MASARYKOVA UNIVERZITA

PRIRODOVEDECKA FAKULTA

CENTRUM PRO VYZKUM TOXICKYCH LATEK

V PROSTREDI

Vyvoj metod pasivneho vzorkovania
znecistujucich latok
vo vodnom prostredi

Habilitacni prace

Branislav Vrana

Brno 2015






Pod’akovanie

Tuto pracu venujem mojej zene Janke ako pod’akovanie za jej lasku, s ktorou ma po cely nas
spoloény Zivot sprevadza. Dakujem mojim rodi¢om za ich viestrann podporu, mojim synom
Andrejovi a Martinovi za trpezlivost so mnou a za kazdodennu radost’, ktorG mi robia.

Dakujem mojim byvalym aj sti¢asnym kolegom za plodn{i pracu na spoloénych projektoch.






1 Obsah

2 Zoznam SKratiek @ SYMBOIOV...........coiiiiiiiic e 5
3 INEFOTUCTION .. 7
B UVOQ oo 9
5  Koncept pasivneho VZOTKOVANIA .......c.ecoiiiiiiiiieiiiiciiice s 10
5.1  Rozdelovacie pasivie VZOTKOVACE .......ccccovviiiiiiiiiiiciiiec e 11
5.2 AdsorpCné pasivie VZOTKOVACE ........ccovuiiiiiiiiiiiie it 12

6  Koncept chemickej aktivity a rovnovaznej distribtcie latky v prostredi...........ccocveeneen. 14
7 Teoria, modelovanie a kalibracia pasivinych vzorkovaCov ...........cccoeveiiiiiiiiinnieiinicnnnn, 16
7.1  Zékladné koncepty a modely pre rozdel'ovacie pasivne vzorkovace .............c.coc..... 18
7.2 Zovseobecneny model pasivineho vzorkovaca ..........cccooviiiiiiiiiicii 23
7.3 Platnost podmienok modelu...........cooiiiiiiiiiiiiiiicc e 23
7.4 Odpor k prestupu latky vo vodnej diftiznej vrstve (WBL).....ccooveiiiiiiiiiiiie, 25
7.5  Odpor k prestupu latky v MembIaANE ..........ccccveieriireieiiiisisieiesie e 27
7.5.1  Difuzny koeficient latky v membrane D ......cccoovvvviiiiiiiiiiiiic, 29
7.5.2 Rozdelovaci koeficient latky v systéme membrana-voda Kmy (alebo Kgy) ....... 30

7.6 Kalibracia pasivinych vZorkovaov..........ccciiiiiiiiiiiiiii 31
7.6.1  Staticky eXpoziCny diZaJN.......cccueviiiiiiiiiiiiiiiie i 31
7.6.2  Staticky obnovovaci diZajil ........cccoecviiiiiiiiiii s 33
7.6.3  PrictoKOVY diZajN.....cccviiiiiiiiiiici e 33
7.6.4  PasiVNe dAVKOVANIC .......cevueiiiieiiiieiie ittt sttt st e e snee s 35
7.6.5  INSItU KAIDIACIA ..ecvveceiecieee et ae e nne s 36

8  Zabezpecenie a kontrola kvality a Standardizacia ...........ccoccovvveiiniiniieniiie e 39
8.1  MedzZilaboratOrne tESLY ......civeivieririieiiieie sttt 39
8.2  Normalizacia pasivneho VZOIKOVANIA.........ccccueiriiiriiiiiiiisieeesee e 41

9  Vyuzitie pasivneho vzorkovania v regulacnom monitorovani..........cceeceeeerververeeseennnnn, 41
9.1 RAMCOVA SMEINICA O VOC ... .ciueiiiiiiiiieiiieiiiestee ettt ettt be et eeneesnee s 41



10
11

12

9.2  Eurdpska stratégia boja proti znecistovaniu vod chemickymi latkami..................... 42
9.3 Hodnotenie stavu znecistenia povrchovych vod prioritnymi latkami ....................... 43

9.4  Poziadavky na analytické metédy vo vztahu k hodnoteniu povrchovych véd podla

RAMCOVE] SMETNICE O VOUE ....c.viiviiiiiiiiiiiiie et 45

9.5 Pouzitel'nost’ pasivneho vzorkovania na monitorovanie prioritnych latok podl'a RSV

45
9.5.1 Hodnotenie stiladu s ENK pre matricu VOUa...........ccceevvevieieeivenesieseese e 48
9.5.2  Hodnotenie stiladu s ENK pre matricu biota............cccccvevvieniviiesiccecsc e, 51

9.5.3 Uloha pasivneho vzorkovania vo viacstupiiovom procese hodnotenia stavu vod

54
ZLAVETY ottt ettt e et 56
Z0ZNAM HEETALATY ...ttt e e nr e nne s 59
Zoznam publikovanych prac k téme habilitanej prace ..........ccoovveviiieriieniniineeseseien 74
121 Povodny vedecky CIANOK V CASOPISE .....ecvveivieririieiiieiesiie et 74
12.2 Kapitoly v odbornej Knihe............ccooiiiiiiicce e 77
12,3 DAlBIE PIACE...cvueuecveieieeieeseeeese ettt ess s s sttt 77



2 Zoznam sKkratiek a symbolov

A
APV
BAF
BCF
BMF
Chree

ChA

ENK
Ji
ki

Kmw
Kow
Ksw

Ks
LDPE
PA
PAH
POM
PCB
PDMS

PRC

plocha vzorkovaca, cez ktoru difunduje analyt
Adsorp¢ny pasivny vzorkovac

bioakumulacny faktor

biokoncentracny faktor

biomagnifikacny faktor

koncentracia vol'ne rozpustenej latky

chemicka aktivita latky

difuzny koeficient

environmentalna norma kvality

difuzny tok latky i-tou fazou

koeficient prestupu latky i-tou fazou

elimina¢na rychlostna konstanta prvého poriadku
rozdel'ovaci koeficient membrana-voda

rozdel'ovaci koeficient oktanol-voda

rozdel'ovaci koeficient vzorkovaé-voda,; polymér-voda
vysol'ovacia konstanta Setchenowovej rovnice
polyetylén s nizkou hustotou

polyakrylat

polycyklické aromatické uhl'ovodiky

polyoxymetylén

polychlorované bifenyly

polydimetylsiloxan

performancné referencné latky (performance reference compounds)
prietok vody v systéme; objem vody vymeneny za jednotku Casu

univerzalna plynova konstanta



Re

RPV

RSV
RSV
Sc
SPE
SPME
Sh

Sw
TMF

TWA

WBL

Reynoldsovo ¢islo

rozdelovaci pasivny vzorkovac
vzorkovacia rychlost’ latky

Ramcova smernica o vode 2000/60/ES
Réamcova smernica 0 vode 2000/60/ES
Schmidtovo ¢islo

extrakcia na tuhej faze

mikroextrakcia na tuhej faze
Sherwoodovo ¢islo

rozpustnost’ latky vo vode

faktor trofickej magnifikacie
time-weighted average; ¢asovo vazeny priemer koncentracie
objem sorpénej fazy vzorkovaca

medzna diftizna vrstva vody (water boundary layer)



3 Introduction

The quality of the environment is recognised as a high priority across the world, and measures
towards its improvement have a positive effect on the quality of human life. Anthoropgenic
pollutants in the aquatic environment may have a negative effect not only on the ecosystems,
but, ultimately, also on the human health. In areas where water bodies cross national
boundaries, there is a need to establish international monitoring networks that enable to obtain
comparable, representative data on pollutant concentrations and trends. In order to succeed, it
IS necessary to obtain reliable information that is comparable between laboratories, is
representative of environmental quality and underpins risk assessments and decisions on
remedial actions. Much emphasis has been placed on the analytical chemical aspects of
measuring pollutant levels in discrete samples but less attention has been paid to the
underpinning sampling procedures despite the very much larger uncertainties associated with
this crucial phase of the monitoring process. Passive samplers present an innovative
monitoring tool for the time-integrated measurement of bioavailable contaminants in the
aquatic environment. Passive sampling is based on the deployment in-situ, or use in the
laboratory, of non-mechanical devices of simple construction capable of accumulating
contaminants dissolved in water or sediment pore water. Such accumulation occurs via
diffusion, typically over periods of days to weeks. This technology has great potential because
of the simplicity of the principles underlying its function, and structure. In contrast to active
samplers, passive samplers have no moving parts, they do not require a power source for their
operation, and are relatively inexpensive. In addition, these devices can be deployed in almost
any environmental condition, thus making them ideal for pollutant monitoring even in remote

areas with minimal infrastructure.

The presented habilitation thesis gives a brief introduction to passive sampling of pollutants in
the aquatic environment. The development of selected methods is illustrated on my own

scientific publications, or the reader is referred to available reviews.

The thesis discusses functional principles of passive samplers and problems associated with
the effects of environmental variables (temperature, water turbulence and sampler fouling) on
their performance. Further, it gives a reference to the established or expected/potential
performance of passive samplers for monitoring of the most discussed groups of aquatic
pollutants and availability of calibration data that enable to obtain quantitative monitoring
data. The document also explains the applicability of the passive sampling concept in the

assessment of exposure of aquatic organisms in the process of risk assessment of pollutants.
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Finally, the thesis discusses the state of the art and future research needs in development of
method validation, quality assurance/quality control schemes and standardisation of the
passive sampling technology. The thesis refers to studies that demonstrate the performance of
passive samplers alongside conventional sampling schemes, and inter-laboratory studies that
demonstrate reproducibility of data produced by different designs of passive samplers. These
issues present the prerequisite for the future use of the passive sampling technology in

scientific research as well as in regulatory monitoring.



4 Uvod

Kwvalita zivotného prostredia je prioritou v mnohych krajinach sveta, a opatrenia v tejto oblasti
maju pozitivny vplyv na zlepSenie kvality l'udského zivota. Antropogénne znecistujuce latky
vo vodnom prostredi mo6zu mat’ negativny vplyv nielen na ekosystémy, ale v kone¢nom
dosledku i na zdravie Cloveka. V oblastiach, kde vodné toky prekrac¢uji hranice Statov, je
potrebné etablovat’ medzinarodné monitorovacie siete, ktoré umoznia ziskat’ reprezentativne a
navzajom porovnatelné tudaje o koncentracidch a trendoch znecistujucich latok. Pre
uspesnost’ tychto aktivit je potrebné ziskavat tudaje, ktoré su porovnatelné medzi
laboratoriami, reprezentuji stav zivotného prostredia a si vhodné na hodnotenie rizik i na
rozhodovanie o opatreniach na zabranenie d’alSiemu znecisteniu. Hoci sa vel'a dérazu kladie
na chemicka analyzu zneéistujucich latok v diskrétnych vzorkach zivotného prostredia,
menej pozornosti sa venuje aspektom vzorkovania, hocitito kIaGova faza procesu
monitorovania je zvy¢ajne spojena s najva¢sou neistotou. Pasivne vzorkovanie je inovativny
monitorovaci nastroj na ¢asovo integracné meranie biodostupnych kontaminantov v zivotnom
prostredi. Pasivne vzorkovanie je zaloZené na in situ alebo ex situ pouziti nemechanickych
vzorkovacov jednoduchej konstrukcie, ktoré akumuluju rozpustené kontaminanty z vody
alebo z porovej vody Vv sedimentoch. Akumulacia latok do vzorkovacov prebicha samovolne
(difaziou) pocas niekolkych dni alebo tyzdiov expozicie. Tato technoldogia ma velky
potencial vyuzitia, hlavne vd’aka jednoduchosti principov, na ktorych je zalozena ich funkcia
a konStrukcia. Na rozdiel od aktivnych vzorkovacov pasivne vzorkovace nemaju Ziadne
mechanické Casti, vd¢$inou nevyzaduju na svoju prevadzku vonkajs$i zdroj energie, a navyse
st pomerne lacné. Tieto zariadenia mézu byt pouzité v takmer T'ubovolnych podmienkach
prostredia, ¢o umoziiuje monitorovanie znecistujucich latok aj v odl'ahlych oblastiach bez

infrastruktury.

PredloZend habilitacna praca podéava struény uvod do problematiky pasivneho vzorkovania
znecistujucich latok vo vodnom prostredi. Vyvoj a vyuzitie vybranych metod su ilustruované
na vlastnych vedeckych publikaciach autora, alebo je Ccitatel odkdzany na dostupné

prehl'adové Studie.

Praca diskutuje funkéné principy pasivneho vzorkovania a problémy spojené s vplyvmi
premenlivych podmienok vzorkovaného prostredia (napr. teplota, turbulencia vody a
znetistenie vzorkovadov) na ich funkciu. Dalej odkazuje na etablovany alebo olakavany
potencial pasivnych vzorkovaCov na monitorovanie najdiskutovanejSich  skupin
znecistujucich latok a tiez na kalibra¢né udaje, ktoré umozituji ziskat’ kvantitativne udaje
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z monitorovania. Dokument tiez vysvetl'uje pouZitenost” konceptu pasivneho vzorkovania
V monitorovani expozicie vodnych organizmov, potrebnom v procese hodnotenia rizik
zneCist'ujucich latok. Praca posktuje prehl'ad o si¢asnom stave a potrebe d’alSicho vyskumu
Vv oblasti validacie metdd, zabezpeCovania a kontroly kvality a standardizacie technoldgie
pasivneho vzorkovania. Praca sa pritom odvolava na Stadie, ktoré porovnavajii pasivne
vzorkovace S konvencnymi metédami odberu vzoriek, a tiez na medzilaboratérne Studie, ktoré
demonstrujt reprodukovatel’nost’ dat ziskanych réznymi typmi pasivnych vzorkovacov. Tieto
témy tvoria predpoklad pre budice vyuzitie technologie pasivneho vzorkovania vo vyskume i

V regula¢nom monitorovani zivotného prostredia.

5 Koncept pasivneho vzorkovania

Pasivne vzorkovanie je zaloZené na pouziti in situ zariadenia, ktoré akumuluje kontaminanty z
vody, alebo z iného média Zivotného prostredia. Prestup kontaminantu z prostredia do
vzorkovaca je samovolny difuzny proces, ktory je hnany rozdielom chemickych aktivit
monitorovanej latky medzi vzorkovanym médiom a sorpénou fazou vzorkovaca (Obrazok 3).
Akumulacia latky vo vzorkovaci prebieha az do ustdlenia termodynamickej rovnovéahy (resp.
ustalené¢ho stavu v dynamickych systémoch, akymi su napr. rieky) medzi vzorkovadom a
vodou, alebo az kym sa proces vzorkovania neprerusi. Doba expozicie vzorkovatov je
zvycajne niekol’ko dni aZ tyZzdnov. Akumulované kontaminanty sa nasledne extrahuju a v
extrakte sa stanovia ich koncentracie. Ak su vzorkovacde kalibrované, je mozné z mnozstva
latky vo vzorkovaci vypocitat koncentraciu latky rozpustenej vo vzorkovanom médiu.
Pasivne vzorkovanie je Casto integracné, t.j. ziskana vzorka reprezentuje koncentraciu latky
vo vzorkovanom médiu za urcité Casové obdobie. Vel'mi ddlezitym aspektom pasivneho
vzorkovania je moznost’ vyjadrit’ mnozstvo latky vo vzorkovaci v rovnovahe so vzorkovanym
médiom formou chemickej aktivity (Mayer et al., 2003, vid’ kapitola 6.), ktora je mierou

hnacej sily pre samovol'ny prestup latky medzi réznymi zlozkami zivotného prostredia.

Vd’aka vysokej sorpénej kapacite a integraénému charakteru pasivnych vzorkovacov je mozné
monitorovat’ latky, ktoré sa nachadzaju rozpustené vo vode v extrémne nizkych
koncentraciach (radovo az pg/L). Konven¢né metdédy vzorkovania vody, zaloZzené na
bodovych odberoch, neumoziiujii stanovenie takychto nizkych koncentracii, hoci napr.
environmentalne normy kvality, ur¢ené Ramcovou smernicou o vode(EU, 2013, 2008, 2000)
vyZzaduju monitorovat’ niektoré znecistujice latky vo vode metddami, ktoré maji medzu

stanovenia na Urovni ng/L i nizsie.
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V odbornej literatire je dostupnych niekolko prehl'adovych prac, ktoré opisuju dizajn,
kalibraéné postupy, pracovné charakteristiky a priklady aplikacie rdznych pasivnych
vzorkovCov na monitorovanie znec€istujucich latok vo vodnom prostredi (Esteve-Turrillas et
al., 2007; Kot-Wasik et al., 2007; Lobpreis et al., 2009; Lohmann et al., 2012; Lydy et al.,
2014; Mills et al., 2007; Namiesnik et al., 2005; Ouyang and Pawliszyn, 2007; Soderstrom et
al., 2009; Stuer-Lauridsen, 2005; Branislav Vrana et al., 2005; Vrana et al., 2010). (Booij,
2009)) v sprave pre ICES Marine Chemistry Working Group sumarizoval potencial vyuzitia
roznych pasivnych vzorkovaov na monitorovanie latok regulovanych v Ramcovej Smernici
o vode (EU, 2000) a v inych smerniciach a dohovoroch. (Vrana et al., 2010) vypracovali pre
asocidciu laboratorii NORMAN pozi¢ny dokument, ktory uvéadza prehlad pouzitelnosti
pasivneho vzorkovania pre monitorovanie emergentnych (dosial neregulovanych)
zneistujiicich latok vo vodnom prostredi. Dalsi aktudlny poziény dokument asociacie
NORMAN o pasivnom vzorkovani bol aktuilne publikovany medzindrodnou skupinou
expertov, ktora som v rokoch 2009-2014 koordinoval, na zaklade diskusii na $pecializovanom
workshope, ktory sa konal v novembri 2014 v Lyone (Miege et al.,, 2015). Dokument
identifikuje konkrétne aktivity, ktoré st potrebné, aby pasivne vzorkovanie mohlo byt
V budicnosti vyuzivané v rutinnom monitoringu vodného prostredia za ucelom hodnotenia
rizik amanazmentu kontaminantov. UZzitonym zdrojom informacii o principoch
a aplikaciach pasivneho vzorkovania vo vodnom prostredi je i Specializovana monografia,
venovana jednej z najzndmejSich vzorkovacich technik, tzv. semipermeabilnym membranam
(SPMD) (Huckins et al., 2006), atiez prehladovda monografia pasivnych vzorkovacich
technikach pre monitorovanie zivotného prostredia (Greenwood et al., 2007). V d’alSom texte

je uvedené vseobecné rozdelenie metdd pasivneho vzorkovania a tiez principy ich funkcie.

5.1 Rozdel'ovacie pasivne vzorkovace

Rozdelovacie pasivne vzorkovace (RPV) st konStruované z hydrofobnych polymérnych
materialov s vysokou permeabilitou pre nepolarne zliceniny. RPV absorbuju nepolarne latky
z vody, pretoze V porovnani s vodou je rozpustnost’ latok vo vzorkovaci je ovel'a vyssia ako
vo vode. Hydrofobne latky s nizkou rozpustnost'ou vo vode sa dobre akumuluju v RPV, zatial’
¢o hydrofilné latky sa koncentruji v ovel'a mensej miere. Po dostatoéne dlhej expozicii
koncentracia latky v RPV dosiahne dynamickt rovnovahu s koncentraciou vo vzorkovanom
prostredi, napr. vo vode. Zrovnovazej koncentracie latky v RPV je mozné vypocitat
koncetraciu vo vode pomocou rozdelovacieho koeficienta vzorkovaé-voda (Ksy). Tato

koncentracia vyjadruje koncentraciu volne rozpustenej latky (Cyree), ktora ale nie je totozna
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s celkovou koncentraciou latky vo vzorke vody. Celkova koncentracia nepolarnych latok vo
vode zavisi 1 od koncentracie latky viazanej na rozpustené koloidy alebo dispergované cCastice
organickej hmoty vo vode. Volne rozpustna koncentracia Ceee j& priamo imerna chemickej
aktivite latky vo vode, a preto je vhodnym parametrom, ktory opisuje proces akumulacie
chemickych latok do vodnych organizmov a tiez ich distribuciu medzi réznymi zlozkami

zivotného prostredia.

Pre pouzitie RPV sa predpoklada termodynamicka rovnovaha latky medzi vzorkovadom a
vodou, ale pri praktickom pouziti vzorkovacov vo vode sa zvyCajne dosiahne rovnovaha len
pre latky s log Ky, < 5.5. Pre hydrofobnejsie latky je prestup latky prili§ pomaly (alebo
sorpéna kapacita vzorkovaca je prili§ vel'ka) na rychle dosiahnutie rovnovahy za typicka dobu
expozicie (2-8 tyzdnov). V takychto pripadoch sa odhad Csre Opiera 0 meranie objemu vody,

z ktorého vzorkovac in situ extrahuje sledovant latku pocas expozicie.

Extrahovany objem vody (alebo vzorkovacia rychlost, ak je objem vyjadreny za jednotku
Casu) sa da odvodit’ z rychlosti uvolfiovania vybranych znacenych latok pridanych do
vzorkovaca pred expoziciou. V principe ide o stanovenie rychlosti uvol'fiovania tychto latok,
ktord je kontrolovana difuziou. Rychlostnd konStanta elimindcie prvého poriadku, merand
in situ je pre ur¢ita latku rovnaka, ako je jej rychlostna konstanta akumulacie, a preto moze
byt pouzita na vypocet Csee 1 v situaciach, ked’ vzorkova¢ nie je v rovnovahe s okolitym
prostredim. Boli vyvinuté modely a metdédy pre odhad vzorkovacich rychlosti latok (Booij
and Smedes, 2010; Tatsiana P Rusina et al., 2010; Branislav Vrana et al., 2006) ako aj pre
meranie rozdel'ovacich koeficientov K, (Difilippo and Eganhouse, 2010; Hale et al., 2010;

Smedes et al., 2009), ¢o umoznuje vypocet Csee z koncentracie latky vo vzorkovadi.

5.2 Adsorpc¢né pasivne vzorkovace

Adsorpcné pasivne vzorkovace(APV), obsahuju adsorbenty, ktoré sa tieZ bezne pouzivaju pri
extrakcii na tuhej faze (SPE) pri stanoveni hydrofilnych latok vo vode. V APV sa pouziva
tenka vrstva takéhoto materidlu a od vodnej fazy ju zvycajne oddel'uje filter alebo vhodna

polopriepustnd membrana.

Podobne ako v pripade RPV latky difunduji cez hrani¢nti vrstvu vody a cez membranu alebo
filter, ale akumulacia v sorpénom materiali prebieha adsorpciou na povrchu ¢astic sorbentu, a
nie rozpustanim Vv objeme sorbentu. Adsorpcia hydrofilnych latok je mozna, pretoze tieto
latky sa mozu viazat’ roznymi interakciami medzi povrchom sorbentu a funkénymi skupinami

sledovanych latok, napr. van der Waals interakciami, n-n interakciami, vodikovymi vdzbami
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alebo elektrostatickymi interakciami (Béduerlein et al., 2012). Po dlhSej dobe expozicie sa
vzorkovacia rychlost v APV moze postupne zniZzovat’ nielen s dosiahnutim rovnovazneho
stavu, ale moze byt obmedzena aj saturaciou adsorpénych miest sorbentu. Sorpcia inych ako
sledovanych latok, napr. rusivych latok, prirodzene sa vyskytujucich latok v prostredi, moze
prispievat’ k zahlteniu sorpénych miest, alebo ku vzajomne kompetitivnej sorpcii sledovanych
a interferujucich latok. Aby sa tymto javom predislo, alebo aby sa znizil G¢inok tychto javov
na funk¢nost’ vzorkovaca, si APV zvycajne exponované kratSie ako RPV. Kratka expozicia
(niekol’ko dni) je postacujuca, lebo polarne latky sa vo vodnom prostredi vyskytuju spravidla
v radovo vySSich koncentraciach ako hydrofobne latky. Hoci pre APV bolo publikovanych
vel'a kalibra¢nych $tudii, variabilita publikovanych vzorkovacich rychlosti je vysoka (Harman
etal., 2012, 2011) a proces akumulacie latok do APV dosial’ nie je detailne pochopeny, takze

1 pouzitie laboratornych kalibra¢nych dat v terénnych aplikécidch je doposial’ iba empirické.

Rozdel'ovaci Adsorpény
pasivny vzorkovaé pasivny vzorkovaé
Skupina ldtok . , Poldrne latky
P Hydrofébne ldtky K
ovy
Proces Dif(izia =& Absorpcia Difizia ™% Adsorpcia
akumuldcie | l
Rozdel'ovaci koeficient Adsorpcny distribuc ny
Vzorkovaé&/voda Koeficient
Hnacia sila log Kew * log Kow Ksw & Kcin
akumuldcie
nezévisly Adsorpc r’1é' iz9termy
od koncentrdcie - zdvislé
: od koncentrdcie
[
épeciécia Spravidla iba jedna forma Vel'aldtok disociuje
‘ niekol'ko pk; - vzorkovanie viacerych foriem
Vyber Jedind polymérna fdza pre Vyber z viacerych sorp&nych
?O,PPC ney vzorkovanie $irokého spektra fdz pre optimdine vzorkovanie
dzy

Obrazok 1 Rozdiely v pasivnom vzorkovani rozdel’ovacimi a adsorpénymi vzorkovaémi.
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Rozdel'ovaci Adsorpcny

pasivny vzorkovac pasivny vzorkovac
Skupina Hydrofébne Idtky Poldrne ldtky
latok
Prestup Ovlddany membrdnou log K, < 3 Ovlddany WBL
latky Ovlddany WBL log Ky > 3 Pre vdcsinu ldtok
| |
- ., Desorpcia ¢asto nie je
Kinetika Absorpcnd a desorpcnd izotropnd s adsorpciou
akumuldcie kinetika sd izotropné Sorpcia na viacero typov
ke(sorpcia): ke(desorpcia) SOPPE n),’Ch miest
| |
Insitu PouZitie performanénych PouZitie PRC,nisje uni,verzc'\lne
kalibrdcia referenénych latok (PRC) Potreba d'alSieho vyskumu

Obrazok 2 Rozdiely v mechanizme prestupu latok do rozdelovacich a adsorpénych pasivnych

vzorkovacov.

Napriek tymto nedostatkom poskytujt APV cenné vysledky v skriningu polarnych
zneCist'ujucich latok vo vodach, pretoZe Casto umozituju detegovat’ stopové mnoZzstva latok v
situaciach, kde klasické metddy vzorkovania, zaloZené na nizkofrekvenénych bodovych
odberoch, zlyhavaju. Rozdiely medzi oboma typmi vzorkovacov st ilustrované na obrazkoch

la?2.

6 Koncept chemickej aktivity arovnovaznej distribucie latky v

prostredi

Vysledkom pasivneho vzorkovania je odhad vol'ne rozpustenej koncentracie (Ceee), ktora sa
povazuje za najvhodnej$i parameter expozicie vodnych zivocichov (Cornelissen et al., 2008).
Dévodom nie je, ze by vSetky latky, ktoré sa akumuluju v biote, pochadzali z vodného
roztoku volne rozpustenych latok, ale fakt, Ze Csree je priamo umerna chemickej aktivite
(ChA) latky v sledovanej zlozke zivotného prostredia, a da sa vyjadrit ako pomer medzi
koncentraciou a kapacitou pre akumulaciu latky v sledovanom médiu (Cpree/Sy), danom
rozpustnostou latky (vo stave podchladenej kvapaliny) (Sy)(Reichenberg and Mayer, 2006),

teda ako podiel medzi koncentraciou latky v sledovanej faze a kapacitou tejto fazy. Ak je
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znama chemicka aktivita ChA latky vo vode, latka ma podla teérie rovnovazneho rozdelenia
ti ista chemicku aktivitu aj vo vSetkych okolitych matriciach (zlozkach zivotného prostredia),

ktoré sa nachadzaju v rovnovahe s vodou.

_ Ci. C..o .
ChA _ C;free _ Csed _ Cblota — lipid ,ale tlez — pasivny vzorkova ¢ (1)

w sed Ubiota lipid pasivny vzorkova ¢

kde Cx a Uy predstavuju koncentracie a sorpéné kapacity matrice X (napr. sediment, vodny

zivocich, tukové tkanivo vodného Zivocicha, Castice plaveniny a pod.).

V systéme, ktory je v stave termodynamickej rovnovahy, chemicka aktivita je rovnaka vo
vsetkych zlozkach prostredia. Naopak, rozdiel v chemickej aktivite medzi zlozkami/matricami
vo vodnom prostredi je hnacou silou pre pasivny/difuzny transport latok medzi nimi (Di Toro
et al., 1991). Chemicka aktivita latky v prostredi je teda vhodnym parametrom na hodnotenie

kvality Zivotného prostredia.

Tato tedria je aplikovatena napr. i pre akumulaciu latok z vody do vodnych organizmov,
dokonca iV pripade, Ze organizmy prijimaji tieto latky potravou, ak tato potrava je
v termodynamickej rovnovahe s vodnou fazou (latka ma v tejto faze rovnaka ChA). V procese
travenia potravy jej akumulac¢na kapacita (U) klesa, ¢o sposobuje zvySenie ChA zlozKky oproti
okolitému prostrediu. To urychli ustdlenie dynamickej rovnovahy, pri ktorej rychlost’
disipacie latky z vodného Zivoc€icha do vody je rovnakd ako opacny proces akumulacie.
Nerovnovazny pomer chemickej aktivity latky medzi predatorom a jeho koristou v zmysle

tejto teodrie vysvetluje jav biomagnifikacie latok.
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prostredie vody (WBL) (Sorpéna fdza)
Koefici latky: D_W ADM KMW Dssz
oeficienty prestupu latky: 5, 5, 5

Obrazok 3 Funkény princip pasivneho vzorkovaca, ktory ukazuje koncentracny profil latky
pocas difuzie a akumulacie z vodného prostredia (alebo iného vzorkovaného média, Pava strana
obrazka) do sorbentu (sorpéna faza) cez permeabilna (poroviti alebo neporovitii) membranu
Vv ¢ase t. Vysoka afinita latky k sorpénej faze je hnacou silou difiizie molekiil sledovanej latky do
vzorkovaca, aZz kym neddjde k vyrovnaniu chemickej aktivity latky v oboch médiach, t.j.

k ustaleniu termodynamickej rovnovahy.

7 Teoria, modelovanie a kalibracia pasivnych vzorkovacov

Akumulacia kontaminantov do pasivneho vzorkovaca je viacstupiiovy transportny proces. Na
ilustraciu  zakladnych krokov tohoto procesu uvadzam najprv priklad akumulacie
kontaminantu do vzorkovaca, ktory pozostava z Centralnej sorp¢nej fazy, obklopenej
membranou. Dalej sa predpoklada, ze na povrchu vzorkovada sa nachadza vrstva biofilmu

(biofouling), a ze vzorkova¢ je umiestneny v ochrannej klietke (Obrazok 4).

Analyt rozpusteny vo vode najprv vstupuje konvekciou z okolitych vod do ochrannej klietky,
kde pohyb vody moéze byt pomalsi ako v priide vody v okoli Klietky. V blizkosti vrstvy
biofilmu sa transport molekul analytu konvekciou stale viac znizuje, az napokon cely prestup
latky prebieha molekularnou difiziou cez medznu vrstvu vody (water boundary layer, WBL).
Po difazii cez membranu sa analyt sorbuje do sorpénej fazy. Tento vSeobecny nacrt ma rdzne
modifikdcie ada sa aplikovat na rézne typy vzorkovacov. Napr. niektoré¢ vzorkovace

nepouzivaji ochrannt klietku, vrstva biofilmu nemusi byt pritomnd a membrdna moze
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zarovenl plnitt 1ulohu sorpénej fazy (napr. vroznych zariadeniach vyuzivajacich
mikroextrakciu na tuhej faze (SPME) (Ouyang et al., 2007), pasky z polyetylénu s nizkou
hustotou (LDPE) (Estoppey et al., 2015), alebo z polydimetylsiloxanu (PDMS) (Smedes and
Booij, 2012)), alebo vzorkovace mdzu byt vybavené d’al§imi fazami, ktoré su umiestnené
medzi membranou a centralnou fazou (napr. membrane-enclosed sorptive coating (MESCO)
(Vrana et al., 2001) alebo Chemcatcher (Kingston et al., 2000).

8 8 8, 8,

C m

B < B < P

rN

Central- mem- biofilm

I

I

|

1 voda

nafaza brana :

|

I

|

7 I

/ |

=, I
14_ | /
v

m,eff’

Obrazok 4 Schematické znazornenie koncentra¢nych profilov v dvojfazovom rozdel’ovacom
pasivhom vzorkovaci, na ktorom sa nachadza vonkajSia vrstv biofilmu. Vzorkovac je
vizualizovany ako prava strana symetrického vzorkovaca, alebo ako celkovy prierez
vzorkovatom, ktory obsahuje nepriepustnii stenu nalavo od centralnej fazy. Ciarkované linie
indikuju, ako je mozné odhadnut’ a¢inna hrubku jednotlivych vrstiev vzorkovaca. Prevzaté z (K

Booij et al., 2007).

Za poslednych dvadsat’ rokov bolo vyvinutych a je pouzivanych niekol’ko modelov, ktoré
umoznuju lepsie pochopit’ kinetiku prestupu kontaminantu do pasivneho vzorkovaca. Tieto
modely st potrebné, aby bolo mozné porozumiet, ako suvisi mnozstvo latky sorbované do
vzorkovaca s jej koncentraciou vo vonkajSom prostredi (vo vode), ako aj pre navrhovanie
a vyhodnocovanie kalibraénych experimentov. Modely sa liSia v pocte uvazovanych faz, ako
aj Vv zjednodusujtcich predpokladoch, ktoré sa bert do uvahy, ako je napr. existencia pseudo-
ustaleného stavu (steady-state), pritomnost’ alebo absencia linearnych koncentraénych

gradientov pozdiz prie¢neho profilu faz, a dalej sposob, akym sa modeluje prestup latky
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medznou vrstvou vody (WBL), a¢i je koncentracia latky pocas expozicie vzorkovaca

konsStantna.

V nasledujicom texte su predstavené zakladné koncepty a modely pouzivané v literatire
0 pasivnom vzorkovani. Dalej je diskutovany prestup latok cez rozne fazy, z ktorych
vzorkovaCe pozostdvaji. Napokon su diskutované dosledky tycho modelov pre dizajn

a evaluaciu kalibracnych experimentov.

7.1 Zakladné koncepty a modely pre rozdel'ovacie pasivne vzorkovace

Koeficienty prestupu latky (ki) sa casto pouzivaji na prepojenie toku latky (j)

s koncentracnym rozdielom AC; latky medzi okrajovymi bodmi tejto fazy
ji = ki ACi (2)

Rovnica 2 vyjadruje predstavu, ze tok latky (ji) je priamo umerny hnacej sile AC;. Koeficient
prestupu latky sa da interpretovat’ ako vodivostny &len, s rozmerom rychlosti (napr. m s).
Tento postup bol pouzity na modelovanie akumulacie latok do niekolkych typov pasivnych
vzorkovacov (Chen and Pawliszyn, 2004; Flynn and Yalkowsky, 1972; Huckins et al., 20086,
1993; Tcaciuc et al., 2015; B Vrana et al., 2005; Vrana et al., 2001; Wennrich et al., 2003).

Diferencialna rovnica, ktora opisuje akumulaciu latky do vzorkovaca, sa da zapisat’:

dC,_ Ak _ C. -
dt Vv, K

S sSwW

kde C; a Cy st objemové koncentracie kontaminantu vo vzorkovaci a v povrchovej vode, Vs
je objem vzorkovaca, A je plocha vzorkovaca, cez ktorti difunduju do vzorkovaca molekuly
analytu a Ky je rozdel'ovaci koeficient latky v systéme vzorkova¢-voda. Celkovy koeficient

prestupu latky do vzorkovaca Kk, je dany:

1.1 1 1
kK. kK )

bw

kde kw, kp, km st koeficienty prestupu latky cez WBL, biofilm a membranu a Kpy a Ky st
rozdelovacie koeficienty latky Vv systéme biofilm-voda a membrana-voda. Rovnica (4)
vyjadruje, Ze celkovy odpor k prestupu latky (1/ko) je rovny stétu odporov k prestupu latky
Vv jednotlivych fazach vzorkovaca. Ak uvazime, ze koeficient prestupu latky je dany podielom

diftzneho koeficienta a Gi¢innej hrabky difiznej vrstvy (8), rovnica (4) sa da napisat’ aj
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i=§—W+ O + % (5)

ko Dw Dm me Db KbW

(Bartkow et al., 2005) pocitali aj s odporom K prestupu latky, spésobenym ochrannou
klietkou, ktora je okolo vzorkovaca a pridali v rovnici do stétu ¢len A/Q,, kde Q, je prietok
vody cez klietku a A je plocha vzorkovaca. Tento Ciastkovy odpor sa vSak vac¢Sinou moze
zanedbat’, okrem niektorych extrémnych dizajnov klietok, ktoré obmedzuji prietok vody

vzorkovacim zariadenim.
Po kratkej dobe expozicie vzorkovaca je koncentracia sledovanej latky vo vzorkovaci ovela
niz§ia ako je jej rovnovazna koncentracia, t.j. Cs << K,/ Cy, a rovnica sa zjednodusi

Ak,
L2 Cdt (6)

dC, =
a po integracii v ¢ase dostdvame

_ Ak, _ Ak,
J € =72 Cydt =2 Cyrwat 7)

kde Cy twaje ¢asovo vazeny priemer (TWA) koncentracie vo vodnej faze. Na oznacenie prvej
fazy vzorkovacieho procesu pouzivaju tri pojmy. Ked’ je Cy konStantna v Case, koncentracia
akumulovanych kontaminantov linedrne narastd v ¢ase. Tento Casovy usek vzorkovania sa
preto nazyva linedrna faza akumulacie. Pre scenare, ked’ vodné koncentracie koliSu v Case,
koncentracia vo vzorkovaci je priamoumerna TWA koncentricii a vzorkovanie sa nazyva
casovo integracné. Napokon, pretoze rychlost’ zmeny koncentracie vo vzorkovaci je priamo
umernd koncentracii vo vode, tato rana faza vzorkovania sa nazyva kinetickym vzorkovanim.
Zaujimavym aspektom rovnice (7) je, ze produkt k,A je ekvivalentny zdanlivému objemu
vody, z ktorého vzorkova¢ vyextrahuje analyt za dobu expozicie t. Na tento produkt (k,xA)

nahliadame ako na vzorkovaciu rychlost’ (Rs):

Rs=ko A (8)

Pretoze Rs reprezentuje objem vody extrahovany za jednotku Casu, vytvara konceptudlne
prepojenie medzi tradicnymi vsadzkovymi extrakénymi metédami a metdédami zalozenymi na
pasivnom vzorkovani. Rovnica ((8) vyjadruje, ze vzorkovacia rychlost’ je priamo tmerna
ploche vzorkovaca. Preto porovnanie vzorkovacich rychlosti medzi réznymi dizajnmi
vzorkovacov poskytuje relevantné vysledky iba v pripade, ze sa bert do uvahy i rozdiely

v ploche A.
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Obrazok 5 Efektivny objem vody ektrahovany vzorkovatom (N¢/C,) ako funkcia ¢asu. Pre dlhé
expozi¢né doby je extrahovany objem obmedzeny sorpénou Kkapacitou vzorkovaca
(KswxVs) a pre kratke expoziéné ¢asy suc¢inom vzorkovacej rychlosti a doby expozicie. Priblizné
modely, ktoré platia pre linearnu c¢ast’ akumulacie (kratka doba expozicie) a rovnovazne

vzorkovanie (dlha doba expozicie) s znazornené ¢iarkovanymi ¢iarami. Upravené podla (K

Booij et al., 2007).

Pre vel'mi dlhé expozi¢né Casy a pri konstantnej hodnote C,, sa koncentracia vo vzorkovaci

nemeni v Case a rieSenim rovnice (3) je:

C
C —2s -0 9

sSw
¢o je vyjadrenim, Ze koncentracia latky vo vzorkovaci dosahuje rovnovdznu hodnotu

(Cs = KswXCy). Prislusny vzorkovaci rezim sa nazyva rovnovazne vzorkovanie.

Vseobecné rieSenie rovnice rovnice (3) pre konstantni koncentraciu C, je dané (Vrana et al.,

2001):

Cs = Kow Cw [1-exp(-ket)] + Co exp(-ke t) (10)

kde Co je koncentracia vo vzorkovaci Vv Case t = 0 a eliminac¢na rychlostna konstanta (k) je

dana:
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Ky= —2— = ——3 (11)
° KSWVS KSWVS
1.2
C,(0)=0
c,>0
5
O(I)
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Cas [dni]

Obrazok 6. Priklad izokinetickej vymeny latky medzi rozdelovacim pasivhym vzorkovacom
avodou. Graf ukazuje kinetiku akumulacie fluoranténu do pasivneho vzorkovaca (Gerstel
Twister, 2x0,5 cm) z vody s konstantnou koncentraciou C, (¢ierne body) a kintetiku disipacie
perdeuterovaného fluoranténu, ktory bol pred experimentom pridany do vzorkovaca, a ktorého
koncentracia vo vode je pocas experimentu udrZiavana pod medzou detekcie (C,, = 0). PIné ¢iary
predstavuju fit experimentalnych dat modelom podl’a rovnice (10). Akumulacia i disipacia latky
je charakterizovana tou istou hodnotou eliminaé¢nej rychlostnej konstanty ke, ¢o je princip in situ

kalibracie — stanovenia vzorkovacich rychlosti priamo v teréne. (Vrana, nepublikované).

