferences of classical AAS with a number of features un-
available until now, or available only with much more sophisticated instrumentation. This
is also only the beginning of a new era, so that much more might be expected with future

instrumentation in this field.

Meanwhile first commercial HR-CS AAS spectrometers are on the market (refer to
Fig. 3.14), which enable flame and electrothermal atomization as well as the generation of
hydrates in quartz-cells, and which in principle offer all the features previously described.
These instruments are waiting for new challenges and spectroscopists that are open-minded
for the new technology. Therefore, HR-CS AAS is not any longer limited to a small group

of scientists working in research laboratories, but available for everyone.

Fig. 3.14: First commercially available HR-CS AAS spectrometers (manufactured by
Analytik Jena AG, Jena, Germany); (top) ContrAA 300 — flame spectrome-
ter, (bottom) ContrAA 700 — simultaneous flame and graphite furnace spec-
trometer

In the opinion of the author, the most obvious area for future development relates to simul-
taneous HR-CS AAS for routine analytical work. In general, all the preconditions for truly
simultaneous multi-element analysis are inhered in the physical principle of HR-CS AAS.

The CS operating in hot-spot mode provides a sufficient spectral radiance and covers the
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entire wavelength range of interest for AAS measurements. Even compact, high-resolution
spectrographs, which are mainly based on echelle grating arrangements with internal cross-

dispersion, are available and offer an adequate optical throughput.

Unfortunately, as already mentioned above, the use of state-of-the-art CCD array detectors
for HR-CS AAS, placed in the focal plane of echelle spectrographs with a two-dimensional
spectrum pattern (see Fig. 3.15), is still restricted to research applications. The problem
arises from the well-known trade-off between the required pixel number and the resulting
readout time of common CCD arrays. The higher the pixel number of the array detector,
which is strongly correlated with the simultaneously recorded wavelength interval, the
longer it takes to read out the full image with the required dynamic range. Furthermore, the
ratio between the spectrum illumination time, resulting from the high radiance of the CS,
and the detector readout time also gets worse with increasing detector area. Although there
is ongoing progress in the field of solid-state technology, an appropriate array detector for
HR-CS AAS is not available at present.

However, even at this stage HR-CS AAS is a serious technique that sooner or later will
replace, especially in laboratories where not only daily routine work is made, for the most
part the conventional LS AAS spectrometers. Moreover, in some aspects HR-CS AAS can

even compete with the performance of ICP-AES instrumentation.
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Fig. 3.15: Modern version of the spectrum of the sun recorded with an echelle spectro-
graph (ISAS Berlin), clearly showing the so-called Fraunhofer lines

41



References

The following list of references is a compilation of the publications related to the topics mentioned
in this Chapter as well as additional investigations in the field of HR-CS AAS. Therein the reader

should find the answers to all the questions left over and, hopefully, will get suggestions for new

research work.

(1]

(2]

[3]

[4]

[3]

[6]

[7]

(8]

[9]

[12]

H. Becker-Ross, S. Florek, U. Heitmann, R. Weisse, Influence of the Spectral Bandwidth of
the Spectrometer on the Sensitivity using Continuum Source AAS, Fresenius J. Anal. Chem.
355 (1996) 300-303.

U. Heitmann, M. Schuetz, H. Becker-Ross, S. Florek, Measurements on the Zeeman-
splitting of analytical lines by means of a continuum source graphite furnace spectrometer
with a linear charge coupled device array, Spectrochim. Acta Part B 51 (1996) 1095-1105.

H. Becker-Ross, S. Florek, U. Heitmann, Observation, identification and correction of
structured molecular background by means of continuum source AAS - Determination of
selenium and arsenic in human urine, J. Anal. Atom. Spectrom. 15 (2000) 137-141.

S. Salomon, P. Giamarchi, A. Le Bihan, H. Becker-Ross, U. Heitmann, Improvements in
the determination of nanomolar concentrations of aluminium in seawater by electrother-
mal atomic absorption spectromtry, Spectrochim. Acta Part B 55 (2000) 1337-1350.

B. Welz, M. G. R. Vale, M. M. Silva, H. Becker-Ross, M. D. Huang, S. Florek, U. Heit-
mann, Investigation of interferences in the determination of thallium in marine sediment
reference materials using high-resolution continuum-source atomic absorption spectrome-
try and electrothermal atomization, Spectrochim. Acta Part B 57 (2002) 1043-1055.

H. Becker-Ross, M. Okruss, S. Florek, U. Heitmann, M. D. Huang, Echelle-Spectrograph
as a tool for studies of structured background in flame atomic absorption spectrometry,
Spectrochim. Acta Part B 57 (2002) 1493-1504.

B. Welz, H. Becker-Ross, S. Florek, U. Heitmann, M. G. R. Vale, High-resolution contin-
uum-source atomic absorption spectrometry — what can we expect?, J. Braz. Chem. Soc.
14 (2003) 220-229.

A. F. Silva, D. L. G. Borges, B. Welz, M. G. R. Vale, M. M. Silva, A. Klassen, U. Heit-
mann, Method development for the determination of thallium in coal using solid sampling
graphite furnace atomic absorption spectrometry with continuum source, high-resolution
monochromator and CCD array detector, Spectrochim. Acta Part B 59 (2004) 841-850.

M. G. R. Vale, I. C. F. Damin, A. Klassen, M. M. Silva, B. Welz, A. F. Silva, F. G. Lepri,
D. L. G. Borges, U. Heitmann, Method development for the determination of nickel in pe-

troleum using line-source and high-resolution continuum-source graphite furnace atomic
absorption, Microchem. J. 77 (2004) 131-140.

B. Welz, H. Becker-Ross, S. Florek, U. Heitmann, High-resolution continuum source AAS:
The better way to do atomic absorption spectrometry, Wiley-VCH, Weinheim, Germany
(2005).

A. S. Ribeiro, M. A. Vieira, A. F. da Silva, D. L. G. Borges, B. Welz, U. Heitmann, A. J.
Curtius, Determination of cobalt in biological samples by line-source and high-resolution
continuum source graphite furnace atomic absorption spectrometry using solid sampling
or alkaline treatment, Spectrochim. Acta Part B 60 (2005) 693-698.

A. F. Silva, D. L. G. Borges, F. G. Lepri, B. Welz, A. J. Curtius, U. Heitmann, Determina-
tion of cadmium in coal using solid sampling graphite furnace high-resolution continuum
source atomic absorption spectrometry, Anal. Bioanal. Chem. 382 (2005) 1835-1841.

42



[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[25]

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, Direct determination of
total sulfur in wine using a continuum source atomic absorption spectrometer and an air-
acetylene flame, Anal. Bioanal. Chem. 382 (2005) 1877-1881.

F. G. Lepri, B. Welz, D. L. G. Borges, A. F. Silva, M. G. R. Vale, U. Heitmann, Speciation
analysis of volatile and non-volatile vanadium compounds in Brazilian crude oils using

high-resolution continuum source graphite furnace atomic absorption spectrometry, Anal.
Chim. Acta 558 (2006) 195-200.

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, Determination of phos-
phorus by molecular absorption of phosphorus monoxide using a high-resolution contin-

uum source absorption spectrometer and an air-acetylene flame, J. Anal. Atom. Spectrom.
21 (2006) 338-345.

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, The influence of cal-
cium and magnesium on the phosphorus monoxide molecular absorption signal in the de-
termination of phosphorus using a continuum source absorption spectrometer and an air-
acetylene flame, J. Anal. Atom. Spectrom. 21 (2006) 346-349.

L. Bianchin, D. Nadvorny, A. F. Silva, M. G. R. Vale, M. M. Silva, W. N. L. Santos, S. L.
C. Ferriera, B. Welz, U. Heitmann, Feasibility of employing permanent chemical modifiers
for the determination of cadmium in coal using slurry sampling electrothermal atomic ab-
sorption spectrometry, Microchem. J. 82 (2006) 174-182.

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, Determination of sulfur
by molecular absorption of carbon monosulfide using a high-resolution continuum source

absorption spectrometer and an air-acetylene flame, Spectrochim. Acta Part B 61 (2006)
181-188.

D. L. G. Borges, A. F. da Silva, A. J. Curtius, B. Welz, U. Heitmann, Determination of
Lead in Coal Using Direct Solid Sampling and High-Resolution Continuum Source Graph-
ite Furnace Atomic Absorption Spectrometry, Microchim. Acta 154 (2006) 101-107.

U. Heitmann, H. Becker-Ross, D. Katskov, Feasibility of filter atomization in high-
resolution continuum source atomic absorption spectrometry, Spectrochim. Acta Part B 61
(2006) 351-360.

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, Determination of
Halogens via Molecules in the Air-Acetylene Flame Using High-Resolution Continuum

Source Absorption Spectrometry, Part I: Fluorine, Spectrochim. Acta Part B 61 (2006)
572-578.

D. L. G. Borges, A. F. da Silva, B. Welz, A. J. Curtius, U. Heitmann, Determination of
lead in biological samples by high-resolution continuum source graphite furnace atomic

absorption spectrometry with direct solid sampling, J. Anal. Atom. Spectrom. 21 (2006)
763-769.

U. Heitmann, H. Becker-Ross, S. Florek, M. D. Huang, M. Okruss, Determination of Non-
Metals via Molecular Absorption Using High-Resolution Continuum Source Absorption

Spectrometry and Graphite Furnace Atomization, J. Anal. Atom. Spectrom. 21 (2006)
1314-1320.

F. G. Lepri, M. B. Dessuy, M. G. R. Vale, D. L. G. Borges, B. Welz, U. Heitmann, /nvesti-
gation of chemical modifiers for the determination of phosphorus in a graphite furnace us-

ing high-resolution continuum source atomic absorption spectrometry, Spectrochim. Acta
Part B 61 (2006) 934-944.

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, Determination of
Halogens via Molecules in the Air-Acetylene Flame Using High-Resolution Continuum
Source Absorption Spectrometry, Part Il: Chlorine, Spectrochim. Acta Part B 61 (2006)
959-964.

43



[26]

[29]

[30]

[31]

[32]

[33]

[34]

A. F. daSilva, F. G. Lepri, D. L. G. Borges, B. Welz, A. J. Curtius, U. Heitmann, Defermi-
nation of mercury in biological samples using solid sampling high-resolution continuum
source graphite furnace atomic absorption spectrometry and calibration against aqueous
standards, J. Anal. Atom. Spectrom. 21 (2006) 1321-1326.

H. Becker-Ross, S. Florek, U. Heitmann, M. D. Huang, M. Okruss, B. Radzuik, Continuum
source atomic absorption spectrometry and detector technology: A historical perspective,
Spectrochim. Acta Part B 61 (2006) 1015-1030.

B. Welz, D. L. G. Borges, U. Heitmann, High-resolution continuum source AAS and its
application to food analysis in The determination of chemical elements in food: Applica-
tions for atomic and mass spectrometry, Wiley, New York, USA (2007).

M. B. Dessuy, M. G. R. Vale, F. G. Lepri, B. Welz, U. Heitmann, Investigation of phos-
phorus atomization using high-resolution continuum source electrothermal atomic absorp-
tion spectrometry, Spectrochim. Acta Part B 62 (2007) 429-434.

D. Bohrer, U. Heitmann, M. D. Huang, H. Becker-Ross, S. Florek, B. Welz, D. Bertag-
nolli, Determination of aluminum in highly concentrated iron samples: Study of interfer-
ences by means of high resolution continuum source atomic absorption spectrometry,
Spectrochim. Acta Part B 62 (2007) 1012-1018.

B. Welz, D. L. G. Borges, F. G. Lepri, M. G. R. Vale, U. Heitmann, High-resolution con-
tinuum source electrothermal atomic absorption spectrometry — an analytical and diagnos-
tic tool for trace analysis, Spectrochim. Acta Part B 62 (2007) 873-883.

U. Heitmann, B. Welz, D. L. G. Borges, F. G. Lepri, Feasibility of peak volume, side pixel
and multiple peak registration in high-resolution continuum source atomic absorption
spectrometry, Spectrochim. Acta Part B 62 (2007) 1222-1230.

B. Welz, M. G. R. Vale, D. L. G. Borges, U. Heitmann, Progress in direct solid sampling
analysis using line source and high-resolution continuum source electrothermal atomic ab-
sorption spectrometry, Anal. Bioanal. Chem. 389 (2007) 2085-2095. doi:10. 1007/s00216-
007-1555-x.

M. D. Huang, H. Becker-Ross, S. Florek, U. Heitmann, M. Okruss, C. D. Patz, Determina-
tion of sulfur forms in wine including free and total sulfur dioxide based on molecular ab-

sorption of carbon monosulfide in the air-acetylene flame, Anal. Bioanal. Chem., in press
(2007) doi: 10. 1007/s00216-007-1669-1.

44



4. VLIV PROMENNE SILY MAGNETICKEHO POLE
NA PARAMETRY ZEMANOVY KOREKCE POZADI,
OPTIMALIZACE PODMINEK ANALYZY SYSTEMU
S PROMENNOU SILOU MAGNETICKEHO POLE

Ing. Tomas Cernohorsky CSc., Ing. Milan Dvorsky, Dr. Anna Krejéova
Univerzita Pardubice, Ustav ochrany Zivotniho prostiedi, Laboratoi atomové spekt-
roskopie, Cs. Legii 565, 532 10 Pardubice

tomas. cernohorsky@upce. cz

Korekce nespecifické absorbce (absorbce pozadi) v AAS se mlze provadét nékolika zpu-
soby. Nejcastéjsi je pouziti kontinualniho zdroje zafeni a Zeemanova korekce pozadi. Ko-
rekce pozadi vyuzivajici Zeemanova jevu (Stépeni Car ve vnéjSim magnetickém poli), po-
skytuje principialné nejspolehlivejsi vysledky, protoze korekce pozadi se provadi piesné
v misté absorp¢ni ¢ary (uspotfadani s atomizatorem v magnetickém poli a stiidavym mag-
netickym polem). Tento typ korekce je schopen korigovat i strukturované pozadi, pripadné
eliminovat problémy s blizkou absorpéni Carou jin¢ho prvku. V soucasnosti se pouzivaji
dvé uspotadani: ,,pficna“ Zeemanova korekce, kdy je magnetické pole orientovano kolmo
na smér optické osy (starsi typ) a ,,podélna“ Zeemanova korekce, kdy je magnetické pole
orientovano souhlasné s optickou osou (novéjsi typ). Vyhodnéjsi je podélny typ korekce,
ktery nepotfebuje polarizacni filtr a ma tak vyrazné€ lepsi energetickou prostupnost optic-
kého systému. Tento typ korekce funguje tak, ze v nepfitomnosti vnéjsiho magnetického
pole neni absorpcni Céara Stépena (odpovida vice energeticky degenerovanym orbitaliim)
a mefi se celkova absorpce zafeni. V piitomnosti vnéjSiho magnetického pole dojde k roz-
Stépeni absorpéni ¢ary na komponenty zvané n a ¢ (rozdéli se energeticky degenerované
orbitaly liSici se magnetickym kvantovym ¢islem). Komponenta © neni posunuta a kom-
ponenty o jsou posunuty symetricky k n-komponenté, komponenty 7 a o se lisi svoji pola-
rizaci. V pfipad¢€ tzv. anomalniho Zeemanova jevu dojde k rozstépeni vlivem spinorbitalni
interakce na vice komponent 7 a o, ale i v tomto pfipad¢ je posun n-komponent minimal-
ni. Prehled typu Stépeni pro bézné analyzované prvky a silu magnetického pole do 1,5 T
uvadi obr. 4.1. Velikost posunu c-komponent zavisi na sile magnetického pole, jak je uka-
zano na prikladu médi a normalniho Zemanova jevu (obr. 4.2). V ptipadé podélného uspo-
fadani jsou m-komponenty neviditelné ve sméru optické osy, takze pfi zapnutém magnetic-
ké poli nam vlastné ,,zmizi“ absorp¢ni ¢ara analyzovaného prvku a métime pouze absorpci
pozadi. U pfi¢né varianty je nutné za atomizator umistit pevny polarizacni filtr (zplsobuje
ztraty zateni vétsi nez 50 %) ktery eliminuje ze zateni ¢arového zdroje spektrometru sloz-

ku souhlasné polarizovanou s polarizaci m-komponenty absorp¢ni ¢ary.
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Obr. 4.1:  Piehled typi Stépeni ¢ar pro normdlni a anomalni Zemaniy jev, sila vnéjsiho
magnetického pole do 1,5 T
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Obr. 4.2: Vliv sily magnetického pole na separaci komponent wa o Cu na cave 324,8 nm

Diive bylo hlavni nevyhodou Zeemanovy korekce snizeni citlivosti a zhorSeni linearity
kalibraci pro nékteré prvky. To je zptisobeno tim, Ze pifi nedostate¢né separaci komponent
maco (viz. obr. 4.2) méfime v pritomnosti magnetického pole nejen pozadi, ale i urcity

7

ptispévek o-komponenty absorpéni ¢ary analyzovaného prvku. Je jasné, Ze se vzrlstajici
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koncentraci analytu se budou zvétSovat také o-komponenty a tim i podil métené ¢asti téch-
to komponent. To je pfic¢inou zhorseni citlivosti a linearity kalibraci u Zeemanovy korekce
pro n&které prvky. Jak vyplyva z obr. 4.2, ktery ukazuje ptiklad pro Cu, feSenim je pouZiti
vetsi sily magnetického pole. Problémem ale je, Ze pro nékteré prvky (naptiklad Ag) zpu-
sobi zvyseni sily jiz naopak zhor$eni citlivosti '. Optimalnim Fe$enim je tedy pouziti sys-
tému Zemanovy korekce s nastavitelnou silou magnetického pole, tato myslenka neni no-
va, jiz v roce 1980 byla publikovana prace podrobné popisujici vliv nastavitelné sily mag-
netického pole na citlivost stanoveni, linedrni a pracovni rozsah kalibra¢nich zavislosti pro
fadu prvka'. Pom&mé dlouhou dobu ale trvalo neZ se tato myslenka prosadila u komer¢-
nich systémt, prvni dostupny spektrometr s nastavitelnou silou magnetického pole se obje-
vil teprve v roce 1998. Starsi systémy Zeemanovy korekce pouzivaji jednu kompromisni
silu magnetického pole, kterd je kompromisem pro vSechny prvky a pro fadu prvka je tak
pri¢inou vyznamného zhorSeni linearity kalibraci a jejich pracovniho rozsahu. Novéjsi sys-
témy umoziuji nastaveni sily magnetického pole, v piipadé dostate¢ného rozsahu sily
magnetického pole je tak mozné optimalizovat tuto hodnotu tak, aby bylo dosazeno opti-
malni citlivosti a linearity kalibrace pro vétSinu analyzovanych prvkt. Vliv sily magnetic-

kého pole na citlivost a linearitu kalibrace pro Cu ukazuje obr. 4.3.
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Obr. 4.3:  Vliv sily magnetického pole na citlivost, linearitu a pracovni rozsah kali-
bracni zavislosti pro Cu méiené na caie 324, 8 nm na spektrometru Avanata
Ultra Z (GBC)

Rozdilné citlivosti v zavislosti na sile magnetického pole je mozné vyuzit v omezené mire
také k rozsifeni dynamického rozsahu kalibraci u elektrotermické atomizace. V prubéhu
méteni se cyklicky méni dvé az tii sily magnetického pole a tim se simultdnné mize pro-

vadét méteni az pro tii kalibracni zavislosti. Hlavnim omezenim této techniky je snizeni

'F. J. Fernandez, S. A. Myers, W. Slavin: Anal. Chem. 1980, 52, 741-746.
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rychlosti korekce pozadi a tim zvySené riziko pfekorigovani signalu pro rychle vzristajici
signaly absorpce pozadi. Technika tak neni vhodna pro vzorky s vys$§im obsahem snadno
tékavé matrice zpusobujici nespecifickou absorpci pozadi a pro nejmodernéj$i generaci

izotermickych atomizatort s vysokou rychlosti ohfevu.

Ze starSich dat publikovanych zejména vyrobci pfistroja vyplyva dalsi negativni vliv Zee-
manovy korekce — hors$i citlivost analyzy pro nékteré modifikatory ve srovnani s ostatnimi
typy korekce pozadi pfi pouziti stejného modifikatoru a stejného typu elektrotermického
atomizatoru. VSechny data se byla uvadéna pro spektrometry s jednou kompromisni silou
magnetického pole. Protoze doposud nebyla publikovana data tykajici se spektrometrii
s nastavitelnym magnetickym polem, zabyvalo se naSe pracovisté studiem vlivu typu mo-
difikatoru na optimalni hodnotu sily magnetického pole. Byl pouzit spektrometr GBC
Avanta Ultra Z s piicn¢€ uchycenym elektrotermickym atomizatorem a ultrarychlou podél-
nou Zeemanovou korekci. Silu magnetického pole je mozné ménit v rozmezi od 0,6 do
1,1 T. Pro As a Pb byly pouzity SuperLampy, ostatni prvky byly méteny se standardnimi

vybojkami s dutou katodou.

Pro testovani byly vybrany Casto analyzované prvky As, Pb, Cd, Cr a Se. Jako modelova
matrice byl zvolen extrémni piipad silné zasolené matrice s vysokym obsahem kyseliny
dusi¢né (10 % HNOs, 5000 mg ™' NaCl), ktery simuluje typicky mineralizat problémo-
vych potravinovych vzorkt (instantni polévky, aditiva do potravin, uzeniny nebo nasolené
ryby). Pro kazdy prvek bylo testovano nékolik nejvhodnéjSich modifikatorti a pro kazdy
modifikator byl optimalizovan teplotni program, koncentrace modifikatoru a sila magne-
tického pole. Z naméfenych zavislosti jednoznaéné vyplyva, ze typ modifikatoru vyznam-
né ovliviiuje 1 optimalni hodnotu sily magnetického pole. Obr. 4.4 a 4.5 pfinaseji ukazku
pro tfi nejvyhodnéjsi modifikatory a prvky As a Cr. Z obrazkt je patrné, ze optimum sily
magnetického pole mize byt i u jednoho prvku rizné v zavislosti na typu pouzitého modi-
fikatoru. Zaroven se prokézalo, Ze nejvyssi zménu citlivosti v zavislosti na sile magnetic-
kého pole vykazuji ty modifikatory, které zarovein nejlépe stabilizuji analyzovany prvek do

vysSich teplot termické upravy (napt. Rh pfi analyze Cr).

Z namé&fenych pribehi je zaroven jasné, pro¢ u systémi s jednou kompromisni silou mag-
netického pole neni mozné pouzit vSechny typy modifikatorti — kompromisni sila mize

lezet zcela mimo optimum citlivosti daného modifikatoru.

V piipad¢€ analyzy komplikovanych matric netypickych vzorkt ¢asto nardzime na nutnost
hledani vhodného modifikatoru matrice a naslednou optimalizaci metody pro dosazeni

maximalni citlivosti nebo robustnosti metody.

Nejsme-li schopni z dostupné literatury najit dostatecné mnozstvi informaci o vhodném
modifikatoru (modifikatorech) pro ndmi analyzovanou matrici, musime provést kompletni

optimalizac¢ni postup pro celou fadu modifikatord matrice. Vlastni optimalizaci provadime
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vzdy na realny vzorek, ptfipadné na vhodném modelovém roztoku, pokud nejsme schopni
zajistit dostate¢né mnozstvi readlného vzorku. Pouziti modelovych roztoki ale obCas narazi
na zna¢né problémy s Cistotou dostupnych chemikalii, kdy kontaminace pouzitych soli
mohou byt vy$si nez u redlnych vzorkl. Na zéklad€ naSich zkuSenosti jsme navrhli kom-
pletni postup optimalizace metody elektrotermické atomizace pii hledani vhodného modi-

fikatoru u systémut s moznosti nastavitelné sily magnetického pole.
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Obr. 4.4:  Zavislost integrované absorbance Cr na sile pouZitého magnetického pole po

tii ruzné modifikdtory matrice. Matrice vzorku 5 000 mg I"" NaCl, 10 %
HNO;s (m/y). Spektrometr Avanta Ultra Z (GBC)
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Obr. 4.5: Zavislost absorbance As na caie 193,7 nm na sile magnetického pole pro tii
nejvyhodnéjsi modifikdatory. Modelovy roztok s obsahem 20 ug I As,
5000 mg I”" NaCl a 10% HNO;
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Kompletni optimalizace metody elektrotermické atomizace:

- zjisténi TP (teploty pyrolyzy) a TA (teploty atomizace) analyzovaného prvku pfi
méteni redlného nebo modelového vzorku bez aplikovani modifikatoru (tento krok je

dualezity pro srovnani vlivu modifikatoru na analyzu);

- optimalizace indukce magnetického pole (IMP) u systémut se Zemanovou korekci
pozadi a nastavitelnou velikosti indukce magnetického pole pro matrici bez aplikace

modifikatoru;
- vybér vhodnych modifikatori a jejich koncentrace pro pocatecni testovani,
- optimalizace teplotniho programu pro poc¢atecni koncentraci modifikétoru;
- optimalizace koncentrace (resp. mnozstvi) testovaného modifikatoru;

- optimalizace indukce magnetického pole (IMP) u systémil se Zemanovou korekci
pozadi a nastavitelnou velikosti indukce magnetického pole pro kazdy studovany

modifikator;
- vybér vhodného modifikatoru ze vSech testovanych modifikéatord;
- ovéteni robustnosti vhodného modifikatoru pro rizné koncentrace interferentu;

- urceni nejvhodnéjsiho modifikatoru pro analyzovany prvek a danou matrici vzorku

dle pozadavkl analyzy (maximalni detek¢ni limity nebo robustnost metody?).

Vybér vhodnych modifikatoru pro testovani

Provadi se na zéklad¢ dostupnych literarnich podkladl, je vhodné zatadit i perspektivni
kombinace modifikatorti (smésné modifikatory) a hledat ptipadné analogie pro prvky

s podobnym chovanim jako mé nami sledovany prvek.

Optimalizace teplotniho programu

Hlavnim pfedpokladem uspésné analyzy je spravné nastaveni vSech parametrd teplotniho
programu. Parametry teplotniho programu ale Gzce souvisi s matrici vzorku a typem pouzi-
tého modifikatoru. Velmi Casto hraje také vyznamnou roli konstrukce zatizeni a typ grafi-

tového atomizatoru.

Optimalizace koncentrace modifikatoru

Nespravné zvolend koncentrace modifikatoru je pfi¢inou celé fady negativnich jevi. Se
vzristajici koncentraci modifikatoru se méni charakteristika ptisobeni testovaného modifi-
katoru, piipadné dochazi k interkalaci modifikdtoru do struktury grafitu. Tyto jevy nepfiiz-
nivé ovliviyji vlastni analyzu. Pfili§ vysokd koncentrace modifikatoru mize byt pti¢inou
nasledujicich negativnich jevl: zhorSeni citlivosti a reprodukovatelnosti analyzy, dlouho-
doba nestabilita citlivosti analyzy nebo néhlé zhorSeni citlivosti po urcitém poctu atomi-
zaCnich cykli, ptipadné zvysSena koroze pyrolytického povrchu atomizéatoru. Optimalni

koncentrace modifikatoru se zjistuje ze zavislosti specifického a nespecifického signalu
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absorbance na vzristajici koncentraci pouzitého modifikatoru. Koncentracni fadu, respek-
tive fedéni modifikatoru od vychozi koncentrace, Casto volime v geometrické posloupnosti
(napft. 1x; 2x; 4x; 8x; 16x; 32x; 64x; 128x atd.). Zejména u modernich izotermickych ato-
mizatorl s vysokou rychlosti ohfevu mohou byt vhodné koncentrace modifikatoru vyrazné
niz$i nez je beézné uvadeéno v literatute. Jako optimalni volime takovou koncentraci, kdy je
dosahovano nejlepsich mezi detekce a zaroven je akceptovatelna vyse nespecifické absor-
bance. Pti prili§ vysoké hodnoté nebo rychlosti nartistu nespecifické absorbance dochézi
k ptekorigovani signalu. Limitni hodnota a je zavisla na konstrukénim uspotadani spekt-

rometru, zejména na rychlosti odectu hodnot celkové a nespecifické absorbance).

Optimalizace indukce magnetického pole (IMP)

Jak bylo prokazano vySe, optimalni hodnota IMP jednoho prvku se lisi i v zavislosti na
pouzitém typu modifikatoru. Je proto nutné zméfit optimalizacni kiivky zavislosti sily

magnetického pole pro jednotlivé typy modifikatori a danou matrici.

