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Abstrakt

Byla vypracovana kompletni, citlivd a selektivni metoda stanoveni
perfluoralkylovych karboxylovych kyselin (PFCA, Cs — C,,) ve vzorcich fi¢nich vod
metodou plynové chromatografie. Nejprve byla vyvinuta a optimalizovana rychla
derivatiz¢ni reakce ucinkem chlormravencanu isobutylnatého, pti které jsou jednotlivé
perfluoralkylkarboxylové kyseliny pfevedeny na jejich té¢kavejsi isobutylestery.

Dal$im ukolem bylo nalezeni nejvhodnéjsi stacionarni faze pro separaci téchto
analyti. Byly proméfeny retencni charakteristiky isobutylesteri PFCA na 9 bézné
dostupnych kapilarnich kolonach s riznymi staciondrnimi fazemi. Na vybrané koloné
Rtx-200MS byly sledovany fyzikalné-chemické parametry interakce analyta
se stacionarni fazi a tyto parametry byly porovnany s nefluorovanym homologem
(kyselinou oktanovou).

K dispozici byl velmi citlivy plynovy chromatograf s negativni chemickou ionizaci,
ktery je vhodny pro vybrany druh fluorovanych latek. Dikazem jsou i naméfené
instrumentalni limity detekce a stanovitelnosti, které se pohybuji pro isobutylestery
PFCA v rozmezi 0,05 — 9,7 ng mL™ (LOD) a 0,16 — 32,2 ng mL™" (LOQ).

DalSim krokem naSi prace bylo nalezeni vhodné prekoncentracni techniky pro
realné vodné vzorky. Takovou metodou se stala extrakce na tuhé fazi s vyuzitim SPE

kolonek Supel™

-Select HLB, kde byly analyty zachytavany ve form¢ iontového paru.
Touto technikou doSlo k 400-ndsobnému zkoncentrovani vodnych vzorkl, dosazené
recovery v ficnich vodéach se pohybovalo v rozmezi 53 — 111 % v zavislosti na délce
perfluorovaného fetézce. Tato metoda byla nésledné testovana na vzorcich vod
z Vltavy a Labe odebranych béhem podzimu 2010 a zimy 2011. Ve vsSech
analyzovanych vzorcich byla nalezena PFOA v koncentra¢nim rozpéti 4 (LOD) — 28
pg mL"' a PFNA vrozmezi 0,1 (LOQ) — 4 pg mL"'. Vyvinutdi metoda je tedy
pouzitelna pro stanoveni PFCA ve vzorcich zivotniho prostiedi.

Poslednim ukolem této prace bylo srovnani dané¢ metody s dalS§imi separa¢nimi
technikami, tedy s HPLC-MS a CE-MS. Optimalizovand metoda CE-MS byla
ve spojeni s pouzitou SPE prekoncentracni metodou testovana na vzorcich fiéni
vody Dunaje. Koncentrace analytt se vSak pohybovaly pod mezi detekce této metody.

Srovnanim téchto technik Ize fici, ze vyhodou kapilarni elektroforézy byla rychlost

separace 10 analyti do 3 minut, vyhodou metody GC-NCI-MS zase jeji citlivost.



Abstract

A complete, sensitive and selective procedure was developed for gas
chromatographic determination of perfluoroalkyl carboxylic acids (PFCAs, Cs — Cy»)
in river water samples. A rapid and simple derivatization procedure was developed and
optimized at first, using isobutyl chloroformate (IBCF) to convert the acids into the
more volatile isobutyl esters.

The second task was to find the most suitable stationary phase for separation
of perfluoroalkyl carboxylic acids by GC. The retention characteristics of PFCA
isobutyl esters were measured and compared on 9 different stationary phases. The
physical-chemical parameters of analyte interactions with stationary phase were
monitored on selected column Rtx-200MS, and these parameters were compared with
a non-fluorinated homologue — octanoic acid.

A sensitive GC-MS system was used with negative chemical ionization, which is
suitable for the selected type of fluorinated analytes. The developed method exhibits
very low limits of detection and determination of PFCA isobutyl esters: 0.05 —
9.7 ng mL™ (LOD) and 0.16 — 32.2 ng mL™ (LOQ).

An optimum pre-concentration technique was found for real water samples, where
SPE SupelTM-Select HLB cartridges were used. In these cartridges, PFCAs were
captured as ion-pairs with enrichment factor of 400. The recoveries of the PFCAs in
the spiked river water samples are within the range from 53 to 111%, depending on the
lengths of the perfluorinated chains of the acids. The practical applicability of this
technique was tested on the Vltava river and the Elbe river water samples collected
during autumn 2010 and winter 2011. All the analyzed samples contained PFOA and
PFNA with concentration ranges from 4 (LOD) to 28 and 1 to 4 pg mL"', respectively.
The last step in our work was comparing this method with other separation techniques,
such as HPLC-MS and CE-MS. The Danube river samples were tested using SPE pre-
concentration step followed by the optimized CE-MS method. However, this method
was not sensitive enough and the PFCA concentrations in Danube samples were
obtained under the LOD values.

On one hand, the advantage of CE-MS method is short analysis time — separation
of 10 analytes (Cs — Cy4) just in 3 minutes, on the other hand, advantage of GC-NCI-
MS method is its huge sensitivity.
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1. Uvod

Tématem této prace je vyvoj citlivé a selektivni metody stanoveni perfluorovanych
organickych sloucenin, konkrétné karboxylovych kyselin s délkou perfluorovaného
fetézce C5 — C12, metodou plynové chromatografie. Tyto latky patii do Siroké skupiny
tzv. perfluorovanych sloucenin (PFC), které byly a stéle jeSt¢ jsou hojné primyslové
vyuzivany. V poslednich letech bylo zjisténo, Ze PFC patii mezi polutanty nachazejici
se ve vSech slozkach zivotniho prostiedi, fadi se mezi tzv. POPs — perzistentni
organické polutanty. Divodem je jejich vysoka odolnost vii¢i odbouravacim procesiim
a bioakumulativni charakter téchto latek. Stale proto pfibyva védca z celého svéta,
ktefi se touto problematikou zabyvaji a kazdym rokem nariistd pocet publikaci
v odborné literatuie o stanoveni riznymi analytickymi metodami, zji§tovani toxicity a
studiem vlastnosti PFC. V Ceské republice toto téma ale zatim neni dostatedné
zpracovano a proto se stalo pfedmétem nasich studii.

Cilem této prace je vyvoj a optimalizace metody pro stanoveni jiZ zminénych
perfluoralkylovych karboxylovych kyselin ve vybranych slozkach Zivotniho prostiedi
metodou plynové chromatografie a porovnani této metody s dalSimi separacnimi

technikami, jako je naptiklad kapalinova chromatografie a kapilarni elektroforéza.
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2. Teoreticka Cast

2.1 Perfluorované latky
2.1.1 Fyzikalné-chemické vlastnosti

Perfluorované slouceniny (PFC) jsou organické latky antropogenniho plvodu,
u kterych jsou vSechny vodiky v alkylovém fetézci nahrazeny atomy fluoru. Typicka
struktura PFC ma4 linearni fetézec s 1 az 14 atomy uhliku:
F-(CF)y-X,kden=1-13aX= -(CH),-OH, -COOH, -SOsH, -SO,NH, [1].
V nasem piipadé se jedna konkrétné o perfluoralkylové karboxylové kyseliny (PFCA),
jejichz typickou strukturu lze znazornit takto: F - (CF,), — COOH, n = 1 — 13.
V tabulce 1 je strucny pirehled vybranych charakteristik a fyzikalné-chemickych
konstant nalezicich jednotlivym perfluoralkylkarboxylovym kyselindm, kterym se tato

prace vénuje.
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Tabulka 1 — Perfluoralkylkarboxylové kyseliny a jejich dostupné fyzikalné-chemické vlasnosti

ndzev tkratka  souhrnny CAS mol. bod bod tani hustota
vzorec number hmotnost  varu (°C) pii 25°C
(gmol’)  (°C) (g mL”)
Perfluorpentanova PFPeA C;sHF,0, 2706-90-3 264,05 140 - 1,713
kyselina
Perfluorhexanova PFHxA  C¢HF,,0, 307-24-4 314,06 - - 1,759
kyselina
Perfluorheptanova PFHpA  C;HF;0, 375-85-9 364,06 175 - 1,792
kyselina
Perfluoroktanova PFOA CgHF 50, 335-67-1 414,06 189 55-56 0,900
kyselina
Perfluornonanova PFNA CyHF,,0, 375-95-1 464,08 218 59-62 -
kyselina
Perfluordekanova PFDA C,oHF 90, 335-76-2 514,08 218 77-81 -
kyselina
Perfluorundekanova PFUnA C,HF, 0, 2058-94-8 564,10 160* 96-101 -
kyselina
Perfluordodekanova PFDoA  C,HF»;0, 307-55-1 614,10 245 105-108 -
kyselina
Perfluortridekanova PFTrA  C;3sHF»50, 72629-94-8 664,11 - 112-123 -
kyselina
Perfluortetradekanova  PFTeA  C,4sHF,;0, 376-06-7 714,12 270 130-135 -
kyselina

hodnoty bodt varu jsou uvadény pii 987 hPa, * pti 80 hPa

Perfluorované slouceniny jsou bioakumulativni a potencidlné Skodlivé syntetické

chemikalie, pfirozené se nevyskytujici v Zivotnim prostiedi a proto jim je v dneSni

dobé vénovana velkd pozornost. Maji unikatni fyzikalné-chemické a biologické

vlastnosti uréené predevsim velice pevnou vazbou mezi uhlikem a fluorem. Vysoce

polarizovana vazba C-F je jednou z nejsilnéjSich kovalentnich vazeb (stfedni energie

vazby C-F pii 25 °C je 441 kJ mol™) [1,2]. Diky tomu jsou tyto latky odolné viigi

hydrolyze, fotolyze, biodegradaci a procesim v metabolizmu [3,4]. Perfluorované

slouceniny jsou také teplotné stabilngjs$i nez jejich analogické uhlovodiky. Konkrétné
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perfluoralkylkarboxylové a perfluoralkylsulfonové kyseliny jsou z PFC povaZovéany za
teplotné nejstalejsi [3,5].

Perfluorované slouceniny maji vlastnosti takzvaného ,supersurfaktantu®, coz
znamena, Ze to jsou povrchové aktivni latky odpujici vodu 1 mastnotu zaroven. Toho
bylo hojné vyuzivano v mnoha primyslovych odvétvich (viz dale v kap. 2.1.3). Diky
tomu se mohou PFC dostavat do odpadnich vod, kde se sorbuji na splaskovy kal.
Dalsim vyuzivanim splaSkového kalu pii hnojeni zemédélskych ploch dochézi
k uklddani perfluorovanych slouc¢enin do piid a diky jejich polarit€¢ a pohyblivosti se
opét mohou vyplavovat do podzemnich vod v téméf nezménéné podobé [6,7].
Akumulace a osud neutralnich organohalogenovanych slou¢enin v Zivotnim prostiedi
lze ptedpovidat znékterych fyzikalné-chemickych konstant, jako je naptiklad
rozdélovaci koeficient mezi oktanolem a vodou (K,,). Modely, vychazejici z tohoto
koeficientu, v§ak nejsou pfili§ vhodné pro charakterizaci perfluorovanych sloucenin. Je
to dano jejich soucasné lipofobnim, tak hydrofobnim perfluorovanym fetézcem. Bézné
je také to, ze pokud jsou fyzikalné-chemicka data znamad, Casto nekoresponduji
s naméfenymi  vysledky ziskanymi riiznymi laboratofemi a riznymi metodami.
Prikladem muze byt vysledek studii provedené Gossovou a kol. [8,9]. V té€chto
studiich védci poukazuji na fakt, Ze uhlovodiky s fluorovanym fetézcem mnohem vice
prechazeji do organické faze a maji jen malou tendenci zistavat ve vodné fazi, nez by
se oc¢ekavalo podle dostupnych dat. Neutralni forma PFOA ma odhadovanou hodnotu
log K,w = 4,3 a log Kyzauchioda = -2,4, cOZ naznacuje, Ze sorpce na Castice v pudé a
sedimenty, stejné tak i vypafovani a transport ve vzduchu, budou hrat dilezitou roli
v procesech téchto latek v zivotnim prostiedi. Naopak u perfluoroktanoatu (PFO) se
neocekava prechod do vzduchu ani sorpce na sediment a pudy, které obvykle nesou
zaporny naboj [8-10]. Tyto tdaje podtrhuji dilezitost biomonitoringu pro pochopeni
chovani a osudu perfluorovanych latek v zivotnim prostedi. Pokud budou vysledky
peclivé a presné interpretovany, analyzy vzorkl zivotniho prostfedi mohou poskytnout
cenné informace o piisobeni, zdrojich, transportnich mechanismech, bioakumula¢nim
potencialu a globalni distribuci téchto chemikalii [11].

Zajimava je situace s pK, u téchto latek. Od vyrobce je tato informace dostupna jen
pro kyselinu perfluoroktanovou, kde je uvadéna hodnota pK, = 2,6 [12]. Prevederous

uvadi hodnotu pK, také mezi 2 — 3 [13]. Existuje vSak né€kolik dalsich publikaci,
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zabyvajicich se pfimo méfenim a modelovanim vypoctl pK, a vysledky z téchto studii
se znatné¢ lisi. Napiiklad ve studiich Alzagy a kol. je uvadéno, ze pK, pro
perfluoroktanovou kyselinu odpovida hodnoté 0,35 a pro dalsi kyseliny (C4 — Cy7) se
pohybuji pK, v rozmezi 0,18 — 0,37 [14,15]. Tyto informace viceméné potvrzuje studie
Gossové, kde byly pomoci dvou riiznych programil vypocitany hodnoty pK, pro PFOA
-0,11 (program SPARC) a 0,7 (program COSMO-RS). Na zékladé nékolika dalSich
udajii se Gossové zdaji tyto hodnoty stale jesté priliS vysoké a piiklani se spis
k odhadované hodnot¢ odpovidajici pK, = -0,5. Ve stejném roce byla publikovana také
studie Burnse a kol., ktery stanovil potenciometricky hodnotu pK, na 3,8 pouzitim
smési voda-methanol. [16]. Jelikoz vysledky jednotlivych studii jsou tak odlisné,
radoveé az pres 4 jednotky, je ziejmé, Ze stanoveni piesné hodnoty pK, neni vibec
jednoduché.

Nahrazeni atomil fluoru v uhlovodikovém fetézci vede také ke snizeni povrchového
nap¢ti vodnych roztokti a k tvorbé micel (CMC - kritickd micelarni koncentrace pro
PFOA se pohybuje mezi 8,7 a 9,0 mmol L"'). Hodnoty CMC pro C; a Cg
perfluoralkylkarboxylové a perfluoralkylsulfonové kyseliny jsou zhruba ekvivalentni
Ci1 a Cyz alkylovym surfaktantiim [5,17].

Rozpustnost perfluoroktanoatu ve vodé odpovidd hodnoté 4,1 g L' pii teplotd
22°Ca9,5gL" pii teploté 25 °C. Rozpustnost PFOA nebyla dosud publikovana, ale

predpoklada se vyrazné mensi rozpustnost ve vod¢ nez u perfluoroktanoatu [13].

2.1.2 Vyroba perfluorovanych chemikalii

Existuji dva odlisné vyrobni postupy perfluorovanych latek. Prvnim z nich je proces
elektrochemické fluorizace, pti némz dochézi u€inkem elektrického proudu k nahradé
vSech atomi vodiku v uhlovodikovém fetézci atomy fluoru. Je to pomérné levna
metoda, kterou je produkovana smés prevdzné linedrnich isomeri, rozvétvenych
isomert (15 az 30 %), ale také isomert s krat§im fetézcem. Tato elektrochemicka
metoda byla pouzivana k vyrobé perfluoroktansulfonylfluoridu (PFOSF). Spole¢nost
3M zacala s produkei této latky jiz roku 1949. PFOSF je zakladni chemikalii pro
vyrobu perfluoralkylsulfonamidalkohold, jako napf. N-
ethylperfluoroktansulfonamidethanol (N-EtFOSE). Perfluoralkylsulfonamidalkoholy

degraduji biotickou oxidaci a biotransformac¢nimi procesy na perfluoralkylsulfonaty.
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Naptiklad PFOS se v pfirod¢ uvoliluje z perfluoralkylsulfonamidalkoholi, jako je jiz
zminovany N-EtFOSE [11,18,19].

Pro vyrobu PFOA procesem elektrochemické fluorizace se pouziva jako vychozi
latka oktanoylchlorid. Reakce je dvoustupniovd, pficemz vychozi produkt je ziskan
hydrolyzou perfluoroktanoylfluoridu z prvni reakce. Pribéh reakce je naznacen

nasledujicimi rovnicemi [20]:

C7HsCOCl + 16 HF — C;F;sCOF + 15 H, + HCI
C;FsCOF + H,0 — C;F;sCOOH + HF

Telomerizace je druhym dualezitym vyrobnim procesem. Jedna se o radikalovou
reakci, pii niz vznikd z monomeru a inicidtoru polymerni produkt. Konkrétné jde
o reakci pentafluorjodethanu s tetrafluorethylenovymi oligomery za vzniku smési

perfluoralkylderivata. Priibéh reakce je naznacen na tomto schématu:

e

jodopentafluorethan tetrafluorethylen

ethylen 1H,1H,2H,2H-perfluordecyljodid

Tyto fluorotelomerni derivaty jsou pouzivany k vyrob€ riznych telomernich
produktii, ptevazné fluorotelomernich alkohold (FTOH). Polyfluorované alkoholy
s dlouhym linearnim fetézcem a obecnym sumarnim vzorcem CyFy+CH,CH,OH
slouzi jako meziprodukty pii vyrob€ inkoustl, voskl, natérovych hmot, barviv,

lepidel, lestidel a riznych plasti. FTOH se transformuji v atmosféfe a metabolizuji
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v organismech a mikroorganismech na fluortelomerni karboxylové kyseliny (FTCA) a
perfluoralkylkarboxylové kyseliny (PFCA) [9, 21,22].

vysledného produktu. Elektrochemickou fluorizaci vznikaji vSechny typy produkt
v zé&vislosti na vychozi latce. Tento zplisob vyuZivala firma 3M k vyrobé PFOSF a
PFOA, dnes je vSak vyroba zastavena. Produkty vzniklé telomerizaci maji spolecny
meziprodukt RrC,H4X (kde Ry je perfluorovany alkylovy fetézec a X funkéni skupina)
a maji velmi malo vedlejSich produkti. Vyroba touto metodou je vSak velice draha.
V dnesni dobé proces telomerizace vyuziva nékolik firem, jako napiiklad DuPont,

Clariant, Daikan a Asahi Glass [20].

2.1.3 Primyslové vyuziti perfluorovanych chemikalii

Jak jiz bylo zminéno, tyto latky maji vlastnosti ,,supersurfaktantu. Diky tomu, ze
odpuzuji jak vodu, tak mastnotu, byly a v nékterych ptipadech jsou stile pouZzivany
k povrchové upravé riznych materidlti. Naptiklad 1ze zminit papir, jehoz povrch je
upraven tak, aby ho bylo mozZzno pouzit jako obalového nemasticiho se materialu
na jidlo, kuptikladu na popcorn. Déle se vyuzivaji tyto chemikélie k povrchové Gpraveé
koberct, kiize, calounénych i jinych textilii, naptiklad outdoorového a vodéodolného
obleCeni s povrchovou upravou Teflon®, Goretex® Bortex®, Stainmaster® a
Scotchguard® [23-27].

Amonna stl kyseliny perfluoroktanové (APFO) je jednim z prekurzord pii vyrobé
polytetrafluorethylenu (PTFE), ktery je vyuZivan nejen k vyrobé nepfilnavého nadobi,
ale 1 v mnoha dalSich primyslovych odvétvich, jako je naptiklad automobilovy,
letecky a elektronicky prumysl. PTFE a polyvinylidenfluorid (PVDF) pak patii do
skupiny tzv. fluorotelomert a fluoroelastomeri [28-33].

PTFE je také casto soucasti riznych laboratornich pomtcek, jako jsou napi. SPE
kolonky, tésnéni a rizné hadicky. PFOA pak mize byt pfitomna ve stopovych
mnozstvich v téchto produktech a lze ji detekovat napi. v béznych rozpoustédlech
uzivanych v HPLC [34].

V dnesni dob& se na trhu s kuchyniskymi potiebami zacinaji objevovat firmy,
napiiklad GreenPan™, které nabizeji nepfilnavé panve bez obsahu PTFE a PFOA.

Jedna se o keramicky material patentovany pod nazvem nazvem Thermolon™ [35].
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Perfluorované slouceniny se dale pouzivaji jako zmékcovadla v mazacich a
hydraulickych olejich, v natérovych hmotach, lepidlech, lestidlech, ale jsou také
obsazeny v ruznych farmaceutickych a kosmetickych ptipravcich [1,3,25,36].
Ve fotografickém priimyslu se vyuzivaji tyto latky k pokovovani a dale se uplatiiuji
pti vyrobé polovodici a izola¢nich materialii v telekomunikacich [37].

V zemédé@lstvi se vyuziva N-ethylperfluoroktansulfonamid, ktery patii mezi
specifické insekticidy pouzivané proti termitim a mravenciim. Jeho metabolitem je
bioakomulativni perfluoroktansulfonamid (PFOSA) [38].

PFC jsou také odolné viici vysokym teplotdm a ohni a maji vlastnosti inhibitoru
koroze [39]. Proto specialni hasici pény obsahuji n¢které soli perfluoralkylsulfonovych
kyselin, které podporuji tvorbu vodni pény (aqueous film forming foam, AFFF).
V USA se zacaly tyto pény pouzivat jiz v polovin¢ 60. let 20. stoleti brzy po jejich
objeveni. Spolecnost 3M byla az do roku 2001 nejvétSim dodavatelem tohoto produktu
hlavné pro americkou armadu. AFFF jsou pfedev§im vhodné k haSeni hoflavych
kapalin, jako je napf. benzin. Proto ke znecisténi Zivotniho prostfedi perfluorovanymi
latkami, zejména povrchové a podzemni vody, dochédzi nejCastéji na armadnich

zakladnach, letiStich a v tréninkovych taborech hasic¢skych sbori [5,40,41].
2.1.4 Potencialni zdroje zneciSténi a transport PFCA v Zivotniho prostredi

Na obrazku 2.1 je nacrtnut piehled potencidlnich zdroji kontaminace Zivotniho

prostfedi perfluorovanymi chemikaliemi.
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APFO APFN
1960 - dosud 1970 - dosud
Vyroba PFCA
1950 - dosud Nedistoty | Degradace | AFFF
PFCA
Vyroba fluoropolymeri Fluorotelomerni produkty
1951 - dosud 1970 - dosud
Disperze fluoropolymeru
1951 - dosud Necistoty | Degradace| AFFF
PFCA
Produkty AFFF Produkty PFOSF
1965 - 1974 1950 - dosud
Spoti‘ebni a priamyslové
> produkty
1951 - dosud

Obrazek 2.1 — Potencialni zdroje znecisténi zivotniho prostiedi perfluoralkylkarboxylovymi kyselinami:
APFO - amonna sul kyseliny perfluoroktanové, APFN - amonna stl kyseliny perfluornonanové, AFFF
- specialni vodni protipozarni péna (aqueous fire-fighting foam) a PFOSF — perfluoroktylsulfonylfluorid
[13]

Jednim z meziproduktl pii vyrobé fluoropolymernich materidld je také tzv.
fluoropolymerni disperze (,,Fluoropolymer dispersion®). VétSina fluoropolymerii
na bazi PTFE je prodavana v granulovaném stavu ¢i tabletach, ze kterych je APFO
odstranéno z 99 %. OvSem vodné disperzni roztoky, které se také prodéavaji, obsahuji
urc¢ité mnozstvi APFO. Tyto produkty se pouZivaji k povrchové upravé kovil a dalSich
materiali. Takto upravené produkty jsou Casto vystavovany vysokym teplotdm, pfi
kterych dochézi k rozkladu APFO. Jedna se tedy o dalsi neptimy zdroj kontaminace
[42].

Vtabulce 2 je shrnuti pfimych 1 nepfimych zdroji  zneciSténi

perfluoralkylkarboxylovymi kyselinami, zpisobenych jak jejich pfimou vyrobou, tak
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jejich naslednym zpracovanim. Rovnéz jsou uvedeny celkové odhadované produkce a

emise PFCA v tunach.

Tabulka 2 — Prehled historické produkce a znec€isténi zivotniho prostfedi PFCA [13]

Zdroj znecisténi obdobi Odhadovand Celkova celosvétova
mira emise PFCA (1) produkce (1)
Piimé zdroje PFCA
Vyroba PFCA
PFO/APFO 1951 - 2004 400 - 700 3600 - 5700
PFN/APFN 1975 - 2004 70 - 200 800 - 2300
Celkova vyroba 470 - 900 4400 - 8000
Spotiebni a primyslové vyuZiti
Vyroba fluoropolymerti (APFO) 1951 — 2004 2000 - 4000
Zpracovani fluoropolymerti 1951 - 2004 200 - 300
disperznim procesem (APFO)
Vyroba fluoropolymerti (APFN) 1975 - 2004 400 - 1400
Zpracovani fluoropolymert (APFN) 1975 - 2004 10-20
AFFF 1965 - 1974 50-100
Spotiebni a primyslové produkty 1960 - 2000 40 - 200
Celkova piima produkce 3200 - 6900
Nepiimé zdroje PFCA
Zdroje znecisténi na bazi PFOSF
Zbytkové necistoty PFCA 1960 - 2002 20 - 130
Degradace z PFOSF 1960 - 2002 1-30
AFFF na bazi PFOSF 1970 - 2002 3-30
Zdroje zneliSténi na bazi
fluorotelomeri
Zbytkové necistoty PFCA 1974 - 2004 0,3-30
Degradace fluorotelomerti 1974 - 2004 6-130
AFFF na bazi fluorotelomera 1975 - 2004 <1
Nepiimé zdroje PFCA 30 - 350
Celkové zdroje (primé i 3200 - 7500

neprimé) znec€isténi
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Existuji dva hlavni nejpravdépodobnéjsi zplsoby transportu perfluorovanych
chemikalii v zivotnim prostfedi. T¢kavé neutrdlni latky (prekurzory) se dostavaji
do atmosféry a mohou tak putovat dlouhé vzdélenosti az do odlehlejsich oblasti, jako
je napt. Arktida, Antarktida atd., kde se pomalu degraduji na findlni produkty — PFCA
a PFSA. V pfipad¢ nabitych perfluorovanych sloucenin je transport uskute¢iiovan
prevazn¢ vodnimi zdroji, tedy povrchovou i podpovrchovou vodou. Velkou
zasobarnou perfluorovanych kontaminantt jsou tedy oceany [43].

V roce 2000 ohlasila spole¢nost 3M zastaveni vyroby PFOA a PFOS (slozky
v pfipravku Scotchgard, ktery zvySoval odolnost povrchii vii¢i barevnym skvrnam),
kvili jejich stalosti v zivotnim prostfedi. V roce 2002 zahdjila americka agentura
zivotniho prostiedi (EPA) studii zaméfenou na stanoveni PFOA a ji podobnych
sloucenin [44,45]. V roce 2005 vykonny vybor organizace EPA doporucil agentuie
klasifikovat PFOA za potencialni lidsky karcinogen [46]. V roce 2006 zah4jila EPA
spolecné s osmi nadndrodnimi spolecnostmi projekt snazvem ,,2010/15 PFOA
Stewardship Program®, ve kterém se spoleCnosti zavazaly snizit globdlni produkci
vyrobkl obsahujicich PFOA a podobné slouceniny o 95 % do roku 2010 a uplné
eliminovat produkci do roku 2015 [47].

2.1.5 Toxicita a ekotoxicita

Bylo prokézano, Ze tyto latky jsou perzistentni v zivotnim prostfedi a maji
bioakumulativni efekt v zivych organismech. EPA a OECD zjistily, Ze expozice PFOA
muze u hlodavcl a primati zplsobit poskozeni jater, protoze pravé v nich dochézi
k akumulaci PFOA a dal$ich perfluorovanych latek. PFOA ma dale vliv na endokrinni
a reproduk¢ni funkce a snizuje koncentraci cholesterolu v séru hlodavci. Miize také
vyvolat vyznamny pokles télesné hmotnosti u krys [48-53]. Akutni toxicita je vSak
obecné¢ nizkd [28,54]. Distributor standardi perfluoralkylkarboxylovych kyselin,
spolecnost Sigma-Aldrich uvadi hodnoty letalnich davek pro krysy LDsy =
189 mg kg u PFOA (podavano intraperitonealn&) a LDsy = 57 mg kg pro PFDA
(podévano oralng) [12].

O tcincich na ¢loveéka je toho znamo zatim velice malo [55]. Epidemiologické
studie ukazaly zvysSené riziko vzniku nékterych druhti rakoviny (nadory muzského

reprodukéniho  systému, rakovinu mocového méchyfe), a to nejen mezi
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délniky ve fluorochemickém primyslu, ale také u bézné populace v riznych castech
svéta [48,49]. PFOA je v téle cloveéka velmi dobfe absorbovdna nejen pii oralnim
pfijmu, ale i inhalaci a v mensi mife také dermalné. Podle studii na potkanech se
nehromadi v tuku, ale vaze se kovalentné¢ na bilkoviny v jatrech a v plazmé [56].
U clovéka neni v jatrech, v plazmé, ani v ledvinach metabolizovana, k exkreci dochazi
prostiednictvim moce a stolice. Odhaduje se, Zze polovina piijat¢ého mnozstvi PFOA
muze byt z téla cloveka odstranéna za 1 — 3 roky [57]. Ve studii, ve které byly méteny
hladiny perfluorovanych slouc¢enin u 9 pracovné exponovanych zaméstnancii, bylo
zjisté€no, Ze polocas vylouc€eni z krevniho séra trva az 4,4 roku [58]. Pro exkreci PFCA
je velmi dilezita délka perfluorovaného fetézce. Cim je fetézec delsi, tim hiife se latky
vylucuji [59].

Od bifezna roku 2010 Evropska komise doporucila clenskym statim EU
monitorovat pfitomnost PFC v jidle a pitné vod¢. Agentura ochrany zdravi Velké
Britanie (UK Health Protection Agency) stanovila maximalni pfipustné koncentrace v

pitné vod& na 0,3 pg L™ pro PFOS a 10 pg L™ pro PFOA [37,60] .

2.2 Analyticka chemie PFCA

Pro stanoveni perfluoralkylkarboxylovych kyselin v nejriznéjSich matricich se
vyuzivd ftada analytickych metod. Nejcastéji se vyuzivaji separacni metody -
kapalinova chromatografie ¢i plynovéa chromatografie ve spojeni s hmotnostni detekci
a v mensi mife i kapilarni elektroforéza. Nasledujici kapitoly budou zaméteny prave na
tyto metody. Jsou ale i dalsi analytické metody, které se také pouzivaji. Zminit Ize
napiiklad metodu '’F NMR, které se vyuziva ke stanoveni celkové koncentrace fluoru
ve vodnych matricich [61]. Tato metoda vSak nedosahuje potfebné citlivosti (LOD 10
ng L. Dalsi metodou, kde se sleduje celkovy obsah fluoru v biologickych matricich
je tzv. ,,Combustion ion chromatography*, kde dochazi ke spojeni spalovaciho procesu
matrice a iontové chromatografie [62]. Pfevedenim organického fluoru na fluorovodik
je také vyuzito v praci Kissy [63], kde ke stanoveni fluoridového aniontu je vyuZita
iontové-selektivni elektroda. Tyto metody jsou neselektivni a v porovnani nejcastéji
pouzivanymi metodami HPLC-MS ¢i GC-MS jsou jen okrajové, proto jim nebude

vénovana vEtsi pozornost.
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2.2.1 Stanoveni PFCA metodou GC s pouzitim derivatizace

Perfluoralkylové karboxylové kyseliny lze teoreticky metodou GC analyzovat
pfimo, protoze jsou dostate¢n¢ tékavé, ale jejich piky jsou znacné asymetrické a
chvostuji v disledku jejich vysoké polarity. Proto jsou tyto latky prevadény na
tékavejsi a méné polarni derivaty pomoci riznych typl derivatizace. Z publikovanych
metod Ize uvést derivatizaci PFCA na methylestery reakci s diazomethanem [64,65],
methyljodidem [66] a methanolickym roztokem BF; [15]. Alzaga a Bayona [14]
publikovali GC-NCI-MS metodu stanoveni PFCA vyuzivajici tepelny rozklad jejich
tetrabutylamoniovych soli na SPME vlakné po iontové parové extrakci. Iontové pary
PFCA se rozpadaji na pfislusné butylestery. Vyhodou této metody je spojeni
prekoncentrac¢niho a derivatiza¢niho kroku stanoveni PFCA. Mén¢é obvyklou metodu
derivatizace perfluoralkylovych karboxylovych kyselin pouzili Scott a kol. [67,68],
kteti prevedli PFCA (C, — Co) piisobenim 2,4-difluoranilinu za ptitomnosti N,N-
dicyklohexylkarbodiimidu na 2,4-difluoranilidy, které nasledné analyzovali GC-MS.
Déale se v této praci autofi zabyvaji srovnanim metod GC-MS a LC-MS/MS pro
analyzu PFOA v kalu torontské Cisticky odpadnich vod. Koncentrace stanovené obéma
metodami jsou téméF identické (GC-MS 30,9 ng L' a LC-MS/MS 34,7 ng L™). Dalsi
publikovanou GC-MS metodou je analyza PFCA derivatizovanych na benzylestery
ucinkem benzylbromidu v rybich tkanich a fi¢ni vod¢ z Ryna [69]. LOQ metody bylo
stanoveno pro PFOA na 0,2 ng L™ ve vodnych vzorcich a 0,3 ng g pro vzorky rybich
tkani. Koncentrace PFOA v Rynu (Biebesheim, Né&mecko) byla stanovena
na 2,45 ng L'

V této praci bylo vyuzito derivatizace perfluoralkylovych kyselin reakci
s alkylchlormravencany, konkrétné¢ s chlormravencanem isobutylnatym. Tato
derivatizacni metoda byla vyvinuta a optimalizovana jiz v nasi ptedchozi praci [70].

Dle publikaci Huska a kol. [71-75] je mozno derivatizovat rizné druhy kyselin
(napt. mastné kyseliny, oxokyseliny, aminokyseliny, fenolické kyseliny) na
methylestery, ethylestery, butylestery atd. podle druhu ¢inidla — chlormravencanu.
Velkou vyhodou této reakce je skutecnost, Ze ji lze provadét i ve vodném prostiedi,
takZe lze touto metodou piimo derivatizovat vzorky napt. plazmy a moci. V reakci je
nejprve uhlovodikovy zbytek chlormravencanu navazédn na kyselinu za uvolnéni

kyseliny chlorovodikové a vzniku nestabilniho anhydridu. Ten se okamzité rozpada
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(dekarboxyluje) na konecny ester za uvolnéni CO,. V reakéni smési je pfitomen
pyridin jako katalyzator a n¢kdy pfislusny alkohol jako pomocna latka. Reakce

probiha v piipad¢ chlormravencanu isobutylnatého dle nasledujiciho schématu:

0 i )s i
R+ Y*OJLU e 0”0 % YOJ&R
OH PN

R @)

kde R je perfluorovany alkylovy fetézec dané kyseliny a vzniklé estery jsou
isobutylestery. Pfi reakci vznika také v malém mnozstvi nékolik tékavych vedlejsich

produktt, které zpravidla nerusi analyzu [76].

2.2.2 Stanoveni PFCA metodou HPLC-MS

Nejcastéji pouzivanou metodou pro stanoveni perfluorovanych sloucenin ve vsech
slozkach zivotniho prostfedi je bezesporu HPLC-MS, ¢i1 ptipadné HPLC-MS/MS.
Vyhodou téchto technik je vysoka citlivost a selektivita, ale také to, ze se daji
perfluoralkylkarboxylové kyseliny méfit ptimo, bez nutnosti derivatizace [77-81].

Na rozdil od ostatnich klasickych perzistentnich kontaminanti (POPs),
perfluoralkylové karboxylové kyseliny jsou primarné uvoliovany do vody a akumuluji
se tudiz v povrchové i podpovrchové vodé. Voda je také hlavni zdsobarnou téchto
latek v zivotnim prostfedi a také hlavnim médiem pro jejich transport [13,25,82]. Proto
je také velkd ¢ast publikaci vénovana této problematice a také naSe prace byla
zamétena na tento oddil Zzivotniho prostedi. Zde je vybrano nékolik praci zabyvajicich
se stanovenim koncentrace perfluoralkylkarboxylovych kyselin v povrchovych i
podzemnich vodach.

34 ruznych organickych kontaminantl, zahrnujicich pfedevsim PFCA (C; — Cyy)
bylo sledovano ve vzorcich vody odebranych podél celé délky toku Dunaje metodou
SPE-HPLC-MS/MS. Nejvyssi koncentrace byly nalezeny u PFOA, a to 46 ng L™,
primémé hodnota PFOA pak byla 20 ng L™ [83]. Stejni autofi se dale zaméfili
na celoevropsky prizkum vyskytu vybranych perfluorovanych latek ve 164 vzorcich
podzemnich vod ziskanych zcelkem 23 evropskych zemi. PFOA byla nalezena
v 66 % vzork s maximalni koncentraci 39 ng L™ a PEHpA ve 30 % vzorkil s nejvyssi

koncentraci 21 ng L' [84].
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C; — Cy1 PFCA a PFOS byly stanoveny ve vybranych usecich feky Pad (Italie) a
jejich hlavnich pftitocich [25]. Nejvyssi koncentrace byly zaznamenidny u PFOA,
1300 ng L™, v fece Téanaro pobliz mésta Alessandra. V usti feky do Jaderského mote
byla nalezena mira kontaminace PFOA v rozmezi 60 — 174 ng L™

Ahrens a kol. [85] sledovali koncentraci polyfluorovanych sloucenin, mezi nimi 1
PFCA (Cs — Cyp), podél toku Labe v Némecku a v Severnim mofi.
Perfluoralkylkarboxylovym kyselindm dominovala PFOA s koncentraci 2,9 — 12,5
ng L.

Clara a kol. [86] se zabyvali vyskytem perfluoralkylovanych kyselin (C¢ — Ci2)
v rakouském hydrologickém systému. Nejvyssi koncentrace PFOA v povrchové vodé
byla 21 ng L™". Dale byl zkoumén sediment 7 alpskych jezer a sediment z feky Dunaje.
Ve vSech vzorcich dunajského sedimentu byly nalezeny PFHxA, PFHpA a PFOA
v rozmezi koncentraci 0,1 — 5,1 ng g”' suché vahy.

40 polyfluoralkylovanych chemikalii, véetné¢ PFCA, bylo sledovano ve vodé feky
Ryn podél jeho toku od Bodamského jezera az po usti do Severniho mote. Dominantni
perfluoralkylkarboxylovou kyselinou byla PFBA s koncentraci dosahujici az 335 ng L°
"187].

Nakayama a kol. [88] aplikovali SPE-UPLC-MS/MS pro monitorovani PFCA (C,4 —
Cy2) ve spadové oblasti povodi feky Mississippi. Nejvyssi koncentrace byly nalezeny
uPFBA, 458 ng L', a dal§im vyznamnym kontaminantem byla PFOA s nejvyssi
nalezenou koncentraci 125 ng L™.

HPLC-MS/MS metodu stanoveni perfluoralkylovych kyselin (C; — C;;) bez
prekoncentraéniho kroku ve vzorcich vody z Velkych jezer v USA publikoval Furdui a
kol. [89]. PFOA byla nalezena ve vSech Velkych jezerech s minimalni koncentraci
10 ng L a nejvyssi koncentrace PFOA byly zjistény v Ontarijském jezefe pobliz usti
z Cisticky odpadnich vod.

Vzorky motské vody ze zdlivu Guanabara v Jizni Americe obsahovaly PFOA
v koncentra¢nim rozmezi 0,7 — 3,25 ng L! [90].

Vzorky povrchové i pitné vody z né€kolika ¢inskych regiont byly méfeny metodou
SPE-HPLC-MS/MS [91]. Byly stanovovany dva hlavni perfluorované polutanty —

PFOA a PFOS, pficemz se medidny koncentraci (maxima koncentraci) PFOA
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ve vzorcich povrchové vody pohybovaly mezi 0,3 (1,3) ng L pro venkov (n = 13) a
3,9 (30,8) ng L' pro pramyslové oblasti (n = 22).

Kunachevovd a kol. sledovali vyskyt PFOA a PFOS v thajskych fekach
protékajicich prumyslovymi oblastmi [92]. Primérna koncentrace PFOA byla
stanovena metodou SPE-HPLC-MS/MS na 4,7 ng L™

V Indii byl proveden vyzkum zaméfeny na stanoveni perfluorovanych latek
ve vodach tek, jezer, pobfezni moiské a kanalizani vody [93]. Nejvyssi koncentrace
PFOA, 23,1 ng L', byla nalezena v fece Cooum v Chennai. PFOA byla piitomna
v 55 %, PFHXA ve 43 % a PFNA ve 40 % vSech vzorkll. Ve vzorcich nebyla nalezena
zadna z kyselin s dlouhym perfluorovanym fetézcem (C;; — Cia4).