Rovnica (10) ukazuje, ze akumulacia z prostredia a eliminacia pociatoéného mnozstva latky
vo vzorkovaci (stanovuje sa analyzou tzv. fabrika¢nych blankov) st aditivne. Od¢itanie tychto
koncentracii moze byt problematické, ked pdvodnd koncentrdcia je vysSia alebo rovna
rovnovaznej koncentracii. V takom pripade koncentracia v exponovanom vzorkovaci moze
byt mens$ia ako v kontrolnych neexponovanych vzorkach (fabrika¢né blanky) a odcitanie
koncentracie v kontrole by malo za nésledok negativnu vypocitanii hodnotu v exponovanom
vzorkovaci. Preto sa v pripade rovnovazneho vzorkovania neodporii¢a odcitanie hodnoty
fabrika¢ného blanku od vysledku merania v exponovanom vzorkovaci. Rovnica (10) tiez
ukazuje, Ze v rozdel'ovacich pasivnych vzorkovacoch je akumulacia i eliminacia jednej a tej

istej latky charakterizovana rovnakou hodnotou ke (Obrazok 6). Tento poznatok tvori zaklad
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odhadu in situ vzorkovacich rychlosti z rychlosti disipacie tzv. performan¢nych referenénych

latok (PRCs) (Huckins et al., 2002)

Ked’ je pociatocna koncentracii vo vzorkovaci rovna nule, rovnica (10) sa da integrovat’

R.t
C. =K,,C,|1-expl-— 12
o L) -
a pre kratke ¢asy expozicie je mozné ju zjednodusit’ na linearnu rovnicu:
C,R.t
C — W S 13
= (19

S

Pre disipaciu latok, ktoré sa nenachadzaju v prostredi (Cy = 0), ale st pridavané do

vzorkovaca pred expoziciou (napr. PRC), rovnica (10) sa da zjednodusit”:

Cs = Co exp(-ke t) (14)

Koncentracie vo vode sa daji vypocitat z mnozstva latky sorbovaného vo vzorkovaci (Ng), in
situ vzorkovacej rychlosti latky Rs a jej rozdel'ovacieho koeficienta v systéme vzorkovac-

voda Ky, pouzitim preusporiadanej rovnice (12):

C, = N, (15)

Ko Vs|1—exp| — Rt
I‘<SWVS

Pre rovnovazne vzorkovace je €len v hranatych zatvorkach rovny 1 a vodné koncentracie sa

vypocitaji pomocou rovnice:

C, ~ S 16
wEr Ty (16)

SwW ° S

Pre kinetické vzorkovace, ktoré pracuju v linearnom akumulaénom mode je ¢len v hranatej

zatvorke priblizne rovny (Rst)/(KswVs), a koncentracia vo vode sa da vypocitat’:

N

C,~—= (17)
R t

Menovatele v rovniciach (15(17) sa daju interpretovat’ ako zdanlivy objem vody,

z ktorého vzorkova¢ odstrani analyt pocas expozicie (Obrazok 5). V pripade rovnovazneho

vzorkovania je tento objem obmedzeny sorp¢nou kapacitou vzorkovaca (KgwxVs). Pri
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kinetickom vzorkovani je zdanlivy exktrahovany objem vody obmedzeny vzorkovacou

rychlostou a expoziénym ¢asom (Rsxt).

7.2 Zovseobecneny model pasivneho vzorkovaca

Diskusia v predchéadzajucej Casti sa da rozsirit' na iné pasivne vzorkovace, ktoré obsahuju
I'ubovolny pocet sub-faz (bariér), za predpokladu, Ze sorpéna rovnovaha je ustilend na
rozhraniach medzi nimi, a ze st ustalené (steady-state) toky latky vo vnutri jednotlivych
bariér medzi vodou a sorpénou fazou (t.J. rozdiel medzi tokom latky dovnutra a von z kazdej
Ciastkovej bariéry je relativne maly). Rovnica (5) sa da zovseobecnit’ (Vrana et al., 2001):

1 5

= = (18)
ko Di Kiw

kde sucet plati pre vsSetky fazy i, z ktorych vzorkova¢ pozostava. Vyvoj mnozstva analytu
akumulovanom v sorpcnej faze vzorkovaca (t.j. vtej Casti vzorkovaca, ktora sa extrahuje
anasledne analyzuje) je dany rovnicou (12), kde celkova hodnota K, je vyjadrena

zovSeobecnenym vzorcom

K _Z \/iKiw (19)

sw T Zvl

a objem vzorkovaca Vs je rovny suctu objemov vsetkych sub-faz, ktoré sa analyzuju.

V literatire venovanej SPME sa pouziva podobny empiricky model, ktory opisuje vymenu

latky medzi vzorkova¢om a vodou (Chen and Pawliszyn, 2003; H. J. Vaes et al., 1996):

dc,

=k kC (20)

w S

Tento model je matematicky ekvivalentny s rovnicou (2), kde k, = (A ko)/(Ksw Vs) and k; =
szkz.

7.3 Platnost podmienok modelu

Pre vysSie opisané modely sa predpoklada, Ze v membrane a V centralnej faze existuju
linedrne koncentracné gradienty, Ze na rozhrani medzi fdzami sa okamzite ustaluje
termodynamickd rovnovdha, a Ze molekularna difuzia je hlavnym transportnym

mechanizmom latok v membrane, nezavisle od ¢asu a koncentracie.
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V pociatocnej faze expozicie vzorkovaca analyty musia penetrovat’ cez membranu, aby sa
dostali do centralnej sorpénej fazy, ¢o sposobuje tzv. lag fazu. Teoreticky model toku latky
cez plochu dosku s konstantnou koncentraciou latky na oboch stranach predpovedd dobu
oneskorenia (lag time) (Crank, 1975):

S
6D

t = (21)

m

Difazne koeficienty organickych latok v polyméroch st vel'mi rozliéné. Hodnoty difuzneho
koeficienta polycyklickych aromatickych uhlovodikov a polychlorovanych bifenylov pre
polymér PDMS sa pohybuju v rozmedzi od 10™ do 10%° m? s (T. Rusina et al., 2010), pre
polymér LDPE v rozmedzi hodnét od 10™ do 10 m? s (T. Rusina et al., 2010). Hodnoty
difazneho koeficienta benzénu V poly(metylmetakrylate) st radovo 10™° m? st a
v poly(vinylalkohole) 10 m? s* (George and Thomas, 2001). Rovnica (21) predikuje pre
membranu s hrabkou 100 um dobu zdrzania analytu vo vrstve PDMS 17-167 sekund, 30
minut az 46 hodin vo vrstve LDPE, cca. niekol’ko mesiacov Vo vrstve poly(metylmetakrylat)u
a niekol’ko storo¢i vo vrstve poly(vinylalkohol)u. Je zrejmé, Ze v pripade, ak akumulacia latok
do vzorkovaca je kontrolovana difiiziou cez WBL, distribucia analytu v materidli, z ktoré¢ho
st zhotovené membrany vzorkovaca, neovplyviluje vzorkovacie rychlosti. Ak uvazujeme
difuzny koeficient latky vo vode cca. 5x10™° m?s™ a u¢innt hrabku hranignej vrstvy vody 30
az 300 um, pre akumulaciu kontrolovanu difiziou vo WBL su o¢akévané doby zdrzania latky
vo vrstve medzi 0.3 a30 s. V pripade, Ze membrana sa pri spracovani vzorky vyhadzuje
a analyzuje sa iba centralna faza (napr. vo vzorkova¢i POCIS), musi sa pocitat’ s dobou
zdrzania analytu pocas difizie membranou aj v pripade, Ze rychlost’ ur¢ujucim krokom je

WBL.

Linearne koncentracné gradienty nemdzu existovat’ v membrane, ktord akumuluje analyty,
pretoze vtakom pripade tok latky do membrany musi byt vacsi ako tok latky von
Z membrany na opacnej strane. Podla tej istej argumentacie nemdze existovat’ linedrny
gradient ani v centralnej sorpcnej faze vzorkovaca. Koncentra¢ny gradient v strede sorpcnej
fazy (napr. pre SPMD, MESCO s PDMS tyckou) alebo v blizkosti nepriepustnej steny (napr.
Chemcatcher alebo SPME) by mal byt nulovy (ind¢ by vznikala diskontinuita toku latky).
Koncentracny gradient na vonkajSej strane centralnej fazy by mal byt nenulovy (inak by
centralna fdza ni¢ neakumulovala). V pripade, ze akumulécia latky je kontrolovana WBL,

existencia nelinearnych gradientov v membrane alebo v centrdlnej faze nespdsobuje
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neplatnost’ modelu, ale v pripade, ze je akumuléacia kontrolovana difiziou v membrane, je
potrebné tento jav zobrat do tivahy. Nelinearita koncentracnych gradientov sa d4 hodnotit
pouziti tzv. Géinnej hrabky vrstvy (& eff), ako je zobrazené na Obrazok 4. (Louch et al., 1992)
ukazali, ze G¢inna hrabka membrany sa od skuto¢nej hrubky lisi len menej ako 20% pre

expozicné Casy, ktoré st vyssie ako doba zdrzania latky v membrane.

Predpoklad, ze na rozhrani faz je okamzite ustdlena termodynamicka rovnovaha, je
pravdepodobne splnena pre nizke hodnoty rychlosti prestupu latky, aké su typické pre metody
pasivneho vzorkovania, hlavne pre pryzové polyméry, ktoré maji kratku dobu relaxécie
(George and Thomas, 2001). Hoci diftzne koeficienty latok v polyméroch zavisia na
koncentracii difundujucej latky, bolo ukazané, ze tato zavislost’ je slaba (George and Thomas,

2001) a moze sa zanedbat’, lebo pri pasivnom vzorkovani st nizke koncentracie.

7.4 Odpor Kk prestupu latky vo vodnej difiznej vrstve (WBL)

Exaktné modely prestupu latky cez WBL st k dispozicii len pre niektoré jednoduché
usporiadania toku vody, ako napr. pre tok v potrubi a paralelny tok pozdiz absorbujucej
plochej dosky (Bird et al., 2007; Kader and Yaglom, 1972; Schlichting et al., 2000). V tesnej
blizkosti platne sa moment vodného toku postupne od okraja znizuje vplyvom povrchového
trenia. Ked’ sa voda pohybuje pozdiZ platne, tito spomalena vrstva atenuuje moment vodnych
vrstiev, ktoré sa nachadzaji vo vac¢sej vzdialenosti od povrchu, ¢o sposobuje vznik viskoznej
vrstvy, ktorej hrabka postupne narastd so rasticou vzdialenostou od okraja platne v smere
toku vody. Analogicky, analyty sa odstranuju z vrstvy, ktorej hrubka narasta v smere toku, ¢o
sposobuje vznik tzv. medznej koncentracnej vrstvy (WBL). S narastajiicou hribkou tejto
vrstvy je vyznamnej$i prestup latky turbuletnou diftziou, pretoze turbulentné difuzne
koeficienty narastaji s rasticou vzdialenostou od povrchu (Kader and Yaglom, 1972; Son
and Hanratty, 1967). Vo velkej vzdialenosti od okrajovej hrany sa ustali koncentraény profil,
ktory uz nezavisi na vzdialenosti pozdiZ platne. Rovnice pre extrémne situacie — kratka platiia
S rastucimi koncentraénymi hranicnymi vrstvami a dlha platia (koncentra¢né medzné vrstvy
st nezavislé od vzdialenosti od hrany) boli odvodené pre laminarne toky (Opdyke et al.,
1987). Koeficienty prestupu latky pre kratku platiu (spriemerované pre cely povrch) su
odvodené v (Opdyke et al., 1987). Vo vSeobecnosti je vSak takmer nemozné odvodit’ rovnicu,
ktora by umoznila presne odhadnit’ koeficient prestupu latky vo WBL pre komplexnejSie

geometrie vzorkovaca umiestnené v prirodzenom toku, ktoré¢ho rychlost a turbulencia sa
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menia Vv Case a priestore. (K Booij et al., 2007) vsak uvadzaja niekol’ko zovSeobecneni, ktoré

je mozné uplatnit’ pri opise prestupu latky cez WBL do vzorkovaca:

1. Pocet premennych v modelovych experimentoch prestupu latky cez WBL sa da
zmenSit’ korelovanim bezrozmenrych kritérii pouzivanych v chemickom inzinierstve
(Sherwoodovo ¢islo (Sh), Reynoldsovo ¢islo (Re) a Schmidtovo ¢&islo (Sc)),
charakteristickych pre zvolenu geometriu vzorkovaca.

2. Pre Siroku skalu takychto empirickych korelacii chemicko-inzinierska literatura
uvadza, Ze koeficient prestupu latky medznou vrstvou vody ky je priamoumerny
molekulovému difiznemu koeficientu vo vode D podla vztahu ky, ~ D%3 (Bird et al.,
2007; Worch, 1993). To v dosledku znaci, ze hrubka G¢innej medznej vrstvy klesa
s hodnotou rasticeho difizneho koeficienta podla Gy~D™>.

3. Utinna vodnd medzna diftizna vrstva WBL, hoci je uzitoénd ako model pre
vizualizaciu, kam az zasahuje koncentracny gradient sledovanej latky do vodného
toku, by nemala byt’ dezinterpretovana ako hrabka fyzicky nerealnych objektov ako je
napr. stagnantny film alebo nepremiesavana hrani¢na vrstva vody.

4. Pre danu geometriu vzorkovaca a prudenie by mali byt hodnoty k, pre malé
vzorkovace vyssie ako pre vel'ké vzorkovace.

5. kw narasta s rychlostou toku pre dani geometriu pasivneho vzorkovaca (Obrazok
70brazok 7 Vplyv hydrodynamiky na vzorkovacie rychlosti (Rs) latok do vzorkovaca
Chemcatcher s LDPE membranou. Experiment bol uskuto¢neny pri troch rychlostiach
prudenia vody, dosiahnutymi V laboratérnych podmienkach réznymi frekvenciami
otacania karuselu s vzorkovaémi Vv prietokovom systéme. Prevzaté z (B Vrana et al.,
2006).), ale predikcia jeho absolitnej hodnoty modelovanim je vel'mi obtiazna.
NavySe, porovnanie odhadutych a experimentalnych vzorkovacich rychlosti je
komplikované tym, Ze rychlosti pradenia vody v okoli vzorkovaca st vécSinou

odhadované/vypocitané a nie fyzicky merané.
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Obrazok 7 Vplyv hydrodynamiky na vzorkovacie rychlosti (R;) latok do vzorkovaca
Chemcatcher s LDPE membranou. Experiment bol uskuto¢neny pri troch rychlostiach priadenia
vody, dosiahnutymi Vv laboratéornych podmienkach réznymi frekvenciami otacania karuselu

s vzorkova¢mi v prietokovom systéme. Prevzaté z (B Vrana et al., 2006).

7.5 Odpor Kk prestupu latky v membrane

V pasivnych vzorkovaoch sa pouzivaju dva typy polymérnych membran. Casto pouzivanymi
neporéznymi membranami st najma LDPE (Huckins et al., 1993, 1990; Kingston et al., 2000;
B Vrana et al., 2005; Wennrich et al., 2003), PDMS (Tatsiana P Rusina et al., 2010; Smedes
and Booij, 2012; van Pinxteren et al., 2010), polyakrylat (Leslie et al., 2002; Paschke and
Popp, 2003) a iné nepolarne polyméry. Mikroporozne membrany moézu byt zhotovené
zZ regenerovaného acetatu celulézy (CA) (Sabaliunas and Sodergren, 1996; Sodergren, 1990;
Vrana et al., 2001), polyétersulfonu (Alvarez et al., 2007, 2004), polysulfonu (Kingston et al.,
2000), polyakrylamidového (Zhang and Davison, 1995) ¢i agarézového (Chen et al., 2012)
hydrogélu. V niektorych aplikdciach membrana je zaroven aj primarnou sorpénou fazou
vzorkovaca, napr. PDMS v Gerstel-Twister (Assoumani et al., 2015), pre LDPE pasky
(Adams et al., 2007a), SPME vlakna (Ouyang et al., 2005), ¢i platy PDMS (Smedes and
Booij, 2012). V inych aplikaciach je membrana uréend na separaciu sorpcnej fazy od vody,
napr. vo vzorkovaci Chemcatcher (Greenwood et al., 2007), MESCO (Vrana et al., 2001),
SPMD (Huckins et al., 1993), a tiez na znizenie difizneho toku latky do sorpnej fazy.

Konduktivita membréany pre prestup latky je dana rovnicou:
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_ DmKmw
Km K mw s (22)

m

kde &y je hrabka membrany (rovnica (5)). Hodnoty D i Knw su Specifické pre kazdu latku.
Uloha Ky V rovnici (22) je zrejma, ak uvazime, e latky s vysokou hodnotou rozdel'ovacieho
koeficienta membrana-voda maji i vysoké koncentracie v membrane v blizkosti rozhrania
membrana-voda, ak predpokladdme okamzité ustalenie sorpnych rovnovéh na fazovych
rozhraniach. Désledkom toho je zvySeny koncentra¢ny gradient naprie¢ membranou v
porovnani s latkami, ktoré maji nizke hodnoty Kny. Strmsi koncentraény gradient spdsobuje
vyssi tok latky cez membranu. Naopak, vyber membrany, voc¢i ktorej maji analyty nizku
afinitu (napr. hydrofilné membrany pri vzorkovani hydrofébnych latok) spdsobuje zvyseny
odpor voci prestupu latky, ¢o vedie k zniZeniu vzorkovacich rychlosti. Je dokumentovanych
niekol’ko pripadov takéhoto efektu. Vzorkovacie rychlosti chlérovanych pesticidov vo
vzorkovacoch, ktoré obsahovali LDPE membranu, boli aZ stonasobne vysSie ako v pripade,
ked” bolo pouzité organické rozpustadlo naplnené do membriany z acetatu celulozy
(Sabaliunas and Sodergren, 1996). Nahrada hydrofilnej membrany vo vzorkovacoch MESCO
a Chemcatcher polyetylénom viedla k vyraznému zvySeniu vzorkovacich rychlosti (B Vrana
et al.,, 2005; Wennrich et al., 2003) a vzorkovacie rychlosti polarnych latok do pasivneho
vzorkovaca POCIS boli ovela vysSie v pripade pouzitia polarnej polyétersulfonovej
membrany, ako v pripade, ked’ sa pouzili nepolarne polyetylénové alebo nylonové membrany

(Alvarez et al., 2007).

Vyber materidlu membrany ma vplyv nielen na vzorkovaciu rychlost, ale aj na citlivost’
vzorkovaca na zmeny prudenia vody. Ked’ sa zniZi odpor membrany, rychlost’ vzorkovania je
kontrolovana medznou vrstvou vody (WBL), ktora je silne zavisla od hydrodynamickych
podmienok na rozhrani membrana-voda. Z toho vyplyva, Ze pokusy znizit’ citlivost’ pasivneho
vzorkovania na prudenie vody pridanim membrany, ktora ma nizke hodnoty rozdel'ovacieho
koeficienta pre sledované latky, spdsobia automaticky zniZenie vzorkovacich rychlosti.
Naopak, pridanie membran s vysokymi hodnotami Kny zvysi vzorkovacie rychlosti, ale aj ich
citlivost na zmeny rychlosti pridenia vody (B Vrana et al., 2005). Znizenie vzorkovacej
rychlosti nemusi vzdy znamenat problém. Zavisi to od viacerych faktorov, napr. od
koncentracie latky vo vode, expozi¢nej doby a citlivosti analytického pristroja. Zaverom
predchadzajucej diskusie je, Ze nie je mozné vyvinit pasivny vzorkovac, ktory by mal

dostato¢ne vysoké vzorkovacie rychlosti vo vSetkych prostrediach.
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V pripade akumulécie kontrolovanej membranou sa predpokladd, ze smernica zavislosti log
Rs voci log Ky je priblizne jednotkova, pretoze Rs ~ ko ~ DynxKnw, V praxi sa dosahuju
mierne niz§ie smernice, pretoze hodnota Dy mierne klesd s rastucou velkostou molekuly
(Booij et al., 2003; H. J. Vaes et al., 1996; Verbruggen et al.,, 2000). Akumulacia
kontrolovana membranou sa da identifikovat, ak smernica zavislosti log ke od log Kmw je
priblizne 0, alebo mierne niZ§ia, pretoze podla rovnice (11) plati ke ~ K *. Tieto podmienky
sa typicky pozoruju pre latky shodnotami log Kpy values < 3.5 pre SPME vlakna
s polyakrylatovou fazou (H. J. Vaes et al., 1996; Verbruggen et al., 2000) a pre latky z log
Kow hodnotami <4.5 pre SPMD vzorkovace (Vrana and Schiiiirmann, 2002) (Obrazok 8).

Je potrebné pripomenut’, Ze hranica medzi akumulaciou kontrolovanou WBL a membranou
nezéavisi iba od vlastnosti analytov, ale aj od hydrodynamickych podmienok na rozhrani
membrana-voda (5). Preto v stagnantnej vode moze byt kriticka hodnota Ky, rozhrania medzi
WBL amembranovou kontrolou posunutd smerom k nizS§im, v turbulentnej vode zase

k vys$sim hodnotam.

7.5.1 Difuzny koeficient latky v membrane Dn,

Odhad vzorkovacich rychlosti pre transport kontrolovany difuziou v membrane je mozny na
zéklade nameranych hodnot difuznych koeficientov Dy, sledovanych latok v materidli, z
ktorého st membrany zhotovené. Diflizne koeficienty Dy, je mozné pomerne I'ahko stanovit’
pomocou metody navrstvenych filmov (Sjoberg et al., 1996), ktora spociva v jednorozmernej
difazii (kolmo na povrch filmu) latky cez na seba navrstvené filmy polyméru. Po vhodnom
Case sa jednotlivé vrstvy analyzuji na obsah latky a zo ziskaného koncentracného profilu sa
vypocita difazny koeficient z parcialneho rieSenia druhého Fickovho zakona (Crank, 1975).
(T. Rusina et al., 2010) pouzila tito metodu na stanovenie Dy, pre polychlorované bifenyly a
polyaromatické uhl'ovodiky v LDPE a PDMS. Odhadnuté hodnoty D, boli 2-2.5 radu nizsie v
LDPE ako v polyméroch na baze PDMS. Log D hodnoty (m?s™) pre PCB su v rozsahu -10.1
do -10.9 v PDMS a -11.9 do -13.7 v LDPE. Difuzne koeficienty v polyoxymetyléne, ktory sa
tiez pouziva v konstrukcii niektorych pasivnych vzorkovacov (Hawthorne et al., 2011), boli
publikované iba pre fenantrén a pyrén, a ich log D hodnoty (m?s™) sa pohybuja okolo -14
(Ahn et al., 2005). Vo vSeobecnosti hodnoty Dp, klesaja s rasticou molovou hmotnost'ou latky
a tiez s rastcim povrchom molekuly (T. Rusina et al., 2010), ¢o umoziuje extrapolovat’

hodnoty difuznych koeficientov aj pre d’alSie latky.

29



7.5.2 Rozdel'ovaci koeficient latky v systéme membrana-voda Kmw (alebo Ksw)

Kmw (alebo Kgy) hodnoty niektorych, hlavne perzistentnych organickych latok sa daja najst’ v
literatire pre polyméry na baze PDMS (DiFilippo and Eganhouse, 2010; Mayer et al., 2000;
Paschke and Popp, 2003; Smedes et al., 2009; H. J. Vaes et al., 1996; Yates et al., 2007),
LDPE (Adams et al., 2007b; Fernandez et al., 2009; Hale et al., 2010; Lohmann, 2012;
Smedes et al., 2009) a polyoxymetylén (POM) (Endo et al., 2011).

Podl'a termodynamickych zakonov rozdelenie organickej latky z vody do organickej fazy
(alebo do polyméru) narasta s poklesom teploty a narastom salinity (Schwarzenbach et al.,
1993). V oboch pripadoch sa znizuje rozpustnost’ organickej latky vo vode, ¢oho dosledkom

je narast hydrofobnosti organickej latky, a tym aj afinita k hydrofobnemu materialu polyméru.

Hodnoty Kgy je mozné upravit podla lokalnych podmienok experimentu, pouzitim Van't

Hoffovej rovnice na korekciu vplyvu teploty (Lohmann, 2012; Schwarzenbach et al., 1993):

(AHgy / R)[i—ij
sz (T ) = sz ( 298)e 0T (23)

kde K (T) a Ky (298) st hodnoty rozdel'ovacicho koeficienta pri termodynamickej teplote T
a pri 298 K, AHsy, je entalpia distribucie medzi polymér a vodu (kJ/mol) a R je univerzalna

plynova konstanta (8.3143 J/mol/K).

Podobne mozno korigovat vplyv salinity (idonovej sily) na Kg, pouzitim empirickej
Setchenowovej rovnice (Perron et al., 2013), ktora vyjadruje zavislost’ rozpustnosti latky vo

sol

vode C, od molarnej idnovej sily roztoku [sol] a takzvanej vysol'ovacej konstanty Ks:

Cvsvol _ CWlO_KS [sol] (24)

I6nova sila neovplyviiuje rozpustnost’ analytov v hydrofébnych polyméroch, preto hodnoty
Ksw narastaju nepriamo umerne s klesajicou rozpustnostou latky vo vode (Adams et al.,
2007b). Pre polyméry na baze silikonovej gumy (PDMS) boli publikované i tieto zavislosti
Ksw hodnét od teploty a salinity (Jonker et al., 2015). Pre d’al$ie polyméry je potrebné

uskutocnit’ d’alSie merania.
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Obrazok 8 Zavislost’ elimina¢nych rychlosti chlérovanych pesticidov z RPV vzorkovaca SPMD
v zavislosti od rozdelovacieho koeficienta Ky, pri réznych linearnych rychlostiach priudenia

vody. Upravené z (Vrana and Schiiiirmann, 2002).
7.6 Kalibracia pasivnych vzorkovacov

7.6.1 Staticky expozicny dizajn

V experimentidlne jednoduchom statickom expozicnom scenari sa pasivne vzorkovace
exponuji v obmedzenom objeme kontaminovanej vody vo vhodnej nadobe. Tato metoda sa
pouzivala v minulosti pre stanovenie bioakumulacnych faktorov a rychlosti akumulacie
kontaminantov do ryb alebo mikkysov. Casovy vyvoj koncentracie litky vo vode pocas
expozicie pasivneho vzorkovaca (Banerjee et al., 1984; W. H. J. Vaes et al., 1996; Y. Xu et
al., 2005) je:

Cuwo 1+Mexp— 1+M Rt
C VW VW KSWVS

v - KSWVS (25)
14 swls
Vv

w

kde Cyo je koncentracia latky vo vode v ¢ase t = 0. Koncentraciu vo vzorkovaci je mozné

vyhodnotit’ z hmotnostnej bilancie (VsxCs = Vi X[Cow-Cu]):
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(26)

Tato rovnica sa da zjednodusit’ na rovnicu (12) v limitnej situacii pre nekone¢ne vel’ky objem
vzorkovanej vody V,, — . V rovniciach (  (25)(26) sa uvazuje, ze v expozi¢nom systéme
okrem vzorkovaca nie je pritomnd ziadna konkurujuca sorpcnéd faza (napr. steny zariadenia
alebo rozpustena organicka hmota). Pre kratke doby expozicie je mozné rovnicu ( (25)

zjednodusit’ nasledovne:

w

R, t
CW:CW{l—V T j 27)

a koncentracia vo vzorkovaci sa da aproximovat’ vztahom:

c, =CwRtfy 1Rt 1Rt 29)
V. 2V, 2KV

S w

Ak je koncentracia vo vzorkovaci ovela niz§ia ako rovnovdzna hodnota (t.j. ak Rg.t <<
KswxVs), treti ¢len saétu v zatvorkach v rovnici (28) sa da zanedbat’ arovnica (28) sa

zjednodusi na:

C — CW,TWARst
° V

S

(29)

kde Cy, twa je TWA koncentracia pocas expozicie.

Statické expozicie sa v minulosti pouzivali na kalibraciu SPMD a inych vzorkovacov (Kurt E.
Gustafson and Dickhut, 1997; Huckins et al., 2002, 1999; Vrana and Schiilirmann, 2002; Y.
P. Xu et al., 2005) a najcastejstie na kalibraciu SPME vlaken (Ouyang and Pawliszyn, 2006).
Doby ustéalenia rovnovahy dosiahnuté pomocou statickych expozicii sa ob¢as mylne povazuju
za platné aj v terénnych expoziciach (K E Gustafson and Dickhut, 1997; Y. Xu et al., 2005).
Rovnica (25) ukazuje, ze vyvoj koncetracii analytov vo vzorkovaci sa sprava podla
kinetiky prvého poriadku, s rychlostnou konStantou, ktord je zavisla (okrem d’alSich faktorov)
od objemu vody Vv systéme. Vysoké rychlostné konsStanty sa daji dosiahnut’ v pripade, ak
objem vody v systéme je maly v porovnani so sorpénou kapacitou vzorkovaca (V, <<

KswxVs). V takom pripade je rychlostna konstanta priblizne rovna R¢/V\, Naopak, v teréne je
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objem vzorkovanej vody Vv podstate nekoneéne velky (Vi >> Kgy*xVs) a rychlostna konsStanta
je vtakom pripade rovna R¢/(KswxVs). Intuitivne vysvetlenie kratSich ¢asov ustalenia
rovnovahy v statickych pokusoch je také, ze akumulacia latky do vzorkovaca i pokles
koncentracie vo vode spolu posobia na rychlejsie dosiahnutie rovnovahy (Prest et al., 1998).
Naopak, Vv teréne v otvorenom vodnom toku pokles koncentracie vo vode vplyvom extrakcie

latky z vody do vzorkovaca je prakticky zanedbatel'ny.

7.6.2 Staticky obnovovaci dizajn

V statickom obnovovacom dizajne sa expozi¢na voda vymiena za Cerstvi vV pravidelnych
davkach (Alvarez et al., 2004; Richardson et al., 2002). Tento dizajn sa moze pouzivat' v
pripadoch, ked’ staticky alebo prietokovy expozi¢ny dizajn nie st vhodné. Této situdcia mdze
nastat’ napr., ked’ pri statickej expozicii dochddza k prili§ vel'kému poklesu koncentracie latky
vo vodnej faze pocas expozicie, alebo ak nastdvaju problémy s udrziavanim stabilnych
koncentracii latok vo vode pocas prietokovych expozicii. Koncentracie vo vode by mali byt’
merané aspon na zaiatku a na konci kazdého intervalu obnovenia vzorky, aby sa mohla
odhadnut’ priemernd hodnota pocas expozicie. Akumulaéné krivky je mozné vytvorit, ked’ sa
da predpokladat’, ze mnozstvo latky odstranené z vody je zaroven sorbované do vzorkovaca
(tj. Zze je mozné zanedbat straty latky procesmi ako s prchanie, sorpcia na steny
kalibraéného zariadenia, sorpcia na rozpustnu organicku hmotu alebo na Castice) atiez, ze
priemerna koncentracia latky sa velmi nemeni medzi jednotlivymi vymenami roztoku. Ani
Vv takom pripade vSak matematické modelovanie nie je jednoduché, snad’ s vynimkou

kinetického vzorkovania pocas celej expoziénej doby — vid’ rovnica ((29).

7.6.3 Prietokovy dizajn

Prietokovy dizajn ma ciel’ udrzat’ konStantni koncentraciu sledovanej latky vo vodnej faze
poCas expozicie a zabranit' jej poklesu vplyvom sorpcie do vzorkovacov. Robi sa to
zabezpecenim  konStantného pritoku cCerstvo kontaminovanej vody S konStantnou
koncentraciou latok do expozi¢nej komory. Podobne ako v statickom a statickom
obnovovacom dizajne by mala byt’ zabezpecena zanedbatel'na sorpcia latok na na rozpustni
organicki hmotu alebo na cCastice, aby sa pri analyze vzoriek vody z aparatiry zabranilo
nadhodnoteniu volne rozpustenej koncentracie C,. Naproti tomu sorpcia na zariadenia
V expozinom systéme nemd vplyv na vysledky kalibracie, ak je zariadenie vopred
ekvilibrované s expozi¢nou vodou. Stabilné koncentricie je mozné udrziavat’ pocas celej

expozicie, ak je rychlost’ prietoku (Q, objem vody za jednotku Casu) v expozi¢nej komore
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ovela vacsi ako celkova sumarna vzorkovacia rychlost’ vSetkych vzorkovacov (Booij et al.,

2003):

Q >> nxRg (30)

kde Rs je vzorkovacia rychlost’ jedného vzorkovaca, an je celkovy pocet vzorkovacov
Vv expozi¢nom systéme. Napriklad expoziény systém, ktory obsahuje péat pasivnych
vzorkovacov, ktoré maju vzorkovaciu rychlost’ pre sledovana latku 4 L d™* by potreboval
rychlost prietoku ovela vyssiu ako 20 L d*. Takato zostava by vyzadovala prietokovu
rychlost’ vody Q minimalne 100 L d™ s hladinou rozpusteného organického uhlika (DOC),
ktord je dostatocne nizka, aby bolo zabezpecené, Ze sorpcia kontaminantov na DOC je
zanedbatel'na. Pri postupnom odstranovanim vzorkovacov pocas experimentu sa prietokova
rychlost moze postupne znizovat, za predpokladu, ze hydrodynamické podmienky
Vv expozi¢nej komore sa udrzuju konsStantné, napr. dodatoénym mieSanim vody, alebo
recirkulaénym cerpanim (B Vrana et al., 2006). Pretoze vzorkovacie rychlosti st priamo
umerné povrchu vzorkovaca, pouzitie mensich vzorkovaCov mdze pomoct’ znizit' spotrebu
vody. V tomto pripade je ale potrebné uvazit, ze pre akumulaciu kontrolovant WBL

vzorkovacia rychlost méze byt slabou funkciou dizky vzorkovaga (Kees Booij et al., 2007).

Zmiesavanie zasobnych roztokov analytov v metanole alebo v acetone s vodou vo vhodnom
pomere je najéastejSie pouzivanou metdodou pripravy kontaminovanej vody (Greenwood et al.,
2006; Huckins et al., 1993; Vrana and Schiiiirmann, 2002; B Vrana et al., 2006), ale pouziva
sa tiez technika generatorovej kolony, zalozena na desorpcii analytov zo sorbentu na béaze
Cis-silika (Booij et al., 2003), alebo permeacie cez dialyzaéni membranu (Ouyang et al.,
2006).

Ked je mozné udrziavat konStantné koncentracie analytov v roztoku pocas celého
experimentu, je mozné ziskat vzorkovacie rychlosti arozdelovacie koeficienty latok
fitovanim dat pomocou nelinearnej regresie podl'a rovnice (12). V pripade, ze pocas expozicie
koncentracia vo vzorkovaci je dostatocne vzdialend od rovnovaznej hodnoty, je mozné pouzit’
linearnu regresiu podla rovnice (13). Metddy, ktoré umoznuji rozhodnut sa pre vhodny

model st diskutované v literatare (Booij et al., 1998; Vrana and Schiitirmann, 2002).

Trochu komplikovanejSie modely je potrebné pouzit’ v pripade, ak koncentracia vo vode nie
je konStantnd pocas expozicie. Predpokladajme, ze koncentrdcia vo vode sa d& opisat’

polynémom druhého stupna:
w(t) =Co+ Crt+Cat
Cw(f) =Co+ Cit+Cyt? (31)
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Explicitné rieSenie diferencialnej rovnice (3) je v tomto pripade (Weast, 1983):

~

S [om S 2 - etk 0]+ 0 2 @

e

sSw e

kde ke je dané rovnicou (11). RieSenie rovnice pre konStantni koncentraciu (rovnica (12) a pre
koncentraciu Vo vode, ktora sa linearne meni s ¢asom (Booij et al., 2003) st Specialnymi

rieSeniami tejto rovnice.

7.6.4 Pasivne davkovanie

Prietokovy dizajn mad nevyhodu, Ze vzhl'adom na potrebny prietok vody Q pri dlhych
expoziciach neunosne narastd objem spotrebovanej vody, zasobného roztoku analytov,
a navyse vznika i problém dekontaminacie odpadovej vody zo systému. Dalsim problémom je
moznd nestabilita koncentracie v désledku premenlivého vykonu Cerpadiel, ktoré sa pouzivaja
na prisun vody a zasobného roztoku analytov. Kons$tantni koncentraciu v roztoku mozno,
najmé pre hydrofobne latky, udrziavat’ i v uzavretom systéme s obmedzenym objemom vody
pouzitim metddy tzv. pasivneho ddavkovania (Tatsiana P. Rusina et al., 2010). Princip metody
spociva v pouziti tenkych platov vhodného polyméru (napr. silikénovej gumy) s velkou
sorpénou kapacitou (KsgwxVs) s velkou permeabilitou (DsxKgy) as velkym povrchom, do
ktorého sa homogénne nadavkuje potrebna koncentréacia sledovanych latok. Davkovanie latky
do platov pred expoziciou je mozné napr. metddou na principe rozdelovacej rovnovéhy latok
do polyméru z metanolického roztoku, v ktorom sa postupne zvysuje percento vody (Booij et
al., 2002). Takyto material sa umiestni v expozi¢nej komore spolu so zndmym objemom vody
anasledne sa do syst¢ému pridaji ivzorkovace, ktoré¢ je potrebné kalibrovat. Celkoveé
mnozstvo davkovacich platov musi mat’ minimalne 10-ndsobne vysSiu sorpéntl kapacitu a tiez
ovela vyssiu ,,davkovaciu® rychlost ako maji kalibrované vzorkovace, aby koncentracia
analytov vo vode pocas expozicie vyznamne neklesala vplyvom distribtucie latky do
kalibrovanych vzorkovacov. Ak je zndma hodnota rozdelovacieho koeficienta latky
v systéme davkovaci polymér-voda Ky, je mozné davkovani koncentraciu odhadnut
pomocou rovnice (16). V pripade, ze kalibrované vzorkovace s z rovnakého materialu, ako
davkovacie platy, je navySe rovnovazna koncentracia sledovanej latky v oboch materialoch
rovnaka, ¢o ulahcuje interpretdciu nameranych dat; napr. rozhodovanie, ¢i pre sledovanu
latku skuto¢ne bola dosiahnutd rovnovaha v systéme. Interpretacia dat navySe nie je zataZena

neistotou v merani Cy,.
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7.6.5 In situ kalibracia

Evaluacia rychlostnych konstant disipacie PRC sa pouziva ako metoda kalibracie rychlosti
akumulacie latok do pasivnych vzorkovacov in situ (Booij et al., 1998; Huckins et al., 2002;
Vrana and Schiiiirmann, 2002). Ked’ sa vhodne vybera PRC latky, ktoré sa nevyskytuji vo
vzorkovanom prostredi v merate'nych koncentraciach (napr. BC znagené kongenéry PCB,
alebo perdeuterované polycyklické aromatické uhlovodiky), ich rychlostné konstanty
disipacie sa daju odhadnut’ z rovnice (14):

‘- In(C/C,)

e " (33)

kde Cy je koncentracia PRC vo vzorkovaci Vv ¢ase t=0. Nasledne sa da vzorkovacia rychlost’

tejto PRC latky vypocitat’ z rovnice (11):

Rs = keXKswXVs (34)

PRC latky sa daju pouzit’ v pripade, ak ich rychlost’ disipacie je dost’ velkd, aby sa dal
kvantifikovat’ rozdiel v koncentracii na zaciatku a na konci expozicie. V tomto pripade je
uréujucim faktorom preciznost’ analytického stanovenia PRC. Pre latky, ktoré maju velké
rychlosti disipacie, mozZnost’ stanovit' latku po urcitom Case je dand medzou stanovenia.
Désledkom je, Ze signifikantné vzorkovacie rychlosti pre PRC sa dajui ziskat’ len pre latky
V intervale cca. 1.5 log jednotiek na Skale hydrofobnosti (log Koy). Pracovny interval hodnot

log Kow PRC latok zavisi od kapacity vzorkovaca a od pouzitého materialu.

Extrapolacia vzorkovacich rychlosti, zalozenych na PRC latkach, pre latky s ovela niZSou
hodnotou log Ko nepredstavuje principialny problém, pretoze tieto latky sa pocas expozicie
zvycajne rychlo blizia k rovnovahe alebo dosahuju rovnovahu a C,, vypocitana z rovnice (15)
pre tieto latky nie je citlivd voci neistotam vzorkovacej rychlosti. Naopak, pre latky, ktoré
maju vysoku hodnotu log Koy, (alebo Kgy), je neistota Rs vysoka a vznika otazka, ako maja byt

vzorkovacie rychlosti PRC extrapolované pre vel'mi hydrofobne latky.

Hodnota vzorkovacej rychlosti Rs moze byt kontrolovana transportom latky medznou vodnou
difaznou vrstvou (WBL) alebo tiez transportom v polyméri (membranou kontrolovana
akumulécia). Odhad vzorkovacich rychlosti pre velmi hydrofobne latky sa zakladd na
predpoklade, Ze koeficient prestupu latky vo WBL je priamo timerna difuznemu koeficientu
vo vode (k,~D?®) (Kader and Yaglom, 1972; Opdyke et al., 1987). (Rusina et al., 2007;

Tatsiana P Rusina et al., 2010) po prvykrat aj experimentalne dokazali pre polymér na baze

36



silikonovej gumy, ktory sa vyznacuje vysokou permeabilitou (DmxKmw) pre malé molekuly
nepolarnych latok, ze Rs pre PAH a PCB st tplne kontrolované difuziou vo WBL a hodnoty

Rs mierne klesaju s rasticou molovou hmotnostou latkok (M):

B
RS = W (35)
kde parameter B zavisi od lokalnych hydrodynamickych podmienok aje priamo tmerny
ploche vzorkovaca. Kombinaciou rovnic (11),(14),(35) sa da vyjadrit’ vztah medzi percentom

PRC zostavajicim vo vzorkovaci a ¢asom (Booij and Smedes, 2010):

Cs Bt
—=exXp| ——— 36
CO p( KSWM 0.47\/5 J ( )

Adjustovatel'ny parameter B je mozné ziskat' fitovanim f=(Cs/Cp) ako funkcie nezavisle
premennej KqxM®*" pouzitim nevazenej nelinearnej regresie metddou najmensich $tvorcov
(Booij and Smedes, 2010). Tato metéda vyuziva pre vypocet vzorkovacich rychlosti RS
hodnoty vsetkych dat z disipacie PRC, ktoré st k dispozicii, vratane PRC latok, u ktoryc
dochadza k uplnému, alebo naopak k ziadnemu, vyplaveniu zo vzorkovaca. Tato metoda je
malo citlivd k odl'ahlym hodnotam. Na obrazku 9 je uvedeny priklad pouzitia metddy pre
stanovenie vzorkovacich rychlosti vzorkova¢a na baze komercne dostupného zariadenia
Gerstel Twister, ktorého sorpcnd faza pozostava z polydimetylsiloxanu. PretoZe konStanta B
sa da tazko interpretovat’, je konvenciou vypocitat’ pre ilustraciu vzorkovaciu rychlost’ latky

s molovou hmotnost'ou (M) rovnou 300 g/mol pouzitim rovnice (35) (Obrazok 10).