Vybér nejvhodnéjsiho modifikatoru

Optiméalni modifikator by mél byt vybran podle nasledujicich kritérii:
- schopnost modifikatoru eliminovat interference matrice,

- vliv modifikatoru na citlivost stanoveni, resp. na limitu detekce,
- vliv modifikatoru na absorpci pozadi,

- korozivni vlivy modifikatoru na povrch atomizatoru,

- dostupnost modifikatoru v patfi¢né Cistoté a jeho cena,

- mnozstvi pouzitého modifikatoru.
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Tab. 4.1: Prehled optimalnich hodnot magnetické indukce pro vybrané typy modi-

fikatorn
Spektrometr Avanta Ultra Z; X = modifikator neni vhodny pro dany prvek

Modifikator Analyt

As Cd Cr Pb Se
NH4NO; X X X 1,05 X
NH4H,PO4 X X X 1,10 X
NH4H,PO,4 + Pd X 1,10 X X X
Pd 0,80 1,00 1,00 1,05 1,05
Pd + Mg X X X 1,10 1,10
Pd + NH,NO; 0,80 1,00 X 0,95 1,10
Rh 0,95 0,90 0,95 1,05 1,10
Rh + Mg 1,00 1,00 X 1,10 1,05
Rh+Li 0,90 1,00 X 1,10 1,05
Rh + askorbova kyselina 0,90 1,00 X 1,05 1,05
\% 0,80 0,85 1,00 1,00 X
Li 0,95 0,90 X 1,10 X
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5. PRIMA ANALYZA PEVNYCH VZORKU ATOMOVOU
ABSORPCNI SPEKTROMETRII S ELEKTRO-
TERMICKOU ATOMIZACI

doc. RNDr. Bohumil Docekal, CSc.
Ustav analytické chemie AV CR, v.v.i., Brno,
docekal@iach.cz,

V mnoha ptipadech je velmi obtizné pfipravit roztok vzorku k analyze, a to bud’ vzhledem
k chemické odolnosti analyzovaného materidlu (keramické materidly [1]) nebo s ohledem
na vysoké riziko kontaminace vzorku (ultracisté materidly pro mikroelektroniku [2, 3]) ¢i
ztratu analytu (napf. rtuti) béhem procesu rozkladu. Ptiklad obtizného postupu analyzy
vysokocistych materialll je uveden na obr. 5.1. V tadé piipadii je rovnéz z riznych pficin
nutné urychlit postup analyzy. Proto jsou Casto preferovany piimé postupy vnaseni pevné-
ho vzorku do atomizatoru [4]. S ohledem na ucinnost atomiza¢niho procesu jsou vylu¢né
pouzitelné jen elektrotermické atomizatory.

1.5

|
blanky a

W DL
vzorek

ng/g Ca
Hg/g Mg

2. 3.
série

Obr. 5.1:  Fluktuace slepych pokusu pri stanoveni Ca a Mg v praskovitéem vysokocistém
molybdenu cCistoty 6N. Vysledky obdriené v priitbéhu nékolika mésicii pied-
stavuji v kazdé sérii priiomérné hodnoty Sesti méieni slepého pokusu, chybové
usecky smérodatnou odchylku. Podobné vysledky byly ziskany pro Na a K.
Cely analyticky postup zahrnujici rozklad vzorku a stanoveni prvkii Na, K,
Ca a Mg pomoci ET AAS podléhad vysokému riziku kontaminace a obnasi
minimalné jeden tyden experimentalné ndarocné prace. Schéma ukazuje, ve
kterych piipadech jsou vysledky ziskané pro vzorek signifikantné odliSitelné
od urovné slepych pokusii. Sloupce D.L. reprezentuji aktudlné naméiené de-
tekcni limity. Obrazek demonstruje obtiznost provadéni analyzy na mokré
cesté (prevzato z praci [2, 3])
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V zé4sad¢ mohou byt vzorky ddvkovany do atomizatoru bud’ ve formé suspenze nebo piimo
v puvodni pevné formé. Je-li potiebna ¢i ticelna desintegrace nebo homogenizace vzorku,
jsou vzorky jest¢ vhodnym zpisobem pfedem mechanicky upravovany, napt. mletim, dr-
cenim, fezanim ap. Suspenzni technikou (slurry sampling technique) 1ze snadno analyzovat
jemné praskovité vzorky jako napt. materidly uzivané v modernich technologiich pro vy-
robu specialni keramiky ¢i materidly pro mikroelektronické aplikace (oxid hlinity [5], tita-
ni¢ity, kfemicity, zirkonicity, hofe¢naty, molybdenovy [2] a wolframovy, karbid kiemicity
[6], nitrid kiemiCity a bority aj.), dale Zivocisné Ci rostlinné produkty potravinaiského
pramyslu (mouku, susené mléko, praskové limonady, aj.), také i materialy souvisejici
s charakterizaci zivotniho prostiedi (poletavy prach, popilky, sedimenty, aj.). Pfi davkova-
ni suspenzi je diileZité zabezpe¢it kontinualni homogenizaci smési. Casto k tomu postacuje
obycCejna laboratorni michacka nebo ultrazvukova lazen. S minimalni Upravou lze také
s vyhodou pro suspenzni techniku pouzit béznou instrumentaci uréenou k analyze roztokt
vzorki vcetné davkovact. Pro automatické davkovani s vyuzitim davkovace byly sestroje-

ny rizné typy miniaturnich michacek [7, 8] (viz napf. obr. 5.2).

{a}

Obr. 5.2:  Schéma (vlevo) turbinkové magnetické michacky: (a), horni ast s piivodem
a odvodem hnaciho média; (b), dva magnetické vilecky upevnéné s opacnou
polaritou; (c), v rotoru; (d), téleso statoru s tangencidlné vrtanymi kandlky.
Pohled (vpravo) na vloZenou michacku do taliie davkovace AS-70 Perkin-
Elmer. (prevzato z prace [8])

Také bylo popsano pouziti ultrazvukovych sond [9, 10], pfed ¢asem komeréné dostupnych
napt. prostfednictvim firmy Perkin-Elmer (ultrasonic slurry sampler USS-100) (obr. 5.3).
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Pfed davkovéanim je pro rozbiti aglomerati ¢astecek v disperznim médiu ucelné nadobku
se suspenzi vzorku ponechat po dobu nékolik minut plsobeni ultrazvukovych vin v lazni.
Vzorky jsou obvykle dispergovany v bézné dostupné vysokocisté vodé. Analyzou disperz-
niho media jesté pred piidavkem analyzovaného praskovitého materidlu Ize rychle a snad-
no zjistit uroven kontaminace z okoli, nadobek a homogeniza¢niho zafizeni, coz je zvlasté
dilezité ptfi analyze ultracistych materialt (viz obr. 5.4). Tento postup podstatné redukuje

dobu analyzy a jeji naklady.

Obr. 5.3: Homogenizace suspenze vzorku Spickou titanové ultrazvukové sondy piimo
v béZné nadobce uréené pro davkovani roztoki

7 MoO5 0,2 mg Ca

0,15 vzorek
slepé pokusy 5/
[«})
- 21 pgCa
[°]
2
o
8 l nadobka €. / sekvence ¢.
a
M 211, 212 31, 3/2  an 5/2
J trublce M
. MNN}\EELNM FR Wy YR Y W
i
0 ¢as/s 65

Obr. 5.4:  Fluktuace slepych pokusu p¥i pripravé suspenzi oxidu molybdenového vy-
soké cistoty 6N pro stanoveni Ca. Nadobky se zanedbatelnou uirovni slepého
pokusu jsou vybrany k pripravé 1 % suspenzi vzorku. Pro srovndni je uveden
signal Ca naméieny pro alikvot o hmotnosti 200 ug vzorku. Diagram uka-
zuje, jak je obtizné ridit uroverii slepého pokusu pii stanoveni béZnych prvki
(Na, K, Mg, Ca) za podminek prace v lamindrnich boxech tiidy 100. Kon-
taminace pochazi 7 manipulace s nadobkami, 7 teflonem pokrytych michadel
a davkovani disperzniho média (prejato 7 prace [2] )
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Pro zvysSeni smacivosti praskového materidlu se ptiddva do vody vhodné organické roz-
poustédlo (ethanol, isopropanol, apod.) nebo tenzid (Triton). Pfidavkem kyseliny je mozné
dosdhnout v kombinaci s piisobenim ultrazvuku G¢inné extrakce analytu z pevné do kapal-
né faze, coz vede ke zlepSeni reprodukovatelnosti a spravnosti analyzy. Necistoty byvaji
totiz velmi Casto vazany na povrchu Castecek vzorku. Tak se snizi vliv nehomogenity
vzorku popt. vliv matrice vzorku, kterou je mozné predem odd¢lit prostou sedimentact,

dosahuje-li u¢innost extrakce 100 %.

Pro pfimé vnaSeni pevnych vzorki do atomizatoru byvaly upravovany konvencni atomiza-
tory (obr. 5.5). V soucasné dob¢ se prakticky vyuziva jen lodickové techniky. Komeréné
dostupné jsou momentalné jen piistroje fady AAS Contra 700, Zeenit 60, AAS Vario 6
firmy Analytik Jena, SRN, vybavené bud’ manualnim davkovacem s pinzetou (manual
solid sampler SSA 6z) (viz obr. 5.6) nebo specidlnim automatickym robotem s integrova-
nou mikrovahou (automatic solid sampler SSA 61z) (viz obr. 5.7). (Aktualni informace
o dostupné instrumentaci 1ze nalézt na Internetové strance www. analytik-jena.com). Vzo-
rek je obsluhou odvazovan na nosi¢ vzorku (lodi¢ku) a pomoci nosi¢e vnesen do atomiza-
toru. Atomizace pak probiha pfimo z platformy nosice vzorku, ¢imz se podstatné prodluzu-
je zivotnost atomizatoru, a to podle typu analytu az na nékolik stovek atomiza¢nich za-
zeht. Zbytky vzorku ulpivaji na lodi¢ce. Lze je snadno odstranit z atomizatoru vyjmutim
lodicky. Vyména opotiebované lodi¢ky je z ekonomického hlediska typicky o fad levnéjsi
nez vyména samotné trubice atomizatoru. Lodic¢ka soucasné plni roli platformy, a tak se
lehce dosahuje pozadavkid STPF konceptu, izotermické atomizace, dulezité také s ohledem

na moznosti kalibrace.

Obr. 5.5: Komercné dostupné systémy pro primou analyzu pevnych latek
a - boat/platform (Analytik Jena), b - cup in tube (Perkin-Elmer), c - cup-

carbon-rod (Varian), d - platform boat (Pye Unicam), e - microboat (Thermo
Jarrell Ash), f - miniature cup (Hitachi)
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Obr. 5.6: Manualni davkovac s titanovou pinzetou (Manual solid sampler SSA 6z,
Analytik Jena). Detail vpravo ukazuje grafitovou lodi¢ku s navaZenym
vzorkem)

Obr. 5.7:  Automaticky robot vybaveny keramickou pinzetou, deseti pozicemi pro
umisténi lodicek a integrovanou mikrovahou (Automatic solid sampler SSA
61z, Analytik Jena)

Techniku ptfimého davkovani je vhodné aplikovat nejen pro analyzu praskovitych materia-
14 ale zvlasté v téch pripadech, kdy je obtizné ptipravit suspenzi vzorku, napi. pro vysokou
hustotu vzorku (kovové materidly), nebo kdy neni materidl k dispozici ve vhodné praskovi-
té formé a ani jej nelze snadno mechanicky ¢i bez rizika kontaminace do této formy pie-

vést. Ukazuje se dokonce, ze lze piimo analyzovat i malé kousky vzorkd, napt. zaruvzdor-
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ného kovu, a to v pfipadech kdy jsou sledované necistoty vazany na povrch krystal [3]
nebo jsou uvolnovany reakci matrice analyzovaného materialu s modifikatorem, nejcastéji

spektralné Cistym grafitem ¢i grafitem nosice vzorku [11].

Ptesnost a spravnost vysledkli ptimé analyzy souvisi bezprostfedné s procedurou vazeni,
transportem vzorku, distribuci ¢astic ve vzorku, jeho homogenitou, velikosti odebirané¢ho
alikvotu atd. Velmi Casto je dosahovano srovnatelnych ptesnosti jako pfi analyze roztokd.
Pro omezenou dostupnost referencnich vzorki, jako je obtiznd nebo nemozné ptiprava
umélych standard zvlasté u biologickych vzorkl ¢i materiali Zivotniho prostiedi, popf.
i nékterych keramickych materiald, ¢i mald nabidka certifikovanych referencnich materia-
10, je tieba provadét standardizaci pomoci metody kalibra¢ni kiivky. Pak opravnénost pou-
ziti tohoto postupu kalibrace je vzdy tfeba pfedem validovat pfi vyvoji metody. V tfadé
piipadii u zavedenych technologii vyroby nékterych produkti (napf. oxidu titanicitého) je
v rutinnich laboratofich dostupna celd fada vzorkli analyzovanych jiz klasickymi postupy
na mokré cesté, které mohou pak poslouzit po vybéru vhodnych Sarzi jako interni referenc-
ni materialy v Sirokém kalibraénim rozsahu [6] (viz obr. 5.8). Obvykle lze také pouZit jedi-
ného referenniho vzorku ke kalibraci riznymi mnoZzstvimi tohoto vzorku [6] (viz obr.
5.9). Pti vyhodnocovani vysledkii méteni je v zasadé nejspravnéjsi vychazet z hodnot inte-
grované absorbance, nebot’ tyto hodnoty na rozdil od vysky signalu nebyvaji zpravidla

ovlivnény rozdilnym pribéhem procest odehravajicich se v atomizatoru béhem atomizace.
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Obr. 5.8: Kalibracni funkce pro stanoveni Pb v oxidu titanicitém na cave 283,3 nm za
poutiti Sesti analyzovanych vzorki s obsahem 2,8; 5,2; 5,8; 6,3; 6,7
a 9,0 mg kg™ Pb
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Obr. 5.9: Kalibracni funkce pro stanoveni Zn v oxidu titanicitém, Cistoty poZadované
pro vyrobu cigaretového papiru, na caie 213, 9 nm se Zeemanovskou korekci
nespecifické absorpce s vyuZitim ti'i urovni intenzity magnetického pole (0;
0,6 a 0,8 T — 3-field dynamic mode) na p¥istroji ZEENIT 60 firmy Analytik
Jena. Obsah Zn v referenénim vzorku je 0, 21 £ 0, 02 mg kg™

Zminéné typy vzorkl obsahuji obvykle Zaruvzdorné komponenty (tzv. “heavy matrix®),
které nelze béhem pyrolytického kroku odstranit. Ty pak pfetrvavaji na nosici az do kroku
atomizace, kdy mohou interferovat. Nebezpeci interference nartistd rovnéz proto, ze byva
pfimo davkovéno vice pevného materidlu nez pii davkovani roztoku vzorku (efekt fedéni
vzorku, pfitomnost vysokého obsahu korozivnich kyselin v roztoku vzorku). Proto byva ve
vetsing pripadi bezpodminecné nutné pracovat na pfistrojich vybavenych velmi kvalitni
kompenzaci nespecifické absorpce (tzv. pozadi). V soucasné dobé je to nejcastéji instru-
mentace vyuzivajici principu Zeemanova jevu. Nejmodernéjsi konstrukce pfistroji se Ze-
emanovskou kompenzaci nespecifické absorpce (napt. fady Zeenit 60) nabizi i mozZnost
pracovat se tfemi Urovnémi intenzity magnetického pole (3-field dynamic mode). Tak lze
velmi dobfe eliminovat typické kalibra¢ni problémy pti pfimé analyze pevnych vzorkd,
vyplyvajici z obtiznosti fedit vzorek nebo odvazovat nepatrnd mnozstvi vzorku (méné nez
0, 1 mg) k uskute¢néni méfeni v optimdlnim rozsahu kalibra¢ni kifivky. Moderni instru-
mentace se tfemi urovnémi intenzity magnetického pole dovoluje béhem jednoho méieni
(atomizace) bez opakované¢ho davkovani pracovat soucasné¢ se dvéma kalibraénimi funk-
cemi a tak métit ve velmi Sirokém koncentra¢nim rozsahu (viz obr. 5.9). Volbou intenzity
pole je mozné redukovat citlivost stanoveni, coz ma velky vyznam u prvki s omezenym

vybérem rizné citlivych analytickych linii (napi. Na, Zn aj.).
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6. ON-LINE METODY UPRAVY A ZPRACOVANI
VZORKU V ATOMOVE SPEKTROMETRII

prof- RNDr. Vlastimil Kuban, DrSc.
Mendelova zemédelska a lesnickda univerzita v Brne, Agronomicka fakulta, Ustav
chemie a biochemie, Zemédeélska 1, 613 00 Brno

kuban(@mendelu. cz

6.1 Uvod

Neustaly rozvoj takovych oblasti, jako je ochrana a tvorba zivotniho prostfedi, kontrola
pramyslové a zemédelské vyroby atd. kladou stale vyssi naroky na mnozstvi a kvalitu pro-
vadénych chemickych analyz, kdy je pozadovana predevsim dostate¢na piesnost, spravnost
a rychlost pfi pouziti dostupné, jednoduché a cenové ptijatelné aparatury s minimalni spo-

tfebou vzorkt a chemikalii.

V soucasné dobé¢ nalezly Siroké uplatnéni kontinudlni metody, které jsou zalozeny na ptes-
ném a opakovaném davkovéni analyzovaného vzorku do segmentovaného (prutokova ana-
lyza se segmentovanym tokem kapaliny, segmented continuous flow analysis — SCFA)
nebo do plynulého toku reakéni smési (prutokova injekéni analyza, flow injection analysis
— FIA) a tzv. sekvencni injekéni analyza (sequntial injection analysis — SIA). PredevSim
posledné jmenované metody jsou vhodné i pro zatazeni nejriznéjSich separacnich a obo-
hacovacich technik (mikrokolonové a membranové techniky, extrakce v systémech /1, 1/s
atd.) v kombinaci s celou fadou detek¢nich systémil, véetné atomové spektrometrie. Vyho-
dy a obtiZe spojené s uplatnénim téchto metod byly podrobné popsany v fadé piehlednych

referatli a monografii (viz seznam).
6.2 Aplikace prutokovych metod v atomové spektrometrii

6.2.1 Priitokova injekéni analyza (FIA)

Prttokova injek¢ni analyza (FIA) je zaloZzena na koncepci kontrolované disperze v konti-
nualnim toku, kterd dovoluje reprodukovatelnou tvorbu reakéni zony vzorku. Nezbytnym
predpokladem pro tuto techniku je pfesné a opakované dodrzeni definovanych experimen-
talnich podminek pro kazdy jednotlivy vzorek. Vzorek je pak podroben procesu disperze
v lamindrnim toku reakéni smési, pfiemz se tvoii typicky koncentracni profil, ktery je
zaznamenavan detekénim systémem ve formé charakteristickych pikii (obr. 6.1b). Velikost
odezvy ve formé vysky (H), polositky (W) nebo plochy (A) piku je pro stejné nebo podob-
né vzorky obvykle linearni funkci koncentrace analytu ve vzorku.

Pro stanoveni majoritnich 1 minoritnich koncentraci prvki 1ze vyuzit jednokandlové zafi-

zeni pro FIA analyzu (obr. 6.1a) s detekci pomoci plamenové atomové absorpéni spektro-
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metrie (FI-FAAS). Pouziti vzduchu jako nosného média pro transport vzorku, objemut
vzorki vyssich nez 0.05 ml a pouziti optimalni pratokové objemoveé rychlosti a kalibra¢ni-
ho postupu zvySuje vyrazné citlivost a pfesnost stanoveni oproti klasickému postupu
zmlzovani vodnych roztokl. Zafizeni je rovnéz velmi vhodné pro kalibraci ptistroje pomo-
ci jediného roztoku standardu, kdy se vyuziva tvorby vysoce reprodukovatelného koncent-
racniho gradientu (viz dale). V tad¢ ptipadu lze tyto FIA postupy aplikovat i pro systémy
s elektrotermickou atomizaci ET-AAS a v posledni dobé i pro ICP OES, ICP-MS aj.
K rozvoji aplikaci ptispélo i to, ze vedle ,,home-made* zafizeni jsou v mnoha laboratotich
pouzivany komercné dostupné systémy od firmy Perkin Elmer (FIAS 100, 400) a dalSich.
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Obr. 6.1: Schéma zaiizeni pro pritokovou injekéni analyzu (a) se zobrazenim tvaru
a charakteristickych parametru piku (b)

P — peristalticka pumpa, S — vzorek, T — reakcni doba, A — plocha piku,
W - Sifka piku, H vySka piku, t, — doba méreni signdlu

6.2.2 Sekven¢ni injek¢ni analyza (SIA)

SIA piedstavuje plné¢ automatizovany piistup ke zpracovani vzorku umoznujici plné na-
hradit manualni procesy zahrnuté v tradi¢nich analytickych postupech rychlym, pfesnym
a ucinnym zplsobem. Sekvenéni injek¢ni analyza (SIA) je zaloZena na koncepci kontrolo-
vané disperze mezi uzkymi, vzajemné¢ navazujicimi zonami vzorkli a reak¢nich cinidel
o presn¢ definovanych objemech v reakéni civce o malém vnitinim priméru (obr. 6.2).

Tyto zony s ostrym rozhranim jsou v prvnim (plnicim - filling) cyklu nasavany v pfesné
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definované sekvenci pies 6- az 10-pozicovy selekéni ventil (multi-position selection valve)
do kapilary zvané zadrzovaci civka (holding coil) pomoci mikropistové (i peristalticke)
reverzni pumpy pohanéné presnym krokovym motorem fizenym pocitacem (obr. 6.2 B).
Pted vlastnim métenim je do dutiny pistové pumpy nasito nosné médium (carrier) event.
obsahujici pfislusny reagent. Ve druhé métici (measurring) tazi jsou pomoci nosného me-
dia zény zavedeny pies multipozicovy selekéni ventil do reakéni civky SIA aparatury, pii-
¢emz dojde ke kontrolované disperzi vlivem difize, konvekce a michani (obr. 6.2 C). Na
rozhrani mezi zénami se ustavi presné definovany koncentracni gradient (obr. 6.2 D). Vy-
tvoteny reakéni produkt je unaSen nosnou kapalinou do detektoru, kde je zaznamenavam
ptechodovy signdl. Aparatura mize byt vedle reakéni a zadrZovaci civky doplnéna o celou

fadu dalSich zafizeni umoznujicich provadéni separacnich procesi (viz déle).

PUMP HC REAGENT s R
A "

SAMPLE

g

CARRIER REACTOR —@-P
B ( (’7" PR e .VALVE

-

<
Sample and rcagent zones are stacked in the holding coil i

¢ T—=——— i

Flow reversal injects zones into the reactor

 J

D

Obr. 6.2: Schéma zaiizeni pro sekvencni injekéni analyzu (a) se zobrazenim zon
v zadriovaci (b) a reakéni (c) civce a zndazornénim koncetracniho gradientu
na mezifazi zon (d)

HC - zadrZovaci civka (holding coil), D — detektor (AAS...), S — vzorek,
R —reagent, H — vySka piku, I — okamZik druhé periody, t; — reakcni doba

6.3 Uprava vzorki

Vétsina klasickych postupti predipravy vzorkl je Casové i materidlné velmi néarocna
a v fad¢ pripadi rovnéz spojena s manipulaci s toxickymi nebo agresivnimi chemikaliemi.
Velky pocet pracovnich operaci vede ke zvySovani pravdépodobnosti vyskytu chyb
a v neposledni fade¢ i k vyssi pravdépodobnosti kontaminace vzorkl z atmosféry a pouzité-
ho chemického nadobi. Preduprava vzorku se tak stavd limitujicim faktorem chemické
analyzy z hlediska pfesnosti, spravnosti, citlivosti i1 rychlosti. Uplatnéni pritokovych ana-
lyzatort, které tvoti uzaviené systémy, klade mensi naroky na ¢istotu pracovniho prostiedi

a v fad¢ pripadd tak miize nahradit ndkladné "¢isté laboratofe" s komplikovanou vzducho-

technikou.
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Obr. 6.3: Schéma zaiizeni pro sekvencni injekéni analyzu s dvéma detektory (A), s di-

lutorem pro iedéni vzorku (B), se zarizenim pro provdadéni mikrokolonové
nebo (ko-(precipitacni (C) a membranové separace (D)
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Obr. 6.4: Schéma FIA zaiizeni pro mineralizaci vzorkit mikrovlnnou energii v priito-
kovém systéemu FIA (A) a schéma FIA zaiizeni pro fotooxidacni destrukci
(B) v UV-reaktoru (C)

P — pumpa, B — tlumié, R — fotooxidacni ¢inidlo, Q — prittokovad objemovd
rychlost v ml/min, S — vzorek, I — davkovaci ventil, UV — UV- fotoreaktor,
PS — separator plynné faze, D — detektor, W — odpad
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6.3.1 Mineralizace vzorku

Zatazenim UV-fotolytického reaktoru s jednoduchym zdrojem UV zafeni a kapildrnim
syst¢tmem (kfemen, PTFE, FEP) nebo umisténim reak¢ni kapilary (PTFE) do mikrovinné
pece lze provadét kontinudlni predupravu (dekomposici) vzorki. V téchto pripadech je
vesm&s vhodné za (a pfipadné i pied) tato diges¢ni zafizeni umistit separator fazi, ktery
zaruci dokonalé odd¢leni plynné (pevné) faze po provedené operaci. Pro urychleni fotoo-
xidacnich procest je Casto vyhodné pouzit silnych oxidacnich ¢inidel (H,O,, K,S,0s aj.).
Oba postupy jsou vhodné predev§im pro vzorky se slozitou osnovou. Zatizeni byla od-
zkousena na piikladé stanoveni celkového dusiku nebo fosforu v odpadnich a fi¢nich vo-
dach a dalsich ptikladech.

6.3.2 Redéni vzorki a kalibrace

Diky kontrolované disperzi na rozhrani vzorek/¢inidlo nebo vzorek/nosné medium se vli-
vem difuze, konvekce a michani ustavi presné definovany koncentraéni gradient, ktery je
za danych experimentalnich podminek vysoce reprodukovatelny a I1ze jej matematicky po-
psat. Toho lze vyuzit pro fedéni vzorku pouzitim spfazeného, casovym spinac¢em ovlada-
ného davkovaciho ventilu, ktery z primarni zony nadavkuje definovany objem kapaliny
z pfesné uréen¢ho mista dispergované zény do sekundarniho zatizeni (FIA, SIA). Jinou
moznosti je vyuZziti vysoce reprodukovatelného cCasového signalu ke kalibraci pfistroje
z jednoho jediného nadavkovani (obr. 6.5 A), pouzitim dvou nebo vice zied'ovacich civek
(obr. 6.5 B, C) nebo soucasné¢ho nadavkovani zony vzorku a fedidla (obr. 6.5 D). V pftipa-
d¢ vyuziti SIA analyzatoru je nejcastéji vyuzivan tzv. dilutor (obr. 6.3 B), ktery je predsta-

vovan michanou mikrocelou.

6.4 Separacni a zakoncentrovavaci metody

Pratokova i sekven¢ni injek¢ni analyza (FIA, SIA) jsou diky nepfitomnosti kompresibilni
faze mnohem flexibilngjsi pro aplikaci nejriznéjSich separacnich a zkoncentrovavacich
technik nez varianta se segmentovanym tokem (SCFA). Vyznam spojeni kontinudlni upra-
vy vzorki je zvlasté¢ vyznamny pii aplikaci riiznych hybridnich technik v oblasti stopové
a ultrastopové analyzy (viz. obr. 6.3, 6.6 az 6.9). Nezanedbatelnym faktorem je také moz-
nost vyuziti téchto technik pro chemickou speciaci riznych forem vyskytu analytu v kom-

plikované matrici vzorku.
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Obr. 6.5: Charakteristicky tvar piku (a) umoZituje sestrojeni kalibracni kiivky (b) odec-
tem koncentraci pii vhodné volenych casech (A) na zakladé znalosti mate-
matického popisu tvaru piku, pouZitim dvou nebo vice zired’ovacich civek (B,
C) nebo soucasného nadavkovani zony vzorku a redidla (D)

C — nosné medium, P, SP — pumpa, W — odpad, SV — piepinaci kohout,
I —davkovaci kohout, R — &inidlo

6.4.1 Precipita¢ni techniky

Radu latek iontového charakteru lze stanovit po separaci nebo zkoncentrovani pomoci sra-
zecich reakei nebo koprecipitace na vhodném nosici. Pevna faze je separovana pomoci "in-
line" filtru (pro SIA napt. zabudovaného v Ctyfcestném kohoutu — obr. 6.3 C) a koncentra-
ce analytu je stanovovana nepiimo z ubytku koncentrace srazeciho ¢inidla (nepfimé stano-
veni — obr. 6.6 Ba) nebo piimo (obr. 6.6 Bb) a nebo po rozpusténi pevné faze vhodnym
rozpoustédlem nebo reakénim cCinidlem (pfimé metody — obr. 6.6 C). Jako detektor lze

s vyhodou pouzit F-AAS spektrometr, ICP spektrometr, UV-VIS spektrofotometr atd. Po-
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stup je vhodny pro stanoveni iontd kova (Pb, Ag atd.), anorganickych aniontt (Cl”, Br,

SO,”" aj.) i organickych latek (1é¢iva, surfaktanty aj.).
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Obr. 6.6: Typy filtracnich jednotek (A) a schéma FIA zafFizeni pro upravu vzorki fil-
traci (B) a pro (ko-)precipitacni techniky uZivané pro nepiimé (Ca) a piimé
(Cb) stanoveni anorganickych i organickych latek AAS a jejich stanoveni po
rozpusténi sraZeniny (D)
FU - filtracni jednotka, W — odpad, MC — sméSovaci civka, D — detektor, RC
— reakcni civka, P — pumpa, R — reagent, S — vzorek
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Obr. 6.7: Schéma membranové koaxialni jednotky (A) a FIA zaiizeni pro membranové
separace (B, C)

A — teflonova kapildara, B — tygonova hadicka, C — T-kus, D — teflonova
hadicka, MU — membranova jednotka, P1 — peristalticka pumpa, M — mem-
brana

6.4.2 Techniky membranovych separaci a zkoncentrovani

Techniky membranovych separaci iontovych (dialyza, iontovd vymeéna), plynnych (diftze,
permeace) i lehce té¢kavych nepolarnich latek (pervaporizace) mohou byt pouzity k separa-
ci analytu od nezddoucich slozek matrice (interferujicich slozek, mechanickych ¢&astic
atd.), zkoncentrovani analytu ve stacionarnim nebo proudicim akceptorovém toku a konec-

n¢ 1 k pfipadnému fedéni vzorkli nebo davkovani ¢inidel bez nezddouciho zfedéni.