Stanoveni perfluoralkylsulfonatt, fluorotelomernich sulfonatti, perfluoralkylovych
karboxylovych kyselin a nékterych fluorovanych alkylsulfonamidt bylo predmétem
studie Schulzové a kol. [94]. Jejich cilem bylo vyvinout jednoduchou a citlivou
analytickou metodu pro stanoveni fluorovanych chemikalii v odpadni vodé
z mestskych cisticek odpadnich vod v USA. Ke stanoveni zminénych sloucenin byla
pouzita HPLC-ESI-MS/MS s velkym objemovym nastfikem (large volume injection),
tedy bez pouziti SPE techniky. PFHxA, PFHpA, PFOA byly detekovany ve vSech
deseti CistiCkach, narozdil od PFNA a PFDA, které byly detekovany pouze v
nékterych. Pritomnost perfluoroktansulfonamidu (PFOSA) na vystupu z Cisti¢ek je
dikazem toho, Ze PFOSA vzniké biodegradaci fluorovanych prekurzori vstupujicich
do cisti¢ek odpadnich vod.

Kromé vod byly PFCA také nalezeny v dalSich matricich, napt. v lidském séru,
v matetském mléce [11, 95-97] ¢i ve tkanich zivych organismt pochazejicich ze vSech
¢asti svéta, nevyjimaje Arktidu [98,99]. V tabulce 3 je zpracovana reserse sledovanych

perfluoralkylkarboxylovych kyselin v nejriznéj$ich matricich.
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Tabulka 3 — ReSersni tabulka vybranych PFCA sledovanych v riznych matricich

Sledované  Matrice nalezené koncentrace  jednotky  metoda prdce
PFCA PFOA

C,-Cp, Ri&ni voda Dunaje + piitoky (Evropska studie) 2-46 ng L’ SPE-HPLC-MS/MS 83
C,—Cy Ri¢ni voda Padu + pritoky (Itélie) 1-1300 ng L' SPE-HPLC-MS/MS 25
Cs—Chs Ri¢ni voda Labe + Severni mote (Némecko) 2,9-125 ng L' SPE-HPLC-MS/MS 85
Cs Ri¢ni voda Roter Main (Némecko) 2214 ng L' SPE-HPLC-MS/MS 37
Cs—Cpa Alpska jezera, Dunaj (Rakousko) 1,1-21 ng L' LLE-HPLC-MS/MS 86
Cy—Cpp Ri&ni voda Mississippi (USA) 16,3 -125 ng L’ SPE-UPLC-MS/MS 88
Cs—Cpp Velka jezera (USA) 1,3-38,1 ng L’ HPLC-MS/MS (bez prekonc.) 89
Cg Povrchova voda (Thajsko) 0,7-64,3 ng L! SPE-HPLC-MS/MS 92
C,—Cp Povrchova voda + Atlanticky ocean (Brazilie) 0,7-3,25 ng L! SPE-HPLC-MS/MS 90
Cs Povrchova voda (Cina) 0,3 —30,8 ng L' SPE-HPLC-MS/MS 91
C;—Cypy Povrchova voda (Indie) 1-23,1 ng L! SPE-HPLC-MS/MS 93
Cs Pitna voda (severni Italie) 1,0-2,9 ng L' SPE-HPLC-MS/MS 100
Cs, C;aCyg  Pitna voda - kontaminace (Arnsberg, Némecko) 500 — 640 ng L! SPE-HPLC-MS/MS 101
Cg Pitna voda (Osaka, Japonsko) 23-84 ng L! SPE-HPLC-MS/MS 102
Cs—Cp2 Sediment z Dunaje (Rakousko) 0,1-5,1 ng g’ SLE-HPLC-MS/MS 86
C,-Cy Moisky sediment (Barcelona, Spanélsko) 0,8-12 ngg’ SPME-GC-MS 15
Cg Lidské sérum - celosvétovy priazkum 1-256 pg L IPE-HPLC-MS/MS 95
Cyg Plasma matek a novorozenct (Némecko) 1,5-4,6 pg L! LLE-HPLC-MS/MS 96
Cs—Cis Matei'ské mléko (Svédsko) 7-30 ng L' SPE-HPLC-MS/MS 97
Cs—Cyy Jatra polarnich medveédd, lisek a ryb (Kanada) 2-13 ngg’ IPE-HPLC-MS/MS 99

26



2.2.3 Stanoveni PFCA metodou kapilarni zonové elektroforézy

Skupina polskych védeti se =zabyvala stanovenim Cs az Cj, aniontl
perfluoralkylkarboxylovych kyselin pomoci CZE s nepiimou UV detekci ve vodnych
vzorcich [103]. Nosnym elektrolytem byl 50 mM tris(hydroxymethyl)aminomethan a
50 % methanol a jako chromofor byla pouzita 2,4-dinitrobenzoova kyselina. Detekcni
limit pro stanovované latky se pohyboval mezi 0,6 a 2,4 mg L. Dale také publikovali
metodu ptimé UV detekce (pfi vinové délce 190 nm), kde byl pouzit 50 mM fosfatovy
pufr se 40 % isopropanolem jako nosnym elektrolytem. Dosazené limity detekce byly
stanoveny mezi 2 — 22 mg L™ [104]. Dalsi publikovanou praci této skupiny je
stanoveni PFCA na CE Ccipu s vodivostni detekei v prostfedi nosného elektrolytu
obsahujiciho smés vody a ethanolu [105]. Byly dosazeny limity detekce pro stejné
analyty jako v pfedchozich dvou pracich v rozmezi 0,3 — 6,5 umol L. Jak je patrné,
metody kapilarni elektroforézy sriznymi typy detekce zatim nedosahuji takové

citlivosti, jako jiz provétené GC a HPLC techniky.

2.2.4 Pouzivané extrakéni metody pro stanoveni PFC ve vzorcich Zivotniho
prostiedi

Mezi nejbéznéji pouzivané metody pro zakoncentrovani a piecisténi realnych
vzorkd, jak vodnych vzorki, tak i1 biologickych matric, patii extrakce a mikroextrakce
na tuhé fazi. Dale se pouziva i iontové-parova extrakce ¢i jednoduchd extrakce

kapalinou.

2.2.4.1 Extrakce na tuhé fazi

Jako prekoncentracni krok pro rtzné¢ druhy realnych vzorkl, jako je naptiklad
povrchové ¢i odpadni voda, sediment, kal z Cistiek odpadnich vod, ale i biologické
matrice, je velmi ¢asto uzivana extrakce na tuhé fazi, nasledovana vétsinou HPLC-MS.
Weremiukova a kol. [37] se zabyvali kvantitativnim stanovenim PFOA a PFOS
ve vodnych vzorcich pravé pomoci téchto spojenych metod. Pro SPE extrakci byly
vybrany kolonky Oasis HLB Waters (6 mL, 200 mg), které jsou pro tyto typy analytl
velmi Casto pouzivané i v dalSich publikovanych pracich. Vzorky byly odebrany
na Ctyfech riznych mistech feky Roter Main v Némecku, nad a pod cistic¢kou odpadnich

vod. Nejvyssi koncentrace obou stanovovanych chemikalii byly zaznamenany 100 m
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pod ¢istickou (14 ng L' PFOA a 26 ng L' PFOS). Dale po proudu feky 1 km
od &istiky se jiz koncentrace snizily na 12 ng L™ a 14,5 ng L. Nad &istickou
odpadnich vod byly koncentrace mnohem niz§i. Znamena to tedy, ze velky podil
na kontaminaci fek perfluorovanymi polutanty ma méstska odpadni voda.

Stanovenim perfluoralkylkarboxylovych kyselin Cg — Cy4, PFOS a PFDS se zabyval
Higgins a kol. [106]. Jako vhodnou analytickou metodu pro jejich detekci a piesnou
kvantifikaci v sedimentech a odpadni vodé¢ si vybrali HPLC-MS/MS
s prekoncentra¢nim krokem SPE (C18 kolonky, 500 mg, Alltech). V btfeznu 2004 byly
shroméazdény vzorky sedimentll, odebrané 1 az 5 cm pod povrchem, z Gsti fek a zalivli
v okoli San Francisca. Dalsi sedimenty z Palo Alto Medflats, Haywardu, Baltimoru a
Corvallisu byly odebrany od dubna 2002 do ¢ervna 2004. Vzorky kalu z osmi ¢isti¢ek
odpadnich vod a usazené pevné latky z dalSich tii Cisticek byly shromazdény od unora
1998 do cervna 2004. Celkova koncentrace PFCA v odpadni vod¢ se pohybovala
v rozmezi 73 — 3390 ng g”'. Koncentrace v sedimentech byly na rozdil od odpadni vody

nizsi, a to v rozmezi 0,14 — 16,0 ng g™

2.2.4.2 Mikroextrakce na tuhé fazi

Saito a kol. [26] vyvinuli SPME metodu spojenou s HPLC-MS, pomoci které
stanovovali PFOA a PFOS. Jedna se o on-line metodu, kde je vyuzito GC kapilarni
kolony (CP-Pora PLOT) jako mikroextrakéni kolonky, zafazené mezi nastiikovou
smycku a jehlu autosampleru. Dosédhli tak stondsobné vyssi citlivosti, nez pii pfimém
nastiiku, LOD pro PFOA bylo stanoveno na 1,5 ng L, pro PFOS pak 3,2 ng L' Touto
metodou pak stanovili PFOA a PFOS ve vodnych vzorcich Japonska a také v eluatu
z teflonové panve. Nejvyssi koncentrace byly zaznamenany v Osace, kde v pitné vode
z vodovodu byly zaznamenany koncentrace PFOA 35,3 ngL" a v eluatu z teflonové
panve 27,3 ng L. PFOS nebyl detekovan v zadném z méfenych vzorki.

Stanovenim perfluorovanych latek ve vod¢ a sedimentu pomoci SPME nasledovanou
GC-NCI-MS se zabyvali Alzaga a Bayona [15,16]. PFCA byly zkoumény v riiznych
matricich, jako jsou povrchovd voda, podzemni voda, biologicky materidl a
derivatizovany na pfislusné metyl- a butylestery ptimo na SPME vldkné& v nastfikovém
prostoru. Vysoka selektivita a ucinnost této analytické metody byla zjiSténa

u butylesteru kyseliny perfluorhexanové. PFOA a PFDA byly detekovany ve vzorcich
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odpadni vody a jejich koncentrace se pohybovala v rozmezi od 0,34 do 4,32 pg L™
pro PFOA a od 0,5 do 82pug L' pro PFDA. Pouzitd metoda byla oznalena
za spolehlivou, citlivou a selektivni techniku pro stanoveni PFCA ve vzorcich vodného

prostiedi.

2.2.4.3 Iontové-parova extrakce

Stanovenim koncentrace PFHxS, PFOS, PFOA v jatrech ptaki se zabyval Kannan a
kol. [38]. Pro méfeni byla vyuzita metoda HPLC-ESI-MS/MS, kde jako
prekoncentraéni krok byla provedena iontové-parovd extrakce za pomoci
tetrabutylamoniumhydrogensulfatu. Ptaci byli odchyceni z primyslovych oblasti kolem
velkych mést Tokya a Yokohamy a zchovné stanice Gyotoku (Japonsko) a dale
v blizkosti feky Sagami (Japonsko) a Nakdong (Jizni Korea), které se nachdzeji
v blizkosti tovaren a rafinerii (celkem 83 ptaki Sesti riiznych druhti). PFOS byl nalezen
v jatrech 95 % vSech ptakl a jeho koncentrace se pohybovala nad mezi stanovitelnosti,
ktera odpovida 19ng g &erstvé tkand. Nejvyssi namefena koncentrace 650 ng g
PFOS byla zaznamenana u kormorana obecného (Phalacrocorax carbo), ktery zil
uteky Sagami. U ptadkd zJaponska byly nalezené koncentrace obecné vySsi, nez
u korejskych ptakd. PFOA a PFHxS byly nalezeny u 5 az 10 % vzorki, nejvyssi
koncentrace odpovidaly 21 ng g' resp. 34 ng g'. Vysledky této studie poukazuji
na velmi rozsiteny vyskyt ptredev§im PFOS v zivotnim prostiedi a jsou ftadove
srovnatelné s podobnymi studiemi provedenymi v Evropé a Spojenych Statech.

Nékolik riznych extrakénich technik pro prekoncentraci a stanoveni C4 — Ci» PFCA
v pudach pouzil a srovnal Washington a kol. [78]. Konkrétn¢ porovnaval iontoveé-
parovou extrakci s pouzitim tetrabutylamoniumhydrogensulfatu, jednoduchou extrakci
tuhé latky kapalinou s pouzitim smési acetonitril/voda a SPE metody s rliznymi
stacionarnimi fazemi. Byl nalezen tento optimalni postup pfipravy a ptecisténi vzorku:
prvotni extrakce pudy smési acetonitril/voda, odpaieni, nasledné rozpusténi v roztoku
tetrabutylamoniumhydrogensulfatu, dale pak extrakce iontového paru do methyl-tert-
butyletheru, dalsi odpateni a finalni rozpusténi vzorku ve smési (acetonitril/voda, 60:40
v/v) pro méteni pomoci HPLC-MS/MS. Ve vSech tiech testovanych vzorcich plidy byly

touto technikou detekovany vSechny testované perfluoralkylkarboxylové kyseliny C¢ —
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stanovena pro PFHxA a PFDA.

Stanoveni koncentrace PFHxS, PFOS, PFOA a PFOSA v lidské krvi bylo cilem i
dalsi studie, kterou zpracoval Hansen a kol. [107]. Provedl kvantitativni analyzu
65 vzorkd lidského séra odebraného od darcti ve Spojenych Statech, ktefi nebyli
vystaveni pfimé expozici z primyslové vyroby. Pro méfeni byla vyuzita jiz zminéna
metoda HPLC-ESI-MS/MS a jako prekoncentracni krok byla provedena iontoveé-parova
extrakce tetrabutylamoniovou soli. PFOS se vyskytl v nejvyssi koncentraci, kterd
odpovidala 28,4 ug L™ (tj. 18,4 ug L' organicky vazaného fluoru). Ostatni stanovované
latky byly nalezeny v mnohem niZS§ich koncentracich. Celkové mnozstvi organicky

véazaného fluoru bylo stanoveno na 27 pg L™ krevniho séra.

2.3 Charakterizace interakci analytu se stacionarni fazi v plynové

chromatografii

Vtéto praci je Cast veénovana 1 studiu termodynamickych  vlastnosti
perfluoralkylkarboxylovych kyselin a jejich chovani v chromatografickém systému.
Proto je zde uvedena stru¢nd teorie termodynamiky 1 se vzorci, které byly pouzity
pfi vypoctech.

Na retenci, neboli zadrzovani, maji v plynové chromatografii nejvétsi vliv povrchové
a vnitini (bulk) interakce analytu se stacionarni fazi. Tyto interakce jsou
charakterizovany retenCnimi parametry, jako je specificky retencni objem V,, ktery je
zavisly na druhu analytu, stacionarni fazi a nosném plynu. V, lze snadno vztdhnout k
termodynamickym veli¢indm, které jsou detailn¢ popsany v literature [108,109].
Specificky retenéni objem v jednotkach mL g' lze vypotitat z experimentalng
zjisténych dat pomoci vztahu:

273,15
w T,

Vg:(tR_tM)jmnF (1)

kde 7z (min) je retencni Cas rozpusténé latky, tedy analytu a #, (min) je mrtvy ¢as inertni
latky, naptiklad methanu nebo vzduchu. 7, (K) je teplota kolony, F (mL min) je
pratokova rychlost nosného plynu méiena pii teploté 7., w (g) je hmotnost stacionarni
faze v kolon¢ a j,, je kompresibilitni faktor, ktery zavisi na vstupnim tlaku p; (Pa) a

vystupnim tlaku p, (Pa). j.., 1ze vypocitat z nasledujiciho vztahu [110]:
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joom {M}

n|(p./po)" ~1 2
K vypocétu j,, jsou bézné pouzivany hodnoty m = 3 a n = 2 s dostate¢né¢ velkou
piesnosti.

Pokud je stacionarni faze v kondenzovaném stavu, tedy kapalnd ¢i tuhd, lze vynést
logaritmus specifického retencniho objemu proti reciproké hodnoté teploty T..
Pro teplotni rozmezi, kde se tepelna kapacita rozpusténé latky témeéf neméni, dostdvame
linearni primku. Sklon p¥imky uréuje parcialni molarni entalpii AH (J mol™), coZ lze
vyjadfit ndsledujicim vztahem:

InV, = A +C 3)
RT,
kde R je plynova konstanta, 7. je teplota kolony a C je integra¢ni konstanta.
Parcialni molarni Gibbsova energie rozpousténi AG (J mol™) je pro rozpusténé latky
v termodynamické rovnovaze v systému nosny plyn — staciondrni faze dana vztahem:
AG" = i — 1, = —RTln(M] (4)
B Sl Ton
kde i’ a win’ jsou standardni chemické potencialy rozpusténé latky ve stacionarni (s) a
mobilni fazi (m), fi; a fim jsou odpovidajici fugacity a fi,” a f;,' jsou fugacity rozpusténé
latky ve standardnim stavu [111].

Podminka rovnovéhy je pfiblizné platnd pouze pro stfed chromatografické zony,
proto jsou tedy chromatograficka data ziskavana z maxima ptisluSnych piki.

Pokud bychom chtéli pocitat AG z experimentalné ziskanych parametri, je nutné si
nejprve definovat standardni stavy rozpusténé latky v obou fazich [112]. Zde lze vyuzit:
(a) definice koncentracnich jednotek, (b) definice standardnich koncentraci rozpusténé
latky v obou fazich a (c) normalizaci aktivitnich koeficienti rozpusSténé latky
v kondenzované fazi. V naSem piipadé mizeme povazovat rozpusténou latku
za nekonecné zfedénou v obou fazich a proto je nejvhodnéjsi vybrat tyto standardni
stavy: (a) koncentrace jako molarni zlomek ve stacionarni fazi x;, (b) standardni
koncentrace rozpusténé latky ve stacionarni fazi x,° = 1 a (c) aktivitni koeficient
rozpusténé latky ve stacionarni fazi y;; = 1 pfi x;; — 0. Pro mobilni fazi je pak (a)
koncentrace definovana pfi tlaku p” = 101325 Pa jako molarni zlomek v mobilni fazi x;,

a (b) standardni koncentrace rozpu$téné latky v mobilni fazi x;,” = 1.
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Pro aktudlni a standardni fugacity rozpusténé latky ve staciondrni i mobilni fazi

dostavame:

j;'s:yish'x' a fozhxozh (Sa)

l IA)

Jin =V PX @ [y =1 (5b)
kde 4; je Henryho konstanta rozpusténé latky, v, je fugacitni koeficient rozpusténé
latky ve smési s nosnym plynem pii tepoloté 7. a tlaku p. Timto vyjadienim pak
zahrnuje normalizace aktivitniho koeficientu odchylky syst¢ému od Henryho zékona.

Po této specifikaci standardnich stavil 1ze vztah 4 vyjadrit takto:

}/is Ms
AG =—RT. 1n[Vg TS R} (6)

kde M; je relativni molekulova hmotnost stacionarni faze a z,, je kompresibilitni faktor
mobilni faze [30].

V systému, kde je stacionarni faze chemicky nedefinovatelna, naptiklad kdyz M;
neni znamda, musi byt definice standardnich stavii modifikovana. NejlepSim a
nejjednodussim zpiisobem je definovani koncentrace rozpusténé latky ve stacionarni
fazi pomoci molalniho zlomku m;, standardni molality m,-so =1 a ptislusného moléalniho

aktivitniho koeficientu y;;" = 1 p¥i m;; — 0. Takto se da preformulovat vztah 5a na:
fr=yiim, A f=l )

kde /; je konstanta (podobné jako %;) vztazena Kk fi" a m;s v oblasti nekone¢ného fedéni.

Co se tyce x;; a m;; pii nekone¢ném fedéni, kde y;; — 1 a y" — 1, lze aproximovat

[113]:

X, M
s, M g
m,. 1000 ®)

IA)

Preformulovanim vztahu 6 s podminkami vyplyvajicimi ze vztahi 7 a 8 muizeme

napsat:

) 721000
AG =—RT,. h{vg T35y, 2 R 9)

Pro podminky nekonec¢ného zfedéni a malého poklesu tlaku podél kapilarni kolony
limituji koeficienty »"i, Vin a z, k jedné. I kdyZ hodnoty M, stacionarni fize nejsou

dostupné, vztah 9 Ize pouzit i bez této znalosti ke kalkulaci AG analytt [113].
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Pokud zname hodnoty AG a AH, lze jednoduSe dopocitat parcidlni molarni entropii
AS pfi teploté T, dle vztahu:

AS :_(5AG) _ (AH - AG)
oT ), T,

(10)

Pokud zndme hodnotu specifického retenéniho objemu V, pfi teploté¢ 7., mizeme
ziskat distribu¢ni konstantu rozpusténé latky mezi staciondrni a mobilni fazi dle

nasledujiciho vztahu:

Ky=V, % (11)
kde py, (g cm™) je hustota staciondrni faze (zmé&na hustoty s rostouci teplotou je zde
zanedbana) [114].

Fazovy pomér f, vyjadiujici pomér objemu mobilni a stacionarni faze kolony, je
definovan takto:

d

p=r
4d,

(12)

kde d je vnitini primér kolony a dy je tloustka filmu stacionarni faze. Pouze u kolon se

stejnym fazovym pomérem a stejnou délkou lze ocekéavat shodu reten¢nich casti [114].

2.4 Teorie SPE - extrakce tuhou fazi

Tato prace se zabyva vyvojem analytickych metod, které zahrnuji i prekoncentracni
krok. V nasem pfipad¢ byla pouzita k pteciSténi a zakoncentrovani realnych vodnych
vzorkd extrakce na tuhé fazi, tedy SPE. V této kapitole je proto teorie této extrakéni
metody zminéna.

Extrakce na tuhé fazi je metoda, pifi které dochazi k rozdéleni analytu mezi dvé
nemisitelné faze, z nichz jedna je tuhd. Tuhou fazi je analyt zachytavan z plynné nebo
kapaln¢ faze [114]. Ostatni latky ze vzorku se sorbuji velmi malo nebo vibec, ¢im
dochazi zaroven i k precisténi vzorku od matrice. Metoda je Casto vyuzivana k odbéru a
upravé vzorkl ve spojeni se separa¢nimi metodami. UmozZiiuje vzorkovat velké objemy
a zaroven selektivné zkoncentruje vybrany analyt, ¢imz ale zméni sloZeni vzorku.

Diky stale se zvétSujici nabidce komer¢nich produktt (kolonek, diskd...) a vyhodam
(rychlost, selektivita, reprodukovatelnost, citlivost a moznost automatizace), se SPE

ve spojeni s plynovou nebo kapalinovou chromatografii vyuziva v analyze slozek

33



zivotniho prostiedi, ve farmacii, klinické praxi, toxikologii nebo v potravinaistvi.
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Obrazek 2.2 — Schematicka ukéazka vyuziti extrakce na tuhé fazi [115]

Cely proces SPE muze byt rozdélen na nékolik dil¢ich krok:

1) Vybér vhodné tuhé faze (sorbentu), a to jak typu, tak velikosti kolonky dle druhu
analytu a objemu vzorku. Pied volbou tuhé faze je tieba zjistit co nejvice informaci
ovzorku a na zaklad¢ téchto informaci potom vybrat vhodny typ faze a velikost
kolonky. Ruzné vlastnosti, urcujici mechanismus sorpce na tuhé fazi (adsorpce,
rozpousténi, afinita, iontovd vyména nebo molekulové rozpoznavani), dovoluji rizné
experimentalni uspotadani (terce, kolonky, vldkna), ¢imz se metoda stava velmi
variabilni.

2) Prvnim krokem samotné prace je kondicionace kolonky, pii které dochazi k solvataci
stacionarni faze. Ta se proplachne ptedepsanymi roztoky rozpoustédel, které jsou
urceny slozenim stacionarni faze a poté roztokem podobnym vzorku. Tim je umoZnén
samotny zachyt hledaného analytu.

3) Dalsim krokem je samotné nadavkovani vzorku, pti kterém dojde ke specifickym
interakcim mezi tuhou fazi kolonky a latkami ve vzorku. Hledany analyt se zadrzuje,
zatimco matrice projde bez zachytu.

4) Nasledné promyti kolonky vhodnym ¢inidlem vede k vymyti nezadoucich zbytkt
matrice, tento krok muze byt ale preskocen, pokud by hrozilo nezddouci vymyti analytu.

5) Predposlednim krokem muze byt suseni, které se provadi bud’ inertnim plynem (N)
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nebo vzduchem, a to jen v ptipad¢, Ze je elucni ¢inidlo nekompatibilni s rozpoustédlem
vzorku.

6) Poslednim krokem je eluce rozpoustédlem, pii kterém dochdzi k uvolnéni
zachyceného analytu. Aby bylo dosazeno co nejvétSiho zakoncentrovéani, vzorek se
desorbuje do co nejmenSiho objemu. Analyt miZze byt také uvolnén termicky, kdy
dochdzi k uvolnéni zachyceného analytu do proudu plynné faze zvySenim teploty [114].

Existuje celd fada dostupnych stacionarnich fazi. Mezi nejbéznéji pouzivané faze
patii C18 — oktadecyl vazany na kiemikovy atom silikagelu, pouzivany hlavné
pro nepolarni az stfedn€ poldrni analyty. Pro analyty nesouci niboj je mozno pouZzit
iontové vyménné tuhé faze. Zachyt analytu se uskutecniuje prevazné diky vzajemnym
elektrostatickym interakcim mezi nabitymi funkénimi skupinami analytu a tuhé faze.
Podle néaboje skupiny se dé€li na kation- nebo anion-vyménné. SAX (strong anion
exchanger) je nejcastéji polymerné vazany kvartérni amin, bézn€ pouzivany k zachytu
aniontl, nukleovych kyselin, nukleotidll a organickych kyselin.

SCX (strong cation exchanger) je nejcastéji na silikagel navazana benzensulfonova
kyselina, kterd se pouzivd na zachyt kationickych antibiotik, herbicidd a dalSich
organickych latek. Iontové vyménné faze zahrnuji 1 dalsi typy vcetné slabych analogl
k SAX a SCX s oznacenim W (weak).

V nasem ptipad€ byla vybrana tuhd faze z hydrofilné modifikovaného polymeru na
bazi styrenu s komerénim nazvem Supel ™-Select HLB (6 mL, 200 mg, Supelco), ktery
je pouzivany pro zachyt Siroké Skaly latek z vodného prostedi. Diky hydrofilni upravé
faze lze zachytavat i polarni slouceniny. Organické analyty ve vzorcich se v kolonce
zachytavaji diky nepolarnim interakcim, naptiklad van der Waalsovym ¢i disperznim
interakcim, a funk¢énim skupindm na povrchu pevné faze. K eluci sorbovaného analytu
se pak pouzije rozpoustédlo, které narusi vzajemné interakce mezi analytem a tuhou fazi
[116]. NaSe analyty, tedy perfluoralkylkarboxylové kyseliny, byly zachytavany na této
tuhé fazi v podob¢ iontového paru, ktery se vytvoii z molekul PFCA a
tetrabutylamoniumbromidu (viz podrobnéji v kapitole 4.2.2.4).

Co se tyce velikosti vybranych kolonek, objem 6 mL je nejvétsi pro tuto stacionarni
fazi a je pak vhodny pro velké objemy vodnych vzork fadové o objemu stovek

mililitrd az jednoho litru.
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2.5 Metody urcéeni LOD a LOQ

Pro spravné vyjadieni citlivosti meéficiho zafizeni ¢i metody je potieba zvolit
nejvhodnéjsi postup urceni limitl detekce a stanovitelnosti.

Signal méficiho zafizeni S je tvofen pfispévky analytu, matrice vzorku a
instrumentace GC. Pro ucely kvantitativni analyzy musi platit, ze signal analytu S; je
piimo Umérny koncentraci analytu ¢; a citlivosti méficiho zafizeni. Citlivost je
vyjadiena jako soucin konstrukénich vlastnosti K méficiho zafizenia specifickych
vlastnosti analytu a@;. Nezbytnou podminkou spravné kalibrace méficiho zafizeni je
neménnost jeho citlivosti v pouzitém koncentratnim intervalu analytu. Vztah mezi
signalem, citlivosti, linearitou a koncentraci analytu lze pak vyjadfit obecnym vztahem:

S; = (Ka;)c! (13)

V pfipad¢ hodnoty koeficientu linearity / blizkému jedné mohou byt mez detekce a
mez stanovitelnosti vypocCitdny ze spole¢né smérodatné odchylky regrese SDR
(odpovida hodnoté SD linearni regrese v anglické verzi programu Origin) tak, Ze pro
LOD je brana hodnota 3 x SDR a pro LOQ hodnota 10 x SDR. Dosadime-li za nejmensi
signal trojndsobek SDR a za koncentraci LOD do rovnice 13, pak pro / ~ 1 dostaneme:

3SDR
(Ka,)

LOD =

(14)

Obdobn¢, dosadime-li za nejmensi signal pro kvantifikaci desetindsobek SDR a

za koncentraci LOQ do rovnice 13, pak pro / ~ 1 dostaneme:

LOQ = (15)

Pokud se linearity vyraznéji odchyluji od jedné, je nutné piejit k vypoctu LOD a LOQ
z logaritmické zavislosti plochy piku na koncentraci dle vztahu:

logS; =log(Ka,)+!logc, (16)
Pak je za hodnotu signalu dosazeno 3 x SDR pro LOD a 10 x SDR pro LOQ. Po tpravé
dostavame vztahy pro vypocet LOD (17) a LOQ (18) [115,117,118]:

LODzlPSDR (17)
Ka,

LOQ:z,IOSDR (18)
Ka,
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Pro né&které méfici ptistroje je vhodnéjsi pocitat LOD a LOQ z naméfené¢ho poméru
signal/Sum (S/N), kdy byvéa tento vypocet piesnéjsi, nez vypocet ze smérodatné
odchylky regrese. V separacnich metodach se mez detekce vyjadiuje jako trojnasobek
Sumu zékladni linie a mez stanovitelnosti jako desetinasobek Sumu zakladni linie.
Modernéjsi pfistroje vétSinou umi tento pomér pro jednotlivé piky rovnou vypocitat.
vynasobime odpovidajici koncentraci tfemi a vydélime ji pomérem S/N (19). LOQ se
pak pocitad obdobng, jen je koncentrace vynasobend desiti (20).

3¢

LOD = (19)
S/N
10¢
LOQO = 20
0 SIN (20)

37


http://www.hplc.cz/Teorie/detector_response.html

3. Experimentalni Cast

3.1 Standardy a chemikalie

Pouzity byly tyto standardy: kyselina perfluorpentanova (97%, Aldrich, Steinheim,
Némecko), kyselina perfluorhexanova (95%, Fluka, Steinheim, Germany), kyselina
pefluorheptanova (95%), kyselina perfluoroktanova (95%), kyselina perfluornonanova
(97%), kyselina perfluordekanova (98%), kyselina perfluorundekanova (95%), kyselina
perfluordodekanovd  (95%), kyselina  perfluortridekanova  (97%),  kyselina
perfluortetradekanova (97%), kyselina oktanovad (98%, vSechny Sigma-Aldrich,
St. Louis, USA).

PouZitymi chemikéliemi byl hexan (99%, Baker Analyzed, Mallinckrodt Baker B.V.,
Deventer, Holandsko), acetonitril (p.a., Lichrosolv, Darmstadt, Némecko), methanol
(>99,9%, Rotisolv HPLC, Carl Roth, Karlsruhe, Némecko), kyselina fosforecna,
isobutylalkohol, octan amonny, hydroxid sodny, uhli¢itan sodny (vSechny p.a., Penta,
Chrudim, Ceskd republika), tetrabutylamoniumbromid (>98%, Fluka, Steinheim,
Némecko), pyridin (99%), chlormravencan isobutylnaty (98%, oba Aldrich, Steinheim,
Némecko) a voda (Milli-Q Plus, Millipore).

Pii analyzach na CE-MS byly pouzivany tyto chemikalie: mraven¢an amonny (97 %
p-a., Alfa Aesar, Karlsruhe, Némecko), octan amonny (97 %, p.a. Carl Roth, Karlsruhe,
Némecko), kyselina mravenci (98 — 100 %, p.a.), kyselina octova (100 %, p.a. obé
Merck, Darmstadt, Némecko), kofein (99 %, Avocado Research Chemicals, Heysham,
Velka Britanie), isopropanol (99,95 %, Rotisolv. HPLC, Carl Roth, Karlsruhe,
Némecko), methanol (LiChrosolv HPLC), acetonitril (LiChrosolv HPLC) a amoniak
(roztok 25 %, p.a., Merck, Darmstadt, Némecko).

3.2 Pristrojové vybaveni
GC a GC-MS

Analyzy byly provadény na plynovém chromatografu PU 4600, (Unicam Analytical
Systems, Cambridge, Velkd Britanie) s plamenové ioniza¢nim detektorem (FID) a
detektorem elektronového zachytu (ECD). Nosnym plynem byl dusik (99,997%, Linde
Technoplyn). Pro meéfeni byly vyuzity tyto kapilarni kolony: SPB-1 (Supelco,
Bellefonte, USA, 30 m, 0,25 ID, film 0,25 um, dimethylpolysiloxan), SPB-5 (Supelco,
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15 m, 0,25 ID, film 0,25 pm, 5 % difenyl, 95 % dimethylpolysiloxan), SPB-20
(Supelco, 15 m, 0,25 ID, film 1 um, 20 % difenyl, 80 % dimethylpolysiloxan), SPB-35
(Supelco, 30 m, 0,25 ID, film 1 um, 35 % difenyl, 65 % dimethylpolysiloxan), ZB-1701
(Phenomenex, Torrance, USA, 15m, 0,25 ID, film 0,25 um, 14 % kyanopropylfenyl,
86 % dimethylpolysiloxan), Supelcowax 10 (Supelco, 30 m, 0,25 ID, film 0,25 pm,
polyethylenglykol), SP-2340 (Supelco, 30 m, 0,32 ID, film 0,2 um, 100 % poly(bis-
kyanopropylsiloxan), SLB IL-100 (Supelco, 30 m, 0,25 ID, film 0,2 um, 1,9-di(3-vinyl-
imidazolium)nonan-bis(trifluoromethyl)sulfonylimidat), Rtx-200MS (Restek,
Bellefonte, USA, 30 m, 0,25 ID, film 0,25 pm, trifluorpropylmethylpolysiloxan).

Sbér dat a zpracovani vysledkli bylo provedeno v programu CSW 1.7 (DataApex
s.r.0., Jinonice, Ceska Republika).

Déle bylo méfeno na plynovém chromatografu s hmotnostnim spektrometrem
GCMS-QP5050A, Shimadzu (Analytical and Measuring Instruments Division, Kyoto,
Japonsko) s kolonou DB-5MS (Agilent Technologies, USA) délky 30 m o vnitinim
priméru 0,25 mm a tloustce filmu 0,25 pm (5 % difenyl, 95 % dimethylpolysiloxan).
Nosnym plynem bylo helium (99,999 %, Linde). K dispozici byl hmotnostni
spektrometr s EI ionizaci (energie 70 eV). Ke sbéru dat slouZzil program LabSolution
(GCMSsolution 1.2, Shimadzu). K interpretaci hmotnostnich spekter byl pouzita
knihovna spekter NIST 05 (NIST/EPA/NIH Mass Spectral Library, National Institute
of Standards and Technology, USA).

Reélné vzorky byly proméfovany i na nové zakoupeném plynovém chromatografu
s hmotnostnim detektorem GCMS-QP2010 Plus, Shimadzu (Analytical and Measuring
Instruments Division, Kyoto, Japonsko). Nosnym plynem bylo helium (99,999 %,
Linde). K dispozici byl hmotnostni spektrometr s negativni chemickou ionizaci,
reakénim plynem byl methan (99,9995 %, Linde). PouZivanou kolonou byla jiz zminéna
RTX-200MS. Ke sbéru dat slouzil program LabSolution (GCMSsolution 2.3,
Shimadzu).

HPLC-MS

Analyzy HPLC-MS byly provedeny na pfistroji Esquire 3000 (hmotnostni detektor

s iontovou pasti, Bruker Daltonics, Bremen, Némecko). HPLC separace byly provadény
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na kolon¢ s C18 stacionarni fazi s komerénim nazvem Prontosil (200 mm x 2,0 mm ID,

3,0 um, Bishoff, Leonberg, Némecko).

CE-MS

CE-TOF-MS analyzy byly provadény na microTOF hmotnostnim spektrometru
s elektrosprejovou ionizaci (Bruker Daltonics, Bremen, Né&émecko), spojenych
s laboratorn€¢ zhotovenou kapilarni elektroforézou a zdrojem vysokého napéti (model
HCN 35000, F.u.G. Elektronik, Rosenheim-Langenpfunzen, Némecko). Separace byly
provadény na kfemenné kapilafe o délce 28 cm s vnitinim priimérem 25 pm.

CE-qqq-MS/MS analyzy byly provadény na kapildrni elektroforéze (7100, Agilent
Technologies) s tandemovym hmotnostnim detektorem s trojitym kvadrupolem (6460
Triple Quad LC/MS, Agilent Technologies). PouZitou ionizacni technikou byl
elektrosprej v negativnim modu. Sheath liquid byla pumpovana pumpou Agilent
Technologies, 1200 series. Separace byly provadény na kiemenné kapilafe o délce

60 cm s vnitinim pramérem 50 pm.

Dalsi pouzita zarizeni

K zakoncentrovani vzorkii byla pouzita rota¢ni odparka (Rotavapor EL 130, Biichi,
Flawil, Svycarsko). Na méfeni pH byl pouzit pH-metr (Jenway 3510 pH, East Port
Praha, Ceskd Republika). Vzorky byly vytfepavany na tiepaéce (Vortexgenie 2,
Scientific Industries, Hampshire, Velkd Britanie) a promichdvany v ultrazvukové lazni
(Sonorex RK 100, Bandelin, Barlen, Némecko) a zahtivany na blokovém termostatu
(Stuart Scientific, SBH 130DC, Staffordshire, Velk4 Britdnie). K SPE extrakci byly
pouzity kolonky Supel-Select HLB (6 mL, 200 mg, Supelco, Bellefonte, USA) a
vakuova odsavaci souprava pro SPE (Visiprep, Supelco). K pipetovani slouzily
automatické pipety 1-5 mL, 100-1000 pL, 20-200 pL, 10-100 pL a 0,5-10 pL (vSechny
Biohit, Helsinky, Finsko), 100 pl (Hamilton, Reno, USA), 50-250 uL (Eppendorf,
Hamburg, Némecko), 5-40 pL (Labsystems, Helsinky, Finsko). K davkovani
do plynového chromatografu byla pouzivdna 5 pL stiikacka, plynotésna 10 pL stiikacka
(obé Hamilton, Reno, USA) a plynotésnd 100 pL stiikacka (Hamilton-Bonaduz,
Svycarsko).

40



3.3 Odbér vzorku

Realn¢ vzorky ticni vody byly odebirany na tfech mistech podél toku Vltavy v Praze,
v obdobi od dubna 2009 do ledna 2011. Prvnim odbérovym mistem (A) byla Vyton
pod Zelezni€énim mostem pobliz centra Prahy, dal§im mistem (B) byla Troja
pod Trojskou lavkou, piiblizné 1500 m na vypusti z Ustiedni &isticky odpadnich vod.
Posledni odbérové misto vody z Vitavy (C) bylo opét v prazské ¢tvrti Trdja, ovsem cca
500 m pod vypusti z Ustiedni ¢isticky odpadnich vod. Vzorky byly odebirany 50 cm
pod hladinou do 1,5 L PE lahvi.

Vzorky Labe byly odebirany béhem jednoho dne (8.1.2011) podél celého toku této
feky v Ceské republice na $esti odbérovych mistech, a to ve Vrchlabi, Pardubicich,
Mélniku — Klech, Stéti, Usti nad Labem a Dé&Einé. Z kazdého odbérového mista byly
vzorky co nejrychleji transportovany do lednice a uchovavany v chladu a tmé. Poté byly
vzorky prefiltrovany pfes membranovy filtr (primér 47 mm, 0,45 pum, Whatman,
Maidstone, Velké Britdnie) pomoci vakuové pumpy KNF LAB Vacuumcontoller (KNF
Neuberger, Freiburg, Némecko).

Vzorky Dunaje byly odebrany dne 12.5.2011 v centru Regensburgu, Némecko,

pobliz kamenného mostu (Die Steinerne Briicke).

3.4 Priprava zasobnich roztoki
Zasobni roztok kyseliny oktanové v acetonitrilu

Byl piipraven zasobni roztok kyseliny oktanové pro derivatizace na isobutylester tak,
ze do odmérné banky o objemu 5 mL bylo napipetovano 55 pL kyseliny a doplnéno

po rysku acetonitrilem.