V mnohych pripadoch sa stava, ze akumulacia polarnych latok do adsorpénych (APV)
vzorkovacov je ovladana difuziou latok vo WBL vrstve, a preto je tiez citlivd na zmeny
prudenia vody. Vyssie uvedeny PRC koncept sa vSa neda vSeobecne pouzit’ na in situ
kalibraciu, lebo pri APV vzorkovacoch kinetika desorpcie latok nemusi byt izotropna
s kinetikou sorpcie (Shaw et al., 2009). Hoci pouzitie PRC v niektorych expozi¢nych
scenaroch bolo demonstrované (Mazzella et al., 2010), tento koncept nie je doposial
dostatocne preskimany a overeny. V pripadoch, ked disipacia PRC nie je izotropna
s akumuléciou sledovanych latok, moznym rieSenim je pouZzitie paralelne uloZenych APV
a RPV vzorkovacov. V pripade, ze v oboch typoch vzorkovacov je akumulécia kontrolovana
diftziiou vo WBL, zkinetiky elimindcie PRC z RPV vzorkovada je mozné odhadnut

I vzorkovaciu rychlost’ pre APV vzorkovac.
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Obrazok 9 Percento PRC zostavajuce vo vzorkovaci (Gerstel Twister, 2x0.5 cm) ako funkcia
KewxM®*. Ako PRC boli pouzité PCB kongenéry, ktoré sa bezne nevyskytuji v technickych

zmesiach PCB. Fity modelovou funkciou (36) st zobrazené ako plné ¢&iary. (Vrana,

nepublikované).
Vzorkovacia rychlost (Rs 300)
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Obrazok 10 Vzorkovacie rychlosti latky s moélovou hmotnostou 300 g/mol (Rs 300) vo
vzorkovacoch Gerstel Twister (2x0.5 cm) po roznej dobe expozicie v kalibraénom systéme
opisanom v &asti 7.6.4., odhadnuté zPRC dat modelom podPa rovnice (36). (Vrana,

nepublikované).
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In situ kalibra¢na technika, ktora vyuziva PDMS disky (s pridanymi PRC latkami)
Vv paralelnej expozicii s APV vzorkovaémi na baze Empore diskov, bola po prvykrat
demonstrovana v praci (Shaw et al., 2009) a nasledne pouzitd napr. v Dunajskej expedicii
JDS3 (Vrana et al., 2015b). Alternativnou metdédou merania prestupu latky in situ je tzv.
»pasivny monitor toku*, ktory je zalozeny na rychlosti rozpust'ania sadrového bloku s ur¢itym

povrchom v zavislosti od rychlosti prudenia vody (Sara O’Brien et al., 2009).

8 Zabezpecenie a kontrola kvality a Standardizacia

Aby sa pasivne vzorkovanie stalo akceptovanou metddou, pouzitelnou na regulaéné
monitorovanie kvality vod v Europe a vo svete, je potrebné vyvinut’ pre tuto technologiu
valida¢né schémy a tiez postupy zabezpecenia a kontroly kvality. Podobne ako pre etablované
metody analyzy rdéznych znecistujicich latok v réznych environmentdlnych matriciach, je
potrebny cely rad valida¢nych aktivit, zahfiiajici napr. vyvoj certifikovanych referenénych
materialov, organizaciu medzilaboratornych porovnavacich testov zameranych na odber

vzoriek a ich analyzu, a tieZ publikacia Standardizovanych metod a noriem.

8.1 Medzilaboratdrne testy

Prvé pokusy porovnat’ r6zne metdody monitorovania znecist'ujucich latok vo vodéch, ktoré by
mohli potencidlne byt' pouzité v regulacnom monitorovani podl'a RSV boli uskuto¢nené v
ramci FP6 EU projektu SWIFT-WFD (Gonzalez et al.,, 2009). V ramci projektu bolo
uskuto¢nenych 1 niekol'ko terénnych porovnani pasivnych vzorkovafov, s dérazom na
vzorkovanie hydrofobnych latok (Allan et al., 2010, 2009). Tieto prvé pokusy ukazali, ze
napriek roéznorodosti pouZitych vzorkovafov, metdd analyzy a vyhodnotenia dat, vysledky
merania koncentracie vo vode boli konzistentné a boli navrhnuté opatrenia, ktoré by mali
znizit' variabilitu metody. Nasledne organizovalo franctizske referencné laboratdérium pre
oblast vod AQUAREF medzilaboratérnu S$tadiu, ktord hodnotila meranie vybranych
polarnych pesticidov, polycyklickych aromatickych uhl'ovodikov a kovov réznymi pasivnymi
vzorkova¢mi v povrchovej a morskej vode (Miége et al., 2012). Hoci tato Stadia ukazala
sucasnu variabilitu technoldgie pasivneho vzorkovania, pouzity dizajn Stidie neumoZnil
hodnotit’ prispevok roéznych krokov v procese (t.j. vzorkovanie, analyza vzoriek, vypocet

koncentracie vo vode) k celkovej pozorovanej variabilite.

DalS$ia medzilaboratorna Studia bola organizovana v roku 2011 pod mojim vedenim v ramci

aktivit asocidcie NORMAN (Siet’ referencnych laboratorii pre monitorovanie emergentnych

39



latok v Zivotnom prostredi; www.norman-network.net) spolo¢ne s Europskym DG Joint

Research Centre. Stiidia bola naplanovana ako tzv. ,learning® aktivita, ktorej cielom bolo tiez
zhodnotit’ variabilitu metddy, ale na rozdiel od stidie AQUAREF hodnotila tiez r6zne zdroje
neistoty pasivneho vzorkovania. Cielom eSte nebola validacia metody, ale najméd snaha
identifikovat’ slabé miesta technologie, kde je potrebny dalsi vyvoj. Na rozdiel od
predchadzajicich stadii boli testované najmi polarne latky (napr. farmaceutikd, polarne
pesticidy, steroidné hormoény, pefluorované latky) pomocou APV vzorkovacov, ale tiez
extrémne hydrofobne bromované spomal’ovade horenia (Vrana et al., 2015a, n.d.). Stadie sa
zucastnilo 30 laboratérii, a kazdé znich mohlo pouzit’ v porovnavacej Studii svoj vlastny
dizajn vzorkovacov. VSetky vzorkovace sa exponovali na jednom odberovom mieste vo
vycCistenej odpadovej vode z komunalnej dCistiarne odpadovych vod v Brne-Modriciach.
Navyse, pre kazd( skupinu analytov organizator exponoval velky pocet (cca 400)
vzorkovacov jedného typu, ktoré boli nasledne rozoslané spolu s testovanymi vzorkovanémi
na analyzu ucastnikom S$tadie. Tento postup umoznil vyhodnotit’ prispeky réznych

analytickych a interpretacnych pristupov k celkovej variabilite dat.

Karbamazepin

05 - . e , . ;.
140% O variabilita v ramci laboratdria

B medzilaboratorna variabilita

120% H
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80% -

60%
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v | =l
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Obrazok 11 Variabilita vysledkov medzilaboratéorneho porovnania pasivnych vzorkovacov na
roznych trovniach analytického postupu: priklad pre litku karbamazepin. STD - roztok
Standardu; NPS — pasivny vzorkova¢ poskytnuty organizitorom; PPS — pasivne vzorkovace

ucastnikov. (N) — mnozZstvo; (Cw) — koncentracia vo vode. (Vrana a Kkol., nepublikované.)
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Stadia priniesla niekol’ko na prvy pohl'ad prekvapivych zisteni. Vo vi&sine pripadov bola
pozorovana medzilaboratdrna variabilita asi patkrat vysSSia ako vnutrolaboratorna preciznost’
(Obrazok 11). Podobné vysledky merania, ziskané jednotlivymi laboratoriami pre rozne typy
vzorkovacov, a tiez nizka variabilita vysledkov v ramci jednotlivych laboratorii naznacuju, ze
proces vzorkovania prispieva k celkovej variabilite merania menej ako nasledna laboratorna
analyza. Zucastnené laboratoria mali problém s presnym stanovenim mnozstva sledovanych
latok vo vzorkovaci, ako aj s vypoctom koncentracie latky vo vode z mnozstva latky
sorbovaného vo vzorkovaci. Vysledky merani kompozitnych vzoriek vody sa nachadzali
Vintervale hodndt pasivneho vzorkovania. V budtcnosti bude potrebné vyrazne zlepsit
presnost’ pasivneho vzorkovania, najmd pre APV vzorkovace. Celkovy zaver tejto
medzilaboratornej $tadie je, ze proces pasivneho vzorkovania prebicha podla ocakavania
s dobrou reprodukovatelnostou, ale laboratérid, ktoré vzorky analyzovali, mali vo
v§eobecnosti problém s laboratornou analyzou a interpretaciou dat. Zavery $tudie boli zaslané

na publikaciu v ¢asopise TrAC (Vrana et al., n.d.), stav august 2015).

8.2 Normalizacia pasivneho vzorkovania

V poslednych rokoch bol urobeny zna¢ny pokrok v normalizacii vzorkovacich metod. Jednym
z vystupov projektu STAMPS financovaného eurdpskou uniou vramci 5. rdmcového
programu bol vyvoj britskej narodnej normy o pasivnom vzorkovani (BSI, Publicly Available
Specification: Determination of priority pollutants in surface water using passive sampling
(PAS-61), May 2006., n.d.). Tento dokument sa stal podkladom pre pripravu medzinarodne;j
normy 1SO 5667-23:2011 (ISO, 2011), ktora predstavuje prakticki prirucku pre pasivne

vzorkovanie znecist'ujicich latok v povrchovych vodach.

9 Vyuzitie pasivneho vzorkovania v regulacnom monitorovani

9.1 Ramcova smernica o vode

Prijatim Ramcovej smernice o vode (RSV) 2000/60/ES (EU, 2000), ktora nadobudla uc¢innost’
V decembri 2000, sa meni pohl'ad na ochranu vodnych zdrojov. Orientuje sa na vytvaranie
podmienok pre trvalo udrzate'né vyuzivanie vodnych zdrojov. Kladie sa doraz na zachovanie
hydroekologickych potrieb krajiny. Tento meniaci sa vztah cloveka k vode vyZaduje zo
strany Statnych orgdnov a institicii zavedenie novych pristupov v chépani a zabezpec€ovani jej

ochrany, ktoré vychddzaju zpoziadavky zabezpecenia potrebného mnozstva vody
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Vv zodpovedajucej kvalite pre hospodarske vyuzitie, za podmienky zachovania prirodnych

funkecii tokov a prirodného ekosystému a krajiny.

V Ramcovej smernici o vode boli formulované nasledujuce hlavné ciele:

rozsirit ochranu vod na vsetky vody — tak povrchové ako aj podzemné,

- dosiahnut’ ,,dobry stav* vSetkych vod do roku 2015, $pecifikovany v smernici ako
environmentalny ciel’,

- aplikovat’ redlny integrovany manazment ludskych aktivit na baze riecnych
povodi,

- uplatiovat kombinovany pristup pri ochrane vod, t. j. subeznu aplikaciu
limitnych hodnét emisii a environentalnych noriem kvality (ENK) zivotného
prostredia, vratane vylicenia prisunu rizikovych prioritnych latok do vodného
prostredia a zniZovaniu obsahu prioritnych latok vo vodnom prostredi.,

- dosiahnut’ aplikiciu cien za uZzivanie vdd, zodpovedajucich ,,sprdvnym cenam®,

stimulujucich trvalo udrzatelny rozvoj,

- dosiahnut’ zapojenie celej spolo¢nosti do implementacie RSV,

vypracovat a prijat’ efektivnu legislativu.

9.2 Eurdpska stratégia boja proti znecistovaniu vod chemickymi latkami

Znecistenie povrchovych vod chemickymi latkami mo6Ze narasat’ vodné ekosystémy a
sposobovat’ bytok biotopov a zniZenie biodiverzity. Znecistujuce latky sa mézu hromadit’ v
potravnom retazci a Skodit’ dravcom, ktoré konzumuji kontaminované ryby. Ludia st
vystaveni zne€istujucim latkam konzumadciou ryb, pitnej vody a pripadne aj rekreacnymi
aktivitami. Znecistujuce latky sa mozu nachadzat’ v prostredi mnoho rokov potom, ako boli
zakazané. Niektoré sa moZu transportovat na velké vzdialenosti a moZno ich ngjst’ i1
v odlahlych oblastiach. Znec€ist'ujuce latky mozu prenikat’ do Zivotného prostredia z réznych
zdrojov, napriklad z polnohospodarstva, priemyslu, spalovanim, ako produkty alebo ako
neumyselne vypustané vedl'ajsie produkty. Mohli byt vypustané v minulosti, alebo sa aj

nad’alej uvolnuju z vyrobkov pouzivanych v kazdodennom zivote.

Stratégia boja proti znecistovaniu vod chemickymi latkami je vytyCend v clanku 16
Ramcovej smernice o vode 2000/60/ES (RSV) (EU, 2000). Ako prvy krok tejto stratégie bol
prijaty zoznam prioritnych latok (EU, 2001), ktory identifikoval 33 latok alebo skupin latok
prioritného zaujmu v povrchovych vodach v celej Eurdpskej tGnii kvoli ich rozSirenému

pouzivaniu a ich vysokym koncentraciam v riekach, jazera, brakickych a pobreznych vodach.
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Tento zoznam je revidovany kazdé Styri roky a podla potreby aktualizovany. Aktualny
zoznam zahfna hlavne organické zluceniny vratane roznych pesticidov, niektoré polycyklické
aromatické uhlovodiky (PAU), benzén, halogénované rozpustadla, spomalovace horenia,

zmakcovadla, povrchovo aktivne latky, antivegetativne pripravky a aj niektoré t'azké kovy.

9.3 Hodnotenie stavu znecistenia povrchovych vod prioritnymi latkami

Eurdpska komisia prijala Smernicu 2008/105/ES o environmentalnych normach kvality v
oblasti vodnej politiky (EU, 2008). Tato smernica stanovuje limity na koncentracie v
povrchovych vodach pre 41 nebezpeénych chemickych latok vratane 33 prioritnych latok a 8
d’alich znecist'ujtcich latok, ktoré predstavujii vyznamné riziko pre zdravie zvierat a rastlin
vo vodnom prostredi a pre 'udské zdravie. M4 za ciel' zabezpecit’ vysoku Uroven ochrany
proti rizikdm pochddzajucim z tychto 41 latok a stanovuje pre ne environmentdlne normy
kvality (ENK) na eurdpskej trovni. Okrem toho ¢lenské Staty EU ustanovuju ENK pre d’alSie
syntetické a nesyntetické Specifické zneCistujuce latky relevantné pre jednotlivé povodia,
ktoré mézu mat’ Skodlivy G€inok na biologicku kvalitu, a ktoré su vypastané do povrchovych
vod vo vyznamnych mnozstvach. Podl'a RSV dodrziavanie ENKs pre prioritné latky je
sucastou hodnotenia chemického stavu utvarov povrchovych vod. Dodrziavanie ENK pre
Specifické znecistujuce latky je stcastou hodnotenia ekologického stavu. Pre dodrziavanie
predpisov na hodnotenie stavu vod boli prijaté ENK pre vnutrozemské povrchové vody (rieky
a jazerd) a d’alSie povrchové vod (prechodné, pobrezné a teritoridlne vody). Boli stanovené
dva druhy ENK: ro¢nd priemernd koncentracia (RP-ENK) pre ochranu proti dlhodobym a
chronickym uc¢inkom, a maximdalne pripustnd koncentracia (NPK-ENK), aby sa predislo
nezvratnym vaznym dosledkom pre ekosystémy v dosledku akutnej kratkodobej expozicie.
Vzhl'adom na nedostato¢ny rozsah spolahlivych informacii o koncentraciach prioritnych latok
v Zivych organizmoch a v sedimentoch na trovni Spolocenstva, ako aj na skuto€nost’, Ze
informacie o povrchovych vodach poskytuji dostatocny zaklad pre zabezpecenie komplexnej
ochrany a ucinnej kontroly znecistenia, hodnoty ENK boli v tomto §tadiu pre vacsinu latok
odvodené pre povrchové vody. V pripade troch prioritnych latok (ortut’, hexachlorbenzén a
hexachlorbutadién) boli ENK odvodené pre koncentracie v organizmoch (biote). S vynimkou
kadmia, olova, ortuti aniklu ENK st vyjadrené ako celkova koncentracia stanovena vo
vzorke vody. V pripade kovov ENK odkazuji na koncentraciu rozpustenych latok, t.j.

koncentraciu v kvapalnej faze vzorky vody ziskane;j filtraciou cez 0.45 um filter.
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Sediment a vodné organizmy (biota) su tiez doblezitymi matricami pre monitorovanie
niektorych prioritnych latok a inych znecistujucich latok, ktoré maji tendenciu hromadit’ sa v
nich, s cielom posadit dlhodobé vplyvy Tludskej cCinnosti a casové trendy. Cielom
monitorovania je zabezpecCit, aby sa existujice urovne kontaminacie v zivych organizmoch
a v sedimentoch nezvySovali. V tejto suvislosti je relevantné monitorovat’ v sedimente a biote
latky s akumulacnym potencidlom ako st polybromované difenylétery (PBDE), Cip-Ci3
chloralkédny, bis(2-etylhexyl)ftalat, hexachlorbenzén, hexachlérbutadién, hexachlor-
cyklohexan, pentachlorbenzén, polycyklické aromatické uhlovodiky, tributylcinicity kation

a kovy kadmium, olovo a ortut’.

V roku 2013 bola prijatda Smernica Eurépskeho parlamentu a Rady 2013/39/EU, ktorou sa
menia smernice 2000/60/EC a 2008/105/EC, pokial’ ide o prioritné latky v oblasti vodne;j
politiky (EU, 2013). Obsahom tejto smernice je rozSirenie zoznamu prioritnych latok o 12
novych latok a aktualizdcia hodndt ENK pre prioritné laty v povrchovych vodach. Bertc do
uvahy tendenciu niektorych latok bioakumulovat’ sa, pre 8 prioritnych latok boli zavedené
ENK hodnoty ako maximalne pripustné koncentracie v biote (v mékkySoch alebo v rybach).
Na zaklade smernice musia ¢lenské Staty postupne zaviest' program na monitorovanie
koncentracie tychto latok latok v zivych organizmoch alebo vo vode, ahodnotit, ¢i stav

povrchovych vdd vyhovuje novo zavedenym ENK.

ENK pre matricu ,biota* su odvodené ako koncentracie v rybach, s vynimkou pre
polycyklické aromatické uhlovodiy, kde sa uvddza odkaz na ryby, kdrovce a makkyse (v
stilade s pravnymi predpismi o bezpecnosti potravin). Clenské §taty EU sa mdzu rozhodnit’,
pouzivat’ pri hodnoteni stavu povrchovych vod ENK v inej matrici, ako je Specifikovana
v smernici 2013/39/EU, pripade pre iné druhy zivoCichov, ako st uvedené v smernici.
V pripadoch, kde je ENK nastavena pre zivé organizmy, je dovolené, aby prislusné normy
bolo mozno odvodit ako ekvivalentné koncentracie vo vodnom stipci (pomocou
biokoncentraéného faktora (BCF)/biomagnifikacného faktora (BMF ) alebo bioakumula¢ného
faktora (BAF)). Jednotlivé &lenské $taty EU sa mozu rozhodnut, v ktorej matrici budu
monitorovat’ prioritné latky za ucelom hodnotenia stavu vdd, ale musia pritom zvazit rad
praktickych a etickych otazok, ako je napriklad nutnost’ merat’ extrémne nizke koncentracie

latok vo vodach, alebo potreba odlovu velkého mnoZstva ryb na ticel monitorovania.
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9.4 Poziadavky na analytické metody vo vztahu k hodnoteniu povrchovych

vod podl'a Ramcovej Smernice o vode

Pri kontrole kvality a stavu vod je nevyhnutné, aby boli zabezpecené vyhovujuce analytické
nastroje, umoziujuce stanovovat’ hladiny znecist'ujucich latok sledovanych na medzinarodne;j
urovni (napr. monitoring hrani¢nych tokov), ako aj na vnutrostatnej Urovni (potreby dané

Specifickymi zdrojmi znecistenia).

Vsetky analytické metddy, ktoré sa pouziji na ucely programov chemického monitorovania
stavu vod, musia spiiat’ uréité minimalne pracovné kritéria vratane pravidiel neistoty merani a
limitov kvantifikacie metéd (EU, 2009). Vsetky metddy analyzy vratane laboratornych,
terénnych a on-line testov pouzivanych na ucely programov sledovania chemickych latok,
uskuto¢novanych v sulade s RSV, maju byt validované a dokumentované v sulade s normou
EN ISO/IEC-17025 alebo inymi zodpovedajiicimi normami uznanymi na medzinarodne;
urovni. VSetky pouzZivané analytické metody stanovenia sa musia opierat’ o hodnotu neistoty
merania 50 % alebo nizsiu (k = 2) odhadnutti na koncentracnej Grovni prislusnej ENK a limit
kvantifikécie rovny alebo nizsi ako 30 % prislusnej ENK. Ak v pripade niektorého parametra
neexistuje prislusna ENK, alebo ak neexistuje analytickd metdda spifajuca vyssie uvedené
minimdlne pracovné kritérid, prisluSna smernica vyzaduje, aby sa monitorovanie
uskutoc¢niovalo s pouzitim najlepSich dostupnych technik, ktoré nespdsobuji prilisné

zvySovanie nakladov.

Laboratoéria musia preukazat’ svoju sposobilost’ na analyzovanie prislusnych latok ucast'ou na
programoch testovania odbornosti, ktoré zahfiiaji analytické metddy na trovni koncentracii,
ktoré su reprezentativne pre programy monitorovania chemickych latok uskutocnované podla
RSV a analyzou dostupnych referenénych materidlov, ktoré reprezentujii odoberané vzorky

obsahujuce primerané koncentracie vzh'adom na prislusné ENK (EU, 2009).

9.5 Pouzitel'nost pasivneho vzorkovania na monitorovanie prioritnych

latok podl'a RSV

Aktualizovand smernica o environmentalnych normdach kvality odporuca c¢lenskym Statom
aktivne postupovat’ pri implementacii inovativnych monitorovacich nastrojov na hodnotenie
koncentracii a trendov prioritnych latok v povrchovych vodach: ,Nové metody
monitorovania, ako napriklad pasivne odbery vzoriek a iné nastroje, sa z hl'adiska buduceho

uplatiiovania javia ako sI'ubné a mali by sa preto d’alej rozvijat* (EU, 2013).
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Podobne, ako je akumulacia hydrofébnych/lipofilnych latok do tkaniv vodnych zivocichov
hnané lepSou rozpustnostou tychto latok v lipidoch ako vo vode, je aj prestup tychto latok
zvody do pasivneho vzorkovaca zalozeny na lepSej rozpustnosti organickych latok
v materiali, z ktorého su vzorkovace zhotovené. Tieto vlastnosti pasivnych vzorkovacov

urcuju ich potenciadlne vyuzitie v regulacnom monitoringu, najma pre hydrofébne latky.

Potencial pasivneho vzorkovania na podporu monitorovania zneéistujucich latok pri
implementécii RSV bola prvykrat diskutovany na ad hoc expertnom stretnuti, organizovanom
v roku 2009 asociaciiou NORMAN (“NORMAN Expert Group Meeting: Passive Sampling of
Emerging Pollutants: state of the art and perspectives 27 May 2009 - Prague, The Czech
Republic,” 2009) a v pozicnom dokumente, ktory bol spracovany na zaklade tejto diskusie
(Vrana et al., 2010). Dal§imi iniciativami, kde bola rie§end problematika vyuZitia pasivnych
vzorkovacov v regulatnom monitoringu bol ,,Utrechtsky seminar* (“Include passive sampling
in WFD-monitoring? Passive Sampling Workshop, Utrecht, The Netherlands 9-10 November
2011,”> 2011), workshop organizovany SETAC o metodach pasivneho vzorkovania
v sedimentoc h (Parkerton et al., 2012), ICES workshop o pasivnom vzorkovani a pasivnom
davkovani (International Council for the Exploration of the Sea, 2013), workshop
organizovany RECETOXom a asocidciou NORMAN (“Linking Environmental Quality
Standards and Passive Sampling,” 2013) a napokon workshop organizovany asociaciou
NORMAN v spoluprici s francuzskym referencnym laboratériom pre oblast’ vod AQUAREF
(Miege et al., 2015, 2014).

Pasivne vzorkovanie je povaZované za monitorovaci ndstroj — rovnovaznu (alebo
nerovnovaznu) extraként techniku, ktora umoziuje stanovit’ koncentracie vol'ne rozpustenych
prioritnych latok vo vode. Alternativne sa na vzorkova¢ mdze nahliadat’ ako na referen¢nti
matricu (zlozku Zivotného prostredia), ktora je homogénna a ma dobre definované vlastnosti,
ktoré st malo ovplyvnené okolitym prostredim. Vysledky merani latok pasivnym
vzorkovanim sa mézu prepocitat’ (konvertovat’) v stilade s tedriou rovnovaznej distribucie na
ekvivalentné¢ koncentracie latky v inych zlozkach Zzivotného prostredia. NajCastejSie ide
0 prepocet koncentracie latky vo vzorkovaci na koncentraciu latky vol'ne rozpustenej vo vode,
V principe je ale mozné urobit’ i prepocet na rovnovaznu koncentraciu latky v lipide vodnych

zivocichov (Jahnke et al., 2008).
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Tabulka 1. Vyhody (+) a nevyhody (-) priameho a pasivneho odberu vzoriek vody a mozné

rieSenia

Priamy odber vzoriek vody

Pasivne vzorkovanie

Analyticka
porovnatelnost’

vysledkov merani

+

tradiény pristup s dlhodobou
histériou vyvoja metdd,
dostupnost’ validovanych metéd

a interkalibracnych studii

+/-

tréning laboratérii a dalSia kalibracia
vzorkova€ov umozni vyrazne zlepSit

vzajomnu porovnatelnost merani

Vzajomna
porovnatelnost’
vysledkov merani
z réznych vodnych

utvarov

vzorky vody z réznych utvarov,
v rbznych rezimoch toku
a v rdznych obdobiach roka maju
odlisné zloZenie matrice; celkova
koncentracia nedostatocne
reflektuje riziko, ktoré znecistujuce
latky predstavuju pre vodné

zivoGichy

+/-

pasivny vzorkova¢ pozostava
z materialu (matrice) s dobre
definovanym zloZenim v r6znych
podmienkach prostredia; vysledky
merani sU navzajom priamo
porovnatelné a umozriuju
identifikaciu priestorovych
a Casovych trendov znecistujucich

latok vo vodach

Meranie velmi nizkych

koncentracii

bezne pouzivany odber malého

objemu vody (niekolko litrov na

ucel analyzy) nie je vhodny na
meranie ultrastopovych

koncentracii latok vo vodach

+

pasivna akumulacia znecistujucich
latok do vzorkovaca z velkého

objemu vody (az niekolko tisic litrov)

umozniuje dosiahnut extrémne nizke

medze stanovenia latok vo vode

Reprezentativnost’

vzoriek

vysledok merania z bodového
odberu vody reprezentuje iba
koncentraciu za velmi kratky

Casovy Usek

+

pasivne vzorkovanie poskytuje
integrativnu vzorku, ktora je mene;j
citliva na kratkodobé zmeny vo

vzorkovanom vodnom Utvare

Z koncentracie latky v pasivhom vzorkovaci je mozné odhadnit volne rozpusteni

koncentraciu latky rozpustenej latky, ktord predstavuje hnaciu silu pre biokoncentraciu latok
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do tkaniv vodnych Zivoc¢ichov. Pasivne vzorkovace teda umoznuju stanovit’ koncentraciu, v
z rovnovazneho pasivneho vzorkovania je mozné kovertovat na koncentracie v lipide
organizmu, ktory je v rovnovahe s prostredim, v ktorom zije. Tento pristup je podobny, ako
ked sa koncentracie organickych latok v sedimente normalizuji na obsah organického uhlika
a nasledne konvertuji na koncentracie v inych environmentalnych matriciach. Na rozdiel od
sedimentov v pripade pasivnych vzorkovacov nie je potrebné brat’ do tvahy variabilnu
povahu organického uhlika, pretoze polymérne sorbenty pouzivané na konstrukciu pasivnych

vzorkovacov maju dobre definované a konstantné vlastnosti.

Aplikacia pasivnych vzorkovacov moéze pomoct zefektivnit monitorovanie a nasledné
hodnotenie a kvality vody, znizit naklady spojené s monitorovanim, najméd pre latky
s extrémne nizkymi koncentradciami vo vodnej faze a pre latky, ktorych koncentracie kolisu
Vv Case. Integrativne pasivne vzorkovanie méd oproti bodovym odberom vzoriek vyhodu,
pretoze poskytuje priemernt koncentraciu analytu vo vzorkovanej matrici za dlhsie ¢asové
obdobie. Nizsie st uvedené niektoré poziadavky na monitorovanie vod a porovnanie pre

priamy a pasivny sposob odberu vzoriek.

9.5.1 Hodnotenie stiladu s ENK pre matricu voda

Na hodnotenie chemického stavu vodného Gtvaru podl'a Ramcovej smernice o vode st urcené
ENK (EU, 2008)(EU, 2013). Tie sa zvy¢ajne vyjadruju ako ako AA-ENK (ro¢ny priemer) a
MAC-NEK (maximalna pripustna koncentracia). Ten je zvyCajne vyjadrena ako vysoko
percentil, napr 90%(Hanke et al., 2009).

Chemické monitorovanie diskrétnych environmentalnych vzoriek vacsinou spiia legislativne
poziadavKy na analytické metody (EU, 2009), ale existuju situacie, kedy pasivne vzorkovanie
modze byt velmi uZitocné a doplnit’ chybajuce informacie. Je zrejmé, Ze ked medza
stanovenia vo vzorkach vody odobranych klasickym spdsobom je vyssia ako 30% prislusne;j
ENK (a preto nie je mozné hodnotenie stavu vodného utvaru v sulade s vysSie uvedenymi
legislativnymi normami) pouzitie metdody pasivneho vzorkovania, ktorda ma vyhovujicu

medzu stanoveni, predstavuje logicku alternativu.

V pripade, ze medza stanovenia metddy pasivneho vzorkovania + prisluSna neistota
neprekracuje prisluSnt hodnotu ENK, je mozZné vykonat’ hodnotenie chemického stavu ttvaru

vod pre danu latku iV pripade, Ze rozSirend neistota merania pri koncentracii rovnej ENK
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nespliia sucasné pravu poziadavky, t.j. aby neistota stanovenia bola nizsia ako 50% (k=2)(EU,
2009).

Dalim pripadom, ked’ méze byt vyhodné pouzit’ pasivne vzorkovanie, je ak koncentracie
koliSu v Case, €o nastava najma U pripravkov na ochranu rastlin v malych vodnych utvaroch.
V takom pripade je relevantné kontrolovat’ dodrzanie MAC-ENK. Pasivne vzorkovanie sice
poskytuje informaciu iba o ¢asovo vazenom priemere koncentracie pocas expozicie (alebo
pocas polcasu ustdlenia rovnovahy, ak je polcas krat$i ako doba expozicie), ale integrativny
charakter vzorkovania umoziuje ,,zbadat™ kratkodoby pulzny narast koncentracie. Faktom je,
Ze intenzita ani trvanie takéhoto pulzného narastu koncentracie sa neda odvodit’ z jedného
odberu pasivneho vzorkovaca. Napriek tomu pasivne vzorkovanie umoznuje vyrazne znizit
pravdepodobnost’, Ze takato udalost’ ostane nepovSimnutd, ako to Casto byva v pripade
pouzitia konvencného bodového odberu vzoriek S mesacnou frekvenciou odberu. Na
odberovych profiloch, kde pasivne vzorkovace nameraji najvyssie priemerné koncentracie, je
nasledne mozné naplanovat’ intenzivnejSie vzorkovanie (napr. pomocou automatického

vzorkovaca), ktoré potvrdi alebo vyvrati prekro¢enie prislusnej ENK.

Organické znecistujuce latky vo vodach sa mozu vyskytovat’, v zavislosti od charakteru ich
vypustania, s variabilnymi alebo relativne konStantnymi koncentraciami. Na zéklade
fyzikalnochemickych vlastnosti sa moézu latky rozdelit na hydrofilné (log Koy < 4)
a hydrofobne (logKow >4), a pre tieto dve skupiny je nutné pouzit’ dva rézne typy pasivnych
vzorkovacov. Tabulka 2 poskytuje prehlad pouzitelnosti pasivnych vzorkovacov pri
monitorovani latok vo vodach. V pripadoch, ked koncentracie latok v prostredi koliSu iba
malo, pasivne vzorkovanie je preferovanou technikou odberu, aich hlavna vyhoda je v
moznosti dosiahnut’ vel'mi nizke hodnoty medze stanovenia. Pripadné vykyvy koncentracii su
Vo vzorke integrované, preto ziskana vzorka dobre reprezentuje priemerné zlozenie vody vo

vodnom tutvare za dlhsie ¢asové obdobie.

Dalsiu komplikaciu v hodnoteni stavu pod’la RSV predstvuje fakt, Ze podl'a smernic, ktoré
v sucasnosti platia (EU, 2008)(EU, 2013), hodnotenie suladu s ENK sa ma vykonavat
porovnanim ,,celkovej* koncentracie latky vo vodnom stipci, zatial' &o pasivne vzorkovanie
poskytuje iba informaciu o rozpustnej koncentracii Csee. V pripade, Ze koncentracia
celkového organického uhlika (TOC) vo vodnom stipci neprekro¢i hodnotu 10 mg/l,
vyskytuji sa latky, ktorych log Koy < 5 vo vode prevazne v rozpustenej forme (teda
nenaviazané na Castice) (Obrazok 12). Pre takéto latky je meranie pomocou pasivneho

vzorkovania mozné pouZzit' na priame porovnanie s hodnotou ENK.
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Podiel rozpustenej latky

120%
100% —X\
80% \ \ \ ——0.1mg/!
60% —1mg/I
\ \ \ 10 mg/|
40% \ \ \
20% \
0% x T g—
0.0 2.0 4.0 6.0 8.0 10.0
log Kow

Obrazok 12 Odhad podielu rozpustenej latky (Cs.) VO vVode Vv zavislosti od jej hydrofobnosti

(log Ko) pre tri rozne koncentracie celkového organického uhlika [TOC] vo vodnom stipci. Na

odhad bol pouZity vzt'ah K, = 0.41xK,,, (Karickhoff, 1981) a model Csee/Ciotas = 1/(1+[TOC]XKy).

Iné situacia vznikéd pre hydrofobnejSie latky, pre ktoré sa volne rozpusteny podiel vo vode

prudko znizuje srasticou hodnotou log Koyy. V takom pripade je rieSenim odvodit

z legislativne ukotvenej ENK pre celkovu koncentraciu ,,odvodent‘ hodnotu normy kvality,

ktora poskytuje rovnaku uroven ochrany vodnych Zivoéichov ako povodna ENK, ale vztahuje

sa na rozpusteni koncentraciu latky vo vode ENKyogac free (Whitehouse and Paya-Perez,

2011). Hodnoty Ciree, ziskané pasivnym vzorkovanim, je Vv takomto pripade mozné porovnat

s odvodenou hodnotou ENK gac free | pre hydrofobnejsie latky.

Tabulka 2. Pouzitel’nost’ pasivneho vzorkovania na hodnotenie stavu znec¢istenia vod

logKow Konstantna koncentracia Fluktuujuca koncentracia
Adsorp&né pasivne vzorkovanie ma rolu
Vyhody pasivneho vzorkovania oproti skriningového nastroja, ale moze byt
<4 Standardnému postupu vzorkovania véd preferovanou metddou v pripade, ze
bodovymi odbermi si obmedzené neistota vzorkovania je mensia ako
variabilita koncentracie vo vode
Rozdelovacie pasivne vzorkovace Rozdelovacie pasivne vzorkovace
umoznuju stanovenie volne rozpustenej poskytuju informaciu o priemernej
>4 koncentracie hydrofébnych latok vo vode, hodnote koncentracie, ale neumozriuju

hlavne v pripadoch extrémne nizkych

hodnét environmentalnych noriem kvality

stanovit' maximalnu koncentraciu latky

poc&as kratkodobého vykyvu koncentracie
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9.5.2 Hodnotenie stladu s ENK pre matricu biota

Smernica 2013/39/EU (EU, 2013) umoziiuje pre latky s bioakumulaénym potencialom pouZit
na hodnotenie chemického stavu vod koncentracie namerané v tkanivach vodnych zivocichov.
Pre skupinu 8 latok urcuje i prislusné ENK pre biotu na urovni Spolocenstva. Vyhodou
pouzitia bioty (napr. ryb) pri monitorovani chemickych latok je, ze mnohé z tychto latok sa vo
vode vyskytuju len vo vel'mi nizkych koncentraciach, ale v dosledku bioakumulécie su ich
koncentracie dobre meratelné v tkanivaich vodnych zivo¢ichov pouzitim dostupnych
analytickych met6d. DalSou vyhodou tohto pristupu je, Ze meranie koncentracii v tkanive
zivoCichov umoziiuje priamo hodnotit’ ich expoziciu, ak tieto latky nie su aktivne
metabolizované. Pouzitie organizmov na monitorovanie chemickych latok vSak prinasa

niekolko problémov:

* neistota sposobena variabilitou vzorkovanych druhov, velkosti, veku, pohlavia,
fyziologického stavu a trofickej urovne organizmov, modze zaniest do procesu
hodnotenia stavu vod vyznamné skreslenie. Dal§im problémom je vysledna variabilita,
ktora komplikuje hodnotenie ¢asovych alebo priestorovych trendov sledovanych latok,
¢o mdze obmedzit moznost’ porovnat vysledky merani pre rovnaku latku medzi
regionmi

» druhy ryb alebo inych vodnych zivocichov, potrebné pre monitorovanie chemickych
latok, nemusia byt k dispozicii na v§etkych odberovych miestach

* monitorovanie bioty je ekonomicky (a prakticky) uskutocnitelné iba S nizSou
frekvenciou odberov, ako je frekvencia odberov vzoriek vody

* je potrebné destrukéné vzorkovanie (nutnost’ zabitia zivocichov odobranych na ucel
monitoringu), ktoré v pripade intenzivneho odlovu ryb za twéelom chemického

monitorovania moze dokonca ohrozit’ miestne populacie ryb

Hoci je dostupna technicka prirucka Eurdpskej komisie na monitorovanie chemickych latok v
biote v povrchovych vodach (Deutsch et al., 2014), data ziskané tymto sposobom budu vel'mi
pravdepodobne zat'azené znacnou variabilitou, a v dosledku toho i hodnotenie vdd bude
zatazené zvysenou neistotou. To bude komplikovat’ nésledné rozhodnutia vodohospodarov

pri nastaveni opatreni na zlepSenie kvality vod.

Potencidlnym rieSenim problémov spojenych s chemickym monitorovanim v zivych
organizmoch je aplikovat’ abiotické metddy monitorovania, napr. pomocou pasivnych

vzorkovacov, ktoré poskytni “"biomimetické" meranie znecistujucich latok, t.j. budd

o1



simulovat’ proces biokoncentracie znecCistujucich latok z vody do vodnych organizmov S

nizkou inherentnou variabilitou.

Rozdel'ovacie koeficienty vzorkovac-voda (Ks,) st v prvom priblizeni rovné hodnote
rozdelovacieho koeficienta v systéme oktanol-voda (Kqw). Vzhl'adom na to, Ze parameter Koy,
sa pouziva ako surogat lipidov, ktory sa pouziva na opis biokoncentracie latok do
organizmov, existuje i vztah medzi akumuldciou latok do pasivnych vzorkovacov a do
organizmov. Za predpokladu, ze kvantitativne vztahy su dostatocne charakterizované
(Rovnica (37), vysledky merani z RPV umoznuji predikovat’ koncentracie znec€ist'ujucich
latok v biote a moézu sa potencialne pouzit' ako nahrada monitorovania chemickych latok
pomocou bioty:

Cos _ C.fipia _ ENK_  ENK f

ST C . C ENK,,q ENK

lipid @37)

biota

K

biota

kde Ks,lipig je rozdel'ovaci koeficient latky medzi vzorkovacom a lipidom, Cjipig je koncentracia
latky v biote, vztiahnutd na koncentraciu v lipide, fiipig je podiel lipidu v tkanive organizmu

a ENKjipig je hodnota ENKjpjota vyjadrena na zaklade koncentracie v lipide.

Néavrh, aby sa konverzia vysledkov merani pasivhym vzorkovanim prepocitala pomocou
vysSie uvedenej rovnice na ekvivalentna koncentraciu v modelovom lipide (napr. trioleine), a
aby aj prislusna hodnota ENK bola vyjadrena ako koncentracia v lipide (Jahnke et al., 2008),
zial’ nenachadza v sucasnosti podporu u expertov, ktori st zodpovedni za pripravu technicke;j
dokumentécie na podporu implementacie RSV. Jednym z dovodov je, Ze tento pristup vnasa
do procesu hodnotenia stavu vod d’alSiu neistotu, a tiez preto, Ze ciele ochrany takouto ENK
by boli tazko komunikovatelné vo vztahu k verejnosti. Vyhodami takéhoto pristupu je, Ze
ENKjipig ma vztah ku koncentracii latok vo vodnych organizmoch, a tiez, Ze pre velmi
hydrofobne latky hodnota ENK nepredstavuje extrémne nizku koncentraciu, ako je to Casto
v pripade ENKyoga. V sucasnosti je pomerne tazké vysvetlit neodbornikovi Vv tejto oblasti a
presvedcit’ verejnost’, Ze koncentracie latok vo vode, ktoré sa pohybuju radovo v pikogramoch

na liter, mozu spdsobovat’ poskodenie ekosystému a st Skodlivé.

Vzhl'adom na to, Ze biomimeticka extrakcia je zaloZena na jednoduchom fyzikdlnom procese
rozd’elovacej rovnovahy, neméze dokonale opisat proces bioakumulacie, ktory zahina i
akumulaciu v potravnom retazci, a tiez metabolizmus. Preto pasivne vzorkovanie simuluje
iba proces biokoncentracie v organizmoch, ktoré sledované latky nemetabolizuju (Verbruggen

et al., 2000, 1999). Vo vseobecnosti nie je ani mozné priamo porovnavat koncentraciu
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ziskant pasivnym vzorkovanim s hodnotou ENKpjsa. HOCI pre niektoré druhy Zivocichov sa
nasla vel'mi dobra korelacia medzi koncentraciami latok v pasivnych vzorkovacoch a v biote

(Smedes, 2007), pre iné druhy bola tato korelacia slaba (Ashton et al., 2012).

V principe je mozné nepriame hodnotenic stladu s ENK pre matricu biota pomocou
pasivneho vzorkovania. RPV poskytuji spolahlivé meranie (so zndmou neistotou) volne
rozpustenej koncentracie Cgee VACSiny latok, ktoré maju tendenciu akumulovat’ sa v biote.
Vychadzajuc z vyssie uvedenej tézy, ze Cyee je najrelevantnejsi parameter expozicie vodnych
organizmov u¢inkom znecistujucich latok, koncentracie latok vo vzorkovaci iV biote su
priamo umerné hodnote Cgee (Obrazok 13), atento vztah je mozné pouzit' ako spolo¢ny

menovatel pri hodnoteni suladu s ENK.

rovnovazna koncentracia
v pasivhom vzorkovadi

Ko o = i — Cpsif“"'d
@ P Clipid Cbiota O O

koncentracia v biote

Cipis __ Chiowa

flipidC

BAF = BCF xBMF =

free free

—_— A A C

volne rozpustena

koncentracia vo vode
[ . P

Obrazok 13 Distribuicia organickych latok medzi vodou (vol’ne rozpustna koncentracia), vodnou

biotou a rozdePovacim pasivnym vzorkovacom.