Transport pies semipermeabilni membrany je jednou z velmi vyhodnych technik pro fadu
iontovych sloucenin pfi pouziti membran s chemicky vazanymi iontové vyménnymi skupi-
nami nebo kapalinovych membran s nosi¢em (supported liquid membranes - SLM) po je-
jich selektivni separaci a pripadném zkoncentrovani z kapalné nebo plynné faze. Nadavko-
vany analyt je transportovan donorovym tokem k membranové separacni jednotce ve for-
mé diskrétni zony nebo kontinudlng. Donorovy tok obtékd jednu sténu semipermeabilni
membrany. Analyt je selektivné transportovan pfes membranu vhodnych vlastnosti do ak-
ceptorového toku, ktery obvykle obsahuje organické analytické ¢inidlo tvofici s analytem
detekovatelny produkt nebo ¢inidlo usnadnujici absorpci analytu v akceptorové tekuting.
Rychlost, kvantitativnost a selektivitu transportu lze ovlivilovat experimentalnimi podmin-

kami na obou strandch membrany, typem membréany a dal§imi faktory.
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Obr. 6.8: Schéma FIA zaiizeni pro extrakci v systému kapalina/kapalina (A) a jeho
principu Cinnosti (A dole) a zaFizeni pro kontinudlni zaznam signalu
(B — F-AAS) nebo diskontinudlni zaznam signdlu (C — ET-AAS)

P — pumpa, C(R) - nosné medium event. reagent, org — organicka faze,

S —vzorek, MRC — misici a/nebo reakcni civka, TS — segmenor, EC — extrak-
¢ni civka, PS — separdtor fazi, D — detektor, DB — vytésnovaci lahev,

FC —sbérac frakci, RC — restrikéni (odporova) civka
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FI-CE interface

Obr. 6.9: Schéma kombinace predupravy vzorku FIA s ndaslednou separaci a kvantifi-
kaci metodou kapilarni elektroforézy (FI-CE)

B — tlakova lahev nebo pumpa, I — davkovaci kohout, S — vzorek,
C —separacni kifemennd kapildara, Pt — platinova elektroda, HV — zdroj vy-
sokého napéti, W — odpad, E — elektrolyt, CCD — detektor.

Vhodnou volbou typu membrany a acidity donorového toku lze vyrazné meénit selektivitu
transportu jednotlivych slozek analyzované smési v zavislosti na jejich acidobasickych
vlastnostech. Tzv. pH diskriminaci transportu interferujicich komponent matrice lze ¢asto
zmeénit selektivitu stanoveni az o n€kolik fadd. Rovnéz oxidacné-redukéni nebo komplexo-
tvorné vlastnosti analytu mohou v mnoha ptipadech vyrazné ovlivnit selektivitu transportu
a umoznit tak speciaci analytu. Volbou prutokovych rychlosti donorového a akceptorového
toku nebo spojenim difuzni cely s davkovaci smyckou lze ménit koncentraci analytu v ak-
ceptorovém toku v Sirokém rozmezi, takze 1ze dosahnout silného ziedéni nebo zkoncentro-

vani analytu az o n¢kolik fadi.

6.4.3 Mikorokolonova separace a zkoncentrovani

Zkoncentrovani na sorbentech, at’ uz klasického typu ménict iontii, sorbentech chemicky
modifikovanych nebo modernéjSich s chemicky vazanymi chelata¢nimi skupinami je jed-
nou z nejperspektivnéjSich metodik. V klasickém provedeni je pomérné zdlouhava oproti
vlastnimu méteni analytického signalu. Proto byly spojeny vyhody "on-line" zkoncentro-
vani a pfipadné 1 separace na mikrokolon¢ vhodného sorbentu nebo na tzv. extrakénich
discich a prutokovych detektorti v konstrukei hybridnich systémi (schéma viz obr. 6.3 C,
6). Uplatiiuji se rtizné konstrukce modulil se sorbenty nebo extrakénimi disky (SPE) a zpti-
soby jejich zapojeni do FIA nebo SIA (obr. 6.3 C) systému, vyuZiva se rozdilnych vlast-
nosti riznych typl chelatacnich sorbentii a vlivii rtiznych faktorti na efektivitu sorpce
a eluce a na charakter vysledného analytického signalu v atomové spektrometrii, spektrofo-
tometrii aj. Metodu lze rovnéz pouzit k ureni fyzikalné-chemickych forem existen-
ce — speciaci — predev§im tam, kde se tyto formy liSi svymi vlastnostmi (ndboj, oxidacni

stupen, stabilita atd.)

Pouziti jednokolonového FIA zafizeni je malo efektivni, zvlasté pak pfi pouziti delSich

¢ast, nutnych pro sorpci stopovych koncentraci analytli z velkého objemu vzorku. Pro zvy-
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Seni efektivity sorpce lze pouzit sorpCni zafizeni s vicekanalovym sorpénim modulem
s mikrokolonami plnénymi vhodnym sorbentem. To umoziluje stanoveni stopovych kon-
centraci iontti kovu s detekci plamenovou atomovou absorpéni spektrometrii a optimalizaci

¢asového harmonogramu sorpce, promyvani a eluce.

Parametry FI-FAAS stanoveni jsou srovnatelné nebo lepSi nez u metody stanoveni
ET-AAS pii podstatn€ jednodussi instrumentaci a nizSich provoznich nakladech a lepsi nez
udaje ziskané pomoci FIA zafizeni pro kontinualni extrakci v systému kapalina/kapalina

s detekci pomoci plamenové AAS.

6.4.4 Extrakce v systému kapalina-kapalina

Vyznamny pokrok byl dosazen i1 v oblasti uplatnéni extrakci v systému kapalina/kapalina
(v literatufe casto oznacovano FIE). Metoda kontinudlni extrakce v systému kapali-
na/kapalina zvySuje selektivitu i citlivost metod a umoziiuje stanoveni stopovych koncent-
raci pomoci F-AAS po separaci fazi 1 ET-AAS po extrakci do organické faze a nasledné
re-extrakci do faze vodné. Navic umoznuje 1 stanoveni nékterych organickych latek ionto-
vého charakteru po jejich interakci v systému ion kovu - analyt eventualné i s iontove paro-
vym ¢inidlem. Metoda je rovnéz vhodna pro stanoveni dostupnych (labilnich) forem ionti

kovt vedle tzv. kineticky robustnich ¢astic (komplexné vazané ionty kovti - OH™, X" atd.).

6.5 Specia¢ni analyza

Vedle vySe uvedenych separa¢nich technik aplikovanych v systémech FIA AAS se stale
Castéji setkavame s aplikaci kombinovanych technik, kdy FIA zatizeni mtze slouzit pouze
k ptedupravé vzorku nebo k soufasné predipravé vzorku s naslednou aplikaci nékteré
z vySe uvedenych separacnich a zkoncentrovavacich FIA technik (viz odst. 6.3.1 az 6.3.4)
az po kombinaci ptedupravy vzorku pomoci FIA zafizeni spojeného s on-line separaci po-
moci chromatografickych (IC, HPLC, GC aj.) nebo elektromigrac¢nich (CZE, MEKC a;.)
technik s detekci pomoci atomové spektrometrie (AAS, AFS, ICP OES, ICP/MS aj.), pii-
padné elektrochemickych technik (ISE, voltamperometrie, konduktometrie). Obdobné mui-
ze byt FIA zafizeni zafazeno jako postkolonovy reaktor u chromatografickych (IC, LC)
nebo elektromigracnich (CZE, MEKC aj.) technik s fadou vyznamnych funkci, pfedev§im
unifikace valen¢niho stavu a formy jednotlivych separovanych specii prvkl. Tato cast
aplikaci atomové spektrometrie ve speciacni analyze je zpracovana podrobngji na jiném

miste.

6.6 Zaveér

Nekteré specialni separacni a zkoncentrovavaci FIA techniky s pouzitim mikrokolon plné-
nych vhodnymi sorbenty, extrakce na tzv. extrak¢nich discich (SPE), precipitace, extrakce
v systému kapalina/kapalina, semipermeabilnich membran atd. lze uplatnit pro zvySeni

presnosti, spravnosti, selektivity a citlivosti metod stanoveni. Jednoduché FIA zafizeni lze
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aplikovat na stanoveni analytl ve vzorcich vysokého technologického vyznamu a ve vzor-
cich biologickych materiali a zivotniho prostfedi. Ve spojeni se separacnimi (chromato-
grafickymi a elektromigracnimi) postupy se prutokové metody stavaji mnohem atraktiv-
né&jsi predeviim z hlediska specia¢ni analyzy. Radu metod Ize aplikovat piimo v technolo-

gickém procesu v tzv. procesni analytice.
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7.1 Uvod

Atomova absorpcni spektrometrie s elektrotermickou atomizaci patii dosud k nejrozsiie-
néjSim a nejpouzivanéjSim analytickym technikdm pro stanoveni stopovych koncentraci
kovi. Pfi ultrastopové analyze environmentélnich a biologickych vzorkl touto metodou se
vSak uplatiiyji interference zpiisobené komplexni matrici vzorku. Velmi casto je jedinou

moznosti spravné analyzy téchto vzorkl piredchozi separace analytu od rusivé matrice.

Za specialni separaci analytu ze vzorku (vedle spolusrazeni, sorpce, iontové vymeény, se-
lektivniho rozpousténi, destilace, extrakce kapalina-kapalina aj.) je mozno oznacit elektro-
depozici analytu. Pfi elektrochemické depozici miize byt za vhodnych experimentalnich

podminek analyt 1 zkoncentrovan a tim zvysena citlivost stanoveni.

Techniky elektrochemické prekoncentrace prvki s naslednym stanovenim AAS mohou byt
pouzity pro vSechny prvky, které podléhaji elektrochemické redukci nebo oxidaci ve vhod-
ném rozmezi potenciall. Pii spojeni elektrodepozice s AAS je analyt elektrochemicky vy-

lucovan na vhodné elektrodé a nasledné stanoven AAS.
K vyhodam techniky elektrodepozice analytu patfi:

- prvek se vylucuje z roztoku v definované forme;
- je dosazeno separace analytu od matrice;

- volbou vhodného pracovniho potencidlu lze rozliSit prvek volny a prvek vazany

v komplexech, nebo jednotlivé specie prvku;

- ve srovnani s konvenéni ET-AAS lze za vhodnych podminek dosdhnout nékolika

nasobného zvyseni citlivosti;

- je mozno pracovat v Sirokém rozsahu koncentraci analytu, nebot’ volbou doby elekt-

rolyzy lze ovlivnit mnozstvi vylou¢eného analytu.
K nevyhodam patii slozitost a pracnost postupt, horsi reprodukovatelnost ovlivnéna vel-

kym mnozZstvim proménnych parametrd, casto nizky vytézek a pomalé vylu€ovani analytu.
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7.2 Usporadani elektrolyzy pri elektrodepozi¢ni technice

Elektrolyza roztoku vzorku miize byt obecné provadéna za konstantniho proudu (galvano-

staticky) nebo za konstantniho potencialu (potenciostaticky).

Galvanostaticka elektrolyza je provadéna ve dvouelektrodovém zapojeni, které je tvoteno
pracovni a pomocnou elektrodou. Vyhodou této metody je vyssi depoziéni vytézek analytu

v porovnani s potenciostatickou elektrolyzou. Nevyhodou je mal4 selektivita.

Potenciostatické vylu¢ovani kovu vyzaduje tfielektrodové zapojeni, tvofené pracovni elek-
trodou, pomocnou elektrodou a referentni elektrodou. Elektrolyzou pti kontrolovaném po-
tencialu Ize dosahnout urcité selektivity pti vylucovani kovi s riznym vylucovacim poten-
cidlem, pfi vylu€ovani riznych specii prvku nebo prvku vazaného v riznych komplexech

[1,2]. Nevyhodou jsou nizké depozi¢ni vytézky.

Elektrodepozici analytu je mozné obecné provadét mimo optickou osu AA spektrometru
nebo pfimo v optické ose (in situ). Jednotlivé metody depozice se odliSuji materidlem pra-
covnich elektrod, technikou zpracovani depozitu vylou¢eného na elektrodé nebo zpiisobem

atomizace.

7.3 Pracovni elektrody

Elektrody pro elektrodepozici mohou byt zhotoveny z rtiznych materialti a mohou byt nej-
ruznéjsich tvard. Od materidlu pracovnich elektrod se pozaduje dostatecné vysoka teplota
tani, chemickd 1 mechanickéd odolnost, konstantni povrch, dobré elektricka i tepelnd vodi-
vost a také vysoké prepéti vodiku. Elektrody musi byt konstruovany tak, aby mély kon-
stantni povrch, reprodukovatelné elektrochemické vlastnosti, jejich povrch musi byt snad-

no mechanicky obnovitelny a aby byly pfistupny chemické nebo elektrochemické aktivaci.

Pracovni elektrody mohou byt tuhé nebo kapalné. Tuhé elektrody mohou byt vyrobeny
z grafitu nebo z vysokotajicich kovii (obr. 7.1), jako jsou W, Ta, Mo, Ir, Rh, Os, Nb a Ru.
Mezi kapalné elektrody patii rtutova stacionarni kapkova elektroda nebo rtut'ova filmova
elektroda. Pracovni elektrody pouzivané pro spojeni s AAS jsou vétSinou z uhliku (pyroly-
ticky grafit, skelny uhlik) nebo kovu (W, Pt, Ir).

Vyhodou tuhych elektrod je, ze mohou byt dobie pouzity i pro pozitivni potencialy, kdy uz
se rtut’ anodicky rozpousti a také pro vylu¢ovani kovu, které netvoti amalgamy. Jejich ne-

vyhodou ve srovnani s Hg-elektrodami je htie definovatelny povrch a horsi reprodukova-

telnost v jeho obnovovani.
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Obr. 7.1: Wolframova dratova elektroda [3]

7.4 Zpracovani depozitu vylouceného na pracovni elektrodé

Analyt vylou€eny na elektrodé miize byt zpracovan nékolika zpiisoby. Elektrodepozi¢ni
podlozku (wolframovy drat, rtutovou kapku, grafitovou tycku, grafitovou trubici, grafito-
vou sondu) s deponovanym analytem je nutné pienést do atomizatoru nebo mezi kontakty
pece v AA spektrometru. Kromé elektrotermického atomizatoru [4, 5] miize byt pouzit téz

specialni kfemenny atomizator [6].

Grafitova ty¢inka mize byt vkladdna do elektrotermického atomizatoru tésnym kontaktem
[7], ve form¢ utiznutého disku s depozitem [7] nebo je rozdrcena a davkovana ve formé
grafitového praSku [8], pfipadné je povlak rozpustén a davkovan ve formé roztoku. Pfi
elektrodepozici v on-line usporadani se do atomizatoru davkuje vétSinou vhodnym zpiiso-

bem rozpustény depozit [9-12].

7.5 Elektrolytické cely

Pti konstrukci elektrolytické cely je nutné splnit pozadavek reprodukovatelnosti polohy
elektrody v roztoku. Konstrukce elektrolytické cely tedy musi dovolovat pfesnou kontrolu
pozice elektrod a vzdalenosti mezi nimi. Déle by elektrolyticka cela méla umoziovat rych-
1¢ a snadné vyjmuti pracovni elektrody bez nutnosti rozlozit cely elektrolyticky systém.
K dosazeni maximalnich prekoncentracnich vytézkl je také nutné, aby cela méla minimal-
ni vnitini objem a maximalni plochu pracovni elektrody. Materidlem pro konstrukci nado-
bek je casto teflon. Sklo je méné vhodné pii stopovych koncentracich, nebot’ dochazi
k sorpci na stény. Kromé teflonu a skla se pouzivaji elektrolytické nddobky kifemenné,
z Perspexu, z polyethylenu a jinych plastl. Elektrodepozici je mozné provadét bud’ ve sta-
cionarnim usporadani nebo v prutoku.

Pii stacionarnim uspofadani se mize pouzit elektroda ve formé sondy vyuzivané
k dosazeni izotermickych podminek atomizace. Lze vyuzit grafitovou diskovou sondu ne-

bo komer¢ni hifebenovou sondu [5, 13-15]. Speciélni grafitové diskova sonda je zhotovena

z grafitové ty¢ky o priméru 3 mm [5, 13]. Elektrodepozice probiha na disku umisténém na
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tenkém stonku (obr. 7.2). Do atomizatoru se elektroda vklada pomoci raminka automatic-

kého davkovace pres rozsifeny davkovaci otvor grafitové trubice.

24 mm 10mm

0.5mm

Obr. 7.2: Schéma grafitové diskové sondy

Pti pouziti stacionarniho uspotadani s elektrodou ve formé hiebenové sondy (Unicam) se
vylucuje depozit na ¢asti pred hiebenem [14,15]. Elektrodepozice probihd z roztoku mi-
chaného magnetickym michadlem. Po depozici a omyti vodou se sonda zabuduje do drza-
ku sondy u atomizéatoru. Pro 10 min elektrodepozici byly dosazeny charakteristické kon-
centrace (vyvolavajici absorbanci 0,004 4) 26 ng 1" Cu, 1,4 ng "' Cd, 4,7 ng "' Pb a 62 ng
1" Ni [14]. Grafitovy povrch sondy mize byt modifikovan. Elektrochemické pokryti po-
vrchu sondy Pd, Re nebo jejich smési muze slouzit jako trvalé pokryti povrchu. Depozit
prostupuje do vnitinich vrstev grafitu. Pomoci takto pokrytych sond Ize pfi 2 min elektro-
depozici z 20 ml vzorku dosahnout mezi detekce 30 az 50 ng 1" Au [15]. S dobou elektro-

depozice roste citlivost stanoveni a Ize dosdhnout lepSich mezi detekce.

' ‘ !
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Obr. 7.3: Schéma pritokové elektrolytické cely [16]

1 - katoda z grafitové kyvety, 2 - kontakt, 3 - anoda ze skelného uhliku, 4 - cer-
padlo; 5 - zasobnik; 6 - trubicka z PTFE; 7 - ventilacni otvor

Obr. 7.4: Schéma pritokového systéemu s grafitovou trubici plnénou retikuldarnim
skelnym uhlikem (RVC) [4]

1 - pyrolyticky potazend grafitova kyveta, 2 - RVC-napln, 3 - teflonovy kolicek;
4 - sklenénd tycinka; 5 - grafitova pomocna elektroda; 6 - referentni elektroda
Ag/AgCl; 7 - vstup elektrolytu; 8 - vystup elektrolytu; 9 - iontové vyménna
membrana; 10 - vstup vzorku; 11 - vystup vzorku; 12 - Pt-kontakt
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V prutokovém off-line uspotadéani je michani elektrolytu zajiSténo cirkulaci roztoku ptes
elektrodu. Elektrodou muize byt grafitova trubice zapojena jako katoda [1, 16-18]. Roztok
protékd vnititkem trubice a k vylucovani depozitu dochazi na jeji vnitini sténé (obr. 7.3)
nebo na naplni retikularniho skelného grafitu (obr. 7.4) [4, 10]. Pritokova cela miize byt
konstruovana tak, aby depozice probihala pouze ve stiedni ¢asti atomizacni trubice a aby
roztok vzorku protékal t€sn¢€ podél vnitini stény trubice a neustale se obnovoval (obr. 7.5)
[19, 20]. P¥i pouziti této cely se 3 ml roztoku vzorku o priitokové rychlosti 0,5 ml min™'
byly ziskany charakteristické koncentrace 0,023 ug 1" Pd a 0,27 pg 1! Pt [19]. Anoda je
ponofena do roztoku [1] nebo bez dotyku vlozena v ose trubice atomizatoru [16, 18], pfi-
padné je od katody oddé€lena ionexovou membranou (Nafion) [4, 10]. Po depozici je trubi-
ce promyta vodou, odstranéna z cely, vysuSena a umisténa do grafitové pece pro méteni

podle zvoleného programu.

Obr. 7.5: Schéma cely s depozici ve stiedni Cdasti grafitové trubice v priitokovém systé-
mu [20]

1 - vedeni vzorku, 2 - grafitova trubice, 3 - tésnéni, 4 - vystup vzorku, 5 - mem-
brana

Vyhodou stacionarniho a pritokového off-line usporadani je mozné zkoncentrovani analy-
tu pii pouziti vétsiho objemu vzorku. Nevyhodou je mozné kontaminace z prostfedi labora-
tofe vzhledem k manipulaci s elektrodami. Proto jsou tato uspotfddani vyhodna pro stano-

veni prvkad mén¢ béznych. Prikladem miize byt stanoveni zlata a platiny.

Pti on-line pratokovém uspotadani se do atomizatoru davkuje vhodnym zplisobem rozpus-
tény depozit. Cela miZe byt tvofena kostkou z plexiskla, ve které jsou umistény elektrody
o priméru 5 mm zalité v epoxidové pryskyfici (obr. 7.6). Tato konstrukce umoziuje snad-
né nastaveni vzdalenosti elektrod a tim i vymezeni objemu elektrolyzovaného roztoku. Po
elektrolyze v mikrocele mize byt vylouceny kov rozpusStén v malém objemu kyseliny

a cely objem piimo dédvkovan do elektrotermického atomizatoru [11].
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Obr. 7.6:  Schema pritokové elektrolytické mikrocely [9]

1 - pracovni grafitova elektroda, 2 - protielektroda, 3 - plexisklo, 4 - PTFE
tésneni

7.6 In situ elektrodepozice

Technika in situ elektrodepozice vyuziva jeji provedeni v nadavkovaném objemu vzorku
fadu desitek mikrolitri na vnitini sténé grafitového atomizatoru umisténého piimo
v optické ose AA spektrometru, ndsledné odsati matrice vzorku a vlastni analyzu vylouce-

ného analytu zvolenym teplotnim programem [21-25].

Pouziti této elektrodepozi¢ni techniky znamend odstranéni jakékoliv manipulace s elektro-
dou pokrytou deponovanym analytem, a tim snizeni pracnosti, odstranéni moznosti sekun-
darni kontaminace deponovaného analytu béhem ptenosu a odstranéni nereprodukovatel-
nosti zpusobené nejednotnym umisténim elektrody v atomizatoru vzhledem k optické ose
AA spektrometru [21]. Pti in situ elektrodepozici analytu je za vhodnych experimentalnich
podminek (nefizeny potencidl, napéti mezi pracovni a pomocnou elektrodou 4 az 6V,
elektrolyticky proud cca 50 mA) provadéna vycerpavajici elektrolyza s ucinnosti vetsi nez

95 % v kratkém casovém intervalu (cca 60-90 s).

Pti in situ elektrodepozici (obr. 7.7) je vnitini sténa grafitového atomizatoru v misté
styku s naddvkovanym roztokem katodou a davkovaci kapilara davkovace (Pt, Pt/Ir) pono-
fend do roztoku je anodou. Proces analyzy vzorku s komplexni matrici metodou ETA-AS

s in situ elektrodepozici probihd v nékolika krocich (obr. 7.8):
- davkovani palladiového modifikatoru a jeho predepozice;
- odsati zbytkového roztoku palladia, promyti deionizovanou vodou, odsati a vysusSeni;

- davkovani vzorku (po piechozi predepozici modifikatoru) nebo dédvkovani vzorku

s palladiovym modifikatorem (kodepozice) and jeho elektrodepozice;

- odsati vzorku (elektrolytu) po elektrodepozici se zbylou matrici, promyti vodou, od-

sati a vysuSeni;

- elektrotermicka atomizace podle teplotniho programu.
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Obr. 7.7:  Usporddani pro in situ electrodepozici [24]
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Obr. 7.8: Operacni sekvence pii in situ elektrodepozici [23]

Elektrodepozice mlize probihat pfi laboratorni teploté nebo za zvySené teploty (asi 45 °C),
aby se zvysilo konvektivni michani vzorku béhem elektrodepozice, které je normalné pod-
porovano vznikajicimi plyny. Odsati roztoku vzorku obsahujiciho matri¢ni slozky po kom-
pletni elektrodepozici analytu ptimo davkovaci kapildrou znamena prakticky uplné odstra-
néni rusici matrice [23]. Tim, Ze je mozné cely cyklus naddvkovani vzorku, elektrodepozi-
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ce, odsati roztoku po elektrodepozici, promyti deponovaného analytu vicenasobné opako-
vat s jednim vzorkem, je mozné dosahnout vysokych prekoncentracnich faktorti a snizit tak

vyznamn¢ mez detekce.

Tuto elektrodepoziéni techniku lze diky pouziti ddvkovace elektrotermického ato-
mizatoru GspéSné automatizovat a jeji ovladani zaclenit pifimo do fidiciho softwaru daného
atomového absorpéniho spektrometru [21,22]. To ovSem vyzaduje spolupraci s vyrobcem.
Jinou moznosti je technickd uprava komer¢niho autosampleru (zafazeni odsavaciho zatize-

ni mezi davkovaci kapilaru a vlastni davkovac grafitového atomizatoru) [23,24].

Vyznamnou vyhodou elektrodepozice v optické ose AA spektrometru je moznost
rychlé predupravy povrchu atomizéatoru napi. elektrolytickym vylou¢enim modifikétoru,
nejcastéji palladia; které tak kromé své zakladni funkce uc¢inné chrani povrchovou vrstvu
pyrolytického grafitu v atomizatoru. Vyloucena vrstva kovového palladia na grafitu také
omezuje piipadné interakce analytu s grafitem. Pfitomnost palladia také vyrazné urychluje

vylouceni analytu na podloZce - elektrodé.

7.7 Charakteristiky kombinovaného stanoveni s elektrodepozici analytu

Citlivost stanoveni analytu pfi elektrodepozici je dand stupném zkoncentrovani pii elektro-
lyze. Stupen prekoncentrace je ovlivnén tvarem a velikosti pracovni elektrody [6] a délkou
depozi¢nich Casti [26]. Pro citlivost stanoveni ET-AAS je dilezity typ atomizatoru

a rychlost ohfevu.

Mez detekce elektrodepozicni techniky je stejné jako citlivost zavislad na dobé elektrolyzy
a na experimentalnich parametrech jako je tvar a velikost plochy pracovni elektrody, geo-

metrie elektrolytické cely, rychlost michani, objem a sloZeni elektrolytu.

Ptesnost a reprodukovatelnost je ovlivnéna tvarem, plochou a porositou pracovni elektrody
a jeji polohou v elektrolytické cele. Stanoveni analytu musi probihat vzdy ze stejné plochy.

Poloha elektrody v atomizatoru vzhledem ke svételnému paprsku musi byt vzdy stejna.

Hlavni zdroje chyb elektrodepozi¢nich technik spocivaji v oplachovani elektrod po skon-
cené elektrolyze, kdy 1 pfi vlozeném napéti dochazi ke ztratdm analytu, a ve vlastnim pte-

nosu elektrody do atomizatoru.

7.8 Praktické vyuziti elektrodepozice

Elektrodepozi¢ni techniky byly vyuzity pro stanoveni a speciaci kovli ve vzorcich
s jednoduchou 1 velmi slozitou matrici. Byly vyzkouSeny pro stanoveni stopovych koncent-
raci kovll ve vodovodni, fi¢ni, mineralni a motské vod¢ [7, 13-15, 18, 20, 21], v mo¢i [3,
25], v krvi a v krevnim séru [21, 22], v komercné dostupnych solich [6, 16] a pro rozliSeni

specii kovu v motské vode [1, 14].
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8.1 Introduction to atomic absorption spectrometry and historical
evolution of atom traps

Atomic absorption spectrometry (AAS) has been introduced into the world of analytical
chemistry in mid 50’s. Its introduction was very timely since determination of elements
was then a very important analytical issue regarding especially analysis of minerals, metals
and alloys. The domain of analytical chemistry in those days was covering mostly inorga-
nic samples. The technique was welcome by analytical chemists as a powerful alternative
to spectrophotometric methods requiring usually some chemical pretreatment of samples

such as buffering, complexation etc.