Zasobni roztoky perfluoralkylovych karboxylovych kyselin v acetonitrilu

Byly pfipraveny zasobni roztoky perfluoralkylkarboxylovych kyselin v acetonitrilu —
kyseliny perfluorpentanové (PFPeA), kyseliny perfluorhexanové (PFHxA), kyseliny
pefluorheptanové  (PFHpA), kyseliny perfluoroktanové  (PFOA), kyseliny
perfluornonanové  (PFNA)  kyseliny  perfluordekanové  (PFDA),  kyseliny
perfluorundekanové (PFUnA) a kyseliny perfluordodekanové (PFDoA). Bylo navéazeno
pfesné 50 mg jednotlivych kyselin a  kvantitativné byly prevedeny

do polypropylenovych odmérek a doplnény do 5 ml acetonitrilem. Z téchto zadsobnich
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roztokl byl pfipraven zasobni roztok smési perfluoralkylovych kyselin o koncentraci

100 mg L™, ktery byl déle fedén na pozadovanou koncentraci.

Ziasobni roztoky perfluoralkylovych karboxylovych kyselin v methanolu

Pro analyzy na CE-MS byly pfipraveny zasobni roztoky téchto kyselin a navic dvou
kyselin, a to kyseliny perfluortridekanové (PFTrA) a kyseliny perfluortetradekanové
(PFTeA) v methanolu o koncentraci 1 mmol L. Bylo tedy navazeno nebo
napipetovano 38,8 uL PFPeA, 44,6 uL PFHxA, 91,02 mg PFHpA, 103,52 mg PFOA,
116,02 mg PFNA, 128,52 mg PFDA, 141,02 mg PFUnA, 153,53 mg PFDOoA,
166,03 mg PFTrA a 178,53 mg PFTeA do jednotlivych 10 mL odmérnych ban¢k a
doplnénych po rysku methanolem. Z téchto zasobnich roztokli byl pfipraven zasobni

roztok smé&si perfluoralkylovych karboxylovych kyselin o koncentraci 1 mmol L™.

3.5 Priprava vodnych vzorkiu k SPE extrakci
Piiprava vodného zasobniho roztoku smési kyselin pro optimalizaci SPE

Bylo pfipraveno 250 mL zéasobniho roztoku perfluoralkylkarboxylovych kyselin
(Cs— C12) o koncentraci 1 mg L' v deionizované vods tak, Ze k odm&fenému mnozstvi
vody bylo pfidano 100 pL standardniho roztoku smési perfluoralkylovych kyselin
o koncentraci 2,5 mg L. Vzhledem k velmi malému objemu pipetovanych roztok
(zanedbatelny piirtstek objemu) nebyl zdsobni roztok pfipravovan pifimo v odmérné

barice z diivodu zamezeni kontaktu se sklem a Spatné manipulace.

Priiprava realnych vzorku k SPE extrakei

Vzorky uchovédvané v lednici byly pted dal§i upravou nejprve temperovany
na laboratorni teplotu. Bylo odméteno 250 mL vodného vzorku fi€ni vody v odmérné
barice a toto mnozstvi bylo pielito do 250 mL polypropylenové nadoby. Ke vzorku bylo
piidano 100 pL iontové-parového cinidla tetrabutylamoniumbromidu o koncentraci
125 g L™ tak, aby celkovéa koncentrace iontové parového ¢inidla ve vzorku odpovidala
pozadované koncentraci 50 mg L. Takto upravené vzorky byly piipraveny pro SPE

extrakci. Z kazdého odbérového mista byly pripraveny celkem 3 paralelni vzorky.
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Piiprava spikovanych realnych vzorku k SPE extrakei

Byly pfipraveny tii vzorky fi¢ni vody z Vltavy (odbérové misto A) o objemu 250 mL
stejnym zptisobem, jako redlné vzorky v predchozi kapitole, ale ke vzorku byl jesté
pridavéan standardni roztok smési perfluoralkylovych karboxylovych kyselin (Cs — Cj»)
tak, aby celkova koncentrace jednotlivych ptidanych perfluoralkylkarboxylovych
kyselin byla 1,40.10° pg mL' a 1,40.10" pg mL™' (respektive 0,5 pg mL' a
0,05 ug mL™" je vysledna koncentrace po SPE zakoncentrovani v 625 uL acetonitrilu).

Pro analyzy na CE-MS byly pfipraveny 3 vzorky Dunaje spikované smési
perfluoralkylovych karboxylovych kyselin (Cs — Ci4) o koncentraci 50 nmol L™
(vysledna koncentrace 50 pmol L' v 250 pL  acetonitrilu po zakoncentrovani
s prekoncentra¢énim faktorem 1000) a dalii set tf vzorkd o koncentraci 62,5 nmol L™
(25 pumol L' byla vyslednd koncentrace v 625 pL acetonitrilu pfi pouZitém

prekoncentra¢nim faktoru 400).

3.6 Zakoncentrovani a extrakce
Piimé zkoncentrovani

3 realné vzorky fi¢ni vltavské vody oznafené jako Vltava 1, Vltava 2 a Vltava 3 byly
odebrany 6., 7. a 8.4.2009 do tii polypropylenovych 1 L nadob v Praze na Vytoni —
odbérové misto A. Zakoncentrovani vzorki z 500 mL na kone¢ny objem 5 mL bylo
provedeno na rota¢ni odparce Rotavapor EL 130 a ke koncentratu bylo piidano tolik
koncentrované kyseliny fosforecné, aby jeji vyslednd koncentrace v 5 ml vzorku byla
50 mmol L. Takto pfipraveny zakoncentrovany vzorek byl upraven na pH = 2,5
roztokem NaOH (2 mol L™) a nasledné& zcentrifugovan.

Do derivatizacni reakce v prostiedi fosfatového pufru bylo vzato 181 uL tohoto
roztoku, dale bylo pfidano pfisluSné mnozstvi isobutylalkoholu, pyridinu a IBCF

(viz 3.7).

SPE extrakce

Nejprve byla provedena kondicionace SPE kolonky tak, ze bylo kolonkou postupné
prosavano 6 mL methanolu a 10 mL deionizované vody rychlosti 1 kapka za vtefinu.
Pak byl nasédvan vodny vzorek z 250 mL nadobky pomoci polypropylenovych hadi¢ek
rychlosti 1 — 2 kapky za vtetinu podtlakem 0,4 baru. Poté, kdy byl cely objem vzorku
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(250 mL) piecerpan pies kolonku do odpadu, byla staciondrni faze kolonky
se zachycenymi analyty vysuSena proudem vzduchu po dobu 30 minut podtlakem
0,4 bar. Analyty byly eluovany 4 mL methanolu do 15 mL polypropylenové zkumavky
se Sroubovacim vickem rychlosti 1 kapka za vtefinu. Eluce musela byt provadéna
manualné pomoci pistu z injekéni stiikacky, protoze eluci pies manifold by dochéazelo
ke kontaminaci vzorku perfluoralkylovymi kyselinami (viz kap. 4.2.1). Eluat byl
nasledn¢ odpaten proudem vzduchu pti 64 °C do sucha a ulozen do lednice. Tésné pred
derivatizaci byl odparek rozpustén v 625 pL acetonitrilu a z toho vzdy 178 uL bylo
brano k derivatizaci. Z jednoho vodného vzorku byly pfipraveny vzdy 3 vzorky
derivatiza¢ni smési, kazdy z nich byl métfen dvakrat. Bylo tedy provedeno 6 analyz na
1 vodny vzorek. Prekoncentracni faktor byl roven 400, protoze doslo k zakoncentrovani
analyta z ptivodniho objemu 250 mL na finalni objem 625 pL. Pro kontrolu kvality byl
vzdy vkazdé sérii, kterd obsahovala maximalné 5 vodnych vzorkli prosadvanych
najednou pfes SPE manifold, méfen také jeden blank ptipraveny z deionizované vody

stejnym zptisobem, jako realné vzorky.

3.7 Derivatizace
Derivatizace kyselin na isobutylestery v prostiedi acetonitrilu

Derivatizace perfluoralkylovych karboxylovych kyselin a kyseliny oktanové byla
provadéna v polypropylenovych mikrozkumavkéch (Eppendorf). Reakéni médium bylo
pfipravovano o tomto slozeni: 20 pL zfedéného zasobniho roztoku kyseliny (¢i smési
kyselin) v acetonitrilu, 158 pL acetonitrilu, 4 uL pyridinu a 8 pL isobutylalkoholu.
Ke smési bylo ptidano 10 pL chlormravencanu isobutylnatého (IBCF) jako ¢inidla, tak
aby celkovy objem reakéniho média byl 200 pL. Smés byla promichana po dobu
20 s v ultrazvukové lazni, pak bylo pfiddno 200 pL hexanu a na tfepacce po dobu

1 minuty byl vznikly isobutylester vytfepan do hexanu.

Derivatizace perfluoralkylovych karboxylovych Kkyselin na isobutylestery
v prostredi fosfatového pufru

Postup derivatizace je témeér totozny s postupem v piredchozi kapitole, s tim
rozdilem, Ze acetonitril v reakénim médiu byl nahrazen fosfatovym pufrem (piidavek

161 pL) a po optimalizaci podminek byl nalezen optimalni pfidavek pyridinu 1 pL.
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Ostatni chemikalie jsou do reakéniho média pfidavany ve stejném mnozstvi, jako

v ptedchozi kapitole.

3.8 GC analyza
GC-FID

Analyzy kyseliny oktanové, respektive jejiho isobutylesteru po derivatizaci, byly
méfeny na plynovém chromatografu PU 4600 s plamenové ionizacnim detektorem
(FID). Pracovni tlak nosného plynu byl 125 kPa, u plamenové€ ioniza¢niho detektoru byl
tlak vzduchu 16 kPa, tlak vodiku 10 kPa a make-up dusiku 7 kPa. Teplota detektoru
byla 300 °C a teplota injektoru 250 °C. Analyzy byly provadény isotermicky pii téchto
teplotach: 50, 60, 70, 80 a 90 °C. Pritokova rychlost nosného plynu byla 1,0 mL min™.
Byl nastaven split pomér 1:50.

GC-ECD

Na plynovém chromatografu PU 4600 s detektorem elektronového zachytu (ECD)
byly provadény analyzy isobutylesterti perfluoralkylkarboxylovych kyselin. Méfeno
bylo za téchto podminek: nastfik 1 pL vzorku, teplota detektoru 300 °C, teplota
injektoru 250 °C, méfici proud detektoru 120 (relativni skala na pfistroji), make-up
nosné¢ho plynu (dusiku) 25 kPa, tlak byl pomoci regulatoru tlaku nastaven tak, aby
odpovidal pritoku kolonou 1,0 mL min™'. Analyzy byly mé&feny bud’ pii isotermickych
podminkach, nebo byl teplotni program nastaven takto: pocatecni teplota 50 °C
(isotermicky 1 min), nartist po 10 °C za minutu na konecnou teplotu 170 °C a tam
drzena tato teplota po dobu 5 min. Celkova délka analyzy pfi téchto podminkach byla

23 min.

GC-EI-MS

Isobutylestery perfluoralkylovych karboxylovych kyselin po derivatizaci byly
proméfeny 1 na plynovém chromatografu s hmotnostnim detektorem. Pro vSechna
méfeni bylo zvoleno toto nastaveni: teplota injektoru 250 °C, teplota MS interface
300 °C, nastrik 1 pL vzorku, splitless mod, kdy se spliter oteviel vzdy po 1 minuté a
po zbytek analyzy ziistava otevieny, konstantni pritok He kolonou 1 mL min™, SIM

mod s monitorovanim téchto m/z 69,131,169 a 181. Teplotni program byl nastaven
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od 40 °C (isotermicky 3 min) do 170 °C (isotermicky 3 min) s teplotni rampou po 10 °C
min™'. Celkova délka analyzy byla 19 min.

GC-NCI-MS

Analyzy standardd a redlnych vzorki isobutylesterti perfluoralkylkarboxylovych
kyselin byly méfeny za t&chto podminek: pritok nosného plynu 1,0 mL min™, nasttik
1 uL vzorku, teplota injektoru 250 °C, teplota interface 210 °C, teplotni program: 40 °C
(isotermicky 3 min), do 150 °C po 10 °C min" a pak po 30 °C min"' do 200 °C, kde je
teplota drZzena po dobu 2 min. Celkova délka analyzy byla 17,67 min. Pro vSechny
analyzy na tomto pfistroji byla pouzita kolona Rtx-200MS (Restek, 30 m, 0,25 ID, film
0,25 pum). Hmotnostni spektrometr pracoval v SIM mddu, pro kazdy pik byly sledovany
jiné hodnoty m/z, viz tabulka 4. Vyhodnocovéan byl pak celkovy iontovy proud (TIC).

Tabulka 4 — Sledované hodnoty m/z pro jednotlivé piky v danych ¢asovych intervalech, podtrzené jsou

neintenzivnéjsi fragmenty pro jednotlivé kyseliny

Kyselina C’asovj interval (min) tg (min) m/z7

PFPeA 4,20 - 7,00 6,35 162, 200, 228, 244, 257, 300
PFHxA 7,00 — 8,00 7,48 250, 278, 294, 297, 307, 350
PFHpA 8,00 - 9,00 8,57 262, 300, 328, 344, 357, 400
PFOA 9,00 - 10,00 9,61 209, 312, 350, 378, 407, 450
PFNA 10,00 - 11,00 10,69 209, 281, 362, 400, 428, 500
PFDA 11,00 — 12,00 11,48 209, 281, 412, 450, 478
PFUnA 12,00 — 12,75 12,34 209, 331, 462, 500, 528
PFDoA 12,75 -17,60 13,16 209, 331, 512, 550, 578

3.9 HPLC-ESI(-)-MS analyza

Analyzy HPLC-MS byly méfeny na pfistroji Esquire 3000 s negativni
elektrospreiovou ionizaci. Byla pouzita mobilni fize o tomto slozeni: acetonitril, voda a
octan amonny (10 mmol L™, pH = 3,6) s pomé&rem 55 : 15 : 30 a pritokovou rychlosti
0,22 mL min™". V SIM médu byly sledovéany tyto m/z: 269 (PFHxA), 319 (PFPeA), 369
(PFOA), 419 (PFNA), 469 (PFDA), 519 (PFUnA) a 569 (PFDoA).
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3.10 CE-ESI(-)-MS analyza
CE-TOF-MS

CE-TOF-MS analyzy byly méfeny na microTOF hmotnostnim spektrometru (Bruker
Daltonics, Bremen, Némecko) se zdrojem elektrosprejové ionizace spojenym s
laboratorn¢ vyrobenou kapilarni zénovou elektroforézou. Pouzit byl zdroj vysokého
napéti (Model HCN 35000, F.u.G. Elektronik, Rosenheim-Langenpfunzen, Némecko).
TOF-MS byl optimalizovan pro hodnoty m/z mezi 190 — 800 s pouZitim negativni
ionizace ESI(-)-MS a nastavenim téchto parametri: napéti na kapilare: -5000 V, end
plate offset: -500 V, nebulizagni plyn (N): 0,6 bar, vysouseci plyn (N»): 4,0 L min™,
vysouseci tepota: 190 °C, usti kapilary: 80,0 V, skimmer 1: 33,7 V, skimmer 2: 23,0 V,
hexapol 1: 23,0 V, hexapol RF: 250 V, transfer time: 49,0 us, pre-pulse storage: 10,0
us, detektor: 0 V. Davkovani bylo provadéno manudlné hydrodynamicky, kdy byl
konec kapilary ponotfen na dobu 10 s (¢i krat$i davkovaci dobu) do vialky se vzorkem,
ktera byla o 5 cm vy$ vzhledem k vialce s nosnym pufrem. Smés isopropanolu a vody
(80:20 v/v) obsahujici 0,2 % kyseliny mravenci byla pouZita jako sheath liquid. Pratok
byl nastaven na 8 pL min™ a byla pouzita pumpa KDS (Model 601553) a stiikacka
(KDS, Holliston, MA, USA). Byla pouzita kapilara z kiemenného skla (fused silica)
o délce 28 cm, s vnitfnim primérem 25 pm, vnéjSim pramérem 360 um. 0,1 mm konce
kapilary ustilo do interface detektoru. Pro kazdy analyt byly sledovany 2 hodnoty m/z, a
to: 219 a 263 pro PFPeA, 269 a 313 (PFHxA) 319 a 363 (PFHpA), 369 a 413 (PFOA),
419 a 463 (PFNA), 469 a 513 (PFDA), 519 a 563 (PFUnA), 569 a 613 (PFDoA), 619 a
663 (PFTrA), 669 a 713 (PFTeA). Byly pouzity nosné elektrolyty o tomto sloZeni:
1 mol L™ kyselina octova s 1 mmol L octanem amonnym v acetonitrilu jako nevodny
nosny elektrolyt a vodny roztok mravenanu amonného (6,25 mol L™, pH = 9,0)

s ptidavkem 50 % methanolu jako vodny elektrolyt.

CE-qqq-MS/MS

CE-qqq-MS/MS analyzy byly méfeny na tandemovém hmotnostnim detektoru
s trojitym kvadrupolem spojeném s kapilarni elektroforézou, oba pfistroje od firmy
Agilent Technologies. Tandemovy hmotnostni detektor s negativni elektrosprejovou
ionizaci byl nastaven na tyto parametry: napéti na kapilate -4000 V, nebulizer 10 psi,

vysouseci plyn (N») 4,0 L min™, vysouseci teplota 130 °C. Smés isopropanolu a vody
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(80:20 v/v) obsahujici 0,2 % kyseliny mravenci byla pouzita jako sheath liquid. Pritok
byl nastaven na 4,0 mL min' s pouZitim isokratické pumpy model G1310A,
1200 Series Agilent Technologies. Davkovani bylo nastaveno na 200 mbar s .
Pritokova rychlost byla nastavena na 4 pL min™'. Byl pouZit nosny elektrolyt o sloZeni
1 mol L kyselina octova s 1 mmol L octanem amonnym v acetonitrilu. Staly tlak
elektrolytu do kapilary pfianalyze byl nastaven na 15 mbar. Pro kazdy analyt byl
sledovan MRM ptechod odpovidajici molekulovému iontu (matefsky ion) na

dekarboxylovany ion (dcefiny ion) viz tabulka 5.

Tabulka 5 — Sledované m/z, fragmentaéni a kolizni energie jednotlivych MRM piechodt

Kyselina Matersky  Dcefiny  Fragmentator Kolizni
ion ion ) energie (V)
PFPeA 263 219 190 1
PFHxA 313 269 200 5
PFHpA 363 319 210 3
PFOA 413 369 210 4
PFNA 463 419 220 4
PFDA 513 469 230 4
PFUnA 563 519 240 5
PFDoA 613 569 250 6
PFTrA 663 619 260 6
PFTeA 713 669 270 7
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4. Vysledky a diskuze

4.1 Plynova chromatografie
Nejveétsi cast této prace je veénovana vyvoji a optimalizaci metody stanoveni

perfluoralkylovych karboxylovych kyselin metodou plynové chromatografie.

4.1.1 Kvalitativni analyza PFCA
4.1.1.1 Vyvoj derivatizacni reakce

Tato prace navazuje nanasi predchozi praci — diplomovou praci [70], kdy byla
derivatizacni reakce vyvinuta a optimalizovana pro homologickou fadu
perfluoralkylkarboxylovych kyselin s délkou fetézce C; — Cyo v prostiedi acetonitrilu.
Analyzy byly provadény na pfistrojich GC-ECD a GC-EI-MS. Zde je shrnuto n¢kolik
optimaliza¢nich kroki derivatizacni reakce v prostiedi acetonitrilu vedoucich k zlepSeni
ucinnosti reakce a citlivosti méteni. Nejprve byl optimalizovan ¢as derivatizacni reakce
v rozsahu 0 — 50 min a optimum bylo nalezeno pfi 8 minutach. Poté bylo nalezeno
optimalni  sloZeni reak¢niho  média, které obsahovalo 20 uL  standardu
perfluoralkylkarboxylové kyseliny nebo smési perfluoralkylkarboxylovych kyselin
(10 pg mL™") v acetonitrilu, 158 pL acetonitrilu, 8 pL isobutylalkoholu, 4 pL pyridinu a
10 uL IBCF. V tomto kroku byl optimalizovan ptidavek pyridinu v rozsahu 0 — 20 uL
na 200 pL celkového objemu reakéni smési, coz odpovida rozsahu jeho koncentraci 0 —
1,238 mol L. Zmény objemu piidavki ostatnich slozek reakéniho média nemély
nareakci vyrazngj$i vliv. Poslednim parametrem byla teplota reakce, kde bylo
vysledkem zachovani laboratorni teploty. Méfeny rozsah teplot pii reakci byl 20 —
60 °C.

Jednotlivymi optimalizacnimi kroky bylo dosazeno zlepSeni ucinnosti této metody

vyjadiené plochami pikti o vice nez 60 % [70].

4.1.1.2 Analyza isobutylesterit PFCA pomoci GC-ECD

Ptiklad separace standardi PFCA (Cg¢ — C;,), derivatizovanych na isobutylestery
za optimalnich podminek v acetonitrilu a analyzovanych pomoci GC-ECD je zobrazena
na obrazku 4.1. Vpribéhu prace byly postupné pfidavany dalsi standardy

perfluoralkylovych karboxylovych kyselin, zde je pfidana kyselina perfluorhexanova
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(PFHxA), dale kyselina perfluorundekanova (PFUnA) a kyselina perfluordodekanova
(PFDoA). Na obrazku 4.1 je vidét velky pik IBCF, ktery koeluuje s pikem
isobutylesteru PFHxA.

1000 T T T T T T T T T T
IBCF+
PFHXA

800

600

S, a.u.

400

200

Obrazek 4.1 — GC-ECD chromatogram smésného vzorku standardi perfluoralkylkarboxylovych kyselin
(kazda 10 pg mL™") derivatizovanych na isobutylestery, kolona SPB-5 (15 m x 0,25 mm i.d., 0,25 pm)
davkovany objem 1 puL (splitless 1 min), teplota detektoru 300 °C, teplota injektoru 250 °C, 50 °C (1 min)
do 170 °C po 10 °C min™', make-up 25 kPa, pritokova rychlost nosného plynu (N,) 0,44 mL min™'

4.1.1.3 Analyza isobutylesterit PFCA pomoci GC-EI-MS
Piiklad separace standardi PFCA (Cs — Cy2), derivatizovanych na isobutylestery za
optimalnich podminek v acetonitrilu a analyzovanych pomoci GC-EI-MS je zobrazena

na obrazku 4.2.
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Obrazek 4.2 — GC-EI-MS chromatogram smésného vzorku standardi perfluoralkylkarboxylovych kyselin

(kazd4 10 ug mL™") derivatizovanych na isobutylestery, kolona DB-5MS (30 m x 0,25 mm i.d., 0,25 um),
davkovany objem 1 pL (splitless 1 min), teplota MS interface 300 °C, teplota injektoru 250 °C, teplotni
program: 40 °C (3 min) do 170 °C (3 min) po 10 °C min™, konstantni pritokova rychlost He 1,0 mL min™,
SIM moéd: m/z =69, 131, 169 a 181

V MS spektrech isobutylesterti perfluoralkylkarboxylovych kyselin se opakuji
n&které intenzivni fragmenty, které vznikaji §tépenim fluorovaného fetézce (69 [CF3]",
131 [CsFs]", 169 [CsF7]", 181 [C4F7]", 219 [C4Fo]" atd.). Né&které znich jsou
identifikovany vobr. 4.3 a lIze je vyuzit pro kvantitativni analyzu. Pro méfeni
kalibra¢nich zavislosti byly vybrany 4 nejintenzivnéj$i m/z, a to: 69, 131, 169 a 181.
Pro kvalitativni analyzu byly navic pouzity fragmenty [M-CH3]". Velmi intenzivnimi
fragmenty jsou i ionty 43 a 57, které odpovidaji isopropylu [C3H]", resp. isobutylu
[C4Ho]™ (jeden z nich je vzdy zakladnim pikem). Na obrazku 4.3 je zobrazen piiklad
hmotnostniho spektra isobutylesteru kyseliny perfluoroktanové méteného pomoci GC-
EI-MS. Dva velmi intenzivni piky, odpovidajici latkam vznikajicim pii derivatizacni
reakci jako produkty IBCF, byly identifikovany pomoci GC-EI-MS ve scan moddu.
Prvnim znich byl bis(isobutylester) kyseliny ethandiové, z kterého pii derivatizaci
vznika druhy produkt — bis(isobutylester) kyseliny uhli¢ité. Oba eluuji nejméné 5 minut
za poslednim pikem perfluoralkylkarboxylovych kyselin. V SIM mo6du metody GC-EI-
MS ani v GC-ECD nejsou pozorovany, jelikoZ tyto molekuly nejsou halogenované, ale

maji ¢isté uhlovodikovy fetézec.
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Obrazek 4.3 — Hmotnosti spektrum (EI) isobutylesteru PFOA métfené ve scan modu

4.1.1.4 Analyza isobutylestrit PFCA pomoci GC-NCI-MS

Separace perfluoralkylkarboxylovych kyselin byla také vyzkouSena na plynovém
chromatografu s negativni chemickou ionizaci. Vychozi parametry meéfeni byly
prevzaty z piredchoziho méfeni na GC-EI-MS a optimalizovany na aktudlni podminky.
Nejprve byla proméfena smés perfluoralkylovych karboxylovych kyselin (véetné
pridané kyseliny perfluorpentanové), tedy jejich isobutylestert, ve scan modu, aby bylo
mozno ur€it nejvhodnéjsi m/z pro mefeni jednotlivych fragment v SIM moédu. Pro
kazdy pik pak bylo vybrano nékolik fragmentt (viz. tab 4. v experimentélni casti, kap.
3.8), které byly méfeny vzdy jen pro dany pik a vyhodnocovan byl jejich soucet, tedy
celkovy iontovy proud (TIC). Na obrazku 4.4 je zobrazena separace perfluoralkylovych
karboxylovych kyselin s délkou perfluorovaného ftetézce Cs — C;, derivatizovana

v prostfedi acetonitrilu na isobutylestery namétend na piistroji GC-NCI-MS.
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Obrazek 4.4 — GC-NCI-MS chromatogram smési perfluoralkylkarboxylovych kyselin derivatizovanych
na isobutylestery (0,5 pg mL™). Kolona Rtx-200MS (30 m x 0,25 mm i.d., 0,25 pm), davkovany objem
1 pL (splitless 1 min), teplota injektoru 250 °C, teplota interface 210 °C, teplotni program: 40 °C (3 min)
do 150 °C po 10°C min™ a pak po 30 °C min" do 200 °C (2 min), konstantni pritokové rychlost He
1,0 mL min™', SIM méd, sledované m/z viz tabuka 4, kapitola 3.8

4.1.1.5 Vybér vhodné staciondrni faze a proméieni retencnich charakteristik
isobutylesterit PFCA

Mechanismus interakci perfluorovanych sloucenin a jejich derivati s béznymi
staciondrnimi fazemi, pouZzivanymi v plynové chromatografii, neni zatim pf#ili$
prozkoumany. Jednim z kol nasi prace se proto stalo studium téchto interakci. Byly
proméfeny a srovnany retencni charakteristiky isobutylestert perfluoralkylovych
karboxylovych kyselin na 9 bézn¢ dostupnych kapilarnich kolonach s riznymi
stacionarnimi fazemi, aby bylo moZzno vybrat optimalni staciondrni fazi pro separaci
téchto latek. Analyzy byly méfeny za isotermickych podminek pii 60 °C. Jelikoz
jednotlivé kolony byly dostupné v riiznych délkach a tloustkéach stacionarni faze, bylo
nutno korigovat retencni charakteristiku k£ — retencni pomér, fazovym pomérem f tak,
abychom ziskali veli¢inu, kterd je nezavisla na parametrech kolony.

Na obrazku 4.5 je vynesena zavislost logaritmu reten¢niho faktoru k korigovaného
fazovym pomérem £ na poctu uhlikl perfluoralkylkarboxylové kyseliny pro jednotlivé

kolony.
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Obrazek 4.5 — Zavislost logaritmu retencniho faktoru k, korigovaného fazovym pomérem /S na poctu
atomt uhliku v molekule perfluoralkylkarboxylové kyseliny pro 9 rtiznych kapilarnich GC kolon, méfeno

za isotermickych podminek pfi 60 °C na piistroji GC-ECD

Z obrazku 4.5 je ziejmé, ze tyto logaritmické zavislosti jsou pro vSechny kolony
linearni, s korelacnim koeficientem R?> 0,9977, nezavisle na typu stacionarni faze.
Z toho lze usuzovat, ze retenéni mechanismus na vybranych stacionarnich fazich je
nezavisly na poctu atomu uhliku a Ze pfispévek skupiny -CF,- k retenci je konstantni
pro vybrané perfluorované homology. Nejvyssi retence byla zaznamenana u kolony
Rtx-200MS s trifluorpropylmethylpolysiloxanovou fazi nésledovana kolonou SPB-1
(100 % methylpolysiloxan) a kolonou SPB-5 (5 % fenylmethylpolysiloxan). Nejvyssi
retence u polyfluorované stacionarni faze je ziejma, plati tu zndmé pravidlo “podobné
v podobném rozpoustéj” (similia similibus solvuntur). Retence na kolonach SPB-1 a
SPB-5 naznacuje tendenci isobutylesterti perfluoralkylkarboxylovych kyselin spise
uptfednostiiovat nepolarni stacionarni faze pred polarnimi. Zajimavym faktem je, ze
ukolon  Supelcowax 10  (polyethyleneglycol) a  SP-2340 (100 %  bis-
kyanopropylpolysiloxan) je zaznamenana nejvétsi smérnice piimky. Ta je zfejmé dana
vétsim prispévkem skupiny -CF;- k celkové retenci. Tento fakt mize byt vysvétlen
vy$$im podilem polérnich interakci k retenénimu mechanismu ve srovnani s méné
polarnimi polysiloxanovymi stacionarnimi fazemi. Vzhledem k vétsimu sklonu

zaznamenanému u téchto dvou polarnich kolon v porovnani s Rtx-200MS, lze
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pfedpokladat, ze potadi hodnot retenc¢nich faktorit £ by se mohlo ménit pfiblizné
u perfluoreikosanové kyseliny pro kolonu SP-2340 a u perfuortetracikosanové kyseliny
u kolony Supelcowax 10. KfteSeni rozsahu retencniho ptispévku riznych druht
interakci mezi analyty a staciondrni fazi byla pouzita McReynoldsova klasifikace
staciondrnich fazi, kterd ndm udéva polaritu stacionarni fize a selektivitu separace
danych analytt [119] (McReynoldsovy konstanty pro pouzité¢ stacionarni faze jsou
zaznamenany v tabulce 6, data pro kolony Rtx-200MS a SLB-IL100 nejsou zatim
dostupnd). Byla provedena korelace mezi jednoduchymi McReynoldsovymi parametry
x’ (pfenos naboje — donory), y’ (vodikové vazby — donory), z’ (orientace), u’ (pienos
naboje — akceptory), s’ (vodikové vazby — akceptory) [120] a jejich souctem, se

smérnicemi piimek jednotlivych kolon z obrazku 4.5.

Tab. 6 — McReynoldsovy parametry stacionarnich fazi

Typ kolony McReynoldsovy parametry
= v pr P e 5
SPB-1 4 58 43 56 38 199
SPB-5 19 74 64 93 62 312
SPB-20 67 116 117 174 131 605
ZB-1701 67 170 153 228 171 789
SPB-35 101 146 151 219 202 819
Supelcowax 10 305 551 360 562 484 2262
SPB-2340 419 654 541 758 637 3009

Korelace obecné nevysly pfili§ dobfe. S vyjimkou dvou kolon s vétSim sklonem
primky, tedy Rtx-200MS a Supelcowax 10, byla nalezena jen mala korelace mezi
smérnici primky jednotlivych kolon s McReynoldsovymi koeficienty. Hodnoty R?
odpovidaji pro korelace s x* 0,8894, pro s’ 0,8173, pro z’ 0,6660 a pro y’ 0,5086 a pro
jejich celkovy soucet 0,7143. Proto z nejlepsi korelace u parametri x’ a s’, které
popisuji interakce prenosu naboje a vodikové vazby, vyplyva, ze tyto polarni interakce
by mohly hrat dilezitou roli v retencnim mechanismu perfluoralkylkarboxylovych
kyselin na vybranych staciondrnich fazich. Je nutné zdlraznit, Ze tyto vice ¢i méné

kvalitativni vztahy neudavaji zddné konkrétni kvantitativni udaje a do budoucna by bylo
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vhodné se podrobnéji zaméfit na kvantitativni popsdni retencnich charakteristik
vybranych analyta.

Shrnutim  ziskanych  vysledkii  muizeme  prohldsit, Ze  isobutylestery
perfluoralkylkarboxylovych kyselin (C¢ — Cy2) se chovaji neobvykle. Na jedné strané je
dosahovano nejvyssi retence na nepoldrnich stacionarnich fazich a na strané druhé je
nejveétsi prispévek skupiny -CF;- k retencnimu faktoru &k a nejlepsi korelace s x” a s’
McReynoldsovymi parametry zaznamenan na polarnich stacionarnich fazich. Toto
nejednoznacné chovani ukazuje, ze jakykoli odhad chovani a reten¢nich charakteristik
perfluorovanych latek je velmi slozity.

Jako optimdlni byla vybrana kolona Rtx-200MS s nejvyssi retenci, nejlepsi separaci
isobutylesteri a zaroven kratkou dobou analyzy. Proto vétSina dalSich analyz byla

provadeéna prave na této koloné.

4.1.1.6 Retence a termodynamické parametry isobutylesterit PFCA na koloné Ritx-
200MS

Pro objasnéni separacniho mechanismu byla provedena charakterizace retencnich
vlastnosti a vypocet termodynamickych parametri vybranych isobutylesterii
perfluoralkylkarboxylovych kyselin na koloné¢ Rtx-200MS. Na obrazku 4.6 je ukazka

separace isobutylesteri PFCA na této kolon¢ za isotermickych podminek.
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Obréazek 4.6 — GC-ECD chromatogram smési isobutylesterd PFCA o koncentraci 10 pg mL™ na koloné
Rtx-200MS (30 m, 0,25 mm ID, 0,25 um) za isotermickych podminek pti 70 °C, davkovani 1 pL (split
pomer 1:50), teplota detektoru 300 °C, teplota injektoru 250 °C

Pro vypocty termodynamickych veli¢in bylo nutné zjistit od vyrobce kolony Rtx-
200MS, firmy Restek, potfebné parametry stacionarni faze. Pfedevsim bylo potieba znat
hustotu a molarni hmotnost stacionarni faze. Hodnota hustoty ndm byla poskytnuta, ale
molarni hmotnost je bohuzel vyrobnim tajemstvim a pii vypoctech jsme se museli obejit
bez znalosti tohoto parametru staciondrni faze. Z parametrii kolony, jako je délka a
tloustka filmu, byl vypocitan objem staciondrni faze a ze znamé hustoty také hmotnost
stacionarni faze. Zde jsou uvedené parametry stacionarni fize: hustota 1,284 g mL™",
tloustka filmu 0,25 pm, délka kolony 30 m, objem stacionarni fize 5,8846.10° mL,
hmotnost stacionarni faze: 7,5558.107 g. Vypodtena termodynamicka data v&etné jejich

intervall spolehlivosti pro (1-a) rovna 0,95, jsou uvedena v tabulce 7.
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Tabulka 7 — Termodynamické parametry isobutylesterti perfluoralkylovych karboxylovych kyselin a

isobutylesteru kyseliny oktanové méfené na koloné¢ Rtx-200MS

Kyselina  V,(mLg")" K" AH (kJ mol') AG (kJ mol")" AS (J K' mol")"
PFHXA 1101 + 13 1776 + 13 46,4+0,5  -3,33+0,03 145+2
PFHpA 1781 +13  2872+13 49.6+0,6  -4,72+0,02 158 +2
PFOA 2005+ 14 4686+ 14 52,8+0,6 -6,12+0,01 172 +2
Kys. 23010142 37116142 61306 -12,02+0,01 21442
oktanova

PENA 4770+ 18 7694 + 18 56,1+£0,7 -7,53+0,01 185 +2
PFDA 7863 +2 12683 +2 59,4+0,7  -895+0,00 199 +2
PFUnA 12943 £42 20878 +42  62,6+0,9 -10,37+0,01 213+3
PFDoA 21379+49 3448649  659+0,9 -11,81+0,01 226 +3

" hodnoty méfeny pii 70 °C

Vztahy mezi poc¢tem uhlikii v molekule perfluoralkylkarboxylové kyseliny a InV,,

AH, AG a AS jsou dokonale linearni (viechny R* ~ 1). Tato skutetnost naznaduje, Ze

teoretické predpoklady o chovani systému jsou splnény a vypocet dalSich parametrt je

tedy mozny.

Na obrazku 4.7 jsou zobrazeny linearni zavislosti logaritmi V, na reciproké hodnoté

teploty 1/T (Van't Hoffovy kiivky) [109-121], kde smérnice piimky reprezentuje

molarni entalpii rozpousSténi délenou univerzalni plynovou konstantou, tedy AH/R.
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Obrazek 4.7 — Zavislost logaritmu specifického retenéniho objemu V, na I/T (Van't Hoffovy kiivky)
pro isobutyestery perfluoralkylkarboxylovych kyselin a isobutylester kyseliny oktanové na koloné¢ Rtx-
200MS, méfeno na GC-ECD

Aby bylo mozno srovnat hodnoty AH homologické tady perfluoralkylovych
karboxylovych kyselin s nefluorovanou mastnou kyselinou, byla do souboru naSich
analytli pfidéna kyselina oktanova (kaprilova). Z tabulky 7 a obrazku 4.7 je zifejmé, ze
fluorace alkylového zbytku v molekule vyrazné snizuje retenci PFOA v porovnani
s nefluorovanou kyselinou, tedy kyselinou oktanovou. Srovnanim ptispévki AH/RT
s AS/R k hodnot¢ InV, lze zjistit, Ze entropicky pfispévek odpovida 112 % pro PFOA a
120 % pro kyselinu oktanovou vici enthalpickému ptispévku. Entropicky ptispévek pro
ostatni perfluoralkylkarboxylové kyseliny se pohybuje mezi 107 % az 118 %. Tyto
hodnoty ukazuji, Ze sorpce perfluoralkylovych karboxylovych kyselin a kyseliny
oktanové na tuto vybranou fluorovanou stacionarni fazi neni jednozna¢né tizena ani
enthalpicky, ani entropicky, protoze oba parametry pfispivaji k retenci téméf totozné
[121]. To znamen4, Ze distribuce analyti mezi stacionarni a mobilni fazi neni fizena jen
interakci mezi staciondrni fazi a analytem, ale podstatna je i interakce s mobilni fazi.
Tato hypotéza bude predmétem dalsi experimentalni prace.

Hodnoty V, a Kp pro PFOA jsou téméf osmkrat mensi v porovnani s kyselinou
oktanovou. Hodnoty odpovidajici kyseliné oktanové jsou srovnatelné s PFDoA, tedy

kyselinou s 12 uhliky. Hodnoty AH a AS jsou pro PFOA i kyselinu oktanovou
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srovnatelné, kdezto hodnota AG je piiblizné dvakrat vétsi pro kyselinu oktanovou.
Teplotni zavislost hodnot V, a Kp pro PFOA v porovnani s kyselinou oktanovou je
znéazornéna v tabulce 8.

Pon¢kud strmé&jsi pokles téchto hodnot pro kyselinu oktanovou ve srovnani s PFOA

je v souladu s jeji vys$$i hodnotou AH.

Tabulka 8 — Hodnoty specifického retencniho objemu V, a distribu¢nich konstant K, isobutylesteru

kyseliny perfluoroktanové a kyseliny oktanové, méfené na koloné Rtx-200MS za rtiznych teplot kolony

Teplota V, (mLg") Kp

B proa B gy Kl
323,15 9508 89733 14443 136307
333,15 5122 44366 8022 69479
343,15 2905 23010 4686 37116
353,15 1701 12396 2823 20578
363,15 1604 7153 1817 12210

Pro lepsi a dikladnéj$i pochopeni interakci mezi trifluorpropylmethylsiloxanovou
stacionarni fazi v kolon¢ Rtx-200MS a vybranymi estery perfluoralkylkarboxylovych
kyselin byl pouzit model LFER (Abraham’s Linear Free Energy Relationship) [122].
Cilem bylo vyhodnotit deskriptory fluorované stacionarni faze pomoci deskriptorti
perfluorovanych latek a sledovat rizné typy interakci a jejich ptispévky k celkové
retenci isobutylesteri perfluoralkylkarboxylovych kyselin, vyjadiené retencnim
faktorem k. Deskriptory pouzité staciondrni faze, stejné jako deskriptory
perfluoralkylkarboxylovych kyselin nejsou dostupné. Piesto byly latkové deskriptory
vypoéitany pomoci programu ACD/ADME Suite 5.0 - Absolv software, (2¢/’; — mira
kyselosti, 337, — mira zasaditosti, 7/, - polarizovatelnost, logL'® — rozdéleni mezi
plynem a hexadekanem, V, — specificky objem, R, — piebytek molarni frakce),
podrobnéji popsano v publikaci M.H. Abrahama [122].