Zatial' ¢o vztah koncentracie Cps Ku Csree je pomerne jednoduchy a da sa charakterizovat
znamou neistotou (Lohmann et al., 2012), v pripade bioty je vztah medzi Cpioa @ Ctree OVela
komplexnejsi a zahffia nielen biokoncentraciu (charakterizovanti BCF), ale aj akumuléaciu
latky  potravou v trofickom retazci, charakterizovanti  bioakumulaciou (BAF)

a biomagnifikaciou (BMF).

Aby bola mozna kontrola stladu s ENKjyjos, zaloZenom na monitorovani Cgree pOMOCOU
pasivneho vzorkovania, je potrebné najprv odvodit’ potrebné kritérium hodnotenia stladu; t.j.

prepocitat’ hodnotu ENKpiota N2 ENKyoda,cfree, ktord poskytne ekvivalentni ochranu vodnych
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organizmov pred negativnymi uc¢inkami sledovanych latok. Problém tkvie v tom, Ze sa pritom
musia pouzit’ hodnoty BAF, BMF a TMF, ktoré su zatazené¢ velkou variabilitou a mozu
potencialne vnasat’ vel'kt neistotu do takejto konverzie (Moermond and Verbruggen, 2013).
Konverzia je zmysluplnd len v pripade, ak je mozné variabilitu udrzat v rozumnych

medziach. Je to mozné urobit’ niekol’kymi pristupmi:

+ aplikaciou konzervativnych (maximalnych) hodnoty BAF

» aplikaciou BAF hodnot, ktoré tUzko suvisia slokdlnym ekosystémom
V monitorovanom vodnom utvare, aby bola zabezpecena dostato¢na ochrana lokalnych
vodnych Zivoc¢ichov

» starostlivym vyberom druhov monitorovanych organizmov zroznych trofickych
urovni, vo vztahu k cielom ochrany (t.j. ochrana l'udského zdravia, vodného vtactva,

vodnych cicavcov), receptorov, ktoré st ohrozené, ako aj expozicnych ciest

Tento spdsob hodnotenia chemického stavu, i spdsob zalozeny na monitorovani bioty su oba
zalozené na porovnani nameranych koncentracii s ENKpiga, ale pouzitie pasivneho
vzorkovania poskytuje vyhodu oproti monitorovaniu bioty, pretoze umoziuje vyhnat sa
neistotam, ktoré do procesu hodnotenia vnasa vzorkovanie bioty. Pri zvazovani, ktory sposob
je vhodnejsi, treba brat’ do uvahy i neistotu prepoctu hodnoty ENKpiota N2 ENK\oga,cfree, @KO @j

neistotu vzorkovania pomocou pasivnych vzorkovacov.

Pokial’ sa v buducnosti podari vymedzit' dobre definované kritérium ENKyoga,cfree, pasivne
vzorkovace moZu zohrat’ vyznamnu tlohu v regulacnom monitorovani znecistujicich latok,

ako sucast’ tzv. viacstupiiového procesu hodnotenia stavu vod.

9.5.3 Uloha pasivneho vzorkovania vo viacstupniovom procese hodnotenia stavu

A

vod

Pasivne vzorkovace je mozné pouzit’ v prvom stupni tzv. viacstupiiového procesu (tiered
approach) hodnotenia stavu chemického znecistenia vod a sedimentov (Deutsch et al., 2014).
Viacstupfiovy postup nastavenia monitorovacich programov sa pouZziva, pretoze
monitorovanie prioritnych latok vo vodnych organizmoch (v pripade hodnotenia chemického
stavu na zaklade ENK pre matricu biota) si vyzaduje vel'ké nasadenie vzorkovacich,
logistickych a analytickych kapacit. Preto je potrebné monitorovanie ststredit’ na oblasti
a vodné utvary, kde je zvySené riziko prekrocenia prislusnych ENK. V takychto oblastiach

modze nastat’ situdcia, Ze pozadované druhy zivolichov nie st k dispozicii, alebo su
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k dispozicii v nedostatoénom pocte, velkosti alebo vekovom rozmedzi. Existuje realne riziko,

ze prave v oblastiach, kde st prekrocené ENK, sa biota vobec nemusi vyskytovat’,

Viacstupiiovy skriningovy pristup umoziuje v niekol’kych krokoch identifikovat
problematické oblasti alebo hlavné zdroje rizik pre vodné Zivocichy. Tymto postupom sa
najprv rézne geografické oblasti zoradia podl'a informacie z dostupnych monitorovacich dat
alebo z modelovania, a nasledne sa identifikuji a prioritizuji oblasti/vodné utvary, kde sa
ofakavaju najvySSie koncentracie znecistujicich latok. V prioritizovanych oblastiach sa
nasledne uskuto¢ni monitorovanie koncentracii znecistujucich latok vo vodnych zivocichoch.
Prvostupiiové hodnotenie méze byt zalozené na meraniach vo vode, plavenine, dnovych
sedimentoch, ale najmd meranie pomocou pasivneho vzorkovania moze vyrazne spresnit’

prvotné hodnotenie chemického znecistenia.

V prvom stupni sa monitorovanie latok uskutoéni iba pomocou pasivnych vzorkovacov
a aplikuje sa konzervativne (najhors$i mozny scenar znec€istenia) hodnotiace kritérium (ENK).
Na miestach, kde pasivne vzorkovanie jasne ukazuje na dodrzanie prislusnych noriem kvality,
d’al$i intenzivny monitoring nebude potrebny. Len vo vodnych utvaroch, kde pasivne
vzorkovanie ukazuje prekrocenie ENK, je potrebné v druhom kroku uskutoc¢nit’ detailnejsi
monitoring, napr. pomocou bioty. Takyto postup by umoznil znizit’ zavislost’ monitoringu na
analyze tkaniv vodnych zivocCichov, ale stdle by zachoval vyuzitie ENKyjoa ako regulacnej
normy pre hodnotenie stavu vod, na zaklade ktorého sa uskutociiuji vodohospodarske

opatrenia.
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10 Zavery

Vseobecnym uvodom do problematiky pasivneho vzorkovania, ktory je v prilohach doplneny
suborom mojich vlastnych publikacii a préac, ktoré s témou habilita¢nej prace tizko suvisia,
som sa pokusil ukazat, ze pasivne vzorkovanie je slubnou metédou, ktord ma vel’ky potencial
vo vyskume osudu znecistujucich latok v Zivotnom prostredi. Naznacil som aj moznosti
praktického vyuzitia pasivneho vzorkovania v regulanom monitorovani znecist'ujacich latok

v povrchovych vodach a smery buduceho vyskumu, ktoré povedu k splneniu tohoto ciel’a.

V poslednych rokoch bol dosiahnuty vyrazny pokrok v porozumeni faktorov, ktoré ovladaju
akumulédciu kontaminantov do rozdelovacich pasivnych vzorkovacov. Rovnovazne pasivne
vzorkovanie umoznuje priamo porovnat uroven znecistenia rdéznych zloziek zivotného
prostredia chemickymi latkami, a preto je tato metdda vel'mi vhodna pre Stadium distribtlicie
a transportu chemickych latok v zivotnom prostredi. Pri vzorkovani hydrofébnych latok vSak
ustalenie rovnovahy medzi vzorkovacovm a vodou trva casto vel'mi dlho, preto sa na meranie
koncentracii tychto latok vo vode pouzivaju kinetické parametre, ktoré charakterizuju

rychlost’ prestupu latky z vody do vzorkovaca.

Prestup latky cez medznll vrstvu vody je vo vSeobecnosti limitujicim krokom pre akumulaciu
hydrofobnych latok do vzorkovaca. Désledkom toho je zavislost” vzorkovacich rychlosti Rs
od hydrodynamickych podmienok na mieste expozicie. Zial, vzorkovacie rychlosti nie je
mozné presne odhadnut’ z lokalnych hydrodynamickych podmienok (t.j. z rychlosti prudenia
a z intenzity turbulencie toku), takze je potrebné pouzit’ in situ kalibracné techniky, ktoré su

zalozené na pouziti performan¢nych referenénych latok (PRC).

Diftizia cez membranu je limitujicim krokom akumulacie pre latky s nizkymi hodnotami
permeability. Permeabilita je produktom a diftzneho a rozdelovacieho koeficienta latky v
membrane (DxKgy). Vzorkovacie rychlosti tychto latok zévisia iba na teplote a vzorkovacie

rychlosti ziskané v laboratoriu sa daju priamo aplikovat’ v teréne.

Vplyv zavislosti vzorkovacich rychlosti od rychlosti pridenia vody je mozné eliminovat
pridanim d’alSich transportnych bariér do vzorkovaca, a tiez pouzitim polarnych membran.
Désledkom takéhoto snazenia je ale zvycajne dramaticky pokles vzorkovacich rychlosti, ¢o
napokon sposobuje problémy s detegovatelnostou sledovanych latok v pasivnom vzorkovaci.
Odhad vzorkovacich rychlosti in situ je mozny z rychlosti disipacie PRC latok zo vzorkovaca.
Tento pristup je obmedzeny malym intervalom hydrofobnosti latok, pre ktoré su disipacné

rychlostné konStanty stanovitelné. Preto je nutné pouzit modely, ktoré extrapoluju
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vzorkovacie rychlosti, zalozené na PRC, pre hydrofobnejSie latky. Pre spolahlivy odhad
tychto parametrov je potrebné poznat presné experimentdlne hodnoty rozdelovacich
koeficientov latok Kgy, a tiez hodnoty difiznych koeficientov tychto latok v polymérnych

materidloch, z ktorych st vzorkovace zhotovené.

Ovel'a menej je zname o procesoch, ktoré ovladaju akumulaciu hydrofilnych latok do
adsorpénych pasivnych vzorkovacov (APV). Modely, ktoré boli odvodené pre rozdelovacie
pasivne vzorkovace (RPV), su uzito¢né aj pre pochopenie funkcie vzorkovacov polarnych
latok, ale je potrebné spomenut’ niektoré vyznamné rozdiely medzi vzorkovaémi APV a RPV.
V literatire je pomerne malo publikovanych hodndét sorpénych distribu¢nych koeficientov
hydrofilnych latok pre sorbenty, ktoré¢ sa pouzivaju v APV (Béauerlein et al., 2012). Vzhl'adom
na komplexnost’ interakcii medzi sorpcnou fidzou a analytom je potrebné vyvijat nové
modely, ktoré by boli schopné odhadnut’ tieto parametre zo Struktiry molektl sledovanych
latok 1 zo Struktiry sorpénych miest adsorbentov. Sorpcia hydrofilnych latok do membran a
sorpcnej fazy zahffia sorpciu na povrchy, a teda sorpéné izotermy su vo vSeobecnosti
nelinearne. Tento jav spdsobuje anizotropni vymenu latok medzi sorbentom a vodou a tiez
kompeticiu o sorpéné miesta na povrchu sorbentu. Vzorkovacie rychlosti pre vzorkovace
hydrofilnych latok st vo vSeobecnosti nizsie ako pre hydrofébne latky, co méa za dosledok

vySsie medze detekcie.

Pasivne vzorkovanie ma potencial vyuZitia v regulaénom monitorovani, pretoZe umoziuje
meranie extrémne nizkych (ale z hl'adiska rizik pre Zivotné prostredie a Cloveka vel'mi
relevantnych!) koncentracii zne€istujucich latok vo vodach, poskytuje reprezentativny obraz
0 kontaminécii  a reflektuje expoziciu vodnych organizmov. Rozdelovacie pasivne
vzorkovacde uz v sucCasnosti umoziuju meranie kontaminantov v prostredi s neistotou, ktora
spifia poziadavky kladené na metody, ktoré sa v Eurépskej Ginii mdzu pouzivat' na el
regulatného monitorovania chemickych latok vo vodach. Adsorpéné pasivne vzorkovace st
zatial' vyuziteI'né hlavne ako ndstroj pre skrining znecistenia a pre identifikaciu vodnych

utvarov so zvySenym rizikom prekrocenia environmentalnych noriem kvality.

Dalsi vyskum a vyvoj pasivnych vzorkovadov pre monitorovanie chemického zneéistenia
vodného prostredia by mal mat’ hlavny ciel' zabezpecit' presnost’ merani ziskanych touto
metodou. Ciastkovymi ulohami tohoto vyskumu bude a) pochopenie a kvantitativny opis
funkcie adsorp¢nych pasivnych vzorkovacov, b) vyvoj avalidacia robustnych metod
stanovenia zneCistujucich latok Vv extraktoch pasivnych vzorkovacov, ¢) stanovenie

kalibraénych parametrov pasivnych vzorkovacov avyvoj modelov, ktoré umoznia
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nevychyleny odhad koncentracie sledovanych latok vo vode alebo v inej relevantnej zlozke

zivotného prostredia.
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Abstract. Triolein-containing semipermeable membrane devices
(SPMDs) were employed as passive samplers to provide data on
the bioavailable fraction of organic, waterborne, organochlorine
pesticides (OCPs), polychlorinated biphenyls (PCBs) and poly-
nuclear aromatic hydrocarbons (PAHs) in streams flowing
through a highly polluted industrial area of Bitterfeld in Saxony-
Anhalt, Germany. The contamination of the region with organic
pollutants originates in wastewater effluents from the chemical
industry, from over one-hundred years of lignite exploitation,
and from chemical waste dumps. The main objective was to
characterise time-integrated levels of dissolved contaminants,
to use them for identification of spatial trends of contamina-
tion, and their relationship to potential pollution sources. SPMDs
were deployed for 43 days in the summer of 1998 at four sam-
pling sites. The total concentration of pollutants at sampling
sites was found to range from a low of 0.8 pg/SPMD to 25 pg/
SPMD for PAHs, and from 0.4 pg/SPMD to 22 pg/SPMD for
OCPs, respectively. None of the selected PCB congeners was
present at quantifiable levels at any sampling site. A point source
of water pollution with OCPs and PAHs was identified in the
river system considering the total contaminant concentrations
and the distribution of individual compounds accumulated by
SPMDs at different sampling sites. SPMD-data was also used to
estimate average ambient water concentrations of the contami-
nants at each field site and compared with concentrations meas-
ured in bulk water extracts. The truly dissolved or bioavailable
portion of contaminants at different sampling sites ranged from
4% to 86% for the PAHs, and from 8% to 18% for the OCPs
included in the estimation. The fraction of individual compounds
found in the freely dissolved form can be attributed to the range
of their hydrophobicity. In comparison with liquid/liquid ex-
traction of water samples, the SPMD method is more suitable
for an assessment of the background concentrations of hydro-
phobic organic contaminants because of substantially lower
method quantification limits. Moreover, contaminant residues
sequestered by the SPMDs represent an estimation of the dis-
solved or readily bioavailable concentration of hydrophobic
contaminants in water, which is not provided by most analyti-
cal approaches.

Keywords: Bioavailability; monitoring; organochlorine pesti-
cides; passive sampling; persistent organic pollutants; priority
pollutants; polyaromatic hydrocarbons; polychlorinated biphen-
yls; semipermeable membrane devices (SPMDs); water contami-
nation
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Introduction

Qualitative and quantitative assessment of pollution of aquat-
ic ecosystems by hydrophobic organic contaminants is a
continuing challenge to environmental scientists. The fate
and transport of these compounds depends on their physi-
cochemical phase distribution. In aquatic systems, it is im-
portant to identify the freely dissolved concentration of a
compound. The amount of substance freely dissolved in
water also yields an approximate characterisation of the
bioavailable fraction [1].

Concentrations of truly dissolved or bioavailable contami-
nants cannot be determined by most water sampling meth-
ods. Instead, total quantities of analytes are measured, in-
cluding those molecules that are not readily bioavailable
because they are bound to dissolved colloids present in wa-
ter. Moreover, grab water samples provide information only
about contaminant concentrations at the moment of sam-
pling and may fail to account for episodic contamination
events. Because of the low aqueous solubility of hydropho-
bic contaminants, it is often impossible to excise sufficiently
large water samples to achieve instrumental detection lim-
its. For these reasons, integrative sampling devices are needed
which sequester truly dissolved contaminants over a longer
time period and provide information about the time-aver-
aged water concentration of contaminants.

Huckins et al. [2,3] described the development of a semiper-
meable membrane device (SPMD) for passive and integra-
tive in situ monitoring of waterborne contaminants. The
SPMD sampler consists of layflat, polyethylene tubing con-
taining a thin film of triolein, a high molecular-weight neu-
tral lipid. The polyethylene used in SPMDs is commonly
referred to as nonporous, even though transient cavities with
diameters approaching about 1 nm are formed by random
thermal motions of the polymer chains [3]. The thermally
mediated transport corridors of the polyethylene exclude
larger molecules, as well as those that are adsorbed on
sediments or humic acids. Only truly dissolved (but gener-
ally nonionized) contaminants are sequestered. The process
mimics the transfer of organic contaminants through
biomembranes. The utility of the SPMD has been shown for
monitoring aqueous residues of polychlorinated biphenyls,
various organochlorine pesticides, polychlorinated dibenzo-
p-dioxins, polychlorinated dibenzofurans and polycyclic aro-
matic compounds.
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Results are reported here from a study where SPMDs were
used to obtain information on spatial trends in bioavailable
contaminants in a long-term polluted river system of the
Mulde River, a major branch of the Elbe River flowing
through a highly polluted industrial area of Bitterfeld in
Saxony-Anhalt, Germany (Fig. 1). The contamination of the
region with organic pollutants originates in wastewater ef-
fluents from the chemical industry, from over one-hundred
years of lignite exploitation, and from chemical waste dumps.
During the production of organochlorine insecticides like
DDT (dichlorodiphenyl-trichloroethane) and lindane (y-hex-
achlorocyclohexane, y-HCH) in the past decades, the toxic
by-product HCH isomers (84 % of the produced quantity of
HCH isomers) was obtained and deposited on dumps. Most
of these dumps located in former lignite pits are not sealed
and waste HCH and DDT is washed out by the drainage
water before entering the groundwater [4]. About
76 000 tons of HCH isomers, 3000 tons of DDT and its
metabolites (DDX), and 13 000 tons of distillation residues
containing chlorinated benzenes were deposited during the
time period from 1960 to 1982 in the abandoned Antonie
lignite pit, located in the centre of the industrial zone near
Bitterfeld. The main stream in this area, called the Spittel-
wasser, served as a wastewater channel for several decades.
As a consequence of flood events, the soils of the wetland
area along the Spittelwasser also became highly polluted with
organic contaminants when the contaminated water cov-
ered the wetlands [5,6].

Bitterfeld

Schachtgraben
Creek

Spittelwasser
Creek

Fig. 1: Map of the streams in the area of Bitterfeld in Saxony-Anhalt, Germany.
Hollow circles indicate SPMD deployment sites. The chemical plants in Bitterfeld,
and the spring of the Schachtgraben Creek are located 6 km upstream from
sampling site I. Arrows show the direction of flow in the streams
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The aim of the present study was to characterise spatial vari-
ations in the concentrations and relative proportions of the
persistent organic pollutants at the various sites, and gradi-
ents in river water contamination were identified. In addi-
tion, average ambient water concentrations of the organic
contaminants were estimated at each field site and compared
with concentrations determined in bulk water samples.

1 Experimental Section
1.1 Materials and chemicals

The solvents acetone, dichloromethane, hexane, isopropa-
nol, and toluene in LiChrosolv quality were obtained from
Merck. Acetonitrile (HPLC, Ultra Gradient Grade) and
HPLC water were purchased from Baker. Hexachloroben-
zene (HCB), HCH and DDX reference materials were ob-
tained from Supelco, PAH standard materials from Supelco
and PCB reference materials from Promochem.

1.2 Sampling devices

SPMDs with standard configuration, designed by Huckins
et al. [2] at the USGS in Columbia, MO, USA, consisting of
a thin film of 1 mL of triolein (95% pure) sealed in a low-
density, polyethylene, layflat tube (2.54%91.4 cm, 75-90 um
wall thickness), were purchased from Origo Hb, Tavelsjo,
Sweden. They were stored in original, gas-tight, metal paint
cans until just before field deployment.

1.3 SPMD deployment

The SPMDs were placed at 4 sites in the streams of the
Schachtgraben (Site I), the Spittelwasser (Sites I and III;
above and below its confluence with the Schachtgraben, re-
spectively), and the Mulde River (Site IV; below the tribu-
tary of the Spittelwasser), flowing through a highly polluted
industrial area of Bitterfeld in Saxony-Anhalt, Germany
(Fig. 1). The centre of the industrial area of Bitterfeld, in-
cluding chemical plants and waste dumps, is located 6 km
upstream from sampling Site I. The Schachtgraben Creek
collects drainage water from this area. The SPMDs were
deployed for 43 days during summer 1998 (29th July to 9th
September). During the exposure, the water temperature
varied from 17.5 to 21.5°C at all sampling sites. On the day
of deployment and retrieval of the samples, water tempera-
tures were equal (+1°C) at each sampling site.

Two SPMDs were deployed at each of the four sampling
sites. At each deployment site, SPMDs were removed from
the metal can and placed into a stainless steel 1 cm mesh
frame (20x100 cm) which protected the SPMDs from both
sides. SPMDs were secured by fastening their ends to the
frame using flat, stainless steel belts which were screwed to
opposite ends of the frame. The frame was deployed in the
horizontal orientation above the bottom of the stream and
held by tent pegs. The depth below the water surface at which
SPMDs were deployed at sampling sites ranged from 40 to
70 cm. On day 43, the SPMDs were removed from their
frames and immediately sealed in individual amber glass jars.

ESPR - Environ Sci & Pollut Res 8 (1) 2001
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The jars were transported to the laboratory in a cooler (on
ice and in darkness) and were kept in a freezer at -20°C
until processing. Exposed SPMDs were analysed for selected
PAHs, PCBs and OCPs.

1.4 Sediment and soil samples

A top soil sample from the site located in the floodplain of
the Spittelwasser stream near sampling site Il and a sedi-
ment sample from sampling site III were taken for PAH,
PCB and OCP determination. Samples were extracted with
toluene using accelerated solvent extraction technique and
analysed for PAH, PCB and OCP content as described by
Popp et al. (1997) [7].

1.5 Water samples

Water samples were taken from each sampling site at the
end of the exposure period. Water samples were sealed in
amber glass jars at 4°C until processing. One litre from each
water sample was extracted three times with 30 mL tolu-
ene. Combined toluene extracts were filtered through anhy-
drous Na,SO,, concentrated by rotary evaporation and by
nitrogen blow-down, redissolved in 500 pL acetonitrile and
analysed for PCBs, PAHs and OCPs.

1.6 Sample processing and residue enrichment

Biofouling removal. The devices were subjected to an exte-
rior cleanup for biofouling removal. SPMDs were shaken
with 50 mL hexane for 20-30 s, rinsed with running
deionized water, and scrubbed with soft toothbrushes. After
that, they were submerged in 1 M HCI for 30 s, then rinsed
with running deionized water, rinsed with acetone and then
with isopropanol. SPMDs were then allowed to dry in a
glass column in a stream of high-purity nitrogen.

Dialytic recovery of analytes. SPMDs were dialysed three
times with 250 mL hexane per SPMD at 18°C for 24 hours.
The dialysate volume was reduced to approximately 10 mL
by rotary evaporation, and further reduced in volume with
streams of high-purity nitrogen to dryness. The residue was
redissolved in § mL dichloromethane and cleaned up by size
exclusion chromatography (SEC).

Size exclusion chromatography. The concentrated dialysate
was cleaned up using a high performance SEC column
(22.5 mm IDx250 mm, 10 pm particles) Lichrogel® PS 20
(Merck, Germany). The mobile phase for the SEC was
dichloromethane (5 mL/min). The collected fraction contain-
ing the compounds of interest extended from 85-195 mL.
The eluate from SEC was concentrated to approximately
10 mL by rotary evaporation. The volume of concentrated
eluate was adjusted to 10 mL. Nonane (100 pL) was added
as a keeper. From the eluate, 1 mL was taken and solvent
exchanged to 1 mL acetonitrile for HPLC analysis of prior-
ity pollutant PAHs. In the remaining 9 mL of eluate,
dichloromethane was evaporated using high-purity nitrogen.
The residue was redissolved in hexane to 1 mL final vol-
ume, and was used for GC analysis of PCBs and OCPs.

ESPR - Environ Sci & Pollut Res 8 (1) 2001

1.7 Analysis

The qualitative analysis of the PCBs and OCPs of interest
was made by a mass spectrometric detector after separation
of the contaminants by GC (HP 5890) using a capillary col-
umn (30 mx0.25 mm ID) with a non-polar stationary phase
HPSMS (thickness 0.25 pm). Temperature conditions: In-
jector 250°C, column 80°C (6 min)- 6°C/min- 250°C
(8.67 min). For quantitation of the PCBs and OCPs, sample
extracts in hexane were analysed by GC (HP 5890) using an
electron capture detector (300°C) and a capillary column
(25 mx0.32 mm ID) with a non-polar stationary phase Ul-
tra 2 (thickness 0.17 pm). Temperature conditions: Injector
300°C, column 80°C (6 min)- 6°C/min- 250°C (8.67 min).
Quantitation of the residues was accomplished using a ten-
point, external standard curve.

The extract in acetonitrile was analysed for EPA priority pol-
lutant PAHs by HPLC (HP 1050) using a programmable fluo-
rescence detector and C18 Vydac201TP54 (250x4.6 mm ID)
column. The mobile phase was acetonitrile/water pumped at
1 mL/min at 23°C with gradient elution. The composition gra-
dient started with 60% water and 40% acetonitrile (3 min),
then the acetonitrile content was increased to 100% in 24 min
with a linear gradient. The contents were held constant for
13 min until the end of the analysis. Quantification of the PAH
residues was accomplished using a 7-point, external standard
curve. Acenaphthylene was not included in the analytical pro-
cedure because the substance shows no fluorescence.

1.8 Quality control

Because SPMDs have a propensity to sequester vapour-phase
contaminants [8], additional two trip blank SPMDs were ex-
posed to air at each site while the water sampling SPMDs
were being deployed and collected. Trip blanks were proc-
essed exactly as deployed samples and were used to define
contamination of the SPMDs during transportation and han-
dling. In addition, fresh SPMDs were taken through the entire
dialytic and cleanup procedure (procedural blanks). Samples
containing contaminant residues exceeding the procedural
blank values were considered positive for contaminants.

Spiked SPMDs were also analysed by fortifying fresh mem-
branes and then processing them as a sample. The PCBs and
OCPs were spiked at 500 ng per SPMD and PAHs at 80 ng
per SPMD for each single component. Recovery rate values of
the fortified PAHs from SPMDs were good and reproducible,
with the exception of naphthalene. Average percent recover-
ies of the remaining PAHs varied from 56 % for indeno[1,2,3]
pyrene to 137% for phenanthrene, and the relative standard
deviation of three spiked samples did not exceed 11% for any
compound. Average percent recoveries for the organochlorine
compounds varied from 68% for B-HCH to 125% for
PCB 153, and the relative standard deviation of three spiked
samples did not exceed 11% for any compound.

Method quantification limits (MQL) for PAHs in SPMDs
ranged from 4 ng/SPMD for anthracene to 50 ng/SPMD for
chrysene. In bulk water samples, the MQL ranged from
0.2 ng/L for anthracene to 2.5 ng/L for chrysene. MQL for
PCBs and OCPs in SPMDs ranged from 0.5 to 2 ng/SPMD.
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In water samples, MQL for PCBs and OCPs ranged from
0.25 to 1 ng/L.

2 Results and Discussion
2.1 Occurrence of contaminants

Concentrations of compounds of interest found in the SPMDs
exposed for 43 days at different sampling sites are presented
in Table 1. The concentrations of compounds are adjusted
according to their recoveries from fortified SPMDs.

The trip-blank SPMDs were devoid of quantifiable residues
of OCPs, PCBs and PAHs, except for naphthalene and phen-
anthrene; the phenanthrene concentration in the trip blank
was much lower (more than 3 times) than its concentration
in the SPMDs at sampling sites. Because of high trip-blank
values, high differences in results from duplicate samples,
and bad recovery from SPMDs, naphthalene was ignored in
the further discussion.

Duplicate SPMDs sequestered similar amounts of PAHs and
OCPs of interest. In general, the relative percent differences
between two SPMDs deployed at the same sampling site did
not exceed 29% for PAHs, except for acenaphthene at sam-
pling site III (44%). Relative percent differences for OCPs
were not greater than 24%, except for p,p'-DDD at sam-
pling site III (40%).

Prest and Jacobson [9] have shown that the ratio of con-
taminant concentrations sequestered by two SPMDs at two
sampling sites under similar conditions is equal to the ratio
of time-averaged aqueous concentrations at the two sam-
pling sites. When using SPMDs with a standard configura-
tion, designed by Huckins et al. [2], mainly temperature
and biofouling can effect the sampling rate. We assumed
that the hydrodynamic conditions did not effect the uptake
kinetics dramatically, although it has been reported that
aqueous diffusion boundary layer at the membrane surface
controls contaminant uptake for compounds with log

Table 1: Mean concentrations of PAHs and OCPs found in SPMDs (ng SPMD, n=2) (a) and in sediment and top soil samples (ng/g: dry weight based), at sampling sites

in the Bitterfeld region

mmpling site Trip blank Site | Site Il Site 11l Site IV Sediment | Top soil at
at site Ill site Il
\Hs

Naphthalene (b) 86 711 117 378 205 729 1795
Acenaphthene <10 514 50 168 31 38 25
Fluorene <50 603 110 246 90 218 132
Phenanthrene 59 1163 290 387 227 2461 1863
Anthracene <4 775 26 224 16 377 259
Fluoranthene <30 7420 365 2293 155 1002 1168
Pyrene 7 8420 304 2214 92 2106 1768
Benzo[a]anthracene <20 1198 41 410 <20 231 231
Chrysene <50 2918 124 1041 <50 714 1035
Benzo[b]flouranthene <20 747 36 335 <20 162 NQ (c)
Benzolk]fluoranthene <5 343 16 155 <5 114 115
Benzo[a]pyrene <5 470 14 204 <5 207 122
Dibenz[a,h]anthracene <15 21 <15 <15 <15 39 40
Benzo[g,h,i]perylene <15 165 <15 83 <15 212 151
Indenol1,2,3]pyrene <25 153 <25 106 <25 210 188
2 PAHs 152 25621 1493 8243 815 8820 8892

OCPs
a-HCH 2 4597 21 3283 90 266 5330
B-HCH 1 944 34 1073 42 NQ 5329
y-HCH 1 1835 11 1551 43 NQ 274
5-HCH 2 2935 8 2330 32 NQ 660
HCB 3 3955 42 1482 66 402 3276
4,4’-DDD 1 3877 23 1397 106 NQ 842
4,4’-DDE 1 1286 22 318 29 NQ 14
4,4’-DDT 1 2934 15 545 39 NQ NQ
> OCPs 12 22362 176 11979 446 668 15725
> PCBs (d) <6 <6 <6 <6 <6 <6 <6

Concentrations are recovery-rate-corrected
| Concentrations of naphtalene are not recovery-rate-corrected
1 NQ - not quantifiable (presence of interfering peaks)

| PCBs quantified include congeners IUPAC No. 28, 52, 101, 138, 153 and 180
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K,,>4.4 at water flow velocities of 30 cm/s and lower [10].
To correct the sampling rate values for the effects of
biofouling and the flow velocity, Huckins et al. [3] suggested
the use of a permeability reference compound (PRC). PRC
is a non-interfering compound with moderate SPMD fugac-
ity added to SPMD lipid prior to exposure. However, the
data on this application in practice is still very limited. In
this study, water temperatures were comparable (£1°C) at
each sampling site. When assuming a similar biofouling at
each sampling site, uptake rates were expected to be the
same, and the ratio of contaminant concentrations found in
SPMD samplers at two sampling sites was considered to be
equal to the ratio of average water concentrations at these
sites, a finding which must be taken into consideration for
further discussion.

2.1.1 PAHSs: Absolute concentrations in SPMDs

The sites can be ranked from lowest to highest concentra-
tions of total PAHs as follows: Mulde (site IV), Spittelwasser
above its confluence with the Schachtgraben (site II), Spittel-
wasser below its confluence with the Schachtgraben (site III),
and the Schachtgraben (site I). Concentrations of individual
PAHs at the sampling sites generally followed the same pat-
tern as the totals (Table 1). The PAHs found at the highest
level at all four sampling sites (fluoranthene, pyrene, and
phenanthrene) are ubiquitous contaminants found in the
runoff from urban and industrialised areas, and their origin
can be ascribed to combustion and industrial activity [11].
The highest total levels of PAHs sequestered by SPMDs in
this study were comparable on the order of magnitude of
the amounts found in SPMDs in other studies conducted
under similar conditions [10,12,13]. Fluoranthene (the PAH
found at the highest level in most samples) concentrations
ranged from a low of 155 ng/sample at site IV to a high of
7.4 pg/sample at site 1.

The highest total concentration of PAHs, found in SPMDs
from the Schachtgraben Creek (site I), is not surprising con-
sidering that the Schachtgraben drains away the water from
the centre of the industrial area in Bitterfeld. Elevated con-
centrations of PAHs could also be found in the Spittelwasser
River above its confluence with the Schachtgraben (site II).
However, the total PAH concentration at the sampling site II
was more than one order of magnitude lower than the con-
centration at the sampling site I. The PAHs found at sam-
pling site IT are likely to originate from air deposition and
the passage of contaminated groundwater.

Below the confluence of the Schachtgraben, the PAH con-
centration in the Spittelwasser River (site III) rises more than
10 times in comparison with that at site IL. It is likely that
this extreme concentration rise originates from the contri-
bution of the Schachtgraben water. At the sampling site in
the Mulde River (site IV) about 4 km downstream from sam-
pling site III, near the confluence of the Mulde and the
Spittelwasser, the concentration of several PAHs (acenaph-
thene, fluorene, phenanthrene, anthracene, fluoranthene, and
pyrene) was still measurable. It is likely that the water qual-
ity in the Mulde River at site IV is negatively influenced by
the nearby tributary of the Spittelwasser.
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2.1.2 PAH patterns in SPMDs

To examine the relative concentrations of PAHs detected in
SPMD samples among sites, the concentrations of individual
PAHs were normalised by proportioning to fluoranthene's
concentration for each site (Fig. 2). No major differences in
relative concentrations were determined between site I and
site III. In comparison with these sites, samples from sites II
and site IV contain relatively higher normalised concentra-
tions for compounds such as acenaphthene, fluorene, and
phenanthrene. Among other PAHs, these compounds dem-
onstrate a relatively good aqueous solubility and a low hydro-
phobicity. These properties allow for transport to longer
distances from the pollution source in the dissolved phase.
Therefore, we conclude that sampling sites Il and IV are more
distant from a point source of pollution than sites I and III.
This hypothesis is supported by a second observation that
sites I and IV contain lower or negligible normalised con-
centrations for more hydrophobic compounds (log K >5.5)
in comparison with sites I and III.

Benzo(g,h,i)perylene E———

Dibenz(ah)anthracene

Benzo(alpyrene e mo——"
Benzo(k)fluoranthene e —0g——'

Benzo(b)flouranthene
Chrysene
Benzo(a)anthracene
Pyrene

Fluoranthene

Site IV
[ Sitelll
[ Sitell
H Site |

Anthracene

Phenanthrene
Fluorene
Acenaphthene

m' - ;
1 10 100
relative concentration (%)

Fig. 2: Patterns of polyaromatic hydrocarbons found in SPMDs exposed for 43 days
at four deployment sites presented as fluoranthene normalized concentrations

On the basis of total OCP residues, the sites can be ranked
from lowest to highest as follows: Site IL, site IV, site III, and
site I. The sequestered amounts of OCPs (HCHs, HCB and
DDX) were up to several orders of magnitude higher than
observed in other studies [14-16]. None of the selected PCBs
was present at quantifiable levels at any sampling site.

Below the confluence of the Schachtgraben, the concentration
of total OCPs of interest in the Spittelwasser stream (site III)
rises almost two orders of magnitude. The OCP concentra-
tion in the Mulde River (site IV) was low; nevertheless, it was
almost three times higher than that found at site II.

HCB (the organochlorine compound found at the highest
level in all samples) concentrations ranged from 42 ng/sam-
ple at site I to 4.0 pg/sample at site I. As concluded for PAHs,
the most probably contamination source of the water in the
Spittelwasser is the Schachtgraben tributary.

The spatial trends in the HCH (summed-up) concentrations
were similar as determined for total OCPs, ranging from
74 ng/sample at site II to 10.3 pg/sample at site L.
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The DDX components found in the samples were 4,4'-DDD
(from 23 ng/sample to 3.9 pg/sample), 4,4'-DDE (from 22 ng/
sample to 1.3 pg/sample), and 4,4'-DDT (from 15 ng/sample
to 2.9 pg/sample), with the spatial trends similar to total OCPs.

2.1.3 OCPs in SPMDs

On the basis of the comparison of total contaminant con-
centrations sequestered by SPMDs at different sampling sites,
but also after considering the distribution of individual com-
pounds sampled by SPMDs at the sampling sites, we con-
clude that there is a point source of water pollution upstream
to sampling site I in the Schachtgraben Creek. The concen-
tration of PAHs and OCPs at sampling site III might be ad-
ditionally elevated due to contaminant mobilization from
historically contaminated sediments and soils of the wetland
area along the Spittelwasser, which are likely to cause addi-
tional diffuse entries (Table 1). A simple, quantitative, inter-
site comparison between water and sediment or soil from a
specific site cannot be made since the sampled contaminants
in the water column were sampled using SPMDs during a
relatively short exposure period, whereas the contaminants
in sediment were deposited during long time periods (months
to years). Moreover, processes having control over the accu-
mulation of contaminants from water to sediment, soil and
SPMDs are of a different character. However, the PAH pat-
terns of the three matrices sampled at this site (i.e. SPMD,
sediment and top soil) have similar profiles, which suggests
that the sources of the contamination might be the same
between the past and present.

2.2 Water concentration estimation

Using models previously developed [3] and applied [15-18],
the time-averaged, bioavailable, waterborne concentrations
of OCPs and PAHs at the sampling sites were estimated from
concentrations in the SPMDs exposed in this study. The de-
tails of the model development are available [3,19] and will
not be presented here. Equation 1 was used to calculate the
dissolved (i.e. readily available), waterborne concentrations
of compounds.

C,= CSPMRD:C/tSDMD (1)

As applied here, C,, is the concentration of the analyte in
watet, Cgpyp is the concentration of the analyte in the SPMD
(lipid+membrane), ¢ is the exposure time in days, Vg is
the volume of the SPMD (lipid+membrane), and R, is the
SPMD sampling rate which is given by

Re = RF @

where F, is 1 — the fractional reduction in uptake flux or
sampling rate due to fouling impedance. Sampling rates for
the PAHs at 18°C have been reported [19], and were uti-
lised for water concentration estimation in this study. Sam-
pling rate (R,) data for the OCPs at 26°C reported by Huckins
et al. [20] is based on the analyte concentrations determined
only in lipid.

32

C o CI\/I
w Rsct

To utilise this data for an estimation of the water concentra-
tion of OCPs, the concentration of analytes in the lipid phase
C,; was calculated from the total analyte mass in a SPMD
dialysate (M,: averaged value from two parallel SPMDs) as
described by the relationship [3].

(3)

G :Md/(MI+Kn1Mm) )

where M, and M,, are the weights of the lipid and the mem-
brane. For a first approximation, a substance-unspecific,
membrane/lipid, partition coefficient (K,,) of 0.1 was used
as shown by Huckins et al. [3]. This results in an analyte
distribution of 73% in the lipid and 27% in the mem-
brane [18] for the linear uptake phase.

An average fouling resistance of 20% (F, = 0.8) was employed
for biofouled SPMDs to correct for reduction in SPMD up-
take [16,18] SPMD sampling rates for PAHs and OCPs are
given in Table 2.

The estimation of time-averaged water concentration using
equations (1) and (3) has one limitation, it is applicable only
for highly hydrophobic substances with log K, values higher
than 4. Gale [21] showed that the linear uptake model can-
not be applied for compounds with lower hydrophobicity,
because SPMDs do not sample these chemicals integratively
during exposure periods longer than several weeks. There-
fore, the estimation was not applied for acenaphthene, flu-
orene, and HCH isomers.

The estimated ambient concentrations of selected contami-
nants are presented in Table 2. Note that the water concen-
tration estimated with the SPMDs is an average concentra-
tion over a 43 d interval, not the maximum concentration
during that interval.

When method quantification limits in SPMDs for contami-
nants selected for an estimation of aqueous concentrations
were substituted into the linear model equations (1) and (3),
the resulting MQL values for PAHs in water were lowered to
between 0.04 ng/L for anthracene and 0.39 ng/L for chrysene.
For OCPs, the MQL in water were even lower, ranging be-
tween 1 pg/L for HCB and 10 pg/L for 4,4'-DDT. The SPMD
MQL values are substantially lower than the MQL determined
with the water extraction method, on average by a factor of §
for PAHs and by a factor of 150 for OCPs, respectively. The
MQL of the direct water analysis could be lowered by ex-
tracting larger volumes of water, although quality control and
physical difficulties are often encountered when collecting and
extracting large water volumes needed for the quantitation of
trace organic contaminants. Therefore, in comparison with
direct water analysis, the SPMD method is more suitable for
the assessment of background concentrations of hydrophobic
organic contaminants.