AAS was initially applied with a flame atomizer; mostly air/acetylene, less commonly
nitrous oxide/acetylene, flames were popular; the compositions of flames is still the same
today in common practice, although other kinds of flames have been used for mostly re-
search purposes. As a sample introduction technique, nebulization was and is used. Intro-

duction of AAS and the related milestones are given in Table 8.1 with references [1-10].

Table 8.1: Some of the milestones in development of atomic absorption spectrometry

Introduced Technique Year Reference
AAS with flame atomizer 1955 1,2
Electrothermal atomization 1961 3
Cold vapor technique for Hg 1964 4
Zeeman background correction 1964 5
D2 background correction 1965 6
Hydride generation technique 1969 7
Continuum source AAS 1976 8,9
Smith-Hieftje background correction 1983 10

Since the early days of flame AAS technique, two important negative aspects of this ap-
proach became to the attention of researchers. One of these was the relatively low effici-

ency of the sample introduction system, nebulization that is 1-10 % only; therefore most of
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the sample is not transported to the atomizer and there is a great dilution of the sample
available by flame gases; resulting concentration is relatively low. Second deficiency noti-
ced was the short residence time of analyte atoms in the measurement zone that is where
the source lamp beam and atoms occupy the same volume for signal formation. For a typi-
cal air/acetylene flame, the flame velocity is about 200 cm s™' [11]; combining this with
a beam thickness of 5 mm, estimated residence time for analyte atoms will be 2.5 ms. Both
of these deficiencies limit the sensitivity of flame AAS technique. Actually developing and
using AAS systems more sensitive than flame atomization, actually the merit of dilution
with flame gases could be appreciated because this system, although not very sensitive,
provided the conveniently diluted environment that is responsible for almost an interferen-
ce-free analysis. Such a freedom from interferences could never be attained again for other

systems where sensitivity is higher as compared with flame atomization.

As the domain of the analytical problems shifted more to problems related to environment,
food and health, higher sensitivity became more important. Graphite furnace or electro-
thermal atomization (ETAAS), vapor generation techniques such as cold vapor (CVAAS)
and hydride generation (HGAAS) provided a sensitivity improvement that is 100-1000
fold as compared with flame AAS. History, theory and practical aspects of AAS have been
the subject of several books, among these the monograph written by Welz and Sperling can
be mentioned [12]. Another very useful monograph on vapor generation AAS methods has

been written by Dédina and Tsalev [13].

Although the sensitivity problem has been solved by several techniques as mentioned abo-
ve, flame AAS is so simple and straightforward as compared to other atomization tech-
niques that researchers tried to introduce novel sensitive systems based on flame atomi-
zation. Most of these initial systems had designs to provide a longer residence time for
analyte atoms; therefore the term trap was occasionally used, mostly meaning a delay for
atomic species in measurement zone. In more recent versions of atom trapping, the analyte
species are actually immobilized on a suitable material that is a part of the apparatus and
thus actually a preconcentration takes place in a collection period prior to a revolatilization
and reatomization process to obtain the enhanced signal. The last two terms should be used

carefully since either term can be used depending on the kind of atom trapping.

It should be mentioned that the atom trapping to be discussed in this text is not the only
way to improve the sensitivity of FAAS; a rich variety of chemical preconcentration tech-
niques exist and there are still researchers actively working on this subject. These works

will not be included here.

Two kinds of atom trapping will be handled in this text. The first one is slotted quartz tube
atom trap (SQT-AT) and the other class is quartz or tungsten traps used with vapor gene-

ration techniques. Both traps are used with AAS; the purpose is to enhance sensitivity by
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using a simple flame AA spectrometer. It should be remembered that the second kind of
quartz and metal traps can easily be adapted to ICPOES , ICPMS or AFS techniques.

On the pathway from simple flame AAS to SQT-AT devices, there are some milestones to
be mentioned. A device called long-path absorption tube or Fuwa’s tube could be as long
as a meter; in order to improve sensitivity, the upper end of a tubular flame was directed
into a silica or vycor tube through which the source beam was passing [14]. This approach
did depend on the life time of the analyte atoms formed in the flame; although sensitivity
was improved, background absorption problems were experienced. The technique is il-

lustrated as a simple diagram in Fig. 8.1.

Fig. 8.1: Long-path absorption tube technique

Another well-known approach was called Delves’ microsampling cup technique that consi-
sted of a spoon-like nickel cup containing sample that could be mechanically pushed into
the flame where rapid atomization and the transient signal was obtained [15]. A quartz tube
having a slot at the lower surface was positioned on the top of the inserted cup to improve
sensitivity. The device was introduced for lead determination in human blood by using
10 uL of untreated sample [15]. Delves’ cup was used by many laboratories before and

even few years after ETAAS technique became available and popular.

Fig. 8.2: Delves’ microsampling cup technique

1 - quartz tube, 2 - nickel cup, 3 - laminar flame, 4 - source beam
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Slotted quartz tube (SQT) was introduced by Watling and his colleague de Villiers in 1977,
their report contains the most important analytical features with details for Cu, Pb, Zn, Cd,
Bi, Co, Fe, Mn, Ni, Ag, As, Se, Sb and Hg [16]. An article that was published in the same
year covers its application to As, Sb, Se and Hg [17]. The device was a simple hollow
quartz tube that was positioned on the laminar flame so that the lower slot coincided with
the flame; another slot was made on the tube at an angle of 120° with respect to the lower
slot that is accepting the analyte atoms in flame. SQT caused a sensitivity enhancement of
2-5 times depending on the element. Working principle of SQT is schematically given in
Fig. 8.3. Although in these preliminary studies the SQT device was used with various fla-
mes such as air/acetylene, air/hydrogen and argon (entrained air)/hydrogen, once the devi-
ce was fairly popular, only air/acetylene has been used in most of the works; its use and
application can find its way to scientific journals even in recent years [18]. Several AA
spectrometer manufacturers included this device under different commercial names. Since
its use with air/acetylene flame does not necessitate the use of unconventional systems,

SQT became a part of some of the application laboratories.
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Fig. 8.3: Slotted quartz tube (SQT) and its working principle

Almost simultaneously with the introduction of SQT, another device, that was later called
as water cooled U-tube atom trap was suggested by Canadian researchers [19]. As SQT
provided a momentary enhancement with conventional use of flame aspiration, U-tube
technique involved atom trapping and preconcentration. A quartz U-tube was positioned on
the laminar flame so that its lower side was in contact with the flame; the source beam was
parallel and flush to the upper side of the quartz tube. The trapping tube was parallel to the
optical axis, its ends were shaped to form a U-shape to allow entrance and exit for water or

air into the system. The technique consisted of the following stages:

1. Pass water through the quartz U-tube so that its surface has a relatively lower tempe-

rature as compared with that of flame.
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ii.  Apply conventional aspiration of sample as the water is passed. This stage may be
called as collection. The analyte species are condensed on relatively cool surface of
quartz tube.

iii. At the end of the collection step, by the help of a manifold, replace cooling water
with pressurized air. This will cause rapid heating and release of analyte species back
into the flame where a transient absorption signal is obtained and recorded. Although
it is not known whether the analyte species re-atomize or re-volatilize from the surfa-
ce with subsequent atomization in the flame, it would be safer to call this stage revo-

latilization.

The device is schematically shown in Fig. 8.4.

Fig. 8.4: Water cooled U-tube atom trap and its working principle

This device provided a sensitivity enhancement by 1-2 orders of magnitude depending on
the element and collection period. U-tube is probably the first example of atom trapping on
quartz surfaces. One important disadvantage was that the source beam had to be very near
the atom trap so that there was some obscuration; this resulted in degradation of signal to
noise ratio to partially offset the sensitivity enhancements due to preconcentration effect;
therefore, slopes of calibration plots were higher as compared with simple flame operation,
but the improvement in detection limit values were not as high. Roberts and Turner sug-
gested placing U-tube trap in an SQT device in order to combine the advantages of both
techniques; however, the system suffered from water droplets condensing on the cold silica
surface, which dropped on SQT, producing excessive amounts of water vapor and thus
much noise in signal [20]. Combination of U-tube and SQT was further used and develo-
ped by Matusiewicz who named his device as an integrated atom trap (IAT) [21]. Some
researchers employed materials other than silica for U-tube atom trap; among these, an

example may be given where a stainless steel tarp surface was used [22].

In 1993, during a conference presentation a novel way of releasing analyte species from

the surface of silica was presented [23]. In this work, instead of replacing water flow by
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air, it was suggested that the composition of the flame should be momentarily altered; the
authors called this process as flame alteration [23]. The same research group proposed ano-
ther and simpler way of revolatilization that is called organic solvent aspirati-
on/atomization [24, 25]. The flame alteration approach was applied to SQT device by
a Chinese group [26]. From all these studies, SQT atom trapping technique has evolved as
an alternative for in situ preconcentration of atoms for sensitivity enhancement with
FAAS. A very useful and informative review article by Matusiewicz describes atom traps
used in this trail of evolution although it does not include SQT-AT [27].

8.2 Slotted quartz tube atom trap

As described above, SQT has now become an atom trap (SQT-AT) when used in the mode
of in situ preconcentration. Its introduction as a novel device [28], studies regarding revo-

latilization mechanisms [29] and interferences [30] have been reported.

8.2.1 Principles of operation for SQT-AT and important parameters.

In principle, steps of collection and revolatilization are similar with the way U-tube atom

trap is used. SQT-AT is used as follows:

1. Using an optimized flame, sample solution is aspirated while SQT is positioned abo-
ve the flame. This step usually takes few minutes. Analyte atoms are trapped in the
inner surface of SQT.

ii. A rather low volume, 10-50 pL, of an organic solvent, often MIBK (methylisobutyl
ketone) is introduced to flame. This alters the flame composition for a very short pe-

riod of time. This is sufficient to release analyte species from quartz surface.

iii.  Revolatilization is followed by rapid atomization and a transient signal is obtained.
Some transient signals using SQT-AT are shown in Fig. 8.5.

Use of SQT-AT offers several advantages because of its simple set-up as well as the novel

and easy ways for revolatilization. These are summarized below:

1. U-tube design suffers from beam obscuration affecting signal to noise ratio adverse-
ly. In SQT-AT, the slotted quartz tube can be conveniently designed considering the
beam profile of the AA spectrometer. Therefore, there is no beam obscuration and
S/N is similar to that in simple flame operation.

ii.  In U-tube atom trap, repetitive heating and cooling causes the tube to soften; momen-
tary sagging alters the zeroing and may cause errors in absorption signal. Use of ei-
ther flame alteration or organic solvent revolatilization eliminates this effect both in
U-tube trap and SQT. Revolatilization takes only few seconds and signal is sharper
as compared to water/air system.

iii.  SQT-AT does not require any water or air flow and complex manifolds to control

these. The apparatus is as simple as SQT itself as shown in Fig. 8.3.

88



0.150 4
i) (ii)
0.100 {
{iit)

0.050

0.000-

Fig. 8.5: SQT-AT signals

(i) Organic solvent revolatilization, 100 ug L™ Pb; (ii)Flame alteration, 100
ug L™ Pb; (iii) Organic solvent revolatilization, 10 ug L™ Cd; (iv) Flame alte-
ration, 10 ug L™ Cd. Samples were collected at a suction rate of 6.0 mL min™
for 2.0 minutes [28]

Organic solvent revolatilization should be and was preferred in studies, because it is sim-
pler; flame alteration requires another acetylene gas flow line and a manifold to introduce
excess acetylene when needed. Ten to 50 pL of isobutyl methyl ketone (IBMK) was used
in most of the studies. MIBK was used initially as it was readily available; however, other
organic solvents such as iso-octane, n-hexane, acetonitrile, acetone, methyl ethyl ketone
were also successfully used for organic solvent revolatilization technique. IBMK has been
chosen again after some evaluations; as compared with the others, this solvent gave the
best performance regarding complete atomization (no memory effects) and the largest li-

near range for calibration [28].

The following experimental parameters were found to be critical in SQT-AT technique.

These must be carefully optimized.
1. Flame composition. Usually a lean or stoichiometric flame is used.
ii.  Distance between the flame head and SQT.

iii.  Suction rate. It has been found that lower suction rate gives better sensitivity for
a defined volume of sample; nebulization efficiency is improved at lower suction ra-

tes and so are the trapping efficiency and sensitivity.

Sampling can be performed on basis of time or sample volume. After a decision is taken,
either a constant period of time or a defined volume of sample can be used. Suctions of
sample can be realized by using a large plastic pipette tip attached to sampling capillary
tubing of the flame atomizer. A constant volume of sample is injected into the receiving
tip; measurement for period of sampling in this case is not needed. On the other hand,
a timing device is needed for constant period of time during which the sampling capillary

is inserted into the sample solution. Sampling for all the standard and sample solutions
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must be carried out in the same fashion. Adhering to these conditions is necessary to obtain

meaningful calibration plots.

Suction rate can be therefore lowered to provide a better sensitivity for a constant volume
of sample; although collection in this case will take a longer time. On the other hand, if
constant period of time is chosen, lowered suction rate will result in collection of a lower
volume and sensitivity will be lowered. Examples of relations between sensitivity and
suction rate in both cases are shown in Figs 8.6 and 8.7. It should be remembered that

suction rate from solution can be adjusted in only some of the brands of AA spectrometers.

Regarding sensitivity of SQT-AT system, different approaches can be taken based on whe-
ther the time or sample is limited; a high suction rate should be preferred in case of the

former while just as opposite, a low suction rate is beneficial if limitation is on the latter.

8.2.2 Nonthermal nature of revolatilization.

The process of revolatilization is certainly based on the change in quartz surface tempera-
ture when a U-tube atom trap is used. Therefore, in this device, collection is caused by the
cooler surface and revolatilization is effected by heating the surface. The mechanisms for
collection and revolatilization stages for SQT-AT, are not necessarily the same as those in
U-tube trap. Several experiments were designed and performed in order to understand the

processes taking place in SQT-AT.
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Fig. 8.6: Variation of SQT-AT signal with suction rate of the nebulizer using a con-
stant period of 2.0 min for collection. 4.0 ug L™ Cd and 50 ug L™ Pb 28]
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Fig. 8.7: Variation of SQT-AT signal with suction rate of the nebulizer using a con-
stant volume of 2.0 mL for collection. 4.0 ug L™ Cd and 50 ug L™ Pb [28]

Although it must be separately optimized for each element, best conditions for collection
stage involve usually a lean or stoichiometric air/acetylene flame. At the end of the col-
lection period, either using flame alteration or organic solvent revolatilization techniques,
amount of fuel in the flame gases is momentarily increased. Resulting flame is now a redu-
cing flame. At this point, it was questioned whether an increase in temperature or a re-
duction by flame gases of surface species was more important for revolatilization. First, it
was investigated whether any increase in temperature is involved for organic solvent aspi-
ration technique. A hollow quartz tube was located on top of the flame whose composition
was chosen for collection. Using a thermocouple inserted, the temperature inside the quartz
tube was measured. Then, the organic solvent was aspirated into the flame not in a small
and discrete volume, but in a continuous fashion. This experiment was performed for seve-
ral analytes, results for Pb are shown in Fig. 8.8. The measured temperatures are lower
than those experienced in an SQT-AT since there are no slots on the quartz tube. However,
the purpose of the experiment has been achieved since the relative changes were important.
Both for the case of Pb and for the experiments with other analytes such as Bi, Mn, Au and
Cd have shown that introduction of organic solvent into the air/acetylene flame either

decreases the temperature or increases it at a rather insignificant level.

It could be, therefore, concluded that the process of revolatilization in SQT-AT using or-
ganic solvent aspiration is not thermal. A momentary change in flame composition making

it more reducing is probably effective.
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Fig. 8.8: Time-temperature profile of Pb collection flame upon aspiration of organic
solvents; n-Hex, n-hexane; MEK, methyl ethyl ketone; ACN, acetonitrile,
MIBK, isobutyl methyl ketone [29]

Another experiment was designed to test whether a contact between the flame gases and
the quartz surface was needed for revolatilization [29]. Illustration of this experiment is
given in Fig. 8.9. After the collection in the proper configuration, the SQT was rotated 90°
around its longer axis thereby preventing the contact between the quartz surface and the
flame. Revolatilization attempts by either flame alteration or organic solvent aspiration
failed. The SQT-AT was then rotated by another 90° to assume the original configuration;
revolatilization by either technique was then successful. The experiment has clearly shown
that a physical contact is needed between the flame gases and quartz surface [29]. This is
supportive of the former experiments where it was questioned whether SQT-AT heats up

or not during revolatilization using organic solvent aspiration.

8.2.3 Investigations on surface species

Although some idea was obtained regarding the process of revolatilization and its rather
chemical and non-thermal character, the nature of analyte species on quartz surface was
not known. A series of experiments using X-ray photoelectron spectroscopy (XPS) has
revealed that there is close relation between the oxidation states of the surface species and
their standard reduction potentials [31, 32]. U-tube atom trap was used in these experi-
ments. A comparison between Au, Bi and Mn was made where these analytes have diffe-
rent standard reduction potentials, indicating the relative stability of an oxidation state in
any environment. A correlation was found indeed, Au with the most positive standard re-
duction potential value existed as the free metal without any charge. Bismuth existed in
forms of Bi0 and Bi3+ while Mn assumed an oxidation state of +2 on the surface. These

relations are given in Table 8.2.
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Fig. 8.9: Illustration of the experiment to show whether a physical contact between the
flame and the quart; surface is needed. Cross section of SQT-AT is shown;
point A is a reference for the position of SQT-AT [29]

Table 8.2: Standard reduction potentials and species on quartz surface [32]

Valency on quartz surface Ey, V
Au’ +1.42 AU +3e < AU’
Bi’", B{’ +0.32 BiO' + 2H" + 3¢ < B’
Mn®* ~1.029 Mn** + 3e < Mn"

As these are fairly expected results based on redox properties of analytes, there are serious
uncertainties regarding the experiments carried out. XPS is not a very sensitive technique;
only about a 1% of atoms on the surface can be detected. This level is much higher than
what we have on a U-tube trap or SQT-AT. Therefore, quartz surface was loaded with ana-
lyte by aspirating a solution containing about 1000 mg L™' for several minutes prior to
examination by XPS. The analyte concentration in these experiments, are much higher than
the actual level. Therefore, although the results are meaningful in the sense that the species
are as expected from their standard reduction potential values, it is difficult to assume that

exactly the same species would exist on quartz surface during an actual collection step.

8.2.4 Analytical figures of merit
Some of the analytical figures of merit for SQT-AT system are given in Table 8.3. The

detection limits reported come close to the performance of ETAAS. Enhancement values
were found by the ratio of characteristic concentration for flame operation to that by SQT-
AT. The peak height values were used for the signals. The most important figure of merit
here is E, enhancement; because, limit of detection and sensitivity is largely dependent on
the age of the instrument and the conditions of the source lamp as these parameters directly

affect signal to noise ratio.
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Table 8.3: Analytical figures of merit for some analytes

Analyte  LOD (3s), pg L™ E (Enhancement) Conditions of collection  Reference
Cd 0.4 137 2.0 min, 6.0 mL min™" [28]
Cu 3.7 51 2.0 min, 8.0 mL min™' [33]
Pb 3.7 90 2.0 min, 6.0 mL min™* [28]
Zn 0.8 73 2.0 min, 8.0 mL min™" [33]

8.2.5 Possibility of application to a vapor generation system

Following the observations that analye atoms can be successfully trapped on the inner sur-
face of SQT, it was then suggested that similar trapping can be done using vapor generati-
on methods and either quartz or metal traps. In some preliminary experiments, slots were
opened on a T-tube commonly used in HGAAS, analyte in hydride form was introduced
through the inlet arm of the system, some trapping and subsequent revolatilization was

observed for antimony.
8.3 Quartz and metal atom traps with vapor generation

8.3.1 Principles of operation, experimental set-ups and important parameters

Following the experiments with vapor generation and SQT in the last section, the next
design did consist of a usual HGAAS set-up; some quartz particles obtained by crushing
were placed in the inlet arm, near its connection point to the horizontal arm. The location
where the quartz particles are positioned served as the trap. This location was heated exter-
nally using a resistively heated wire. In a frontier study [34] trapping and signal formation

consisted of the following stages:

1. Lead hydride (PbH4) was formed by reaction of analyte in HCI solution with sodium
tetrahydroborate (III) in a continuous flow (CF) system.

ii.  Analyte vapor separated from liquid stream by a gas-liquid separator (GLS) is direc-
ted to quartz T-tube and passes through the trap held at optimized collection tempera-
ture (500 °C); some of the analyte hydride molecules are trapped here.

iii. At the end of collection stage, peristaltic pump and thus analyte flow is stopped.

iv.  The trap is rapidly heated to revolatilization temperature (900 °C), release of analyte
species takes place when pumps are reactivated, transporting and mixing HCI carrier
and NaBH4 flows to produce H2 gas. Formed volatile species are transported to T-

tube quartz atomizer.

v.  Signal is formed and recorded as a result of analyte atomization in measurement

zone.
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In the first quartz trap design, a few pieces of quartz were used as the trapping location that
was heated externally by resistance wires; distance between the T-junction and the quartz
trap was optimized as shown in Fig. 8.10. The quartz trap away from the T-junction was
termed as separated trap. The flow system is shown in Fig. 8.11 and Pb signals using
quartz trap and with CF-HGAAS are shown in Fig. 8.12. It could be easily observed that
trap signal is sharp despite external and rather slow heating. Peak height measurements

were used that is justified as the peaks are very narrow; half width is less than 0.5 s.
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Fig. 8.10: Top view of quartzy T-tube with quartz trap that is (a) close to and (b) away
from T-junction [34]
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Fig. 8.11: Continuous flow system for separated quartz trap with hydride generation for
Pb determination [34]
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Fig. 8.12: Time profile of atomization signals of Pb: a) using separated quartz trap, 6.0
mL of 1.0 ug L™ Pb collected in 60 s; and b) continuous flow HGAAS sig-
nals, 1.0 ug L™ Pb [34]

It has been found that the most critical analytical parameters for quartz trap are the tempe-
rature of trap for collection and revolatilization, position of trap and composition of carrier
gas at both stages of collection and revolatilization. Other parameters such as acidity, sam-
ple and gas flow rates, length of reaction and stripping coils, design of gas-liquid separator
and quartz T-tube atomizer are common to both ordinary HGAAS and Trap-HGAAS sys-

tems.

Following the determination of Pb, on-line trapping on quartz surface has been used for
determination of Sb both by chemical [35, 36] and electrochemical hydride generation
[37]; the technique has also been applied for determination of Bi [38], As and Se [39].
Cold vapor generation (CVAAS) with a quartz trap has been used for determination of Cd

where the quartz atom cell was not heated [40].

Another alternative for on-line trapping and HGAAS is using a W-coil as a trap. W-coil
atom trap can be resistively heated by passing electricity directly through this device while
external heating is required for the quartz trap; therefore, higher heating rates can be achie-
ved for the former. Tungsten coil is taken from a commercial visible tungsten lamp; it can
be readily and economically obtained, used and replaced when a new one is needed. The
use of a W-coil from a commercial lamp is dated back to 1972 [41]; after the first appli-
cation there has been a wide interest in use of W-coil as an atomizer [42, 43] mostly as an
alternative to graphite furnace. W-coil has been used as a trap for determination of Bi [44]
and Se [45] by two independent groups at about the same time. W-coil atom trap has the

principals similar to quartz atom trap. The tungsten trap is located in the inlet arm of
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a conventional T-tube quartz atomizer. The trap temperature is conveniently adjusted to
optimized values for collection and revolatilization stages. W-coil atom trap has also been
used for determination of Cd in CVAAS mode [46]. The W-coil trap system is similar to

quartz atom trap; a simple flow chart is shown in Fig. 8.13 for Cd determination [46].
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Waste 4 4
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GLS : Gas-Liquid Separator

Fig. 8.13: Flow chart for W-coil atom trap for Cd using CVAAS [46]
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Fig. 8.14: W-coil atom trap details for Cd determination using CVAAS [46]
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As mentioned above, temperatures of W-coil trap should be optimized for both collection
and revolatilization steps; this feature is common to both quartz and W-coil traps. This is
done in a similar fashion to ash-atomize plots of ETAAS. However, although the graph for
revolatilization looks like atomization plot, graph for collection does not have any similari-
ty to ash-plots of ETAAS, since at low temperatures trapping does not takes place and the-
re is no analyte in the system when revolatilization cycle is activated. An example for op-

timization curves for these temperature values is shown in Fig. 8.15.

As a result of data shown in Fig. 8.15, collection and revolatilization temperatures were
selected as 110 °C and 850 °C, respectively for W-coil-CVAAS determination of Cd [46].

0.35 = —o— Collection =0~ Release
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Fig. 8.15: Graph for optimization of collection and revolatilization temperatures.
A constant revolatilization temperature of 1 000 °C was employed as the col-
lection temperature was varied. Similarly, a constant collection temperature
of 150 °C was applied during the variation of release (revolatilization) tempe-
ratures. The signals were recorded by collecting 0.70 mL of 5.0 ug L7 Cdin
0.20 mol L™ HCI solution [46]

Alternative materials have also been suggested for on-line trapping and vapor generation
systems using metal traps; molybdenum strip for determination of As and Se [47] and an-
timony and bismuth [48], resistively heated platinum for Cd [49] and externally heated Au

wire for Se [50] can be mentioned among these studies.

On the other hand, research group of Matusiewicz in Poland continues to study on develo-
pment and applications of integrated atom traps in conjunction with vapor generation tech-
niques; the device has recently been used in determination of Cd and Pb [51], In and T1
[52], Te [53] and Sb [54].

98



8.3.2 Considerations for carrier gas composition

The main function of carrier gas is to transport gaseous species from gas-liquid separator
(GLS) to the observation zone in vapor generation techniques. Ar is most frequently used
as it provides the inert atmosphere to protect hydride species from being oxidized. Using
trap systems, however, carrier gas has additional functions. Depending on the trap material
requirements for carrier gas may be different. For example despite the inert atmosphere
provided by argon gas, oxygen is inevitably present in most flow systems; transported wa-
ter vapor, impurities in Ar and oxygen bearing acids and sample itself are among these
oxygen sources. W-coil trap differs from quartz trap regarding the fact that it is easily oxi-
dized as a result of minute amounts of oxygen provided by these mentioned sources. The-
refore, H, gas must be added at all stages in order to protect W-coil from oxidation. It has
been observed that presence of hydrogen gas may have even a healing effect on the oxidi-

zed tungsten surfaces, rendering them usable again [44].

Another important function of hydrogen gas, especially in revolatilization step, is its redu-
cing character to help remove the analyte from trap surface; possibly a reduction process is
involved. Hydrogen may be directly added to Ar flow from a gas cylinder; on the other
hand, it should not be forgotten that mixing of reductant and acid solutions also produce
hydrogen gas both in presence and absence of sample. Therefore, a small amount of hyd-
rogen may be introduced during revolatilization by reactivating the solution pumps. If larger

amounts are needed, however, this will not be sufficient and external sources must be used.

Since the heating rate of quartz trap is significantly lower as compared to W-coil trap, du-
ring the revolatilization step the gas flow may be interrupted by stopping the peristaltic
pump; once the trap is heated to its optimum temperature for revolatilization, pumps may
be reactivated so that gaseous analyte species are transported by produced hydrogen to
obtain a sharp signal. In this case, the half width of the signal depends on the rapid trans-

port of analyte species, rather than their formation.

There is no solid information regarding the chemical nature of analyte species when they
are trapped on the surface and also after they are revolatilized. The term revolatilization is
used to be on the safe side, because it is not known in most of the cases whether the analyte
is revolatilized or atomized as it is released from the trap surface. The exceptions are the
use of quartz [40] and W-coil trap [46] in conjunction with CVAAS for Cd determination;
in both of these systems the quartz atom cell is not heated. As a matter of fact, the atom
cell in these cases does not have to be made of quartz at all; because, the analyte is released
from the trap surface in the form of free atoms. During the determination of lead using
a quartz separated trap with HGAAS, a small but definite portion of the revolatilized ana-
lyte species were found to be atomic [34]. This can be easily investigated by using an

unheated quartz atom cell during revolatilization.
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Dédina and coworkers had an interesting approach for quartz atom traps; they modulated
stream of oxygen and hydrogen gas for collection and revolatilization steps [38, 39]. Du-
ring collection, by sending excess oxygen to consume the hydrogen in the system efficient
trapping was obtained. During revolatilization, oxygen stream was stopped and excess
hydrogen was sent to the system for efficient release of analyte species. The authors have
reported 99 % overall efficiency for Bi [38].