Multiregresni analyza vyslednych parametrii ukazuje, ze vSechny vypocitané
deskriptory jsou statisticky zavislé v ramci homologické fady PFCA, a proto neni

mozné je pouzit pro vypocet deskriptorii z hodnot log k£ v Abrahamové rovnici [122].
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Tento pfistup tedy neni piiliS§ vhodny pro vypocet deskriptorti. Deskriptory
stacionarni faze by bylo nutné stanovit experimentalné pomoci standardd, u kterych

jsou jejich latkové deskriptory zndmé [122].

4.1.2 Kvantitativni analyza

Poté, co byla vybrana vhodna stacionarni faze pro separaci isobutylesterii
perfluoralkylkarboxylovych kyselin a mechanismus separace byl dikladné prozkouman,
byla nase prace zaméfena na kvantitativni analyzu, pfedevSim na urceni hodnot limita
detekce a stanovitelnosti a porovnani citlivosti jednotlivych plynovych chromatografi

mezi sebou.

4.1.2.1 Srovnani limiti detekce GC-ECD a GC-EI-MS pro prostiedi acetonitrilu
Byly proméfeny kalibracni zavislosti isobutylesterti perfluoralkylkarboxylovych

kyselin v prostfedi acetonitrilu na piistrojich GC-ECD a GC-EI-MS a vypocitany limity

detekce a stanovitelnosti. Tyto hodnoty byly pocitany ze spole¢nych smérodatnych

odchylek regrese SDR (viz kap. 2.5, vzah 14 a 15).

Tabulka 9 — Detekéni limity (LOD, pg mL™") a limity stanovitelnosti (LOQ, pg mL™) isobutylestert
perfluoralkylkarboxylovych kyselin v prostiedi acetonitrilu pro GC-ECD a GC-EI-MS

GC-ECD GC-EI-MS

LOD LOQ LOD LOQ
PFHxA - - 0,2 0,7
PFHpA 0,1 0,4 0,2 0,7
PFOA 0,1 0,2 0,4 1,4
PFNA 0,2 0,7 0,3 1,1
PFDA 1,8 2,7 1,9 6,4
PFUnA - - 2,2 7.3
PFDoA 0,2 0,5 0,6 2,0

Hodnoty LOD a LOQ pro isobutylestery PFCA uvedené v tabulce 9 nejsou
dostate¢né nizké, aby mohly byt tyto latky pfimo stanoveny ve vzorcich Zivotniho

prostiedi. Vezmeme-li ale v uvahu pouziti vhodné prekoncentrace s dostateCnym
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prekoncentraénim faktorem (min. 100), ziskali bychom hodnoty koncentraci fadové
jednotek az desitek ppb. V této oblasti uz se pak pohybuji hodnoty namétenych a
publikovanych koncentraci PFCA v redlnych vzorcich zivotniho prostiedi [26,91,94],
¢ili by tato metoda méla byt pouzitelna pro stanoveni PFCA v téchto vzorcich. LOD a
LOQ vychazeji pro isobutylestery PFCA nejnizs$i u GC-ECD, v fadech desetin (u PFOA
nejniz§i hodnota LOD dokonce 0,06 pg mL™) az jednotek pg mL™. GC-EI-MS je
radoveé shodny, ¢iseln¢ vychazi nepatrné hiit. Dalsi snahou bylo pievedeni derivatizacni

reakce do vodného prostiedi z diivodu zjednoduseni prekoncentrace.

4.1.2.2 Derivatizacni reakce ve vodném prostiedi

Predbéznd méfeni ukazala, ze derivatizace PFCA ve vodném prostiedi probiha
nedostatecné, a proto bylo ptikroc¢eno k jeji optimalizaci. Jednim z hlavnich parametra
ovliviiyjicich reakci bude v piipadé¢ organickych kyselin hodnota pH reakéniho média, a
proto byly pro derivatizaci vyzkouSeny rtizné druhy pufrd vrozsahu pH = 1 — 11
o koncentraci 50 mmol L' (HCl pufr 100 mmol L), které nahradily prostiedi
acetonitrilu v derivatizaéni smési. Nasledujici optimalizacni kroky byly méfeny jen

pro PFOA pomoci GC-EI-MS.

T T T T T T T T T T pufr HCL pH=1

500000 -

450000 1 } ] pufr fosfatovy, pH=2
400000 |- } - pufr fosfatovy, pH=2,5
350000 - ' % ] pufr fosfatovy, pH=3
s J00r } } i pufr pyridinovy, pH=5
< 250000 |- - s ,
I } pufr uhli¢itanovy, pH=7
200000 | -

50000 |- 1 pufr uhli¢itanovy, pH=9

puftr uhlicitanovy, pH=11

100000 - -

50000 I 1 1 1 1 1 1 1 1 1 1
AcN pH=1 pH=2pH=2,5pH=3 pH=5 pH=7 pH=9 pH=11 voda

Reakcni prostredi

Obrazek 4.8 — Zavislost velikosti plochy piku isobutylesteru PFOA na prostiedi pufru o rizném pH

Vybér pufri pro takto velké rozpéti pH byl znaéné¢ omezen, protoze pufry nesmi
obsahovat Zadnou derivatizovatelnou skupinu, jako napf. karboxylovou, ¢i

aminoskupinu, kterd by snizovala u€innost derivatizac¢ni reakce. Tudiz bylo nutné volit
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pouze jednoduché anorganické pufry, namisto béznych pufri s variabilnéj$im rozpétim
pH.

Jako optimalni byl vybran fosfatovy pufr o pH 2,5. Velky pokles plochy piku byl
zaznamenan u pyridinového pufru, a to pravdépodobné z divodu nadbytku pyridinu,
ktery sniZzuje UCinnost derivatizacni reakce, jak bylo prokdzano pii optimalizaci
pfidavku pyridinu (viz déle). Z hodnoty pH 2,5 lze usuzovat, Ze derivatizace probiha
za danych podminek snaze s klesajici disociaci PFOA. Dal$im logickym krokem byla
optimalizace koncentrace fosfatového pufru o pH 2,5. Byly proméfeny koncentrace 1,
10, 50 a 100 mmol L' a jako optimalni koncentrace pufru byla nalezena hodnota
50 mmol L. SniZeni &i zvyseni koncentrace pufru nevedlo k vyraznému zvétseni ploch
pikt vznikajiciho isobutylesteru PFOA.

Pti optimalizaci reakce v acetonitrilu se jako parametr nejvice ovliviiujici vytézek
reakce jevil pfidavek pyridinu jako katalyzatoru reakce. Prométeny byly ptidavky
pyridinu v rozsahu koncentrace 0 — 1,98 mol L™, coZ odpovidalo ptidavku 0 — 32 pL
na celkovy objem 200 pL reakéniho média. Na obrazku 4.9 mlzeme pozorovat, ze
s klesajicim mnozstvim pyridinu v derivatiza¢ni smési rostou plochy pikl isobutylestert
PFOA. Podobny trend byl pozorovéan i u reakce v prostiedi acetonitrilu, kde byl jako
optimalni pfidavek nalezen objem 4 pL pyridinu. Jeho dal§im snizovanim plochy pikt
opét nepatrné klesly. V prostiedi fosfatového pufru byl optimalni ptidavek 1 pL ¢istého
pyridinu, ktery odpovida koncentraci 0,06 mol L a daldim sniZzovanim koncentrace
pyridinu piky isobutylesteru PFOA opét klesaly. Pokud do reakce pyridin neptfidame
viubec, vytézek reakce je minimdlni. Pfitomnost malého mnoZzstvi pyridinu jako
katalyzatoru reakce je tedy nutnd. Podrobné¢jsi diskuzi o funkci pyridinu v téchto

reakcich Ize nalézt v pracich HusSka a kol. [71-75].
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Obrazek 4.9 — Zavislost plochy piku isobutylesteru PFOA na koncentraci pyridinu v prostiedi fosfatového

pufru

Srovnani derivatizace v acetonitrilu a ve vodé ukazuje, Ze: (a) po optimaliza¢nich
krocich byla plocha piku isobutylesteru odpovidajici koncentraci PFOA 10 pg mL™
v acetonitrilu rovna 417000 + 30800 a.u., (b) ve fosfaitovém pufru o pH 2,5 a
koncentraci 50 mmol L' a s optimalnim piidavkem pyridinu za stejnych podminek
méfeni byla naméfena plocha piku isobutylesteru PFOA 460000 + 46400 a.u. Znamena
to tedy, ze doslo ke zlepSeni vytézku derivatizacni reakce pro PFOA ve fosfatovém
pufru o téméf 10 % oproti reakci v acetonitrilu. Moznost provedeni reakce ve vodném
prostiedi znacné zjednoduSuje celou analytickou metodu a zarucuje snadnéjsi praci

pfi stanoveni PFCA.

4.1.2.3 Srovnani limiti detekce GC-EI-MS a GC-ECD ve fosfatovém pufiu

Pro GC-ECD a GC-EI-MS byly prométfeny nové kalibrace v rozsahu koncentraci
0,02 - 10 pg mL™ pro prostiedi fosfatového pufru.

U GC-EI-MS bylo zjisténo snizeni hodnot LOD a LOQ u isobutylesterd PFCA.
Hodnoty LOD se pohybovaly v rozmezi 0,03 — 0,31 pg mL" oproti LOD hodnotam
mefenym pomoci GC-ECD, které se pohybovaly mezi 0,15 az 0,73 pg mL™". Oproti
hodnotdm LOD a LOQ naméfenym v prostfedi acetonitrilu (viz tabulka 9) doslo

k vyraznému poklesu limiti detekce a stanovitelnosti pro GC-EI-MS, naopak u GC-
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ECD doslo u c¢tyt ze Sesti kyselin k naristu LOD a LOQ. Optimalizace derivatizacni
reakce v prostfedi pufru byla provadéna pouze na ptistroji GC-EI-MS a jen pro jednu
z kyselin — PFOA, u které se podatilo snizit limit detekce stanoveného ve fosfatovém
pufru o fad oproti LOD zaznamenaného v prostiedi acetonitrilu. Naméfenim
kalibra¢nich zavislosti na GC-ECD se bohuZel tento trend zcela nepotvrdil. Dalsi
analyzy vSak byly provadény na pfistroji GC-EI-MS, u kterého byla dosazena nejvyssi
citlivost. Vys§i hodnoty LOD a LOQ u GC-EI-MS byly zaznamendny u kyselin
s vysSim poctem uhliki, konkrétné u Cyp — Cj, kyselin, coz bylo pravdépodobné
zpusobeno narlstajicim Sumem signalu v pribéhu teplotniho gradientu b&éhem GC
latek spravné vyhodnotit. Relativni smérodatné odchylky (n = 5) pro hodnoty LOD a
LOQ uvedené v tabulce 10 jsou mensi nez 3 % u GC-ECD a mensi nez 6.6 % u GC-EI-
MS.

Tabulka 10 — Detekéni limity (LOD, ug mL™) a limity stanovitelnosti (LOQ, pg mL™) isobutylesterti
perfluoralkylkarboxylovych kyselin v prostiedi fosfatového pufru metodou GC-ECD a GC-EI-MS

GC-ECD GC-EI-MS

LOD LOQ LOD LOQ

PFHxA - - 0,15 0,49
PFHpA 0,3 1,1 0,06 0,19
PFOA 0,6 1,9 0,04 0,12
PFNA 0,2 0,5 0,03 0,10
PFDA 0,2 0,5 0,26 0,86
PFUnA 0,5 1,7 0,23 0,77
PFDoA 0,7 2,4 0,31 1,05

4.1.2.4 LOD a LOQ dosaZené na GC-NCI-MS

Byly naméfeny kalibracni zévislosti isobutylesterti perfluoralkylkarboxylovych
kyselin na piistroji GC-NCI-MS v koncentraénim rozpéti 0,5 — 1000 ng mL™" a
vypocteny limity detekce a stanovitelnosti (viz tabulka 11). Pro vypocet LOD a LOQ

cvwr

koncentraci (pro PFPeA §lo o koncentraci 40 ng mL™, pro PFHxA, PFHpA a PFOA
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8ng mL"' a pro ostatni kyseliny to byla koncentrace 2 ng mL™). Pomér S/N byl
vypocitan vzdy z nejintenzivnéj$i hodnoty m/z jednotlivych kyselin, coZ odpovidd m/z

= 228 pro PFPeA, 278 pro PFHxA, 328 pro PFHpA atd.

Tabulka 11 — Hodnoty LOD a LOQ (ng mL™) isobutylesterd perfluoralkylkarboxylovych kyselin
naméfené na GC-NCI-MS

LOD LOQ RSD (%)
PFPcA 9,7 32,2 6,3
PFHxA 2,3 7,5 8,0
PFHpA 1,9 6,3 8,8
PFOA 1,4 4.8 1,4
PFNA 0,05 0,16 0,3
PFDA 0,1 0,4 8,3
PFUnA 0,2 0,6 6,1
PFDoA 0,2 0,6 9,5

Velmi nizké hodnoty limitd detekce a kvantifikace byly zaznamenany
u perfluoralkylkarboxylovych kyselin s delsim fetézcem, fadoveé desetiny az jednotky
ng mL", tedy ppb. Nejvétsi citlivosti bylo dosazeno u PFNA, kde byla zaznamenana
hodnota LOD dokonce 0,05 ng mL™. Naopak kyseliny s krat3im fetézcem dosahuji
LOD a LOQ o jeden aZ dva tady vyssi neZ delsi kyseliny, tedy fadové jednotky az
desitky ng mL™". V porovnani s GC-EI-MS a GC-ECD je tento piistroj zhruba o dva a
tii fady citlivejsi.

S takto nizkymi hodnotami LOD a LOQ je mozné spouzitim vhodné
prekoncentraéni techniky dosdhnout takové citlivosti, kdy lze detekovat a stanovit
perfluoralkylkarboxylové kyseliny v redlnych vodnych vzorcich. Koncentrace PFCA
v fi¢nich vodach se pohybuji v fadu jednotek &i desitek pg mL™, viz kap. 2.2.

4.1.2.5 Srovnani dosaZenych limitit detekce a stanovitelnosti v§ech pouZivanych metod
Z ptedchozi kapitoly je zfejmé, Ze nejcitlivéjSim plynovym chromatografem
pro perfluorované analyty je nejnovéjsi pristroj s hmotnostni detekci a negativni

chemickou ionizaci. Pro vEt§i nazornost jsou v tabulce 12 srovnany dosazené limity
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detekce jednotlivych plynovych chromatografii pfepocitané na shodné jednotky, tedy
ng mL™'. Isobutylestery perfluoralkylkarboxylovych kyselin pro kalibraéni zavislosti
méfené na GC-ECD a GC-EI-MS jsou derivatizované v prostfedi fosfatového pufru,
isobutylestery perfluoralkylkarboxylovych kyselin pro kalibra¢ni zéavislosti métené

na GC-NCI-MS jsou derivatizované v prostfedi acetonitrilu.

Tabulka 12 — Limity detekce a stanovitelnosti (ng mL™") isobutylestrii perfluoralkylkarboxylovych kyselin

na jednotlivych plynovych chromatografech

GC-NCI-MS GC-ECD GC-EI-MS

LOD LOQ LOD LOQ LOD LOQ
PFPeA 9,7 32,2 - - - -
PFHxA 2,3 7,5 - - 147 489
PFHpA 1,9 6,3 320 1066 57 189
PFOA 1,4 4,8 571 1904 35 118
PFNA 0,05 0,16 156 522 30 99
PFDA 0,1 0,4 154 512 257 855
PFUnA 0,2 0,6 504 1680 232 772
PFDoA 0,2 0,6 725 2417 314 1048

4.1.3 Realné vzorky

Optimalizovand metoda derivatizace v prostfedi fosfatového pufru byla vyzkouSena
na tfech redlnych vzorcich fi¢ni vody metodou pfimého zakoncentravani. Tyto vzorky
byly méfeny na piistroji GC-EI-MS v dobé&, kdy jesté nebyl k dispozici citlivéjsi GC-
MS s negativni chemickou ionizaci. Soubézné byl pro kontrolu stejnym zptisobem jako
redlné vzorky zpracovan vzorek destilované vody s ptidavkem standardu PFOA a
s pouzitim ptislusné kalibracni zavislosti byla stanovena vytéZznost celého postupu
na 64 %. Tato prekoncentracni technika je nejjednodussi mozna metoda (bez jakéhokoli
precisténi vzorku) a je pouze predbézna. Pouziti sofistikovanéj$i metody, napi. SPE,
poskytne s vysokou pravdépodobnosti lepsi vysledky.

U dvou vzorkil (Vltava 1, Vltava 3) nebyly Zadné z perfluoralkylkarboxylovych
kyselin detegovany, u vzorku s oznaceni Vltava 2 byl nalezen pik PFOA. Dosazenim

do kalibra¢ni rovnice byla dopoctena prtislusnd koncentrace, kterd odpovida hodnoté¢
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0,20 pg mL™" ve 200 pL hexanu, resp. 0,22 pg mL™" v 5 ml pufru po zakoncentrovani.
Tato hodnota se pohybuje nad limitem stanoveni metody pro pfislusnou
perfluoralkylkarboxylovou  kyselinu.  V pivodnim vzorku Vltava 2 pred
zakoncentrovanim byla stanovena koncentrace 3,4 ng mL™". Tato hodnota je ve srovnani
s nalezenymi koncentracemi PFCA stanovenymi pozdéji ve vzorcich Vltavy a Labe
(viz. kap. 4.2.4) prili§ vysoka, proto se jevi jako pravdépodobné, ze doslo
ke kontaminaci vzorku. Problematika kontaminace je podrobnéji pojednana v kapitole
4.2.1. Na obrazku 4.10-A je chromatogram vzorku Vltava 2, ve kterém byl detegovan
pik PFOA sretenénim c¢asem 8,08 min. Identita PFOA byla ovéfena piidavkem
standardi PFCA k tomuto vzorku pfed derivatizaci na jejich vyslednou koncentraci

2 pg mL™ (Obr. 4.10-B).
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Obrazek 4.10 — Chromatogram vzorku Vltava 2 (A) a vzorku Vltava 2 s piidavkem
perfluoralkylkarboxylovych kyselin (B) (koncentrace PFCA 2 pg mL™”, podminky méfeni viz. obrézek
4.2)

4.2 Vyvoj extrakcni a prekoncentraéni metody

Z predchozich kapitol je zfejmé, ze pro méfeni redlnych vzorkd fi¢nich vod se
nejlépe hodi pfistroj GC-NCI-MS, diky své vysoké citlivosti. Ke stanoveni
perfluoralkylkarboxylovych kyselin v redlnych vzorcich bylo ale nutné jesté vyvinout a
optimalizovat metodu na preciSténi a dostate¢né zkoncentrovani. Jako pravdépodobné

nejvhodnéjsi a nejbéznéji pouzivana metoda se jevila extrakce na tuhé fazi, tzv. SPE.
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Byly proto zakoupeny SPE kolonky se stacionarni fazi hydrofilné modifikovaného
polymeru na bazi styrenu, komeréné dostupného pod vyrobnim nazvem Supel™-Select
HLB. Dle zpracované reserSe (viz kap. 2.2) byly kolonky s touto stacionarni fazi, a to
bud’ od firmy Supelco nebo od firmy Waters pod komerénim nazvem Oasis”, nej¢ast&ji
vyuzivany pro extrakci perfluoralkylkarboxylovych kyselin z vodnych vzorkl, proto
byly vybrany i pro nasi praci. Dalsi kapitoly jsou tedy vénovany optimalizaci této

prekoncentréni metody.

4.2.1 Ur¢eni zdroji kontaminace

Na zacatku préce byla zjisténa kontaminace slepych vzorkl po SPE nékterymi PFCA
na urovni desitek ng. Po dikladném patrani a vylouceni vSech zafizeni, ktera by mohla
obsahovat ¢asti z fluoropolymert, byl jako hlavni zdroj kontaminace identifikovan SPE
manifold, ktery obsahuje kohouty a tésnéni z fluoroplastl. Pro dikaz tohoto tvrzeni
byly vlozeny tyto kohouty z manifoldu vcetné té¢snéni do kaddinky s 10 mL methanolu a
ponechany v ultrazvukové lazni po dobu 10 minut. Poté byl vSechen methanol odpaten,
odparek rozpustén v acetonitrilu a byla provedena derivatizace jako s ostatnimi vzorky.
GC-NCI-MS analyzou byly stanoveny PFCA v mnozstvi 19 ng PFOA, 8 ng PFNA,
9 ng PFDA, 7 ng PFUnA a 6 ng PFDoA. Po prosati blanku deionizované vody pfes SPE
kolonku v manifoldu a naslednym pouzitim ru¢ni eluce mimo manifold byly slepé

vzorky ¢isté, bez kontaminace perfluoralkylkarboxylovymi kyselinami.

4.2.2 Vyvoj SPE metody

Metoda SPE byla vyvijena s pomoci GC-MS piistroje s elektronovou ionizaci.
Vychozim bodem pro hledani vhodnych podminek pro SPE metodu byla prace
Weremiukové a kol. [37], kdy bez jakékoliv Gpravy pH vzorku, byly ur¢eny extrakéni
ucinnosti u roztokl standardtit PFCA (C¢ — Cy2) v redestilované vode€ o objemu 250 ml a
koncentraci 1 ug mL™. Bohuzel bylo dosazeno mnohem horsich extrakénich uéinnosti
oproti publikovanym. To mohlo mit n¢kolik divoda. V prvni fad¢é byly sice pouzity
SPE kolonky se stejnou naplni, ale od jiného vyrobce (Supelco vs. Waters). Rozdil byl
také v postupu po odpafeni elu¢niho c¢inidla, kdy jsme pouzili acetonitril jako
rozpoustédlo pro rozpusténi odparku, kdezto Weremiukova a spol. pouzili smés octanu

amonného (10 mmol L) a acetonitrilu (50:50 obj. %), kterou také pouzivali jako
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mobilni fazi pro nasledné méfeni na HPLC-MS/MS. Dal$i moZnou pfi¢inou mohlo byt
také to, ze metoda podle Weremiukové byla optimalizovdna pouze pro PFOA a PFOS,
kdezto nase analyty zahrnuji homologickou fadu Cs — Cj, kyselin. Ucinnost extrakce
(recovery) se pohybovala v rozmezi 7 % (PFHxA) — 91 % (PFDA), pficemz se nejhtife
extrahovaly kyseliny s krat§im fetézcem. U PFOA jsme dosahli pouze 68% ucinnosti,
oproti 99 — 100 % ucinnosti, které dosdhla Weremiukovd ve své praci. Proto jsme
ptistoupili k modifikaci SPE metody pro naSe analyty a prvnim krokem byla zvolena

optimalizace pH vzorku.

4.2.2.1 Optimalizace pH

Byla pfipravena série 3 roztokd standardi PFCA o objemu 250 ml o koncentraci
1 ug mL™", kde bylo ptidavkem kyseliny fosfore¢né upraveno pH na hodnoty 1,5, 2,0 a
3,0. Kyseld oblast pH byla zvolena z diivodi snahy o potlaceni disociace kyselin
(pKa 2,6 pro PFOA [12]), aby neionizované formy mohly intenzivngji interagovat
s naplni SPE kolonek.

100

BpH1,5 OpH2 EpH3 OpH4,1
90 -

80 1
70 -
60
50 1 — —

40 A —

Vytézek extrakce, %

30

20 A

mjﬂ_\
0- T T T T T T

C6 c7 C8 C9 C10 C11 C12

Obrazek 4.11 — Zavislost vytézku SPE extrakce perfluoralkylkarboxylovych kyselin na pH vzorku [125]

Bohuzel upravy pH nepfinesly vyrazné zlepSeni vysledkti, naopak pokles pH
zpusobil pokles ucinnosti u jednotlivych kyselin, jak je mozné vidét na obrazku 4.11.
Nejlepsi souhrnné ucinnosti bylo dosazeno u pivodniho vzorku, u kterého nebylo pH
nijak upravovano (naméfend hodnota pH odpovidala 4,1). Proto pro dal$i optimaliza¢ni

kroky byly brany vzorky bez tipravy pH.
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4.2.2.2 Vybér elucniho Cinidla

Testovanymi eluenty byly methanol a acetonitril. Vysledky méfeni prokézaly, ze
pouziti acetonitrilu (ACN) misto methanolu nepfindsi zadné vyrazné zvyseni méfenych
hodnot ucinnosti. Dale byla vyzkousena eluce dvojnasobnym objemem ACN i
methanolu (8 mL), avSak ani tato zména nepfinesla zlepSeni, a proto byl dale pouzivan

elu¢ni objem 4 mL methanolu.

4.2.2.3 Piidavek NaCl

Je vSeobecné znamo, ze uéinnost extrakce lze ovlivnit iontovou silou roztoku vzorku
(salting-out, vysolovaci efekt). Byla proto pfipravena série roztokli standardii smési
PFCA o objemu 250 ml a koncentracich 1 pg mL™' s riiznymi koncentracemi NaCl, a to

0,48, 56, 64 a 72 g L. Tyto roztoky byly nasledné podrobeny SPE.
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Obrazek 4.12 — Zavislost vytézku extrakce na piidavku NaCl ke vzorku, nulova hodnota je uvedena

pro srovnani a pfedstavuje piivodni neupraveny roztok o pH = 4,1 [125]

Pridavek soli ke vzorku zplsobil nartst vytézku pti extrakei u kyselin C¢ — Co,
zatimco u Cjo — Cy; je patrny pokles oproti hodnotam bez pridavku soli. Po vyzkouSeni
ruznych ptidavki bylo zjisténo, ze optimalni hodnota ptidavku pro celou skupinu PFCA
je 56 g L (viz obr. 4.12). Nevyhodou piidavku NaCl je vznikly solny odparek, ktery se

témer nerozpousti v ACN pied derivatizaénim krokem. Vznikl4 suspenze soli v ACN
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pak znesnadnuje pipetaci, ale neovliviiuje samotnou derivatizaci.

4.2.2.4 Pridavek iontové-parového Cinidla

Dalsi z moznosti jak ovlivnit extrakci, je pfidani latky tvofici s analytem iontovy par,
v tomto piipadé byl touto latkou tetrabutylamoniumbromid (TBABr). Ptidavkem
TBABr dojde ke zméné extrahované formy analytu z aniontu na neutrdlni iontovy par
TBA-kyselina. Byla pfipravena série roztokt standardi PFCA o rtizné koncentraci
TBABr. Do roztoki smési PFCAs o objemu 250 mL o koncentracich 1 pg mL’
jednotlivych kyselin byl ptfiddn TBABT, aby jeho vysledna koncentrace ¢inila 25, 50, 75
a 100 ug mL™". Tyto roztoky byly podrobeny SPE.
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Obrazek 4.13 — Zavislost vytézku SPE extrakce na pridavku tetrabutylamoniumbromidu ke vzorku.

Nulovy ptidavek piedstavuje ptivodni neupraveny roztok o pH = 4,1 [125]

Z obrazku 4.13 je patrné, Ze nejvetsi vzrist u€innosti SPE se projevil u koncentraci
TBABr 50 a 75 pg mL™, z nichZ byla pro vyrovnan&jsi vysledky v celém souboru
pozorovat u PFHxA, kde jsou zjiStény hodnoty nad 100 %. Tento efekt nejsme prozatim
schopni objasnit. V pfipad¢ stanoveni samotné PFOA je lepsi zvolit koncentraci

100 ng mL™' TBAB, nebot’ v tomto piipadé je vytézek SPE nad 90 % oproti 68 %.
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4.2.2.5 Kombinace piidavku TBABr a NaCl

Vzhledem k pfedchozim dobrym vysledkim s piidavky NaCl a TBABr byl
poslednim krokem test spole¢ného piidavku obou latek. Byla proto pifipravend série
roztokti smési standardd PFCA o koncentraci 1 pg mL™" a objemu 250 mL s fixni
koncentraci NaCl 56 gmL™ a rtznou koncentraci TBABr (50 — 150 pg mL™).
Predpokladany nartst u¢innosti SPE pfi kombinaci obou latek se nepotvrdil a vSechny
hodnoty byly naopak niz§i. Kvili vySe popsanym nevyhoddm spojenym s piidavkem
soli bylo rozhodnuto ziistat pouze u pfidavku TBABT, ktery poskytoval vytézky ptes
70 % 1 u kyselin s del§imi fetézci.

Pivodni metoda, kterou pouzivala Weremiukovd, byla modifikovana
pro homologickou fadu PFCA a bylo tak dosaZzeno zlepSeni extrakéni u¢innosti SPE
metody pro C¢ — Cj, perfluoralkylkarboxylové kyseliny, a to hlavné diky ptidavku
iontové-parového Cinidla TBABr. Jako optimalni byly vybrany tyto parametry upravy
vzorkl pred vlastni SPE: Zadna tiprava pH a pridavek iontoveé-parového ¢inidla TBABr

o koncentraci 50 pug mL™.

4.2.3 Extrakéni acinnost u spikovanych vzorki Fiéni vody

Z divodua vyssi citlivosti byla vSechna méteni fi¢ni vody provadéna na plynovém
chromatografu s hmotnostni detekci a negativni chemickou ionizaci. V ramci téchto
experimenti byla do souboru analytd dodate¢né zahrnuta jeSté kyselina
perfluorpentanova (PFPeA). Tti vzorky fi¢ni vody z VItavy (odbérova mista A, B a C)
byly spikovany smési perfluoralkylkarboxylovych kyselin Cs — C;, na koncentrace 1,40
a 0,14 ng mL". K témto spikovanym vzorkaim bylo piidano piisluiné mnozstvi TBABT,
aby jeho celkova koncentrace byla 50 pg mL™" a 250 mL takto upraveného vzorku
podrobeno SPE, eluaty derivatizovany a isobutylestery perfluoralkylkarboxylovych
kyselin stanoveny metodou GC-NCI-MS. VSechna meéfeni byla provedena ve tfech
opakovanich a vysledky méfeni spikovanych a nespikovanych vzorkli byly
vyhodnoceny na zdkladé pfisluSnych kalibraci jednotlivych kyselin a byly urceny
hodnoty t¢innosti SPE (tabulka 13).
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Tabulka 13 — Uginnosti SPE pro jednotlivé perfluoralkylkarboxylové kyseliny ve spikovanych vzorcich

ficni vody z Vltavy

Spikovana hladina Spikovana hladina
1,40 ng mL™” 0,14 ng mL™”
Recovery (%) RSD % Recovery (%) RSD %

PFPeA 102 7 99 4
PFHxA 100 6 111 6
PFHpA 98 5 100 5
PFOA 104 6 103 6
PFNA 86 10 66 3
PFDA 79 6 67 1
PFUnA 65 5 60 4
PFDoA 60 3 53 10

Hodnoty t¢innosti SPE se pohybuji od 53 do 111 % pfi€emZ lze pozorovat stejnou
tendenci, kdy PFCA s kratS§im fetézcem, Cs— Cs, vykazuji prakticky 100 % ucinnost
pro obé hodnoty koncentraci, zatimco kyseliny s del§im fetézcem, Co — Cy2, vykazuji
ucinnost pod 86 % (srovnej obrazek 4.13 a tabulku 13). Oboustranny t-test (oo = 0,05,
n = 3) prokazal, ze hodnoty ucinnosti pro obé koncentra¢ni hladiny se statisticky nelisi
pro vSechny PFCA. Vysledky pro PFPeA a PFHxA rovnéz ukazaly, ze u takto nizkych
koncentraci nenastavd problém s hodnotami ucinnosti SPE vyrazn€ nad 100 %.
Hodnoty uc¢innosti SPE dosazené béhem hledani vhodnych podminek pro roztoky
standardt v destilované vod¢€ nelze piimo srovnavat s vysledky pro fi¢ni vodu, protoze
se vyrazné¢ liSi podminky jejich méfeni (rozdilné pftistroje, kalibra¢ni zavislosti,
koncentra¢ni hladiny spikovani a matrice vzorki). Pro urceni koncentraci PFCA
uredlnych vzorkli fek byly zahrnuty hodnoty ucinnosti SPE jednotlivych kyselin,
ziskané z niz§i spikované hladiny, 0,14 ng mL™', kter4 je blize realnym koncentracim

vyskytujicim se ve vzorcich vod.

4.2.4 Realné vzorky Fi¢nich vod
4.2.4.1 Vzorky Vitavy
Vysledky vzorkt vltavské vody odebirané na tfech mistech v Praze béhem 3 mésict

jsou znazornény v tabulce 14.
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Tabulka 14 — Koncentrace PFCA (v pg mL™) ve vzorcich i¢ni vody z Vltavy, odebranych na tfech

mistech v Praze

Koncentrace PFCA (pg mL™) ve vzorcich Vitavy

7. listopad 2010

9. prosinec 2010

4. leden 2011

B B C B C

Vnyﬁ U]?Od y Fod SCOV Vyf"ﬁ U]gaodV U}?g v Vyfo’i U]?Od 4 Ulgg 4
PFPeA <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
PFHXxA <LOD  298(9) 51 (20) <LOD <LOD <LOD <LOD <LOD <LOD
PFHpA <LOD <LOD <LOD <LOD <LOD <LOQ <LOD <LOQ <LOD
PFOA 28 (6) 19(13)  24(14) <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
PFNA 3(18) 4 (14) 2(4) 1(12) 2(8) 3(D) 2(14) 1 (14) 2 (1)
PFDA 12 (38) <LOD <LOD 5(39) 4(21) 4 (18) <LOD <LOD <LOD
PFUnA <LOD <LOD <LOD <LOD 7(19) <LOD <LOD <LOD <LOD
PFDoA <LOD <LOD <LOD <LOD 9 (15) <LOD <LOD <LOD <LOD

Hodnoty v zavorkach reprezentuji relativni smérodatnou odchylku v %, UCOV — Ustiedni &isticka

odpadnich vod

Ve vSech vzorcich byla nalezena PFOA v koncentraénim rozpéti 4 (LOD) -
28 pg mL™" a PFNA v rozpéti 1 — 4 pg mL™'. Nebyl pozorovan nartist PECA ve vzorcich
pod UCOV v Praze, coz znamena, ze prazské odpadni vody pravdépodobné nebyly
zdrojem kontaminace perfluoralkylkarboxylovymi kyselinami v dob& odbéru vzorkd.

Vezmeme-li primérnou koncentraci z mist A, B a C pro dany ¢as odbéru, Ize snadno
spoéitat, e primérny hmotovy tok PFOA Vltavou predstavoval hodnoty 2,5 mg s
7. listopadu 2010, 1,1 mg s™ 9. prosince 2011 a 1,3 mg s 4. ledna 2011. Zajimavy je
vysledek z listopadového odbéru, kde byly nalezeny vysoké koncentrace PFHXA,
zv143ts pak nad UCOV, kde byla zjisténa koncentrace 298 pg mL™'. Tento vysledek se
shodoval ve vSech 3 vzorcich pfipravenych z tohoto odbérového mista, ¢imz se da
vylou¢it piipadna kontaminace p¥i procesu zpracovavani a analyzy vzorkii. Pod UCOV
uz byla koncentrace PFHXA jen 51 pg mL’. Tento ojedindly vyskyt ukazuje, Ze
pfipadnd kontaminace PFCA mulze mit velmi nepravidelné vyskyty, coz velmi ztézuje
odhaleni jejich ptvodu. V listopadovém odbéru jsou také zaznamenany nejvyssi

koncentrace PFOA a PFNA, coz bylo pravdépodobné zpiisobeno tim, ze voda nebyla
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zfedéna vodou z tajiciho snéhu, tak jako tomu bylo v prosinci a v lednu. Cetnosti
vyskytu PFCA v deviti vzorcich se rovnaji 0% pro PFPeA, 22 % pro PHHxA a
PFHpA, 100 % pro PFOA a PFNA, 44 % pro PFDA apo 11 % pro PFUnA a PFDoA.

v automatické softwarové integraci pikli analytli, jejichZz koncentrace se pohybovaly
tésn¢ nad mezi stanovitelnosti. VSechny zmétené blanky byly Cisté a bez kontaminace.

Priklad chromatogramu realného vzorku je uveden na obrazku 4.14.
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Obrazek 4.14 — GC-NCI-MS chromatogram vzorku fi¢ni vody z Vltavy odebrané¢ho na misté A (Vytonl)
v listopadu 2010

4.2.4.2 Vzorky Labe

Vzorky fticni vody zLabe byly odebrany dne 8.1.2011 podél celého toku
na 6 odbérovych mistech. Byly zpracovavany stejnym zplisobem jako vzorky Vltavy.
Stejn¢ jako ve Vltavé, u vSech vzorki Labe byla nalezena pfitomnost PFOA
v koncentracich mezi 4 (LOD) a 17 pg mL™ a PENA v rozsahu 0,1 — 3 pg mL". Navic
byla ve viech vzorcich piitomna PFDA v rozsahu 1 — 10 pg mL™. Cetnosti vyskytu
zbylych PFCA jsou 0 % pro PFPeA, 17 % pro PFHxA, 67 % pro PFHpA a PFUnA,
83 % pro PFDoA. Hodnota 17,1 pg mL™" je také nejvysi zjisténou koncentraci PFOA
ve vzorcich Labe, a to v D&ing, kde odtéka Labe z Ceské republiky a vstupuje
do Némecka. Obdobné¢ jako u vzorkil Vltavy je zifejmy nizky vyskyt PFCA s kratSim

fetézcem. Naopak, piekvapivé vysoké koncentrace Cy — C;, PFCA byly nalezeny
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ve vzorcich odebranych na hornim toku Labe ve Vrchlabi, které¢ se nachazi na jiznim
okraji Krkono$ského narodniho parku. Déle podél toku Labe koncentrace vSech PFCA
klesly na hodnoty fadové jednotek pg mL" a méné (mimo PFOA). Ze ziskanych dat se
neda potvrdit skutecnost, Zze by koncentrace PFCA stoupaly podél fi¢niho toku s riistem
hustoty primyslovych podnik. Chyby méfeni jsou v nékterych piipadech pomérné
vysoké, a to ze stejného divodu, ktery byl zminén u vzorka Vltavy. Dal§im divodem je
také to, ze se béhem piipravy vzorkll Labe vyskytovala ve vétsi mife kontaminace
(konkrétne¢ Cy— Cyy) blanka 1 pies dikladné vymyvani veskerého pouzitého nadobi
methanolem. Pro zpracovani vysledkii bylo proto nutno nékterd meéteni vyloucit.
U nékterych hodnot neni tudiz uvedena hodnota RSD, protoze v téchto piipadech
musela byt brana pouze jedna naméfena hodnota. Piiklad chromatogramu realného

vzorku vody Labe je uveden na obrazku 4.15.

Tabulka 15 — Koncentrace PFCA (v pg mL™") ve vzorcich ti¢ni vody z Labe, odebranych 8.1.2011 na Sesti

mistech podél celého toku

Koncentrace PFCA (pg mL™) ve vzorcich Labe

Vrchlabi Pardubice Kly Stéti lis;;’)z:;d Décin
PFPeA <LOD <LOD <LOD <LOD <LOD <LOD
PFHxA <LOD <LOD <LOQ <LOD <LOD <LOD
PFHpA <LOQ <LOQ <LOQ <LOD <LOD <LOQ
PFOA <LOQ <LOQ <LOQ 12 (-) <LOQ 17 (15)
PFNA 2(19) <LOQ 1(-) 3(25) 0.4 (14) 2(27)
PFDA 4 (39) 4 (27) 2 (33) 5() 1(29) 10 (25)
PFUnA 6(-) <LOQ <LOD <LOD <LOQ 3(32)
PFDoA 14 (9) <LOD 7(32) 4(8) 5(-) 112)

Hodnoty v zavorkach reprezentuji relativni smérodatnou odchylku v %
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Obr. 4.15 — GC-NCI-MS chromatogram vzorku fi¢ni vody z Labe odebrané¢ho v D&Ciné dne 8.1.2011

4.2.4.3 Shrnuti aplikace metody na ii¢ni vzorky

V ramci méfeni v oblastech jednotek pg mL™”, ve které se pohybujeme, je velmi
obtizné zcela zabranit kontaminaci vzorki perfluorovanymi latkami, protoze jakykoliv
kontakt s teflonovymi soucastkami mize ovlivnit méfeni. I pfes nasi velkou snahu se
nepodafilo kontaminaci uplné eliminovat a bude nutné na tomto findlnim kroku jesté
zapracovat. Nase vysledky maji predstavovat pouze ovéefeni, zda dand metoda je
pouzitelna a dostatecné citliva, nejednd se primarn¢ o monitoring PFCA ve vzorcich
zivotniho prostfedi CR. Pokud se ale povede kontaminaci zcela odbourat a pfipadné
pfipravovat a proklddat méfeni vétSim mnozstvim kontrolnich blanki, je tato metoda
jednoznacéné pouzitelnd pro monitoring perfluoralkylkarboxylovych kyselin ve vzorcich
povrchové vody. To dokazuje také to, Ze nédmi nalezené hodnoty jsou ftadové

srovnatelné s publikovanymi hodnotami evropskych tek [83-87].