The estimated water concentrations (C,) are comparable to
or lower than concentrations measured in bulk water ex-
tracts (C,). The discrepancy between C,, and C, can be ex-
plained by the fact that C,, represents only the truly dis-
solved (readily bioavailable) fraction of contaminants in
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Table 2: Estimates of truly dissolved aqueous concentrations from SPMDs C,, at sampling sites, and concentrations measured in bulk water samples C,.
Concentrations reported are in ng/L. Published sampling rates (R,) for individual PAHs [19] and for OCPs [20] were used to estimate the C,, values

Rs Site | Site Il Site I Site IV

Compound (L/d) Cw Cp Cw Cp Cw Cp Cw Cp
PAHs

Phenanthrene 3.8 8.9 85.8 2.2 29.3 3.0 52.6 1.7 57.1
Anthracene 2.9 7.8 8.2 0.3 3.7 2.2 71 0.2 5.0
Fluoranthene 3.6 59.9 38.8 2.9 6.0 18.5 31.1 1.3 12.7
Pyrene 4.5 54.4 50.8 2.0 9.1 14.3 30.8 0.6 12.7
Benzo[a]anthracene 3.2 10.9 3.9 0.4 <1.0 3.7 2.6 NR 2.1
Chrysene 3.7 22.9 NQ 1.0 NQ 8.2 NQ NR <2.5
Benzolb]flouranthene 2.8 7.8 3.4 0.4 <1.0 3.5 3.3 NR <1.0
Benzo[k]fluoranthene 2.9 3.4 3.5 0.2 0.4 1.6 1.4 NR 0.9
Benzo[a]pyrene 3.2 4.3 8.4 0.1 1.8 1.9 4.3 NR 3.6
Dibenz[a,h]anthracene 2.0 0.3 1.2 NR <0.8 NR <0.8 NR <0.8
Benzo[g,h,i]perylene 1.8 2.7 7.9 NR 2.2 1.3 41 NR 4.1
Indeno[1,2,3]pyrene 3.0 1.5 4.3 NR <1.3 1.0 1.8 NR <1.3
S PAHs 184.7 216.1 9.4 53.4 59.2 139.8 3.7 98.2
OCPs

HCB 8.2 10.2 NQ 0.1 NQ 3.8 NQ 0.2 NQ
4,4’-DDD 5.0 16.5 86.0 0.1 <0.5 5.9 75.0 0.5 5.0
4,4’-DDE 7.6 3.7 7.0 0.1 <0.4 0.9 5.0 0.1 <0.4
4,4-DDT 4.4 141 221.0 0.1 <1 2.6 80.0 0.2 <1
S OCPs 44.6 314.0 0.3 NQ 13.3 160.0 0.9 5.0

NQ - not quantifiable (presence of interfering peaks)
NR - no residue was found in SPMD sampler

water, whereas C, includes both contaminants dissolved and
bound to the dissolved organic matter. The ratio C,/C, shows
that the bioavailability of hydrophobic compounds is strongly
affected by the dissolved organic carbon (DOC) content of
the water, which ranged from 4.5 to 11.2 mg/L in water
samples taken at the four sampling sites. The truly dissolved
or bioavailable portion of contaminants at different sam-
pling sites ranges from 4% to 86% for the PAHs, and from
8% to 18% for the OCPs included in the estimation. For
individual compounds, differences in the percentages found
in the freely dissolved form can be attributed to the range of
their hydrophobicity. For PAHs with moderate hydrophobici-
ty, the portion bound to DOC seems to be low or even neg-
ligible (with the exception of phenanthrene), whereas the
PAHs with high log K, values, and the DDX will be parti-
tioned to DOC to a greater extent.

3 Conclusions

This study is the first field application of SPMDs reported in
Germany and it confirms that this sampling method is con-
venient for the continuous monitoring of hydrophobic organic
contaminants in a watercourse. The SPMD technique has sev-
eral important advantages over conventional episodic analytic
measurements. The devices can be used in the field with only
little technical support, which is particularly useful for moni-
toring programmes in remote regions. Due to the principally
great flexibility in selecting sampling sites, this technique ena-
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bles a pseudo-continuous monitoring of hydrophobic pol-
lutants along potentially relevant emission and transfer path-
ways, thus allowing one to unravel pollution sources in cases
of both episodic contamination events as well as long-term,
low-dose contamination. The integrative approach allows
one to reduce the costs of monitoring campaigns by a sub-
stantial reduction of the required sampling frequency. An
estimate of average water concentrations over an extended
period of time can be obtained in contrast to conventional
direct water sampling and liquid/liquid extraction unless a
water sample is continually collected, composited and ana-
lysed over the time period. Moreover, the SPMD MQL val-
ues for estimation of the water concentration have been
shown to be up to two orders of magnitude lower than MQL
determined with the conventional water extraction method.
However, more substance-specific, sampling rate data is
needed to allow for the estimation of average ambient wa-
ter concentrations of a broader range of contaminants. Also,
more research is necessary to examine the effect of different
milieu conditions on the sampling function (pH, salinity,
hydrodynamics, temperature, dissolved organic matter),
which is important for the purpose of deriving reliable quan-
titative results under in situ conditions. To make the tech-
nique more suitable for routine monitoring, a less expensive
and less time consuming sample processing would be required.
A simplified sample extraction and cleanup with reduced sol-
vent consumption would also reduce the risk of sample con-
tamination during handling in the laboratory.
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The composition and spatial distribution of polyaromatic hydrocarbons (PAHs) and their relation to potential
pollution sources were investigated in the Bose Sieben Creek, Saxony-Anhalt, Germany, using two techniques:
semipermeable membrane devices (SPMDs) and sediment analysis. SPMD is an integrative device that passively
samples hydrophobic chemicals of low to moderate molecular weight (<600 Da) in water. SPMDs were placed
in water for 34 days at three sites where sediments were also sampled. Fifteen PAHs were determined in
SPMDs and in sediment samples to evaluate the concentration levels and specific PAH patterns. Time-weighted
average aqueous PAH concentrations were estimated from the PAH amount accumulated in SPMDs during the
deployment period using previously reported sampling rates. Sediment-water partition coefficients were used to

estimate PAH concentrations in pore water from sediments. Calculated pore water concentrations were, on
average, almost three orders of magnitude higher than those calculated from SPMDs. Thus, in addition to
contamination from other sources, the water concentration at the sampling sites might be elevated due to
contaminant mobilization from historically contaminated sediments. Relative PAH patterns from SPMDs and
sediment were compared using principal component analysis, and were correlated with the PAH patterns from
different potential contamination sources, including Theisen sludge, one of the by-products of the smelting
process for copper production in the region in the past, which is likely to be the main contamination source of
PAHs. Moreover, three origin indices (concentration ratios of PAH isomer pairs) were used to evaluate the
suitability of these compounds as tracers to distinguish between the contamination arising from different
sources. The evaluation of contaminant patterns permits the conclusion that the PAHs are of pyrolytic,
industrial origin, possibly including contamination by Theisen sludge, and rules out a petrogenic source for the

hydrocarbons.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) form a widespread
class of environmental chemical pollutants. They arise from the
incomplete combustion of recent and fossil organic matter
in flames, engines and industrial processes (pyrolytic origin),
from emissions of non-combustion-derived matter (petrogenic
origin) and from the post-depositional transformation of
biogenic precursors (diagenetic origin)."> PAHs enter surface
waters mainly via atmospheric fallout, urban run-off, munici-
pal effluents and oil spillage or leakage. After entering the
aquatic environment, their behaviour and fate depend on their
physicochemical ~properties.>* Volatilization, dissolution,
adsorption onto suspended solids and subsequent sedimenta-
tion, biotic and abiotic degradation, uptake by aquatic organ-
isms and accumulation are all major processes to which PAHs
in water are subjected. Due to their low aqueous solubilities
and hydrophobic nature (log K, = 3-8), the concentrations
of dissolved PAHs in water are very low. Otherwise, PAHs
associate easily with particulate matter and are finally depo-
sited in the sediment.™

In the Mansfeld region of Saxony-Anhalt, Germany, one
of the potential emission sources of PAHs originates from
the traditional mining and processing of Kupferschiefer, a

tElectronic Supplementary Information available. See http://www.rsc.
org/suppdata/em/b1/b104707h/
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metalliferous Permian black marine shale. For more than
800 years, this bituminous shale was mined for copper and
smelted in a coke-fired blast furnace to produce copper. One of
the by-products of the smelting process, originating from the
washing procedure of the flue dust from the furnace, is the
‘Theisen sludge’. By 1990, when mining and copper production
were stopped, a total of approximately 220000 tons of this
slurry had been deposited at several sites. These deposits were
neither sealed from the ground nor covered, and were therefore
a major source of contamination to surface water, groundwater
and soil. In addition to the large quantity of heavy metals and
metalloids, the Theisen sludge material contains substantial
amounts of PAHs, dioxins and furans.® Although the majority
of the hydrocarbons involve a mixture of polyaromatic hydro-
carbons with a high boiling point, additional alkylated homo-
logues and partially hydrogenated aromatics have also been
detected. The extremely fine-grained nature of the material
facilitates emissions into the environment, in particular into
surface water and groundwater adjacent to the present deposit.
Therefore, Theisen sludge can cause major environmental
problems. No reliable information is available on the aqueous
concentrations of PAHs in the streams of the region of
Mansfeld. However, a few measurements have detected cle-
vated PAH levels in the region. In addition, studies have been
conducted to assess the leaching behaviour of Theisen sludge,
which indicated the elevated remobilization potential of the
PAHs from this material.”

DOI: 10.1039/b104707h

This journal is © The Royal Society of Chemistry 2001



The main objective of this study was to assess the level of
contamination by PAHs in the stream of the Bose Sieben due to
industrial historical activities in the study area and, in
particular, to identify the PAH composition, spatial distribu-
tion and potential pollution sources. The small river collects
surface water from the Mansfeld region. Surficial sediment
samples and passive samplers (semipermeable membrane
devices, SPMDs) from three sampling locations were analysed
for PAHs to obtain information on the concentrations of
PAHs in the sediment and aqueous phase. SPMDs are
innovative devices suitable for the passive and integrative
in situ monitoring of dissolved water-borne contaminants.®’
The SPMD sampler consists of lay-flat polyethylene tubing con-
taining a thin film of triolein, a high molecular weight neutral
lipid. The utility of SPMDs has been shown in monitoring
aqueous residues of polychlorinated biphenyls (PCBs),!"
various organochlorine pesticides,'' polychlorinated dibenzo-
furans and dibenzo-p-dioxins'> and polycyclic aromatic
compounds.'?

Experimental section
Materials and chemicals

The 15 PAHs analysed in the samples are listed in Table 1. The
solvents acetone, dichloromethane, hexane, isopropanol and
toluene (LiChrosolv quality) were obtained from Merck
(Darmstadt, Germany). Acetonitrile (HPLC, Ultra Gradient
Grade) and HPLC water were purchased from Baker
(Deventer, The Netherlands). A standard solution of a PAH
mixture in methanol was purchased from Supelco (Deisenho-
fen, Germany).

Sampling devices

SPMDs with a standard configuration (2.54 cm x 91.4 cm; 75—
90 um membrane thickness; total mass, 4.3 g each), designed
by Huckins ez al.® at the USGS in Columbia, MO, USA, were
assembled from low density polyethylene lay-flat tubing
containing a thin film of 95% pure triolein (1 mL). They
were purchased from Exposmeter, Tavelsjo, Sweden, and were
stored in original, gas-tight, metal paint cans until just before
field deployment.

SPMD deployment

The SPMDs were placed at three sites in the stream of the Bose
Sieben [near Wimmelburg (Site I), the Bose Sieben near
UnterriBBdorf (Site IT) and the StiBer See lake (Site I1I), near the

mouth of the Bose Sieben], in the Mansfeld region in Saxony-
Anhalt, Germany (Fig. 1). The river basin of the Bdse Sieben
comprises almost the whole area affected by copper mining and
processing.

The SPMDs were deployed for 34 days during the autumn of
1998 (18th September to 22nd October). During exposure, the
average water temperature varied from 12 to 14°C at all
sampling sites. Two SPMDs were deployed at each of the three
sampling sites. At each deployment site, SPMDs were removed
from the metal can and placed into a stainless steel 1 cm mesh
frame (20 cm x 100 cm) which protected the SPMDs from
both sides. SPMDs were secured by fastening their ends to the
frame using flat, stainless steel belts screwed to opposite ends of
the frame. The frame was deployed in a horizontal orientation
above the bottom of the stream and held by tent pegs. The
depth below the water surface at which SPMDs were deployed
at the sampling sites ranged from 15 to 90 cm. On day 34, the
SPMDs were removed from their frames and immediately
sealed in individual amber glass jars. The jars were transported
to the laboratory in a cooler (on ice and in darkness) and were
kept in a freezer at —20 °C until processing. Exposed SPMDs
were analysed for selected PAHs.

Sediment samples

Sediment samples from the sampling sites were collected using
an Ekman-Birge grab (Hydro-Bios Apparatebau GmbH, Kiel,
Germany), which penetrated about 15 cm and collected about
0.1 m? of surface sediments. Samples were air dried and the
coarse material (>2.5 mm) was removed. Duplicate sediment
samples were extracted with toluene using the optimized
accelerated solvent extraction technique, as described by Popp
et al.'* Solvent exchange to acetonitrile was performed prior
to HPLC analysis of PAHs. The organic carbon content of the
sediment sample was measured with a total organic carbon
(TOC) analyser (Leco) using sample combustion at 1000 °C.

SPMD processing

SPMD processing has been described previously.'® Briefly, the
devices were subjected to exterior clean-up for biofouling
removal. SPMDs were then dialysed three times with 250 mL
of hexane per SPMD at 18 °C for 24 h and cleaned up by size
exclusion chromatography (SEC). The SEC fraction contain-
ing the PAHs was collected, and solvent exchange from
dichloromethane to acetonitrile was performed prior to HPLC
analysis of PAHs.

Table 1 Mean concentrations of PAHs in SPMDs (ng per SPMD; n = 2; mass of SPMD, 4.28 g) and in sediment samples (ng g~ ', dry weight based)

at sampling sites in the Mansfeld region

Sediment, Sediment, Sediment, SPMD?, SPMD, SPMD, SPMD,
PAH No. Site T Site IT Site I11 trip blank Site I Site 1T Site IIT
Naphthalene” <5 28 205 168 292 235 286
Acenaphthene 1 11 23 59 <10 24 36 51
Fluorene 2 52 33 216 <50 122 160 217
Phenanthrene 3 1024 546 2208 20 513 762 710
Anthracene 4 196 81 371 <4 52 62 91
Fluoranthene 5 1670 801 2393 <30 715 821 1048
Pyrene 6 1272 659 1624 8 933 956 1073
Benzo[a]anthracene 7 702 338 723 <20 105 89 97
Chrysene 8 682 667 798 <50 170 189 168
Benzo[b]fluoranthene 9 679 407 569 <20 74 57 80
Benzo[k]fluoranthene 10 274 210 215 <5 31 26 31
Benzo[a]pyrene 11 546 441 425 <5 31 26 33
Dibenz[a,h]anthracene 12 103 79 78 <15 <15 15 <15
Benzo[g,h,i]perylene 13 389 359 283 <15 14 31 25
Indenol[1,2,3]pyrene 14 329 417 206 <25 <25 27 <25
Sum of PAHs 7929 5089 10373 197 3077 3491 3910

“Concentrations found in SPMDs are recovery rate corrected. ?Concentrations of naphthalene are not recovery rate corrected.
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Fig. 1 Map of the sampling sites (filled circles) in the stream Bose Sieben in the Mansfeld region in Saxony-Anhalt, Germany. The black areas on the
left of the map represent the heaps and ponds from copper mining and processing.

Quality control

Because SPMDs have a propensity to sequester vapour phase
contaminants,'® additional two trip blank SPMDs were
exposed to air at each site while the water sampling SPMDs
were being deployed and collected. Trip blanks were processed
exactly as deployed samples and were used to define the
contamination of the SPMDs during transportation and
handling. In addition, fresh SPMDs were taken through the
entire dialysis and clean-up procedure (procedural blanks).
Spiked SPMDs were also analysed by fortifying fresh
membranes and then processing them as samples. PAHs
were spiked at 80 ng per SPMD for each individual component.
Recovery rate values of the fortified PAHs from SPMDs were
good and reproducible, with the exception of naphthalene. The
average percentage recoveries of the remaining PAHs varied
from 56% for indeno[1,2,3]pyrene to 117% for phenanthrene,
and the relative standard deviation of three spiked samples did
not exceed 11% for any compound.

Analysis

PAHs in sediment and SPMD extracts were analysed by HPLC
(HP 1050) using a C18 Vydac201TP54 (250 mm x 4.6 mm id)
column and a programmable fluorescence detector (FD). The
mobile phase was acetonitrile-water pumped at | mL min ™! at
23 °C with gradient elution. The gradient elution started with
60% water and 40% acetonitrile (3 min); then, the acetonitrile
content was increased with a linear gradient to 100% in 24 min,
and was maintained in this condition for 13 min. Quantifica-
tion of the PAH residues was accomplished using a seven-
point, external standard curve. The standard curves were
linear, with correlation coefficients for the investigated PAHs
ranging between 0.996 and 0.999. No internal standards were
employed for quantification using HPLC with FD; never-
theless, quantification using an external standard only is also
permitted in the standard EPA 610 method. Method quan-
tification limits (MQLs) for PAHs in sample extracts calculated
from procedural blanks were determined as the average
concentration plus ten times the standard deviation of the
procedure blanks, ranging from 4 ng mL ™! for anthracene to
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50 ng mL~! for chrysene. Acenaphthylene was not included in
the analytical procedure because the compound shows no
fluorescence.

Distribution of PAHs using principal component analysis

Principal component analysis (PCA) was used to compare the
PAH distribution in different matrices (sediment, SPMD and
aqueous phase) at the sampling sites. This was performed on
data standardized to the total PAH concentration of each
sample, focusing on relative patterns. The PCA represents the
patterns by arranging the PAHs (variables) and sites along axes
(principal components), which are assumed to represent basic
factors or relationships. The first principal component (PC1)
describes the maximum amount of variation of the data.
Subsequent calculated principal components (PC2, PC3, etc.)
describe the remaining variation of the data in decreasing order
of importance. Each PC is orthogonal (uncorrelated) to the
previous one. The results are depicted in plots of samples and
variables, with the variables represented by lines running from
the origin of the plot to the position of the variable loadings.
The lines point in the direction of increasing variable relative
concentrations, and the length of the line represents the extent
of the increase. Data were modelled by PCA with KyPlot
software.!’

Results and discussion
Absolute concentrations of PAHs in sediments and SPMDs

The concentrations of the compounds of interest found in the
sediments and the SPMDs exposed for 34 days at different
sampling sites are presented in Table 1. Quantifiable amounts
of all PAHs were found in sediments from all sampling sites.
On average, the total PAH concentrations in the sediments
were approximately ten times those found in the SPMDs on a
g g~ ! basis. On the basis of total PAH residues, the sites can
be ranked from lowest to highest as follows: Site II < Site
I < Site III. The PAH concentrations in sediments ranged
from 5.1 pg g~ ' at Site I to 10.4 pg g~ " at Site III. The average
relative percentage difference between duplicate sediment



samples from the same sampling site was 10%, and never
exceeded 40%. The pollution levels can be assigned as elevated,
although below the maximum admissible concentration of
20 ug g~ ! set by the Directive on the Disposal of Dredged
Materials of Saxony-Anhalt.'®

Apart from dibenz(a,/i)anthracene and indeno(1,2,3)pyrene
at sampling sites I and III, all PAHs were also quantified in the
SPMD samples. The concentrations of compounds in SPMDs
(Table 1) were adjusted according to their recoveries from
fortified SPMDs. The trip blank SPMDs were devoid of
quantifiable residues of PAHs, except for naphthalene, phen-
anthrene and pyrene. Only naphthalene was ignored in further
discussions because of high trip blank values, large differences
in results from duplicate samples and poor recovery from
SPMDs; the phenanthrene and pyrene concentrations in the
trip blanks were much lower (more than 20 and 100 times,
respectively) than their concentrations in the SPMDs at the
sampling sites. The average relative percentage difference
between two SPMDs deployed at the same sampling site was
23%, and never exceeded 40%.

The sites can be ranked from the lowest to the highest
concentrations of total PAHs in SPMD samples as follows: Site
I < Site I < Site III. The PAH concentrations increase down-
stream towards the mouth of Bdse Sieben to the SiiBler See lake.
The concentrations of individual PAHs at the sampling sites
generally followed the same pattern as the totals (Table 1). The
highest total levels of PAHs sequestered by SPMDs in this
study were of a comparable order of magnitude to the amounts
found in SPMDs in other studies conducted under similar
conditions.'*! The PAH concentrations ranged from a low of
3.1 pg per SPMD at Site I to a high of 3.9 pg per SPMD at
Site III.

SPMD and sediment samples provide complementary
information. PAH concentrations in sediments reflect long
periods of time, because sediments are sinks for hydrophobic
contaminants, while SPMDs only integrate water concentra-
tions during the sampling period. Moreover, PAHs present in
sediments are bound to particles, whereas SPMDs sample only
PAHs truly dissolved in the water column.

Water concentration estimation

Sediment-based PAH concentrations in water (pore water)
(Cws) were estimated from the concentrations found in
sediment (Cs) using the equilibrium partitioning approach
discussed by Di Toro et al.*

CWS = CS/(fécpKoc) (1)

where £, is the fraction of sediment organic carbon, p is the
sediment bulk density and K, is the sediment organic carbon—
water partition coefficient. K. was calculated using Karickoft’s
approximation,23 ie. Koo =041 x K,,. The octanol-water
partition coefficient values (K,,) of the PAHs utilized for the
calculation are given in Table 2. f,. measured in sediments was
3.92% at Site I, 1.56% at Site II and 4.86% at Site III. The
substitution of Karickoff’s equation by alternative correlations
recently proposed to estimate K. from K,,>>>° yields PAH
concentrations in pore water comparable (of the same order
of magnitude) to the estimation results given in Table 2.

The time-averaged water-borne concentrations of PAHs at
the sampling sites can also be estimated from concentrations in
exposed SPMDs. The details of the model development are
available elsewhere,”?”?® and are not presented here. In
general, ambient water concentrations can be calculated using

Cwm = Cum/Kum[l — exp(—k.t)] 2

As applied here, Cwy is the concentration of the analyte in
water derived from SPMD (estimate of average value over the

exposure period), Cy is the concentration of the analyte in the
SPMD (lipid + membrane), ¢ is the exposure time in days, k. is
the exchange rate constant for both overall uptake and
elimination and Ky, is the equilibrium partition coefficient
between SPMD and water.

The selection of the most appropriate approach to estimate
aqueous concentrations from concentrations in exposed
SPMDs depends on whether the overall uptake is linear,
curvilinear or equilibrium is attained between the SPMD and
the aqueous phase during exposure.!! The time an analyte
remains in the linear uptake phase (first-order uptake half-time,
t1») can be estimated from the reported equilibrium partition-
ing coefficient (Ky) and actual sampling rate (Rsc) for a
specific average temperature value at each sampling site using

tin = (In 2)Kyp V'l Rsc (3)

where V7 is the volume of the SPMD (lipid + membrane) and
Rsc is the SPMD sampling rate given by

Rsc = RsF; “4)

where F; is 1 — the fractional reduction in uptake flux or
sampling rate Rs determined under defined conditions due to
fouling impedance.

Rsc is related to k. by

RSC = keKM VM (5)

The chemical uptake into SPMD remains linear and integrative
in the initial period of the exposure until the concentration
factor (ratio Cyi/Cwnm) in the SPMD reaches approximately
half-saturation (k.t < In 2) and eqn. (2) can be reduced to

Cwm = (CmVm)/(Rsct) (6)

Among environmental variables, mainly temperature and
biofouling can affect the sampling rate. We assumed that the
hydrodynamic conditions at the sampling sites did not affect
the uptake kinetics dramatically, although it has been reported
that the aqueous diffusion boundary layer at the membrane
surface affects contaminant uptake for compounds with log
Kow > 4.5."5% In general, elevated sampling rates are expected
in turbulent environments, and the application of laboratory-
derived sampling rates may cause overestimation of the
aqueous concentrations. Sampling rates for the PAHs at
different temperatures have been reported,27 and were utilized
for water concentration estimation in this study. The sampling

Table 2 Estimates of dissolved pore water concentrations from
sediments, Cyws, at the sampling sites. Concentrations reported are in
ng L™'. Recommended octanol-water partition coefficients for indivi-
dual PAHs** were used to estimate the Cys values using eqn. (1)

log Site I, Site 11, Site 111,
PAH Kow Cws Cws Cws
Acenaphthene 4.0 68.5 920.6 758.8
Fluorene 4.2 5233 833.4 1752.8
Phenanthrene 4.5 5164.5 6910.7 8979.8
Anthracene 4.6 785.2 814.4 1198.5
Fluoranthene 5.1 2115.6 2546.6 2444.6
Pyrene 5.1 1611.4 2095.2 1659.0
Benzo[a]anthracene 59 140.9 170.3 117.1
Chrysene 5.7 217.0 532.7 204.8
Benzo[b]fluoranthene 5.8 171.6 258.2 116.0
Benzo[k]fluoranthene 6.0 43.7 84.1 27.7
Benzo[a]pyrene 6.2 54.9 111.4 34.5
Dibenz[a,h]anthracene 6.8 29 5.6 1.8
Benzo[g,h,i]perylene 6.9 7.8 18.1 4.6
Indenol[1,2,3]pyrene 6.8 8.3 26.5 4.2
> PAHs 10915.8 15327.6 17304.0
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Table 3 Estimates of dissolved aqueous concentrations from SPMDs, Cy, at sampling sites. Concentrations reported are in ng L™!. Published
sampling rates (Rg) and equilibrium SPMD-water partition coefficients (Kyy) for individual PAHs*’ were utilized to estimate the Cyy values using

eqn. (2) (curvilinear model) and eqn. (6) (linear model), respectively

Rs @ Rs @ Site I, Site 11, Site II1,

PAH MW IOg KM 10°C/L d71 18 °C/L dil CWM CWM CWM Model used
Acenaphthene 154.2 4.05 2.7 2.3 0.7 1.0 1.4 Curvilinear
Fluorene 166.2 4.21 3.0 1.7 2.7 3.7 5.3 Curvilinear
Phenanthrene 178.2 4.47 3.8 3.6 34 5.1 4.8 Linear
Anthracene 178.2 4.67 2.9 3.6 0.4 0.5 0.7 Linear
Fluoranthene 202.3 4.68 3.6 4.5 4.6 5.2 6.4 Linear
Pyrene 202.3 4.79 4.5 52 4.9 5.0 5.5 Linear
Benzo[a]anthracene 228.3 5.32 32 32 0.8 0.7 0.7 Linear
Chrysene 228.3 5.32 3.7 4.8 1.1 1.1 1.0 Linear
Benzo[b]fluoranthene 252.3 5.55 2.8 3.0 0.6 0.5 0.7 Linear
Benzo[k]fluoranthene 252.3 5.44 2.9 39 0.2 0.2 0.2 Linear
Benzo[a]pyrene 252.3 5.11 32 3.7 0.2 0.2 0.2 Linear
Dibenz[a,h]anthracene 278.4 4.83 3.0 3.8 NR¢ 0.1 NR Linear
Benzo[g,h,i]perylene 276.3 4.51 2.0 3.0 0.2 0.3 0.2 Linear
Indenol[1,2,3]pyrene 267.0 4.04 1.8 1.9 NR 0.4 NR Linear

> PAHs 22.6 27.9 30.6

“NR, no residue found in SPMD sampler.

rates at individual sampling sites were interpolated from these
values for an average temperature at each sampling site. An
average fouling resistance of 20% (F; = 0.8) was employed for
biofouled SPMDs to correct for reduction in SPMD uptake.*
Laboratory-derived SPMD sampling rates Rg for PAHs
utilized for calculation are given in Table 3.

Except for acenaphthene and fluorene, the estimated first-
order uptake half-time was longer than the exposure period,
and the linear model [eqn. (6)] was used to calculate the
dissolved water-borne concentrations of the compounds. For
acenaphthene and fluorene, the curvilinear model [eqn. (2)] was
used. It should be noted that the water concentration estimated
with the SPMDs is an average concentration over a 34 day
interval, not the maximum concentration during that interval.

The estimated ambient concentrations of the selected
contaminants by the two techniques are presented in
Tables 2 and 3.

Water—sediment equilibrium issues

Absolute water PAH concentrations, estimated from sediment
concentrations, were on average almost three orders of magni-
tude higher than those calculated from SPMDs, although the
SPMDs were exposed close to the bottom sediment. To assess
the net flux of PAHs between water and sediment at the
sampling sites, fugacity quotients (ratio of the fugacity in the
sediment fg to the fugacity in the water fi) can be calculated
using the SPMD and the sediment concentration data. It can be
shown that the fugacity quotient can be calculated using the
ratio of the aqueous concentrations in equilibrium with
individual compartments>!

The fugacity quotient can be cautiously interpreted as an
indication of sediment-water equilibrium status. A ratio of
unity indicates equilibrium, a ratio of less than unity indicates
net movement from water to sediment and a ratio of more than
unity indicates net movement from sediment to water.

Fig. 2 shows the sediment/water fugacity quotients calcu-
lated using the approach outlined above. For PAHs in this
study, movement is predicted to be from sediment to water, i.e.
the sediment has a tendency to release these compounds. The
low actual aqueous concentrations of PAHs in surface water
can promote the dissolution of sediment-bound PAH residues.
Thus, in addition to contamination from other sources, the
water concentration at sampling sites might be elevated due
to contaminant mobilization from historically contaminated
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sediments. Of the PAHs, anthracene and phenanthrene show
the highest remobilization potential. The fugacity quotients
have the highest values at Site II.

PAH patterns

In order to determine the nature of PAH pollution, we
compared the PAH patterns of sediment, SPMD and the
dissolved phase at different sampling sites. For this purpose,
the relative concentrations of PAHs in samples were analysed
by PCA.

From an inspection of the PCA pattern analysis for the
matrices, the score plot [PC1 vs. PC2, Fig. 3(a)] shows the
separation of the samples along the principal components. As
can be seen in the loading plot [Fig. 3(b)], the compounds
(PAHs) are separated on the principal component plane
(PC1 x PC2) according to their molecular weight or lipophi-
licity. Four main groups can be distinguished. The first group
represents the di-aromatics, acenaphthene and fluorene. The
second group contains the tri-aromatics, phenanthrene and
anthracene. These two groups represent the most water-soluble
PAHs. The third group comprises the tetra-aromatics,
fluoranthene and pyrene. Finally, the fourth group consists
of the remaining tetra-, penta- and hexa-aromatics, i.e. the least
water-soluble and most hydrophobic of the compounds
studied.
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Fig. 2 Sediment/water fugacity quotients of the PAHs at the sampling
sites, calculated as described in the text. The broken lines show the
quotient range where the sediment is predicted to be close to
equilibrium with the aqueous phase. (Fugacity quotients could not
be calculated for Site I and Site III for indeno(1,2,3)pyrene and
dibenz(a,h)anthracene due to concentrations below the limit of
detection in SPMDs at these sites.)
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Fig. 3 Principal component plot (PC1 vs. PC2) for comparison of the
PAH profiles of all matrices from all sites. (a) Scores of samples. Open
circles represent calculated scores of potential pollution source
materials, which were not included in the analysis. (b) Loadings for
the individual PAHs. Sample site numbers and analyte numbers
correspond to site numbers in Fig. 1 and analyte numbers in Table 1. S,
sediment; M, SPMD; WM, calculated water from SPMD; WS,
estimated water pattern from sediment; TS, Theisen sludge; TSL,
Theisen sludge leachate; KS, Kupferschiefer; SRM 1579, coal tar.

The most important trend (PC1) accounts for 66% of the
total variance. The separation of the PCl sample scores
correlates with the molecular weight or the lipophilicity of the
PAHs. The low hydrophobic PAHs (log K, < 4.6) co-vary
positively with each other, but they co-vary negatively with the
very hydrophobic PAHs (log K,,, > 5.1). Along PCI, sediment,
SPMD samples and water patterns estimated from SPMDs
have negative scores, whereas water patterns estimated from
sediments have positive scores.

The second most important trend (PC2) explains 22% of the
variance in the data. Samples with a positive score on the PC2
axis are characterized by higher relative concentrations of the
di- and tetra-aromatics, whereas samples with negative scores
have higher relative concentrations of penta- and hexa-
aromatics. Along this principal component, the sediment
samples have negative scores, whereas the SPMD samples
and water patterns derived from SPMDs have positive scores.
This is because higher molecular PAHs with high K, values

are more likely to be associated with dissolved, particulate and
sediment organic carbon than dissolved in the water, and thus
available to be sampled by SPMDs.

Sediment scores from different sampling sites have a much
greater spread within their cluster than the PAH profiles within
the SPMD matrix. The sediment sample from Site II contains
higher relative concentrations of very hydrophobic PAHs (log
Kow > 5.5) in comparison with sites I and III, which could
indicate a contribution from an additional source of PAH
pollution at this site. Sediment from Site III contains higher
relative concentrations of fluorene, phenanthrene and anthra-
cene and lower relative concentrations of more hydrophobic
compounds (log K, > 5.5) in comparison with sites I and II.

The estimated water patterns for SPMD are very similar to
the SPMD patterns, whereas the calculated water patterns
from sediment vary considerably from the sediment PAH
patterns. Water patterns calculated from SPMD and sediment
do not cluster together on the PCA plot. The pore water at
equilibrium with sediment contains higher relative concentra-
tions of di- and tri-aromatics (especially anthracene and
phenanthrene, respectively) than the water column. In surface
water, these compounds can be reduced due to their elevated
volatility and by different degradation processes (i.e. bio-
degradation and/or photodegradation).

Sources of PAH contamination

No dramatic rise in absolute PAH concentration was observed
for any of the sampling sites, for any matrix, which indicates
that the PAHs are likely to originate from diffusive sources
rather than from a small number of discrete point sources. To
identify a similarity in contamination pattern with some of the
possible pollution sources (Table4), principal component
scores were calculated for potential source materials, including
the Theisen sludge and its aqueous leachate, the Kupferschiefer
and the coal tar SRM 1579, using eigenvectors (scoring
coefficients) of the data covariance matrix obtained in the PCA
[Fig. 3(a)]. Along PCI1, Kupferschiefer has a very positive
score, which clearly sets it apart from the remaining data.
Theisen sludge patterns and the coal tar pattern are not
separated well from each other on the PC1 axis and their scores
are slightly more positive in comparison with SPMD and
sediment samples, respectively. Along PC2, Theisen sludge and
coal tar have negative scores. This demonstrates a similarity in
the composition of this sediment to that of these two materials.

Another method to determine the PAH source is to calculate
specific PAH/PAH ratios.>*% These ratios can be compared
with the fingerprints of PAHs from pyrolytic or petrogenic
origin to identify the most likely contamination source
material. The usual index of combustion and/or anthropogenic
input is an increase in the proportion of the thermodynamically
less stable parent PAH isomers relative to the stable isomers
(e.g. anthracene relative to phenanthrene , fluoranthene relative
to pyrene, benzo[a]anthracene relative to chrysene, etc.). One
difficulty in identifying PAH origins is the possible coexistence
of many contamination sources, and the transformation
processes that PAHs can undergo in matrices from diverse
environmental compartments. The good correlation observed
between PAH pairs with similar physicochemical properties
indicates their similar behaviour irrespective of the sampling
sites and matrices.

On the principal component plane (PC1 x PC2) [Fig. 3(b)],
good correlation was observed, especially between relative
concentrations of phenanthrene and anthracene (r = 0.94),
fluoranthene and pyrene (r = 0.87) and benzo[a]anthracene and
chrysene (r = 0.84). The ratios of phenanthrene/anthracene
(Phe/Ant), fluoranthene/pyrene (FIt/Py) and chrysene/benzo-
[alanthracene (Chry/BaA) were examined as origin indices. The
Phe/Ant ratio can be seen to be very high in petrogenic
pollution by PAHs (i.e. Phe/Ant > 10), but lower in pyrolytic
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Table 4 PAH contents of some potential pollution source materials (d.w., dry weight)

Theisen Theisen sludge Coal tar SRM Kupferschiefer/
PAH sludge/pg g~ " d.w. aqueous leachate’/ug L™ 1579pg g~ ' d.w. pgg ' dw.
Acenaphthene 1.5 1.3 NR? NR
Fluorene 23.6 4.8 140.0 0.05
Phenanthrene 209.1 14.6 462.0 4.40
Anthracene 38.8 2.5 101.0 0.01
Fluoranthene 76.1 33 322.0 0.14
Pyrene 120.2 5.9 235.0 0.46
Benzo[a]anthracene 38.7 1.1 98.6 0.07
Chrysene 75.5 2.6 71.7 0.73
Benzo[b]fluoranthene 26.7 1.8 66.0 0.22
Benzo[k]fluoranthene 9.8 0.4 43.0 NR
Benzo[a]pyrene 23.9 1.5 95.8 NR
Dibenz[a,h]anthracene 1.2 NR NR NR
Benzo[g,h,i]perylene 14.5 0.4 53.7 0.37
Indeno[1,2,3]pyrene 9.0 0.7 60.2 NR
>~ PAHs 668.6 40.9 1749.0 6.47

“Taken from Popp et al.'* ®Taken from Paschke et al.” “Taken from ref. 32. “NR, no residue found.

contamination cases. In the case of pyrogenic pollution, the
Flt/Py ratio ought to be > 1, and the Chry/BaA ratio ought to
be <1.7>%

The origin indices of the sediment and SPMD samples and
those derived from the estimated dissolved aqueous phase
composition at the sampling sites were compared with origin
indices of potential pollution source materials, including the
Theisen sludge, the Kupferschiefer and the reference material
coal tar SRM 15793 (Table 5).

Coal tar SRM 1579 is characterized by origin indices typical
of a material generated by pyrolytic processes, as indicated by
the low Phe/Ant ratio of 4.57, the elevated Flt/Py ratio (1.37)
and the low value of Chry/BaA (0.73). On the other hand, the
criteria for a petrogenic PAH origin are confirmed very clearly
when inspecting the origin indices calculated for the black shale
Kupferschiefer. The characteristic extremely high Phe/Ant
ratio of 344, low FIt/Py ratio (0.31) and high Chry/BaA ratio
(10.37) allow for the clear differentiation of this petrogenic
PAH source from other sources.

Theisen sludge exhibits characteristic indices distinct from
those of petrogenic origin. The Phe/Ant ratio is 10 in Theisen
sludge samples. In contrast to typical material of pyrolytic

Table 5 Selected PAH ratios (origin indices) for SPMDs, sediment
samples, estimated water compositions and potential source samples in
the Mansfeld region

Sample Phe/Ant Flt/Py Chry/BaA

Sediment at Site I 5.22 1.31 0.97

Sediment at Site 1T 6.74 1.22 1.97

Sediment at Site 111 5.95 1.47 1.10

SPMD at Site 1 9.91 0.77 1.62

SPMD at Site 1I 12.36 0.86 2.13

SPMD at Site III 7.79 0.98 1.74

Water from SPMD 8.13 0.94 1.30
at Site I

Water from SPMD 10.49 1.04 1.66
at Site II

Water from SPMD 6.84 1.17 1.31
at Site III

Pore water from sediment 6.58 1.31 1.54
at Site I

Pore water from sediment 8.49 1.22 3.13
at Site 1T

Pore water from sediment 7.49 1.47 1.75
at Site 111

SRM 1579 (coal tar) 4.57 1.37 0.73

Theisen sludge 10.44 0.95 2.94

Kupferschiefer 344.05 0.31 10.37

“NR, no residue found.
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origin, Theisen sludge is characterized by Flt/Py values <1 and
Chry/BaA values >1.

The sediment, SPMD samples and calculated water patterns
at the sampling sites are characterized by Phe/Ant values <10.
One exception is the SPMD sample at Site II and the water
pattern derived from this sample (Phe/Ant = 12.36 and 10.49,
respectively). However, this ratio might be additionally
elevated because of selective photo-oxidation of anthracene
during transport in the dissolved phase.>” This hypothesis is
supported by the fact that the Phe/Ant values in the SPMD
samples, which reflect the composition of the dissolved PAHs
in water, are higher than those in sediment samples.

The results of the FIt/Py ratios examined are ambiguous.
FIlt/Py ratios > 1 are observed in sediment samples and pore
water patterns derived from sediment data, whereas ratios
between 0.77 and 1.17 characterize the SPMD samples and
water patterns from SPMD data. Except for the sediment sam-
ple at site I, Chry/BaA ratios > lwere observed in all samples.

Conclusions

SPMD and sediment samples provide complementary informa-
tion. The use of sediments to predict water concentrations
and patterns may not be representative of the concentrations
and patterns in the upper levels of the water column. PAH
concentrations and patterns in sediment are changed by
weathering and ageing, and reflect longer periods of time
because sediments are sinks for hydrophobic contaminants,
while SPMDs integrate water concentrations only during the
sampling period. Moreover, PAHs present in sediment are
bound to particles, whereas SPMD samples only PAHs truly
dissolved in the water column. The comparison of data
obtained by PAH analysis in sediment samples and SPMDs
allows the specific distribution of PAHs to be determined in
individual environmental compartments and the mobilization
potential of these compounds to be assessed. Moreover, the
evaluation of contaminant patterns in sediment and SPMD
samples permits the assessment of the possible pyrolytic,
industrial origin of the PAHs in the region. Although it was not
possible to clearly identify one definite contamination source in
the region, the results indicate that Theisen sludge cannot be
ruled out as a possible source of PAH pollution. However, a
conclusive statement about the origin of pollution will entail
additional sampling with a higher density of sampling sites. In
addition, studies currently being conducted on the assessment
of the leaching behaviour of the Theisen sludge will produce
more information on the potential contribution of this
industrial waste to the pollution situation in the region of
Mansfeld.
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D-04318 Leipzig, Germany

An integrative sampler that consists of a bar coated with
poly(dimethylsiloxane) (PDMS) enclosed in a dialysis
membrane bag has been developed combining the advan-
tages of the passive sampling approach with solventless
preconcentration of organic solutes from aqueous ma-
trixes and subsequent desorption of the sequestered
analytes on-line with a capillary GC/MS system. The
performance of the sampler was tested for integrative
sampling of hydrophobic persistent organic pollutants
including y-hexachlorocyclohexane, hexachlorobenzene,
2,2'-bis(4-chlorophenyl)-1,1'-dichloroethylene, polycyclic
aromatic hydrocarbons, and polychlorinated biphenyls in
the laboratory in a continuous-flow system. Linear uptake
of all test analytes during exposure periods up to one week
has been observed, and concentration proportionality of
response of the sampler has been demonstrated. Over the
range of controlled laboratory conditions, the magnitude
of sampling rate values varied from 47 to 700 uL h~* per
sampler. The uptake rate of chemicals was dependent on
their molecular mass, as well as on the partition coefficient
between the PDMS and water. A decrease in sampling
rates with decreasing water temperature was observed.
The sampling device has the potential to detect low
agueous concentrations (ng to pg L™1) of test substances.

Qualitative and quantitative assessment of pollution of ecosys-
tems by persistent organic pollutants (POPs) is a continuing
challenge to environmental scientists. In aquatic systems, it is
important to obtain information on the time-weighted average
(TWA) concentrations of pollutants, which is a fundamental part
of an ecological risk assessment process for chemical stressors.
Moreover, the quantification of freely dissolved concentrations of
pollutants in water is needed for approximate characterization of
the bioavailable fraction.