8.3.3 Analytical figures of merits

Quartz or W-coil atom traps provide detection limits in the order of ng L™'. Some of the
examples regarding sensitivity are shown in Table 8.4. Although limit of detection gives
a definite idea about the sensitivity of the system, this figure is dependent on the conditions
of the spectrometer, especially the source lamp. Improvement in characteristic concentrati-
ons may be a better way to express the enhancement in sensitivity. In order to accomplish
this, the characteristic concentration for HGAAS measurement should be divided by the
same figure for trap-HGAAS. There are, however, difficulties in making this comparison.
The HGAAS measurements are in continuous flow (CF) mode and height of the signal in
absorbance units is measured. The output of a trap experiment is a transient signal.
Although many users use peak height of these signals, some researchers object to this ap-
plication, suggesting that peak area instead should be taken. When peak area is taken,
comparison is not meaningful since HGAAS measurement is based on height. In order to
compute efficiency, a flow injection (FI) signal may be obtained by locating a sampling
loop on the liquid transport line for conventional HGAAS. Volume of the loop is adjusted
so that the height of the signal is the same as the CF signal; characteristic concentration

values computed by peak areas of both signals can be used to find efficiency of the system.

An enhancement factor, as a ratio of characteristic concentration values, Cy, would have
some practical value. However, depending on the reproducibility, the enhancement regar-

ding Cy values and LOD values may be different.

Regarding characteristic mass values, my, when calculated using peak area, this value
should not change providing that efficiency of the trap system is 100 % overall as compa-
red to HGAAS measurements.

It may be suggested that HGAAS signal in FI form and transient signal obtained by trap
may be used to compute the overall trap efficiency. This will include efficiency factors for
trapping and revolatilization of analyte if we assume that the efficiency for atomization is
the same for the both systems. Another important factor regarding losses is the distance by
which the revolatilized species survive without being lost on the walls of tubing and other

parts of the flow system.
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Table 8.4: Examples from performances for quartz and W-coil atom trapping used with
vapor generation techniques

Analyte Trap Vapor generation LOD(3s), ng L™ Reference
technique
Pb Quartz HGAAS 19 [34]
Sb Quartz HGAAS 3.9 [35]
Cd Quartz CVAAS 1.8 [40]
Bi W-coil HGAAS 2.7 [44]
Cd W-coil CVAAS 4.0 [46]

8.3.4 Discussions on trapping efficiency

During Bi determination by W-coil atom trap and HGAAS, it was found that the revolatili-
zed species could be efficiently transported through a tubing as long as 200 cm between
the trap and the atomizer; as this distance was varied from 10 to 200 cm, peak height decrea-
sed significantly to one third of its starting point but the peak area did not change much, in-
dicating an efficient analyte transport with broadening [44]. Providing that the distance be-
tween the trap and the atomizer is small, the loss during the transport was not significant for

this case; however, this point should be validated for each analyte and trap system.

If we assume that the efficiency consists of collection and revolatilization in a trap system,
then the comparisons of peak areas from HGAAS may give an idea about the overall trap
efficiency. However, such comparisons will have errors since the gas flows during
HGAAS operation and trap operation are usually different. Therefore the conditions in

measurement zone are not the same.

Dédina and co-workers have reported total efficiencies of 50 % and 70 % for As and Se,
respectively [39], while this figure was 98 % for Bi [38]; gas flows and compositions were

held constant for the cases to be compared.

8.3.5 Suggested criteria for analytical figures of merit for atom traps

Several criteria have been used to show the sensitivity enhancement obtained using traps.
Ratio of LOD values certainly is valid one as both the slope of calibration plot (calibration

sensitivity) and reproducibility of the system is taken into consideration.

Another approach is to compute an enhancement factor, £, by taking the ratio of characte-
ristic concentration values for the systems with and without the trap. Since LOD will be
dependent on the conditions of the spectrometer and the intensity and noise level of the

source beam, the value £ may be a better measure of enhancement.

However, as the values in Table 8.4 are considered, it becomes more difficult to make a di-
rect comparison, because authors usually select the sample volume and/or the sampling

time quite arbitrarily. During discussions in articles, most authors state that the enhance-
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ment could be even better if a larger volume or longer period of time for sampling were
used. This may be true, however, in most of the cases blank values put a practical limit to
sample size and time; therefore, the enhancement can never be infinitely improved. In this

text, a proposal will be made regarding a healthy comparison of enhancement values.

E: Enhancement factor (ratio of characteristic concentrations)
E,or E;=1  E/minutes of sampling unit: min~!
E,or E,=1 E/milliliters of sample unit: mL™!

Table 8.5 has been constructed by using some data from Table 8.4 with some additions.

Table 8.5: Comparison of some trap performances using E; and E, values.

Q: quartz, W: tungsten trap

Analyte Trap- E; E, E t,min V,mL LOD 3s) Reference
technique min” mL™" ng L™
Pb Q-HGAAS 10 1.7 10.3 1.0 6 19 [34]
Cd Q-CVAAS 24 1.2 718 3.0 6.0 1.8 [40]
Bi W-HGAAS 43 7.2 130 3.0 18 2.7 [44]
Cd W-CVAAS 16 7.4 31 2.0 4.2 4.0 [46]
Bi Q-HGAAS 106 27 530 5.0 20 3.9 [38]

The proposed terminology allows a better comparison of enhancement values and will be

helpful to have decision in cases where time or sample is limited.

8.4 Conclusions

Quartz and W-coil traps used in conjunction with vapor generation techniques provide
a novel way of trace analysis. Detection limits are almost comparable to those obtained by
ICPMS in many occasions. However, there are still many unknowns regarding mecha-
nisms of collection and revolatilization. Powerful on-line surface techniques may be help-

ful in solving some of the problems.

These devices also offer very economical alternatives for trace analysis. A simple AA fla-
me spectrometer, a peristaltic pump and simple gadgets made from quartz and metal are all

needed. The problems are also challenging for the interested researcher.
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9. ATOMOVE ABSORPCNi A FLUORESCENCNI
DETEKTORY PRO SPECIACNiI ANALYZU
ZALOZENOU NA GENEROVANi TEKAVYCH
SLOUCENIN

RNDr. Jiri Dédina, CSc.,
Ustav analytické chemie AV CR, v.v.i., Praha

dedina(@biomed.cas.cz,

Podle platné definice [1] se speciacni analyzou rozumi analytické aktivity sméfujici k iden-
tifikaci nebo ke stanoveni jedné nebo vice jednotlivych chemickych specii ve vzorku.
Chemicka species je specifickd forma prvku definovana izotopickym slozenim, elektronic-
kym nebo oxidacnim stavem, ptipadné strukturou komplexu nebo molekuly. Speciace né-
jakého prvku znamena rozloZeni jednotlivych definovanych chemickych specii tohoto prv-

ku v daném systému.

Teprve nedavné dramatické pokroky v instrumentaci, piredev§im v oboru hmotnostni
a atomové spektrometrie daly analytickym chemikiim nastroj, ktery jim umoziuje se vypo-
fadat s naroky fady védnich disciplin (od farmakologie a nejriznéjsich 1€kaiskych disciplin
ptes védy o zivotnim prosttedi az po zemédélské védy) na speciacni analyzu prvkl ve sto-
povych a ultrastopovych koncentracich. VSechny aspekty speciacni analyzy jsou diskuto-

vany v nedavno vydanych knihéch [2-5].

Z vyse uvedené definice plyne, ze za "kvalitativni" nebo "identifika¢ni" specia¢ni analyzu
muzeme povazovat analytické aktivity vedouci k identifikaci jednotlivych chemickych
specii ve vzorku, kdezto za "kvantitativni" speciacni analyzu aktivity sméfujici ke stanove-
ni koncentrace (nebo hmoty) jedné nebo vice z identifikovanych chemickych specii ve
vzorku. V tomto textu se vénujeme pouze kvantitativni speciacni analyze a proto adjektiv
kvantitativni nebude nadale uvadén. Vlastni provedeni speciacni analyzy se obvykle sklada
ze dvou krokti. Prvnim krokem je separace jednotlivych specii. K tomu jsou obvykle vyu-
zivany chromatografické nebo elektromigracni techniky. Druhym krokem je detekce - sta-
noveni pfislusného prvku ve frakci vzorku obsahujici pfislusnou species. K tomu jsou ob-
vykle vyuZivany metody analytické atomové spektrometrie. Tyto oba kroky speciacni ana-
lyzy mohou v principu byt provedeny s ¢asovym odstupem - off-line. Vyhodné&;$im pfistu-
pem ke speciacni analyze je "on-line" uspotadani, obvykle oznacované v literatuie jako

"hyphenated" technika.

Existuje mnoho variant pro on-line spojeni separacni techniky s prvkové specifickym de-

tektorem zahrnujici rtizné typy HPLC nebo elektromigra¢nich metod pro separaci a ato-
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mové spektrometrie pro detekci. Vybér separacni techniky i detektoru je dan charakterem
analyzovaného materialu, analytem a pozadavky na rozliSeni jednotlivych specii a jejich
koncentraci ve vzorku. Pro separaci 1ze pouzit i kombinace dvou nebo i vice separacnich
zafizeni zapojenych za sebou. Vybér prvkové selektivniho detektoru je kriticky v tom pfi-
pad¢, kdy koncentrace analytu ve vzorku je velmi nizka a vyzaduje patficné nizky detekéni

limit. Dtlezita je i konstrukce vlastniho spojeni mezi separaénim zafizenim a spektrometrem.

Utelem tohoto textu neni probrat speciaéni analyzu obecng, ale vénovat se tém piistuptim
ke speciacni analyze, které vyuzivaji generovani t€kavych sloucenin a atomovou absorpcni
spektrometrii (AAS) pripadné atomovou fluorescencni spektrometrii (AFS) jako detekéni

metodu.

Pro metody atomové spektrometrie obecné plati, Ze vzorek mize byt ptivadén do atomiza-
toru/detektoru bud’ v kondenzované, nebo v plynné fazi. K pfevedeni analytu do plynné
faze se obvykle vyuziva generovani t€kavych sloucenin, které spociva v selektivnim pie-
vedeni analytu z kapalného vzorku do plynné faze pomoci vhodné chemické reakce vedou-
ci ke vzniku té¢kavé slouceniny analytu. Generovani tékavych sloucenin vdéci za svoji po-
pularitu pomérné jednoduchosti a nizké cené potfebného vybaveni. Jeho hlavni pfednosti je
separace analytu od matrice vedouci k vyznamnému potlaceni interferenci pifi atomiza-
ci/detekci. Kromé toho vysoka ucinnost transportu analytu ze vzorku do detektoru poskytu-
je mimofadnou detekéni mohutnost. Proto 1 AAS detektor, a tim spiSe inherentné citlivéjsi
AFS, mize ve spojeni s generovanim tékavych sloucenin poskytnout detek¢ni limity dosta-
te¢né nizké pro feSeni Sirokého spektra aplikaci speciacni analyzy. Ackoliv jako detektory
pro speciacni analyzu zaloZenou na generovani tékavych slouc¢enin mohou byt pouzity
vSechny metody analytické atomové spektrometrie v ¢ele s nejcitlivéjsi, ale 1 nejnakladné;j-
§i hmotnostni spektrometrii buzenou indukéné vazanym plazmatem (ICPMS), vyhodou

AAS i AFS jsou nizké investi¢ni i provozni naklady.

Potencial generovani t€kavych sloucenin pro "klasickd" stanoveni celkového obsahu prvkl
1 pro speciacni analyzu tedy spociva v dosazeni vynikajici citlivosti s relativné jednodu-
chou a lacinou instrumentaci. Specifickou vyhodou generovani tékavych sloucenin pro
speciacni analyzu je, ze kromé& obvyklého schématu speciacni analyzy separace # detekce

umoziuje dva dalsi ptistupy, jak je podrobné rozvedeno nize.

Nejcastéji generovanou skupinou tékavych slou€enin jsou kovalentni binarni hydridy As,
Bi, Ge, Pb, Se, Sb, Sn a Te. Vedle binarnich hydridi ma vétsi analyticky vyznam genero-
vani atomarnich par Hg a Cd, methyl substituovanych hydridt a ethylderivati. Kovalentni
bindrni hydridy a methyl substituované hydridy v tomto textu slouzi jako modely pro
sloucenin. Kromé toho prakticky vSechny novinky ve specia¢ni analyze zalozené na gene-

rovani té¢kavych sloucenin byly vyvinuty a testovany na téchto hydridech. Proto se v nésle-
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dujicim textu hovoii vyhradné o hydridech, 1 kdyzZ mnohé zavéry plati pro tékavé slouceni-

ny obecné.

Jednotlivé pfistupy k vyuZziti generovani hydridi pro speciacni analyzu budou probrany
nize. Predtim budou shrnuty ty poznatky o generovani a atomizaci hydridd pro AAS
a AFS, které jsou uzitecné pro speciacni analyzu. Pro kompletni popis teorie, instrumenta-
ce, metodologie a aplikaci generovani a atomizace hydridi viz monografii [6] a novéjsi
prehledné sdé€leni [7-28].

9.1 Generovani hydridia

Generovani spociva v uvolnéni hydridu z roztoku vzorku (t.j. v konverzi analytu na hydrid
a v jeho ptechodu do plynné faze) a v transportu uvolnéného hydridu proudem nosného
plynu do atomizatoru. Kviili maximdlnimu uvolnéni hydridu musi byt vzorek nalezité pti-
praven. Tab. 9.1 podava piehled analyticky diilezitych hydridotvornych prvkl a optimal-
nich podminek pro jejich konverzi na ptislusné binarni hydridy. V dalSich odstavcich této
pasaze je diskutovano uvolnéni hydridu z roztoku, transport hydridu a experimentalni pfi-

stupy ke generovani hydridi.

Tab. 9.1: Hydridotvorné prvky

Obtimélni oxi Optimalni acidita reak¢ni Hydrid
ptimalni oxi- C i .
. smési vyjadrena jako pH
Analyt dacni bo iak
&islo nebo jako ndzev | vzorec
konc. HCI

antimon Sb(III) pH9az 9 mol I stiban SbH;
arsen As(III) pH 6 az 9 mol I arsan AsHj
bismut Bi(III) pH6az 9 mol I bismutan | BiH;
germanium Ge(1V) pH7azpH 1 german GeH,4
olovo Pb(II) pH2azpH 1 plumban PbH,
selen Se(IV) 0,2 a7 9 mol I”! selan SeH,
telur Te(IV) 0,2 a2 7 mol I”! tellan TeH,
cin Sn(II); Sn(IV) 0,1 az 1 mol "' stannan | SnH,

9.1.1 Uvolnéni hydridu z roztoku

Ke konverzi analytu na hydrid se prakticky vyhradné pouziva redukce tetrahydroboratem
sodnym (NaBH,) v kyselém (obvykle HCI) prostfedi. Za téchto podminek dochazi k po-
stupné hydrolyze tetrahydroboratu. Kone¢nymi produkty jsou kyselina boritd a vodik.
Podle nejnovéjsich poznatkl je analyt postupné redukovan meziprodukty hydrolyzy tetra-

hydroboratu na ptisluSny hydrid (viz tab. 9.1).

107



Technicky je redukce obvykle provadéna smichanim kyselého vzorku s roztokem tetrahyd-
roboratu tak, aby reak¢ni smés byla kyseld i po probéhnuti reakce. Hruby odhad optimalni
acidity reakéni smési pro jednotlivé analyty je uveden v tab. 9.1. K redukci je pouzivan
alkalicky (obvykle s pfidavkem NaOH) roztok tetrahydroboratu. Tetrahydroborat je vzhle-
dem k analytu obvykle pfidavan v mnohaifadovém piebytku. Plynny vodik vznikajici jeho
rozkladem (z 1 g tetrahydroboratu vznikne asi 2,4 1 vodiku) pomaha uvolnit vznikajici hyd-
rid do plynné faze. Pokud je analyt pfeveden do anorganické formy s optimalnim oxidac-
nim cislem (viz tab. 9.1), jsou hydridy v nepfitomnosti interferentli uvolnény s ucinnosti
blizici se 100 %.

9.1.2 Transport hydridu uvolnéného z reak¢ni smési

Hydrid uvolnény z reakéni smési je transportovan proudem nosného plynu do atomizatoru.
Obvykle je uzivan argon nebo dusik. V ptipad¢ kolekce vymrazovanim (viz nize) se uziva
helium. Pfi transportu mtize dochazet ke ztratdm sorpci nebo rozkladem hydridu na povr-
Sich, s kterymi ptichézi transportovany hydrid do styku. V optimalizovaném uspotadani 1ze
transportnim ztratdm prakticky zamezit. Optimalizace zahrnuje volbu dostatecné velkého
pritoku nosného plynu, minimalizaci povrchu aparatury ptichazejiciho do styku s hydri-
dem a eventualné sililaci sklenénych soucasti. Trubice slouzici k transportu by mély byt co
nejkratS$i a co nejuzsi. Prili§ zké hadicky vSak zplisobuji nezadouci pretlak v aparature;

nejvhodnéjsi vnitini pramér je proto kolem 1 mm.

Spolu s hydridem se do proudu nosného plynu obvykle dostava jist¢ mnozstvi spreje re-
akéni smési. Usazovani kapicek spreje, jakoZto i kondenzace vodni pary na sténach hadi-
¢ek vede ke ztratam transportovanych hydrida. Sprej i vodni para mohou kromé toho nega-
tivn¢ ovlivnit funkei atomizatori. Proto je zddouci zamezit tvorbé spreje. Elegantni meto-
dou jak se zbavit spreje je vyuzit membranového separatoru fazi [6] nebo "hygroscopic
membrane dryer tube". Dal§i moZnosti je nechat prochdzet generovany hydrid spolu

s proudem nosného plynu pies membranu propoustéjici plyny, ale ne kapalinu.

9.1.3 Metody generovani hydridi

Experimentalni usporddani generovani hydridii zahrnuje vlastni reakci vzorku s tetrahyd-
roboratem, separaci plynné faze od reakéni smési a event. kolekci hydridu. Generovani
muze byt realizovano v usporadani davkovém nebo pritokovém. Priitokové uspotradani je
bud’ kontinualni, nebo flow injection (FI). Generovany hydrid miize byt veden piimo
k atomizaci (pfimy pfenos), nebo miize byt veden do kryogenni pasti, kde je shromazd’o-
van a z kterého je najednou uvolnén az po ukonceni reakce vzorku s tetrahydroboratem
(kolekce).

Jednotlivé metody generovani hydrida jsou detailnéji popsany v nasledujicich odstavcich.
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9.1.4 Davkové generovani

Dévkovy generator je nadoba slouzici jako reaktor a soucasné jako separator fazi. Davka
okyseleného vzorku je umisténa dovniti a roztok tetrahydroboratu je pak ptfidan bud’ po-
moci peristaltické pumpy nebo manualné injekéni stiikackou. Nosny plyn je ptidavan
zpravidla do volného objemu generatoru. Uvolnény hydrid je pak transportovan proudem
nosného plynu spolu s vodikem tvofenym rozkladem tetrahydroboratu do atomizatoru. Po
skonceni reakce je zreagovana smés odstranéna do odpadu a generator je vyplachnut a pak
muze byt piidana dal$i davka vzorku. Davkovy generdtor tedy slouzi jako reaktor i jako
separator plynti od kapalné reakéni smési. Jinymi slovy, davkové generovani zahrnuje
diskontinualni usporadani chemické reakce i diskontinudlni uspotfadani fyzikalni separace
plynné faze od kapaliny. Koncentrace kyseliny, tetrahydoboratu a jednotlivych mezipro-
dukt hydrolyzy tetrahydroboratu se tudiz méni s casem. Toto usporadani evidentné zne-
snadiiuje kontrolu ¢i ovliviiovani chemickych reakci vedoucich ke konverzi analytu na
hydrid.

9.1.5 Priitokové usporadani generovani hydridi

Schéma kontinualniho generatoru ukazuje obr. 9.1. Konstantni tok vzorku je michan s kon-
stantnim tokem reakéniho média a posléze i roztoku tetrahydroboratu a reagujici smés pak
protéka reakéni civkou, ktera slouzi k tomu, aby smés méla dost asu k reakci a uvolnéni
hydridu z kapalné do plynné faze. Proud nosného plynu je pfivadén obvykle za reakéni
civkou. Pritok nosného plynu musi byt zvolen s ohledem na optimalni funkci atomizéatoru
- obvykle mezi 50 a 500 ml min™'. Obecn& totiz plati, e citlivost atomizatoru (definici viz
nize) klesa se stoupajicim celkovym pratokem plynt. Reakéni smés pfichazi z reakéni civ-
ky do separatoru fazi, kde plynna faze sestavajici se z hydridu, vodiku vzniklého rozkla-
dem tetrahydroboratu a z nosného plynu je odd€lena od zreagované kapaliny, ktera je ve-

dena do odpadu.
Usporadani FI generatoru je analogické jako pro kontinudlni generovani s jedinym rozdi-
lem: konstantni tok vzorku je nahrazen tokem nosice, coz je obvykle ziedéna kyselina

chlorovodikova. Do proudu nosi¢e je specidlnim davkovacim ventilem injektovan maly

objem vzorku a nasledné dochazi k jeho disperzi v proudu nosice.
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Obr. 9.1: Schéma kontinualniho usporadani

Principalnim rysem priitokového uspotadani generovani hydridia je kontinualni usporadani
vlastni reakce vzorku s tetrahydroboratem, ale i separace plynné faze od reakéni smési.
Koncentrace kyseliny, tetrahydroboratu a jednotlivych meziprodukti hydrolyzy tetrahyd-
roboratu se méni po délce reakéni civky, ale s ¢asem se rozloZeni téchto koncentraci ne-
meéni. Toto je pfizniva situace pro kontrolu ¢i ovliviiovani chemickych reakci vedoucich ke

konverzi analytu na hydrid.

U vétsiny prutokovych generatori jsou priitoky redukéniho €inidla a vzorku (nosice) mezi
1 a 10 ml min"". Po dosaZeni rovnovéazného stavu je u kontinualnich generatord tok hydri-
du (a tudiz i pozorovany signal) konstantni, coz samoziejmeé neplati pro FI generatory. Zde
je tvar signalu déan disperzi vzorku v kapalné fazi pred separatorem fazi a disperzi hydridu
v plynné fazi mezi separatorem fazi a atomizatorem. Pozorovany signdl ma tvar nesymet-
rického piku se strmou ndbéznou hranou a s obvykle mén¢ strmou sestupnou hranou. Jeho
vyska, vzdy mensi nez u kontinualniho generovani, je dana rozsahem disperze v kapalné
1 plynné fazi. Zvyseni signdlu pii FI generovani (a tim i zvySeni citlivosti) 1ze dosdhnout
zvySenim objemu injektovaného vzorku. Pro dostatecné velky objem Ize dosahnout ustale-
ného signalu a FI generovani piechazi na kontinualni generovani. Je zfejmé, ze kontinualni
generovani je meznim piipadem FI generovani, proto nema smysl povazovat tyto metody

za striktné odli$né.

Citlivost méfeni pfi kontinualnim generovani stoupa se stoupajicim tokem hydridu a s kle-
sajicim celkovym pritokem plynii z generatoru do atomizatoru. Tok hydridu mize byt
zdanlivé snadno zvysen zvySenim prutoku vzorku do generatoru, avsak i prutok tetrahyd-
roboratu musi byt imérné zvySen, aby se nesnizila ucinnost uvolnéni hydridu. Zvyseni
pritoku tetrahydroboratu vede pak ke zvySeni pritoku vodiku vzniklého jeho rozkladem,
coz prispiva k celkovému priatoku plynt z generatoru do atomizatoru. Zvysovani pratokt
reagencii je kromé toho limitovano velikosti volného objemu separatoru fazi, protoze zvy-
Sovani pritoku zvySuje pozadavek na velikost volného objemu, aby nedochéazelo k nad-

mérnému strhavani reakéni smési ze separatoru.
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Separatory fazi mohou byt podle principu jejich fungovani rozdéleny do nékolika skupin.
Pro speciacni analyzu s AAS a AFS detektory maji prakticky vyznam separatory (i) hydro-

statické a (i1) s nucenym odtahem.

Hydrostatické separatory jsou v principu sifony, ¢asto ve tvaru U-trubice (obr. 9.2), kde
sloupec kapaliny vyrovndva malé tlakové fluktuace v aparatuie. Plynna faze odchézi do
atomizatoru z levého ramene, kdezto zreagovana kapalina pirepadava pravym ramenem do
odpadu. Existuje fada modelt hydrostatickych separatori liSicich se designem, ale princip
jejich funkce je stejny jako u modelu na obr. 9.2. Hydrostatické separatory jsou velmi obli-
bené kvuli své jednoduchosti. Jejich nevyhodou je zejména to, ze mohou vykompenzovat
jen velmi maly pfetlak v aparatuie. Proto se nehodi pro kolekci vymrazovanim (viz nize).

Kvtli velkému vnitinimu objemu a jim zptisobené disperzi nejsou piili§ vhodné ani pro FI

generovani.
atomizator
A
|
reakéni
sm_?__.r_)} —_—/ odpad
h — =

Scm

Y

Obr. 9.2: Hydrostaticky separdtor

Separatory s nucenym odtahem jsou uzaviené nadobky, z kterych je odpad odcerpavan
peristaltickou pumpou. Jeden z komercnich modelt separatoru s nucenym odtahem je na
obr. 9.3. Vnitini objem separatorti s nucenym odtahem je obvykle velmi maly, cozZ je déla
velmi vhodnymi pro FI generovani. Tyto separatory mohou pracovat s pomérné velkym
ptetlakem a proto jsou jedinou volbou pfi kolekei vymrazovanim (viz nize). To proto, ze
zatazeni kryogenni pasti obvykle zplsobuje pretlak v aparatuie, ktery hydrostatické sepa-
ratory nemohou vykompenzovat. Odolnost separatorti s nucenym odtahem vuci pietlaku
umoziuje také vlozit na vystup plynné faze ze separadtoru membranu propoustéjici plyny,
ale ne kapalinu, coz zabrani transportu spreje (viz vyse). Nevyhodou separatort s nucenym
odtahem je, Ze vyzaduji dal§i pumpu nebo alespon jeji dalsi kanal pro odtah kapalné faze.
Kromé toho odtah ze separatoru musi byt (piedevs§im kvili pénéni) o néco vyssi nez privod
kapalin do separatoru, coz vede ke ztratam hydridu. Témto ztratdm lze zabranit jen diskon-

tinualnim modem operace separatoru.
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Obr. 9.3: Separdtor s nucenym odtahem

9.1.6 Diskontinuilni méd operace separatoru fazi

Ztratam hydridu v separatorech s nucenym odtahem lze zabranit diskontinudlnim uspofia-
danim separace plynné faze od reakéni smési: reakéni smés neni pumpou kontinualné od-
vadéna za separatoru do odpadu, ale hromadi se po celou dobu generovani vzorku v sepa-
ratoru. Zreagovana smes kapalin je ze separatoru odtazena pumpou az po skonceni genero-
vani hydridu ze vzorku. K tomu je samoziejmée tieba pouzit separator s dostatecné velkym

vnitinim objemem. Toto usporadani je vyhodné piedevsim pro kolekci vymrazovanim.

9.1.7 Kolekce vymrazovanim

Ke kolekci vymrazovanim slouzi kryogenni past, obvykle U-trubice, vétSinou s chromato-
grafickou naplni, ponofena v kapalném dusiku. Vodik a nosny plyn (helium) prochazi,
zatimco hydridy jsou zadrzeny. Nasledné, po ohfevu kryogenni pasti, je zachyceny hydrid
uvolnén a proudem nosného plynu transportovan do atomizatoru. Hlavni piednosti kolekce
vymrazovanim je, ze lze zachytit hydrid z velkého objemu vzorku a tim dosahnout vysoké
citlivosti. Objem zpracovaného vzorku je limitovan pouze schopnosti aparatury zvladnout
ptislusné mnozstvi vodni pary a spreje, transportovanych spolu s hydridem ze separatoru
fazi. Uvolnéni vymrazeného hydridu je komplexni chromatograficky proces, takze pro

dosazeni uspokojivé presnosti musi byt pracovni postup optimalizovan.

9.2 Atomizace hydridi

V atomizatoru je hydrid pfeveden na volné atomy. Diilezité je, Zze zastoupeni jednotlivych
forem (sloucenin) analytu v hydridovych atomizatorech je daleko od termodynamické rov-
novahy: volné atomy jsou za pracovnich teplot hydridovych atomizatort "termodynamicky
zakazéany". Z toho plyne, Ze atomizace hydrida neni termicky proces - hydridy jsou atomi-
zovany interakci s vysoce energetickymi vodikovymi radikaly (H radikaly). Kvalita hydri-
dovych atomizatori je proto dana jejich schopnosti produkovat dostate¢né mnozstvi

"vhodng" rozlozenych H radikal.
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atomizatoru k Sumu méteni. Vyznam veliciny S je ziejmy z nasledujici rovnice:
R(t) = S supply (2)

kde R(?) je Casova velikost signalu AAS nebo AFS a supply () je tzv. vstupni funkce defi-
novana jako hmota analytu pfivadéna za ¢asovou jednotku do atomizéatoru (rozmér hmot-
nost ¢as™'). Hodnota veli¢iny S je dana uZitym atomizatorem, ale také parametry specific-

kymi pro uzity AAS nebo AFS spektrometr.