4.3 Separace PFCA vysokoucdinnou kapalinovou chromatografii

s hmotnostni detekci

Vedle plynové chromatografie byla dal§i separacni technikou, pouzivanou b&hem
nasi préace, vysokoucinna kapalinovd chromatografie ve spojeni s hmotnostni detekci.
Zde byla navazana spoluprace s RNDr. Martinem Stichou z Katedry organické a jaderné

chemie PfF UK, ktery pomohl zméfit a vyhodnotit naméfené vysledky. Vyhodou
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kapalinové chromatografie, stejné jako kapilarni elektroforézy je fakt, Ze neni nutné
provadét derivatizaci, ale méfi se pfimo smés perfluoralkylovych karboxylovych
kyselin.

Méieni na pristroji HPLC-MS s negativni elektrosprejovou ionizaci mélo pouze
orientaéni vyznam, aby bylo moZno srovnat separaci a limity detekce s vysledky
dosazenymi pomoci plynové chromatografie a kapilarni elektroforézy. Byla provedena
pouze optimalizace mobilni faze a priitoku mobilni faze, dalsim optimalizaénim kroktim
nebyla vénovana pftiliSnd pozornost. Dosazené limity detekce se pohybovaly v rozmezi
1,7 — 3,4 pg mL"' a limity stanovitelnosti vrozmezi 1,1 — 10,1 pg mL’
pro homologickou fadu PFCA. Hodnoty LOD a LOQ pro jednotlivé PFCA jsou
zpracovany v tabulce 17 v kapitole 4.4.3, kde jsou porovnany s ostatnimi separa¢nimi
technikami. Na obrazku 4.16 je zobrazena separace homologické tady

perfluoralkylkarboxylovych kyselin s délkou fetézce Cq — Ci».
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Obr. 4.16 — HPLC-ESI(-)-MS chromatogram smési perfluoralkylkarboxylovych kyselin, slozeni mobilni
faze: acetonitril, voda a octan amonny (10 mmol L, pH = 3,6) s pomérem 55 : 15 : 30, pritokova

rychlost 0,22 mL min™

4.4 Separace PFCA Kkapilarni zonovou elektroforézou s hmotnostni
detekci
Posledni separa¢ni technikou, ktera byla v této praci pouzita, byla kapilarni zonova

elektroforéza ve spojeni shmotnostnim detektorem. Cilem bylo vyvinout a
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optimalizovat metodu stanoveni PFCA, srovnat tuto techniku s ostatnimi separa¢nimi
metodami a aplikovat tuto metodu na redlné vodné vzorky. Tato Cast prace byla
vypracovavana na Katedfe analytické chemie, senzori a biosenzori Univerzity
v Regensburgu, Némecko. Homologicka fada standardi PFCA byla jesté pro tuto Cast
prace rozSifena o  kyselinu  perfluortridekanovou  (PFTrA) a  kyselinu

perfluortetradekanovou (PFTeA).

4.4.1 Optimalizace CE-MS separace ve vodném elektrolytu
4.4.1.1 Optimalizace sloZeni elektrolytu

Z informaci Cerpanych z publikaci od Wojcikové a kol. [105,106] vyplyva, ze
uspésné by méla separace probihat v zasaditéj§im pufru kolem pH = 9 a s vysSim
obsahem organického rozpoustédla. V téchto publikacich byly vyzkouseny pufry Tris a
fosfatovy pufr s pfidavkem isopropanolu a methanolu. V jejich piipadé¢ vSak bylo
pouzito pfimé ¢i nepiimé UV ¢i fotometrické detekce. Ani jeden z téchto pufrti vsak
neni vhodny pro hmotnostni detektor, proto bylo nutné vyzkouset zcela jiny typ
elektrolytu. Nakonec byly vybrany a ptipraveny dva druhy vodného elektrolytu — octan
amonny a mraven&an amonny o koncentraci 100 mmol L™ a o riznych pH v rozmezi
5 az 10. Po prvnich pfedbéznych méfenich se lépe jevil mravencan amonny, ziejmé také
diky své vyssi tékavosti. Dale byly vyzkouseny rizné hodnoty pH u tohoto pufru
vrozmezi 6 az 10, nejlepsi vysledky byly dosazeny u pH = 9, tim se potvrdily
pfedpoklady cerpané z literatury. Analyzy byly ovSem za téchto podminek velmi
dlouhé, cca 25 minut, bereme-li v potaz, ze se jedna o separaci na pomérné kratké
kapilate o délce 28 cm. K pufru bylo proto nutno piidat organické rozpoustédlo. Byla
vyzkouSena 3 rozpoustédla — methanol, isopropanol a acetonitril. S pfidavkem
methanolu (50 % v/v) byly analyzy stale velmi dlouhé, cca 20 minut a piky zna¢né
rozmyté. Po ptidavku isopropanolu (50 % v/v) k vodnému pufru mravenc¢anu amonného
doslo k posunu migracnich ¢ast a zkraceni doby analyzy na 7 minut. Nejlepsi vysledky
ale byly dosazeny po ptidavku acetonitrilu (50 % v/v), kdy separace trvala pouhé
4 minuty. Podrobnéjsi optimalizace pfidavku acetonitrilu k elektrolytu je dale v kapitole
4.4.13. Vzorek byl ze zasobniho roztoku o koncentraci 1 mmol L v methanolu

natedén na pozadovanou koncentraci 0,1 mmol L' vodou.
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4.4.1.2 Optimalizace koncentrace mravencanu amonného

pfipraveny mraven&an amonny o koncentraci 100 mmol L™, proto dal§im krokem bylo
testovani nizSich koncentraci mraven¢anu amonného v elektrolytu. Zavislost migracnich
Castt jednotlivych perfluoralkylkarboxylovych kyselin na ptfidané koncentraci

mravencanu amonného do elektrolytu je graficky znadzornéna na obrazku 4.17.

- - -1
konc. mraven¢anu amonného (mmol L™)

Obrazek 4.17 — Zavislost migrac¢nich ¢asi PFCA na koncentraci mravencanu amonného ve vodném
elektrolytu (slozeni elektrolytu: vodny roztok mravenanu amonného o koncentracich 3,1 — 100 mmol L™

a pH = 9,0 + acetonitril 50 % v/v)

Pufr mravencanu amonného byl postupné fedén a prométen v koncentraénim rozpéti
3,1 az 100 mmol L. Jako optimalni byla vybrana koncentrace 6,25 mmol L, diky
velmi rychlé separaci do dvou minut a zarovenn dobrému rozliSeni jednotlivych piki.
Tato zavislost byla méfena pii maximalnim mozném napéti, tedy 35 kV a proud se
pfi téchto koncentracich pohyboval v rozmezi 29,4 az 0,7 pA. Pfi optimalni koncentraci
6,25 mmol L™ odpovidal proud hodnot& 1,5 pA. U mravendanu amonného bylo pfi této
koncentraci také znovu preméteno pH, které se fedénim posunulo na 8,6. Byla proto
pfipravena série pufrti s riznym pH v rozpéti 7,5 — 10,0. Jako optimalni opét vySel pufr
o pH = 9,0 1 kdyz v disledku pridavani vysokého obsahu acetonitrilu do pufru byly
rozdily mezi jednotlivymi pufry o rizném pH téméf zanedbatelné. K posunu migracnich
¢asti dochazelo v ptipadé, ze se nepodatilo nastavit pfesné pH pouze malym ptidavkem

amoniaku. DalSim pfidavkem amoniaku a kyseliny mraven¢i, které byly pro adjustaci
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pH pouzivany, dochazelo k zvySeni koncentrace mravencanu amonného, které mélo
za nasledek prodlouzeni analyzy. Dikazem byl také narist méticitho proudu, ktery

v téchto piipadech vzrostl z 1,5 pA azna 7,9 pA.

4.4.1.3 Optimalizace piidavku acetonitrilu do elektrolytu
DalSim krokem optimalizace elektrolytu by ptidavek organického rozpoustédla —

acetonitrilu.
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Obrazek 4.18 — Zavislost plochy piki PFCA na obsahu acetonitrilu ve vodném elektrolytu (slozeni
elektrolytu: vodny roztok mraven¢anu amonného o koncentraci 6,25 mmol L™ a pH = 9,0 + acetonitril

30— 60 % v/v)

Porovnanim ploch pikli u jednotlivych méteni bylo zjisténo, ze nejlepsi vysledky
poskytuje piidavek 40 - 50 % acetonitrilu. U PFDoA a PFTrA poskytoval ptfidavek
40 % acetonitrilu nejvétsi piky, pro ostatni kyseliny pak byly nejvétsi piky
zaznamenany pii piidavku 50 % acetonitrilu. Kvili lepsi separaci, menSimu Sumu a
lepsi symetrii pikd byl nakonec vybran jako optimalni ptidavek 50 % acetonitrilu
k elektrolytu.

Finalni sloZeni vodného elektrolytu mélo tedy toto sloZeni: mravenan amonny
o koncentraci 6,25 mmol L' a pH = 9 s 50 % acetonitrilu (v/v). Za téchto
optimalizovanych podminek byl jesté¢ znovu vyzkousen octan amonny, ale vysledky
byly téméf totozné s mraven¢anem amonnym, jen symetrie pikli byla trochu horsi, proto

byl nadéle jako optimalni bran pufr pfipraveny z mravenc¢anu amonného.
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Nevyhodou vodného pufru byl fakt, Ze nebylo moZzno méfit analyty spolecné s EOF
markrem. Jako EOF marker byl vybran kofein, ktery ale oproti pfedpokladu nebyl
ionizovan v negativni elektrosprejové ionizaci. Kofein bylo mozno méfit pouze
v pozitivnim moddu se sledovanou hodnotu m/z = 195. Vyhodou TOF analyzatoru je
moznost pfepindni mezi pozitivhim a negativnim modem béhem jedné analyzy, ale
prechod trva cca 25 s, kdy nejsou zaznamenédvana data. V piipadé naSich analyz
ve vodném pufru byl rozdil migra¢nich ¢asit mezi kofeinem a prvnim analytem, tedy
PFTeA, pouhych 18 s. Tak bychom piisli o nckteré analyty. Béhem analyzy sice
dochézelo k slabému poklesu signdlu (TIC) v misté migracniho ¢asu kofeinu, ale nebylo
to dostatecn¢ priukazné. V tomto pufru tedy nebylo mozno urcit elektroferotické
mobility, které se vypocitdvaji na zaklad¢ rozdilu migracnich cast analytu a EOF
markeru. Tento problém byl vyieSen v nevodném elektrolytu, viz déle kap. 4.4.2.

Na obrazku 4.19 je zaznamenam elektroferogram smési perfluoralkylkarboxylovych

kyselin ve vodném pufru.
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Obrazek 4.19 — Elektroferogram smési perfluoralkylkarboxylovych kyselin (100 pmol L™). Separace
ve vodném pufru o sloZeni: mravenéan amonny (6,25 mmol L', pH = 9,0) s 50% acetonitrilem (v/v),

napéti 35 kV, proud 1,5 pA, davkovaci ¢as 10 s

4.4.2 Optimalizace CE-MS separace v nevodném elektrolytu
V kapilarni elektroforéze s hmotnostnim detektorem je obcas dosazeno lepsi
citlivosti, pokud se misto vodného pufru pouzije Cist¢ nevodny organicky elektrolyt.

Proto byly vyzkouseny 2 nevodné pufry o tomto slozeni: 1 mol L™ kyselina mraven¢i
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s 10 mmol L mravendanem amonnym v acetonitilu a 1 mol L kyselina octova
s 10 mmol L' octanem amonnym v acetonitilu.

Po otestovani obou elektrolyti byl upiednostnén pufr kyselina octova — octan
amonny. Piky u pufru kyselina mravenci — mravenc¢an amonny byly vice rozmyté. Proto
byl dale optimalizovan jen pufr kyselina octovd — octan amonny.

Zasobni roztoky perfluoralkylkarboxylovych kyselin pfipravené v methanolu byly
dale fedény na pozadovanou koncentraci (100 pmol L) acetonitrilem. Byly také
vyzkouSeny vzorky natfedéné vodou a elektrolytem. U vzorku fedéného vodou
nedochazelo k separaci, vSechny piky navzijem koeluovaly. U vzorku fedéného
elektrolytem dochézelo k podobné separaci jako v ptipadé€ fedéni acetonitrilem, ale piky

byly mensi. Proto bylo dale méteno vyhradné se vzorky fedénymi acetonitrilem.

4.4.2.1 Optimalizace koncentrace octanu amonného

Prvnim krokem optimalizace bylo nalezeni nejvhodnéj$i koncentrace octanu
amonného v elektrolytu. Ukdzalo se totiz, ze tato koncentrace je pravdépodobné pfili§
vysoka. Pii této koncentraci protékal kapilarou proud odpovidajici hodnoté 2,2 pA. Pti
pfedchozich méteni ve vodném elektrolytu bylo zjisténo, ze lepSich vysledkli bylo
dosazeno pii nizSich proudech. Proto byla snizovana koncentrace octanu amonného a

tim také klesal proud.

350000

300000

250000

200000

a.u.

- 150000

100000

50000 (-

ok
0

- -1
koncentrace octanu amonného v elektrolytu (mmol L)

Obrazek 4.20 — Zavislost plochy piktit PFCA na koncentraci octanu amonného v elektrolytu
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Jak je patrné zobrazku 4.20, pii pouziti 10 mmol L™ octanu amonného neni
dosazeno velké citlivosti. Koncentrace byla postupné snizovana a optima bylo dosazeno
pii piidavku 1 mmol L™ octanu amonného. Pfi koncentraci 0,5 mmol L™ protékal
elektrolytem témét nulovy proud a doslo k rapidnimu poklesu intenzit. U optimalni
koncentrace protékal proud odpovidajici hodnoté 0,6 pA. Jedin€ u PFTeA se vyrazné
neprojevila zména koncentrace, u ostatnich kyselin doSlo k vyraznému nardstu ploch

pikd pii optimélni koncentraci 1 mmol L™
4.4.2.2 Optimalizace koncentrace kyseliny octové
DalSim krokem optimalizace sloZzeni nevodného elektrolytu bylo nalezeni optimalni

koncentrace kyseliny octové. Proméfeno bylo koncentra&ni rozpéti od 0,5 do 2 mol L™.
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Obrazek 4.21 — Zavislost plochy pikii PFCA na koncentraci kyseliny octové v elektrolytu

Z obrazku 4.21 je patrné, ze maximalni plochy témét vSech pikti byly dosazeny
u koncentrace 1 mol L™, tedy u vychozi koncentrace. U kyselin PEPeA a PFTeA, tedy
u latek s nejkratSim a nejdelSim fetézcem, méla zména koncentrace kyseliny octové jen
maly vliv na plochy pikd. U PRTrA byla maximalni koncentrace zaznamenana
u koncentrace 1,5 mol L. Jako optimalni byla ale zachovana koncentrace kyseliny
octové 1 mol L™, pii které je dosahovéano nejintenzivngjsich piki vétsiny PFCA.

Pro méfeni kalibracnich zévislosti byl tedy vybran nevodny elektrolyt o sloZeni
1 mol L kyselina octova s 1 mmol L octanem amonnym v acetonitrilu. Kalibraéni

zévislosti byly proméfeny v koncentraénim rozpéti 0,5 — 100 pmol L™, limity detekce a
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stanovitelnosti (viz tabulka 16) byly vypocitany z pomé&ru S/N pfii koncentraci, kdy byly
piky vyznamné odli§né od Sumu (pro PFPeA se jednalo o koncentraci 10 pmol L™,
pro PFHXA 5 pmol L, pro PFHpA 1 umol L' a pro ostatni byly LOD a LOQ
vypo&itany z koncentrace 0,5 pmol L™).

Po prométeni kofeinu v pozitivni ionizaci bylo zjisténo, ze odstup mezi migra¢nimi
casy kofeinu a PFCA je dostatecné velky, aby bylo mozno pfepinat mezi jednotlivymi
ionizacnimi mody béhem analyzy. Tim byl vyieSen problém s EOF markerem a bylo
mozno vypocitat efektivni elektroforetické mobility jednotlivych

perfluoralkylkarboxylovych kyselin (viz tabulka 16).

Tabulka 16 — Migraéni Ccasy, efektivni elektroforetické pohyblivosti, LOD a LOQ
perfluoralkylkarboxylovych kyselin v nevodném elektrolytu o slozeni: 1 mol L kyselina octova a

1 mmol L octan amonny v acetonitrilu

Lmig () Efektivni LOD LOQ
pohyblivost* (ug mL™) (ug mL™)
(107 en? V' 57)
PFPeA 151,0 -0,63 (3,4 %) 1,62 5,39
PFHxA 131,1 -0,61 (3,4 %) 0,40 1,34
PFHpA 117,2 -0,58 (3,5 %) 0,28 0,92
PFOA 107,0 -0,57 (3,6 %) 0,25 0,85
PFNA 99,3 -0,55 (3,7 %) 0,14 0,47
PFDA 93,3 -0,54 (3,7 %) 0,13 0,42
PFUnA 88,5 -0,52 (3,8 %) 0,08 0,26
PFDoA 84,4 -0,51 (3,9 %) 0,16 0,52
PFTrA 80,7 -0,50 (4,0 %) 0,20 0,66
PFTeA 77,0 -0,48 (4,0 %) 0,44 1,46

* v zavorce RSD %

Migracni Casy perfluorovanych latek se pohybuji mezi 1,1 a 2,6 minuty, migracni ¢as

kofeinu (EOF markeru) je 0,5 minuty. Efektivni elektroforetické pohyblivosti byly

vypocitany ze vztahu: g, = %LL —L}, kde [, je délka kolony k detektoru, /. je

mig eof
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celkova délka kolony, U je vloZené napéti, #,;; je migracni ¢as analytil a f.,r je migracni
cas kofeinu. Efektivni elektroforetick¢é mobility nelze porovnat s dal§Simi namétenymi
daty u vodného elektrolytu z diivodu objasnéného v kapitole 4.4.1.3. Data publikovana
Wojcikovou a kol. [105,106] jsou dostupna jen pro kyseliny PFHpA a PFNA a to pouze
ve vodnych pufrech. Srovnani efektivnich elektroforetickych mobilit tudiz neni pfili§
relevantni.

Na obrazku 4.22 je zaznamenan elektroferogram PFCA v nevodném elektrolytu.
Piky sice chvostuji, ale jejich intenzity jsou vyrazné vyssi, nez u ploch pikti métenych
ve vodném elektrolytu. Piky poslednich dvou kyselin, tedy PFHxA a PFPeA jsou
znatné rozmyté. Byl jesté proveden pokus se zménou sloZeni sheath liquid, ktery by
mohl vést k snizeni chvostovani a rozmyvani pikd. Byly vyzkouSeny rizné poméry
isopropanolu a vody v rozpéti: 90 % isopropanolu a 10 % vody az do poméru 50 % ku
50 %, ale zména nepfinesla zlepSeni tvaru piki. NejlepSich vysledkii bylo dosazeno
u ptivodné nastaveného poméru 80 % isopropanolu, 20 % vody a 0,2 % kyseliny
mravenci. Kyselina mravenci byla jeSté zaménéna za vodny roztok amoniaku, ale ani to
nevedlo k lepSim vysledkiim. Proto byla i nadale pouzivana sheath liquid o sloZeni

isopropanol : voda : kyselina mravenci (80 : 20 : 0,2).
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Obrazek 4.22 — Elektroferogram smési perfluoralkylkarboxylovych kyselin (100 pmol L™). Separace

vnevodném elektrolytu o slozeni: 1 mol L kyselina octova s 1 mmol L' octanem amonnym

v acetonitrilu, napéti 35 kV, proud 0,6 nA, davkovaci ¢as 10 s
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4.4.3 Porovnani separace, limiti detekce a stanovitelnosti mezi jednotlivymi
separa¢nimi metodami

Velkou vyhodou kapilarni elektroforézy jsou velmi kratké doby analyzy, 10 analytt
je separovano do 2,6 minut. V porovndni s plynovou chromatografii jde téméet
o osminasobné zkraceni doby analyzy. DalS$im rozdilem mezi kapilarni elektroforézou a
plynovou i kapalinovou chromatografii je pofadi analytl pfi analyze. V chromatografii
eluuje homologicka fada PFCA od nejkratsi po nejdelsi kyselinu, u kapilarni
elektroforézy to je presné naopak. OvSem klasické rozlozeni intenzit jednotlivych pika,
kde nejintenzivngjsi piky s nejvetsi plochou jsou uprostied a krajni piky jsou méné
intenzivni, zlstadva u obou separacnich technik stejné. Nevyhodou CE-MS je horsi
reprodukovatelnost migrac¢nich ¢asti a nizsi citlivost pro PFCA. V tabulce 17 je
zobrazen piehled dosazenych limiti detekce a stanovitelnosti perfluorovanych latek pro
jednotlivé separacni techniky. Pro snadné&j$i orientaci byly LOD a LOQ piepocitany
na stejné jednotky, tedy pg L.

Tabulka 17 — Porovnani hodnot LOD a LOQ (ng mL™) pro PFCA dosazenych jednotlivymi separaénimi

technikami
GC-NCI-MS CE-MS HPLC-MS

LOD LOQ LOD LOQ LOD LOQ
PFPeA 9,7 32,2 1616 5388 - -
PFHxA 2,3 7,5 401 1336 3352 1117
PFHpA 1,9 6,3 276 919 2509 8364
PFOA 14 4.8 253 845 1791 5971
PFNA 0,05 0,16 141 469 2806 9353
PFDA 0,1 0,4 127 423 3020 10068
PFUnA 0,2 0,6 78 259 1342 4472
PFDoA 0,2 0,6 156 520 1956 6519
PFTrA - - 197 657 - -
PFTeA - ; 437 1457 - -

Jak je vidét ztabulky 17, pfistroj GC-NCI-MS je extrémné citlivy pro dané

perfluorované latky. Je tadove 100krat az 1000krat citlivéj$i, nez ostatni separacni
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techniky. CE-MS dosahuje citlivosti fddov€ podobné jako GC-EI-MS a GC-ECD,
viz kap. 4.1.2.4, tabulka 10. Nizka citlivost u HPLC-MS byla pravdépodobné zpiisobena

nedostate¢nou optimalizaci v§ech méticich podminek.

4.4.4 Realné vzorky Dunaje

Ackoli neni metoda CE-MS dostateéné citlivd pro méteni stopovych koncentraci
v redlnych vzorcich, bylo rozhodnuto, ze budou realné vzorky touto metodou stejné
testovany, aby byla vyvracena moznost piipadné nekompatibility metody s matrici.
Byly proto odebrany vzorky Dunaje v centru Regensburgu, Némecko. Prefiltrovana
voda byla zpracovana stejné jako vzorky Vltavy a Labe (viz kap. 4.2.4), tedy s pouzitim
jiz zoptimalizované metody SPE. Byly pfipraveny 2 sety po tfech vzorcich a jeden
vzorek deionizované vody jako blanku. Prvni set byl pfipraven bez jakéhokoli
spikovani, druh4 sada byla naspikovana smési 10 perfluoralkylkarboxylovych kyselin
(Cs — C14) na koncentraci 50 nmol L' ve 250 mL vzorku. Po provedeni SPE metody,
eluci methanolem a jeho naslednym odpafenim do sucha byl odparek rozpustén
ve 250 uL acetonitrilu, tedy vysledna teoretickd koncentrace v rozpoustédle byla
50 pmol L™ a prekoncentra&ni faktor byl roven 1000.

Takto piipravené vzorky bylo jesté nutno prefiltrovat pfes nylonovy filtr (Rotilabo
Spritzenfilter, primér 15 mm, 0,45 pm, Roth, Karlsruhe, Némecko), protoze jinak by
mohlo dojit k ucpani kapilary zbytkem odparku.

Nespikované vzorky byly proméfeny, ale vzhledem k citlivosti pfistroje a nasim
pfedpokladim nebyla Zzaddnad ze stanovovanych kyselin detekovéana. Elektroferogram
nespikovanych vzorkl byl v podstaté¢ totozny s elektroferogramem blanku.

Spikované vzorky byly proméieny a plochy jednotlivych pikti byly porovnavany

se standardni smési PFCA o stejné koncentraci, métfené ten samy den.
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Tabulka 18 — Dosazené recovery u spikovanych vzorkii Dunaje o koncentraci 50 pmol L™

Kyselina Recovery %
PFPeA 35
PFHxA 42
PFHpA 46
PFOA 49
PFNA 48
PFDA 44
PFUnA 29
PFDoA 18
PFTrA 14
PFTeA 8

RSD pod 8 %

Bohuzel porovnanim ploch pikli spikovanych redlnych vzorkl a standardni smési
perfluoralkylkarboxylovych kyselin o stejné koncentraci bylo zjiSténo, Ze recovery
se pohybuje pouze vrozmezi 8 — 49 %, na rozdil od ocekavanych 60 — 100 %.
Na obrazcich 4.23 a 4.24 je porovnani standardni smési PFCA a spikovaného vzorku
Dunaje. Jak je ztéchto obrazkl patrné, piky v redlném vzorku jsou velmi rozmyté,
Siroké s tupym tvarem bez Spicky a frontuji. Navic se vyrazné posouva jejich migracni
¢as a piky koeluuji. Rozsah osy y musel byt v pripadé¢ obrazku 4.24 desetindsobné

zmensen oproti obrazku 4.23.
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Obrazek 4.23 — FElektroferogram standardni smési perfluoralkylkarboxylovych kyselin o koncentraci
50 umol L. Separace v nevodném pufru o slozeni: 1 mol L kyselina octova s 1 mmol L octanem

amonnym v acetonitrilu, napéti 35 kV, proud 0,6 pA, davkovaci ¢as 3 s
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Obrazek 4.24 — Elektroferogram spikovaného redlného vzorku vody z Dunaje naspikovaného smési
PFCA o koncentraci 50 pmol L. Separace v nevodném pufru o slozeni: 1 mol L kyselina octova

s 1 mmol L™ octanem amonnym v acetonitrilu, napéti 35 kV, proud 0,6 pA, davkovaci ¢as 3 s

Pfi¢inou téchto vysledkli je ruSeni separace matrici, ionizace ruSena matrici
pravdépodobné neni (viz dale). Kolona musela byt béhem méfeni ¢asto proplachovana a
kondicionovana, protoze dochazelo k postupné nardstajicimu posunu migrac¢nich Casii

analytll a tim samoziejm¢ k prodluzovani doby analyzy a dalSimu rozmyvani pika.
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Po cca kazdych 5 — 10 nastficich realnych vzorkli musela byt kolona proplachnuta
postupné NaOH, vodou, isopropanolem a nakonec elektolytem. Tim se kapilara znovu
zkondicionovala a bylo mozno na ni opét méfit. Analyzy pak trvaly obvyklou dobu,
tedy 3 minuty.

Konstatovani, Ze problém byl v separaci a ne v ionizaci, se dalo potvrdit nafedénim
vzorku acetonitrilem. Jeden ze spikovanych vzorki byl proto nafedén pétkrat
acetonitrilem a vysledkem bylo zGzeni piki PFCA a snizeni jejich intenzity zhruba
petkrat, ¢imz se vyloucil vliv matrice na ionizaci. Dal$im napadem, ktery by mohl vést
k zlepSeni vysledki, bylo zkraceni nastfikové doby, kterd byla pivodné 10 s. S takto
dlouhou néstfikovou dobou byla pravdépodobné pretizena kapacita kapilary, coz se
u standardni smési neprojevilo, ale u redlnych vzorkd ano. Bylo proto vyzkouSeno
zkraceni nastiiku z 10 s postupné na 7 s, 5 sa 3 s. Piky se postupné zuzovaly a
pti kratkém nastfikovém cCase 3 s byly uz piky krasné uzké a Spicaté, bez jakéhokoli
zaobleni a rozmyvani. Témito dvéma kroky byl vyloucen vliv matrice na ionizaci a bylo
dosazeno zlepsSeni separace PFCA v redlnych vzorcich.

Pti¢inou problému bylo také ziejmé to, Ze prekoncentracni faktor 1000 byl piilis
vysoky, analyty nebyly dostatecné rozpustény v tak malém mnoZstvi acetonitrilu.
BohuZel vzhledem kcitlivosti  pfistroje ~ bychom  potifebovali  dosahnout
prekoncentra¢niho faktoru minimalné 4000, aby bylo realné naSe analyty v fi¢nich
vodach detekovat. Toto bohuzel neni technicky proveditelné. Nicméné cilem prace bylo
potvrdit pouZzitelnost metody pro realné vzorky, i kdyZ jen spikované.

Byla proto pfipravena dal§i série spikovanych vzorkil, tentokrdt o koncentraci
62,5 nmol L ve 250 mL vodného vzorku dunajské vody, u které byla provedena SPE
metoda s prekoncentracnim faktorem 400, tedy piesné stejné jako pii GC-NCI-MS
(viz kapitola 3.6), kdy byl odparek rozpustén v 625 pL acetonitrilu. Vysledna teoreticka
koncentrace v acetonitrilu tedy méla byt 25 pmol L. Tyto vzorky byly prométeny
a porovnany se vzorky o stejné koncentraci standardni smési PFCA, métenou tyz den
za stejnych podminek. Nastiikova doba 3 s byla pouzita jak u realnych vzorki, tak i1
usmési standardi PFCA. Porovnanim ploch pikdi bylo vypocteno recovery

pro jednotlivé kyseliny.
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Tab. 19 — Dosazené recovery u spikovanych vzorkii Dunaje o koncentraci 25 pmol L™

Poradi Kyselina  Recovery %
migrace
10 PFPeA 105
9 PFHxA 105
8 PFHpA 89
7 PFOA 86
6 PFNA 71
5 PFDA 85
4 PFUnA 62
3 PFDoA 53
2 PFTrA 49
1 PFTeA 57
RSD pod 9 %

Jak je vidét na obrazku 4.26, separace je pomérné pekna, k ruSeni matrice nedochazi.

Piky spikovaného vzorku jsou sice trochu nizsi a

Sirsi, nez piky jednotlivych analyt

ve standardni smési (obrazek 4.25), ale plochy jsou pro vétSinu analytl srovnatelné.
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Obrazek 4.25 — FElektroferogram standardni smési perfluoralkylkarboxylovych kyselin o koncentraci

25 umol L™, separace v nevodném pufru o slozeni: 1 mol L™ kyselina octova s 1 mmol L octanem

amonnym v acetonitrilu, napéti 35 kV, proud 0,6 pA, davkovaci ¢as 3 s
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Obrazek 4.26 — Elektroferogram spikovaného realného vzorku vody z Dunaje naspikovaného smési
PFCA o vysledné koncentraci 25 pmol L™, separace v nevodném pufru o slozeni: 1 mol L' kyselina

octova s 1 mmol L octanem amonnym v acetonitrilu, napéti 35 kV, proud 0,6 pA, davkovaci ¢as 3 s

4.4.5 Shrnuti CE-TOF-MS metody

CE-MS metoda je pouZitelna pro separaci perfluoralkylkarboxylovych kyselin (Cs —
Ci4), jeji vyhodou jsou velmi kratké doby analyzy fddové 2 — 4 minuty. Dalsi vyhodou
této metody je pfima analyza perfluoralkylovych karboxylovych kyselin bez nutnosti
derivatizace. Tato metoda ve spojeni s prekoncentraénim krokem, tedy SPE metodou, je
vhodnad pro meéfeni spikovanych vzorkli v jednoduchych vodnych matricich, jako je
napiiklad fi¢ni voda. Bohuzel pouzity CE-MS systém neni dostate¢né citlivy
na stanoveni ultrastopovych koncentraci téchto analyti v redlnych vodnych vzorcich.
Koncentrace PECA se pohybuji v Fi¢nich vodach v fadech jednotek aZ desitek ng L.
Pokud by byl v budoucnu k dispozici citlivéjsi MS detektor ve spojeni s kapilarni

elektroforézou, byla by tato metoda zcela pouzitelnda pro stanoveni

perfluoralkylkarboxylovych kyselin v redlnych vzorcich zivotniho prostiedi.

4.4.6 Testovani optimalizované metody na CE-qqqMS/MS

Metoda CE-MS (viz kapitola 4.4.2), kterda byla vyvinuta a optimalizovana
pro pfistroj CE-TOF-MS, byla aplikovana na nové propojenou sestavu kapilarni
elektroforézy s tandemovym hmotnostnim detektorem s trojitym kvadrupolem. Cilem

bylo zjistit pfenositelnost metody mezi jednotlivymi pfistroji a potvrdit ¢i vyvratit
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pfedpoklad vyssi citlivosti tohoto detektoru. V ptipadé€, ze by citlivost byla vyrazné
vyssi, bylo by mozné po preméieni realnych vzorkli Dunaje stanovit naSe analyty —
perfluoralkylové karboxylové kyseliny.

Z technickych duavodii nebylo mozno pouzit stejné¢ kratkou a tenkou kapilaru
(v ptipadé CE-TOF-MS kapilara 28 cm a 25 um), zde byla pouZita kapilara o délce
60 cm a vnitinim praméru 50 pm. Tim bylo zfejmé, ze separace bude mnohem delsi, a
to nejen z divodu vétsSiho rozméru kapilary, ale také kvuli pouzitému napéti, které
v ptipadé¢ komercniho systému CE Ize nastavit na maximalné¢ 30 kV, coz odpovida
pro danou délku kapilary 500 V cm™ oproti 1250 V cm™ dosazenych u CE-TOF-MS.

Nejprve bylo potieba spravné nastavit MRM piechody (multiple reaction
monitoring) pro jednotlivé perfluoralkylkarboxylové kyseliny (Cs — C14). MRM piechod
zajistuje vysokou selektivitu tim, ze jsou zaroven sledovany 2 ionty charakteristické
pro dany analyt. V prvnim kvadrupdlu se vybere tzv. matetsky ion, ktery se v kolizni
cele fragmentuje na dcefiny ion. Vysoka citlivost je dana vyraznym potlacenim Sumu
oproti signalu dcefiného iontu, protoze ve tietim kvadrupdlu se jiz nevyskytuji dalsi
rusivé fragmenty.

Kazda kyselina byla testovana v hmotnostnim detektoru zvlast’. Pro kazdou kyselinu
byl vybran ptechod z kvazimolekulového iontu [M-H] na dekarboxylovany ion [M-
COQY, naptiklad u PFOA $lo o ptechod z mateiského iontu 413 na dcefiny ion 369. Ve
spektrech jednotlivych kyselin byly tyto dva fragmenty vzdy nejintenzivnéjsi, pak bylo
ddle mozno sledovat fragmenty vzniklé z perfluorovaného fetézce. V souladu
z publikovanou literaturou (MRM piechody u pouzivanych metod HPLC-MS/MS) byly
ale brany jen MRM ptechody jiz zminénych kvazimolekulovych iontd. Pro tyto
piechody jednotlivych perfluoralkylkarboxylovych kyselin byla optimalizovana kolizni
energie a fragmentor. Po tomto nastaveni hmotnostniho detektoru bylo mozno pfejit
k samotnému testovani CE-MS separace.

Separace byla provadéna se stejnym pufrem, ktery byl pouzit pti ptredchozich
meéifenich na CE-TOF-MS. V disledku vétSich parametrt kapilary a niz§Simu napéti byly
separace pocatku velmi dlouhé, pies 30 min. Vyuzitim stalého tlaku, ktery vhani pufr
do kapilary, bylo docileno znaéného snizeni migracnich casli. Tento tlak byl
optimalizovan, idedlni byl nalezen tlak 15 mbar, pfi kterém byla provedena separace

do 14 minut, viz obrazek 4.27. Prvni z pikli nejsou zcela dostate¢né rozlisené, ale
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to pti sledovani MRM piechodl pfili§ nevadi, jelikoz ziskdvame pro kazdou kyselinu
signal zvlast. Proto byla upfednostnéna kratsi analyza, pti které nejsou piky pfiili§

rozmyteé.
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Obrazek 4.27 - CE-qqq-MS/MS elektroferogram smési perfluoralkylkarboxylovych kyselin
(100 pmol L™). Separace v nevodném elektrolytu o slozeni: 1 mol L™ kyselina octova s 1 mmol L
octanem amonnym Vv acetonitrilu, napéti 30 kV, proud 2 pA, davkovani 200 mbars, staly tlak elektrolytu

do kapilary 15 mbar

A4

Pro vypocet LOD a LOQ byly za téchto podminek proméieny nizsi koncentrace
smési perfluoralkylkarboxylovych kyselin, a to 10, 5 a 1 pumol L. Pf nejnizsi
koncentraci 1 pmol L ale bohuzZel piky byly témé&F neznatelné a tudiZ je nebylo mozno
spravn¢ vyhodnotit. Tim se ukézalo, Ze citlivost metody nebude lepsi, nez u CE-TOF-
MS, u které byly detegovany n&které piky kyselin i o koncentraci 0,5 pmol L. LOD a
LOQ metody bylo tedy po¢itano z poméru S/N pro koncentraci 5 pmol L™, vysledky

jsou zaznamenany v tabulce 20.
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Tabulka 20 — Hodnoty migra¢nich ¢asti (min), LOD a LOQ (ng mL™") zaznamenané pro jednotlivé

perfluoralkylkarboxylové kyseliny metodou CE-qqq-MS/MS

kyselina Lmig LOD LOO
PFPeA 12,7 335 1116
PFHxA 11,5 326 1085
PFHpA 10,6 286 953
PFOA 9,9 181 602
PFNA 9,4 264 880
PFDA 8,4 273 911
PFUnA 8,6 338 1127
PFDoA 8,2 468 1558
PFTrA 7.9 400 1333
PFTeA 7,2 503 1676

RSD pro LOD a LOQ pod 10 %

Porovnanim tabulek 17 a 20 zjistime, ze dosaZené limity stanovitelnosti jsou fadove

shodné pro oba pfistroje, jen u kyseliny PFPeA vychazi vyrazné 1épe LOQ u CE-TOF-

MS, u ostatnich kyselin jsou limity stanovitelnosti bud’ velmi podobné nebo nepatrné
horsi pro CE-qqq-MS/MS. Z toho divodu nemélo smysl méftit redlné vzorky, protoze

s touto dosazenou citlivosti nelze PFCA v fi¢nich vodach detekovat.
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5. Zavér

1. Byla vypracovdna a optimalizovana metoda stanoveni perfluoralkylkarboxylovych
kyselin (Cs — Cj2) pomoci plynové chromatografie po pievedeni na isobutylestery

ucinkem chlormravenc¢anu isobutylnatého v prostiedi acetonitrilu a fostatového pufru.

2. Byly proméfeny a srovndny retenéni charakteristiky isobutylesterti
perfluoralkylkarboxylovych kyselin na 9 bé&zné dostupnych kapildrnich kolonach
s riznymi stacionarnimi fazemi. Jako nejvice vhodna kolona pro stanoveni

perfluoralkylovych karboxylovych kyselin byla vybrana kolona Rtx-200MS.

3. Na koloné¢ Rtx-200MS  byly studovan  separacni  mechanismus
perfluoralkylkarboxylovych kyselin a vypocitdny fyzikdlné-chemické parametry
interakce analytl se stacionarni fazi. Ty to parametry byly porovnany s nefluorovanym

homologem, a to kyselinou oktanovou.

4. Byly prométeny kalibraéni zavislosti isobutylesterii perfluoralkylkarboxylovych
kyselin jak v prostfedi acetonitrilu, tak i fosfatového pufru pomoci dvou plynovych
chromatografi — GC-ECD a GC-EI-MS. Z kalibra¢nich pfimek byly vypocteny a
porovnany LOD a LOQ pro ob¢ zatizeni.

5. Metoda byla pfevedena na novy plynovy chromatograf s hmotnostni detekci
anegativni chemickou ionizaci, kde byly taktéZ proméfeny kalibracni zavislosti a
vypoéitany LOD (0,05 — 9,7 ng mL™") a LOQ (0,16 — 32,2 ng mL™). Z t&chto udaji bylo
jednoznacné dokazano, ze tento pfistroj je velmi citlivy pro detekci perfluorovanych

latek.

6. Byla vyvinuta a optimalizovana prekoncentraéni metoda extrakce na tuhé fazi
s pouzitim kolonek Supel-Select HLB. Bylo dosdhnuto prekoncentra¢niho faktoru 400 a
urceno recovery pro spikované realné vzorky pro jednotlivé perfluoralkylkarboxylové

kyseliny mezi 53 — 100 %
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7. Bylo provedeno stanoveni perfluoralkylovych karboxylovych kyselin v redlnych
vzorcich ficni vody Vltavy a Labe. Ve vSech analyzovanych vzorcich byla detekovana
kyselina perfluoroktanova (PFOA) v koncentratnim rozpéti rozpéti 4 (LOD) -
28 pg mL™"' a PFNA kyselina perfluornonanova v rozpéti 0,1 (LOQ) — 4 pg mL ™.