Concentrations of truly dissolved contaminants cannot be
determined by most water sampling methods. Instead, total
quantities of analytes are measured, including those molecules
that are not readily bioavailable because they are bound to
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18; (fax) +-+49 341 235 2401.

* Department of Analytical Chemistry, UFZ Centre for Environmental Re-
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10.1021/ac010630z CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/04/2001

dissolved colloids present in water. Grab water samples provide
information only about contaminant concentration at the moment
of sampling and may fail to account for episodic contamination
events. Because of the low aqueous solubility of many contami-
nants, it is often impossible to excise sufficiently large water
samples to achieve instrumental detection limits. For these
reasons, an integrative approach is needed, which would provide
information about truly dissolved TWA contaminant concentra-
tions over a long time period.

Passive sampling devices allow convenient measurement of
an average concentration over a long time period, on the order of
several weeks. In contrast to active sampling, they require no
mechanical devices to collect sample or a series of samples; this
makes the method inexpensive, suitable to use at remote sites,
and perhaps less prone to vandalism. The successful use of passive
monitors in the industrial hygiene field for monitoring exposure
of workers to chemicals in the air has contributed to the
application of the same principle to dissolved organic contaminants
in aquatic environments.12 Despite numerous shortcomings of the
earlier developed devices, their use in field studies®* demonstrated
that the in situ passive sampling approach had considerable
potential.

Most passive sampling devices typically consist of a receiving
phase, with a high affinity for organic pollutants, separated from
the aquatic environment by a diffusion-limiting membrane.5~8
They can be calibrated in the laboratory so that TWA concentra-
tions of organic pollutants can be determined in field studies.®

Sodergren? developed a sampler design consisting of a dialysis
membrane filled with organic solvents. The disadvantage of this
design was the successive loss of the organic solvent from the
device by diffusion through the membrane during exposure.

(1) DiGiano, F. A; Elliot, D.; Leith, D. Environ. Sci. Technol. 1988, 22, 1365—
1367.

(2) sodergren, A. Environ. Sci. Technol. 1987, 21, 855—859.

(3) Sodergren, A. Ecotoxicol. Environ. Saf. 1990, 19, 143—149.

(4) Litten, S.; Mead, B.; Hassett, J. Environ. Toxicol. Chem. 1993, 12, 639—
647.

(5) Brown, R. H. J. Environ. Monit. 2000, 2, 1-9.

(6) Zabiegala, B.; Kot, A.; Namiesnik, J. Chem. Anal. 2000, 45, 645—657.

(7) Kot, A.; Zabiegala, B.; Namiesnik, J. Trends Anal. Chem. 2000, 19, 446—
459,

(8) Namiesnik, J.; Gorecki, T. LC-GC Eur. 2000, (Sept), 678.

(9) Huckins, J. N.; Petty, J. D.; Orazio, C. E.; Lebo, J. A; Clark, R. C.; Gibson,
V.L.; Gala, W.R.; Echols, K. R. Environ. Sci. Technol. 1999, 33, 3918—3923.
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Huckins et al.’*11 described the development of a semiperme-
able membrane device (SPMD) for passive and integrative in situ
monitoring of waterborne contaminants. The SPMD sampler
consists of lay-flat polyethylene tubing containing a thin film of
triolein, a high molecular weight neutral lipid. The utility of the
SPMD has been shown for monitoring aqueous residues of
polychlorinated biphenyls (PCBs),'? various organochlorine pes-
ticides,® polychlorinated dibenzofurans and dibenzo-p-dioxins,**
and polycyclic aromatic compounds (PAHS).'> The application of
the device is limited to nonionized contaminants.

Zhang et al.’® described a direct solid-phase microextraction
(SPME) of complex agueous samples with hollow fiber membrane
protection. In this approach, the fiber of an SPME device was
placed inside a cellulose hollow membrane, which allows target
analytes to diffuse through while excluding high molecular weight
interfering compounds. This arrangement can be used for deter-
mination of truly dissolved contaminants in aqueous samples;
however, it is not suitable for passive sampling over a long time
period. Recently, Alvarez et al.l” and Kingston et al.’® described
development of passive samplers that enable to widen the
application to a broader range of contaminants including low-
hydrophobic substances (log Ko, < 4) such as atrazine,"1
diazinon,’” 17a-ethynylestradiol,’” or diuron.’® These samplers
consist of a hydrophilic membrane material enveloping im-
mobilized solid-phase materials as an alternative to a liquid
receiving phase.

The common disadvantage of the above-mentioned passive
sampling techniques is a laborious recovery of analytes from
samplers after exposure by solvent extraction or dialysis'® and a
need for additional cleanup of the samples before gas chromato-
graphic analysis.>?:2t To make the passive sampling technology
more suitable for routine monitoring, low-cost and less time-
consuming sample processing is required. Sample processing with
reduced solvent consumption would also minimize the risk of
sample contamination during handling in the laboratory and
enable to improve the quality control measures.

Recently, a novel solventless and simple technique for pre-
concentration of organic solutes from aqueous matrixes, the stir
bar sorptive extraction (SBSE), was developed by Baltussen et
al.? In SBSE, a stir bar coated with poly(dimethylsiloxane)

(10) Huckins, J. N.; Tubergen, M. W.; Manuweera, G. K. Chemosphere 1990,
20, 533—552.

(11) Huckins, J. N.; Manuweera, G. K.; Petty, J. D.; Mackay, D.; Lebo, J. A.
Environ. Sci. Technol. 1993, 27, 2489—2496.

(12) Prest, H. F. Jarman, W. M.; Burns, S. A.; Weismdliller, T.; Martin, M.; Huckins,
J. N. Chemosphere 1992, 25, 1811—-1823.

(13) Petty, J. D.; Huckins, J. N.; Orazio, C. E.; Lebo, J. A.; Poulton, B. C.; Gale,
R. W.; Charbonneau, C. S.; Kaiser, E. M. Environ. Sci. Technol. 1995, 29,
2561—2566.

(14) Lebo, J. A.; Gale, R. W,; Tillitt, D. E.; Huckins, J. N.; Meadows, J. C.; Orazio,
C. E.; Schroeder, D. J. Environ. Sci. Technol. 1995, 29, 2886—2892.
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221.
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Figure 1. Schematic diagram of the MESCO passive sampling
device. A Gerstel-Twister bar used for SBSE (component 1) is
enclosed in a dialysis membrane bag made from regenerated
cellulose (component 2). The dialysis membrane bag is filled with 3
mL of bidistilled water (component 3) and sealed at each end with
Spectra Por enclosures (component 4).

(PDMS) is placed in the sample and stirred for a predetermined
time. The stir bar is then thermally desorbed on-line with a
capillary GC/MS system. The use of PDMS as a receiving organic
phase in extraction and thermodesorption has several advantages
over other sorbents including inertness, negligible permanent
sorption and reactions of analytes on it, and good blanks in GC
analyses.? Absorptive partitioning is the predominant mechanism
of extraction of analytes into PDMS.* The applicability of SBSE
was demonstrated for the analysis of volatile and semivolatile
micropollutants from aqueous samples.? In this work, we describe
an adaptation of this novel technique to integrative passive
sampling for hydrophobic persistent organic pollutants in aqueous
environment.

THEORY
Previously, models have been developed describing the uptake

kinetics of organic contaminants in water by passive samplers
constructed as a solvent-filled dialysis membrane? or triolein-filled
polyethylene membrane.lt

The passive sampling device described in this study consists
of a hydrophobic solid receiving phase enclosed in a water-filled
hydrophilic semipermeable membrane (Figure 1). The passive
sampler lowered in aqueous solution can be divided into several
compartments including the bulk aqueous phase with constant
solute concentration, the stagnant aqueous boundary layer, pos-
sible biofilm layer, the membrane, the inner aqueous phase, and

(22) Baltussen, E.; Sandra, P.; David, F.; Cramers, C. J. Microcolumn Sep. 1999,
11, 737—747.

(23) Baltussen, E.; David, F.; Sandra, P.; Janssen, H.-G.; Cramers, C. A. J.
Chromatog., A 1998, 805, 237—247.

(24) Baltussen, E.; Sandra, P.; David, F.; Janssen, H.-G.; Cramers, C. Anal. Chem.
1999, 71, 5213—5216.

(25) Johnson, G. D. Environ. Sci. Technol. 1991, 25, 1897—1903.



the receiving organic phase. Under steady-state conditions, the
flux of the solute is assumed to be constant and equal in each of
the individual compartments. The overall mass transfer from the
bulk aqueous phase to the receiving organic phase includes
several diffusion and interfacial transport steps across all barriers.
The resistances of each barrier to the mass transfer of analytes
are assumed to be additive and independent,?® and the interfacial
resistances are assumed to be negligible compared with diffusional
resistances.?” Also, negligible accumulation of analyte in the
diffusion-limiting membrane is assumed. Then, the rate of
transport can be described by the overall mass-transfer coefficient
kov (M s71), relating the net diffusive steady-state flux of the solute
J (kg s71) to its concentrations in the bulk aqueous phase Cy (kg
m~3) and the receiving organic phase Cs (kg m~2)

J = dMg/dt = V, dCy/dt = k, Aa(C,, — Cs/Kgy) (1)

where Ms (kg) is the mass of analyte in the receiving organic
phase, A is the membrane surface area (m?), o is the pore area
of the membrane as fraction of total membrane area (membrane
porosity), Ksy is the receiving organic phase/water partitioning
coefficient, and t (s) equals time. Equation 1 can be integrated

Ko /AL
Cs(t) = Cgp + (CyKsw — Cop)|1 — exp|— KeuVe tf (2

where Cg is the concentration of analyte in the organic phase at
t=0.

In the initial uptake phase, when the exponential term is very
small (1) or Cs/Cyw<Ksw, chemical uptake is linear or integra-
tive. Thus, in the linear region, eq 2 can be reduced

Cs(t) = Cgp + Cykoy(Aa/ V)t ®3)

For practical application, eq 3 can be rewritten

Ms(t) = My + Cy Rt (4)

where My (kg) is the amount of analyte in the organic phase at s
= 0. Rs (m® s71) is the sampling rate of the system

RS = I(ovA(1 (5)

When fitting the eq 4 to experimental data, a negative intercept
can be interpreted as a lag phase between initial deployment and
penetration of analyte through the diffusion-limiting membrane.
Sampling rate can be determined experimentally under fixed
conditions at constant analyte concentration. Under environmental
conditions, when the water concentration is changing during the
exposure, the term Cy represents a TWA concentration during
the deployment period. The TWA aqueous concentration can be
then estimated from the amount of analyte accumulated in the
sampler during the exposure

(26) Scheuplein, R. J. J. Theor. Biol. 1968, 18, 72—89.
(27) Flynn, G. L.; Yalkowsky, S. H. J. Pharm. Sci. 1972, 61, 838—852.

Cyw = (Mg — M()/Rgt (6)

The chemical uptake into passive sampler remains linear and
integrative approximately until the passive sampler concentration
factor (ratio Cs(t)/Cy) reaches half-saturation.’ When calibration
data, i.e., Rs and Kgw, are available, the following equation can be
used to estimate maximal exposure time in which the passive
sampling system accumulates integratively under field conditions

ts &~ In 2 Ky Vo/Rg @)

where the term ts is the first-order half-time of the uptake curve.

Under these conditions the concentration of a chemical in the
organic phase is directly proportional to the product of the
concentration in the surrounding aqueous medium and the
exposure time.

EXPERIMENTAL SECTION
Materials and Chemicals. Test chemicals (Table 1) included

several groups of persistent organic pollutants: y-hexachlorocy-
clohexane (lindane, y-HCH), hexachlorobenzene (HCB), 2,2'-bis-
(4-chlorophenyl)-1,1"-dichloroethylene (DDE), PAHSs, and PCBs.
y-HCH reference material was obtained from Riedel-de Haen.
HCB, DDE, and PAH reference materials were obtained from Dr.
Ehrenstorfer. PCB reference material and test chemicals in high
purity (>99%; y-HCH, HCB, DDE, PAHs, and PCBs) were
purchased from Promochem. Dialysis membrane Spectra/Por 6
(molecular weight cutoff 1000) was obtained from Spectrum
Laboratories. The Gerstel-Twister stir bar for sorptive extraction
was obtained from Gerstel. Lichrolut (R) (diameter of particles
40—63 um) was purchased from Merck. The solvents methanol
and hexane were used in LiChrosolv quality from Merck.
Sampler Design. The passive sampling device, referred to
as the membrane-enclosed sorptive coating sampler (MESCO),
consists in the actual investigation of a Twister bar used for SBSE
(component 1, Figure 1) enclosed in a dialysis membrane bag
made from regenerated cellulose (Spectra/Por 6, molecular weight
cutoff 1000, 18-mm flat width, 30-mm length; component 2, Figure
1). Twister is a stir bar (15 mm length) consisting of a magnetic
core sealed inside a glass coated with 22 mg of PDMS. The PDMS
sorptive layer (receiving phase) is 500 #m thick and its volume is
24 ul. Prior to first use, the stir bar was placed into a vial
containing 1 mL of a 1:1 mixture of methylene chloride and
methanol, and the mixture treated for 5 min with sonication. Then
the solvent mixture was rejected and the procedure repeated three
times. The stir bar was dried in a desiccator at room temperature.
Prior to each use, the stir bar was conditioned by heating for 180
min at 280 °C with a nitrogen stream of ~100 mL min~%. The
dialysis membrane bag with Twister inside is filled with 3 mL of
bidistilled water (component 3, Figure 1) and sealed at each end
with 35-mm Spectra Por enclosures (component 4, Figure 1). The
stir bar was allowed to freely move inside the membrane. As a
relationship is likely to exist between the surface area and the
rate of uptake, the area of the membrane was held constant at
1100 mm2, To enable a simultaneous exposure of a series of
samplers, they were connected to a string, which was then
exposed to organic analytes in a continuous-flow system.
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Table 1. Selected Physicochemical Properties of Test Analytes at 25 °C

no. compound Mwa log Kou”
1 HCB 284.8 55
2 y-HCH 290.8 3.7
3 p,p'-DDE 318.0 5.7
4 PCB28 2575 5.6
5 PCB52 292.0 6.1
6 PCB101 326.4 6.8
7 PCB138 360.9 7.6
8 PCB153 360.9 7.8
9 PCB180 395.3 8.3
10 acenaphthylene 152.2 4.0
11 acenaphthene 154.2 4.0
12 fluorene 166.2 4.2
13 anthracene 178.2 4.6
14 phenanthrene 178.2 4.5
15 fluoranthene 202.3 5.1
16 pyrene 202.3 5.1
17 benzo[a]anthracene 228.3 5.9
18 chrysene 228.3 5.7
19 benzo[b]fluoranthene 252.3 5.8
20 benzo[k]fluoranthene 252.3 6.0
21 benzo[a]pyrene 252.3 6.2
22 indeno[1,2,3-cd]pyrene 276.3 6.8
23 benzo[ghi]perylene 276.3 6.9

S¢ (g m3) AGs(w)d (kJ mol 1) AGs(0)° (kJ mol 1)
0.005 —6.9 —38.2
7.3 —95 —30.6
0.04 —94 —41.8
0.16 —8.7 —40.6
0.03 —10.3 —45.0
0.01 —10.1 —48.8
0.0015 —11.0 —54.3
0.001 —10.0 —54.4
0.0003 —10.0 —57.3
16.1 —13.9 —36.7
3.8 —8.6 —31.4
1.9 -9.3 —33.2
0.045 —10.9 —37.1
1.10 —11.6 —37.2
0.26 —17.1 —46.2
0.132 —16.5 —45.6
0.011 —15.0 —48.6
0.0019 —15.5 —48.0
0.0015 —19.9 —53.0
0.0008 —19.8 —54.0
0.0038 —19.7 —55.0
0.0005 —24.5 —63.2
0.0003 —24.5 —63.8

a Molecular weight. ® Octanol—water partition coefficient.242 ¢ Aqueous solubility.142 d Calculated free energy of aqueous solvation. ¢ Calculated

free energy of solvation in octanol.

Laboratory Exposures. Batch Exposures. Twister bars de-
signed for later use in flow-through exposures were individualized
(by attributing a number to each bar) and the extraction efficiency
and repeatability was tested in a batch system, at first. Conditioned
Twister bars (without the membrane) were separately lowered
to 20 mL of aqueous solution in a 25-mL closed amber glass vessel
containing test solution of analytes. The test solution was prepared
by spiking double-distilled water with a test substance mixture
dissolved in methanol to give nominal concentration of individual
analytes of 125 ng L=1. The flask content was stirred at 1000 min~!
for 60 min at room temperature. After this, the Twister bars were
removed from the sample, washed with a small amount of
bidistilled water, and dried with a paper cloth. The accumulated
analyte content was analyzed by GC/MS as described below.
Detection of outliers was performed using the Mahalanobis
distance technique (p = 0.05).2 The normal distribution of the
errors for individual analytes in the sample set was tested by the
Kolmogorov—Smirnov test (p = 0.05).

Flow-Through Exposures. MESCO samplers were exposed to
test chemicals at nominal concentration of 20 and 50 ng L™t in a
flow-through exposure system. Exposures were conducted at 14
and 19 °C. The experimental conditions of individual exposures
are given in Table 2. The experimental setup of the flow-through
exposure system has been described.? Exposures were conducted
at a linear flow velocity of 0.6 cm s™1. The exposures lasted
between 4 and 7 days, during which the samplers were sampled
at time intervals and their contents analyzed to determine
accumulated concentrations of test chemicals as described below.
Water samples from the exposure column (5 L) were taken at
each time when samplers were sampled and analyte concentration
in water was determined.

(28) Egan, W. J.; Morgan, S. L. Anal. Chem. 1998, 70, 2372—2379.
(29) Vrana, B.; Schiitirmann, G., submitted to Environ. Sci. Technol.
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Table 2. Summary of Passive Sampler Flow-Through
Exposure Experimental Conditions

nominal no. of
expt concn temp exposure MESCOs
no. (ngL™d (°C) period (h) sampled
1 202 19 0—166 16
2 20 14 0—-165 12
3 50 19 0—96 6

2 The nominal concentration of PCB180 was 40 ng L%

Sampler Processing. Following exposure, MESCOs were
dismantled, Twister bars were washed with bidistilled water, dried
with a paper cloth, checked visually for possible damage of the
sorptive layer, and analyzed for accumulated analyte content (test
substances only) by thermodesorption-GC/MS.

Processing of Water Samples. The residues in the water
samples were extracted using solid-phase extraction (SPE) using
Lichrolut (R) sorbent. The quantification of acenaphthylene,
acenaphthene, fluorene, anthracene, phenanthrene, and HCB in
water was carried out using SPME technique (Supelco 65-um poly-
(dimethylsiloxane)—divinylbenzene (PDMS—DVB) solid-phase
microextraction fiber assembly) in combination with a gas
chromatographic system. The detailed description of the proce-
dures is given in the Supporting Information section.

Instrumental Analysis. The quantitation and qualitative
control of the compounds accumulated during exposures in
Twister bars was performed by thermodesorption-GC/MS. For
thermodesorption, the Twister bar was positioned in the middle
of the heated zone of a desorption tube (178-mm-length, 6-mm-
0.d, 4-mm-i.d. glass tube) in a thermal desorption device. Ther-
modesorption-GC/MS was performed on an Agilent Technologies
(Palo Alto, CA) system equipped with a Gerstel (Miilheim/Ruhr,
Germany) thermodesorption device TDS A. A cold injection



system from Gerstel (CIS-4) with an empty liner was used for
cryofocusing of the analytes prior to the transfer onto the analytical
column. The cold injection system was cooled with liquid nitrogen
to —150 °C during thermal desorption. The following conditions
were chosen for the thermodesorption of the compounds from
the stir bars: desorption temperature, 250 °C; helium flow rate,
100 mL min~t; desorption time, 10 min. The transfer line both
from the thermodesorption device to the CIS and from the GC to
the MSD ion source was set to 250 °C. After stir bar desorption,
the CIS was heated to 250 °C with a rate of 12 °C s, the injector
was used in the splitless mode with a splitless time of 1.5 min. A
HP-5 MS column (30-m length, 0.25-um i.d., 0.25-um film thick-
ness) was used with the following temperature program: 50 °C,
3 min isothermal, 15 °C min~! to 160 °C, then at 3 °C min~! to
the final temperature of 280 °C, and held for 9 min. Helium was
used as carrier gas at a linear velocity of 39 cm s~1. The single
ion monitoring (SIM) mode applying one or two characteristic
ions per compound was chosen for the detection.

For the external calibration, a small bunch of glass wool was
positioned to an empty desorption tube. The desorption tube was
then connected to a cool injector of a GC and flushed with 20 mL
min~! nitrogen. The desorption tube with glass wool was then
spiked with 2 uL of a calibration standard solution and flushed
for 1 min by the nitrogen stream to allow the solvent (hexane) to
evaporate. The desorption tube was then transferred to the
thermodesorption device (TDS A) and processed by thermode-
sorption-GC/MS. Quantification of the residues sorbed on Twister
bars was accomplished using a five-point external standard curve.

Data Processing. The experimentally determined time courses
of the amounts of individual test substances on the Twister
sampler were fitted by linear regression analysis using eq 4. The
adjustable parameters were the intercept (Mg) and the slope
(CwRs) of the linear uptake curve Ms = f(t). Quality of the fit was
characterized by the standard deviations of the optimized param-
eters, as well as the correlation coefficient adjusted for the degrees
of freedom (r? adjusted), the fit standard deviation (SD), and the
Fisher test criterion on the accuracy of the model. The sampling
rates of the device Rs for individual test compounds were
calculated by dividing the slope of the linear uptake curve by the
mean aqueous analyte concentration during the exposure. The
required variances of Rs values were calculated from the coef-
ficients of variation of the uptake slope parameters and of the
concentrations in the aqueous phase which were obtained ac-
cording to the law of error propagation.

The free energies of solvation of the test substances in water
AGs(w) were calculated using the quantum chemical continuum-
solvation model SM2.3° For previous applications to calculate
Henry’s law constant from AGs(w), the reader is referred to the
literature.®1=3% The free energies of solvation of the test substances
in octanol AG,(0), were calculated as follows. Under standard
thermodynamic conditions, the equilibrium partitioning of a
compound between the air phase (a) and the octanol phase (0)
in terms of molar concentrations c, and ¢, is governed by the
solvation free energy AGs(0)

(30) Cramer, C. J,; Truhlar, D. G. J. Comput.-Aided Mol. Des. 1992, 6, 629—666.
(31) Schiitirmann, G. Environ. Toxicol. Chem. 1995, 14, 2067—2076.

(32) Schiurmann, G. J. Comput. Chem. 2000, 21, 17—34.

(33) Dearden, J. C.; Schiitirmann, G., submitted to Environ. Toxicol. Chem.

CO Kaw
AG,(0) = —RT In i 2.3RT log K 8)
a

ow

For the application of eq 8, the air—water partition coefficient Ky,
is derived from the calculated free energy of aqueous solvation,
log Kaw = AGs(W)/2.3RT ©9)
The multilinear regression analyses were performed with
Origin 5.0 (Microcal Software, USA).

RESULTS AND DISCUSSION

Passive Sampler Performance. Batch Exposures. Normal
distribution of the errors for individual analytes in the Twister
samples was confirmed. The coefficient of variation of individual
substances extracted from the solution by the 16 Twister bars
incubated under the same conditions ranged from 6% (PCB 28)
to 19% (PCB 180). Twisters checked for repeatability were used
for construction of MESCO samplers exposed in flow-through
studies.

Flow-Through Exposures. The performance of the MESCO
sampler was tested in continuous-flow exposures to constant
concentrations of test chemicals. Concentrations of the analytes
in water (Cyw) and the amounts accumulated in the MESCO
sampler (Cs) were two parameters measured regularly during the
continuous-flow exposures. During exposure, the water concentra-
tion was held constant, which was confirmed by analyses of water
samples.

Characteristic uptake curves are shown in Figure 2. For all
test substances, the uptake was linear in all exposure studies
during the whole exposure period and without any sign of a
leveling-off in the uptake curve.

Satisfactory fits of kinetic eq 4 to the data from exposure were
obtained for all test compounds. Correlation coefficient (r?
adjusted) values of the regression (model versus experimental)
ranged from 0.74 to 0.97 with the exception of HCB in experiment
2 (r? adjusted, 0.66). Coefficients of variation of the calculated slope
did not exceed 29% in any case. A lag phase between ap-
proximately 0 and 46 h was observed for the test substances in
experiment 1. In experiments 2 and 3, no significant (p > 0.05 in
all tests) lag phases were detected for the test substances, except
for PCB180 in experiment 2, for which a lag phase of 44 h was
observed. The higher uncertainty in estimation of intercept values
in these experiments results from lack of data in the initial uptake
period (first sampling point available after 69 h). The average
aqueous concentrations of individual analytes measured during
exposures ranged from 50% to 130% of the nominal concentration.
The maximum fluctuations of aqueous concentrations during
exposure did not exceed 40% of the mean concentration for
individual compounds.

Concentration Proportionality of Response. The results of flow-
through exposures indicate that the passive sampler responded
proportionally to the range of test analyte concentrations (20—50
ng L=, nominal). The independence of sampling rates Rs from
aqueous solute concentrations was confirmed using an unpaired
t-test (p = 0.05) for y-HCH, DDE, PCBs, and hydrophobic PAHs
(log Kow > 5) (Figure 3).

Time To Reach Steady State. The maximum exposure time in
which the passive sampling system collects integratively
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Figure 2. Uptake of selected PAHs and PCBs by the Twister-based
MESCO sampler. The data used represent the 19 °C flow-through
exposure (20 ng L™1). The lines are predicted concentrations in the
sampler obtained by linear regression using eq 4.

under field conditions or time to reach 50% of the Kgy value was
estimated using eq 7 and the Rs values from the flow-through
exposure study conducted at 19 °C and 20 ng L~! nominal
concentration (experiment 1). Because of physical difficulties in
determination of the Ksy values in batch experiments (depletive
extraction of test substances by the Twister from 20 mL of a 100
ng L=t aqueous solution), the apparent distribution constants Ky
(PDMS), obtained with glass fibers coated with 100-um PDMS
for the analyte’s partitioning between PDMS coating and aqueous
sample was used as a substitute for Kgy in the estimation.3~3%
The results of the first-order halftime ts, calculation are reported
in Table 3. It is calculated that, for y-HCH and acenaphthylene,
a passive sampler may sample integratively less than one week.
For the rest of the PAHs taken into the calculation, the passive
sampler may remain in the linear uptake phase more than one
week; for the HCB, DDE, and PCBs, the ts may be several
months.

The linear uptake of all test analytes in all exposure studies
during the whole exposure period indicates that this condition of
integrative sampling is fulfilled for at least one-week exposures.
The ts, estimation indicates the possibility to use sampling rate

(34) Paschke, A., unpublished work, Leipzig, 2001.

(35) Doong, R.; Chang, S. Anal. Chem. 2000, 72, 3647—3652.

(36) Valor, I.; Perez, M.; Cortada, C.; Apraiz, D.; Molto, J. C.; Font, G. J. Sep.
Sci. 2001, 24, 39—48.
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Figure 3. Relationship between aqueous concentration and MESCO
sampling rate (Rs). The data used represent flow-through exposures
at 19 °C. The independence of sampling rates from aqueous
concentration was confirmed for the shown compounds using an
unpaired t-test (p = 0.05).

data obtained under laboratory conditions for estimation of TWA
concentrations of analytes from the contaminant amounts ac-
cumulated in MESCOs during environmental exposures of several
weeks. In general, deviations from the linear uptake in prolonged
exposures are expected for compounds with log Koy < 4.0, with
the assumption that Ky correlates well with K, within the
hydrophobicity range. For a more accurate estimate of tsy values,
direct measuring of Ky in a Twister—water batch or flow-through
system is necessary.

Sampling Rate. The sampling rates Rs obtained in flow-through
exposure studies conducted at 19 and 14 °C and 20 ng L~! nominal
concentration (experiments 1 and 2, respectively) are shown in
Table 4. Over the range of controlled laboratory conditions, the
magnitude of Rs values differed by 15-fold (i.e., from 47 to 700 uL
h=1). This range of sampling rates is narrow relative to the broad
Kow range of almost 5 orders of magnitude (log K, ranged from
3.7 t0 8.27).

Using the average sampling rates for each chemical, a single
MESCO deployed in water over 20 days would clear a total of
60—300 mL of water of the individual chemicals. This is a low
volume when compared with clearance volumes of other common
passive samplers, such as the triolein-filled SPMDs with standard
configuration,® which would clear 20—160 L of water in 20 days.
Despite the fact that the extraction efficiency of MESCO is 3
orders of magnitude lower than that of SPMD, the method



Table 3. Estimation of the Maximal Exposure Time tso
in Which MESCO Samples Integratively under Field
Conditions at 19 °Ca

compound log Ki((PDMS) tso (d)
HCB 4.3b 119
y-HCH 3.2¢ 3
p.p-DDE 5.2b 344
PCB28 4.7° 69
PCB52 5.0 190
PCB101 5.3 655
PCB138 5.4 734
PCB153 5.4 910
PCB180 5.20 1020
acenaphthylene 3.40d 4
acenaphthene 3.634 11
fluorene 3.71d 9
anthracene 3.984 14
phenanthrene 3.96¢ 20
fluoranthene 4,714 92
pyrene 4.864 99
benzo[a]anthracene 5.264 211
chrysene 5.694 530
benzo[b]fluoranthene 5.17d 227
benzo[k]fluoranthene 5.33d 299
benzo[a]pyrene 5.39d 439
indeno[1,2,3-cd]pyrene 4,284 45
benzo[ghi]perylene 4,434 78

a Sampling rates taken for calculation were determined at nominal
test substance concentrations of 20 ng L= at 19 °C. " The 100-um
PDMS fibers were exposed in 500 mL of stirred standard solution over
a time sufficient to reach ecluilibrium distribution between the aqueous
solution and fiber coating.3 ¢ Data from ref 36. ¢ Data from ref 35.

sensitivity of these two techniques is comparable. This is because
the total amount of analyte sequestered by MESCO during
deployment can be transferred to the GC system, whereas only a
small portion of the SPMD extract is usually injected to the GC
(to prevent introduction of large amounts of interfering contamina-
tion to the chromatographic system).

The advantage of low clearance volume (i.e., Rst) of MESCO
during exposure in comparison with other types of passive
samplers (e.g., SPMDs) is the nondepletive extraction, which
enables use of flow-through exposure calibration data also for
TWA concentration estimation at sampling sites with very
low exchange volumes of water in the vicinity of the sampler
during an exposure (e.g., in wells with very low groundwater
flux).%

The comparability of experimentally derived MESCO calibra-
tion data to actual values during field sampling generally depends
on the similarity of laboratory and field exposure conditions.
Besides temperature and biofouling, mainly flow velocity/
turbulence may affect the uptake kinetics. An increase in uptake
rate can occur with increasing water flow velocity or turbulence
as reported for passive sampling devices fitted with polyethylene
membranes.!82°38 On the other hand, Kingston et al.!® observed
only minor effects of turbulence on the accumulation kinetics in
a passive sampler fitted with a hydrophilic polysulfone membrane.
Nevertheless, examination of potential rate-limiting barriers to
analyte uptake by MESCOs is necessary. It is assumed that the

(37) Gustavson, K. E.; Harkin, J. M. Environ. Sci. Technol. 2000, 34, 4445—
4451,

(38) Booij, K.; Sleiderink, H. M.; Smedes, F. Environ. Toxicol. Chem. 1998, 17,
1236—1245.

Table 4. Summary of Passive Sampler Sampling Rates
Rs Derived from Flow-Through Exposures at Different
Temperatures at Nominal Analyte Concentration of 20
ng L1

T=19°C T=14°C
Rs CVv Rs C

compound (uL h71) (%) (uL h™1) (%)
HCB 114 7 47 50
y-HCH 336 41 188 47
p,p-DDE 305 7 142 28
PCB28 337 49 497 57
PCB52 275 32 397 40
PCB101 226 13 266 28
PCB138 227 6 271 29
PCB153 188 7 229 30
PCB180 110 8 113 33
acenaphthylene 484 7 700 16
acenaphthene 280 8 238 14
fluorene 391 7 485 16
anthracene 462 15 543 21
phenanthrene 321 10 255 17
fluoranthene 389 11 217 31
pyrene 509 15 270 30
benzo[a]anthracene 597 4 212 33
chrysene 641 8 215 32
benzo[b]fluoranthene 453 5 234 26
benzo[k]fluoranthene 495 8 214 28
benzo[a]pyrene 388 7 301 18
indeno[1,2,3-cd]pyrene 294 5 a
benzo[ghi]perylene 239 9 a

aIndeno[1,2,3-cd]pyrene and benzo[ghi]perylene were not deter-
mined during the experiment conducted at 14 °C.

overall resistance (1/k,), to the uptake of a chemical is given by
the sum of particular barrier resistances

1 0; Op Ow ds

k0v 1 KiWDi DMKMW DW DSKSW

(10)

where 9; is the particular barrier thickness, D; is the diffusion
coefficient in the barrier, and K, is the partition coefficient
between the ith phase and water (designed as subscripts for the
water (W), dialytic membrane (M), and receiving organic phase
(S). The overall mass-transfer coefficient is expected to be affected
mainly by the diffusion of solutes in individual phases (water,
membrane pores, and the PDMS, respectively) and by their
partitioning into the PDMS, since no accumulation of hydrophobic
analytes is expected in the hydrophilic dialytic membrane (i.e.,
Kvw ~ l)

As can be seen from eq 10, a resistance decrease in receiving
organic phase is expected with increasing Ksy value for substances
having a similar diffusion coefficient in the organic phase Ds.

To obtain more information on the processes involved in the
contaminant uptake, clearance (elimination) rate constants (ke)
from the sampler into water are required for the test chemicals.
In this study, we were able to make an estimation from the
sampling rate and the PDMS/water partition coefficient (K¢
(PDMS)) value only:

Kk Aa Rg
® " KewVs K(PDMS)Vq

11)
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Figure 4. Logarithm of the clearance rate constant log k. (h™1)
estimated using eq 11 versus the logarithm of PDMS/water partition
coefficient log Ki{(PDMS).

The combination of egs 10 and 11 allows recognition of the
dominant barriers to mass transfer. When the diffusive transport
is limited by the resistance in the PDMS and the resistance in
water and dialytic membrane is negligible (i.e., if dm/DuKuw +
Oow/Dw < ds/DsKsw), the elimination rate constant k. should be
independent of Ksy. On the other hand, if the transport is limited
by the resistance in water or dialytic membrane (i.e., if dm/DumKuw
+ 0w/Dw > 0s/DsKsw), the elimination rate constant k. should
be inversely proportional to the equilibrium partition coefficient
Ksw. Inspection of elimination rate constants estimated from our
experimental data using eq 11 shows a linear decrease of log ke
with increasing log K{(PDMS) at both experimental temperatures
(i.e., 14 and 19 °C, respectively; Figure 4). This indicates that mass
transfer of these chemicals between the MESCO sampler and the
water is governed by the diffusion in the dialytic membrane or
the aqueous-phase resistance rather than by the diffusion in the
PDMS. We assume that the diffusion in membrane pore water,
the inner aqueous phase, or both, are dominant diffusion-limiting
steps since the aqueous boundary layer at the surface of the
sampler presents only a small part of the total diffusion path and
the net flux across the membrane is limited by the small pore
area. The elimination rate constant k. can be experimentally
obtained from dissipation studies, and this issue will be addressed
in further validation studies.

Predictive Equation for the Sampling Rate. The sampling rate
Rs is directly proportional to the overall mass-transfer coefficient
kov (g 5). To find a predictive equation for the sampling rate, we
attempted to correlate the sampling rate with the physicochemical
properties of the test compounds (diffusion and partition coef-
ficients). For a first approximation, it can be assumed that diffusion
coefficients decrease with increasing molecular weight or size.
No simple correlation could be found between Rs at 19 °C (from
experiment 1) and logK{PDMS) or molecular weight (MW).
When lindane (the only nonaromatic compound among test
substances) is left out of the data set, bilinear regression for the
sampling rate gives a good correlation:
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R, =
(187 + 29) log K(PDMS) — (2.51 & 0.28)MW + 103 (12)

n=22; SD=166.36; r=0.899; F=40

The results of the regression are also shown in Figure 5. The
sampling rate (and also the overall mass-transfer coefficient)
decreases with increasing molecular weight, which indicates that
the sampling process is governed by the diffusion. An increase
in sampling rate with increasing K{(PDMS) value might indicate
the loss of resistance to mass transfer in the PDMS with increasing
Ksw (i.e., K(PDMS)) value.

A linear correlation between log Ko, and log Ki{(PDMS) exists
for several compound classes, but the correlation becomes poor
when different chemical classes are included into one correlation
(r = 0.74 in this case).® Thus, log K{PDMS) values in eq 12
cannot be substituted simply by log K, values to directly derive
the sampling rate from molecular weight and corresponding
octanol—water partition coefficient. However, to find a useful
predictive equation, we attempted to substitute log Ki{(PDMS) with
the free energies of solvation in water AGs(w) and in octanol AG¢
(0), respectively. In a first approximation, nearly identical aqueous
solvation energies are assumed in both the octanol—water and
PDMS—water systems, respectively. The difference in behavior
of both systems is expected to be related to the difference in the
free energies of solvation in both organic phases.

Stepwise multilinear regression analysis for log K{(PDMS) was
performed using AG¢(w) and AGg(0) as descriptors derived from
molecular structure. The best fit was obtained using

log K(PDMS) = (0.03 & 0.01)AG (W) —
(0.52 % 0.07)AG(0) —
(0.0049 -+ 0.0007)AG2(0) — 8.08 (13)

n=22; SD=0.27, r=092;, F=35

The sign of the regression coefficient confirms that, in agreement
with theory, increasingly negative free energy of aqueous solvation
AGg(w) leads to a decrease in log K{(PDMS) values of the
compounds. However, the AG¢(w) term only weakly contributes
to the correlation. In the next step, the log K{(PDMS) term in eq
12 was substituted by a linear combination of descriptors AGs(0)
and AGg(0), respectively, and multilinear regression for the
sampling rate Rs was performed.
This substitution yields a good correlation

R,=— (2.2 £ 0.3)MW — (97.8 £ 19.2)AG,(0) —
(094 + 0.19)AGSZ(0) — 1505 (14)

n=22;, SD=745 r=087, F=20
and enables one to predict the sampling rate of a compound from

its molecular weight and hydrophobicity. However, this approach
must be further verified in the future.

(39) Paschke, A.; Popp, P. In Application of solid-phase microextraction; Pawliszyn,
J., Ed.; The Royal Society of Chemistry: Letchworth, U.K., 1999; pp 140—
155.
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The results of the regression are also shown in Figure 5.
Unfortunately, correlations found for Rs data obtained at 14 °C
were of poor quality.

Lag Phase. From the theory, the lag phase 7, can be interpreted
as the time needed for the contaminant to pass the membrane.
Thus, 19 is related to the overall mass-transfer coefficient ko,

Ky, = 077, (15)

where ¢ is the total diffusion path length. The sampling rate is
related to ko, too (eq 5). Therefore, the lag phase is expected to
be inversely proportional to the sampling rate, as results from
combination of egs 5 and 15

Rg = Aad/7, (16)

The higher uncertainty in estimation of intercept values in the
experiments enabled us to obtain significant 7, values only from
experiments conducted at 19 °C and 20 ng L~! nominal concentra-
tion (experiment 1) and, for PCB180, from the experiment at 14
°C and 20 ng L~ nominal concentration (experiment 2). Almost
identical lag phases of 46 and 44 h were obtained for PCB180 in
both experiments.

In agreement with the theory, a decrease in sampling rate with
increasing lag phase was observed for PCBs and for very
hydrophobic (log Kow > 5.7) PAHS, too, with the exception of
benzo[k]fluoranthene. For the rest of the tested substances,
the dependence is less clear. For more insight into the connec-
tion between the sampling rate and the delay time, more de-
tailed kinetic studies conducted in the initial uptake phase are
needed.

Effect of Temperature. The relationship between sampling rates
of the test analytes and temperature was compared at two

temperatures (14 and 19 °C, Table 4). The ratios derived by
dividing analyte Rs values determined at 19 °C by those deter-
mined at 14 °C ranged from 0.7 to 3.0. No significant differences
(unpaired t-test; p = 0.05) in sampling rates were observed
between 14 and 19 °C treatments for PCBs and for y-HCH. Among
PAHSs, a significant decrease in sampling rates with decreasing
temperature was observed for benzo[a]anthracene, chrysene,
benzo[b]fluoranthene, and benzo[k]fluoranthene. Also, the sam-
pling rate of HCB and p,p'-DDE decreased significantly with
decreasing temperature. The effect of temperature on the sampling
rate is not easy to model because of the complexity of the system.
Both thermodynamic and kinetic parameters affecting the sam-
pling rate are temperature dependent. For practical purpose, it is
therefore necessary to determine the effects of temperature in
the laboratory for each analyte of interest and to measure the
environmental temperature during field deployment.

Method Sensitivity and Selectivity. MESCO has the potential
to detect low TWA water concentrations (ng to pg/L) for two
reasons: (1) A substantial enrichment factor is built into MESCO
sampling, because dissolved agqueous concentrations are concen-
trated up to the factor Ksy into a Twister. (2) The entire analyte
amount on the Twister is introduced to the GC and directed to
the detector.

To estimate minimum quantifiable TWA aqueous concentra-
tions, limits of quantitation in MESCO samplers Mgog) were
substituted into eq 6. The calculated concentration quantiation
limits depend on the sampling rate Rs, and the method sensitivity
increases with increasing exposure period of the samplers. When
taking a sampler exposure of 20 days for the calculation, estimated
quantitation limits range from 4 pg L™ for PCB28 to 140 pg L™!
for benzo[ghi]perylene, respectively. Actual quantitation limits can
be affected, e.g., by interfering substances or bleeding from the
PDMS coating during thermodesorption.

The MESCO sampling approach aims at measuring trace
concentrations in water that will always contain interfering
substances. The selectivity of the MESCO extraction technique
is enhanced in two ways: (1) The dissolved molecules become
separated from colloids during their diffusion across the dialysis
membrane. (2) Hydrophobic target analytes are selectively
extracted from the inner aqueous solution by the PDMS sorbent
coating.