Vliv jednotlivych parametrti atomizatoru a spektrometru na S miize byt ilustrovan na pfi-
kladu tubularnich atomizatori pro AAS: hodnota S zavisi vedle numerickych konstant na
atomovém absorpcnim koeficientu, atomizacni teploté€, i€innosti atomizace, pritoku plynt,
rozmérech atomizatoru a na rozsahu odumirani volnych atomii v atomizatoru [6]. Velikost
atomového absorp¢niho koeficientu zavisi, vedle parametrii AAS spektrometru jako jsou
Sitka Stérbiny a emisni profil spektralni lampy, na teploté a na sloZeni plynd v atomizatoru.
Podobné 1ze analyzovat vliv parametri atomizatoru a spektrometru na S v piipad¢ jinych
nez tubularnich atomizatort, nebo i pro AFS.

Velic¢ina S by proto spravné méla byt nazyvana "citlivost spektrometru/atomizatoru", ale
kviili strugnosti zistaneme u "citlivosti atomizatoru". Jeji rozmér v AAS je hmotnost &as™';
muize byt vyjadfovana jako charakteristickd hmotnost pro integrovanou absorbanci, .
Analogicky zpusob vyjadreni citlivosti pro AFS neexistuje, protoze intenzita signalu AFS,

na rozdil od AAS, vZzdy zavisi na konkrétnim nastaveni spektrometru.

Relevantnim parametrem pro praxi ovSem neni citlivost, ale detek¢ni limit. Ten mize byt
ovlivnén, kromé citlivosti, kontaminacemi, ke kterym mutize dojit pii piipravé vzorku, ale
1 pfi generovani hydridu. Odhlédneme-li od kontaminaci, které obvykle nejsou dany meto-
dou generovani, ani atomizace, detekéni limit zavisi na poméru signal/Sum, to znamena na
pomeru citlivosti k Sumu méfeni. Rozsah Sumu méfeni je v principu dan pouzitym spekt-
rometrem. Sum méfeni pozorovany v nepiitomnosti atomizatoru miize byt ozna¢en "$um
spektrometru". Ale atomizator nastaveny na provozni parametry pfispiva k Sumu méteni.
Tento ptispévek bude pro jednoduchost ozna¢ovén jako "Sum atomizatoru". V optimalnim
piipad¢ je Sum atomizatoru zanedbatelny vzhledem k Sumu spektrometru. Obecné ale plati,

ze rozsah Sumu méfeni je ovlivnén parametry spektrometru i atomizatoru.

V dalSich odstavcich budou probrany jednotlivé atomizatory hydridd pro AAS a AFS uzi-
te€né pro speciacni analyzu. Nejprve bude vysvétlena funkce konvenénich kiemennych
atomizatori, pak bude popsan multiatomizator a nakonec se budeme vénovat miniaturnim
plamenovym atomizatoriim. Pro popis ostatnich atomizatord, které jsou momentalné pro
speciacni analyzu méné dulezité, jakozto 1 pro detailné&j$i popis atomizatori probiranych

niZe, viz nedavno publikovany piehled [24].
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9.2.1 Konvenéni kiemenné atomizatory pro AAS

Existuji rizné typy kiemennych atomizatort (QTA). Jsou to trubice, jejichz vodorovné
rameno (opticka trubice) je umisténé v optické ose spektrometru. Obvykle maji
T-uspotadani, kde pfivodni rameno, slouzici pro ptivod hydridu unasené¢ho proudem nos-
ného plynu z generatoru, je ptfipojeno v pravém thlu do stfedu optické trubice. Tyto QTA
budeme nadéle nazyvat "konvencéni QTA", abychom je rozliili od multiatomizétoru, ktery
bude probiran nize. Podle zplisobu ptivadéni kysliku, ktery je nutny pro optimalni funkci
konvenénich QTA (viz niZe), konvenéni QTA se déli na atomizatory typu plaminek v tru-
bici (FIT) a na konvenéni zevné vyhtivané QTA (konvenéni EHQTA).

FIT lze realizovat rtiznymi zpiisoby. Jeden z nich vyuziva kapilaru centrdlné¢ umisténou
v privodnim rameni T-trubice slouzici pro pfivod malého proudu kysliku. Na jejim konci
pak hofi v pfebytku vodiku prakticky neviditelny vodikovo-kyslikovy difuzni mikroplami-
nek. Konec kapiléry je 2 az 10 mm pted spojem piivodniho ramene s optickou trubici. FIT
nevyzaduji externi ohfev, ale kvili udrZzeni mikroplaminku musi atmosféra atomizatoru
obsahovat zna¢nou frakci vodiku. V mikroplaminku jsou reakcemi mezi vodikem a kysli-
kem tvotfeny H radikaly. Mimo horkou z6nu vlastniho mikroplaminku H radikaly odumira-
ji rekombinac¢nimi reakcemi. H radikaly proto tvoii nehomogenni oblak v némz se jejich
hustota se snizuje se vzdalenosti od horké zony. Velikost oblaku je proto vedle pratoku
kysliku ovlivnéna rychlosti rekombinacnich reakci. Dominantni rekombinacni cestou je
reakce s molekularnim kyslikem. Koncentrace H radikali v oblaku je o n€kolik fadi vyssi
neZ v termodynamické rovnovaze, protoZe rekombinacni reakce nejsou dost rychlé. Jsou ale
dost rychlé na to, aby zabranily signifikantnimu Sifeni H radikalt do optické trubice FIT

atomizatoru. Vysledkem téchto déjii je maly oblak H radikalti fixovany na konec kapilary.

Opticka trubice konvencénich EHQTA je zevné vyhiivana bud’ plamenem acetylen-vzduch
¢i, 1épe, pomoci odporové zahtivané picky na teplotu nad 700 °C, maximalné na 1 100 °C.
Jako nosny plyn je obvykle pouzivan argon. Pro atomizaci hydridu je nutna alespoil mala
frakce vodiku v atmosféfe atomizatoru. Jinak nejsou volné atomy analytu pozorovany. Pfi
pouziti nékteré z metod generovani ptimého pienosu (viz vyse) je vodik vzdy piitomen
jako produkt rozkladu tetrahydroboratu. Avsak pfi pouziti kolekce vymrazovanim nemusi
byt koncentrace vodiku v atomizéatoru pro ucinnou atomizaci dostatecna. Konvencni
EHQTA zpravidla nevyuzivaji specialni ptivod kysliku, ale jisty obsah kysliku v plynech
vstupujicich do atomizatoru je pro dosazeni optimalni citlivosti atomizatoru nezbytny. Pfi
dostate¢ném ptivodu kysliku je atomizace Uplna. ZkuSenost ukazuje, ze minimalni ptivod
kysliku, nutny pro uplnou atomizaci (kyslikovy narok), zavisi u daného atomizatoru prede-
v§im na teploté (¢im vyssi teplota, tim niz$i kyslikovy narok) a také na prutoku nosného
plynu. Kyslikovy narok je obvykle uspokojen stopami kysliku, ktery je vzdy pfitomen ve
vzorku, reagenciich a hlavné jako kontaminant v nosném plynu. Pfi nizkych teplotach ne-

musi tyto zdroje kyslikovy néarok pokryt a bez ptidavani kysliku ¢i vzduchu neni dosazeno
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optimalni citlivosti. Optimélni atomizacni teplota je pro dany atomizator a dany priitok
nosného plynu déna pfivodem kysliku z vyse uvedenych zdroji. Z toho vyplyva, ze zvySe-
ni ptivodu kysliku, at’ uz zamérné nebo zpisobené napft. pridanim dodatecného spoje hadic
(spoje jsou casto zdrojem difuze kysliku z okolni atmosféry do aparatury) ¢i uzitim ten-
kosténné hadice, mlize vést ke snizeni optimalni teploty atomizace. Naopak, snizeni piivo-
du kysliku, zpisobené napf. lepSim utésnénim aparatury, mize vést k tomu, ze dfive dosta-

tenou teplotu atomizace je tieba zvysit.

Na zacatku horké zony atomizatoru je reakcemi mezi vodikem a kyslikem tvoien oblak H
radikald analogicky jako v pfipadé FIT atomizatoru. Oblak H radikalt se miize nachazet
v pfivodnim rameni T-trubice atomizatoru, ve spoji pfivodniho ramene s optickou trubici,
ale muze byt i cely v optické trubici. Poloha oblaku zavisi na teplotnim profilu uvnitt ato-
mizatoru, na prutoku nosného plynu a na konkrétnim designu atomizatoru (pfedevSim na
svétlostech privodniho ramene a optické trubice). Mnozstvi tvofenych H radikala zavisi
pouze na piivodu kysliku, av§ak pro U€innost atomizace (viz nize) neni rozhodujici jejich
mnozstvi, ale ploSna hustota. Z toho plyne, ze kyslikovy narok mtize byt dramaticky ovliv-
nén vnitinim pramérem té Casti atomizatoru, kde se oblak H radikalii nachazi. Primé dukazy
o velikosti a tvaru tohoto oblaku neexistuji. Z neptimych pozorovani vyplyva, ze oblak vypl-

fluje pouze malou ¢ast vnitiniho prostoru atomizatoru - obdobné jako ve FIT atomizatorech.

V obou typech konvenénich QTA je hydrid za optimalnich podminek v tomto oblaku plné
atomizovan reakcemi s energetickymi H radikaly. Volné atomy analytu jsou v oblaku sta-
bilni. Stejny mechanizmus atomizace v konven¢nich EHQTA a v FIT ukazuje, Ze oba tyto
typy konvencnich QTA jsou v principu identické. Hlavnimi rozdily mezi konven¢nimi
EHQTA a FIT atomizatory jsou:

(1)  Zpusob tvorby oblaku H radikal: ve FIT atomizatorech v mikroplaminku hoticim na
konci kapilary; v konvenénich EHQTA zevnim ohfevem plynt obsahujicich vodik
a kyslik.

(i) Mobilita oblaku v konvenénich EHQTA oproti jeho fixované pozici na konci kapila-

ry v ptipadé FIT atomizatort.

Volné atomy analytu vznikajici v oblaku H radikald jsou v obou typech konvenénich QTA
unaSeny optickou trubici. Ze zorného pole spektrometru mizi dvéma cestami. Prvni cesta je
mechanické - odnos proudem plynu. Druhd je chemicka - homogenni i heterogenni reakce.
Protoze volné atomy jsou za teplot pod 1 100 °C "termodynamicky zakazany" (viz vyse),
okamzité po opusténi oblaku H radikalt reaguji a tim se ztraceji ze zorného pole spektro-
metru. Z toho vyplyva, Ze kinetika chemickych reakci volnych atomt analytu je rozhoduji-
ci pro rozlozeni volnych atomi produkovanych konvenénimi QTA v optické ose spektro-

metru a potazmo pro absorbanci registrovanou spektrometrem.
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Specie vzniklé chemickymi reakcemi volnych atomii analytu mohou byt reatomizovany,
ale jen interakci s H radikaly, které mohou byt tvoieny v dodate¢nych plamincich, nebo
v mistech ptivodu kysliku do horké ¢asti atomizatoru. Reatomizace je nemozna v centralni
¢asti konvencnich QTA. K reatomizaci muze v konvencnich EHQTA dojit pouze nésled-
kem diftize vzdusného kysliku do ¢asti optické trubice, ktera je dostatecné horka ke spus-
téni reakci mezi kyslikem a vodikem. Tak mohou za ptihodnych podminek vzniknout po-
bliz koncii optické trubice dodate¢na oblaka H radikali reatomizujici specie vzniklé che-
mickymi reakcemi volnych atomil. Vzniku téchto oblakii brani kifemenna okénka na kon-
cich optické trubice, ale také delsi useky "studené" optické trubice protazené mimo vyhti-

vaci plamen nebo picku.

V nékolika dalSich odstavcich bude diskutovan vliv experimentélnich parametrt na citli-

vost atomizatoru u konven¢nich EHQTA .

Ptivod kysliku. Jak je diskutovano vyse, jisty, byt velmi maly, pfivod kysliku (kyslikovy

narok) dany ptedevsim teplotou a vnitfnim primérem atomizatoru, obvykle kryty "ptiroze-
nym" obsahem kysliku v aparatufe, je pro atomizaci nezbytny. Nizsi pfivod vede k nizsi
citlivosti a bohuzel i1 ke zhorSeni spravnosti i piesnosti a ke zhorSeni linearity kalibra¢nich

grafil. Prili§ vysoky ptivod mtze vést k neselektivni absorpci.

Pratok nosného plynu. Citlivost obecné stoupé s poklesem pratoku, avSak z riznych divo-

dii (obvykle kviili riziku transportnich ztrat) nelze pracovat s priitoky pod 50-100 ml min™".

Teplota. Minimalni teplota pro atomizaci je kolem 550 °C. Pfi nizSich teplotach k atomiza-
ci nedochazi, bez ohledu na piivod kysliku ¢i dalsi parametry. Pii prekroceni této prahové
teploty se projevuje synergicky efekt teploty a pfivodu kysliku (viz vySe): ¢im nizsi teplo-
ta, tim vyss$i kyslikovy néarok a naopak. ZvySovani teploty nad optimum (pro dany piivod

kysliku) vede k mirnému sniZeni citlivosti, avSak jinak 1ze o¢ekavat spise pozitivni vliv.

Rozméry atomizatoru. Citlivost obecné roste se snizovanim priméru optické trubice

a s jejim prodluzovanim. Prilisné snizovani priméru vSak vede k absorpci zafeni emitova-

ného lampou a tudiz ke zvySeni Sumu atomizétoru.

Kvalita vnitfniho povrchu atomizdtoru. Casto je pozorovano postupné reverzibilni nebo

ireverzibilni zhorSovani citlivosti ¢i pfesnosti. Reverzibilni zhorSovani Ize pricist transpor-
tu drobnych kapicek reakéni smési z generatoru hydridit do atomizatoru. Takto vzniklé
usazeniny meéni vlastnosti povrchu - nejspiSe zvySuji jeho reaktivitu vzhledem k volnym
atomim a mozna i k H radikdlim. Usazeniny, pokud nepronikly difuzi pfili§ hluboko pod
povrch, lze odstranit nékolikaminutovym louzenim atomizatoru v koncentrované HF. Ire-
verzibilni zhorSovani je pravdépodobné zplsobeno devitrifikaci (odskelnénim) povrchu.
Podle nékterych zdroji 1ze devitrifikaci napravit nékolikahodinovym ohfevem na 1 100 °C,

ktery by mél zpiisobit opétovné zeskelnéni povrchu.
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Konvencni EHQTA jsou podstatné populdrnéjsi nez FIT atomizétory, evidentné protoze
vSechny komeréni QTA jsou tohoto typu. V posledni dob¢ jsou FIT atomizatory vyhradné
pouzivany ve spojeni s AAS detekci pro atomizaci hydridi pro uvolnénych z kryogenni
pasti a jsou tedy dulezité pro jeden z ptistupt ke speciacni analyze zaloZené na generovani
hydrida (viz nize). Konvenéni EHQTA jsou pro tyto tcely nevhodné, kviili naroku na pii-

vod kysliku i vodiku pro optimalni atomizaci.

Pokud je ptivod kysliku dostatecny, hydrid je kompletné atomizovan v oblaku H-radikali
tvofeném v konvencnich QTA. Tyto atomizatory umoziuji dlouhou dobu Zivota volnych
atomll analytu v optické cesté AAS spektrometru a proto vykazuji velkou citlivost. Navic
Sum téchto atomizatord je obvykle velmi nizky (pokud nedojde ke vzniceni plamenti na
konci optické trubice atomizétoru) - mize byt dokonce zanedbatelny ve srovnani s Sumem
spektrometru. Tato kombinace pak vede k velmi nizkym detekénim limitim. AvsSak kon-
venéni QTA trpi zavaznymi inherentnimi nedostatky, jmenovité: velice nizkou odolnosti
vici interferencim zplisobenymi jinymi tékavymi slou¢eninami, nedostate¢nou linearitou
analytickych kalibraci a Spatnou reprodukovatelnosti citlivosti. To vSe je zplisobeno tim, Ze
v podstatné Casti optické trubice nejsou H radikaly, takze reaktivnim volnym atomim ana-
lytu po opusténi oblaku H radikali nic nebrani v chemickych reakcich.

9.2.2 Multiatomizator pro AAS

Z toho co bylo uvedeno vyse vyplyva, ze vSechny nedostatky konvencnich QTA by byly
odstranény, kdyby H radikaly vypliiovaly podstatnou ¢ast optické trubice, takze analyt by
tam byl udrzovan ve stavu volnych atomtl. Na tomto principu je zalozen novy tzv. multia-
tomizator (obr. 9.4). Multiatomizator je dvouplastovy zvnéjsku vyhiivany atomizator. Ho-
rizontalni rameno multiatomizatoru se skladd ze dvou koncentrickych trubic a je zvenci
vyhiivano na teplotu 700 °C az 1 100 °C. Vnitini koncentricka trubice odpovida optické
trubici konvenéniho QTA atomizatoru, na rozdil od néj je vSak dérovand. Do prostoru me-
zikruzi mezi koncentrickymi trubicemi, je piivadén kyslik nebo vzduch, odkud otvory
v optické trubici vstupuje do jejiho vnitintho objemu. K piivodu hydridu z generatoru
slouzi stejné jako u konvencni QTA kolmé ptivodni rameno ve stiedni ¢asti horizontalnich
trubic. Na vstupu kysliku do optické trubice, tzn. v blizkosti kazdého otvoru, dochéazi reak-
ci kysliku s pfitomnym vodikem k tvorbé oblaku H radikal. Specie vzniklé chemickymi
reakcemi volnych atomi jsou v téchto oblacich opakované¢ atomizovany. Tim se vyrazné
(o jeden az dva tady) zlepsi odolnost vii¢i atomizacnim interferencim i linearita analytic-
kych kalibraci. Pfitom citlivost multiatomizatoru je stejna jako u konvenéniho QTA a totéz
plati pro Sum atomizatoru. To d€ld z multiatomizatoru optimalni atomizator pro speciacni
analyzu s AAS detektorem.

117



HEATED SECTION

AIR AIR

!

GASES FROM
HYDRIDE GENERATOR

Obr. 9.4: Multiatomizator

9.2.3 Miniaturni plamenové atomizatory pro AFS

Diftizni plamen, hofici na Stérbinovém hotraku pouzivaném v plamenové AAS, byl uzivan
hlavné v minulosti. Nasledkem velkého zfedéni analytu slozkami plamene poskytuje niz-
kou citlivost a navic ma proti jinym hydridovym atomizitorim vysokou nespecifickou
absorpci. Jeji Sum pak dale zhorSuje detek¢ni limit. Neptiznivé vlastnosti difuzniho plame-
ne hoticiho na Stérbinovém hotaku jsou zpiisobeny tim, ze je tento hotak urcen pro uplné
jiny ucel: pro atomizaci analytu davkovaného v kapalném vzorku zmlZzovaném do plame-
ne. Elementarni optimalizace difuzniho plamene pro atomizaci hydridii vede k pronikavé-
mu zlepsSenti citlivosti a zdsadnimu potlaceni absorpce plamene pii zachovani hlavni vyho-
dy atomizace v difiznim plameni, t.j. vysoké odolnosti vii¢i atomiza¢nim interferencim.
Toto usporadani, nazyvané miniaturni difizni plamen (MDF) je standardnim atomizatorem
pro AFS. Pro AAS je MDF pouZivany jen vyjime¢né. Schéma typického MDF je na obr.
9.5. Atomizator je velmi jednoduchy - vertikalni kfemenna trubice o vnitinim praméru
obvykle mezi 3 a 8 mm (7 mm u atomizatoru na obr. 9.5) slouzici jako hotdk smési ar-
gon/vodik pfivadéné do atomizitoru spolecné s hydridem. Komeréni konstrukce MDF
atomizatora Casto misto vodiku z tlakové nadoby vyuzivaji pouze vodik vznikajici v gene-
ratoru hydridd rozkladem tetrahydroboratu. Difizni plamen je pak zapalovan pomoci od-

porového dratu omotaného kolem horni ¢asti vertikalni kiemenné trubice.
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hydrid + Ar
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Obr. 9.5: MDF atomizator

Rozdé&leni teplot v MDF je vysoce nehomogenni - od minimalni teploty 150 °C uvnitt di-
fzniho plamene blizko vrcholu kiemenné trubice do maximalni teploty 1 300 °C ve vné;j-
Sich partiich plamene, kde dochazi k reakcim mezi vzdusnym kyslikem a vodikem. Témito
reakcemi vznikaji 1 H radikaly, které pak difunduji do chladnéjSich zon plamene. Mimo
horkou zo6nu vlastniho plamene H radikaly mohou odumirat stejnymi rekombinac¢nimi re-
akcemi jako ve vySe diskutovaném ptipadé FIT atomizatoru, tedy hlavné reakei s moleku-
larnim kyslikem. Pfistupu molekularniho kysliku z vnéjsi atmosféry do objemu plamene
brani v MDF horké vnéjsi partie plamene, kde je molekularni kyslik spotfebovan reakci
s vodikem. Proto cely objem difizniho plamene obsahuje vysokou koncentraci H radikali.

Mimo plamen jsou H radikaly okamzité spotfebovany reakci s atmosférickym kyslikem.

RozlozZeni volnych atomi analytu v MDF je dano atomizaci hydridu, fyzikalnimi procesy
a chemickymi reakcemi. Fyzikalni procesy jsou: konvekce, turbulence, teplotni expanze
a difuze volnych atomi. Volné atomy mohou reagovat s komponentami plamene a s atmo-

sférickymi plyny difundujicimi do plamene.

Ani maximalni teplota MDF nestaci k termické atomizaci hydridi. K té dochéazi analogic-
ky jako u vySe diskutovanych atomizatori: reakcemi analytu s H radikaly. Vzhledem k
vysoké populaci H radikalii v celém objemu plamene MDF atomizatoru je hydrid plné
atomizovan ihned po prachodu kfemennou trubici. "Chemické" odumirani volnych atomu
probiha stejnym mechanizmem jako odumirdni H radikali: reakci s molekularnim kysli-
kem. Z toho vyplyva, ze vnéjsi partie plamene, kde je spotfebovavan molekularni kyslik,
také zabranuji ztratdm volnych atomii v objemu plamene reakci s molekuldrnim kyslikem.
Nasledkem toho je analyt pfitomen v celém objemu plamene vyhradné ve formé volnych

atomu. Jejich rozloZeni je dano pouze fyzikalnimi procesy.
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Citlivost MDF je ovlivnéna hlavné pratokem smési argon/vodik a obsahem vodiku v této
smési. Typické pratoky jsou 100 az 300 ml min™' vodiku a 300 az 700 ml min~' argonu.
ZvySovani prutoku smési vykazuje dva proti sobé jdouci vlivy: ptiznivym vlivem je lepsi
stinéni pronikani vzdusného kysliku a tudiz lepsi ochrana volnych atomt pied ztratami
chemickymi reakcemi; neptiznivym vlivem je vyssi ziedéni volnych atomt, které nevy-
hnutelné snizuje citlivost. Optimalni pritok smési je proto vzdy kompromisem mezi sting-

nim a zfedénim.

MDF vykazuje velice u€innou atomizaci analytu, jeho odolnost vii¢i atomizacnim interfe-
rencim je vynikajici i ve srovnani s multiatomizatorem, poskytuje vynikajici dlouhodobou
stabilitu citlivosti a jeho provoz i pofizeni je velmi laciné. Jeho jedinou nevyhodou je krat-

ka opticka cesta a z toho plynouci nizka citlivost pro AAS.

Pro AFS neni kratka optické cesta relevantni; zde vSak hraje dalezitou tlohu Sum tohoto
atomizatoru. To je rozdil oproti AAS, kde je Sum plamene MDF ve srovnani s Sumem
spektrometru zanedbatelny. V piipadé AFS mize Sum plamene MDF kriticky ovliviiovat
detekéni limit. Tento Sum muze byt do jisté miry snizen ¢asteCnym stinénim plamene. Ta-
kové stinéni musi ale byt peclivé optimalizovano, protoze difizni plamen vyzaduje dosta-
tecny ptivod kysliku z okolni atmosféry. Alternativni a vyhodnéjsi zptisob potlaceni Sumu

plamene je pouziti "flame-in-gas shield" (FIGS) atomizatoru.

-

[ stinici Ar
kautukove = |
O-krouzky

hydrid + Ar
+ H

O3

Obr. 9.6: FIGS atomizator

FIGS atomizator vyuziva vodikovo-kyslikovy difuzni mikroplaminek, stejny jako v piipa-
dé FIT atomizatoru. Na rozdil od FIT atomizatoru tento plaminek nehoti v kiemenné trubi-
ci, ale ve cloné tvorené proudem argonu. Schéma typického FIGS atomizatoru je na obr.
9.6. Jadro atomizatoru je totozn¢ s MDF atomizatorem. Stejny je i piivod, sloZeni a priitok
smési argon/vodik ptfivadéné do atomizatoru spole¢né s hydridem. Na rozdil od MDF

FIGS atomizator vyuziva centrované kapilary, obvykle o svétlosti 0,5 mm, pro pfivod ma-
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1ého proudu kysliku. Na jejim konci pak hoti v pfebytku vodiku mikroplaminek. Konec
kapilary je zarovnan s vrcholem kifemenné trubice. Pozorovany objem nad vrcholem trubi-
ce musi byt chranén pted vnéjsi atmosférou clonou tvofenou laminarnim proudem argonu.

Tento proud, obvykle kolem 2 1 min™, je vytvafen v jednoduché stinici jednotce (obr. 9.6).

Pratok kysliku do kapilary poskytujici analyticky uzitecné signdly je mezi 1,8
a 10 ml min~'. Vznik malého oblaku H radikéla fixovaného na konec kapilary i atomizace
hydridii v tomto oblaku probihaji Upln¢ stejné jako v ptipadé FIT atomizatoru. Kompletni
atomizace hydridu je dosazeno nejpozdéji pred priichodem analytu zénou nad 2 mm nad
vrcholem kfemenné trubice. Rozlozeni volnych atomt analytu ve FIGS atomizatoru je v
principu fizeno stejnymi procesy jako v MDF atomizatoru: atomizaci hydridu, fyzikalnimi
procesy a chemickymi reakcemi volnych atomi analytu. V ptipad€ FIGS probiha odumira-
ni volnych atomu pievazné reakci s molekuldrnim kyslikem z okolni atmosféry, ktery pro-
nikd stinicim laminarnim proudem argonu vinou lokalnich turbulenci v laminérnim proudu
argonu. Vyslednici téchto d&jt vertikalni kuzel volnych atomu, zuzujici se s vySkou nad
vrcholem kiemenné trubice. To se projevuje ve snizovani AFS citlivosti s pozorovaci vys-
kou. Podobné jako v piipadé MDF atomizatoru, citlivost je ovlivnéna i zastoupenim vodi-
ku ve smési plynti. Citlivost pochopitelné zavisi také na pratoku kysliku do kapilary: ptilis
nizky pritok nemusi stacit ke kompletni atomizaci a pfili§ vysoky pratok vede k teplotni
expanzi. AvSak hlavnim parametrem ovladajicim citlivost je prutok smési argon/vodik. Na
rozdil od MDF atomizatoru neni izolace volnych atomt analytu od kysliku okolni atmosfé-
ry realizovana horkymi vnéj$imi partiemi plamene, ale nezavisle ovladatelnym pratokem
stiniciho argonu, ktery nema vliv na zfedéni volnych atomi analytu. To umoZziuje dosah-

nout s FIGS podstatné vyssi citlivosti atomizatoru nez s MDF.

Fungovani FIGS 1 MDF atomizatort zavisi tedy na tfech zakladnich funkcich, kterymi jsou:
(1) produkce H radikald,
(i1) izolace volnych atomt od kysliku okolni atmosféry,

(ii1) zfedéni volnych atomil v pozorovaném objemu atomizatoru.

V MDF jsou vSechny tyto tfi funkce ovladany jedinym parametrem: prutokem smési ar-
gon/vodik. Naproti tomu v ptipadé¢ FIGS jsou vSechny tyto tii funkce ovladany nezavisle:
produkce H radikalt pratokem kysliku do kapiléry, izolace volnych atomt tokem stiniciho
argonu a ziedéni volnych atomt pritokem smési argon/vodik.

Zarazeni stinici jednotky a kapilary privadéjici kyslik zplisobuje, ze aparatura i experimen-
vy$si citlivost atomizatoru neZ s MDF. Zasadni prednosti FIGS pro AFS je podstatné nizsi
Sum atomizatoru, coZz umoznuje ve srovnani s MDF fadové zlepSeni detekénich limita.
Kromé toho FIGS je podstatné flexibiln¢j$i; mimo jiné, na rozdil od MDF, umoziuje mini-

aturizaci.
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9.3 Jednotlivé pristupy ke speciacni analyze zaloZené na generovani
hydrida

Obecné plati, ze generovani hydrida lze pro speciacni analyzu vyuzit ttemi piistupy:

- selektivni generovani hydrida.