8. Byla testovana separace pomoci HPLC-ESI(-)-MS.

9. Byla vyvinuta a optimalizovdna metoda stanoveni perfluoralkylkarboxylovych
kyselin pomoci kapilarni zoénové elektroforézy ve spojeni s TOF hmotnostnim
spektrometrem. Tato metoda byla ve spojeni s pouzitou SPE prekoncentra¢ni metodou
testovana na realnych vzorcich fi¢ni vody Dunaje. Tato metoda vSak nebyla dostate¢né
citliva, koncentrace analytt se nachdzela pod limitem detekce této metody. Metoda byla
jesté testovana na piistroji CE-MS/MS s trojitym qvadrupodlem, avSak ani tam nebylo
dosazeno  dostate¢né¢  citlivosti  pro  méfeni  ultrastopovych  koncentraci

perfluoralkylovych karboxylovych kyselin, které se nachazeji v ficnich vzorcich.
10. Jednotlivé separacni metody byly mezi sebou porovnany. Vyhodou metody GC-

NCI-MS je jeji vysoka citlivost, vyhodou metody CE-TOF-MS zase velmi rychlé

analyzy.
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6. Seznam zkratek

A — plocha piku

a.u. — arbitrarni jednotka signalu
AFFF — specialni protipozarni péna

a; — fyzikalni vlastnosti analytu
APFO — amonna sul perfluoroktanové
kyseliny

APFN — amonna sul perfluornonanové
kyseliny

¢ —molarni koncentrace
CE-qqq-MS/MS — kapilarni
elektroforéza s tandemovou hmotnostni
detekcei a trojitym kvadrupdlem

CMC — kriticka miceldrni koncentrace
dr— tloustka filmu zakotvené
stacionarni faze

EPA — agentura ochrany Zivotniho
prostiedi USA

F — priitokova rychlost nosného plynu
fim — fugacita rozpusténé latky v
mobilni fazi

fis — fugacita rozpusténé latky ve
stacionarni fazi

fim'— fugacita rozpusténé latky ve
standardnim stavu v mobilni fazi

fi"— fugacita rozpusténé latky ve
standardnim stavu ve stacionarni fazi
FTCA — fluortelomerni karboxylova
kyselina

FTOH — fluortelomerni alkohol

GC — plynova chromatografie
GC-ECD - plynova chromatografie

s detektorem elektronového zachytu
GC-EI-MS - plynovéa chromatografie
s hmotnostni detekci a elektronovou
ionizaci

GC-MS - plynova chromatografie

s hmotnostni detekci

GC-NCI-MS — plynovéa chromatografie
s hmotnostni detekci a negativni
chemickou ionizaci

h; — Henryho konstanta rozpusténé
latky

HPLC-MS — vysokoucinna kapalinova
chromatografie s hmotnostni detekci
HPLC-MS/MS — vysokoucinna
kapalinova chromatografie

s tandemovou hmotnostni detekci
HPLC-ESI-MS/MS — vysokou¢inna
kapalinova chromatografie

s tandemovou hmotnostni detekei a
elektrosprejovou ionizaci

IBCF — chlormravencan isobutylnaty
IPE — iontové-parova extrakce

Jmn — kompresibilitni korigovany faktor
K — parametr konstruk¢ni vlastnosti
meéticiho zatizeni

k — retenc¢ni faktor

Kp — distribu¢ni konstanta rozpusténé
latky mezi stacionarni a mobilni fazi
K,,, — rozdélovaci koeficient mezi
oktanolem a vodou

L — délka kolony

[ — koeficient linearity

l;— délka kolony k detektoru

[, — celkova délka kolony

l; — konstanta vztazena k nekone¢nému
ziedéni vzorku

LC-MS/MS — kapalinova
chromatografie s tandemovou
hmotnostni detekci

LDsq — stfedni letalni davka

LLE — extrakce kapaliny kapalinou
LOD — limit detekce

LOQ - limit stanovitelnosti

M, — relativni molekulova hmotnost
stacionarni faze

M 570 — N-
methylperfluoroktansulfonamidacetat
MRM — multiple reaction monitoring
m/z — pomér hmotnosti a naboje

n — pocet teoretickych pater

ner— pocet efektivnich teoretickych
pater

N-EtFOSE — N-
etylperfluoroktansulfonamidetanol
NIST — knihovna spekter

OECD - Organizace pro hospodaiskou
spolupréci a rozvoj

p'— standardni tlak 101325 Pa

pi — vstupni tlak do kolony

Ppo— vystupni tlak z kolony

PFBA — perfluorbutanova kyselina
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PFBuS — perfluorbutansulfonat

PFC — perfluorovana slou¢enina
PFCA — perfluorkarboxylova kyselina
PFDA — perfluordekanova kyselina
PFDoA — perfluordodekanova kyselina
PFDS — perfluordekansulfonat
PFHpA — perfluorheptanova kyselina
PFHxA — perfluorhexanova kyselina
PFHxA-Bu — butylester kyseliny
perfluorhexanové

PFHxS — perfluorhexansulfonat

pK. — zaporny dekadicky logaritmus
disocia¢ni konstanty kyseliny

PFN - perfluornonanoat

PFNA — perfluornonanova kyselina
PFO - perfluoroktanoat

PFOA — perfluoroktanova kyselina
PFOS — perfluorotansulfonat

PFOSA - perfluoroktansulfonamid
PFOSF — perfluoroktansulfonylfluorid
PFPeA — perfluorpentanové kyselina
PFPeA-Me — metylester kyseliny
perfluorpentanové

PFTeA — perfluortetradekanova
kyselina

PFTrA — perfluortridekanova kyselina
PFUnA — perfluorundekanova kyselina
POPs — perzistentni organické
polutanty

PTFE — polytetrafluorethylen

PVDF - polyvinylidenfluorid

R —univerzalni plynova konstanta

S — signal

SAX — silna anion-vyménna
stacionarni faze v SPE

SCX — silné kation-vyménna
stacionarni faze v SPE

SD — smérodatna odchylka

SDR — spole¢na smérodatna odchylka
regrese

SIM — proud iontu o zvolené hodnoté
m/z

SLE — extrakce tuha latka — kapalina
S/N — pomér signalu k Sumu

SPE — extrakce na tuhé fazi

SPME — mikroextrakce na tuhé fazi
t—Cas

T —teplota

T, — teplota kolony

TIC — celkovy iontovy proud

teor— migracni ¢as markeru
elektroosmotického toku

ty — mrtvy ¢as mobilni faze
tg—retencni Cas

tr —redukovany retencni cas

U — vlozené napéti

UPLC-MS/MS — ultravysokou¢inna
kapalinova chromatografie

s tandemovou hmotnostni detekci

J — objem

V, — specificky retenc¢ni objem

w — hmotnost stacionarni faze

Xim — koncentrace rozpusSténé latky
v mobilni fazi

ximo — standardni koncentrace
rozpusténé latky v mobilni fazi

X;s — koncentrace molarni frakce ve
stacionarni fazi

xiso — standardni koncentrace molarni
frakce ve stacionarni fazi

z, — kompresibilitni faktor mobilni faze
S — tazovy pomér

yis — aktivitni koeficient rozpusténé
latky v stacionarni fazi

vis© —molalni aktivitni koeficient
rozpusténé latky v stacionarni fazi
uer— Efektivni elektroforeticka
pohyblivost

,u,-mo— standardni chemicky potencial
rozpusténé latky v mobilni fazi

,u,-so — standardni chemicky potencial
rozpusténé latky ve stacionarni fazi
Psp — hustota stacionarni faze

vim — fugacitni koeficient rozpusténé
latky ve smési s nosnym plynem pii
tepoloté 7. a taku p

6:2 FtS — 1H, 1H, 2H, 2H-
perfluoroktansulfonat

F NMR - nuklearni magnetické
rezonance izotopu '°F

AH — parcialni molarni entalpie

AG — parcialni molarni Gibbsova
energie rozpousténi

AS — parcialni molarni entropi
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A method employing solid phase extraction followed by gas chromatography-mass spectrometry with
negative chemical ionization has been developed for determination of ultratrace concentrations of per-
fluoroalkyl carboxylic acids in river water. The effects of the experimental parameters, such as the pH,
additions of NaCl and an ion-pairing agent (tetraethylammonium bromide) and the kind of the elution
agent, on the efficiency of the test acid extraction have been studied. The analyte extraction recoveries
and the limits of detection and determination have been found. The method developed has been tested
L on determinations of perfluoroalkyl carboxylic acids in the waters of the two largest Czech rivers, Vltava
Perfluoroalkyl carboxylic acids . . . .
River water samples aqd Labe (Ell?g). The best extraction re;ults have.been attained W1Fh0ut any alteratlop of the sample pH,
SPE with an addition of tetrabutylammonium bromide (a concentration of 50 pg mL~! in the sample) and
using methanol as the elution agent. Under these conditions, the recoveries of the test acids in the spiked
real samples are within ranges from 60% to 104% and 53% to 111% for analyte concentration levels of
1.40 ng mL~! and 0.14 ng mL™!, respectively, depending on the lengths of the perfluorinated chains of
the acids. In general, the recovery decreases with increasing length of this chain. The method developed
exhibits very low limits of detection and determination and the results are fully comparable with those
obtained when using more expensive HPLC-MS/MS instrumentation. Typical values amount to tenths to
tens of pg mL~" and units to one hundred pg mL~! for the limits of detection and determination, respec-
tively; the measuring sensitivity increases with increasing length of the analyte chain. The analyzes of
real samples from the Vltava and Elbe rivers have demonstrated that the results obtained are similar
to the values published for contamination of the Elbe and other rivers in western and central Europe.
The concentrations determined are of the order of units to tens of pg mL™"! and the Cg-Cq acids occur
most often.

Keywords:

Isobutyl chloroformate
Gas chromatography

© 2011 Published by Elsevier Ltd.

1. Introduction

Our environment is contaminated with many persistent and
dangerous substances, present at trace (ppb, ngmL™!) or even

Abbreviations: GC-EI-MS, gas chromatography-mass spectrometry with electron
impact ionization; GC-NCI-MS, gas chromatography-mass spectrometry with neg-
ative chemical ionization; EPA, US Environmental Protection Agency; PFCA, perfluo-
roalkyl carboxylic acid (C,HF,,_10;); PFDA, 2,2,3,3,4/4,5,5,6,6,7,7,8,8,9,9,10,10,10-
nonadecafluorodecanoic acid (perfluorodecanoic acid, CAS 335-76-2); PFDoA,
2,2,3,3,4,4,5,5,6,6,7,7,8,8,99,10,10,11,11,12,12,12-tricosafluorododecanoic acid (per-

heptanoic acid (perfluoroheptanoic acid, CAS 375-85-9); PFHxA, 2,2,3,3,4,4,5,5,6,6,6-
undecafluorohexanoic acid (perfluorohexanoic acid, CAS 307-24-4); PFNA,
2,2,3,3/4,4,5,5,6,6,7,7,8,8,9,9,9-heptadecafluorononanoic acid (perfluorononanoic acid,
CAS 375-95-1); PFPeA, 2,2,3,3,4,4,5,5,5-nonafluoropentanoic acid (perfluoropentanoic
acid, CAS 2706-90-3); PFOA, 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctanoic acid
(perfluorooctanoic acid, CAS 335-67-1); PFOS, 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-hepta-
decafluorooctane-1-sulfonic acid (perfluorooctane sulfonic acid, CAS 1763-23-1);
PFUnA, 2,2,3,3,44,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heneicosafluoroundecanoic acid
(perfluoroundecanoic acid, CAS 2058-94-8).
* Corresponding author. Tel.: +420 221951228; fax: +420 221951236.
E-mail address: cabala@natur.cuni.cz (R. Cabala).

0045-6535/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.chemosphere.2011.12.029

ultratrace (ppt, pg mL~!) concentrations. Therefore, highly sensi-
tive methods are required for their determination. Perfluoroalkyl
carboxylic acids (PFCAs, see Buck et al., 2011 for the recommended
nomenclature) belong among these contaminants and are usually
determined by the HPLC-MS/MS methods whose instrumentation
is rather expensive and thus is often unavailable. It would be con-
venient to have at disposal a procedure based on much cheaper
and readily available GC-MS instrumentation for PFCAs determi-
nations. However, the GC-MS procedures published so far do not
reach the sensitivity of HPLC-MS/MS which is necessary for deter-
mination of common PFCAs in real samples. The present paper
aims at demonstrating that GC-MS methods combined with com-
monly available solid phase extraction (SPE) techniques exhibit
sensitivities comparable to that of HPLC-MS/MS and are capable
of determining very low PFCAs concentrations in real samples.

Please cite this article in press as: Dufkova, V., et al. Determination of Cs—C;, perfluoroalkyl carboxylic acids in river water samples in the Czech Republic
by GC-MS after SPE preconcentration. Chemosphere (2012), doi:10.1016/j.chemosphere.2011.12.029
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The applicability of this approach has been tested on water sam-
ples collected in the two largest rivers of the Czech Republic, the
Vltava and Labe (Elbe) rivers, whose contamination with perfluori-
nated acids can be expected. Another aim of this paper is the find-
ing whether and how much are the Czech Republic river waters
contaminated with PFCAs, which have not yet been determined
in this country.

Perfluoroalkyl carboxylic acids (PFCAs) belong to a group of
purely anthropogenic chemicals with unique physical, chemical
and biological properties, closely related to their high-energy car-
bon - fluorine bonds (485 k] mol~') (de Voogt and Siez, 2006).
PFCAs with a typical structure of F-(CF;),—COOH, where n=1-
13, are resistant to hydrolysis, photolysis, biodegradation and to
metabolic processes in living organisms (Tseng et al., 2006). Addi-
tionally, they are both water- and fat-repellent (“supersurfac-
tants”) and thus are widely used for treatment of textiles (rain
gear, e.g., Goretex®) and paper, in paints, lubricants, polishes, adhe-
sives, grease repellents in popcorn bags and food-wrapper coat-
ings, wiring insulation for telecommunications, insecticide
formulations and fire-fighting foams and in the photographic and
the semi-conductor industries (Martin et al., 2002; Kaiser et al.,
2005; Mawn et al., 2005; Powley et al., 2005; Gonzalez-Barreiro
et al.,2006; Villagrasa et al., 2006). In particular, PFOA is used as
adjuvant in the production of fluoropolymers such as PTFE, Teflon®
or similar products, and occur in these applications as aqueous and
gaseous process emissions (Davis et al., 2007; Loos et al., 2008).
Their emissions over the period from 1951 to 2004 have been esti-
mated to amount to 3200-7300 tons (van Leeuwen and de Boer,
2007; Prevedouros et al., 2006) and they are globally distributed
in the environment. Owing to their classification as environmen-
tally persistent, bioaccumulative and potentially harmful sub-
stances (Li, 2009), EPA and eight major industrial companies
launched the 2010/15 PFOA Stewardship Program in 2006, in
which they are committed to reduce the global emissions and
the contents of PFOA and related chemicals in their products by
95%in 2010, and to work toward complete elimination of the emis-
sions and the product content by 2015 (Jin et al., 2009; US Environ-
mental Protection Agency, 2010).

In contrast to other classical persistent contaminants (POPs),
PFCAs are primarily liberated into water and thus are accumulated
in surface and subsurface waters. Water is the main reservoir of
these substances in the environment and the principal medium
for their transport (Prevedouros et al., 2006; McLachlan et al,,
2007; Loos et al., 2008).

A great number of publications thus deal with these topics and
the present work is also directed toward this part of the environ-
ment. Several typical papers discussing the problems of determina-
tion of PFCAs in surface and ground waters are summarized below.

A set of 34 various organic contaminants, primarily involving
PFCAs (C;-Cq»), was monitored in samples collected along the
whole length of the Danube river, using the SPE-HPLC-MS/MS
method (Loos et al., 2010a). The highest concentration, 20 pg mL ™!,
was found for PFOA. The same authors further monitored the
occurrence of selected perfluoroalkyl substances in 164 samples
of ground waters collected in 23 countries all over Europe (Loos
et al., 2010b). PFOA was found in 66% of the samples, with a max-
imum concentration of 39 pg mL~'; PFHpA occurred in 30% of the
samples, its highest concentration equaling 21 pg mL™".

The C;-Cq; analytes, PFCA and PFOS, were determined in se-
lected parts of the Po river (Italy) and in its main tributaries (Loos
et al., 2008). The highest concentration, 1300 pg mL~!, were found
for PFOA in the Tanaro river close to the town of Alessandra. In the
mouth of the river into the Adriatic Sea, the degree of contamina-
tion with PFOA ranged from 60 to 174 pg mL .

Ahrens et al. (2009) monitored various polyfluoroalkyl com-
pounds including PFCAs (C4-Cy3) along the Elbe river in Germany

and in the North Sea. PFOA predominated among the PFCAs, with
concentrations from 2.9 to 12.5 pg mL~'. Clara et al. (2009) dealt
with the occurrence of PFCAs (Cg—C;2) in the Austrian hydrological
system. The highest concentration observed in surface waters was
21 pg mL~! of PFOA. The sediments of seven Alpine lakes and that
of the Danube river were also studied. All the Danube sediment
samples contained PFHxA, PFHpA and PFOA at concentrations of
0.1-5.1 ng g~! (dry weight).

Altogether 40 polyfluoroalkyl chemicals including PFCA were
monitored in the Rhine river water, from Lake Constance to the riv-
er mouth into the North Sea. The predominant PFCA was PFBA with
concentrations of up to 335 pgmL~' (Méller et al., 2010). Nakay-
ama et al. (2010) applied the SPE-UPLC-MS/MS method to the
monitoring of PFCAs (C4-Cy3) in the surroundings of the Missis-
sippi river. The highest concentration was found for PFBA,
458 pgmL~!, PFOA being another important contaminant with
the highest concentration equal to 125 pgmL~!. Furdui et al.
(2008) determined PFCAs (C;-C;4) in the waters of the USA Great
Lakes using the HPLC-MS/MS method without any preconcentra-
tion step. PFOA were found in all the lakes, at a minimum concen-
tration of 10 pg mL~!; the highest PFOA concentrations were found
in the Lake Ontario, close to the outlet of a wastewater treatment
plant. Samples of seawater from the South American Guanabara
Bay contained PFOA at concentrations from 0.7 to 3.25 pg mL™!
(Quinete et al., 2009).

Samples of surface and drinking waters from several Chinese re-
gions were analyzed using the SPE-HPLC-MS/MS method (Jin
et al.,, 2009). Two principal perfluoroalkyl pollutants, PFOA and
PFOS, were determined, the medians of the maximum PFOA con-
centrations in surface waters amounting to 0.3 (1.3) pgmL™!
(n=13) in empty countryside and to 3.9 (30.8) pgmL™' (n=22)
in inhabited areas. Kunacheva et al. (2009) monitored the occur-
rence of PFOA and PFOS in Thailand rivers passing through indus-
trial regions. The average PFOA concentration, determined by the
SPE-HPLC-MS/MS method, was 4.7 pg mL".

Perfluoroalkyl compounds were determined in river, lake,
beach sea and drainage waters in India (Yeung et al., 2009).
The highest PFOA concentration, 23.1 pgmL~', was found in
the Cooum river in Chennai. PFOA, PFHXA and PFNA were pres-
ent in 55%, 43% and 40% of all the samples, respectively. No acid
with a high perfluoroalkyl chain (C;;-C;4) was found in the
samples.

Gas chromatographic methods have also been applied to deter-
mination of PFCAs in the environment. A determination of PFCAs in
water and sediments using SPME followed by GC-NCI-MS has
been published by Alzaga and Bayona (2004). The PFCAs were
derivatized to obtain the appropriate methyl and butyl esters di-
rectly on the SPME fiber in the injection compartment. The limits
of detection for PFDA and PFOA amounted to 20 and 100 pg mL™},
respectively. PFOA and PDFA were detected in samples of waste
water and their concentrations were in ranges of 0.34-
432ngmL ! for PFOA and 0.5-8.2 ngmL ™! for PDFA. According
to our experience, a drawback of this technique lies in a substantial
shortening of the lifetime of the SPE fiber used. Another GC-MS
technique published is analysis for unsaturated PFCAs and PFOA,
derivatized to benzyl esters by treatment with benzyl bromide,
in fish tissues and the Rhine river water (Orata et al., 2009). The
LOQ values for PFOA amounted to 0.2 ng mL~! in water samples
and 0.3 pg g~ for fish tissue samples.

PFCAs have also been found in matrices other than water, e.g., in
human serum and mother milk (Kannan et al., 2004; Houde et al.,
2006; Midasch et al., 2007; Karrman et al., 2007) or in tissues of liv-
ing organisms coming from all parts of the world, involving arctic
regions (Giesy and Kannan, 2001; Martin et al., 2004). It can be
concluded that the whole global environment is subject to smaller
or greater contamination with PFCAs.
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The present paper aims at demonstrating that GC-MS methods
are sufficiently sensitive and suitable for determination of very low
concentrations of PFCAs in real samples and thus can be applied, in
addition to the commonly used HPLC-MS/MS procedures. There-
fore, the conditions for the SPE preconcentration of PFCAs have
been studied which make it possible to determine the acid trace
concentrations in real samples by GC-MS with negative chemical
ionization. The applicability of this approach has been tested on
water samples collected in the two biggest rivers of the Czech
Republic, the Vitava and Elbe rivers, whose contamination with
PFCAs can be expected.

2. Experimental
2.1. Standards and reagents

The following substances were used as the analytical standards:
perfluoropentanoic acid (PFPeA, 97%), perfluoroheptanoic acid
(PFHpA, 95%) perfluorooctanoic acid (PFOA, 95%), perfluoronona-
noic acid (PFNA, 97%), perfluorodecanoic acid (PFDA, 98%), perfluo-
roundecanoic acid (PFUnA, 95%), perfluorododecanoic acid (PFDoA,
95%), all from Aldrich, Germany and perfluorohexanoic acid
(PFHxA, <95%, Fluka, Germany). All the other chemicals, acetoni-
trile (<99.5%, Fluka), hexane (99%, Mallinckrodt Baker B.V., Nether-
lands), methanol (99.9%, Rotisolv HPLC, Carl Roth, Germany),
tetrabutylammonium bromide (98%, Fluka), isobutyl chlorofor-
mate (98%) and pyridine (99%), both from Aldrich, isobutyl alcohol
and phosphoric acid (both p.a., Penta, Czech Republic) and water
(18.2 MQ, Milli-Q Plus, Millipore) were used, as received.

The standard PFCA substances were dissolved in acetonitrile to
prepare standard stock solutions of 10000 ug mL™".

2.2. Instruments

The GC-NCI-MS analyzes were performed using a GCMS-
QP2010 Plus instrument (Shimadzu, Japan), equipped with a
30 m x 0.25 mm i.d., 0.25 pm film thickness Rtx-200MS column
(Restek, USA). Helium (99.999%, Linde, Czech Republic) was used
as the carrier gas at a constant linear flow rate of 40 cm s~ . Split-
less-mode injection (sample volume, 1 pL) at 250 °C was employed
(split valve closed for 1 min). The oven temperature was maintained
at 40 °C for 3 min, ramped at 10 °C min~! to 150 °C, then ramped at
30°C min~' to 200 °C min~! and then maintained for 2 min (total
run time, 17.67 min). The mass spectrometer was operated in the
selected ion monitoring (SIM) mode at specific m/z values for each
PFCA (see Table 5 in Supplementary information). The MS transfer
line was maintained at 210 °C.

The GC-EI-MS analyzes were performed using a GCMS-GP5050A
instrument (Shimadzu, Japan), equipped with a 30 m x 0.25 mm i.d.,
0.25 pm film thickness DB-5MS column (Agilent Technologies, USA).
Helium (99.999%, Linde) was used as the carrier gas at a constant lin-
ear flow rate of 40 cm s~ !. Splitless-mode injection (sample volume,
1 pL) at 250 °C was employed (split valve closed for 1 min). The oven
temperature was held at 40 °C for 3 min, ramped at 10 °C min~' to
170 °C and then held for 3 min (total run time, 19 min). The mass
spectrometer was operated in the selected ion monitoring (SIM)
mode at m/z values 69, 131, 169 and 181 and the transfer line main-
tained at 300 °C. Total ion current (TIC) of all the m/z values moni-
tored was used for quantification of individual analytes.

2.3. Sample collection

The real samples of water were collected at three sites along the
Vltava river (the Moldau river) in Prague, in the period from
September 2010 to January 2011. Site A was located at Vyton, un-

der the railway bridge in the center of Prague, site B was at Troja
bridge, ca. 9000 m downstream from site A and ca. 1500 m up-
stream from the main outlet of the Central Wastewater Cleaning
Plant (CWCP), site C was ca. 500 m downstream from the CWCP
outlet. The average flow rates of the river (m>s~') on the sample
collection dates: 7th November 2010-104, 9th December 2010-
129 and 4th January 2011-173 (official data of the Czech Hydrome-
teorological Institute). The samples were collected 50 cm under the
water level into 1.5 L PE bottles.

All the Elbe river samples were collected within 1d, on 8th
January 2011, at six collection sites along the whole length of the
river in the Czech Republic, namely, at Vrchlabi, Pardubice,
Mélnik-Kly, Stéti, Usti nad Labem and Dé&Cin. The river flow rates
(m3s~1) for these sites at the above date 2.52 - Vrchlabi, 92.1 -
Pardubice, 364 — Mé&lnik, 429 - Usti nad Labem, 448 - D&Ein. The
samples were transported to the laboratory immediately after their
collection and were maintained in cold and dark. Prior to their
treatment, they were brought to laboratory temperature and fil-
tered through a membrane filter (47 mm in diameter, 0.45 pm,
Whatman, Maidstone, UK).

2.4. Sample pretreatment by SPE

Three 250 mL portions were taken from each sample and were
transferred into polypropylene vessels. Volumes of 100 pL of an aque-
ous tetrabutylammonium bromide solution with a concentration of
125 g L~! were added to the vessels, thus obtaining its final concen-
tration of 50 ug mL~!. These sample solutions were subjected to
SPE procedure on Supel-Select HLB SPE columns (6 mL, 200 mg, Supe-
Ico, Bellefonte, USA); the columns were preconditioned by passage of
6 mL of methanol followed by 10 mL of deionized water at a flow rate
of one drop per second. The sample solution was passed through the
column using polypropylene tubing, at a rate of 1 to 2 drops per sec-
ond (an underpressure of ca.0.4 bar) and the column was dried by
passage of the air for 30 min. The analytes were then manually eluted
by 4 mL of methanol into a 15 mL polypropylene screw-cap tube, at a
rate of one drop per second. The manual elution with an injection syr-
inge piston inserted into the column was necessitated by the fact that
the commercial Supelco manifold contained PTFE seals contaminat-
ing the samples with PFCAs (see below). The eluate was then evapo-
rated to dryness by an air stream at 64 °C and the residue was
dissolved in 625 pL of acetonitrile. This corresponds to a preconcen-
tration factor of 400 (the original sample volume was 250 mL). A bi-
distilled water blank was treated in the same way, in parallel with sets
of samples (up to five samples in one set).

2.5. Derivatization procedure

The standard PFCAs were derivatized in 0.5 mL polypropylene
(PP) microvials (Eppendorf) by gradually adding 4 pL of pyridine,
8 uL of isobutyl alcohol and 10 pL of isobutyl chloroformiate (IBCF)
to 178 pL of the appropriately diluted acetonitrile solution of the
PFCA mixture, thus making the reaction mixture overall volume
equal to 200 pL. The mixture was stirred for 20 s in an ultrasound
(ultrasonic) bath, maintained quiet for 8 min, 200 puL of hexane
were then added and the isobutyl esters formed were extracted
into them by shaking for 1 min. The upper hexane layer was col-
lected into vials for the GC-MS analysis (Dufkova et al., 2009).

With the real and blank samples, a 178 pL portion of the 625 pL
volume of the reconstituted SPE eluate (Section 2.4) was deriva-
tized by the same procedure as that used with the PFCAs standards.

2.6. Calibration, LOD and LOQ

Two PFCAs calibration series were obtained, one for the GC-EI-
MS measurements within a concentration range from 1 to
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100 pg mL~!, in order to find suitable SPE conditions, and the
other, within a range from 0.5 to 1000 pg mL~!, for GC-NCI-MS
determinations of PFCAs in real samples. To determine instrumen-
tal LOD and LOQ values of GC-NCI-MS method, the signal-to-noise
(S/N) values were used for the peak areas corresponding to the
lowest concentrations of the acid esters and these values were
recalculated to the ester concentrations corresponding to the S/N
ratios of 3 (LOD) and 10 (LOQ). The LOD and LOQ values for the
whole method were then obtained for the individual analytes by
including the preconcentration factor and the efficiency of the
SPE step (see below).

2.7. Recovery of SPE

The recovery experiments were performed with bidistilled water
and the river water samples collected at site A during September and
October 2010. With all the analytes, the samples were spiked to two
different levels, 1.40 ng mL~! and 0.14 ng mL~!, and the concentra-
tions experimentally found were compared with the theoretical
ones, thus obtaining the real recoveries. To ensure the accuracy
and precision of the recovery determination, the values measured
by the above-mentioned method were compared with those ob-
tained by a method using 3C4-PFOA as the internal standard (the
data not shown). The results of the both methods were found to be
statistically equal (t-test, « = 0.05) within the measuring precision.

3. Results and discussion
3.1. Sample contamination

The blank samples were contaminated with some PFCAs, at a le-
vel of a few tens of nanograms, during the SPE elution step per-
formed in the commercial SPE manifold. The SPE manifold,
containing fluorinated plastic materials, was identified as the main
source of this contamination. The manifold parts containing these
sources of contamination were extracted with 10 mL of methanol
for 10 min in an ultrasound bath. The methanol was then evapo-
rated, the residue dissolved in acetonitrile, derivatized in the same
way as the other samples and analyzed by the GC-NCI-MS meth-
od, finding 19 ng of PFOA, 8 ng of PFNA, 9 ng of PFDA, 7 ng of PFU-
nA and 6 ng of PFDoA.

To prevent this contamination, the analytes were eluted from
the SPE column manually, without using the manifold (Section
2.4). Blank samples prepared by this procedure do not exhibit
any detectable contamination.

3.2. Development of the SPE procedure

This procedure, based on the paper by Weremiuk (Weremiuk
et al., 2006), was studied using the GC-MS method with electron
ionization. The authors of this paper determined the extraction
recoveries for 1 ug mL™! concentrations of PFCAs (Cg-Cj,) stan-
dards in 250 mL of bidistilled water without any change in the
pH of the samples. Unfortunately, the results obtained in the pres-
ent paper were substantially poorer.

The reasons for this were apparently manifold:

(a) The SPE columns used were obtained from different manu-
facturers (Supelco vs. Waters).

(b) The residue after evaporation of the elution agent was dis-
solved in acetonitrile in the present work, in contrast to
Ref. (Weremiuk et al., 2006) which used a 1:1 mixture of
1072 M ammonium acetate and acetonitrile both as the res-
idue solvent and the mobile phase for the subsequent HPLC-
MS/MS procedure.

(c) The fact that the procedure in Ref. (Weremiuk et al., 2006)
was optimized for only PFOA and PFOS, whereas the present
one involved the whole homologous series of the Cg-Ci;
acids, may also play a role in the recovery differences.

The recoveries obtained in the present work ranged between 7%
(PFHxA) and 91% (PFDA), the recovery decreasing with decreasing
length of the acid chain. For PFOA, a recovery of 68% was obtained,
in contrast to the value, 99-100%, reported in Ref. (Weremiuk et al.,
2006). Consequently, the SPE procedure for PFOA (Weremiuk et al.,
2006) was modified as follows.

3.2.1. Optimization of the pH

The pH values of three standard solutions of PFCAs (250 mL, sol-
ute concentration, 1 ug mL™!) were adjusted to 1.5, 2.0 and 3.0. The
acidic region was selected in order to suppress dissociation of the
acids (e.g., pK,=2.6 for PFOA, see data sheet Sigma-Aldrich), to
support the analyte interaction with the solid phase in the SPE col-
umn. The changes in the pH did not improve the recoveries and the
decrease in the pH value actually led to poorer recoveries (see
Fig. 1). The best results were obtained for the original samples
whose pH equaled 4.1 and thus any pH adjustments were avoided.

3.2.2. Selection of the elution agent

Methanol and acetonitrile were tested using elution volumes of
4 and 8 mL. No significant differences were found and thus 4 ml
volumes of methanol were used further on.

3.2.3. Additions of sodium chloride and/or tetrabutylammonium
bromide

The extraction recovery can be affected by manipulation with
the solution ionic strength (salting-out effects). Therefore, solu-
tions of PFCAs (250 mL, 1 ug mL™!) were mixed with NaCl solu-
tions (48, 56, 64 and 72 gL™!). The addition of NaCl improved
the recoveries of Cg—Cq acids, but decreased those of the C;9-Ci2
ones_The optimum value for the whole acid group is 56 g L~! NaCl
(see Fig. 2). However, the solid residue obtained after evaporation
of the aqueous solution is difficult to dissolve in acetonitrile prior
to derivatization step, even if the derivatization itself is unaffected
(the data not shown).

Another possibility of affecting the extraction is the formation of
ion pairs. Tetrabutylammonium bromide (TBABr) was selected as
the ion-pairing agent, at concentrations of 25, 50, 75 and
100 ug mL~". It can be seen in Fig. 3 that the highest increase in
the SPE recovery occurs with TBABr concentrations of 50 and
75 ug mL~". The reason for the values greater than 100% with PFHXA
is at present unclear. The value, 50 pg mL~! was selected for further
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Fig. 1. Dependence of the SPE recovery of perfluoroalkyl carboxylic acids on the pH
of their aqueous solutions.
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Fig. 2. Dependence of the SPE recovery of perfluoroalkyl carboxylic acids on the
NaCl addition.

use (for determinations of PFOA alone, a concentration of
100 pug mL~! should be preferred, as the SPE recovery is above 90%).

If NaCl and TBABr are added together, their favourable effects
are not enhanced, but, on the other hand, decreased. Considering
the unfavourable effects of NaCl (see above), it was decided to
use only the TBABr addition. Therefore, the original SPE technique
described in Ref. (Weremiuk et al., 2006) was modified by an addi-
tion of TBABr at a concentration of 50 pg mL™".

3.3. SPE of river water samples

To enhance the sensitivity of determination, all the gas chro-
matographic measurements were carried out using negative chem-
ical ionization. Perfluoropentanoic acid (PFPeA) was added to the
set of the analytes in these measurements. Three samples of the
Vltava river water (collection sites A, B and C) were spiked with
a mixture of C5-Cq, PFCAs, to attain their concentrations of 1.40
and 0.14 ng mL~!, TBABr was then added to attain its concentra-
tion of 50 pg mL~! and a volume of 250 mL of the resultant solu-
tion was subjected to the SPE procedure.

The SPE eluates were then analyzed by the GC-NCI-MS method.
All the measurements were carried out in triplicate, the results for
the unspiked and spiked samples were evaluated and the SPE effi-
ciency values were obtained (see Table 1).

The efficiencies vary within 53-111%, the acids with shorter
chains (Cs-Cg) generally exhibiting approximately 100% efficiency,
whereas those with longer chains (Co—C;>) yielding efficiencies be-
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Fig. 3. Dependence of the SPE recovery of perfluoroalkyl carboxylic acids on the
TBABr addition.

low 86% (see Fig. 3 and Table 1). The t-test (o = 0.05, n=3) indi-
cates that the efficiency values do not differ statistically for the
two PFCAs concentrations. The efficiency values obtained by this
procedure do not differ statistically (t-test, oo =0.05) from those
measured using '>C-PFOA as the internal standard. This result
makes it possible to eliminate the very expensive '>C-labeled PFOA
standard from the analytical procedure and to extend the use of
the method to more laboratories.

The results obtained for PFPeA and PFHxA also demonstrate
that there is no problem with the efficiency values exceeding
100% at these low concentrations, as the SPE values obtained in
analyzes of standards dissolved in distilled water (during the opti-
mization of the SPE procedure by GC-EI-MS) cannot be directly
compared with those for river water (measured by GC-NCI-MS),
due to the differences in the experimental and instrumental condi-
tions (see above). To determine the PFCAs concentrations in real
river water samples, the SPE values obtained for the lower spike,
0.14ng mL~!, were employed because this is closer to the river
water concentrations.

The LOD and LOQ values were determined as described in Sec-
tion 2.6, the only difference being that the S/N ratios were com-
puted for the m/z values with the predominant intensity (Table 5
in Supplementary information). The results for the river water
are listed in Table 2.

Very low LOD and LOQ values, of the order of tenths to units of
pgmL~! (ppt), were obtained for PFCAs with longer chains. The
highest sensitivity was attained for PFNA - a LOD of 0.1 pgmL™".
On the other hand, the LOD and LOQ values for the acids with
shorter chains are one or two orders of magnitude higher. Com-
pared to the results obtained using the GC-EI-MS method (Duf-
kova et al., 2009), the present measurements are more sensitive
and the LOD and LOQ values are lower by two or three orders of
magnitude. Therefore, the present approach is sufficiently sensitive
for PFCAs determination in real water samples, at concentrations of
units of pgmL~! (ppt).

3.4. The Vltava river samples

The results obtained for the samples of the VItava river water
collected at three sites in Prague during three months are summa-
rized in Table 3. All the samples contained PFOA and PFNA within
concentration ranges from 4 (LOD) to 28 and 1 to 4 pgmL~,
respectively. No increase in the PFCAs concentrations was
observed downstream from CWCP; therefore, the Prague wastewa-
ters are probably not a source of additional contamination with
perfluorinated acids at the sampling time period. The average con-
centration at sites A, B and C at a given sample collection time
yields the average PFOA mass flux in the Vltava river; these values
were 2.5, 1.1 and 1.3mg s ' on the 7th November 2010, 9th
December 2010 and 4th January 2011, respectively.

The results obtained for the samples collected in November
2010 are interesting. High concentrations of PFHXA were found,

Table 1
The SPE efficiencies for the individual PFCAs in spiked Moldau river water samples.

Acid Spike level 1.40 ng mL™! Spike level 0.14 ng mL™!
Recovery (%) RSD (%) Recovery (%) RSD (%)
PFPeA 102 7 99 4
PFHxA 100 6 111 6
PFHpA 98 5 100 5
PFOA 104 6 103 6
PFNA 86 10 66 3
PFDA 79 6 67 1
PFUnA 65 5 60 4
PFDoA 60 3 53 10
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Table 2
The LOD and LOQ values for PFCAs determination in river water using the SPE-GC-
NCI-MS (SIM) method.

Table 4
The PFCAs concentrations (pg mL~") in the Elbe river samples collected at six sites on
the 8th of January 2011.

Acid Lowest concentration in LOD LOQ S/N RSD
calibration (ng mL™1) (pgmL™") (pgmL~') (%)
PFPeA 40 24 81 6.3
PFHxA 8 6 19 8.0
PFHpA 8 5 16 8.8
PFOA 8 4 12 14
PFNA 2 0.1 0.4 0.3
PFDA 2 0.3 1 83
PFUnA 2 0.5 2 6.1
PFDoA 2 0.5 2 9.5

SIN RSD (%) - relative standard deviation of signal-to-noise ratio.

especially upstream from CWCP - 298 pg mL~! in all the three
samples collected at this site; the concentration downstream from
this site was mere 51 pg mL~'. This indicates that the occurrence of
the PFCAs contamination may be very irregular and thus the loca-
tion of the sources may be difficult. The November collection also
demonstrated the highest concentrations of PFOA and PFNA, prob-
ably caused by the fact that the river water was not diluted by
melting snow as happens in December and January. The results ob-
tained for the occurrence of PFCAs in the nine samples collected at
the three sites in November are as follows: 0, 22, 100, 44, 11%, for
PFPeA, PFHXA and PFHpA, PFOA and PFNA, PFDA, PFUnA and
PFDoA. The high RSD values for some analytes are due to differ-
ences in the automated software integration of the analyte peaks
with intensities close to the signal noise. All the blanks used were
uncontaminated. An example of the real sample chromatogram is
given in Fig. 4 in Supplementary information.

3.5. The Elbe river samples

The Elbe river samples were collected at six sites on 8th January
2011 and were treated in the same way as the Vltava river samples.
Similar to the Vltava river, PFOA and PFNA were found in all the
samples, at concentrations of 4 (LOD) to 17 and 0.1 to 2 pg mL ™},
respectively. In addition, PFDA was present in all the samples, at
a concentration of 1 to 10 pg mL™'. The remaining PFCAs occur-
rences were 0, 17, 67, 83 % for PFPeA, PFHXA, PFHpA and PFUNA,
PFDoA, respectively. The value, 17.1 pg mL~! is the highest concen-
tration of PFOA in the Elbe samples, at the DéCin site where the
Elbe river leaves the Czech Republic and enters Germany.