CONCLUSIONS

The MESCO sampling system combines the passive sampling
approach with solventless preconcentration of organic solutes from
aqueous matrixes and subsequent desorption of the sequestered
analytes on-line with a capillary GC/MS system. This combination
presents a low-cost and robust alternative to the currently used
passive sampling techniques. Moreover, the hydrophilic cellulose
dialysis membrane is permeable for both nonpolar and polar
organic species, whereas other passive sampling devices such as
SPMDs allow for accumulation of nonpolar substances only. The
user of MESCO can easily check the repeatability of the stir bars
used for the preparation of the samplers. The Twister stir bar
can be reused after each field deployment when no degradation
or damage of the membrane occurs during exposure. The
samplers are miniature and do not require use of large deployment
devices in the field, which enables a nonconspicuous deployment
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at sampling sites during monitoring campaigns. Instead of PDMS-
coated stir bars, glass fibers coated with PDMS esc. may be used
for construction of passive samplers. The advantage of SPME
fibers is that accumulated analytes can be analyzed using
conventional gas chromatographs without the need of a ther-
modesorption unit and a cold injection system. However, the
volume, and thus also the accumulation capacity of the stir bars,
is between 1 and 2 orders of magnitude higher than that of SPME
fibers, which makes a sampler with SPME fiber less sensitive.
The performance of the MESCO sampler for integrative
sampling of hydrophobic persistent organic pollutants has been
demonstrated. The issues, which have to be addressed for further
validation of MESCO, include testing (1) the stability of the dialysis
membrane during in situ deployment and prevention of its possible
degradation, (2) the effect of water turbulence on the uptake
kinetics of analytes, (3) the effect of biofouling on the uptake

(40) Popp, P.; Bauer, C.; Wennrich, L. Anal. Chim. Acta 2001, 436, 1-9.

(41) Mackay, D.; Shiu, W. Y., Eds. Illustrated handbook of physical-chemical
properties of environmental fate of organic chemicals; Lewis Publishers: Boca
Raton, FL, 1992; Vol. 1.

(42) Mackay, D.; Shiu, W. Y.; Ma, K. C., Eds. Illustrated handbook of physical-
chemical properties of environmental fate of organic chemicals; Lewis Publish-
ers: Boca Raton, FL, 1992; Vol. 2.
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kinetics, (4) the uptake capacity of Twister bars for individual
analytes and determination of Ksw, (5) the dissipation kinetics of
individual analytes from MESCO at varying conditions, and (6)
the applicability of the sampler for monitoring polar analytes. As
an alternative to thermodesorption, reextraction of analytes from
Twister bars by small volumes of organic solvents could be used.®°
The extracts could be then subjected to analysis by HPLC or
examined by bioassays.
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The use of lipid-containing semipermeable membrane
devices (SPMDs) is becoming commonplace, but the potential
effects of environmental variables affecting the accumulation
of contaminants into SPMDs had not been characterized
sufficiently, yet. To characterize the effect of hydrodynamic
conditions on the contaminant uptake kinetics, accumulation
of pentachlorobenzene, hexachlorobenzene, and hexachlo-
rocyclohexane isomers from water into SPMD was studied
at various water flow rates. The accumulation kinetics

of hydrophobic compounds (log Kow > 4) are governed by
the aqueous boundary layer in linear flow velocity range
from 0.06 to 0.28 cm s™! and sensitive to slight changes in
flow rate. The effect of flow velocity on the exchange
kinetics increases with increasing hydrophobicity. Under
faster, but still laminar flow conditions (0.28—1.14 cm s™9),
the sensitivity to changes in flow decreases to a
nonsignificant level for the substances under consideration.
The results of this study confirm that the use of the laboratory-
derived calibration data for estimation of analyte
concentrations in the ambient environment is limited
unless flow-sensitive performance reference compounds
are used.

Introduction

Passive monitors are rapidly gaining wide acceptance for
assessing integrated, or time-weighted, concentrations of
organic chemicals in aquatic systems. One category of passive
sampler, the lipid-containing semipermeable membrane
devices (SPMD), introduced by Huckins et al. (1) has received
a great deal of attention. The SPMD sampler consists of lay-
flat polyethylene tubing containing a thin film of triolein, a
high molecular weight neutral lipid. The polyethylene used
in SPMD is commonly referred to as nonporous, even though
transient cavities with diameters approaching ~10 A are
formed by random thermal motions of polymer chains (2).
The thermally mediated transport corridors of the polyeth-
ylene exclude larger molecules, as well as those that are
adsorbed on sediments or humic acids. Only truly dissolved
(but generally nonionized) contaminants are sequestered.
The process mimics the transfer of organic contaminants
through biomembranes. The utility of the SPMD has been
shown for monitoring aqueous residues of polychlorinated
biphenyls, various organochlorine pesticides, polychlorinated
dibenzodioxins, polychlorinated dibenzofurans, and poly-
cyclic aromatic compounds.

* Corresponding author phone: ++49 341 235 26 18; fax: ++49
341 235 2401; e-mail bv@uoe.ufz.de.
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Currentresearch results show that the SPMD can be used
to estimate time-weighted average (TWA) concentrations of
organic contaminants in aquatic environments. The theory
and several mathematical models at different levels of
complexity required to compute TWA ambient concentra-
tions of analytes from SPMD concentrations have been
described earlier (2—7). The uptake rates of contaminants
into SPMD are affected by several factors including the
sampler design, molecular properties, and environmental
conditions. The environmental factors include temperature,
biofouling impedance, and water velocity/turbulence. For
correct estimation of ambient chemical concentrations from
the field SPMD data, and for development of adequate
calibration methodes, itis necessary to sufficiently characterize
the potential effects of environmental variables, in particular
the impact of hydrodynamics on the uptake kinetics.

Booij et al. (6) studied the effects of changes in flow tur-
bulence on the exchange kinetics of organochlorine com-
pounds with a wide range of Koy values (4 < log Kow < 8) in
diluted sediment suspensions. He showed that the average
exchange rate of chemicals between SPMD and water
decreased by a factor of 4 under conditions of low turbulence.
Huckins et al. (8) found a 1.5-fold increase in exchange rates
with a 50-fold increase in velocity (range of 0.004—0.2 cm
s™1). Most calibration studies have been conducted under
low flow conditions; therefore, there is a need for charac-
terization of the sensitivity of the calibration procedure to
slight changes in laminar flow rate.

To characterize the effect of hydrodynamic conditions
on the contaminant uptake from water into SPMD, we
examined the effect of various low linear flow velocities (flow
rates) on the uptake kinetics of several organochlorine
compounds with Kg, values ranging from 3.8 to 5.5.

Modeling. To describe the uptake of contaminants from
water to SPMD exactly, it would be necessary to use the
Fick’s second law for each compartment of the system, that
is, for lipid, the SPMD membrane and water near the surface
of the device, respectively (9). The inhomogeneity of each
phase, which manifests itself by the presence of the diffusion
layers, and the different solvations of the substances in
different phases ought to be also taken into account. The
resulting description would be most probably too compli-
cated for a direct comparison with our experimental data.
Its simplification can be based on the plausible assumption
of quick diffusion within the bulks of the compartments with
regard to the duration of experiments, which can be justified
using the solution of Fick’s second law for the one-
dimensional diffusion into a plane sheet of isotropic medium
(9). This greatly simplifies the description of the transport,
and the second-order partial differential equations based on
Fick’s second law can be replaced by a set of linear differential
equations of the first order.

The least complex approach for modeling the uptake of
chemicals from water to SPMD given by Huckins et al. (5)
is based on the description of the SPMD as a single
compartment. The SPMD membrane is expressed as a lipid
equivalent volume, and the SPMD sampler can be treated as
a single compartment

Ksemp = Kiw(Ve + Kt Vi) Vspmp €y}

where K values are partition coefficients among SPMD
components [designated as subscripts for the whole SPMD,
SPMD lipid (L), and the SPMD membrane (m) and water
(w)]andV isthe volume of a phase designated by subscripts.
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When assuming a constant concentration in water, the
concentration for the whole device uptake is given by

Cspmb = CuwKspmp(1 — exp[—k.t]) 2

Here, C values are analyte concentrations and k. is the
elimination rate constant, which is also called the overall
exchange coefficient. The chemical uptake into SPMD
remains linear and integrative in the initial period of the
exposure until the concentration factor (CF, ratio Cspmp/Cw)
in the SPMD reaches about half-saturation (ket < In 2) (7)
and then eq 2 can be reduced to

Cspmp = CuKspmpKet = CuRt/Vepnmp 3)

where Rsis the apparent SPMD sampling rate. The elimination
rate constant ke can be broken down to several fundamental
parameters

A 1

k =
¢ KSPMDVSPMD (1/kw + llkSPMDKSPMD)

4)

where ky, is the mass transfer coefficient in the agueous
boundary layer and kspmp is the apparent mass transfer
coefficient for transport in the SPMD sampler from the sur-
face of the SPMD to the location of chemical storage in the
SPMD. The term in parentheses is the overall resistance to
the uptake of a chemical. Analogously to the theory for
diffusion through two films in series (10), overall resistance
is given by the sum of independent and additive resistances
to mass transfer for the stagnant aqueous film at the surface
of the SPMD (1/ky) and for the SPMD (1/kspmpKspmp). These
resistances can be expressed as SPMD-specific residence
times 7, and tsemp, Which combine with Ksemp to model the
elimination rate constant ke (or overall residence time 7):

iZVSPMD/KSPMD_’_ 1
ke A\ Kk,

K ) =7 Kspmp T Tepmp = 7 (5)
SPMD

The group Vsemp/Aky, is thus the aqueous boundary layer
residence time 7y, and Vspmp/Akspmp is the SPMD residence
time TSPMD-

In extreme cases, the uptake rate for the whole device is
controlled either by the SPMD (or, more specifically, by the
polymeric membrane of the SPMD) or by the aqueous
boundary layer, depending on the analyte properties and
exposure conditions. Examination of eqgs 4 and 5 indicates
that a high partition coefficient between SPMD and water
(Kspmp) effectively reduces the resistance to mass transfer in
the SPMD. Gale (7) predicted an SPMD control for the
accumulation of large molecules with low polymer diffusivity
or for accumulation at lower temperatures. On the other
hand, aqueous film diffusion may control the accumulation
of highly polymer-diffusive molecules and highly hydro-
phobic substances with low resistance to mass transfer in
SPMD due to a high Kspmp Value. Similar uptake rate constants
(i.e., ke x Kspmp) Of chemicals with widely different partition
coefficients are an indicator of the limitation of mass transport
to and from the SPMD by the resistance in the agueous phase,
whereas increasing uptake rate constants with increasing
Ksemp Show that the membrane resistance likely governs the
mass transport.

Huckins et al. (2, 5) have suggested adding performance
reference compounds (PRC) to SPMD lipid prior to deploy-
ment. PRCs are analytically noninterfering compounds with
a low to moderate hydrophobicity (up to log Koy of ~5.0),
that can be used for in situ calibration of the exchange rates.
This approach is based on the assumption that uptake rates
of chemicals can be derived from measurements of loss rates
of PRCs (2, 6). Uptake and release are considered to be

isotropic processes. The release of a PRC from the SPMD,
when the concentration of this compound in the environment
is negligibly low, can be described by a first-order-decay
kinetic equation

Cspmp = Co eXp(—K,t) (6)

where Cp is the concentration of PRC in SPMD at the
beginning of exposure.

Experimental Section

Materials and Chemicals. The solvents acetone, dichlo-
romethane, hexane, and 2-propanol of LiChrosolv quality
were obtained from Merck. Hexachlorobenzene (HCBzZ),
pentachlorobenzene (PeCBz), hexachlorocyclohexane (HCH),
[**Ce]-0-HCH, [**C]PeCBz, and [*3Cs]HCBz standards were
obtained from Supelco. [?Hjig]Anthracene (Dio-ANT) (98%
pure) was obtained from DeuChem, Leipzig, Germany.

SPMDs with standard configuration, designed by Huckins
et al. at the U.S. Geological Survey in Columbia, MO, con-
sisting of a thin film of 1 mL of triolein (95% pure) sealed in
alow-density polyethylene lay-flat tube (2.54 x 91.4cm, 75—
90 um wall thickness), were purchased from ExposMeter AB,
Tavelsjo, Sweden. They were stored in original gastight metal
paint cans until just before exposure.

Laboratory Exposures. Static Exposures. Batch exposures
were conducted in amber glass flasks containing 1 L of
double-distilled water and one SPMD each. Immediately
before exposure, SPMD lipid was spiked with 1 g of each
HCH isomer or with PeCBz, HCBz, and D1o-ANT. For spiking
a small cut was made at one end of the SPMD, and 50 uL of
hexane solution of test chemicals in hexane (0.02 ug uL™1)
was injected into the membrane using an HPLC syringe
(volume = 100 uL). The punctured SPMD was heat-sealed
again, and the spiked solution was homogenized with the
triolein by squeezing the SPMD content several times from
one end to the other using latex gloves. For the HCH exposure
study two replicate SPMDs were sampled on days 0, 1, 5, 14,
and 22 of the exposure. For PeCBz, HCBz, and D1o-ANT,
SPMDs were sampled on days 0, 35, and 47 of the exposure.
Water samples (1 L) were taken at each SPMD sampling time.
The triolein and the polyethylene membrane of each SPMD
were analyzed separately as described below.

Flow-through Exposures. SPMDs were exposed to test
chemicals at a nominal concentration of 50 ng L* and to
control water in a flow-through exposure system. Exposures
were conducted at 19 °C. The experimental setup consisted
of a 1 m high glass column with either 15 or 7.5 cm inner
diameter with a sieve-like perforated bottom (openings of
0.5 cm diameter). The column was covered with dark foil to
prevent photodegradation of analytes during exposure. The
exposure water was pumped from the bottom to the top of
the column. Test chemicals were dissolved in methanol, and
the appropriate amounts of stock solution were delivered
into exposure water ina 1L chamber positioned at the bottom
of the column using a peristaltic pump (Minipuls 3, Gilson).
The water in the chamber was mixed using a magnetic stirrer
with the turning speed of 600 min~!. The methanol con-
centration in the exposure water was held constant at 0.01%
(v/v) in all exposure studies. This concentration was not
expected to significantly affect the partitioning of test
chemicals between SPMD and water. Tap water was fed to
the chamber using a membrane pump (Prominent) at 36—
180 L h™. This setup enabled the flow rate in the exposure
column to be varied. Exposures were conducted at flow rates
of 0.06, 0.18, and 1.14 cm s, respectively. Before exposure,
SPMDs were spiked with 25 uL of a hexane stock solution of
D1o-ANT using an HPLC syringe (volume = 25 uL) to give a
final concentration of 10 ug per SPMD. SPMDs were fixed in
the columninavertical position using Teflon rings at the top
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TABLE 1. Summary of SPMD Flow-Through Exposure
Experimental Conditions

nominal concn of  linear flow
chemicals velocity exposure  no. of SPMDs
expt (ng LY (cms™)  period (h) sampled
0 <MDL& 0.06 0—408 8
1 50 0.06 0-760 10
2 50 0.28 0—336 14
3 50 1.14 0—498 10

a2 MDL, method detection limit.

and the bottom of the column. The exposures lasted from
14 to 31 days. The membranes were sampled at time intervals,
and the content of test chemicals accumulated during
exposure was determined. Duplicate samples of water (2 L)
in the exposure column were taken at each time when SPMDs
were sampled and analyzed according to the procedure
described below. The experimental conditions of individual
exposures are given in Table 1.

SPMD Processing. SPMDs from flow-through exposure
studies were analyzed as described earlier (12). Briefly, the
devices were first subjected to an exterior cleanup. SPMDs
were then dialyzed three times with 250 mL of hexane per
SPMD at 18 °C for 24 h. The dialysates were combined, and
their volume was reduced by rotary evaporation and with
streams of high-purity nitrogen to dryness. The residue was
redissolved in dichloromethane and cleaned up by size
exclusion chromatography. The fraction containing the
compounds of interest was concentrated, redissolved in
hexane to a 1 mL final volume, and used for GC analysis.

For SPMD from static exposures, polyethylene membrane
and lipid were analyzed as separate samples. Empty mem-
branes were processed according to a procedure used for
whole SPMD with the difference that the dialysis step was
repeated only twice. Lipid was quickly washed out from the
SPMD using three rinses of hexane (5 mL per rinse), and the
combined hexane rinses were filled into freshly prepared
and contaminant-free polyethylene membranes and pro-
cessed according to a procedure used for whole SPMDs.

The residues in the water samples were extracted using
solid phase extraction (SPE) (see Supporting Information).

Instrumental Analysis and Quality Control. The quan-
titation and qualitative control of the compounds of interest
was made by GC (HP 5890), interfaced to a mass spectrometric
detector (280 °C), and a capillary column (30 m x 0.25 mm
i.d.) with a nonpolar stationary phase ULTRA 2 (thickness =
0.5 um). Temperature conditions were as follows: injector,
250 °C; column, 60 °C (1 min), raised at 30 °C/min to 150 °C,
raised at 6 °C/min to 186 °C, and raised at 4 °C/min to 280
°C, whichwas held for 11.5 min. Quantitation of the residues
was accomplished using a 10-point external standard curve.

An SPMD blank (unspiked and unexposed SPMD) was
taken through the entire dialytic and cleanup procedure
(procedural blank) for each batch of SPMD samples from
the diluter and static studies. Spiked SPMDs were analyzed
by fortifying fresh membranes and then processing them as
a sample (see Supporting Information). Chemical concen-
trations found in different matrices (SPMD, membrane, lipid,
and water) were corrected for losses during the sample
handling using recovery rates derived from spiking studies.

Results and Discussion

Static Exposures. The partitioning of test substances between
the SPMD compartments, that is, membrane and lipid, during
the static exposure indicates that the system approached
equilibrium distribution after ~100 h for all test substances.
We used the data from longer times (i.e., >120 h) for
calculation of partition coefficients of test substances between
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TABLE 2. Summary of SPMD Partition Coefficients Derived
from Static Exposures

log Kiw log Kiw CV CV  log
compound log Kow?  (lit)?  (exptl) (%) Km. (%) Kspwmp®

o-HCH 3.80 382 25 0.052 11 331
p-HCH 3.80 4.03 13 0.020 24 3.26

y-HCH 3.70 3.66 16 0.057 13 3.22
6-HCH 4.10 391 14 0.015 15 3.56
PeCBz 5.20 527 5.387 0.095¢ 41 4.73¢
HCBz 5.50 550 5.574 0.122¢ 30 4.99¢

D1o-ANT  4.54 4.584 4.047

a preferred or selected values from refs 16 and 17. ? Values from ref
18. ¢ n= 4. 9 Method detection limits were taken as a substitute for the
equilibrium aqueous concentration. ¢ Literature value of K, was taken
for calculation. fValue interpolated from linear dependence of log Kspwp
on log Ko for the test substances.

0.167¢ 32

SPMD compartments and water. The K, values estimated
for HCH isomers from the static exposures are comparable
with their octanol—water partition coefficients, which is in
agood agreement with the study of Chiou (18), who observed
almost equality of the partition coefficients for selected
nondissociating organochlorine compounds with log Koy <
5.For PeCBz, HCBz, and D1o-ANT the concentration in water
did not exceed the limits of detection (2, 2, and 6 ng L%,
respectively). Therefore, only Ky, values were obtained for
these substances from static exposures, and the K, values
directly measured by Chiou (18) were taken for calculation
of Kspmp Vvalues of PeCBz and HCBz. Kspmp Vvalues were
calculated using eq 1. The Kspmp value for Dio-ANT was
interpolated from the linear dependence of log Kspmp 0N log
Kow for the test substances. An estimate of Kspmp values was
also performed using the method detection limits in the
aqueous phase as a substitute for the equilibrium aqueous
concentration. Kspmp values of 4.7, 4.9, and 3.9 were obtained
for PeCBz, HCBz, and D1o-ANT, respectively. The difference
in log Kspmp Values obtained by the two different approaches
was not greater than 0.1 log unit. The mean values of
determined partition coefficients are summarized in Table
2 together with related values from the literature.

Flow-Through Exposures. The effect of the aqueous film
resistance to mass transfer can be investigated when exposure
studies are conducted under various hydrodynamic condi-
tions. The exposures were conducted at flow rates for which
a laminar character of the flow in the major part of the
exposure column was observed. This was checked by
observing the dissolution of KMnQ, grains in water flowing
through the exposure column. Concentrations of the analytes
in water (Cy) and in the SPMD (Cspmp) Were two parameters
measured regularly during the continuous flow exposures.
During the exposure the water concentration was held
constant, which was confirmed by analyses of water samples.
All SPMDs exposed to control water without addition of
analytes, and also SPMD blank samples, contained less than
method detection limits (MDL) of test substances. MDL
values ranged from 8 ng/SPMD for a-HCH to 23 ng/SPMD
for D1o-ANT. Average water concentrations of test substances
in exposure water ranged from 27 to 62 ng L% The
independence of SPMD concentration factors (CFs) relative
to aqueous solute concentrations was demonstrated previ-
ously (1-3, 5). Therefore, CFs were used to express the data.
The variance of calculated concentration factor values up to
16% was estimated from the coefficients of variation (CV) of
the concentration in the SPMD (12%) and of the concentra-
tions in the aqueous phase (11%), according to the law of
error propagation. Characteristic uptake curves are shown
in Figure 1.

The uptake was modeled using linear and nonlinear
(Levenberg—Marquardtalgorithm) regression analysis. Curve
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FIGURE 1. Uptake of a-hexachlorocyclohexane (top) and hexachlo-
robenzene (bottom) by SPMD exposed under conditions of different
linear flow velocities: 0.06 cm s™! (circles, dotted lines), 0.28 cm
s~ (triangles, dashed lines), and 1.14 cm s~ (squares, solid lines).
The flow-through exposures were conducted at 19 °C at nominal
chemical concentrations of 50 ng L™L. The lines correspond to eqs
2 and 3 with the optimized values of the parameters given in
Table 3.

fitting was performed with Origin 5.0 (Microcal Software).
The experimentally determined time courses of the CFs of
individual HCHs in the SPMD were fitted by nonlinear
regression analysis using eq 2 with Kspmp and ke as adjustable
parameters. In the case when the CF of the compound did
not reach half of the Kspmp value (for PeCBz and HCBz), eq
3 with ke as the only adjustable parameter was used for linear
regression analysis of the uptake curves. The Kspmp Values
needed for these calculations were taken from Table 2. Note
that estimated values of Kspmp Were used for PeCBz, HCBz,
and D1o-ANT, respectively.

A satisfactory fit of kinetic eq 2 to the experimental data
was obtained for all HCH isomersin all exposure experiments.
Relatively accurate values of the parameters Kspmp (CVs not
exceeding 14% of the estimate) and k. (CV < 39%, except of
one case for 3-HCH, 49%) were obtained. The higher
uncertainty in the estimation of ke values results from lack
of data in the initial linear uptake period. A variation between
9 and 40% was observed in Kspmp Values for individual HCHs
among experiments conducted at different flow rates. A
difference of up to a maximum of 0.5 log unit was observed
between log Kspmp estimates from flow-through exposure
data and values from static exposures for individual HCHs.

With regard to PeCBz and HCBz, a good fit of eq 3 to the
experimental data was obtained, too. CVs of the calculated
ke did not exceed 5%.

The release of D1o-ANT was modeled using eq 6 with Co
and k. as adjustable parameters. Figure 2 shows the release
kinetics of this compound under different flow conditions.
Estimates of Co ranged between 89 and 109% of the calculated
value. CVs of the k. for this compound varied between 12
and 17%.

Effect of Flow on the Exchange Kinetics. To examine the
effect of flow velocity on the mass transfer, best fit values of
ke obtained for individual compounds under various flow
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FIGURE 2. Release of [Hjg]anthracene from SPMDs exposed at
different linear flow velocities: 0.06 cm s (circles, dotted lines),
0.28 cm s~ (triangles, dashed lines), and 1.14 cm s~* (squares, solid
lines). The flow-through exposures were conducted at 19 °C. The
lines correspond to eq 7 with the optimized values of the parameters
given in Table 3.

conditions (0.06, 0.28, and 1.14 cm s~) were compared using
an unpaired t test (p = 0.05). For HCHSs, no significant
difference was observed between k. values determined at
different flow rates. The only exceptions were the k. values
for f-HCH and d-HCH at flow rates of 0.28 and 1.14 cm s,
However, in these cases the difference could not be attributed
to the change of the aqueous film thickness, because the ke
values determined at higher flow rate (1.14 cm s™%) were in
both cases smaller than at the lower one (0.28 cm s™1).

With regard to more hydrophobic chemicals, a significant
difference was observed between k. values determined at
the lowest flow rate (0.06 cm s™1) and at both higher flow
velocities. At a flow rate of 0.28 cm s™2, k. for PeCBz is higher
than that at 0.06 cm s~ by a factor of 3 and for HCBz by a
factor of 9. The further increase in flow rate from 0.28 to 1.14
cm s~ did not cause any further significant increase in ke
values.

The release kinetics of D;o-ANT was used as an inde-
pendent measure of the exchange kinetics between SPMD
and water. It was significantly affected by the flow, too. A
5-fold increase in flow rate from 0.06 to 0.28 cm s~ results
in a 3-fold increase in k.. Only a slight, but insignificant,
decrease in ke value was observed with the further 4-fold
increase in flow velocity to 1.14 cm s™2.

No significant effect of flow conditions on the uptake of
moderately hydrophobic HCH, and, on the other hand, a
strong effect increasing with the Ko, correspond well with
the theory of diffusion through two films in series (10), which
assumes a switch in the overall mass transfer to the aqueous
phase control for very hydrophobic compounds (eq 5).

Mechanism of Accumulation. To obtain a more detailed
insight into the mechanism of the accumulation process, we
tried to characterize the contribution of aqueous and polymer
film resistance to the overall mass transfer. For this purpose,
ke values were fitted to eq 5. Kspmp values needed for the
analysis were taken from Table 2. Direct linear regression of
the data is not desirable because 1/k. and Kspmp Vary over
2 orders of magnitude; thus, the regression is weighted heavily
in favor of the larger values. Therefore, we preferred to
perform the regression on the logarithmic quantities, as-
suming a log-normal distribution of the errors. In addition,
the assumption was made that kspmp Values are the same for
all compounds and for all three exposure experiments and
that ky, values are the same for all compounds within each
single experiment, respectively. This assumption could be
made because test compounds are nonpolar and they have
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TABLE 3. Summary of SPMD Exchange Coefficients and Partition Coefficients Derived from Flow-through Exposures

linear flow velocity

0.06 cm st 0.28cms™! 1l4cms™t

ke x 103 cv Ccv ke x 10° Ccv Ccv ke x 10° Ccv Ccv
compound (h™Y (%) log Kspmp (%) (h™Y (%) log Kspmp (%) (h™Y (%) log Kspmp (%)
a-HCH 10.56 28 3.29 6 10.98 33 3.37 13 8.67 18 3.32 5
p-HCH 18.09 49 291 9 9.99 18 2.87 8 4.65 32 3.17 14
y-HCH 14.07 39 3.17 8 13.07 20 3.22 7 7.07 21 3.33 7
0-HCH 7.94 35 3.01 10 9.66 19 3.09 8 4.71 24 3.34 10
PeCBz 0.57 5 —a 1.77 5 —a 1.40 3 —a
HCBz 0.13 4 —a 1.25 5 —a 1.40 4 —a
D1o-ANT 1.87b 17 5.66° 15 5.75P 12

2 Not used as adjustable parameter because equilibrium was not approached during the exposure. ? k., value determined from the dissipation

rate.

TABLE 4. Values of Mass Transfer Coefficients for the SPMD
Ksewp) and the Aqueous BoundarY_ Layer (ky) Obtained as
ptimized Parameters of the Nonlinear Regression Analysis of

the Elimination Rate Constant (ke) as Dependent on the

SPMD—Water Partition Coefficient (KspMDS) Using Equation 72

flow velocity log kspmvp  Tspmp log kw Tw Rs
(ems™) (ms™ (h) (ms™ (s) (Lday™)
0.06 —-9.44+0.09 79 -6.03+0.12 112 3.6
0.28 —9.44+0.09 79 -544+015 29 140
1.14 —-9.44+£0.09 79 -557+014 38 104

4 Statistical indices of the fit are the number of data points n = 21,
the correlation coefficient r = 0.94, and the standard deviation of the
fit s = 0.70. The aqueous boundary layer residence time 7, and the
SPMD residence time tspyp Were calculated as Vspyp/ Ak, and Vepmp/
Akspmp, respectively. The apparent sampling rate R of compounds
accumulated under aqueous boundary layer control was calculated
as kyA.

similar molecular weights and sizes. Therefore, diffusion
coefficients of the test substances and mass transfer coef-
ficients determined at constant conditions in particular
matrices (water or SPMD) are expected to be approximately
the same. In this way, the nonlinear regression was simul-
taneously performed with all k. values obtained in all
experiments using the rearranged eq 5 as a fitting function

3
Y = log(A/Vepyp) — log(Y z; x 104+ 1078 (7)

where X = log Kspmp is the independent variable; z; are
indicator variables taking the value z; = 1 for experimental
data from the ith experiment, for the rest of the data, zi =
0; and Y = log ke is the dependent variable. Adjustable
parameters are the mass transfer coefficient in the aqueous
film for the ith experiment A; = log kwi, and in the SPMD B
= log kspmp, respectively. The fit results are summarized in
Table 4 and shown in Figure 3. Note that also ke values for
D10-ANT obtained from the kinetics of dissipation were
included into the analysis.

Membrane Resistance. According to the two-resistance
theory, the less hydrophobic compounds (log Ksemp < 3.6);
that is, HCHs seem to be accumulated under sampler
(membrane and lipid) control. The resistance to mass transfer
in the SPMD can be viewed as two particular resistances
acting in series, one for transport in the polymeric membrane
and the other for transport in the receiving lipid phase. It
can be shown that these resistances are additive

1 Om o
D II<_ ®)
L"™Mw

kSPMDKSPMD B DmeW

294 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 36, NO. 2, 2002

-8 —————————1—
3.0 35 4.0 45 5.0 55

log (K

SPMD)

FIGURE 3. Dependence of the elimination rate constant k. on the
SPMD—water partition coefficient Kspwp at different linear flow
velocities: 0.06 cm s~ (circles, dotted lines), 0.28 cm s~ (triangles,
dashed lines), and 1.14 cm s7! (squares, solid lines). The lines
correspond to eq 7 with the values of adjustable parameters log
ksemp @nd log ky given in Table 4.

where constant diffusion coefficients Dy, and Dy in the phase
films of thickness 6, and 6, are assumed for the membrane
and the lipid, respectively. The last additive term in eq 8 can
be neglected, because the resistance to diffusion in lipid is
small in comparison with the resistance to diffusion in
the membrane and in the aqueous boundary layer, respec-
tively. From the estimated kspvp value of 3.7 x 1070 m st
the corresponding polyethylene film diffusion coefficient
Dm for the group of test substances was calculated using eq
8 after the introduction of Knyw = KmiKiw, taking om = 82.5
um and neglecting the resistance to diffusion in lipid. The
value of D, ranging from 6 x 107! to 3 x 1071 cm? s7¢,
corresponds well with the value of 3 x 10~ cm?s~!estimated
for phenathrene by Huckins et al. (2) and the value of the
order of 1071° estimated for a series of chlorinated hydro-
carbons by Booij et al. (6), respectively. In general, the
diffusion coefficient in polymer is a substance-specific
quantity, which is controlled by physicochemical properties
of diffusant molecules. For nonpolar molecules steric effects
could control diffusion in the polyethylene membrane.
Therefore, kspmp derived in this study has to be considered
as a rough estimate valid only for a group of compounds
with properties similar to the compounds tested (small
nonpolar molecules). The SPMD residence time zspmp Of 79
h is calculated, which indicates that SPMD sampling ex-
ceeding 2 days (i.e., In 2zspmp) Cannot be considered as
integrative for substances accumulated under membrane
control. For exposures exceeding about four halftimes of
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FIGURE 4. Dependence of the mass transfer coefficient in the
aqueous boundary layer k as a function of linear flow velocity v
in the flow-through exposure system.

the uptake curve [i.e., 4(In 2zspmp)], @aqQueous concentrations
can be estimated using the equilibrium partitioning ap-
proach, that is, Cy, = Cspmp/Kspmp. The actual concentration
of a compound accumulated in SPMD will reflect concen-
tration changes in the aqueous phase during exposure with
a time delay of zspmp.

Aqueous Boundary Layer Resistance. For more hydro-
phobic compounds (log Ksemp >3.6), the transport kinetics
are governed by the aqueous boundary layer. This is indicated
by the decrease in k. values with increasing Ko and also by
the fact that ky, values are a function of the flow rate.

Aqueous film theory (13, 14) hypothesizes a liquid
boundary layer of thickness dw, which is postulated to be
completely stagnant and nonconvected, so that a solute
molecule crosses it by pure diffusion only. At steady state,
the aqueous phase mass transfer coefficient is given by

kw =5 )

where Dy, is the diffusion coefficient in the aqueous phase.
The film theory predicts an increase in k,, at faster flow rates
because d. decreases.

The quantitative computations of the value of diffusional
flux in a laminar fluid (13, 19) show that the mass transfer
coefficient k,, should be a function of the characteristic fluid
velocity v, in accordance with law v", for a great variety of
geometrical shapes of streamlined bodies and for different
types of surface. When the flow is across the surface of a
plate in a fluid under forced convection, the exponent n is
equal to 0.5. The dependence of k,, observed in our study
seems to follow this trend (Figure 4). The mass transfer
coefficient increases initially with the flow rate, but later the
increase becomes less expressive (insignificant in our case).
Unfortunately, even for the simple experimental setup used
in our study, the hydrodynamics of the system is fairly
complicated, that is, SPMDs affect the current profile,
entrance effects occur at the bottom of the exposure column,
etc. Therefore, a quantitative comparison of the experimen-
tally determined dependence k, = f(v) with theoretical
computations is precluded and a direct comparison of the
data with other calibration studies (3, 6) is impossible, too.

The same type of dependence, that is, kw(v) = Av®S, is
expected to be valid also for uptake data based on SPMD
placement at right angles to a very slow flow (3, 5), provided
that the streaming was laminar.

Almost equal values of aqueous diffusion coefficients D,
were estimated for the tested group of compounds ranging
from6 x 1076t0 7 x 10~ 6cm?s 1 (15). Fromeq 9, the estimated
boundary aqueous film thickness decreases approximately
from 780 to 170 um with increasing flow rate. The magnitude

of the boundary layer thickness corresponds with that of
~400 um estimated by Gale (7) from uptake data obtained
in arelatively quiescent dilutor system (i.e., flow < 1cms™?).
In environmental systems the effective thickness of the
aqueous boundary layer can vary from ~10 um (extremely
turbulent/high flow conditions) to > 1000 um (deep stratified
lakes of deep seas) (20). In practice, the variation of flow at
the surface of in situ exposed SPMDs can be reduced by the
use of appropriate SPMD deployment devices. The advantage
of the aqueous boundary layer control in comparison with
the membrane layer control is that the transport kinetics are
of low selectivity for compounds with similar molar mass
and Koy value. Diffusion coefficients in water of the magnitude
of 107° cm? s™* are observed for the most compounds with
molar masses up to 500 g mol~. Therefore, the exchange
rate parameters are likely to be similar for compounds of
similar size and hydrophobicity. On the other hand, calibra-
tion studies and field exposures must manage the effect of
flow, because the hydrodynamic regime can strongly affect
the resistance of the aqueous boundary layer to mass transfer.
The results of this study indicate that the accumulation
kinetics of hydrophobic compounds (log Koy > 4.5) is sensitive
to slight changes in flow approximately up to the flow rate
of 0.28 cm s . Under faster, but still laminar, streaming (0.28
cms~! <v < 1.14 cms™?), the sensitivity of the mass transfer
to changes in flow decreases to a nonsignificant level for the
substances under consideration.

Management of the Effect of Hydrodynamics on the
Exchange Kinetics. This study confirms that for accurate
estimation of aqueous contaminant concentrations from the
amounts accumulated by SPMDs it is absolutely necessary
to manage the effect of flow regime on the exchange kinetics.
Achievement of astrictly controlled flow is rather complicated
in laboratory experiments and almost impossible to repro-
duce in the field without expensive equipment. It is more
realistic to conduct the calibrations under conditions of a
low sensitivity to small changes in flow and to construct
appropriate field deployment devices, buffering the flow
efficiently so that a good correspondence of the exchange
kinetics of contaminants in situ with the calibration data is
obtained. The results of this study indicate that there might
be an optimal regime under laminar flow conditions. In the
case of a turbulent exterior flow, the theory leads to a
proportionality of the limiting diffusional flux to the 0.8—0.9
power of velocity (19). Thus, an additional increase of ky,
with increasing flow rate is expected when the flow regime
switches from laminar to turbulent. Note that the change of
kw causes also a shift of the actual point of switch (i.e., analyte
Kspmp Value) from aqueous layer control to membrane control
(20).

For the necessary laboratory—field comparison of the
exchange kinetics, PRCs should be used. The desired attribute
of a PRC is the high sensitivity of ke-prc to changes in flow.
The release kinetics of D1-ANT, a PRC compound used in
this study, follows the changes in flow rate with a quite
satisfactory sensitivity (note that anthracene is photosensitive
and should be used with caution in the field studies).
Compounds with moderate hydrophobicity (log Kow < 4) are
disqualified as flow regime sensors because they are ac-
cumulated under membrane control, and their exchange
kinetics is insensitive to changes in water flow regime. More
hydrophobic PRCs (log Kow > 5) might produce more
significant differences in release kinetics under varying
hydrodynamic conditions. However, very long exposure times
(months or so) would be needed to achieve a significant
decrease in SPMD concentrations of such substances.
Nevertheless, the dissipation rates of a flow-sensitive PRC
(i.e., keprc) from environmentally exposed SPMD can be
compared to the ke-ca derived for the same compound during
a laboratory calibration study to determine the effect of
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exposure conditions on sampling. This approach has been
shown by Huckins et al. (20). For compounds that are
accumulated under aqueous layer control (i.e., if 1/ky >
1/kspmp/Kspvp), the apparent sampling rate can be calculated
as Rs = kywA. The values of apparent sampling rates Rs
calculated for experiments conducted at different flow rates
are given in Table 4. If the condition of equality of the
temperature at the sampling site and in the laboratory
calibration study is fulfilled, it can be shown that

ke*PRC
R field = RS*CAL_k -~ (10)
.

The Rs—sieig Value can be introduced to eq 3 to calculate the
TWA agueous concentration of the analyte. Finally, the results
of this study confirm that the use of the laboratory-derived
calibration data for the estimation of analyte concentrations
in the ambient environment is limited unless flow-sensitive
performance reference compounds are used.

Supporting Information Available

Estimation of the time to reach steady-state flux in individual
SPMD compartments and the equations for the rate of
transfer in steady state, determination of recovery rates of
test chemicals from different matrices, extraction procedure
of test substances from water, and an example of the use of
PRCs to adjust the sampling rates. This material is available
free of charge via the Internet at http://pubs.acs.org.

Literature Cited

(1) Huckins,J. N.; Tubergen, M. W.; Manuweera, G. K. Chemosphere
1990, 20, 533—552.

(2) Huckins,J. N.; Manuweera, G. K.; Petty, J. D.; Mackay, D.; Lebo,
J. A. Environ. Sci. Technol. 1993, 27, 2489—2496.

(3) Huckins, J. N.; Petty, J. D.; Lebo, J. A,; Orazio, C. E.; Prest, H. F.;
Tillitt, D. E.; Ellis, G. S.; Johnson, B. T.; Manuweera, G. K. In
Techniques in Aquatic Toxicology; Ostrander, G. K., Ed.; CRC
Press (Lewis Publishers): Boca Raton, FL, 1996; pp 625—655.

(4) Meadows,J.C.;Echols, K.R.; Huckins,J. N.; Borsuk, F. A.; Carline,
R. F.; Tillitt, D. E. Environ. Sci. Technol. 1998, 32, 1847—1852.

296 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 36, NO. 2, 2002

(5) Huckins, J. N.; Petty, J. D.; Orazio, C. E.; Lebo, J. A.; Clark, R. C.;
Gibson, V. L.; Gala, W. R.; Echols, K. R. Environ. Sci. Technol.
1999, 33, 3918—3923.

(6) Booij, K.; Sleiderink, H. M.; Smedes, F. Environ. Toxicol. Chem.
1998, 17, 1236—1245.

(7) Gale, R. W. Environ. Sci. Technol. 1998, 32, 2292—2300.

(8) Huckins, J. N.; Petty, J. D.; Prest, H. F.; Orazio, C. E.; Gale, R.
W. In Abstracts, 18th Annual Meeting, SETAC, San Francisco,
CA, Nov 16—20, 1997; Society of Environmental Toxicology and
Chemistry: Pensicola, FL, 1997; p 206.

(9) Crank, J. The Mathematics of Diffusion, 2nd ed.; Oxford
University Press: New York, 1975; Chapter 4.

(10) Mackay, D.; Paterson, S. Environ. Sci. Technol. 1981, 15, 1006 —
1014.

(11) Mackay, D.; Hughes, A. I. Environ. Sci. Technol. 1984, 18, 439—
444,

(12) Vrana, B.; Paschke A.; Popp, P.; Schidrmann, G. Environ. Sci.
Pollut. Res. 2001, 8, 27—34.

(13) Cussler, E. L. In Diffusion: Mass Transfer in Fluid Systems;
Cambridge University Press: Cambridge, U.K., 1984.

(14) Jeannot, M. A,; Cantwell, F. F. Anal. Chem. 1997, 69, 235—239.

(15) Lyman, W. J. In Handbook of Chemical Property Estimation
Methods, Environmental Behavior of Organic Compounds;
Lyman, W.J., Riehl, W. F., Rosenblatt, D. H., Eds.; McGraw-Hill:
New York, 1982.

(16) Mackay, D.; Shiu, W. Y.; Ma, K. C. In Illustrated Handbook of
Physical-Chemical Properties of Environmenmtal Fate of Organic
Chemicals; Lewis Publishers: Chelsea, Ml, 1992; Vol. I.

(17) Mackay, D.; Shiu, W. Y.; Ma, K. C. In lllustrated Handbook of
Physical-Chemical Properties of Environmenmtal Fate of Organic
Chemicals; Lewis Publishers: Chelsea, MlI, 1997; Vol. V.

(18) Chiou, C. T. Environ. Sci. Technol. 1985, 19, 57—62.

(19) Levich, V. G. In Physicochemical Hydrodynamics; Prentice-
Hall: London, U.K., 1962; pp 301—307.

(20) Huckins, J. N.; Petty, J. D.; Prest, H. F.; Clark, R. C.; Alvarez, D.
A.; Orazio, C. E.; Lebo, J. A.; Cranor, W. L.; Johnson, B. T. In A
Guide for the Use of Semipermeable Membrane Devices (SPMDs)
as Samplers of Waterborne Hydrophobic Organic Contaminants.
Report for the American Petroleum Institute (API); APl Publication
4690; APl: Washington, DC, 2000.