- generovani substituovanych hydridu,

- postkolonové generovani hydridu.

Rozsah tohoto textu nedovoluje extensivni pokryti literatury (viz novéjsi piehledna sdéleni

[2-5,16,25,29] pro podrobnéjsi informace). Proto byla zvolena speciacni analyza arsenu

jako pftiklad, na kterém jsou demonstrovany vyhody a omezeni jednotlivych pfistupl. Ar-

sen je toxicky prvek vyskytujici se v Sirokém spektru specii a proto je urceni jeho speciace

velmi dulezité, predevsim v biochemickych a toxikologickych vzorcich a ve vzorcich zi-

votniho prostiedi. Ve slouc¢eninéach se arsen vyskytuje v oxida¢nich stavech -III, +III a +V.

Kromé anorganickych slouc¢enin arsenu, sulfidd, oxidi, arsenitand, arseni¢nanii apod. exis-

tuje 1 velkd skupina organickych sloucenin jako jsou arsenocukry, organické kyseliny, je-

jich estery a soli, atd. Ty slouCeniny arsenu, které reaguji s tetrahydroboratem za vzniku

tékavych hydridd jsou uvedeny v tab. 9.2 spolu s ptisluSnym arsinem.

Tab. 9.2: Hydridotvorné specie arsenu

Sloucenina Vzorec Zkratka Arsin®
trihydrogenarsenita kyselina H;AsO3 1As(III) H;As
methylarsenita kyselina (CH3)H,As0O, MAs(IID) (CH3)HyAs
dimethylarsenita kyselina (CH3),HAsO DMAS(III) (CH;),HAs
trihydrogenarseni¢né kyselina H3;AsO, 1As(V) H;As
methylarseni¢na kyselina (CH3)H,As0; MAs(V) (CH3)H,As
dimethylarseni¢na kyselina (CH;),HAsO, DMASs(V) (CH;),HAs
oxid trimethylarseni¢ny (CH3);As0 TMAsO (CH;);As

* produkt reakce s tetrahydroboratem

Postkolonové generovani hydridi je charakterizovano timto schématem:

separace ¥ generovani hydridu # atomizace/detekce

Tento pfistup ke speciacni analyze je koncepcné totozny s "hyphenated" speciacni analy-
zou zalozenou na on-line spojeni separacni a detekéni jednotky a tudiz charakterizovanou
schématem: separace ¥ atomizace/detekce. Jedinym diivodem pro zafazeni generovani
hydridii do schématu "hyphenated" specia¢ni analyzy je piesné ten diivod, kvili kterému se
generovani hydrid pouziva obecné: zvyseni citlivosti a vyznamné potlaceni interferenci
pfi atomizaci/detekci. To umoZiiuje nahradit ICPMS detektory podstatné jednodusSimi
a mén¢ nakladnymi AAS a AFS detektory.
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Formalné¢ 1ze postkolonové generovani hydridii povazovat za druh FI generovani s tim, ze
injekéni ventil je zastoupen separa¢ni jednotkou. Jediny rozdil proti FI generovani je, ze

tvar pozorovaného signélu je fizen disperzi analytu v separacni koloné.

Evidentni nevyhodou postkolonového generovéani hydridi je, ze je pouzitelné pouze pro
speciaci forem analytu, které lze prevést na t€kavy hydrid. Tuto nevyhodu Ize sice v prin-
cipu eliminovat zafazenim on-line mineralizace (schéma: separace # mineralizace ¥ ge-
nerovani hydridu ¥ atomizace/detekce), ale to vede k pfilis komplikovanym aparaturam.
Pro separaci mtize byt uzita jakakoliv metoda. Doposud ale jednozna¢né pirevazuje HPLC.

Jednotlivé specie jsou identifikovany podle reten¢nich ¢as.

Selektivni generovani hydridd je charakterizovéano timto schématem:

generovani hydridu # atomizace/detekce

Speciacni analyza je u tohoto pfistupu zalozena na odlisné uc¢innosti konverze jednotlivych
forem analytu (specii) na hydrid. Tohoto pfistupu se nejcastéji pouziva ke speciacni analy-
ze anorganickych forem antimonu, arsenu, selenu a telluru ve vodnych roztocich: iSb(III)
a1Sb(V), 1As(IIl) a i1As(V), iSe(IV) a iSe(VI]), iTe(IV) a iTe(VI).

Speciacni analyza zaloZena na selektivnim generovani hydrida bude ilustrovana na ptikla-
du speciacni analyzy iAs(IIl) a iAs(V), ale obdobné schéma plati i pro speciacni analyzu
anorganickych forem ostatnich elementli 1 pro speciani analyzu MAs(III) a MAs(V),
DMAs(III) a DMAs(V), ptipadné pro speciacni analyzu smési anorganickych soli olova,
Me,Pb*", E,Pb”", MesPb” a EtsPb .

Ideélni by bylo generovat arsin selektivné pouze z As(IIl) v jednom alikvétu vzorku a pou-
ze z As(V) v druhém alikvotu. Ve skutecnosti ale neexistuje zplisob jak generovat arsin
selektivné pouze z pentavalentni formy vedle formy trivalentni. Typicka procedura proto
vyuziva generovani hydridu jen z trivalentni formy (to lze zajistit vhodnou volbou podmi-
nek generovani) v jednom alikvotu (alikvét A) a na generovani hydridu z obou forem (to
lze zajistit bud’ pfedredukci pentavalentni formy, nebo vhodnou volbou podminek genero-
vani) v alikvétu druhém (alikvét B). Zastoupeni pentavalentni formy je dano diferenci
obou alikvot. V optimalnim piipadé jsou citlivosti obou forem v alikvotu B 1 citlivost
trivalentni formy v alikvotu A stejné. Pak lze pouzit "single species standardization" pfi-
stup. To znamena, Ze staci zméfit signal standardu jen jedné formy v jednom alikvotu: pen-
tavalentni formy v alikvétu B, nebo trivalentni formy v alikvotu A ¢i B. To velmi usnadiiu-

je situaci, protoze neni tfeba pracovat se standardy (Casto) nestabilnich forem.

Speciacni analyza zalozena na selektivnim generovani hydridi je vSak proveditelna, i kdyz
citlivosti se obou forem v obou alikvotech 1i8i a dokonce 1 kdyZ je arsin z pentavalentni
formy ¢astecné generovan i v alikvotu A. Principialnég je to mozné, pokud je splnéna nasle-

dujici nerovnost:
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kde Sua citlivost trivalentni formy v alikvotu A atd. Je ale nutné stanovit citlivosti obou
forem v obou alikvétech. Napt. Syp je stanovena z méteni standardu (zarucené ¢isté) pen-
tavalentni formy v alikvétu B atd. Je ziejmé, Ze takovy postup je pracny a zatizeny znac-
nou chybou. Proto je vysoce Zadouci najit takové podminky generovani hydridu v alikvétu
A 1 alikvotu B, které umoznuji "single species standardization".

Speciacni analyza zalozena na selektivnim generovani hydridi nevyzaduje na rozdil od
ostatnich dvou pfistupl zatazeni Zadné separacni jednotky a proto ani zadné Gpravy apara-
tur vyuZzivanych pro "klasické" generovani hydrida. Pro detekci 1ze zvolit AAS, AFS nebo

jakoukoliv jinou atomové¢ spektrometrickou metodu.

Generovani substituovanych hydridu je charakterizovano timto schématem:

generovani smési alkyl substituovanych hydridii # separace ® atomizace/detekce

V podstaté se tedy jedna o variaci derivatiza¢ni techniky dobfe znamé z aplikaci plynové

chromatografie.

Specia¢ni analyza zaloZend na generovani substituovanych hydridi je pouzitelna v ptipa-
dech, kdy jednotlivé formy analytu mohou byt pfevedeny na rtizné (t€kavé) alkyl substitu-
ované hydridy. Typickou aplikaci je speciacni analyza iontovych alkyl sloucenin typu
R,A™" " kde m je valence analytu A, n ma hodnotu mezi 1 a m — 1 a R je alkylsubsti-
tuent. Vysledkem generovani je smés alkylsubstituovanych hydridd sumérniho vzorce
R,AH(y ), s ptisluSnym binarnim hydridem AH,, . Smés hydrida je chromatograficky se-
parovana a nalezené zastoupeni jednotlivych hydrid pak udava zastoupeni analyzovanych
forem analytu. Tento pfistup je uzite¢ny pro speciacni analyzu methyl substituovanych As,
Sb a Ge forem, methyl a butyl substituovanych Sn forem a methyl, ethyl a butyl substituo-

vanych Pb forem.

Vygenerovana smés hydrid je koncentrovana kolekci vymrazovanim v kryogenni pasti,
kterd obvykle také slouzi jako chromatograficka kolona. Nasledné, po ohfevu, jsou zachy-
cené hydridy uvolnény a separovany piimo v kolonég, kterd slouzila k jejich kolekci. Pro
detekci je prakticky vyhradné pouzivana AAS, ackoliv principidln€ pouzitelna je jakakoliv
atomove spektrometricka metoda.

Generovani substituovanych hydridi ma proti postkolonovému generovani hydridd, které

v o v vl e c vy ’ . ’ W . + - ’
obecnd mize slouZit i pro speciaéni analyzu iontovych alkylslougenin typu R,A™" =7, vy-
znamné piednosti:

(1)  Vyzaduje jen minimalni Gpravu vzorku, coz minimalizuje riziko poruSeni originalni

speciace v prubchu analyzy.
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(1i1) Je pouzitelné i ve velmi komplikovanych matricich (napt. v bunécnych lyzatech),

které nelze separovat pomoci HPLC.

Jako ptiklad aplikace generovani substituovanych arsinli spojené se selektivnim generova-
nim miiZze slouzit speciacni analyza produktl metabolizmu As u savci: 1As(V), 1As(III),
MAs(III), DMAs(III), MAs(V), DMAs(V) a TMAsO [30]. Vlastn¢ se jedna o dvouroz-
mérnou analyzu. Jeden rozmér je pokryt selektivnim generovanim trivalentnich a pentava-
lentnich forem. Druhy rozmér je zajiStén separaci jednotlivych substituovanych hydrida
v chromatografické kolon¢. Byly nalezeny podminky generovani, za kterych jsou arsiny
generovany bud’ vyhradné z trivalentnich forem (alikvot A) nebo z obou forem (alikvot B).
Podminky generovani z obou alikvota se liSily jen pfitomnosti L-cysteinu (ktery plsobi
jako ptedredukcni €inidlo a/mebo jako reakéni modifikator pfi generovani z alikvétu B;
TRIS pufr byl pouzit jako reakéni médium v obou alikvétech, protoze L-cystein je efektiv-
ni jen ve velmi uzkém rozsahu kyselosti. Vygenerovana smés binarniho arsinu, monome-
thylarsinu, dimethylarsinu a trimethylarsinu je koncentrovana kolekci vymrazovanim v
kryogenni pasti ve formé U-trubice naplnéné chromosorbem. Pro generovani hydridd, je-
jich kolekci a naslednou separaci v U-trubici byla vyvinuta automatizovana aparatura, kte-
rd podstatné usnadnuje obsluhu celého zatizeni. Optimalizace podminek separace (piede-
v§im rozméri U-trubice, rychlosti ohfevu a pritoku nosného plynu) vedla ke kompletni
separaci signalll odpovidacich jednotlivym hydridim b&hem 60 s. Pro detekci slouzila
AAS; pro atomizaci hydridi multiatomizator. Popsany systém poskytuje stejnou citlivost
plochy signalii pro vSechny specie. To umoziuje rozsitit koncepci "single species standar-
dization" na vSech sedm zkoumanych forem arsenu. To je velmi dilezité, protoze komerc-
n¢ nedostupné MAs(III) a DMAs(III) ve vodnych prosiedich jsou velmi nachylné k rychlé
oxidaci. S timto relativné jednoduchym a lacinym pfistrojovym vybavenim bylo dosazeno

velmi nizkych deteké&nich limiti, kolem 4 ng 17"
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10. STANOVENI CHEMICKYCH FOREM RTUTI
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10.1 Vyskyt rtuti

Slouceniny rtuti patii mezi nejvice toxické skodliviny vyskytujici se v Zivotnim prostiedi.
Jejich pfitomnost ma neblahé ucinky na vSechny zivé organismy. Riizné formy tohoto prv-
ku (anorganické i organické) se do prostiedi dostavaji z ptirodnich i antropogennich zdro-
ju. Zastoupeni rtuti v pfirod¢ je velmi nizké [1]. Hlavnimi zdroji rtuti jsou zvétravani mine-
rall a sopecna aktivita. Kromé téchto ptirodnich pochodl hraje stale vétsi roli primyslové
znecisténi. Urcity vyznam ma i rtut’ obsazend ve fosilnich palivech. I kdyZ je jeji obsah
v uhli a rop€ docela nizky, vyznamny obsah kovu je pak pfi spalovani uvolnén do atmosfé-
ry. T¢kava rtut’, kterd je produktem inhalaci, zv€travani a sope¢né ¢innosti, je z atmosféry
vymyvana srazkami a hromadi se ve vodach a ptidach. Sem se také dostava z primyslo-
vych vod. Velka c¢ast rtuti reaguje za vzniku nerozpustnych sloucenin, napt. HgS a HgSe
(obr. 10.1).

CH;Hg"  Hg*" = | Atmosféra
l Hg{' ?2" + 2' CHJ - hv (‘HSch'HJ

T A

| Povrch zemé | Voda
CH;HgCH;

\ / A

CH Hg » bioakumulace
A

| | -
Hg'<«— Hg’%—» CH,Hg'«— CH,HgcH, |Sedimenty
I—, bioakumulace

komplexy HgS

Obr. 10.1: ZjednoduSené schéma transportu rtuti v Zivotnim prostiedi

127



Slou€eniny rtuti jsou ve vSech slozkach zivotniho prostfedi transformovany biotickou
a abiotickou oxidaci a redukci, biologickymi pfeménami mezi anorganickymi a organic-
kymi formami rtuti a fotolyzou organokovovych slou¢enin rtuti. Dllezitym transformac-
nim procesem rtuti ve vodnich ekosystémech je neenzymatickd methylace rtutnatych ionti
methylkobalaminovymi slouc¢eninami v pfitomnosti mikroorganismii vyskytujicich se
v sedimentech. Ze sedimentt se methylrtut’ dostava do vody, vodnich rostlin a potravnim

fetézcem do vyssich organismii [2].

10.2 Chemické formy rtuti

Ve vodnim ekosystému se vyskytuji tii vyznamné formy rtuti: elementarni rtut’ Hg’, rtutné
(Hg,*") a rtutnaté (Hg*") anorganické formy rtuti a alkylové nebo arylové slouGeniny rtuti:
methylrtut (MeHg"), ethylrtut’ (EtHg"), fenylrtut (PhHg"), dimethylrtut (Me,Hg), difeny-
Irtut’ (PhoHg). Z organokovovych sloucenin rtuti se v zivotnim prostiedi nejcastéji objevuji
halogenidy methylrtuti, které jsou pfiblizné 10krat toxictéjsi nez jeji anorganické formy.
Jsou neurotoxické a maji silnou tendenci se bioakumulovat v potravnich fetézcich, zv1aste
ve vodnich ekosystémech [3, 4]. Kontaminace vodnich ekosystému rtuti nejvyznamnéji
ovlivituje organismy na nejvysSich trofickych urovnich potravni pyramidy. Vysoké kon-
centrace rtuti v rybach, které maji celosvétoveé velky nutri¢ni vyznam, mohou vyznamné
ovliviovat jak zdravi ¢lovéka, tak i rybozravych ptakt.

Toxicita sloucenin rtuti souvisi s jejich mobilitou. To znamend, ze ¢im vyssi je mobilita
stabilitou, jejim chovanim v biosystémech a mirou vylucovani organismem. Anorganické

a organické slouceniny rtuti se mohou rozdélovat podle toxicity do dvou skupin [5].

Prvni skupinu tvofi organické a ve vodé rozpustné anorganické slouceniny, které jsou cha-
rakteristické vysokou mobilitou. Koncentrace téchto latek v podstaté rozhoduje o mife to-
xicity rtuti ve vzorcich. Alkylové slouceniny rtuti jsou mnohem mobilngjsi a tedy i toxic-
t&j$i nez anorganické specie. Organokovové slouceniny rtuti pronikaji snadno bariérami
krev-mozek a placentou a ukladaji se v ledvinach a vlasech. Methylrtut’ je rozpustna v tu-
cich, po vstiebani v travicim traktu vstupuje do krve, z niz se dostavd do mozku. V mem-
branovych proteinech a enzymech se vaze na SH-skupiny a zptisobuje tak nevratné posko-
zeni centralniho nervového systému. U dospélych lidi se poSkozeni vztahuje na oblasti
mozku, ve kterych jsou soustiedény smyslové a koordina¢ni funkce. Vysoka koncentrace
methylrtuti zptisobuje u téhotnych Zen poskozeni plodu. Hromadné otravy lidi organoko-
vovymi slou¢eninami rtuti byly zaznamenany v Minamat¢ v Japonsku (1952) a v Irdku
(1971). V rozpustnych anorganickych slouceninach se rtut’ vyskytuje v oxida¢nim stavu
+11, napf. v chloridu rtutnatém (HgCl,). Toxicita téchto sloucenin rtuti neni tak dramaticka
jako u methylrtuti. Rtutnaté slouc¢eniny poskozuji ledviny a sttevni trakt. Diky vysoké afi-

nité¢ k SH-skupinam jsou ochotné absorbovany erythrocyty a bilkovinami plazmy.
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Semimobilni a nemobilni formy rtuti tvoii druhou skupinu, ktera je charakteristickd mini-
malni toxicitou. Zatimco semimobilni formy tvofi elementarni rtut’ (Hg) a amalgémy,
k nemobilnim patii napt. sulfid rtutnaty (HgS) a chlorid rtutny (Hg>Cl,). Kapalna rtut’ je
Spatné absorbovéna zaZivacimi organy, ale jeji pary jsou snadno absorbovany plicemi. Pa-
ry rtuti jsou rozpustné v tucich, pfi vdechnuti zpisobuji bolest hlavy, zanét mocového me-
chyfte, ztratu paméti i smrt. Nemobilni specie jsou charakteristické svou chemickou stabili-

tou (v ptid¢ vydrzi i pfes tisice let) a jsou nejméné toxické [5].

10.3 Stanoveni celkového obsahu rtuti

Pro stanoveni celkového obsahu rtuti se pouziva atomova absorpéni spektrometrie vyuzi-
vajici mefeni absorpce zafeni na rezonancni ¢are rtuti 253,7 nm. Analyza vzorkl s nizkym
obsahem rtuti se provadi pfedevs§im metodou studenych par a metodou zahrnujici pyrolyzu.
Metoda studenych par (CV) je redukéné-vyvijeci metoda pro vydestilovani rtuti z roztoki.
Monoatomické para rtuti ziskand redukci v roztoku je vedena proudem plynu do absorp¢ni

pritokové trubice - kyvety, umisténé do cesty paprsku zdroje zareni.

Pro stanoveni rtuti vyuzivajici termooxidac¢ni rozklad vzorku s ndslednym zachycenim rtuti
v amalgamatoru byly vyvinuty specialni analyzatory, napt. AMA 254 Ceské vyroby (Altec),
DMA-80 (Milestone), Mercury SP-3D a MA-2 (NIC). Princip stanoveni u téchto pfistroji
je podobny (obr. 10.2). Nejdfive se kapalny nebo pevny vzorek nadavkuje na lodicku z Pt
nebo Ni a ta je vlozena do pfistroje. Vzorek je termicky upraven podle nastaveného pro-
gramu. Dochazi k vysuseni, spaleni vzorku v proudu kysliku a k dokonceni rozkladu spal-
nych produktt v katalytické peci pfi teploté¢ 750 °C. Pary rtuti jsou zachyceny na zlatém
amalgamatoru a odtud vedeny do bloku méficich kyvet. Sériové uspotradani kyvet dovoluje
méfit na dvou koncentracnich hladindch. Stanoveni niZSich koncentraci rtuti je mozné po
zkoncentrovani vzorku opakovanym davkovanim a odpatenim vzorku ptimo v davkovacim

zafizeni systému.

Dalsi moznosti jak stanovit rtut’ je pouziti atomové fluorescencéni spektrometrie (AFS).
Vyuziva se rovnéz rezonanéni ¢ara 253,7 nm. Zdrojem zéfeni je bezelektrodovéa vybojka
(EDL) nebo nizkotlaké rtutova vybojka. Plynna rtut’ ziskana metodou studenych par (CV)
nebo pyrolyzou sloucenin rtuti je vedena pomoci argonu do prutokové cely. Stejn¢ jako
u AAS byly pro AFS vyvinuty specidlni pfistroje. K nejpouzivanéj$im patii AFS pfistroje
od firmy P.S. Analytical Ltd. z Velké Britanie a Analytik Jena AG z Némecka. Casto jsou

vybaveny amalgamacni prekoncentracni jednotkou, ktera zlepSuje mez detekce.

129



Detektor

Filr ————
Zpoid'ovaci e .
nadobka —— Kratsi mérici kyveta
Regulator prutoku
/Del.r;i méiici kyveta kysliku
Topeni bloku -
méiicich kyvet E Amalgamitor Divkovaci lodicka
/
- m— //////
| —
Clona |_;_| i - Katalyticka pec  Spalovaci pec Davkovaci
: Vypuzovaci pec zarizeni

Hg lampa O

Obr. 10.2: Schéma analyzdtoru rtuti vyuZivajiciho termooxidacni rozklad vzorku (AMA 254))

10.4 Speciacni analyza rtuti

Speciacni analyza je definovana jako stanoveni koncentraci jednotlivych fyzikalné che-
mickych forem prvku (specii), jejichz soucet tvoii celkovou koncentraci prvku ve vzorku.
Vyvoj novych selektivnich a citlivych analytickych metod umoznil identifikaci a kvantifi-
kaci specii rtuti. Lze ji provadét sekvenénimi extrakcemi jednotlivych forem s naslednym
stanovenim AAS nebo AFS. Pro rozliSeni specii lze vyuzit i selektivnich redukénich po-
stupli pomoci NaBHy4 a SnCl,. Rostouci potieba urcit koncentraci jednotlivych forem prvka
vedla ke vzniku kombinovanych (tandemovych) technik, které spojuji separa¢ni metody
s prvkové selektivni detekci. Mezi nejcastéji pouzivané kombinované techniky patii ply-
nova a kapalinovd chromatografie ve spojeni s UV/VIS, atomovou absorpéni, emisni
a hmotnostni spektrometrickou detekci. Za vysoce citlivou a selektivni pro stanoveni specii
rtuti je také povazovana plynova nebo kapalinova chromatografie ve spojeni s atomovou
fluorescencéni detekei. Pomoci separac¢nich metod se rozdéli smés sloucenin rtuti a jednot-
livé formy jsou po prevedeni do plynného stavu Hg’ stanoveny pomoci AFS. Pted vlastnim
délenim je tfeba slouceniny rtuti ze vzorku izolovat a Casto 1 zkoncentrovat. Analyticka
metoda vyuzivajici kombinovanych technik se skladd z extrakéniho postupu vedouciho

k izolaci chemickych forem ze vzorku, separa¢ni metody a detekénich podminek.

10.5 Izolace chemickych forem rtuti

Izolace chemickych forem rtuti patii mezi nejvyznamnéjsi ¢ast analyzy, Casto také nej-
komplikovanéjsi, napt. u biologickych materiald. Jejim cilem je jak odde€leni analytu od

matrice, tak zkoncentrovani na detekovatelnou hladinu. Pfi speciacni analyze musi byt
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provadéna tak, aby nedoslo ke ztratam nebo kontaminaci béhem odd¢leni, ale také nesmi

dojit ke zméné formy daného prvku.

Pfi izolaci sloucenin rtuti nesmi tedy dochazet k uniku a pfeméné jednotlivych forem. To
je také nutné zajistit jiz pfi odbéru a uchovavani vzorku. Napf. stabilitu biologickych vzor-

kt a sedimentt 1ze prodlouzit lyofilizaci vzorki.

Izolaci sloucenin rtuti od matrice 1ze provést destilaci, kyselou extrakci, alkalickou extrak-
ci a sekvencni extrakci. Methylrtut’ 1ze izolovat ze sedimentii destilaci v proudu dusiku pfi
145 °C z prostiedi H,SO4 s pfidavkem KI po ethylaci s tetraethylboritanem sodnym. Pro
nechromatografickou separaci methylrtuti bez ethyla¢niho Cinidla byla navrzena destilace
s vodni parou v proudu dusiku pfi teploté 150 °C z prostiedi zfedéné H,SO4 nebo HCI
s ptidavkem NaCl [6, 7].

Volba extrakéniho postupu je ovlivnéna povahou analytu, jeho chemickou formou, matrici
z niz se analyt izoluje a dostupnou analytickou technikou. Vytézky extrakce musi byt co
nejvyssi a reprodukovatelné. Provadi se kyselou nebo alkalickou hydrolyzou. Izolaci Ize

provést bud’ klasickou cestou nebo s pomoci ultrazvuku ¢i mikrovinné energie.

Prvni metodu pro extrakci chemickych forem rtuti z ryb vyvinul West66 [8]. Metoda je
zalozena na jejich uvolnéni koncentrovanou HCI, extrakci chloridu methylrtuti do benzenu
a prevedeni zpét do vodné faze pomoci NH4OH s Na,SO,. Vétsina extrakénich postupt vy-
uzivajicich uvolnéni chemickych forem rtuti kyselinou je zalozena na této metodg€. Benzen je
nahrazovan méné toxickym toluenem nebo CH,Cl, a slouceniny rtuti jsou pievadény do
vodné faze pomoci cysteinu nebo thiosiranu sodného. Tento postup je nutny pii pouziti nese-

lektivni detekce. Pti selektivni detekei je mozné pouzit jednokrokovou kyselou extrakei.

Pro kyselou hydrolyzu se pouziva 6 mol 1" HCI v prostiedi NaCl, 2 mol I' HNOs, okyse-
leny roztok ethanolu, kyselina octova, kyselina thiooctova aj. Pfi pouziti mikrovinné ex-
trakce jsou pozorovany extrakéni vytézky ptiblizné o 10 % vyssi nez pti ultrazvukové ex-
trakci. Nejvyssi extrakéni vytézky byly ziskany pii pouziti smésnych extrakénich Cinidel
na bazi kyseliny chlorovodikové (6 mol I HCI). P¥itomnost HCI v extrakénim &inidle vy-
razné zlepSuje extrakéni vytézky chemickych forem rtuti. Ziedénd HCI umoziuje rychlé
a dokonalé rozbiti vazeb chemickych forem rtuti s proteiny a zaroven pii nizkych extrak¢-
nich teplotach nezptsobuje zadné transformace slou€enin rtuti. V kombinaci s HCI se jako
nejvhodngjsi extrakéni &inidlo jevi sm&s 6 mol 1! HCI s 0,1 mol I"' NaCl. Pro mikrovIn-
nou extrakci biologického materidlu vychézi optimalni extrakéni ¢as 10 min, pro extrakci
v ultrazvukové 1azni 45 min. Pro extrakci sedimentl Ize extrakéni ¢as zkratit pro mikro-
vlnnou extrakci na 7 min a extrakci ultrazvukem na 30 min. Zkraceni extrakéniho ¢asu
u sedimentd je zplsobeno slabSimi vazbami chemickych forem rtuti v sedimentech. Ex-
trakt po mikrovinné extrakci je stabilni pii uchovavani v tmavé hnédych sklenénych lah-

vich v ledni¢ce nejméné 30 dna [9].
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Pro alkalickou hydrolyzu se nejcastéji pouziva 25 % KOH v methanolu nebo 5 % tetrame-
thylamonium hydroxid ve vodé¢. Pii izolaci ze sedimentt se alkalickd hydrolyza pouziva
mén¢ Casto vzhledem k vysokému obsahu organickych latek, sulfidi a Zelezitych iont

extrahovanych spolu se slou¢eninami rtuti [6].

Sekvencni extrakce jsou zalozeny na postupném ziskavani jednotlivych specii ze vzorku.
Typ ¢inidel a postup extrakce se voli podle odlisnych vlastnosti jednotlivych sloucenin
rtuti. Pfikladem mtze byt sekvencni extrakce sedimentu. K uvolnéni labilnich forem rtuti
se sediment extrahuje 4 mol 1" HNOj3 po dobu 1 hod pii teplotd 0 °C, k uvolnéni rtuti kom-
plexované huminovymi kyselinami 1 mol 1”' KOH 24 hod pii teploté 24 °C a slouéenin
rtuti vézané na siru roztokem Na,S v 1 mol I KOH. Analyza je zakongena stanovenim
obsahu rtuti v jednotlivych extraktech [10].