Similar to the Vltava river samples, the occurrence of PFCAs
with shorter chains is lower. On the other hand, surprisingly high
concentrations of Co—C;, PFCAs were found in the samples col-
lected in the upper part of the Elbe river, in Vrchlabi, at the south-
ern border of the Giant Mountains National Park. Downstream

Table 3

Acid PFCAs concentrations (pg mL™') in the Elbe river

Vrchlabi  Pardubice Kly Stéti  Usti nad Labem Dé&Cin
PFPeA  <LOD <LOD <LOD <LOD <LOD <LOD
PFHxA <LOD <LOD <LOQ <LOD <LOD <LOD
PFHpA <LOQ <LOQ <L0OQ <LOD <LOD <LOQ
PFOA  <LOQ <L0Q <l0Q 12(-) <LOQ 17 (15)
PFNA  2(19) <LOQ 1(-) 3(25) 04(14) 2 (27)
PFDA 4 (39) 4(27) 2(33) 5(-) 1(29) 10 (25)
PFURA 6 (-) <LOQ <LOD <LOD  <LOQ 3(32)
PFDoA 14(9)  <LOD 7(32) 4(8) 5(-) 11 (2)

The RSD values (%) are given in the parentheses.

from this site, the concentrations of all the PFCAs decreased to val-
ues of units of pg mL~! or lower (except for PFOA). These measure-
ments thus cannot confirm the fact that the PFCAs concentration
increases downstream along the river and with increasing density
of industrial enterprises. The measuring errors are sometimes
rather high, for the same reasons as those mentioned for the Vitava
river. Another cause lies in the fact that blank contamination (with
Co—Cy acids) was higher, in spite of thorough cleaning of the ves-
sels with methanol. Therefore, some measurements had to be ex-
cluded from the treatment of the results and thus some RSD
values are missing because a single measured value was used.
The results are summarized in Table 4 and an example chromato-
gram of the Elbe river water is depicted in Fig. 5 in Supplementary
information.

4. Conclusions

The results obtained have demonstrated that the SPE-GC-NCI-
MS method developed is fully comparable with the published pro-
cedures employing substantially more expensive and less readily
available HPLC-MS-MS instrumentation, as far as the sensitivity
of the PFCAs determination is concerned. The GC methods pub-
lished previously are only suitable for analyzes of seriously con-
taminated samples and their sensitivity is insufficient for
measurements on real samples with contaminant concentrations
of the order of pg mL™!. According to sources available to us, our
procedure is most sensitive for PFCAs among all the GC methods
published and is suitable for determinations of ultratrace concen-
trations in river waters and thus also for monitoring of their
contamination. The procedure employs commonly available labo-
ratory equipment and procedures, does not require isotopically la-
beled standards and thus is suitable for common analytical
laboratories. Its originality is not in the use of new approaches
and techniques, but in a fine tuning and interconnection of com-

The PFCAs concentrations (pg mL™') in Vltava river samples collected at three sites in Prague.

Acid PFCAs concentrations (pg mL™!) in the Vltava river

7th November 2010 9th December 2010 4th January 2011

A City centre B Over WWTP  C Under WWTP A City centre B Over WWTP  C Under WWTP A City centre B Over WWTP  C Under WWTP
PFPeA  <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
PFHxXA  <LOD 298 (9) 51 (20) <LOD <LOD <LOD <LOD <LOD <LOD
PFHpA <LOD <LOD <LOD <LOD <LOD <LOQ <LOD <LOQ <LOD
PFOA 28 (6) 19 (13) 24 (14) <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
PFNA 3(18) 4(14) 2(4) 1(12) 2(8) 3(1) 2(14) 1(14) 2(1)
PFDA 12 (38) <LOD <LOD 5(35) 4 ( 4(18) <LOD <LOD <LOD
PFUnA <LOD <LOD <LOD <LOD 7( <LOD <LOD <LOD <LOD
PFDoA  <LOD <LOD <LOD <LOD 9( <LOD <LOD <LOD <LOD

The relative standard deviations (%) are in the parentheses, CWCP - Central Wastewater Cleaning Plant.
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mon principles leading to the attainment of a high measuring sen-
sitivity at relatively low costs of the determination.

During the development of the method, it has been found that
one of the critical points of the PFCAs analysis is contamination
of the samples caused by wide use of instrumentation containing
parts made of poly- and perfluorinated materials. The extent of this
contamination may attain values similar to the analyte contents in
real samples. Therefore, these contaminating materials must be
strictly excluded from the whole process of sample collection,
treatment and analysis.

The PFCAs concentrations found in the Vltava and Elbe waters
are the first ones published for the Czech Republic rivers and are
roughly comparable with the values found earlier for rivers in cen-
tral and western Europe (Ahrens et al., 2009; Clara et al., 2009;
Loos et al., 2010a,b; Moller et al., 2010).
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A rapid and simple derivatization procedure has been developed for gas chromatographic determina-
tion of perfluorinated organic acids (PFCAs, Cg—Cy3), using isobutyl chloroformate (IBCF) to convert the
acids into the more volatile isobutyl esters, under catalysis by pyridine. The procedure was optimized
in an acetonitrile medium and applied to GC techniques with electron-capture detection (GC-ECD) and
mass spectrometry with electron-impact ionization (GC-EI-MS); for the sake of comparison, HPLC with
electrospray-ionization MS (HPLC-ESI(—)-MS) was also tested. The LOD and LOQ values obtained for these
three techniques were compared, and the lowest LODs were obtained with GC-ECD (0.06-1.80 pg mL~').
The procedure was further optimized in an aqueous medium, obtaining the best results in a phosphate
buffer (pH 2.5, 50 mmol L-1), in which the LOD and LOQ values were measured for GC-ECD a GC-EI-MS.
The lowest LODs were found for GC-EI-MS (0.030-0.314 g mL-1). The practical applicability was tested
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on Vltava river water samples.
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1. Introduction

Perfluorinated organic acids (PFCAs) have recently received
much attention because they belong to the group of ubiquitous
environmental contaminants [1,2]. PFCAs with a typical structure
of F-(CF,),-COOH, where n=1-13, have unique physical, chemi-
cal and biological properties, closely related to their high-energy
carbon-fluorine bonds [3]. They are resistant to hydrolysis, photol-
ysis, biodegradation and to metabolic processes in living organisms
[4]. These properties make them both water- and fat-repellent
(“supersurfactants”) and thus they have been used for treatment of
textiles and paper, in paints, lubricants, polishes, PTFE precursors,
food packages, insecticide formulations, fire-fighting foams, and in
the photographic and the semi-conductor industries [5-11]. The
emissions of PFCAs over the period from 1951 to 2004 have been
estimated to amount to 3200-7300 tonnes [12,13]. They are glob-
ally distributed, environmentally persistent, bioaccumulative and
potentially harmful [ 14]. In 2005, EPA’s science advisory board rec-
ommended that the agency classify perfluorooctanoic acid (PFOA)
as a “likely” human carcinogen [15].

Analyses for PFCAs are now mostly carried out by means of
HPLC-MS(-MS) to meet the requirements of high sensitivity and
selectivity [16-20]. However, many laboratories are not equipped
for this method and would prefer readily available GC techniques.

* Corresponding author. Tel.: +420 221951228; fax: +420 221951236.
E-mail address: cabala@natur.cuni.cz (R. Cabala).

PFCAs should theoretically be directly determinable by GC because
they are sufficiently volatile, but their chromatographic peaks
exhibit pronounced tailing, owing to their high polarity. Conse-
quently, the analytes are converted into more volatile and less polar
derivatives using various procedures. The published works describe
their derivatization to the methyl esters by the reactions with
diazomethane [21,22], methyl iodide [23] and with a methanolic
solution of BF3 [25]. Alzaga and Bayona [24] published a GC-NCI-
MS technique for the determination of PFCAs employing an ion-pair
extraction of their tetrabutylammonium salts, followed by their
thermal decomposition on a SPME fiber producing the appropriate
butyl esters. This approach has an advantage in the combination of
the preconcentration and derivatization steps. Scott et al. [26,27]
describe a less common procedure for the PFCAs derivatization,
involving the conversion of C,-Cg acids into the corresponding
2,4-difluoroanilides by the reaction with 2,4-difluoroaniline in the
presence of N,N-dicyclohexylcarboimide, followed by their GC-MS
determination.

The procedure proposed by us in the present paper employs
the esterification of PFCAs due to the reaction with alkylchlorofor-
mates, which has not yet been published for PFCAs derivatization.
The works of Husek et al. [28-32] describe conversions of vari-
ous acids, e.g., fatty, oxo-, amino-, or phenolic acids, into various
alkyl esters, using the acid reactions with alkylchloroformates. A
great advantage of these reactions lies in the possibility of perform-
ing them in aqueous media which makes it possible to use them
for direct derivatization of biological samples, e.g., those of blood
plasma or urine. The alkyl is first bound to the acid, with liberation

0021-9673/$ - see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
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of hydrochloric acid and the formation of the labile acid anhydride
which rapidly decarboxylates and provides the ester and carbon
dioxide. Pyridine is used as the catalyst and the corresponding alkyl
alcohol sometimes serves as an auxiliary agent. For isobutyl chlo-
roformate and a perfluorinated acid, the reaction scheme can thus
be written in the form,

0O

0]
O
R% + \(\O )'LCI -HCl YO 0
o A
R o]

where R is the perfluorinated acid chain. In addition to the isobutyl
esters, small amounts of several volatile compounds are formed
which, however, do not interfere in the following analytical proce-
dure. Isobutyl esters have been selected because of their optimum
volatility. For example, the methyl esters of PFCAs with shorter
chains are too volatile and elute too rapidly from GC columns.

The present work aims at development of a very rapid, simple
and reliable derivatization procedure based on the above reaction
scheme, to be followed by a GC determination of the PFCA isobutyl
esters. The method operates with microliter samples and thus can
be considered as an economically and ecologically advantageous
micromethod. In combination with an efficient preconcentration
technique it should be suitable for PFCA determination in environ-
mental samples; the development of suitable preconcentration and
extraction techniques is the subject of our further research.

2. Experimental
2.1. Standards and reagents

The following substances were used as the analytical stan-
dards: perfluorohexanoic acid (PFHxA, <95%, Fluka, Steinheim,
Germany), perfluoroheptanoic acid (PFHpA, <95%) perfluorooc-
tanoic acid (PFOA, 95%), perfluorononanoic acid (PFNA, 97%),
perfluorodecanoic acid (PFDA, 98%), perfluoroundecanoic acid
(PFUNA, 95%) and perfluorododecanoic acid (PFDoA, 95%, all from
Aldrich, Steinheim, Germany). All the other chemicals, acetonitrile
(<99.5%, Fluka, Steinheim, Germany), hexane (99%, Mallinckrodt
Baker B.V., Deventer, Netherlands), isobutyl chloroformate (98%,
Aldrich, Steinheim, Germany), pyridine (99%, Aldrich, Steinheim,
Germany), hydrochloric acid (35%, Lach.-Ner, s.r.o., Neratovice,
Czech Republic), ammonium acetate, isobutylalcohol, phosphoric
acid, sodium hydroxide, sodium carbonate (all p.a., Penta, Chrudim,
Czech Republic) and water (Milli-Q Plus, Millipore) were used as
received.

The standard substances were dissolved in acetonitrile to pre-
pare standard stock solutions of 10,000 g mL~! PFCA.

The buffer solutions (50 mmolL~1) were prepared as follows:
the pyridine buffer by dissolving the appropriate amount of pyri-
dine in water; the phosphate buffer by adjusting the pH value of
the aqueous H3PO4 with 2 mol L-! NaOH; the carbonate buffer by
adjusting the pH of the aqueous Na,CO3 with 1 mol L-! HCL.

2.2. Instruments

GC-ECD analyses were performed using a PU 4600 GC instru-
ment (Unicam Analytical Systems, Cambridge, UK), equipped with a
15m x 0.25 mmi.d., 0.25 wm film thickness SPB-5 column (Supelco,
Bellefonte, USA). Splitless-mode injection (sample volume, 1 p.L) at
250°C (split valve closed for 1 min) and nitrogen carrier gas (flow
rate, 0.44 mLmin~!) were used. The oven temperature was held
for 1min at 50°C, ramped at 10°C/min to 170°C and then held
for 5min (total run time, 23 min). The detector temperature was
maintained at 300 °C. The pressure of make-up nitrogen was 25 kPa.

J GE,

GC-EI-MS analyses were performed using a GCMS-GP5050A
instrument (Shimadzu, Kyoto, Japan), equipped with a
30mx 0.25mm id, 0.25um film thickness DB-5MS column
(Agilent Technologies, Palo Alto, USA). Helium (99.999%, Linde)
was used as the carrier gas with a flow rate of 1.0mLmin~1.
Splitless-mode injection (sample volume, 1 L) at 250°C was

hid
YOR

employed (split valve closed for 1 min). The oven temperature was
held at 40°C for 3 min, ramped at 10°C/min to 170°C and then
held for 3 min (total run time, 19 min). The mass spectrometer was
operated in the selected ion monitoring (SIM) mode at m/z values
69, 131, 169 and 181 and the transfer line maintained at 300 °C.

HPLC-ESI(—)-MS analyses were carried out using an Esquire
3000 instrument (ion trap MS, Bruker Daltonics, Bremen, Ger-
many), with a Cyg Prontosil column (200 mm x 2.0 mmi.d., 3.0 pm,
Bishoff, Leonberg, Germany) and the mobile phase of acetonitrile,
water and ammonium acetate (10 mmol L-1, pH 3.6) 55:15:30 with
a flow rate of 0.220 mL min~!. Fragment ions at m/z 269, 319, 369,
419, 469, 519 and 569 were monitored in the SIM mode. Volumes
of liquids were measured either by Hamilton syringes or by Proline
Biohit pipettors (Biohit Oyj, Finland).

2.3. Derivatization procedure

The reaction mixture for derivatization in the acetonitrile
medium was prepared in a polypropylene (PP) vial by mixing 20 L
of the 100 wg mL~! PFOA solution prepared by diluting the stock
solution in acetonitrile, 158 WL of acetonitrile, 8 L of isobutylalco-
hol, 4 L of pyridine and 10 L of isobutyl chloroformate (IBCF).
The total volume of the reaction mixture was 200 wL with the
resultant PFOA concentration equal to 10 wgmL~'. The mixture
was stirred for 20s in an ultrasonic bath, 200 L of hexane was
added and the isobutyl ester formed was extracted into hexane
for 1 min in a shaker. The upper hexane phase was separated into
a clean PP vial and injected onto the gas chromatographic col-
umn.

The derivatization procedure in the aqueous medium is very
similar, the only differences being the dilution of the acetonitrile
stock solution of PFOA with water to the 100 pug mL~! concentra-
tion, adding 161 pL of a buffer solution with the required pH and
concentration values instead of acetonitrile, and adding a certain
amount of pyridine (see Section 3.3).

2.4. Sample preparation

Three real samples of river water, denoted as Vitava 1-3, were
collected from the Vltava river at a site close to the Prague cen-
ter, at a depth of 50 cm, into 1L polypropylene vessels and filtered
through a nylon membrane filter (47 mm in diameter, 0.45 um,
Whatman, Maidstone, England). Their volume was decreased from
500 to 5mL in a Rotavapor EL 130 (Biichi, Flawil, Switzerland)
rotary evaporator and 17 pL of concentrated phosphoric acid
(85%) was added to the concentrate to attain a concentration
of 50mmolL-1. The pH was then adjusted to a value of 2.5 by
adding a 2molL-! NaOH solution and the solution was cen-
trifuged. The volume, 181 L, of this solution was subjected to the
derivatization procedure, adding appropriate amounts of isobutyl
alcohol, pyridine and IBCF (see Section 2.3). The mixture was
extracted with 200 pL of hexane and injected into the GC-EI-MS
system.
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2.5. Determination of LOD and LOQ values

Calibration dependences were obtained for perfluorinated acids,
using the GC-ECD and GC-MS methods after the analyte deriva-
tization to the isobutyl esters in the acetonitrile medium, over
a range from 0.08 to 10 pgmL~!, and for these acids without
derivatization, using the HPLC-ESI(—)-MS method within a range
from 0.8 to 100 g mL~'. The LOD and LOQ values were computed
as three- and ten-times, the standard deviation of the points of
the calibration straight line, divided by the calibration straight
line slope, respectively [33]. The values for PFHXA and PFUnA
are missing, because the standard substances were not avail-
able.

The GC-ECD method calibration in the aqueous phosphate buffer
medium (see Section 3.3) was carried out over an analyte concen-
tration range from 0.02 to 10 pgmL~!, except for PFHXA which
was excessively volatile and coeluted with the large zone of IBCF;
the coelution could not be prevented by changes in the temper-
ature program. The six-point calibration of the GC-EI-MS method
was obtained within an analyte concentration range from 0.02 to
10 wg mL~! range. The real samples of the Vltava river water (see
Section 3.3) were evaluated in terms of these calibration depen-
dences.

3. Results and discussion
3.1. Development of the derivatization procedure

The derivatization reaction in the acetonitrile medium was
optimized in several steps, in order to improve its efficiency and
increase the sensitivity of analytical measurements. The duration
of the reaction was varied within an interval from 0 to 50 min, find-
ing the optimum value at 8 min. The optimum composition of the
reaction mixture was then found to be 20 pL of a perfluorinated
acid standard (100 wg mL~1) in acetonitrile, 158 L of acetonitrile,
8 uL of isobutyl alcohol, 4 pL of pyridine and 10 L of IBCF. In this
step, the volume of pyridine was optimized within a range from 0 to
20 L per 200 WL of the reaction mixture, which corresponds to the
pyridine concentration range from 0 to 1.238 mol L~!. Variations in
the volumes of the other components of the reaction mixture had
negligible effects on the reaction course. Finally, the reaction tem-
perature was optimized in the range from 20 to 60 °C, finding the
lower limit to be suitable. This optimization improved the derivati-
zation procedure efficiency by more than 60%, expressed in terms of
the areas under the analyte chromatographic peaks. The reaction
yield of the derivatization procedure is >99%. Repeated derivati-
zation of the same sample followed by exhaustive extraction into
hexane phase showed only traces (<0.7%) of PFCAs remaining in the
aqueous phase.

Figs. 1 and 2 depict examples of GC-ECD and GC-EI-MS chro-
matograms of PFCAs (Cg—Cq, ) standards, derivatized to the isobutyl
esters in acetonitrile under the optimum conditions. The large peak
of IBCF in Fig. 1 obscures the coeluting ibu-PFHxA peak. No other
coelution was observed during this work.

Some intense fragments appear repeatedly in the MS spectra of
the isobutyl esters of perfluorinated acids; they are formed by split-
ting of the fluorinated chain (69 [CF3]*, 131 [C3F5]*, 169 [C3F7]",
181 [C4F7]*, 219 [C4Fg]* etc.). Some of them are identified in Fig. 3
and can be used for quantitative analysis. Four most intense ones
were selected for the measurement of the calibration dependences,
namely, m/z 69, 131, 169 and 181. In addition, the [M-CH3]* frag-
ments were employed for qualitative analysis. Ions 43 and 57 are
also very intense fragments and correspond to isopropyl [C3H7]*
and isobutyl [C4Hg]*, respectively (one of them is always the basic
peak).
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Fig. 1. A GC-ECD chromatogram of a mixture of perfluorinated acid stan-
dards (10 pgmL-! of each) derivatized to isobutyl esters. An SPB-5 column
(15m x 0.25mm i.d., 0.25um); a 1L sample injected (splitless, 1 min); detec-
tor temperature, 300 °C; injector temperature, 250°C; column temperature, 50 °C
(1 min) to 170°C (5min) in 10 °C/min; make-up gas pressure, 25 kPa, nitrogen flow
rate, 0.44 mLmin~'; 1: IBCF, 2: ibu-PFHpA, 3: ibu-PFOA, 4: ibu-PFNA, 5: ibu-PFDA,
6: ibu-PFUnA, 7: ibu-PFDoA.
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Fig. 2. A GC-EI-MS chromatogram of a mixture of perfluorinated acid stan-
dards (10 pgmL-! of each) derivatized to the isobutyl esters. A DB-5MS column
(30m x 0.25mm i.d., 0.25 wm); a 1 wL sample injected (splitless, 1 min); MS inter-
face temperature, 300 °C; injector temperature, 250 °C; temperature program: 40 °C
(3min) to 170°C (3 min) in 10°C/min; constant helium flow rate, 1.0mLmin~';
SIM mode: m/z=69, 131, 169 and 181; 1: ibu-PFHXA, 2: ibu-PFHpA, 3: ibu-PFOA, 4:
ibu-PFNA, 5: ibu-PFDA, 6: ibu-PFUnA, 7: ibu-PFDoA
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Fig. 3. The mass spectrum (EI) of the PFOA isobutyl ester (for the measuring condi-
tions see Fig. 2).
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Two byproducts were identified by the GC-MS in scan
mode—bis-isobutyl esters of ethandiodic and carbonic acid, which
eluted at least 5 min after the last PFCA.

They are not observable in the SIM mode of GC-MS and in GC-
ECD methods (esters are not halogenated).

3.2. A comparison of the limits of detection obtained by the
GC-EI-MS, GC-ECD and HPLC-ESI(—)-MS analyses after
derivatization in the acetonitrile medium

The LOD and LOQ values for PFCAs, listed in Table 1 for derivati-
zation in the acetonitrile medium, are not sufficiently low for direct
analyses of environmental samples. However, if a suitable precon-
centration step were included, with a preconcentration factor of at
least 100, then the detection limits would amount to units or tens
of ppb and would correspond to PFCAs concentrations in real envi-
ronmental samples[9,24,26]. The LOD and the LOQ values for PFCAs
isobutyl esters are lowest for GC-ECD and amount to tenths or units
of pg mL~! (the lowest value is 0.06 g mL~! for PFOA). The results
for GC-EI-MS are slightly poorer and those for HPLC-ESI(—)-MS are
substantially higher (the LOD values between 1.3 and 3.4 ugmL-1).

3.3. Derivatization reaction in aqueous medium

Preliminary measurements indicated that PFCAs derivatization
in aqueous media needs optimization. One of the principal param-
eters is the pH value of the medium and thus various buffers
were tested, within a pH range from 1 to 11, at a concentration
of 50 mmol L~ (to adjust the lowest pH values, 100 mmol L1 HCl
was used). These aqueous buffers replaced acetonitrile in the reac-
tion mixture. The derivatization efficiency was evaluated in terms
of the area under the PFOA GC-EI-MS peak (see Fig. 4).

The selection of the buffer compositions for this wide pH range
was difficult, because the buffers could not contain any functional
group which could be derivatized, e.g., the carboxyl or amino group,
to avoid a decrease in the efficiency of the PFOA derivatization.
Therefore, only simple inorganic buffers could be used. The phos-
phate buffer with a pH of 2.5 provided the best results (see Fig. 4).

A great decrease in the peak area was observed when using
the pyridine buffer, apparently due to the pyridine excess which
decreases the derivatization reaction efficiency (see below). The
optimum pH value, 2.5, suggests that the derivatization proceeds
most efficiently at pH values close to the pK; value of PFOA. It fol-
lows from the works by Goss [34] and Burns et al. [35], dealing
with the calculation of the pKj, value for PFOA, that this substance
is not as acidic as considered in some previous publications [19,20].
The originally published value was pK, <0.5, whereas the newly
reported values equal 2.8 [34] and 3.8 [35]. Higher pK, values
have also been reported for other perfluorinated acids (C4—C;3) and
thus it can be assumed that these substances will behave analo-
gously in this phosphate buffer. The buffer concentration exerts
no significant effect on the derivatization reaction; therefore, of
the tested values, 1, 10, 50 and 100 mmolL-!, the concentration

Table 1
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Fig. 4. Dependence of the area under the PFOA isobutyl ester GC-EI-MS peak on
the pH values adjusted by various aqueous buffers. pH 1: HCl; pH 2, 2.5 and 3: a
phosphate buffer; pH 5: a pyridine buffer; pH 7,9 and 11: a carbonate buffer.
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Fig. 5. Dependence of the area under the PFOA isobutyl ester GC-EI-MS peak on the
pyridine concentration in the aqueous reaction mixture.

equal to 50 mmol L-! was further used. The amount of pyridine,
as the reaction catalyst, was most important for the reaction
yield in the acetonitrile medium. Therefore, the effect of the pyri-
dine concentration was also investigated in the aqueous medium,
within a range of 0-1.98 molL-!, corresponding to the additions
of 0-32 L of pyridine to obtain the total volume of the reaction
mixture, 200 pL. It can be seen in Fig. 5 that the optimum pyridine
amount equals 1 L, i.e. its concentration in the reaction mixture is
0.06 mol L. The optimum pyridine amount for the reaction in ace-
tonitrile medium is somewhat higher, namely, 4 L. In the absence
of pyridine, the reaction efficiencies in the two media are negli-
gible and thus the pyridine catalysis is necessary. For a detailed

Limits of detection (LOD) and quantitation (LOQ) for perfluorinated acids after their derivatization to the isobutyl esters in the acetonitrile medium obtained by the GC-ECD
and GC-EI-MS methods and for the underivatized acids obtained by the HPLC-ESI(—)-MS method.

GC-ECD GC-EI-MS HPLC-ESI(—)-MS
LOD (pugmL-1) LOQ (pugmL!) LOD (pngmL') LOQ (pgmL-1) LOD (pngmL') LOQ (pngmL1)
PFHxA - - 0.2 0.7 3.4 11.2
PFHpA 0.1 0.4 0.2 0.7 2.5 8.4
PFOA 0.1 0.2 0.4 14 1.8 6.0
PFNA 0.2 0.7 0.3 1.1 2.8 9.4
PFDA 1.8 2.7 19 6.4 3.0 10.1
PFUnA - - 2.2 7.3 1.3 4.5
PFDoA 0.2 0.5 0.6 2.0 2.0 6.5
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discussion of the pyridine functioning in these reactions see the
refs. [28-32].

When comparing the optimized PFCA derivatization in ace-
tonitrile and in water, it can be seen that the area under the
PFOA isobutyl ester GC-EI-MS peak, for the PFOA concentra-
tion, 10 wgmL~1, equals 417,000 +30,800a.u. in the acetonitrile
medium and 460,000 +46,400a.u. in the 50mmolL~! aqueous
phosphate buffer with a pH of 2.5. Therefore, the yield of the deriva-
tization reaction is higher, by almost 10%, in the aqueous medium.
Another advantage of the aqueous medium lies in the fact that the
overall analytical procedure is much simpler, compared to the use
of the non-aqueous system.

The GC-ECD and GC-MS techniques were again calibrated in
the aqueous phosphate buffer, for analyte concentrations from
0.02 to 10pgmL-1. The HPLC-ESI(—)-MS technique could not

V. Dufkovd et al. / J. Chromatogr. A 1216 (2009) 8659-8664 8663
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be calibrated, because the phosphate buffer interfered with the
electrospray functioning and a white film was formed in the elec-
trospray space, suppressing the ionization and thus substantially
decreasing the measuring sensitivity.

The published LOQs of HPLC-MS-MS methods for PFOA are
below ng/L [16-20], for GC-EI-MS in the range from tenths to hun-
dreds of ng/L [21-23,26,27] and for GC-NCI-MS in the range of
hundredths to tens of ng/L [24,25]. These methods always include
some preconcentration method.

The LOD and LOQ values for the perfluorinated acid isobutyl
esters obtained after derivatization in the aqueous phosphate
buffer are given in Table 2. Compared to the derivatization in
the acetonitrile medium, these values are lower for the GC-EI-MS
technique, within a range of 0.03-0.31 pgmL~!, compared to the
GC-ECD values of 0.15-0.73 wgmL~!. Higher LOD and LOQ values
for GC-EI-MS were observed with acids containing higher num-
bers of carbon atoms (C;9—Cy3 ), probably due to the noise gradually
increasing during the temperature gradient of the GC procedure.
Therefore, the values for the lowest concentration, 0.02 ug mL~1,
could not be evaluated for these compounds. The repeatability of
the derivatization procedure expressed as the relative standard
deviations (n=5) for the LOD and LOQ values listed in Table 2 are
smaller than 3% for GC-ECD and smaller than 6.6% for GC-MS.

3.4. Testing of the application of the procedure

The optimized derivatization procedure in the aqueous medium
was tested on three real samples of river water. A sample of dis-
tilled water spiked with a PFOA standard was analyzed in parallel.
The GC-EI-MS method was used and the yield of the derivatiza-
tion reaction was found to equal 64%. This preconcentration step
is the simplest possible approach and does not require any sample
purification. However, it represents only a preliminary step. The
use of more sophisticated methods, e.g., solid-phase extraction, will
probably yield better results.

In two samples (Vltava 1, Vltava 3), no perfluorinated acid was
detected. The PFOA peak was found in the Vltava 2 sample, cor-

Table 2

The limits of detection (LOD) and quantitation (LOQ) for the PFCAs isobutyl esters
after derivatization in the aqueous phosphate buffer obtained by the GC-ECD and
GC-EI-MS techniques.

GC-ECD GC-EI-MS
LOD (ngmL~') LOQ(ngmL~') LOD(mgmL-!) LOQ(mgmL-1)
PFHXA - - 0.15 0.49
PFHpA 0.3 1.1 0.06 0.19
PFOA 0.6 19 0.04 0.12
PFNA 0.2 0.5 0.03 0.10
PFDA 0.2 0.5 0.26 0.86
PFUnA 0.5 1.7 0.23 0.77
PFDoA 0.7 2.4 0.31 1.05

Fig. 6. GC-EI-MS chromatograms of the Vitava 2 sample (A) and of the Vltava 2
sample with PFCAs standards added (B) (the PFCAs concentration, 2 wgmL~!, for
the measuring conditions see Fig. 2).

responding to the concentration, 0.20 pg mL~! in 200 pL hexane,
or 3.4ngmL-! in the sample. The chromatograms of the Vitava 2
sample prior (A) and after (B) the addition of PFCAs standards are
given in Fig. 6.

4. Conclusions

A rapid and simple micromethod has been developed for deter-
mination of perfluorinated acids (Cg—Cq2) by gas chromatography,
after the analyte conversion into the isobutyl esters by the reaction
with isobutyl chloroformate. The derivatization reaction has been
optimized in the acetonitrile medium, obtaining LOD (LOQ) values
0f0.1-1.8(0.2-2.7) wg mL~! for GC-ECD, 0.2-2.2 (0.7-7.3) g mL~!
for GC-EI-MS and 1.3-3.4 (4.5-11.2) pg mL~! for HPLC-ESI-MS. The
derivatization reaction has also been optimized in the medium of
an aqueous phosphate buffer, with a pH of 2.5 and a concentration
of 50 mmol L1, catalyzed by 0.06 mol L1 pyridine. The reaction in
the aqueous phosphate buffer had a yield higher by almost 10%,
compared to that in the acetonitrile medium.

The LOD (LOQ) values obtained when using the aqueous phos-
phate buffer are in the ranges, 0.2-0.7 (0.5-2.4) wg mL~! for GC-ECD
and 0.03-0.31 (0.1-1.05) wg mL~! for GC-EI-MS. These techniques
have been applied to the determination of the PCFAs concentra-
tions in three samples of the Vitava river water. None of these acids
was found in two samples, while the third sample contained PFOA
at a concentration of 3.4ngmL~! of the river water.
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Abstract

A rapid and simple derivatization procedure has been developed for gas chromatographic
determination of perfluorinated organic acids (PFCAs, C4C,,), using isobutyl chloroformate
(IBCF) to convert the acids into the more volatile isobutyl esters, under catalysis by pyridine.
Eight different capillary columns have been tested for separation of PFCAs isobutyl esters. The
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derivatization reaction has been optimized in acetonitrile medium and in aqueous phosphate
buffer, with a pH = 2.5 and concentration of 50 mM. The reaction in aqueous phosphate buffer
had yield higher by almost 10% compared to that in the acetonitrile medium. The LOD (LOQ)
values obtained when using the aqueous phosphate buffer are in the ranges,
0.2-0.7 (0.5-2.4) pg/ml for GC-ECD and 0.03-0.31 (0.10- 1.05) pg/ml for GC-EI-MS. The
practical applicability was tested on Vltavariver water samples.

1. Introduction

Perfluorinated organic acids (PFCAs) have recently
received much attention because they belong among
ubiquitous environmental contaminants [1, 2]. PFCAs
with a typical structure of F—(CF,),— COOH, where
n = 1-13, have unique physical, chemical and biological
properties, closely related to their high-energy carbon-
-fluorine bonds [3]. They are resistant to hydrolysis,
photolysis, biodegradation and to metabolic processes in
living organisms [4]. These properties make them both
water- and fat-repellent (“supersurfactants™) and thus
they have been used for treatment of textiles and paper, in
paints, lubricants, polishes, PTFE precursors, food
packages, insecticide formulations, fire-fighting foams,
and in the photographic and the semi-conductor
industries [5-8]. The emissions of PFCAs over the period
from 1951 to 2004 have been estimated to amount to
32007300 tons [9]. They are globally distributed,
environmentally persistent, bioaccumulative and poten-
tially harmful [10]. In 2005, EPA’s science advisory
board recommended that the agency classify perfluoro-
octanoic acid (PFOA) as a “likely” human carcino-
gen[11].

Analyses for PFCAs are now mostly carried out by
means of HPLC-MS(-MS) to meet the requirements of
high sensitivity and selectivity [12, 13]. However, many
laboratories are not equipped for this method and would
prefer readily available GC techniques. PFCAs should
theoretically be directly determinable by GC because
they are sufficiently volatile, but their chromatographic
peaks exhibit pronounced tailing, owing to their high

polarity. Consequently, the analytes are converted into
more volatile and less polar derivatives using various
procedures. The published works describe their derivati-
zation to the methyl esters by the reactions with diazo-
methane [ 14, 15], methyl iodide [16] and with a metha-
nolic solution of BF; [17]. Alzaga and Bayona [18]
published a GC-NCI-MS technique for PFCAs determi-
nation employing an ion-pair extraction of their tetra-
butylammonium salts, followed by their thermal
decomposition on a SPME fiber producing the
appropriate butyl esters. This approach has an advantage
in the combination of the preconcentration and
derivatization steps. Scott ef al. [19, 20] describe a less
common procedure for the PFCAs derivatization,
involving the conversion of C, to Cy acids into the
corresponding 2,4-difluoroanilides by the reaction with
2,4-difluoroaniline in the presence of N, N-dicyclohexyl-
carbodiimide, followed by their GC-MS determination.
The proposed procedure employs esterification of
PFCAs due to the reaction with alkyl chloroformates,
which has not yet been published for PFCAs
derivatization. The works of HuSek er al. [21-23]
describe conversions of various acids, e. g., fatty, oxo-,
amino-, or phenolic acids, into various alkyl esters, using
the acid reactions with alkyl chloroformates. A great
advantage of these reactions lies in the possibility of
performing them in aqueous media, which makes it
possible to use them for direct derivatization of bio-
logical samples, e. g., those of blood plasma or urine. The
alkyl is first bound to the acid, with liberation of hydro-
chloric acid and the formation of the labile acid
anhydride which rapidly decarboxylates and provides the
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Fig. 1. Reaction scheme of derivatization of perflurodinated acid by

- HCI

isobutyl chloroformate; R is the perfluorinated alkyl chain.

ester and carbon dioxide. Pyridine is used as the catalyst
and the corresponding alkyl alcohol sometimes serves as
an auxiliary agent. For isobutyl chloroformate and
a perfluorinated acid, the reaction scheme is depicted in
Fig. 1. In addition to the isobutyl esters, small amounts of
several volatile compounds are formed which, however,
do not interfere in the following analytical procedure.
Isobutyl esters have been selected because of their
optimum volatility. For example, the methyl esters of
PFCAs with shorter chains are too volatile and elute too
rapidly from GC columns.

The present work aims at development of a very rapid,
simple and reliable derivatization procedure based on the
above reaction scheme, to be followed by a GC deter-
mination of the PFCA isobutyl esters. The method
operates with micro liter samples and thus can be
considered as an economically and ecologically advan-
tageous micromethod. In combination with an efficient
preconcentration technique, it should be suitable for
PFCA determination in environmental samples; the
development of suitable preconcentration and extraction
techniques is the subject of our further research.

2. Experimental
2.1. Chemicals

The following substances were used as the analytical
standards: perfluorohexanoic acid (PFHxA, <9 5%,
Fluka), perfluoroheptanoic acid (PFHpA, < 95%),
perfluorooctanoic acid (PFOA, 95 %), perfluoroonanoic
acid (PFNA, 97%), perfluorodecanoic acid (PFDA,
98%), perfluoroundecanoic acid (PFUnA, 95%), and
perfluorododecanoic acid (PFDoA, 95%), all from
Aldrich. All the other chemicals, acetonitrile (< 99.5%,
Fluka), hexane (99%, Mallinckrodt Baker B.V.,
Netherlands), isobutyl chloroformate (98%, Aldrich),
pyridine (99%, Aldrich), hydrochloric acid (35%, Lach-
-Ner, Czech Republic), ammonium acetate, isobutyl-
alcohol, phosphoric acid, sodium hydroxide, sodium
carbonate (all p.a., Penta, Czech Republic) and water
(Milli-Q Plus, Millipore) were used as received.

The standard substances were dissolved in aceto-
nitrile to prepare standard stock solutions of

X
—>Y\OR/L

o

-co,

PR
—>\‘/\O R

10000 pg mL ! PFCA. The buffer solutions (50 mM)
were prepared as follows: the pyridine buffer by
dissolving the appropriate amount of pyridine in water;
the phosphate buffer by adjusting the pH value of the
aqueous H;PO, with 2 M NaOH; the carbonate buffer by
adjusting the pH of the aqueous Na,CO3 with 1 M HCl.

2.2. Instruments

AGC-ECD analyses were performed using a PU 4600
GC instrument (Unicam Analytical Systems, UK),
equipped with a 15 m x 0.25 mm i. d., 0.25 pm film
thickness SPB-5 column (Supelco, USA). Splitless-
-mode injection (sample volume, 1puL) at 250 °C (split
valve closed for 1 min) and nitrogen carrier gas (flow
rate, 0.44 mL min’]) were used. The oven temperature
was held for 1 min at 50 °C, ramped at 10 °C min' to
170 °C and then held for 5 min (total run time, 23 min).
The detector temperature was maintained at 300 °C. The
pressure of make-up nitrogen was 25 kPa.

GC-EI-MS analyses were performed using a GCMS-
-GP5050A instrument (Shimadzu, Japan), equipped with
a30m x 0.25 mm . d., 0.25 um film thickness DB-5MS
column (Agilent Technologies, USA). Helium
(99.999%, Linde) was used as the carrier gas with a flow
rate of 1.0 mL min". Splitless-mode injection (sample
volume, 1puL)at 250 °C was employed (split valve closed
for 1 min). The oven temperature was held at 40 °C for
3 min, ramped at 10 °C min"' to 170 °C and then held
for 3 min (total run time, 19 min). The mass spectrometer
was operated in the selected ion monitoring (SIM) mode
at m/z values 69, 131, 169 and 181 and the transfer line
maintained at 300 °C.

2.3. Derivatization procedure

The reaction mixture for derivatization in the acetonitrile
medium was prepared in a polypropylene vial by mixing
20 uLsample, 161 pL of reaction medium (acetonitrile or
buffer), 8 uL of isobutylalcohol, 1 uL of pyridine and
10 pL of isobutyl chloroformate (IBCF). The total
volume of the reaction mixture was 200 pL with the
resultant PFOA concentration equal to 10 pg mL . The
mixture was stirred for 20 s in an ultrasonic bath, 200 pL
of hexane were added and the isobutyl ester formed was
extracted into hexane for 1 min in a shaker. The upper
hexane phase was separated into a clean polypropylene
vial and injected onto the gas chromatographic column.
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2.4. Sample preparation

Three real samples of river water, denoted as Vltava 1
to 3, were collected from the Vltavariver at a site close to
the Prague center, at a depth of 50 cm, into 1 L poly-
propylene vessels and filtered through a nylon membrane
filter (47 mm in diameter, 0.45 um, Whatman, England).
Their volume was decreased from 500 to 5 ml in
a Rotavapor EL 130 (Biichi, Switzerland) rotary evapo-
rator and concentrated phosphoric acid was added to the
concentrate to attain a concentration of 50 mM. The pH
was then adjusted to a value of 2.5 by adding a2 M NaOH
solution and the solution was centrifuged. The volume,
181 uL, of this solution was subjected to the derivati-
zation procedure, adding the appropriate amounts of
isobutyl alcohol, pyridine and IBCF. The mixture was
extracted with 200 pL of hexane and injected into the
GC-EI-MS system.

3. Results and discussion
3.1. Development of the derivatization procedure

The derivatization reaction in the acetonitrile medium
was optimized in several steps, in order to improve its
efficiency and increase the sensitivity of analytical
measurements. The duration of the reaction was varied
within an interval from 0 to 50 min., finding the optimum
value at 8 min. The volume of pyridine was optimized
within a range from 0 to 20 pL per 200 pL of the reaction
mixture, which corresponds to the pyridine concen-
tration range, 0.000 to 1.238 M. Variations in the volumes
of the other components of the reaction mixture had
negligible effects on the reaction course. Finally, the
reaction temperature was optimized in the range,
20 to 60 °C, finding the lower limit to be suitable. This
optimization improved the derivatization procedure
efficiency by more than 60%, expressed in terms of the
areas under the analyte chromatographic peaks.

Figs. 2 and 3 depict examples of GC-ECD and GC-EI-
-MS chromatograms of PFCAs (C¢—C,,) standards
derivatized to the isobutyl esters in acetonitrile under the
optimum conditions. The large peak of IBCF in Fig. 2
obscures the coeluting ibex-PFHxA peak.

3.2. Column selection

The mechanism of interactions of PFCAs derivatives
with stationary phases used for their separations in GC
were not studied in detail yet. Therefore, separation of
PFCAs isobutyl esters on eight different stationary
phases was performed and compared. The highest
retention was found on RTX-200MS column (trifluoro-
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Fig. 2. A GC-ECD chromatogram of a mixture of perfluorinated
acid standards (10 pg mL™! of each) derivatized to isobutyl esters.
An SPB-5 column (15 m x 0.25 mm i. d., 0.25 pm); a 1 pL sample
injected (splitless, 1 min); detector temperature, 300 °C; injector
temperature, 250 °C; column temperature, 50 °C (1 min) to 170 °C
(5 min) in 10 °C min"'; make-up gas pressure, 25 kPa, nitrogen flow
rate, 0.44 mL min'; (1) IBCF, (2) ibu-PFHpA, (3) ibu-PFOA,
(4)ibu-PFNA, (5) ibu-PFDA, (6) ibu-PFUnA, (7) ibu-PFDoA.
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Fig. 3. A GC-EI-MS chromatogram of a mixture of perfluorinated
acid standards (10 pg mL™" of each) derivatized to the isobutyl esters.
A DB-5MS column (30 m x 0.25 mm i. d., 0.25 pm); a 1 uL sample
injected (splitless, 1 min); MS interface temperature, 300 °C; injector
temperature, 250 °C; temperature program: 40 °C (3 min) to 170 °C
(3 min) in 10 °C min'; constant helium flow rate, 1.0 mL min';
SIM mode: m/z = 69, 131, 169 and 181; (1) ibu-PFHxA,
(2) ibu-PFHpA, (3) ibu-PFOA, (4) ibu-PFNA, (5) ibu-PFDA, (6) ibu-
-PFUnA, (7) ibu-PFDoA.

propyl methyl polysiloxane) followed by SPB-5
(5% phenyl methyl polysiloxane) and SPB-1 (100%
methyl polysiloxane) columns. RTX-200MS is relatively
new column on the market and was purchased at the end
of the study. As a compromise between the retention and
the analysis time, SPB-5 column was selected for further
investigations. The advantage of this selection is that the
majority of common GC-MS data are collected on this
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Fig. 4. Dependence of retention factor corrected to  on number of
carbons in PFCAs in semi logarithmic scale for eight different
columns by GC-ECD, isothermal analysis (60 °C ). Columns: SPB-1
(Supelco, 30 m, 0.25 mm i. d. , film 0.25 um, dimethyl polysiloxane),
SPB-5 (Supelco, 15 m, 0.25 mm i. d., film 0.25 pm, 5% diphenyl,
95% dimethyl polysiloxane), SPB-20 (Supelco, 15 m, 0.25 mmi. d.,
film 1 pm, 20% diphenyl, 80% dimethyl polysiloxane), SPB-35
(Supelco, 30 m, 0.25 mm i. d., film 1 pm, 35% diphenyl, 65% di-
methyl polysiloxane), ZB-1701 (Phenomenex, Torrance, USA, 15 m,
0.25 mm . d., film 0.25 pm, 14% cyanopropyl-phenyl, 86% dimethyl
polysiloxane), Supelcowax 10 (Supelco, 30 m, 0.25 mm i. d., film
0.25 um, polyethylenglykol), RTX-200MS (Restek, Bellefonte,
USA, 30 m, 0.25 mm i. d., film 0.25 pm, trifluoropropylmethyl
polysiloxane), SP-2340 (Supelco, 30 m, 0.32 mm i. d., film 0.2 pm
100% poly(bis-cyanopropyl siloxane)).

stationary phase and allow an easy comparison. Fig. 4
shows the dependence of B-corrected values of sepa-
ration factor on the number of carbon atoms in PFCA
molecule for the columns under test. Two columns,
Supelcowax 10 (polyethylenglycol) and SP-2340 (non-
bonded 100% bis-cyanopropyl polysiloxane) have
higher slope which fact reflects probably a higher
fraction of polar interactions of the retention mechanism
compared to the less polar polysiloxane-based stationary
phases. Detailed analysis of these data will be presented
in separate publication.

3.3. Derivatization reaction in aqueous medium

Preliminary measurements indicated that PFCAs deriva-
tization in aqueous media needs optimization. One of the
principal parameters is the pH value of the medium and
thus various buffers were tested, within a pH range from
1to 11, at a concentration of 50 mM (to adjust the lowest
pH values, 100 mM HCI was used). These aqueous
buffers, pH = 1.0 (HCI), pH = 2.0, 2.5, and 3.0 (a
phosphate buffer), pH = 5.0 (a pyridine buffer), pH="7.0,
9.0, and 11.0 (a carbonate buffer), replaced acetonitrile in

the reaction mixture. The phosphate buffer with a
pH = 2.5 provided the best results. The phosphate buffer
concentration exerts no significant effect on the deriva-
tization reaction; therefore, of the tested values, 1, 10, 50
and 100 mM, the concentration equal to 50 mM was
further used. The amount of pyridine, as the reaction
catalyst, was most important for the reaction yield in the
acetonitrile medium. Therefore, the effect of the pyridine
concentration was also investigated in the aqueous
medium, within a range of 0.00-1.98 M, corresponding
to the additions of 0—32 pL of pyridine to obtain the total
volume of'the reaction mixture, 200 pL.

When comparing the optimized PFCA derivatization
in acetonitrile and in water, it can be seen that the area
under the PFOA isobutyl ester GC-EI-MS peak, for the
PFOA concentration, 10 pg mL7, equals 417000 =+
+ 30800 a. u. in the acetonitrile medium and 460000 +
+ 46400 a .u. in the 50 mM aqueous phosphate buffer
with a pH =2.5. Therefore, the yield of the derivatization
reaction is higher, by almost 10%, in the aqueous
medium. Another advantage of the aqueous medium lies
in the fact that the overall analytical procedure is much
simpler, compared to the use of the non-aqueous system.

The LOD and LOQ values for the perfluorinated acid
isobutyl esters obtained after derivatization in the
aqueous phosphate buffer are given in Table 1. LOD
(LOQ) was computed as three-times (ten-times) the
standard deviation of the calibration line divided by its
slope. Higher LOD and LOQ values for GC-EI-MS were
observed with acids containing higher numbers of carbon
atoms (C;o—C,,), probably due to the noise gradually
increasing during the temperature gradient of the GC
procedure.

Table 1. The limits of detection (LOD) and quantitation (LOQ) in
pg mL™! for the PFCAs isobutyl esters after derivatization in the
aqueous phosphate buffer obtained by the GC-ECD and GC-EI-MS
techniques (without preconcentration).

GC-ECD GC-EI-MS

LOD LOQ LOD LOQ
PFHxA - - 0.15 0.49
PFHpA 0.3 1.1 0.06 0.19
PFOA 0.6 1.9 0.04 0.12
PFNA 0.2 0.5 0.03 0.10
PFDA 0.2 0.5 0.26 0.86
PFUnA 0.5 1.7 0.23 0.77
PFDoA 0.7 2.4 0.31 1.05

3.4. Testing of the application of the procedure
The optimized derivatization procedure in the aqueous

medium was tested on three real samples of river water.
A sample of distilled water spiked with a PFOA standard
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Fig. 5. GC-EI-MS chromatograms of the Vltava 2 sample (A) and
of the Vltava 2 sample with PFCAs standards added (B) (the PFCAs
concentration, 2 pg mL ™!, for the measuring conditions see Fig. 3).

was analyzed in parallel. The GC-EI-MS method was
used and the yield of the derivatization reaction was
found equal to 64%. This preconcentration step is the
simplest possible approach and does not require any
sample purification. However, it represents only a preli-
minary step. The use of more sophisticated methods,
e. g., solid-phase extraction, will probably yield better
results.

Intwo samples (Vltava 1, Vltava 3), no perfluorinated
acid was detected. The PFOA peak was found in the
Vltava 2 sample, corresponding to the concentration,
0.20 pg mL ! in 200 pL hexane, or 3.4 ng mL ! in the
sample. The chromatograms of the VItava 2 sample prior
(A) and after (B) the addition of PFCAs standards are
giveninFig. 5.

4. Conclusion

A rapid and simple micromethod has been developed for
determination of perfluorinated acids (C¢—C;,) by gas
chromatography, after the analyte conversion into the
isobutyl esters by the reaction with isobutyl chloro-
formate. Eight different capillary columns have been
tested for separation of PFCAs isobutyl esters and SPB-5
column selected as optimum. The derivatization reaction
has been optimized in the acetonitrile medium and in the
medium of an aqueous phosphate buffer, witha pH=2.5
and a concentration of 50 mM, catalyzed by 0.06 M
pyridine. The reaction in the aqueous phosphate buffer
had a yield higher by almost 10%, compared to that in the
acetonitrile medium.

The LOD (LOQ) values obtained when using the
aqueous phosphate buffer are in the ranges,
0.2-0.7 (0.5-2.4) pg mL™! for GC-ECD and 0.03-0.31

(0.10-1.05) pg mL™! for GC-EI-MS. These techniques
have been applied to the determination of the PCFAs
concentrations in three samples of the Vltava river water.
None of these acids was found in two samples, while the
third sample contained PFOA at a concentration of
3.4ngmL ! of the river water.s.
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Abstract

The retention of isobutyl esters of a homological set of perfluorinated carboxylic acids (Cs — Ci,) on nine
common stationary phases of wide polarity range is characterized and compared. The selected compounds
behave unusually: at 60 °C, they exhibit the highest retention on fluorinated (Rtx-200MS) and non-polar (SPB-1,
SPB-5) stationary phases; on the other hand, the highest contribution of -CF,- to the retention factor £ is
observed on polar stationary phases (Supelcowax 10, SP-2340). The correlation between log £ and the number of
perfluorinated carbon atoms in the molecule shows very good linearity (R* > 0.9977) on all the stationary phases.
Simple correlation analysis between log k£ and the McReynold’s parameters of the stationary phases studied
reveal that polar interactions could play an important role in the retention mechanism of perfluorinated acids.
Thermodynamic parameters, such as Kp, 4G, AH and A4S, were measured and calculated for the retention of
perfluorinated acids on the fluorinated stationary phase (Rtx-200MS) and compared with the values obtained for
a non-fluorinated analogue - octanoic acid. The analysis of these data demonstrates that the distribution of
solutes between the stationary and the mobile phase is driven neither by the energy nor the enthropy and that the
enthalpic and the entropic contributions to the retention are almost equal for both perfluorinated and non-
fluorinated acids.
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1. Introduction

Perfluorinated organic acids (PFCAs) belong among purely anthropogenic, globally distributed chemicals
with very unique physical, chemical and biological properties, closely related to their high-energy carbon -
fluorine bonds (485 kJ mol™) [1]. The intrinsic properties of PFCAs with a typical structure F-(CF,),-COOH,
where n =1 - 13, are their high resistance to hydrolysis, photolysis, biodegradation and to metabolic processes in
living organisms [2]. Water- and fat-repelling properties of PFCAs result in their wide use for treatment of
textiles and paper, in paints, lubricants, polishes, food packages, insecticide formulations and fire-fighting foams
(“supersurfactants”), as PTFE precursors, and in the photographic and the semi-conductor industries [3-9]. Their
emissions over the period from 1951 to 2004 have been estimated to equal 3200-7300 tons [10,11] and they are
nowadays globally distributed in the environment. In 2005, EPA’s science advisory board recommended
classification of perfluorooctanoic acid (PFOA) as a “likely” human carcinogen [12].

Nowadays, analyses for PFCAs are mostly carried out by means of HPLC-MS(-MS) to meet the
requirements of high sensitivity and selectivity [13-17]. However, many laboratories are not equipped with this
sophisticated instrumentation and would prefer readily available GC techniques. Owing to the sufficient
volatility (with respect to typical GC methods), PFCAs should theoretically be directly determinable by GC, but
their chromatographic behavior results in peaks with pronounced tailing on common stationary phases because
of their high polarity. Consequently, they are converted into more volatile and less polar derivatives using
various procedures. The published works describe their derivatization to the methyl esters [18-20], butyl esters
[21, 22], 2,4-difluoroanilides [23, 24], and, recently, isobutyl esters [25]. Surprisingly, there are no published
data characterizing the physico-chemical behavior of PFCAs in GC systems. This lack of data and our own
interest has induced us to start working on a partial filling of this gap.

Therefore, the goals of this work are (a) a comparison of the retention of a homologous set of PFCA isobutyl
esters (C¢ — Cj) on common stationary phases and (b) the calculation of selected thermodynamic parameters
(Kp, 4G, AH and 4S) for PFCAs on fluorinated stationary phase Rtx-200MS.

Thermodynamic background of GC retention

The retention in GC is mainly governed by the surface and bulk interactions of the solute with the stationary
phase. These interactions can be described using the basic retention parameter — the specific retention volume,
Ve, which is characteristic of the particular solute, stationary phase and carrier gas. The value of ¥, can easily be
related to thermodynamic quantities; the detailed thermodynamic theory of GC is described elsewhere [26, 27].
The V, value (mL g) can be calculated from the experimental parameters according to the relationship,

. 273.15
Vg:(tR_tM).]mnF— (1)
w T,

where f;z (min) and ¢, (min) are the retention times of the test solute and of an inert species (e.g., methane
marker), respectively, 7, (K) is the column temperature, F (mL min™") is the flow-rate of the carrier gas at the
column outlet measured at 7, (K), w (g) is the mass of the stationary phase in the column and j,, is the
compressibility correction factor which depends on the inlet, p; (Pa), and outlet, p, (Pa), pressures. The j,, value
is calculated using the following equation [26];

ool

Values of m =3 and n = 2 are commonly used to calculate j,,, with a sufficient accuracy.

When the stationary phase is in a condensed state (liquid or solid), then the ratio of log V, and the reciprocal
value of the temperature yields a straight line within a temperature range in which the heat capacity of the solute
does not change dramatically. The slope of this straight line is related to the partial molar enthalpy of the
solution, AH (J mol™),

Jonn
)

ang:£+£+C 3)
RT. R
where R (J K™ mol™) is the universal gas constant, 7. (K) is the column temperature and C is integration constant
which can usually be neglected.
The standard partial molar Gibbs energy of the solution, AG’ (J mol™), for the solute i at thermodynamic
equilibrium in the carrier gas — stationary phase system is given by the general equation,
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where 1, and ;" are the standard chemical potentials, f;, and f;, are the fugacities of solute 7 in the stationary
(s) and mobile (m) phases, respectively, fi,” and f;,’ are the respective fugacities of the solute in standard
(reference) states [28]. The prerequisite of the equilibrium is approximately valid only in the centre of the solute
chromatographic zone; therefore, it is related to the chromatographic data derived from the peak maximum. If
we want to calculate AG from experimentally accessible parameters, it is necessary to specify the standard states
of the solute in both the phases [29]. This can be done by the definition of (a) the concentration units, (b) the
standard concentrations of the solute in both the phases, and (c) by the normalization of the solute activity
coefficient in the condensed phase. The way of doing this depends on the character of the effect to be quantified.
In our case of infinite dilution of the solute in both the phases, the standard states are selected as follows. The
stationary phase: (a) the concentration in terms of the mole fraction, x;;, (b) the reference solute concentration xis!
=1, and (c) the activity coefficient y;; = 1 for x;, — 0. The mobile phase: (a) concentration in mole fraction, x;,,
(b) the solute reference concentration X, = 1 at the reference pressure, po = 101325 Pa. For the solute actual and
reference fugacities in the stationary and the mobile phases it is obtained,

Jis = Vil x,g and fz? =h xg =h (52)
f;m = Vim pxim and »f;rorl = 1 (Sb)

where 4, is Henry’s constant for the solute, v;, is the fugacity coefficient of the solute in its mixture with the
carrier gas at temperature 7, and pressure p. This way of the activity coefficient normalization reflects the
deviations of the system from Henry’s law. After the specification of the reference states, Eq. 4 can be
rearranged to obtain

AG = —-RT, ln[Vg 7y M, } ©)

273.15v, z, R
where M; is the relative molecular weight of the stationary phase and z,, is the compressibility factor of the
mobile phase [30].
In a system where the stationary phase is chemically not defined, e.g., the value of M, is not known, the
definition of the standard states has to be modified. The best and easiest way is to define the concentration of the
solute in the stationary phase in terms of the molality, m;, the reference molality, m;” = 1 and the respective
molal activity coefficient y," = 1 at m;; — 0. This will change the Eq. 5a into the form,

m m Om
S =vglmg  and S =1 @)
where /; is a constant (similar to 4;) relating f;”" and m;, in the region of infinite dilution. When relating x;; with
my, for infinite dilution, where y;; — 1 and y;;" — 1, it is possible to write [30]

xis MS
— = ®
m, 1000
After rearranging Eq. 6 with respect to Eq. 8, Eq. 9 is obtained.
"1
AG = —RT.n| v, L 1000 ©)
€273.15v, z, R

Under conditions of infinite dilution and a small pressure drop along the capillary column, coefficients [1;", [1;,
and z,, approach unity. If the value of M, of the stationary phase used is not accessible, Eq. 9 can be used to
calculate AG values for the analytes tested [30].

Having AG and AH calculated, the partial molar entropy, AS (J mol™ K™), at temperature 7, can be obtained form

the relationship,
AS _(c?AG] _(AH-AG)
ST ), .

Using Eq. 8 at temperature 7,, the distribution constant of the solute between the stationary and the mobile
phase, Kp, is related to specific retention volume V, by Eq. 11 [31]

(10)

T. p
=V _c sy 11
P8 973.15 (1

where p,, (g cm™) is the stationary phase density (the change of the density with temperature is neglected here).
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2. Experimental

2.1. Standards and reagents

The following substances were used as the analytical standards: caprylic acid (<98 %) and perfluorohexanoic
acid (PFHxA, <95%, both Fluka, Steinheim, Germany), perfluoroheptanoic acid (PFHpA, <95 %)
perfluorooctanoic acid (PFOA, 95 %), perfluorononanoic acid (PFNA, 97 %), perfluorodecanoic acid (PFDA,
98 %), perfluoroundecanoic acid (PFUnA, 95 %) and perfluorododecanoic acid (PFDoA, 95 %, all from Aldrich,
Steinheim, Germany). All the other chemicals, acetonitrile (<99.5 %, Fluka, Steinheim, Germany), hexane
(99 %, Mallinckrodt Baker B.V., Deventer, Netherlands), isobutyl chloroformate (98 %, Aldrich, Steinheim,
Germany), pyridine (99 %, Aldrich, Steinheim, Germany), hydrochloric acid (35 %, Lach.-Ner, s.r.o.,
Neratovice, Czech Republic), isobutyl alcohol, phosphoric acid, (all p.a., Penta, Chrudim, Czech Republic) and
water (Milli-Q Plus, Millipore) were used as received.

The standard substances were dissolved in acetonitrile to prepare standard stock solutions of 100 mg mL™
PFCA.

2.2. Instruments and columns

GC-ECD analyses were performed using a PU 4600 GC instrument (Unicam Analytical Systems,
Cambridge, UK). The following capillary columns were used: SPB-1 (30 m, 0.25 mm ID, thickness 0.25 pm,
dimethyl polysiloxane), SPB-5 (15m, 0.25mm ID, thickness 0.25 pm, 5 % diphenyl, 95 % dimethyl
polysiloxane), SPB-20 (15 m, 0.25 mm ID, thickness 1 um, 20 % diphenyl, 80 % dimethyl polysiloxane), SPB-
35 (30 m, 0.25 mm ID, thickness 1 um, 35 % diphenyl, 65 % dimethyl polysiloxane), Supelcowax 10 (30 m,
0.25 mm ID, thickness 0.25 pm, polyethylenglycol), SP-2340 (30 m, 0.32 mm ID, thickness 0.2 um, 100 %
poly(bis-cyanopropyl) siloxane), SLB-IL100 (30 m, 0.25mm ID, thickness 0.2 um, [1,9-di(3-vinyl-
imidazolium) nonane bis(trifluoromethyl) sulfonyl imidate]), all from Supelco, Bellefonte, USA, ZB-1701
(15 m, 0.25 mm ID, thickness 0.25 um, 14 % cyanopropyl-phenyl, 86 % dimethyl polysiloxane, Phenomenex,
Torrance, USA), Rtx-200MS (30 m, 0.25 mm ID, thickness 0.25 um, trifluoropropylmethyl polysiloxane,
Restek, Bellefonte, USA).

2.3. Derivatization procedure

The reaction mixture for derivatization was prepared in a polypropylene (PP) vial by mixing 20 pL of the
100 pg mL" mixture of PFCAs solution or caprylic acid solution, 161 uL of phosphate buffer (pH = 2.5,
50 mmol L), 8 pL of isobutyl alcohol, 1 pL of pyridine and 10 pL of isobutyl chloroformate (IBCF). The total
volume of the reaction mixture was 200 uL with the resultant PFCAs concentration equal to 10 ug mL™. The
mixture was stirred for 20 s in an ultrasonic bath, 200 pL. of hexane were added and the isobutyl ester formed
was extracted into hexane for 1 min in a shaker. The upper hexane phase was separated into a clean PP vial and
injected onto the GC [25].

2.4. GC conditions

GC analyses were performed at constant temperatures of 60, 70, 80 and 90 °C. Split mode injection (sample
volume 1 pL, split ratio 1:50) at 250 °C and nitrogen carrier gas (flow rate 1 mL min™") were used. The pressure
of make-up nitrogen was 125 kPa and the detector temperature was maintained at 300 °C. All the capillary
columns were equilibrated according to the manufacturer recommendations.

3. Results and discussion

3.1. Retention characteristics of isobutyl esters of PFCAs on various stationary phases

The mechanism of interactions of PFCAs derivatives with the stationary phases used for their GC separations
has not yet been studied in detail. Therefore, the separations of PFCAs isobutyl esters on nine different stationary
phases have been performed and compared. Fig. 1 demonstrates that the logarithm of retention factor &
(corrected by the phase ratio because of different thicknesses of the stationary phase films in the columns used)
depends linearly (R* > 0.9977) on the number of perfluorinated carbon atoms contained in the PFCA molecule in
all the stationary phases. This implies that the retention mechanism is independent of the number of carbon
atoms and that the contribution of the -CF,- group to the retention is constant within the set of the homologues
studied.
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Fig. 1. Dependence of logarithm of retention factor k corrected to column phase ratio [ on number of
perfluorinated carbon atoms in PFCAs for 9 different stationary phases by GC-ECD, isothermal analysis (60
°C). Stationary phases: SPB-1 (m), SPB-5 (e), SPB-20 (A), SPB-35 (V), SPB-2340 (), ZB-1701 (),
Supelcowax 10 (W), Rtx-200MS (x), SLB-IL100 ( *)

The k values differ for the individual columns and the highest retention occurs on the Rtx-200MS column
(trifluoropropylmethyl polysiloxane), followed by the SPB-1 (100 % methyl polysiloxane) and SPB-5 (5 %
phenyl-methyl polysiloxane) columns. The highest retention on the polyfluorinated stationary phase is obvious
(similia similibus solvuntur) and the retention on the second and the third column demonstrates the tendency of
the test PFCAs to prefer nonpolar stationary phases. Interestingly, Supelcowax 10 (polyethyleneglycol) and SP-
2340 (non bonded 100 % bis-cyanopropyl polysiloxane) exhibit markedly higher slopes, reflecting a greater
contribution of the -CF,- group to the overall retention on these columns. This fact can be explained by a higher
contribution of polar interactions to the retention mechanism, compared to the less polar polysiloxane-based
stationary phases. In view of the higher slopes obtained for these two polar columns, compared to the Rtx-
200MS column, we can predict that the order of the £ values would probably change at perfluoroeicosanoic acid
for the SP-2340 column and at perfuorotetracikosanoic acid for the Supelcowax 10 column. To roughly assess
the contributions of different types of interactions between the analytes and the stationary phase to the retention,
McReynolds’ classification of stationary phases has been used [32, 33] (for McReynolds’ constants of the
stationary phases used see Table 1; the data for Rtx-200MS and SLB-IL100 are not yet available).

Table 1 — McReynolds * parameters of used stationary phases [35, Supelco catalogue]

Stationary phase McReynolds® parameters
= Y ~ o S s
SPB-1 4 58 43 56 38 199
SPB-5 19 74 64 93 62 312
SPB-20 67 116 117 174 131 605
ZB-1701 67 170 153 228 171 789
SPB-35 101 146 151 219 202 819
Supelcowax 10 305 551 360 562 484 2262
SPB-2340 419 654 541 758 637 3009

The McReynolds” parameters x’ (representing charge-transfer, donors), y’ (hydrogen bonding, donors), z’
(orientation), u’ (charge-transfer, acceptors), s’ (hydrogen bonding, acceptors) [33] and their sum have been
correlated with the slopes of the lines in Fig. 1. In general, these correlations are poor. Excluding the two
columns with the higher slopes, Rtx-200MS and Supelcowax 10, from the data set, only a weak correlation has
been found between the slopes and McReynolds’ coefficients: R* values are 0.8894 for x’, 0.8173 for s’, 0.7143
for the sum, 0.6660 for z’ and 0.5086 for y’. Therefore, the best correlation with parameters x” and s” describing
the charge-transfer forces and hydrogen bonding, respectively, indicates that these polar interactions could play
an important role in the retention of perfluorinated acids on the stationary phases selected. It should be
emphasized that these more or less qualitative relationships do not provide any rigorous quantitative data and
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more detailed work is necessary to further analyze and quantitatively describe the retention behavior of the
analytes studied.

Summarizing the data obtained, it can be stated that the PFCAs isobutyl esters (C4 — Cy,) behave unusually.
On one hand, they exhibit the highest retention on nonpolar stationary phases under the given conditions and, on
the other hand, the highest contribution of -CF,- group to k& and the best correlation with x” and s” McReynolds
parameters is observed on polar stationary phases. Such equivocal behavior is typical for perfluorinated
compounds and thus any prediction of their behavior is difficult.

3.2. Retention of isobutyl esters of PFCAs on the Rtx-200MS column

To calculate the thermodynamic parameters, the Rtx-200MS column was selected, owing to the highest retention
of selected PFCAs isobutyl esters on this column. An example of the PFCAs isobutyl esters separation on this
column is depicted in Fig. 2.

50

12
25 3 ]

Signal, a.u.
(9]

~

t, min

Fig. 2. A GC-ECD chromatogram of a mixture of perfluorinated acid standards (10 ug mL™ of each) derivatized
to isobutyl esters. Conditions: Rtx-200MS column (30 m x 0.25 mm ID, 0.25 um); 1 uL sample (split ratio 1:50);
detector 300 °C; injector 250 °C; isothermal analysis at 70 °C , isobutyl esters of 1 — PFHxA, 2 — PFHpA, 3 —
PFOA, 4— PFNA, 5— PFDA, 6 — PFUnA, 7— PFDoA

The data necessary for further calculations were obtained from the manufacturer: the density of the stationary
phase, 1.284 g mL™", the film thickness, 0.25 um, the volume and weight of the stationary phase in the column,
0.8836 mL and 1.1345 g, respectively. The column manufacturer has published no information on the average
molar mass of the stationary phase, therefore, Egs. 3, 9 and 10 have been used to compute the following data,
which are presented in Table 2, together with their confidence intervals at (1-a) equal to 0.95.

Table 2 — Thermodynamic parameters of isobutyl esters of perfluorinated organic acids and octanoic acid
measured on Rix-200MS column

Acid V,(mLg")" K" AH (kJ mol) AG (kJ mol")” AS (J K mol'')"
PFHxA 73+0.1 11.8+0.1 46.4+0.5 -3.33+0.03 145+2
PFHpA 11.9+0.1 19.2+0.1 49.6+ 0.6 -4.72 +0.02 158 +2

PFOA 19.4+0.1 31.3+0.1 52.8+0.6 -6.12+0.01 172 +2
Octanoic 153.3+0.3 247.2+0.3 61.3+0.6 -12.02+0.01 214+2
PFNA 31.8+0.1 51.3+0.1 56.1+0.7 -7.53£0.01 185+2
PFDA 52.4+0.0 84.5+0.0 59.4+0.7 -8.95 +0.00 199 + 2
PFUNA 86.2+0.3 139.0+0.3 62.6+0.9 -10.37 £ 0.01 213+3
PFDoA 142.4+0.3 229.7+0.3 65.9+0.9 -11.81+0.01 226 +3

* values measured at 70 °C

The relationships between the number of perfluorinated carbon atoms in PFCAs and InV,, AH, AG and AS
values are perfectly linear (all with R* = 1). This fact indicates that the theoretical assumptions concerning the
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system behavior are fulfilled and the calculation of further parameters is possible. Fig. 3 depicts the linear
relationship between the logarithms of V, and 1/T (the Van’t Hoff curves) [26, 27, 34], where the slopes of the
lines represent the molar enthalpies of dissolution divided by the universal gas constant, [1H/R.
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0,0028 0,0029 0,0030
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Fig. 3. Dependence of logarithm of specific retention volume Vg on 1/T (Vant Hoff curves) for PFCAs isobutyl
esters and octanoic (caprylic) acid isobutyl ester on column Rix-200MS. Isobutyl esters of octanoic acid (*),
PFHxA (m), PFHpA (o), PFOA (A), PFNA (VY ), PFDA (%), PFUnA () and PFDoA (»)

To compare the [1H values with that obtained for a non-fluorinated fatty acid, octanoic (caprylic) acid (OA)
was added to the set of analytes. As expected, it can be seen from Table 2 and Fig. 3 that the perfluorination of
the acyl moiety of the molecule strongly decreases the PFOA retention, compared to its non-fluorinated
analogue, OA. The comparison of the contributions of AH/RT and AS/R to the InV, value revealed that the
entropic contribution represents 112 % and 120 % of the enthalpic one for PFOA and OA, respectively. The
entropic contribution with the other PFCAs is in the range between 107 and 118 % of the enthalpic one. These
values show that the sorption of PFCAs and OA in the selected fluorinated stationary phase is neither “energy”
nor “entropically” driven [34] and that both the parameters contribute to the retention almost equally. It means
that the analyte distribution between the stationary and mobile phases is not governed by mere interaction with
the stationary phase but that the interaction with the mobile phase is also significant.

The slightly higher entropic contribution, which is a measure of the degree of randomness that a solute
molecule experiences in the fluorinated stationary phase, shows that the solute molecules are more restricted or
less randomly distributed in the stationary phase and this loss of freedom is indispensably co-responsible for the
solute retention. The values of V, and K, of PFOA are approximately 8 times smaller compared to OA, and the
values for OA are comparable with those for PFDoA. The values of AH and AS for PFOA are comparable with
those for OA, whereas the value of AG is approximately two times higher for OA. We will test by future
experiments whether these differences in the thermodynamic constants are also valid also for acids with shorter
carbon chains. The temperature dependence of the ¥, and K, values for PFOA and OA is presented in Table 3. A
somewhat steeper decrease of these values for OA compared to PFOA is in agreement with the higher value of
AH for OA.

Table 3 — Values of specific retention volume and distribution constants of isobutyl esters of PFOA and octanoic
acid measured on Rix-200MS column at different temperatures

Column V,[mLg" Kp
temperature
K] Perfluorooctanoic acid Octanoic acid Perfluorooctanoic acid Octanoic acid

323.15 63.3 597.6 96.2 907.8
333.15 34.1 295.5 53.4 462.7
343.15 19.4 153.3 31.2 247.2
353.15 11.3 82.6 18.8 137.0
363.15 7.1 47.6 12.1 81.3

To better understand the type of interactions preferred between the Rtx-200MS stationary phase
(trifluoropropylmethyl polysiloxane) and the selected isobutyl esters of PFCAs, Abraham’s Linear Free Energy
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Relationship (LFER) approach [35] was applied, in order to evaluate the perfluorinated stationary phase
descriptors with the help of the PFCA substance descriptors and to resolve the different types of interactions and
their contributions to the overall PFCAs retention (expressed in terms of retention factor k). It has been found
that the descriptors for perfluorinated acids and the stationary phase used are not available. Therefore, the
substance descriptors have been computed (2¢/’, — acidity, Z87, — basicity, 7/, - polarizability, logL'® — gas-
hexadecane partition, V, — characteristic volume, R, — excess molar refraction), for more details see [35]) for
PFCAs with the ACD/ADME Suite 5.0 - Absolv software. Multiregression analysis of the resultant parameters
has shown that all the calculated descriptors are statistically dependent (intercorrelated) within the homologous
series of PFCAs and, thus they cannot be further used for reliable fitting to the log £ values within Abraham’s
equation [35]. This fact shows that this approach is not suitable and that the stationary phase descriptors will
have to be determined with the help of standards whose substance descriptors are known [35]. This is the subject
of our present work.

4. Conclusions

The retention of isobutyl esters of perfluorinated carboxylic acids (Cs — C;,) on nine common stationary
phases covering a broad polarity range has been characterized and compared. The highest retention has been
found on the Rtx-200MS column (trifluoropropylmethyl polysiloxane), followed by the SPB-1 (100 % methyl
polysiloxane) and the SPB-5 (5 % phenyl- methyl polysiloxane) columns. The highest contribution of -CF,- to
the retention factor £ has been observed on the polar stationary phases Supelcowax 10 (polyethylene glycol) and
SP-2340 (100 % poly(bis-cyanopropyl) siloxane). The correlation between logk and the number of
perfluorinated carbon atoms in the PFCAs molecules has shown very good linearity (R*>0.9977) for all the
stationary phases. Correlation analysis between log k£ and McReynold’s parameters of the stationary phases used
has revealed that the best correlation (R* > 0.8173) holds for the parameters describing donating charge-transfer
and hydrogen bonding interactions, therefore, the retention mechanism of perfluorinated acids should be
preferentially based on these polar interactions. The fluorinated stationary phase (Rtx-200MS) has been selected
for the calculation of thermodynamic parameters, such as Kp, 4G, 4H and 4S. The retention of perfluorinated
acids has been compared with that of a non-fluorinated analogue - octanoic acid. The data calculated have shown
that the distribution of both the perfluorinated and non-fluorinated solutes between the fluorinated stationary and
mobile phase is controlled by enthalpy and entropy to a similar extent. The lack of data on the solute and the
stationary phase descriptors for Abraham’s approach has made a detailed analysis of the contributions of basic
interactions to the overall retention impossible at present.

Acknowledgements

The Projects Nos. 40908 and SVV 261204 of the Grant Agency of the Charles University, Research Projects
MSM 0021620857 and RP14/63 of the Ministry of Education, Youth and Sports, the project TAAX00100903
of the Grant Agency of the Czech Academy of Science and the Project No. CZ0116 of the Norwegian Financial
Mechanism are gratefully acknowledged for the financial support.

References

[1]  P.de Voogt, M. Séez, Trends Anal. Chem. 25 (2006) 326.

[2] C.L.Tseng, L.L. Liu, C.M. Chen, W.H. Ding, J. Chromatogr. A 1105 (2006) 119.

[3] C.R.Powley, M.J. Michalczyk, M.A. Kaiser, L.W. Buxton, Analyst 130 (2005) 1299.

[4] C. Gonzalez-Barreiro, E. Martinez-Carballo, A. Sitka, S. Scharf, O. Gans, Anal. Bioanal. Chem. 386

(2006) 2123.

[5] M. Villagrasa, M. Lépez de Alda, D. Barcelo, Anal. Bioanal. Chem. 386 (2006) 953.

[6] M.A. Kaiser, B.S. Larsen, C.C. Kao, R.C. Buck, J. Chem. Eng. Data 50 (2005) 1841.

[71] A.M. Weremiuk, S. Gerstmann, H. Frank, J. Sep. Sci. 29 (2006) 2251.

[8] J.W. Martin, D.C.G. Muir, C.A. Moody, D.A. Ellis, W.C. Kwan, K.R. Solomon, S.A. Mabury, Anal.
Chem. 74 (2002) 584.

] M.P. Mawn, R.G. McKay, T.W. Ryan, B. Szostek, C.R. Powley, R.C. Buck, Analyst 130 (2005) 670.

0] S.P.J.van Leeuwen, J. de Boer, J. Chromatogr. A 1153 (2007) 172.

1] K. Prevedouros, I.T. Cousins, R.C. Buck, S.H. Korzeniowski, Environ. Sci. Technol. 40 (2006) 32.

12] R. Renner, Environ. Sci. Technol. 42 (2008) 648.

13] B.G. Loganathan, K.S. Sajwan, E. Sinclair, K.S. Kumar, K. Kannan, Water Res. 41 (2007) 4611.

136



Ptiloha 5

J.W. Washington, W.M. Henderson, J.J. Ellington, T.M. Jenkins, J.J. Evans, J. Chromatogr. A 1181
(2008) 21.

V.I. Furdui, P.A. Helm, P.W. Crozier, C. Lucaciu, E.J. Reiner, C.H. Marvin, D.M. Whittle, S.A. Mabury,
G.T. Tomy, Environ. Sci. Technol. 42 (2008) 4739.

A .M. Becker, S. Gerstmann, H. Frank, Chemosphere 72 (2008) 115.

M.K. So, Y. Miyake, W.Y. Yeung, Y.M. Ho, S. Taniyasu, P. Rostkowski, N. Yamashita, B.S. Zhou, X.J.
Shi, J.X. Wang, J.P. Giesy, H. Yu, P.K.S. Lam, Chemosphere 68 (2007) 2085.

J. Belisle, D.F. Hagen, Anal. Biochem. 101 (1980) 369.

W.M. Henderson, E.J. Weber, S.E. Duirk, J.W. Washington, M.A. Smith, J.

Chromatogr. B 846 (2007) 155.

C.A. Moody, J.A. Field, Environ. Sci. Technol. 33 (1999) 2800.

R. Alzaga, C. Salgado-Pentinal, E. Jover, J.M. Bayona, J. Chromatogr. A 1083 (2005) 1.

R. Alzaga, J.M. Bayona, J. Chromatogr. A 1042 (2004) 155.

B.F. Scott, C.A. Moody, C. Spencer, J.M. Small, D.C.G. Muir, S.A. Mabury, Environ. Sci. Technol. 40
(2006) 6405.

B.F. Scott, C. Spencer, S.A. Mabury, D.C.G. Muir, Environ. Sci. Technol. 40 (2006) 7167.

V. Dufkova, R. Cabala, D. Maradové, M. Sticha, J. Chromatogr. A 1216 (2009) 8659.

J.R. Conder; C.L.Young: Physicochemical Measurement by Gas Chromatography, Wiley, New York
(1979).

H. Purnell, Gas Chromatography, Wiley, New York (1962).

J.C. Giddings, Dynamics of Chromatography, M. Dekker, New York (1965).

Denbigh K., The principles of Chemical Equilibrium, Cambridge University Press, Cambridge (1957).
J. Novak, Chemické listy, 72 (1978) 1043.

A.B. Litlewood, Gas Chromatography, Academic Press, New York, London (1962) p. 46.

W.0. McReynolds, J. Chromatogr. Sci. 8 (1970) 685.

V. Pacakova, L. Feltl, Chromatographic retention indices, Ellis Horwood Ltd., Chichester (1992) p.115-
118.

R.P.W. Scott, Principles and Practice of Chromatography, Library for Science, LLC, (2003)
http://www.library4science.com/.

M.H. Abraham, C.F. Poole, S.K. Poole, J. Chromatogr.A 842 (1999) 79.

137



	disertační práce-Veronika Dufková-bez příloh.pdf
	přílohy-final.pdf
	Přílohy-disertace.pdf
	článek-Chemosphere.pdf
	Determination of C5–C12 perfluoroalkyl carboxylic acids in river water samples  in the Czech Republic by GC–MS after SPE preconcentration
	1 Introduction
	2 Experimental
	2.1 Standards and reagents
	2.2 Instruments
	2.3 Sample collection
	2.4 Sample pretreatment by SPE
	2.5 Derivatization procedure
	2.6 Calibration, LOD and LOQ
	2.7 Recovery of SPE

	3 Results and discussion
	3.1 Sample contamination
	3.2 Development of the SPE procedure
	3.2.1 Optimization of the pH
	3.2.2 Selection of the elution agent
	3.2.3 Additions of sodium chloride and/or tetrabutylammonium bromide

	3.3 SPE of river water samples
	3.4 The Vltava river samples
	3.5 The Elbe river samples

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


	articleVeronikaDufkova.pdf
	A fast derivatization procedure for gas chromatographic analysis of perfluorinated organic acids
	Introduction
	Experimental
	Standards and reagents
	Instruments
	Derivatization procedure
	Sample preparation
	Determination of LOD and LOQ values

	Results and discussion
	Development of the derivatization procedure
	A comparison of the limits of detection obtained by the GC-EI-MS, GC-ECD and HPLC-ESI(-)-MS analyses after derivatization in the acetonitrile medium
	Derivatization reaction in aqueous medium
	Testing of the application of the procedure

	Conclusions
	Acknowledgements
	References


	příspěvek-student.konf2009.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5

	Retention of PFCAs-final-zmenšený.pdf
	 1. Introduction 


	Retention of PFCAs-final-zmenšený-OK.pdf
	 1. Introduction 