10.6 Spojeni GC-AFS

Pti pouZiti plynové chromatografie musi byt vSechny formy pievedeny na tékavé, ale ter-
micky stabilni slouceniny. Tento proces se nazyva derivatizace a nesmi u ného dochazet
k poruseni ptivodnich vazeb ve slouceninach. Derivatizaci chemickych forem rtuti pred GC
analyzou lze provést alkylaci Grignardovymi Cinidly (napf. butylmagnesium chloridem)
v nevodném prosttedi nebo alkylaci s tetraalkylboritany ve vodném prostiedi. Mezi nejpo-
uzivangjsi derivatizacni €inidla patii tetraalkylboritany jako tetraethylboritan [11-13], tetra-
propylboritan [12,14], tetrafenylboritan sodny [15-17] ve vodném prostiedi pii pH 5.
Z téchto cinidel se nejvice pouziva tetraethylboritan sodny (NaBEts). Vznikaji ethylové
derivaty specii rtuti, které jsou vysoce tékavé. Tato derivatizace je rychlym a jednoduchym
postupem pii stanoveni methylrtuti. UmoZznuje stanovit anorganickou rtut’ a methylrtut’
zaroven, ale ma i své nevyhody. Neumoznuje rozlisit ethylrtut’ a anorganickou rtut” Hg(II).
V tomto ptipadé se upiednostiiuje pouziti jinych derivatizacnich ¢inidel, napt. tetrafenylbo-
ritanu sodné¢ho (NaBPhy) nebo tetrapropylboritanu sodného (NaBPrs). Po derivatizaci je
vzorek extrahovan do vhodného organického rozpoustédla (hexanu, heptanu aj.) a extrakt
davkovan na kolonu. Jinou moznosti jak izolovat a zkoncentrovat analyt je mikroextrakce
tuhou fazi (SPME). Tato technika nevyzaduje pouziti organickych rozpoustédel a umoziu-
je davkovat vzorek piimo do plynového chromatografu termickou desorpci z vlozeného
vldkna. Mezi nejpouzivanéjsi patii vldkna pokrytd 100 um vrstvou polydimethylsiloxanu
[11-17]. Lze pouzit i vlakna obsahujici sulthydrylové skupiny. Po separaci jednotlivych
specii na koloné dochazi k jejich pyrolytickému rozkladu (800-900 °C) na elementarni rtut’,

kterd je nasledn¢ detekovana AFS.

Ptikladem miiZze byt stanoveni methylrtuti, ethylrtuti, fenylrtuti a anorganické formy rtuti
(Hg™") pomoci plynového chromatografu Agilent Technologies 6890 N Network GC Sys-
tem vybaveného kapilarni kolonou HP-5 o rozmérech 30 m x 320 um x 0,25 um s teplot-

1

nim programem pece: 50 °C az 150 °C s narGstem 15 °C min™, na kone¢nou teplotu
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270 °C s nartstem 30 °C min™' a dobou trvani 5 minut. Jako nosny plyn byl pouZit argon
o pritoku 0,9 ml min™. Derivatizace byla provadéna pomoci 2% (m/v) tetrapropylboritanu
sodného pfi pH 5. Propylovany analyt byl zachycen v headspace na SPME vlakno pokryté
polydimethylsiloxanem (PDMS) o tloustce 100 pm (Supelco, Bellefonte, PA) pii pokojoveé
teploté béhem 10 min za stalého michani teflonovym michadlem nebo extrahovan do iso-
oktanu. Nasledn¢ byla provedena termicka desorpce vlakna resp. nastiik 5 pl isooktanu do
GC injektoru. Desorpce vlakna probihala v GC injektoru pfi teploté 220 °C po dobu jedné
minuty. Vlakno bylo pfed kazdou extrak¢ni procedurou 20 minut kondicionovéano pfi tep-
lot¢ 250 °C. K detekei byl vyuzit atomovy fluorescenéni spektrometr PSA 10.750 s pted-
chazejici pyrolyzou sloucenin rtuti (obr. 10.3, 10.4). Data byla vyhodnocena programem
Agilent ChemStation (obr. 10.5). Pro izolaci sloucenin rtuti ze vzorku byla pouzita mikro-
vlnna extrakce s 25 % (m/v) KOH v methanolu. Pfed speciacni analyzu rybich tkéni je

vhodné zaradit trojndsobnou extrakci rybi tkan¢ acetonem.
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Obr. 10.3: Schéma GC-AFS systému (Millenium Merlin System, P.S. Analytical Ltd.)
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Obr. 10.4: Schéma atomového fluorescencniho spektrometru (P.S. Analytical Ltd.)
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Obr. 10.5: Chromatogram pro GC-AFS systém

10.7 Spojeni HPLC-AFS

Separace sloucenin rtuti kapalinovou chromatografii se nejcastéji provadi chromatografii
s reverznim systémem fazi vyuzivajici chelatacnich, piip. ion-parovych interakci mezi mo-
difikatorem mobilni faze a analyty na jedné stran¢ a hydrofobnich interakci mezi modifika-
torem mobilni faze a stacionarni fazi na stran¢ druhé. Modifikatory jsou chelata¢ni ¢inidla,
ktera vytvareji stabilni komplexy se slouceninami rtuti a pomahaji tak piekonat vyznamné
rozdily v chemickych a fyzikalnich vlastnostech jednotlivych chemickych forem rtuti a tim
umoziuji stanovit diametraln¢ odlisné slouceniny v jednom separa¢nim kroku. Jako modi-
fikatory se pouzivaji chelata¢ni ¢inidla 2-sulfanylethanol [9, 18], L-cystein [19], 1,5-dife-
nyl-3-thiokarbazon (dithizon) [20], sodna sul diethyldithiokarbamatu (DDTC) nebo amon-
na sul pyrrolidin-1-yl-dithiokarbamatu (APDC) [21]. Pro separaci specii rtuti na C18 RP
kolon¢ se pouzivaji také iontoveé parova Cinidla (smés NaCl a kvarterni amoniové soli).
Pokud neni citlivost metody dostatecnd musi se pouzit prekoncentracni krok. Nejcastéji se
pouziva prekoncentrace rtuti extrakci tuhou fazi (SPE). Pro SPE se pouzivaji mikrokolon-
ky s hydrofébnim sorbentem (C18) modifikovanym chelatacnimi ¢inidly (2-sulfanyl-
ethanol, dithizon, DDTC aj.) [18-20]. Eluce se provadi organickymi rozpoustédly (metha-
nol) nebo elué¢nimi Cinidly, kterd obsahuji silnéjsi chelatacni Cinidla. Pfi detekci separova-
nych specii rtuti pomoci CV-AFS detektoru je nejdiive zapotiebi prevést vSechny chemic-

ké formy rtuti na Hg*" a ty naslednd redukovat na elementarni rtut.

Jako ptiklad miiZze byt uvedeno stanoveni methylrtuti, ethylrtuti a fenylrtuti vedle anorga-
nickych forem rtuti (Hg”") pomoci kapalinového chromatografu LC-200 (Perkin Elmer,
Norwalk, USA) s atomovym fluorescen¢nim detektorem PSA Millenium Merlin (P.S Ana-
lytical Ltd.) vyuzivajicim metody studenych par. Pro separaci chemickych forem rtuti byla
pouzivana reverzni chromatograficka stacionarni faze Hypersil BDS C18 a izokraticka
eluce mobilni fazi obsahujici 7% methanolu a 0,05% 2-sulfanylethanolu v acetatovém puf-
ru (pH 5) pii pritokové rychlosti 0,15 ml min™. Extrakce chemickych forem rtuti byla pro-
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vadéna extrak&nim ¢inidlem obsahujicim 6 mol 1" HCl a 0,1 mol 1" NaCl v mikrovinném
extraktoru (10 ml extrakéniho ¢inidla, 10 min, 55 °C, 400 W). Davkovano bylo 100 pl
vzorku. Meze detekce (pii navazce 1000 mg a desetindsobném fedéni) byly 0,20 pg kg™
pro MeHgCl, 0,07 pg kg pro Hg**, 0,06 pg kg™ pro PhHgCl, 0,12 pg kg pro EtHgCl.
Eluent z chromatografické kolony po smiseni s okyselenym roztokem bromi-
du/bromic¢nanu prechazel pies UV reaktor, ktery zajistoval prevedeni vSech forem rtuti
fotooxidaci na Hg”". Prebyte¢ny brom byl nasledn& odstraiovan vodnym roztokem hydro-
xylaminhydrochloridu. Rtutnaté slouceniny byly déle redukovany reakci s SnCl, na ele-
mentarni rtut’. Z roztoku byla para rtuti uvolnéna proudem argonu, oddélena v g-1 separato-
ru fazi, vysuSena v membranové jednotce PermaPure” a detekovana AFS v kiemenné cele
pti 253,7 nm (obr. 10.6). Vysledna data byla zpracovéna chromatografickym softwarem
Clarity (verze 2.1, Data Apex, Praha, CR).

Argon Susici trubice PC
I H_ ]
/ AFS detektor
Hg para

HPLC cerpadlo

uv
reaktor

Kolona

(2)-(1) separator

Davkovaci
ventil

Oxidaéni  Redukéni
Cinidlo Cinidlo

Obr. 10.6: Schéma HPLC-CV-AFES systému

Tato metoda nevyzaduje slozitou ptipravu vzorku. Vzhledem k siln€ nepolarnimu charak-
teru maji EtHgCIl a PhHgCl v daném chromatografickém systému velmi dlouhé retencni
casy. Stanoveni EtHgCl a PhHgCl v rozumném retenénim case je umoznéno skokovym
vzristem koncentrace methanolu v mobilni fazi na 100 % od 15 minuty separace. Mrtvy

retencni ¢as byl 5 min. Vysledny chromatogram je znazornén na obr. 10.7.
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Obr. 10.7: Chromatogram standardu pii stanoveni HPLC-CV-AFS

Metoda je pouzitelna pro stanoveni chemickych forem rtuti v jednotlivych organech u pta-
ki a sladkovodnich ryb, v sedimentech a vodnich rostlinach. Pro stanoveni specii rtuti ve
vodach, které obsahuji velmi nizké obsahy rtuti vyzaduje zatazeni prekoncentra¢niho kro-
ku. Méfenim ziskana potravni pyramida vykazovala bioakumulaci rtuti s rostouci trofickou

urovni ve vodnim ekosystému.
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11.1 Introduction

Sample preparation can be understood as any manipulation that modifies the sample mat-
rix. Although it is as old as any process that reveals one or more sample characteristics [1],
discussions about the role of sample preparation are always fruitful, once that they can
push the development in different/complementary areas, allowing interrelations between
them and a more complete comprehension about the studied system. In this way, innovati-
ve strategies applied to one of the oldest area (sample preparation) are challenges in terms
of creativity. However, these challenges put on evidence the dynamic of the science and
also the most creative solutions. In this sense, this text, which was adapted through refe-
rence [1], comments about the trends in sample preparation, particularizing some strategies
such as Cloud point extraction (CPE), Ultrasound extraction (USE), Microwave-assisted
water extraction (MAWE), Molecularly imprinted polymers (MIP) and bidimensional gel

electrophoresis (2D-PAGE) for metalloprotein characterization/determination.

11.2 Cloud Point Extraction - CPE

Molecules presenting both hydrophilic and hydrophobic structures (obtained from sur-
factants) may associate in aqueous media to form dynamic aggregates commonly called
micelles [2]. When the surfactant exceeds a minimum concentration (named Critical Mi-
celle Concentration, c.m.c.), the monomers are then associated spontaneously. These
structures can be considered as microscopically organized chemical assemblies, of colloi-
dal dimensions, and the nature of the micelles is dependent of the solvent used, surfactant

monomer, and of other possible surrounding ions.

The micellar system formed can be separated, at certain temperatures, into two apparently
immiscible phases, one rich in surfactant, and another poor in surfactant. This phenomenon
is named cloud point, and it is more common when non-ionic surfactants are employed,

although ionic surfactants have also been used for this purpose.

The cloud point phenomenon can be used for extraction and/or preconcentration of inorga-
nic or organic species as well as in the purification of a wide range of analytes. During

cloud point phase separation process, the micelles, which attract non-polar analytes, aggre-
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gate into a surfactant-rich phase, with reduced volume, as long as other species maintain
themselves in an aqueous phase.

Besides the advantages such as environmentally friendly, low costs, and others, the cloud
point extraction (CPE) can also be used in industrial scale operations, as protein purificati-
on [3,4]. In fact, since the original work proposed by Hartley [5], which focused the
functional model of the micelles geometry, an incredible growth of micelles studies and
applications can be noted in the literature. For example, taking into account the last 5

years, about 15 thousand articles related to micelles are found in the literature.

11.3 Ultrasound Extraction - USE

The ultrasound energy has been used as an efficient way to improve the performance of
several applications related to analytical chemistry, e.g., homogenization procedures [6]

and extractions of inorganic and/or organic compounds [7,8].

The process involved in the sonochemical reactions can be characterized by formation,
growth and implosive collapse of gas vacuoles in a solution.The cavity growth is depen-
dent on the intensity of sound [9]. The collapse may proceed as an adiabatic compression,
generating high temperatures and pressures [10], while an unusual environment for chemi-
cal reactions is established due to the implosion of cavities [9,11]. According to these con-
ditions, the formation of free radicals and other compounds are easily detected when pure
water is sonicated, for example, with the presence of H atoms and OH radicals as well as
their recombination to form hydrogen peroxide [9,11,12]. In this way, the ultrasonic effects
have been exploited for sample treatment, being excellent to perform solid-liquid extracti-
ons [13,14].

As chemical effects of ultrasound have been attributed to cavitation, the efficiency of the
analyte extraction depends on the variables, which influence the cavitation process. These
variables can be temperature, viscosity, presence of solid particle, height of water column,
frequency, and position of the vessels used for extraction, among others. In this way, Na-
scentes et al. [15] optimized some conditions in order to maximize the cavitation intensity
using two different ultrasonic baths as example. After the optimization, the better results
obtained related to maximum cavitation intensity for both baths studied were: 1 L of water
at room temperature, 0.2% (v/v) of detergent, central position on the bottom of the tank.
Only one tube inside the bath per time should be used during the ultrasound application.

The cavitation intensity was linear with the sonication time up to 10 min.

An interesting work was published by Linares et al. [16], in which the potentialities of the
ultrasonic energy using flow-injection systems were presented. The influence of ultrasound
on the physical dispersion of the injected sample was considered. As example, the authors

pointed out catalytic and non-catalytic reactions as well as those based on liquid/liquid
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extraction and precipitation. Aspects focusing the sensitivity increase were evaluated and
some practical considerations and potential applications of flow systems and ultrasound
energy were discussed. In another publication, Luque de Castro and Silva [13] pointed out
the use of ultrasound as auxiliary energy source for solid sample treatment. In this sense,
the authors emphasized different applications of ultrasound, mainly those related to sample
treatment of agricultural, biological and environmental samples. Some other applications
of this technique were also commented, such as liquid/liquid extraction, enzyme-catalyzed

reactions, electrochemical processes and atomic spectroscopic techniques.

The use of ultrasound nowadays is a reality, mainly if one considers geological and/or en-
vironmental samples. In this way, Meegoda and Veerawat use the ultrasound energy to
decontaminate organics in dredged sediments [17]. The authors carried out the experiments
in a laboratory-scale, using both coarse (process 1) and fine (process 2) fractions of sedi-
ments. The p-terphenyl was selected as organic contaminant. In the process 1, some varia-
bles such as ultrasound power, solvent to sediment ratio, vacuum pressure, and sonication
time were investigated, while the process 2 was evaluated without and with surfactants. In
this last process, four variables were studied: power, solvent to sediment ratio, surfactant
concentration, and sonication time. The best results were achieved for process 1 where had
99% contaminant removal efficiency at 60% power (900 W), 15:1 solvent to sediment
ratio, 15 psi vacuum pressure, and 9 min of sonication time. The study emphasized that the

proposed procedure using ultrasound energy is effective for treating dredged sediments.

The ultrasound energy was also applied for extracting organic species. In this way, Mecoz-
zi et al. [18] described an ultrasound-assisted procedure for the extraction of bioavailable
fraction of humic substance in marine sediments. The proposed method was based on con-
secutive sample extractions with 0.5 mol/L NaOH using ultrasound. Only 30 min was ne-
cessary in contrast to another method (24 h shaking with 8 mol/L HCIl), which was also

proposed by the same authors.

Danovaro et al. [19] proposed another interesting application for ultrasound extraction. The
ultrasound was applied in that work as energy source to extract viruses from marine sedi-
ments. They were enumerated by epifluorescence microscopy using SYBR Green I as sta-
in. The efficiency of ultrasonic extraction benthic viruses by pyrophosphate was ca. 60%
of the extractable virus particles when only 3 min of sonication time was used. Samples
treated with nucleases had increased virus counts, suggesting a masking effect of extra
cellular DNA. Different techniques (epifluorescence and transmission electron microsco-

py) were also compared. However, no differences in the virus count were achieved.

The use of ultrasound can be made in combination to another method. It was demonstrated
by Pino et al. [8], which used an ultrasound micellar extraction of polycyclic aromatic hyd-

rocarbons (PAHs) from marine sediments. The polyoxyethylene 10 lauryl ether was used
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as surfactant. Factorial design was employed to optimize the extraction parameters: ex-
traction time, surfactant concentration and surfactant volume:amount of sediment relation-
ship. The HPLC with UV detection was used as analytical technique. Recoveries from 86.7
to 106.6% were obtained from fortified sediments, with RSD of 2.02 — 6.8% for PAHs

with a ring number higher than three.

11.4 Microwave-assisted water extraction - MAWE

Since their first appearance in the 1950s, specifically in kitchens, microwave ovens have
been taken seriously in the chemistry laboratory. Nowadays, those chemists doing a la car-
te chemical reactions have increased exponentially. It can be understood that due to the
facilities, much less time consumed, and different feedback systems were implemented in
such machines. In this way, they can accurately control microwave power and time. Addi-
tionally, the reactions are continuously and accurately monitored (through temperature and

pressure), and even built-in robotic systems are also available.

If these systems have been mainly used for total sample decomposition [20], recently they
are also being considered for those gentle processes such as drying, leaching, cleaning-up,

as well as adsorption/desorption and extraction [21].

Extraction performed through solvents or Soxhlet systems continues to be widely accepted,
however when microwave energy is applied they can be carried out in a few minutes and
with much lower solvent consumption [22]. Although the majority of applications related
to microwave-assisted extraction (MAE) is related to organic compounds such as poly-
nuclear aromatic hydrocarbons (PAHs), organochlorine pesticides (OCPs), polychlorine
pesticides (PCBs), and alkanes [23], applications to biomolecules extractions are also con-

sidered for some years, however in lesser extension.

However, besides those common solvent applied to MAE, some recent application of
microwave-assisted extraction can be found in the literature, but emphasizing another sol-
vent: water. Such strategy is called microwave-assisted water extraction (MAWE) [24] and
presents some advantages: 1) once that water is an abundant solvent, low costs extraction
procedures can be obtained, 2) it can be easily purified, 3) extractions using water can real-
ly be considered an environmentally friendly process, 4) the matrix is not greatly modified
after extraction, 5) at high temperature and pressure its dielectric constant is closer to etha-

nol or methanol, allowing the extraction of non-polar solvent, among others.

11.5 Molecularly imprinted polymers - MIP

Since 1949, Dickey already showed that specific adsorbents able to selectively rebind the
compound used as template could be prepared [25]. In the referred case different dyes were

adsorbed in silica. The insight made by Dickey was taken into account due to its importan-
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ce, and in the early 70s Wullf et al. pointed out efficient molecular recognition systems by

introducing functional groups in association to the imprinted binding sites [26-28].

Molecular imprinting is a technique used for preparing polymers with synthetic recognition
sites having a predetermined selectivity for analyte(s). The imprint is obtained by arran-
ging polymerizable functional monomers around a template as target molecule (the analy-
te). Complexes are then formed through covalent, non-covalent interactions, and sacrificial
spacer approach between the analyte and the monomer precursors.. The complexes are
assembled in the liquid phase and fixed by cross-linking polymerization. Removal of the
template (through extraction or hydrolysis) from the resulting polymer matrix creates va-
cant recognition sites that exhibit affinity for the analyte. If the considered analyte is a bi-
omolecule (e.g. albumin) then these sites will recognize with high selectivity this specific

protein.

Complementary information can be found in different reviews [28-36], which cover food,

drug, and biological compounds analysis. among others.

MIP can be implemented in sample preparation once they are used as sorbent for solid
phase extraction purposes [34] mainly for bio- and pharmaceutical analysis. Generally, the
MIP is packed in an adsorption column, and the sample is impelled through flow system or
gravity force, making the separation. The efficiency of the process is mainly due to the

amount of binding sites as well as to the sample conditions in the moment of the separation.

Samples have to be conditioned in a similar medium to that where the polymer was synthe-

sized in order to facilitate the interection between the analyte and the cavity of the polymer.

Samples used in MIP applications do not have to be subjected to a previous specific treat-
ment. However, it is necessary to eliminate larger particles from samples. Exemplifying,
sample preparation for MIP applications can involve previous protein precipitation for
decreasing the complexity of the matrix (blood plasma) [37] or only a previous pH conditi-
oning with specific buffer for urine samples, which are directly impelled through the co-
lumn [38].

11.6 MIP Synthesis

Due to the importance of MIP synthesis and its use for recognizing biomolecules, a brief
discussion about different strategies to attain these tasks will be made. A didactic general
view of the MIP synthesis is shown in the review of Cormack and Elorza [29]. In that re-

view the authors also comment about the polymer and morphological characterizations.

11.6.1 Covalent Approach

The covalent imprinted was introduced by Wulff and co-workers and it has as main charac-

teristic the reversible covalent bonding between the template and the functional monomer.
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This bonding is the initial stage of the polymer synthesis, followed by a procedure for se-
paration of the obtained compound. Later, the cross-linking (e.g. divinylbenzene) promotes
the polymerization according to the spatial disposition of the template. Finally, it is ne-
cessary to promote hydrolysis of the bond between the template and the formed polymer,
liberating the template for future bonds with the target [30]. Covalent imprinted, besides
stable, is also selective mainly due to the exact fit between the template and the functional
monomers. However, some limitations turn its use unfeasible such as: limited number of
functional groups that react with the template, slow kinetic reaction rate involved between

the template and functional monomers, and incompatibility with water [39].

11.6.2 Non-Covalent Approach

Pioneered by Mosbach and Ramstrom [40], it is considered the most commonly used ap-
proach for preparing MIPs due to its inherent simplicity [41]. The main characteristic of
the non-covalent imprinted, is the fragile interaction between the template and the functio-
nal monomers (e.g. ion-ion, ion-dipole, dipole-dipole, hydrogen bonds and hydrophobic
interactions). This fact has as consequence the possibility of template-monomers interacti-
ons using compounds as simple as methacrylic acid, methacrylamide, vinylpyridine, hyd-
roxyethyl metacrylate and other commercial monomers [39]. Initially, the functional mo-
nomers are put together with the template, forming fragile interactions. Later, cross-linker
(e.g. ethylene glycol dimethacrylate) promotes the polymerization reaction. Finally, the
template is removed and the cavity formed in the polymer is selective for the target. High-
affinity binding site can be generated using the non-covalent imprinted strategy; however,
the main limitation is that the template must form a sufficient number of non-covalent in-

teractions [30].

11.6.3 Sacrificial Spacer Methodologies

Due to those problems associated with covalent and non-covalent imprinted, Whitcombe et
al. [42] proposed an alternative, which has advantageous characteristics of both covalent
and non-covalent imprinted strategies. In this case, the authors used the functional mono-
mer that bind with the template through covalent interaction but that it is easily and effici-
ently liberated by a cleaved hydrolytically with loss of CO2 to give a non-covalent reco-
gnition site. Therefore, in the referred technique, a covalent interaction between template
and functional monomer happens in the first stage. Later, the template is cleaved, leaving
part of its structure in the polymeric chain. Thus, the small fragments (linked to the poly-

meric chain) promote a non-covalent link to the target.
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11.7 Bidimensional gel electrophoresis (2D-PAGE) for attaining metallo-
proteins analyses

For deciphering metalloproteomics, selectivity, structural and sensitivity components are
necessary. One of the most important technique in the proteomics field (a more recently in
the metalloproteomics field) is the electrophoresis, once that it allows thousands proteins
separation with excellent selectivity and in a single run. Electrophoresis involves separati-
on of charged species on the basis of their movement under the influence of an applied
electric field. In proteins, the charged species can be produced by dissociation reactions of
amino and carboxylic groups or by uniform coating of proteins with an anionic surfactant.
In gel electrophoresis, the most important properties of proteins are both size (i.e., radius)
and net charge. According to these properties, the proteins will have different migration
velocities under electrophoresis conditions, which promote their separations in the referred
technique. Others factors which also influence proteins separation through electrophoresis,

are electric field applied and the viscosity of the medium [43].

Gel electrophoresis can be developed into one (1D) or two dimensions (2D). When taken
into account two-dimensional electrophoresis technique, the separation is carried out
through two steps using those distinct properties of proteins. In the first-dimension step,
IEF is employed to separate proteins according to their pl. In the second-dimension step,
the IEF gel is equilibrated with SDS, and it is inserted on the top of SDS-PAGE gel. Thus,
the current is newly applied and proteins are separated according their MM. This two-
dimensional separation allows a higher resolution than one-dimensional technique [43,44].
It is clear that sample preparation step is extremely important in such technique, once that
it contributes not only for a better protein separation, but also for establishing its exact
identity (structural characterization). Some aspects of sample preparation for 2D PAGE are

then commented.

11.8 Sample Preparation

The proteins must be solubilized for almost all analytical techniques. For this task, there
are three fundamental steps: (1) extraction of proteins from biological sample, (2) reducti-
on of those substances which could interfere and (3) maintenance of proteins in solution
until separation process to be finished [45,46]. Different conditions and treatments are
required to solubilize different proteins, which are dependent of those electrophoretic tech-
niques employed. The ideal protein solubilization procedure for electrophoresis results in a
completely disruption of non-covalently bound protein complex and aggregates into a solu-

tion of individual polypeptides to prevent artificial spots.
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11.9 Cell Disruption Method

The choice of extraction or cell disruption method is dependent on sample conditions
(liquid or solid). Each cell disruption method should be performed at cold temperatures and
as quick as possible, being used individually or combined with others. Some examples are
listed [45]:

- Osmotic lysis — method which lysate is to be fractionated in subcellular compo-
nents.

- Freeze-thaw lysis — cells can be lysed with one or more quick freezing cycles with
subsequent thawing.

- Detergent lysis — cellular membranes are solubilized, lysing cells and releasing their
components.

- Enzymatic lysis — specific enzymes can be used to remove cell walls.
- Sonication — ultrasonic waves lyses cells through shear forces.

- French pressure cell — cells are lysed by shear forces resulting from forcing sus-
pension through a small orifice under high pressure.

- Grinding — cells can be opened by hand grinding with a mortar and pestle with as-
sist (or not) of liquid nitrogen.

- Mechanical homogenization — different devices can be used to promote mechanical-
ly homogenization of tissues such as hand-held and blenders.

11.10 Removal of Interfering Compounds

After or during cells disruption, interfering compounds have to be inactivated or removed.
Interfering compounds are substances present in the sample that interact with proteins or
can cause problems in the electrophoretic separation. The mainly interfering compounds in
proteins analysis are salts, nucleic acids, lipids and polysaccharides. In plant materials lig-
nins, polyphenols, pigments and alkaloids could be also included. In some cases, proteins
presenting high concentrations are also considered as interfering compound. For example,

albumin can be cited, which makes difficult the detection of proteins present at low level.

11.11 Proteins Solubilization

After cell disruption and removal of interfering substances, proteins must be both denatu-
red and reduced to promote the disruption of intra- and intermolecular interactions, as well
as their solubilization without charge properties modification, mainly when 2-DE separati-
on is considered. Generally, the sample solubilization is carried out with buffer containing

chaotropes, detergents, reducing agents and protease inhibitors (if necessary).
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The most popular sample solubilization buffer is that based on O’ Farrell’s lysis buffer
[47]. Although it gives good results in many cases, not all protein complexes are complete-
ly disrupted with this buffer. Generally, modifications in lysis buffer as well as removal of

interfering compounds are simultaneously made to improve sample preparation.

Descriptions about how these compounds interfere in proteins separation and which proce-

dure required for removing or inactivating these substances are available in some reviews
[45,46,48].

11.12 Conclusions

Accurate conclusions about a studied system are greatly dependent on the quality of the
produced data, which are also greatly dependent on sample preparation. As almost the tota-
lity of analytical schemes is sample preparation-dependent, either new strategies or modifi-
cations on those ones already applied for such task are extremely salutary for an accurate
interpretation data as demonstrated through this text.
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