Received for review March 2, 2001. Revised manuscript re-
ceived August 29, 2001. Accepted October 19, 2001.

ES0100625






Priloha 5

Wennrich L., Vrana B., Popp P., and Lorenz W., Development of an integrative passive
sampler for the monitoring of organic water pollutants, J. Environ. Monit., 2003, 5, 813—-822.






Development of an integrative passive sampler for the monitoring of

organic water pollutants

Luise Wennrich,*“ Branislav Vrana,” Peter Popp and Wilhelm Lorenz

“Leibniz-Institute of Surface Modification, Permoserstrasse 15, D-04318 Leipzig, Germany.
E-mail: luise.wennrich@iom-leipzig.de;, Fax: +49 341 235 2584, Tel: +49 341 235 3184

d

bDepartment of Chemical Ecotoxicology, UFZ—Centre for Environmental Research Leipzig-

Halle, Permoserstrasse 15, D-04318 Leipzig, Germany

“Department of Analytical Chemistry, UFZ—Centre for Environmental Research Leipzig-

Halle, Permoserstrasse 15, D-04318 Leipzig, Germany

“Martin-Luther-University Halle-Wittenberg, Institute of Analytical and Environmental
Chemistry, Kurt-Mothes-Strasse 2, D-06120 Halle (Saale), Germany

Received 27th March 2003, Accepted 10th July 2003

First published as an Advance Article on the web 1st August 2003

The development of convenient and competitive devices and methods for monitoring of organic pollutants in
the aquatic environment is of increasing interest. An integrative passive sampling system has been developed
which consists of a solid poly(dimethylsiloxane) (PDMS) material (tube or rod), acting as hydrophobic organic
receiving phase, enclosed in a water-filled or an air-filled low-density polyethylene (LDPE) membrane tubing.
These samplers enable the direct analysis of the pollutants accumulated during exposure in the receiving phase
by thermodesorption—-GC/MS, avoiding expensive sample preparation and cleanups. The capabilities of these
sampling devices were studied for the sampling of 20 persistent organic pollutants (chlorobenzenes,
hexachlorocyclohexanes, p,p'-DDE, PAHs, and PCBs) in laboratory exposure experiments. For the three
sampler designs investigated the uptake of all target analytes was integrative over exposure periods up to 9 days
(except PCB 101). The determined sampling rates range from 4 to 1340 pl h™' for the water-filled samplers and
from 20 to 6360 pl h™! for the air-filled ones, respectively. The sampling rate of the analytes is dependent on
their molecular weight, partition between water and sampler media (PDMS, polyethylene, water, air) and also
of the sampler design. The passive samplers enable the estimation of time-weighted average (TWA)
concentration of water pollutants in the lower ng 17! to pg 17! range.

Introduction

The monitoring of environmental pollutants in the ground and
surface waters is of fundamental importance for both the
protection of these ecosystems and the quality of human life. In
particular the determination of persistent organic pollutants
(POPs) is of ecotoxicological relevance due to their high toxic
potential, their persistence and their tendency to bioaccumu-
late. As is known, these pollutants can be present in the aquatic
environment both freely dissolved and particle-bound. For
ecological risk assessment the bioavailable fraction is of
substantial interest. This corresponds with the freely dissolved
fraction. Using conventional sampling techniques (grab
sampling) only the total content of the pollutants is obtained.
Furthermore, the conventional sampling and analysis of grab
water samples only provide information about pollutant
burden at the moment of sampling.

Passive sampling techniques can overcome the problems
mentioned above. These techniques allow the convenient
determination of the time-weighted average concentration of
the freely dissolved fraction of pollutants over several weeks or
even months. Compared to conventional sampling the number
of the samples and thus the expense of sampling and
subsequent analysis can be reduced significantly. In addition,
due to the accumulation of the pollutants over the whole
sampling period, passive sampling allows the detection of even
low analyte concentrations. Furthermore, the sampling devices
are usually simple in design, small, inexpensive and require no
power supply. This makes the technique inexpensive and
suitable for use at remote sites. However, for the determination
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of TWA concentrations of organic pollutants in field studies
samplers must be calibrated in laboratory experiments.

Today the passive sampling technique represents an
attractive alternative to the conventional snap-shot sampling
for water monitoring of semivolatile POPs. In the last few years
various passive sampling devices were designed for monitoring
of pollutants in the aquatic systems. These sampling devices are
usually so-called membrane samplers. Such membrane sam-
plers typically consist of a receiving medium with a high affinity
for the organic contaminants enclosed by a diffusion-limiting
semipermeable membrane.' ™

Semipermeable membrane devices (SPMDs), introduced by
Huckins and co-workers,”™ attained the greatest importance
and widespread application. Due to both their high membrane
surface area and their relatively large volume of receiving
medium SPMDs proved to be most effective in their capacity to
accumulate lipophilic contaminants. The SPMD sampler
consists of layflat low-density polyethylene tubing enclosing
a thin film of triolein. The main disadvantage of the SPMD
technique is the complex sample preparation procedure
required to recover the accumulated pollutants from the
collecting phase (triolein). This is achieved by dialysis using
considerable amounts of organic solvents, followed by con-
centration of the extracts and an expensive cleanup before the
chromatographic analysis.”'°

In the last few years several attempts have been made to
develop passive sampling devices, which avoid the drawbacks
mentioned above and also make passive sampling technology
more attractive for routine monitoring programmes. Such
passive samplers contain solid materials (granular adsorbents
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and compact polymeric sorbents, like PDMS, respectively)
instead of the liquid organic receiving phase. That allows the
thermodesorption of the accumulated pollutants without
additional sample preparation.

Hardy et al.''™'° created a passive sampler consisting of a
glass tube, sealed at one side with a silicone—polycarbonate
membrane. Depending on the target analytes this sampler can
be filled with various granular materials, such as activated
charcoal, Tenax-TA, XAD-7, Chromosorb 103 and Porapak
Q. After exposure, the granular receiving phase can be
desorbed either with a suitable solvent or thermally. This
sampler was successfully applied for the enrichment of more
volatile organic compounds, like monocyclic aromatic com-
pounds'® and phenols,'? whereas the less volatile compounds
were not enriched effectively.

At the end of the nineties Gratwohl and Martin'*!* patented
a so-called ceramic dosimeter for the integrative sampling of
organic compounds in ground water. This sampler consists of a
porous ceramic tube which was filled with different grained
adsorbents, e.g. the ion exchange resin Amberlite IRA-743 and
Tenax. The porous ceramic tube enables only the dissolved
analytes to pass the membrane. This sampler was applied for
the monitoring of several PAHs in ground water. Concerning
the subsequent thermodesorption of the analytes from Tenax
difficulties appear due to the unexpected water permeability of
the ceramic membranes.

In a recently published paper, Vrana ez al.'® described the
application of a solid sorbent on the basis of PDMS as
receiving phase in a membrane sampler. This so-called MESCO
(membrane-enclosed sorptive coating) sampler consists of a stir
bar coated with a thin PDMS layer (Gerstel Twister, a
commercially available device used for stir bar sorptive
extraction, SBSE”) enclosed in a water-filled dialysis mem-
brane bag from regenerated cellulose. After exposure of the
sampler, the PDMS coated stir bar is taken from the
enveloping membrane and can be directly analysed by
thermodesorption-GC/MS. Thus, laborious and time-consum-
ing sample preparation can be avoided.

PDMS is recommended as a receiving phase in extraction
and thermodesorption as it has a number of benefits compared
with other sorbents.'® The predominant mechanism of analyte
extraction into the polymer PDMS phase is absorptive
partitioning, which means that displacement effects of the
analytes which are characteristic for adsorbents play no role.

Although the MESCO sampler is a miniaturised version, this
passive sampling approach enables lower quantification limits
for hydrophobic POPs in the pg 17! level. The application of
regenerated cellulose as a porous hydrophilic membrane
material enables the widening of the applicability to a broader
polarity range of pollutants including low-hydrophobic sub-
stances (log Kow < 4). Unfortunately, this material has
relatively low chemical and thermal stability and is subject to
microbial degradation,® which potentially leads to the damage
of the sampler in the field.

The aim of the work presented here was to develop and to
test a membrane sampler combining the advantages of the
MESCO sampler with those of more stable membranes, such as
low-density polyethylene. LDPE membranes were successfully
applied in SPMDs. These membranes are hydrophobic,
resistant to solvents and biodegradation and they can be
heat-sealed. Furthermore, the commercially available stir bars
as receiving phase should be substituted by less expensive
PDMS materials with a significantly enhanced volume to
increase the maximum exposure time of the passive sampler in
the field.

Theory

Previously, models have been developed describing the uptake
kinetics of organic contaminants in water by passive samplers
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constructed as solvent filled dialysis membranes,'” triolein filled
polyethylene membranes®™ or membrane enclosed sorptive
coatings'® and can analogously be adapted for the description
of the function of samplers designed in this study. These consist
of a hydrophobic solid receiving phase (PDMS) enclosed in
water-filled or air-filled semipermeable membrane made of
nonporous LDPE.

The mass transfer of an analyte in a sampler includes several
diffusion and interfacial transport steps across all barriers, i.e.
the stagnant aqueous boundary layer, possible biofilm layer,
the membrane, the inner fluid (aqueous or gas) phase, and the
receiving organic phase as rate control step is not assumed
a priori.

It can be shown that in the initial uptake phase, chemical
uptake is linear or time-integrative. Under these conditions the
concentration of a chemical in the organic phase is directly
proportional to the product of the concentration in the
surrounding aqueous medium Cy [kg m 7] and the exposure
time ¢ [s]. For practical application, uptake can be described by
eqn. (1)

Ms(t) = M, + CwRst (1)

where Mg [kg] is the amount of analyte accumulated in the
receiving phase and M|, [kg] the initial amount of analyte in the
sampler. Rg [m® s is the sampling rate of the system:

Ry = kov A (2)

where k., [m s~ '] is the overall mass transfer coefficient and 4
[m?] is the membrane surface area. Sampling rate can be
determined experimentally under fixed conditions at constant
analyte concentration. Under environmental conditions, when
the water concentration changes during the exposure, the term
Cw represents a TWA concentration during the deployment
period.

As described by Huckins er al.,>' the uptake of an analyte
into the passive sampler is linear and integrative approximately
until the concentration factor of the sampler (ratio Cs(7)/Cw)
reaches half-saturation. If sampling rates Rg and organic
receiving phase/water partitioning coefficients Kgw are avail-
able, the maximum exposure time in which the sampling device
works integrative under field conditions can be estimated using

eqn. (3):
tso ~ In2Kqw Vs/Rg (3)

where 75 is the first-order half-time of the uptake curve and Vg
the volume of the receiving phase.

Experimental
Chemicals and materials

The test substances (Table 1) include several groups of
semivolatile persistent organic pollutants: hexachlorocyclo-
hexanes (HCHs), chlorinated benzenes (CBs), 2,2'-bis(4-
chloropheny)-1,1’-dichloroethylene (p.p’-DDE), PAHs, and
PCB:s.

HCH, chlorobenzene, PCB and PAH reference standards
were obtained from Promochem (Wesel, Germany). The
solvents n-hexane, methanol and dichloromethane (for organic
trace analysis) were purchased from Merck (Darmstadt,
Germany). HPLC-grade water was supplied by Baker (Deven-
ter, The Netherlands). Layflat LDPE membrane tubing
(layflat, 30 mm; wall thickness, 80 pum) was achieved from
Polymer-Synthese-Werk GmbH (Rheinberg, Germany). Sili-
cone tubing (3.0 mm x 3.6 mm) was obtained from Reichelt
(Heidelberg, Germany). Silicone rod material (2.0 mm id) was
purchased from Goodfellow (Bad Nauheim, Germany). Stir



Table 1 Selected physicochemical properties of the test analytes

log Kow” log Kpw* Kaw? Dxflem? s~ Dy/lem? s7!
Compound Abbreviation No. MW at 25 °C at 25 °C at 25 °C at 20 °C at 20 °C
1,2.4,5-Tetrachlorobenzene ~ TeCB 1 2159 45 4.0 49 x 1072 0.06 62 x 107°
Pentachlorobenzene PeCB 2 250.3 5.2 4.6 34 x 1072 0.057 58 x 107°
Hexachlorobenzene HCB 3 284.8 5.5 4.8 53 x 1072 0.0543 55 x 107°
o-HCH o-HCH 4 2908 3.7 3.2 50 x 107*  0.05 62 x 107
B-HCH B-HCH 5 2908 3.8 3.3 1.8 x 107°  0.05 62 x 1076
y-HCH y-HCH 6 2908 3.7 3.2 21 x 107%  0.05 62 x 107°
3-HCH 5-HCH 7 290.8 4.1 3.6 1.8 x 107> 0.05 6.2 x 107°
PCB 28 PCB 28 8 257.5 5.6 49 82 x 1073 0.0542 51 x 107°
PCB 52 PCB 52 9 2920 6.1 5.2 82 x 1073 0.054 49 x 10°¢
PCB 101 PCB 101 10 3264 68 5.6 14 x 1072 0.054 47 x 10°°
p.p’-DDE p.p’-DDE 11 3180 5.7 5.0 1.7 x 1073 0.05 50 x 107°
Acenaphthylene Ace 12 1522 4.0 3.5 34 x 1073 0.063 6.5 x 107°¢
Acenaphthene Acenaph 13 1542 40 3.5 49 x 1072 0.063 63 x 1076
Fluorene Flu 14 1662 42 3.7 32 x 1073 0.06 6.0 x 107°
Phenanthrene Phe 15 178.2 4.5 4.0 1.3 x 1073 0.058 58 x 107°
Anthracene Ant 16 1782 46 4.4 1.6 x 1073 0.058 59 x 107°
Fluoranthene FLU 17 2023 5.1 4.5 42 x 107%  0.055 55 % 107°
Pyrene Pyr 18 2023 5.1 4.5 37 x 107%  0.055 5.6 x 107°
Benzo[a]anthracene BaA 19 228.3 59 5.1 23 x 1074 0.052 51 % 10°°
Chrysene CHR 20 2283 5.7 5.0 26 x 1075 0.052 51 x 107°

“Molecular weight. ?Octanol-water partition »coefﬁcient.zz'm “Membrane-water partition coefficient estimated from eqn. (4).® “Henry’s Law
constant.?>? Diffusion coefficient in air.?® /Diffusion coefficient in water.”* €61 = length of the diffusion path in the transfer medium =

0.3 cm.

bars for SBSE (PDMS coating: 0.5 mm thickness, 10 mm length)
were obtained from Gerstel (Miilheim/Ruhr, Germany).

Physicochemical properties of substances

Henry’s Law constants Kaw at 25 °C of substances under
investigation were taken from the literature.’>*> Almost equal
values of aqueous diffusion coefficients Dy were estimated for
the tested group of compounds ranging from 5 x 10 °to 7 x
107% cm? s~ 1.2* Diffusion coefficients of the test analytes in air
Da at 20 °C range from 0.05 to 0.06 cm® s ' An
approximated value of 107'° cm? s™! was used as diffusion
coefficient of the analytes in the LDPE membrane Dy;.>%?” The
membrane/water partition coefficients Kyyw were estimated
from a predictive equation derived by Hofmans:*®

log Kpyw = —0.0956(log Kow)? + 1.7643 log Kow
- 1.98 4)

Preparation and test of the sampler components

The materials provided for receiving phases in the passive
sampling devices (silicone tubes and rods) were obtained from
the manufacturers as endless materials. In order to obtain
reproducible results the tubes and rods were carefully cut with a
scalpel in pieces of each 40 mm length and then weighed.
Outliers in the weight (CV > 1%) were discarded.

In order to clean and condition the silicone tubing and rods,
in each case ten of these were placed into a vial (50 ml)
containing 50 ml of n-hexane and horizontally shaken for 2 h
(tubing) or 4 h (rods). The materials were dried in a desiccator
under vacuum and then thermally conditioned for 3 h at 250 °C
in a nitrogen flow of about 50 ml min~'. For cleaning and
conditioning of the stir bars these were placed separately into
small vials filled with 2 ml of a mixture of dichloromethane and
methanol (1 : 1) for 1 h. Then they were dried in a desiccator
and subsequently heated at 250 °C for 90 min in a nitrogen
flow. For cleaning of the layflat LDPE tubing, 3 pieces of this
material with a length of each 1 m were put into a glass vessel
(500 ml) containing 500 ml of n-hexane and shaken for 24 h.
Then the solvent was rejected and the procedure was repeated
once. The wet tubing was dried in a desiccator.

To investigate the applicability of some PDMS materials as
organic receiving phases in the sampling devices these were

tested within the complete extraction and thermodesorption
procedures. For this purpose, the conditioned receiving phases
were separately shaken in each 50 ml water spiked with the test
analytes (100 ng 17! of each compound). This solution was
prepared by spiking a water sample with a mixture of test
analytes dissolved in methanol. The vials containing the tubes
and the rods were horizontally shaken for 2 h at 200 motions
per min. The stir bars were stirred at 1000 rpm in Erlenmeyer
flasks for 2 h. After extraction, the receiving phases were taken
from the water sample, rinsed with a small volume of water,
and dabbed dry with a lint-free tissue. It should be noted that
the small water droplets inside the tubes should be carefully
removed. The accumulated analytes were determined using
thermodesorption-GC/MS as described later. The complete-
ness of the desorption of the enriched analytes (carry over) was
revised by a second desorption under equal conditions.

Membrane samplers

The membrane samplers used in this study (Fig. 1) consist of a
layflat LDPE membrane tubing (length, 50 mm) enclosing a

e

— 1
e

]

Fig. 1 Schematic diagram of the passive sampling device described
here. The receiving phase (component 1, silicone tubes or rods) is
enclosed in low-density polyethylene membrane tubing (component 3)
filled with the transfer medium (component 2, water or air) and heat-
sealed at each end.
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silicone tube (length, 40 mm; referred to as tube sampler) or a
silicone rod (length, 40 mm; referred to as rod sampler). The
layflat LDPE tubing with the receiving phase inside was water-
filled (about 8 ml) or air-filled and heat-sealed at both ends. For
both samplers the volume of the receiving phase (about 125 pl)
and the effective membrane surface area (30 cm?) were equal.
In order to enable a simultaneous exposure of a set of samplers,
they were connected to a string.

Laboratory exposure experiments

A set of passive samplers were exposed to contaminated water
with a nominal analyte concentration of each 50 ng 1™ ! in a
flow-through exposure system. This system consisted of an
exposure chamber, an 1 m high glass column (inner diameter
7.5 cm) with a perforated bottom. To prevent photodegrada-
tion of the analytes during exposure the column was covered
with dark foil. In a mixing chamber (1 1) positioned at the
bottom of the exposure column tap water (60 1 h™!) and the
appropriate amount of the test analytes dissolved in methanol
(400 pg 1Y) delivered by a peristaltic pump (Gilson, USA) were
carefully mixed using a magnetic stirrer. The resulting
methanol concentration in the exposure water did not exceed
0.01% (v/v). Tap water was fed to the mixing chamber by a
membrane pump (Prominent, Germany). The spiked water
flowed from bottom to top through the exposure chamber.
Using a heating—cooling system the water temperature in the
exposure chamber was held constant at the predetermined
temperature. The passive sampler string was fixed in the
exposure column in a vertical position.

The exposure experiments were performed at 14 and 8 °C,
respectively, and at a linear flow velocity of the water of
0.38 cm s~ ! (see Table 2). The samplers were removed one by one
after predetermined exposure times. (The maximum exposure
times varied between 176 and 236 h.) Then the receiving phases
were immediately taken out of the enveloping LDPE tubing
and carefully dried. The loaded receiving phases were stored
in closed small glass vials at —18 °C in a freezer until
thermodesorption—-GC/MS analysis. Investigations concerning
the loss of analytes during storage of the loaded receiving
phases under these conditions resulted in the conclusion that
these could be neglected.

In order to determine the concentration of the analytes under
investigation in the water during exposure, samples were taken
from the exposure column at each time when samplers were
removed and analysed as described below.

Processing of the water samples

The extraction of the water samples taken from the expo-
sure column was performed using SBSE. The procedure was
as follows: 50 ml of the water sample was filled into an
Erlenmeyer flask (50 ml), the stir bar was lowered in the flask
and then the sample was stirred at 1000 rpm for 2 h. After this
the stir bar was taken out, washed with water and dried. For
external calibration, spiked water samples containing 10, 30,
50, 70, and 100 ng 17! of each analyte were prepared using a
mixture of test analytes dissolved in methanol and extracted as
described above. It should be noted that the content of
methanol in the calibration solutions should be held constant
(<1%).

Table 2 Conditions of the flow-through exposure experiments

Thermodesorption—-GC/MS analysis

The pollutants accumulated during the exposure experiments
in the receiving phases of the passive samplers and in the stir
bars were analysed using thermodesorption—-GC/MS. The solid
receiving material was placed into an empty glass desorption
tube. Thermodesorption—-GC/MS was performed on an Agilent
Technologies system 6890/5973 (Palo Alto, CA, USA)
equipped with a Gerstel thermodesorption device with auto-
sampler. For cryofocusing of the analytes prior to the transfer
into the capillary column a Gerstel cold injection system (CIS
4) with an empty liner was used. During thermal desorption
the CIS 4 was cooled with liquid nitrogen to a temperature of
—150 °C. For the desorption of the analytes from the receiving
phases and the stir bars the following conditions were chosen:
desorption temperature, 250 °C; helium flow rate, 100 ml min~!
and desorption time, 10 min. The transfer lines both from the
thermodesorption device to the CIS 4 and from the GC to
the MS ion source were set to 250 °C. After desorption of the
receiving phase and cryofocusing of the analytes, the CIS 4 was
heated to 250 °C at a rate of 12 °C s~ !, whereas the system was
used in the splitless mode with a splitless time of 1.5 min. An
HP-5 MS capillary column (30 m, 0.25 mm id, 0.25 pum film
thickness) was employed with the following temperature
program: 50 °C, 3 min isothermal, 15 °C min~! to 160 °C,
then at 3 °C min~ ! to the final temperature of 280 °C, and held
for 8 min. Helium was used as carrier gas at a linear velocity of
39 cm s L. The single ion monitoring (SIM) mode applying one
or two characteristic ions per analyte was chosen for the
detection.

For external calibration of the accumulated pollutants in the
receiving phases, a plug of silanised glass wool (length, about
4 cm) which was positioned in the heated zone of a desorption
tube was spiked with the calibration solution (2 pl). The
desorption tube was flushed for 1 min with a nitrogen flow of
30 ml min ! to allow the main part of the solvent (methanol) to
evaporate and then thermally desorbed. In order to control
analyte losses during the evaporation of methanol at external
calibration, the flush time was varied in the range of 30 to 120 s.
This investigations resulted in no significant decrease of the
peak areas with increased flush time. Quantification of the
analytes sorbed in the receiving phase was performed using a
six-point calibration.

Results and discussion
Assessment of PDMS materials

In a preliminary study the applicability of some commercially
available PDMS materials—silicone tubes and silicone rods—
as organic receiving phase in the passive sampling devices were
investigated to achieve information about the extraction
efficiency, the repeatability, completeness of the thermodesorp-
tion process (carry over), and the handling of the materials. For
this purpose, each eight pieces of the receiving phases were
object of the complete extraction and thermodesorption
procedures (see the Experimental section—Preparation and
test of the sampler components). Additionally, stir bars were
included in the experiments, because they should serve on the
one hand for comparison and they were employed for the
analysis of the water samples on the other hand. The results of

Nominal Exposure
Experiment no. Sampler design used concentration/ng 17! Temperature/°C Flow velocity/cm s~ ! period/h
la Water-filled tube sampler 50 14 0.38 176
1b Air-filled tube sampler 50 14 0.38 224
1c Water-filled rod sampler 50 14 0.38 224
2 Water-filled tube sampler 50 8 0.38 236
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Table 3 Mean peak areas (n =

8), coefficients of variation (CV in %) and carry over (%) of different receiving phase materials obtained from
extraction and thermodesorption-GC/MS analysis

Stir bars Tubes Rods
Peak area CvV Carry Rel. peak Cv Carry Rel. peak CvV Carry

Compound x 1073 (%) over (%) area” (%) (%) over (%) area” (%) (%) over (%)
1,2,4,5-Tetrachlorobenzene 947 5.2 0.32 1.03 9.1 4.09 0.65 8.8 5.27
Pentachlorobenzene 965 6.0 0.15 0.65 6.8 1.36 0.68 6.5 4.37
Hexachlorobenzene 1004 6.9 0.12 0.65 15.5 nd 0.73 3.8 3.62
a-HCH 391 7.6 0.05 0.72 6.1 nd 0.85 5.2 3.03
B-HCH 57 9.6 3.00 1.33 4.5 2.25 1.71 19.7 4.28
v-HCH 305 8.7 0.11 0.64 6.3 0.40 0.84 6.8 3.52
8-HCH 117 8.5 0.86 0.85 7.8 2.64 1.10 20.6 0.70
PCB 28 1565 9.3 0.18 0.46 5.9 0.81 0.75 5.0 4.21
PCB 52 898 10.3 nd 0.43 5.2 0.28 0.74 6.9 4.73
PCB 101 510 11.1 0.09 0.36 11.1 0.33 0.67 16.5 6.07
p.p’-DDE 376 10.9 nd 0.36 13.2 0.09 0.65 20.5 5.78
Acenaphthylene 1272 5.5 0.26 1.00 6.9 1.31 0.82 7.4 3.41
Acenaphthene 1496 6.5 0.54 0.84 6.6 1.46 0.61 14.9 4.02
Fluorene 1287 7.6 0.50 0.72 7.3 1.36 0.84 4.6 3.72
Phenanthrene 2058 9.3 1.19 0.63 7.3 0.98 0.80 5.8 3.94
Anthracene 1386 9.8 0.14 0.54 5.9 0.42 p.i.

Fluoranthene 1673 11.5 0.12 0.41 3.6 0.46 0.65 19.9 4.82
Pyrene 1643 11.2 0.12 0.41 6.7 0.44 0.55 20.9 5.17
Benzo[a]anthracene 281 12.8 nd 0.62 18.9 0.18 0.85 28.6 3.53
Chrysene 364 8.8 nd 0.52 14.0 0.25 0.89 25.5 3.97

“Related to the mean peak areas of the stir bars (n = 8). nd = not detectable. “pi = peak interference.

these investigations are summarised in Table 3. The carry over
provides information about the completeness of the thermo-
desorption process. For this purpose, the already thermally
desorbed materials were desorbed again and the peak areas of
the first and second desorption were compared, setting the
areas of the first desorption to 100%. It should be noted that the
volume of the PDMS phase of the stir bars (24 pl) and the other
materials (125 pl) differ considerably. The extraction yields
(relative peak areas) of the analytes investigated using tubes
and rods were in the range of 0.37 to 1.33 compared to stir bars.
From the three receiving phases, the best repeatability was
found for the stir bars. The variation coefficients of the peak
areas of the individual analytes extracted from the spiked
solution by the 8 stir bars ranged from 5 to 13%. Comparing
the tubes and the rods, the first ones showed a better
repeatability with variation coefficients from 4 to 19%
(tubes) and from 4 to 29% (rods), respectively. The values
for the carry over of the stir bars indicate that the
thermodesorption of the most compounds under the given
conditions was nearly quantitative (< 1% except B-HCH and
phenanthrene). The values for the tubes were slightly higher (in
most cases lower than 1.5%). In contrast, the carry over of the
rods was significantly increased (between 3.0 and 6.1%). The
reasons for this finding we assume in the significantly larger
thickness of the PDMS layer of the rods (2 mm id) compared to
the other materials (tubes, 0.3 mm,; stir bars, 0.5 mm). Thus, an
increased time is needed for the quantitative diffusion of the
analyte molecules dissolved in the PDMS phase to the surface
area of the rods. For this reason the silicone tubes were
favoured as receiving phase material in the passive sampler
devices. However, it was found that the handling of the rods is
more convenient, especially by the preparation of the air
bubble-free water-filled samplers and in consideration of
drying (removing of the small water droplets on the inner
surface area of the tubes). Therefore, in one exposure
experiment rod samplers were included, too.

Calibration experiments

The capabilities of the passive sampling devices described here
for the long-term water monitoring of the target analytes were
investigated by performing exposure experiments in a flow-
through exposure apparatus. In Table 2 the experimental

conditions are summarised. Over the exposure periods the
analyte concentrations in the water as well as the temperature
and the flow rate of the water were held constant. As described
above, during the exposure experiments water samples and
passive samplers were taken from the exposure column at time
intervals to determine the analyte concentrations in the water
(Cw) and the amounts accumulated in the samplers (Ms).

The mean concentration of the individual analytes in the
water samples within the exposures (Cy) were in the range of
78 to 131% of the nominal concentration (except p,p’-DDE in
experiment 1). The calculated coefficients of variation of the
average analyte concentrations were at maximum 11%.

The experimentally determined time courses of the accumu-
lated amounts of individual analytes on the receiving phases
(M) were fitted by the linear regression analysis. According to
eqn. (1) the adjustable parameters are the slope (CwRs) and the
intercept (M) of the linear uptake curve. The quality of the fit
was characterised by the standard deviations of the optimised
parameters, as well as the correlation coefficient (R) and the fit
standard deviation (SD). Typical uptake curves are shown in
Fig. 2.

Using tube samplers the uptake of all compounds was linear
over the whole exposure time in all experiments. The
correlation coefficients of the regression were in the range of

¢ Phe .

o PCB 28 e

81 |aPCB52 > °
JRa 2

ng per sampler
[>]

250

Exposure time (h)

Fig. 2 Uptake of selected analytes by the air-filled tube sampler
obtained from a flow-through exposure at 14 °C (nominal analyte
concentration, 50 ng 17"). For abbreviations see Table 1.
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0.867 to 0.988. The variation coefficients of the calculated slope
did not exceed 20%.

Using rod samplers (experiment 1c) the uptake of all analytes
was linear except PCB 101. The correlation coefficients of the
regression ranged from 0.698 to 0.990. The variation
coefficients of the slope were in maximum 34%.

The uptake curves of the analytes show partly negative
intercepts. From the theory'® negative intercepts can be
explained by the presence of a lag phase. This can be interpreted
as the time needed for the analyte to pass the LDPE membrane.
The duration of the lag phase or the so-called delay time is
affected by the diffusivity of analyte and thickness of individual
barriers (membrane and diffusion layers of fluid media).
Moreover, steady-state flow of analyte from water to the
receiving phase is not established immediately. However, the
time to reach steady-state flux in the sampler can be estimated by
the magnitude of the variable PIDt, where [ is the film thickness,
D is the diffusion coefficient and ¢ is time.?® If the variable is less
than unity, a steady-state flux is assumed. Using the thickness of
the polyethylene membrane of 100 um and a typical diffusion
coefficient of small non-polar molecules in LDPE membranes of
1079 cem? s, steady-state should be achieved after one or two
days in the polyethylene membrane. This corresponds well with
the lag phase observed in our experiments. In most cases the
calculated lag phases were in the range between 5 and 30 h,
however, for the PCBs lag phases up to 48 h were found. In
aqueous and air boundary layers, steady-state should be
established after few minutes only. To use the sampler for the
monitoring purposes, analytes should approach steady-state in
the individual compartments quickly with regard to the duration
of experiments, i.e. duration of the transition phase should not be
much longer than 10% of the exposure period.

Sampling rates. The sampling rates Rg of the three types of
passive samplers obtained in the exposure experiments 1 and 2
are given in Table 4. According to eqn. (1) the Rg values were
calculated by dividing the slope of the linear uptake curve by
the mean analyte concentration Cyw in the water during
exposure. The variances of the Rg values were calculated from
both the coefficients of variation of the slope and of the analyte
concentration in the aqueous phase, according to the law of
error propagation.

Over the range of the controlled exposure conditions, the Rg
values of the analytes under investigation covered a range of 2
to 3 orders of magnitude. For example, for the water-filled
tube sampler at 14 °C the Rg values were in the range of 5 to
1340 pl h™'. Comparing the sampling rates of the PAHs it can
be seen that the values decrease with increasing molecular weight
(size), increasing hydrophobicity (log Kow ranged from 4.0 to
5.9) and decreasing water solubility of the compounds. A similar
behaviour, significantly decreased sampling rates with increas-
ing chlorination grade, was found for the chlorinated benzenes
and the PCBs.

Originally, higher chlorinated PCBs (PCB 138, PCB 153 and
PCB 180) and EPA PAHs with high molecular weights
(benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
indeno[1,2,3-cd]pyrene, dibenz[ah]anthracene and benzo[ghi]-
perylene) were to have been included in the exposure studies,
too. However, in previous investigations it was found that these
compounds were accumulated in the receiving phase only in
very small amounts (near the detection limits). Therefore an
accurate determination of the sampling rates was precluded.

The sampling rates of the samplers described here are low
(0.12 to 32 ml per day for the individual analytes using the
water-filled tube sampler) compared with those of other
sampling devices, such as standard SPMDs?! (1 to 8 I per
day). That means, the sampling efficiency of the SPMDs is
about 3 orders of magnitude higher. Nevertheless, the sen-
sitivity of the two methods should be approximately the
same, because in the case of the samplers described here, the
total amount of the analyte accumulated in the receiving phase
is transferred to the GC/MS. In contrast, only a small portion
of the obtained SPMD extract (usually 1-2 pl) is injected.

Comparing the sampling rates given in Table 4 with those of
the MESCO sampler'® it can be seen that the Rg values are in
the same order of magnitude (in the pl h™! range), as expected,
but the MESCO sampling rates are more uniform. Addition-
ally, for the PCBs and PAHs with high molecular weights Rg
values could be determined, too. That means that measurable
amounts of these analytes were accumulated in the PDMS
material during the exposure. The main difference between
these both sampling devices is in the membrane material
employed. The membrane of the MESCO sampler consists of
porous hydrophilic polymeric material (molecular weight

Table 4 Sampling rates Rg of the 3 passive sampler designs derived from flow-through exposures at different temperatures (nominal analyte

concentration 50 ng™ )

Water-filled tube samplers

Air-filled tube samplers Water-filled rod samplers

T=28°C T=14°C T =14°C T=14°C
Compound Rs/Wh™'  CV (%) Rgulh™'  CV (%) Rg/plh™! CV (%) Rg/ul h™! CV (%)
1,2,4,5-Tetrachlorobenzene 737 9 647 9 6355 9 480 11
Pentachlorobenzene 201 11 192 11 4314 11 214 14
Hexachlorobenzene 21 13 56 22 904 14 87 18
a-HCH 229 11 185 13 136 8 283 9
B-HCH 31 16 69 11 34 17 69 14
v-HCH 120 10 141 11 72 8 195 10
3-HCH 44 11 96 10 24 9 138 11
PCB 28 96 10 57 15 921 13 64 20
PCB 52 52 12 41 18 621 13 33 35
PCB 101 5 13 ¢ 104 15 4 80
p.p-DDE 4 14 5 20 53 14 5 21
Acenaphthylene 988 9 730 9 1398 8 507 7
Acenaphthene 897 9 671 9 2226 7 481 7
Fluorene 907 9 1342 11 1876 6 753 8
Phenanthrene 541 10 269 11 929 8 259 11
Anthracene 515 11 265 14 988 12 125 12
Fluoranthene 69 10 56 9 122 10 37 14
Pyrene 42 11 34 10 99 13 30 15
Benzo[a]anthracene 13 15 10 19 31 16 8 14
Chrysene 9 14 9 19 20 13 6 27

“PCB 101 could not be determined in this experiment.
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cutoff 1000). Thus, the analytes pass the membrane by diffu-
sion through the water-filled pores. In contrast, the membrane
of the samplers used in this study consists of nonporous
polyethylene. The organic analytes can pass such a nonporous
polymeric membrane only by dissolving in the polymeric phase
and subsequent diffusion through the membrane layer. (LDPE
membranes can be passed only by truly dissolved organic
molecules with cross-sectional diameters up to about 1 nm.?’)
Thus, the diffusion coefficients of the individual organic
substances in the polymer Dy; and the membrane/water
partition coefficients Kyrw are of crucial importance for the
sampling efficiency.

Influence of the transfer medium on the sampling rates. In
order to investigate the influence of the medium, which is
contained in the sampling device together with the receiving
phase, water-filled and air-filled tube samplers were exposed
together under the same conditions. The determined sampling
rates and variances are listed in Table 4. Comparing the Rg
values in the columns 4 and 6 it can be seen that the values of
most of the analytes for the air-filled sampler are significantly
higher as for the water-filled ones with exception of the four
HCH isomers. Thus, for the chlorobenzenes and the PCBs the
R values are increased 10- to 20-fold and for the PAHs up to
4-fold, respectively.

The comparability of experimentally derived sampler uptake
rates to actual values during environmental sampling generally
depends on the similarity of laboratory and site exposure
conditions. When sampler calibration and field conditions are
dissimilar, the magnitude of the differences in lab and field
uptake rates for an analyte depends on the source of analyte
rate control. Thus, examination of potential rate-limiting
barriers is important.

The overall mass transfer coefficient is expected to be
affected by the diffusion of solutes in individual phases (water,
membrane, the inner transfer medium [air or water], and the
PDMS, respectively) and by their partitioning into the PDMS
and the LDPE membrane, since accumulation of hydrophobic
analytes is expected also in the hydrophobic membrane. From
the theory,3°’3 1t is assumed that the overall resistance (1koy),
to the uptake of a chemical is given by the sum of particular
barrier resistances to mass transfer [eqn. (5)]:

1 o;
Koy ZKiwa ©)

i

where J; is the particular barrier thickness, D; is the diffusion
coefficient in the barrier and Kj, is the partition coefficient
between the i-th phase and water.

For water-filled tube sampler, the overall resistance (1/kyyws)
is then given by eqn. (6):

1 _ 5}3 5M 5W 55
kowws Dw DvmKvmw Dw  DsKsw

(©6)

The subscripts B, M, W and S represent the boundary aqueous
layer at the surface of the sampler [B], the membrane [M], the
transfer aqueous layer inside the sampler [W], and the receiving
organic phase [S].

The resistance to mass transfer in the air-filled tube sampler
can be described analogously by eqn. (7):

1 5]3 5M 5A é S
S LI + +
kovas Dw  DumKwmw  DaKaw  DsKgsw

where the subscript A denotes the air layer between the
receiving phase and the membrane, and Kaw is the dimension-
less Henry’s Law constant.

It is likely that the differences in the sampling rates deter-
mined under the same exposure conditions for two sampler
designs differing from each other only in the composition of the
filling medium (water or air) are caused by differences in the

™

partial resistance to mass transfer in this medium. These par-
ticular resistances are described by the corresponding terms
Ow/Dw and 0A/DaKaw in eqn. (6) and (7), respectively. The
diffusion paths of analyte molecules through the inner transfer
medium are approximately the same for both sampler designs
(i.e. 0w = 04). Practically, the exact distance between the mem-
brane and the PDMS rod or tube cannot be measured because
the PDMS rod or tube was not in a fixed position inside the
membrane. This distance may vary between 1 and 5 mm and an
approximate average value of or = 3 mm was taken for
calculations of particular resistances of the inner medium to
mass transfer of an analyte. Note that for both sampler designs,
the mass transfer by convection in the inner transfer medium is
assumed to be negligible. Thus, the differences in sampling
rates for an analyte may originate in unequal transfer medium
permeability for the two sampler designs.

To examine the effect of the inner transport medium on the
mass transfer in the sampler, the sampling rate ratio for two
sampler designs (Rsas/Rsws) determined for the same analyte
under equal exposure conditions can be expressed using a
combination of eqn. (2), (6) and (7):

Rsas ( or ) / ( oT )
A+ — A+ 8
RSWS DW DAKAW ( )

where A = 0p/Dw + opm/DmKmw + 0s/DsKsw and ot is the
length of the diffusion path in the inner transfer medium. The
sampling rate ratio is then modulated by the value of analyte’s
diffusion coefficient in water, the diffusion coefficient in air and
the Henry’s Law constant, respectively. We assume that the
diffusion in membrane and/or the inner transfer medium are
dominant diffusion limiting steps. The aqueous boundary layer
at the surface of the sampler and in the PDMS layer present
only a small part of the total diffusion path. Therefore, the term
A in eqn. (8) can be rewritten A ~ om/DvKmw

In order to prove the applicability of eqn. (8) for prediction
of the Rgas/Rsws ratio from the physicochemical properties of
analytes, a correlation of estimated and measured ratio was
performed using linear regression analysis [eqn. (9)]:

(Rsas/Rsws)caic = —1.153 + 2.023(Rsas/Rsws)exp  (9)

n =19; SD = 8.68; r = 0.85; P < 0.0001

The fit yields a good correlation (see also Fig. 3). However,
the calculated ratio overestimates the experimental value on
average by a factor of 2. The systematic error is likely
introduced into the calculation by using an imprecise value of
the distance between membrane and PDMS phase d1. A
simulation of the effect of varying ot on the estimated Rgas/
Rgws ratio showed that a 5-fold increase in ot from 1 to 5 mm
results in a variation in the average slope of the linear
dependence of calculated to measured Rsas/Rsws from 0.9 to
2.8. Despite this imprecision, experimental and estimated data
correlate well for the whole range of simulated Jdt. Thus, it
appears that the observed differences in experimental Rg values
for two sampler designs can be explained based on physico-
chemical properties of analytes and theoretical considerations
to mass transfer in samplers.

The calculation of particular resistances shown in eqn. (6)
and (7) allows also recognizing the dominant barriers to mass
transfer. Any step or layer with more than 50% of the total
resistance is considered rate limiting. The comparison relative
contribution of individual barriers to the total resistance for
each compound shows that the uptake rate control depends not
only on the sampler construction, but also on the analyte
properties (Table 5). The estimation of the rate limiting barrier
will be verified by experiments in the future.

Comparison of the tube and rod sampler. A comparison of
the water-filled tube and rod samplers (Table 4, column 4 and
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Fig. 3 Calculated versus experimental sampling rate ratio (Rsas/Rsws)
for two sampler designs differing from each other only in the
composition of the filling medium (air or water). The experimental
ratio was determined for the two designs under the same exposure
conditions in a flow-through experiment at 14 °C. The theoretical ratio
Rs was calculated using eqn. (8). The line represents the linear
regression given in eqn. (9).

8) shows that the sampling rates are similar. For the tube
sampler the Rg values of PAHs are generally higher than those
for the rod sampler. The variances of the sampling rates show
increased values especially for the three PCBs for the rod
sampler (PCB 28, 20%; PCB 52, 35% and PCB 101, 80%). A
similar behaviour could be observed for chrysene (variation
coefficient, 27%). The reason for this finding we assume in the
relatively large thickness of the PDMS layer of the rods (2 mm
id) and the associated deferred and incomplete desorption of
these analytes. Because of the lower variances using the tube
sampler this one has been favoured.

Effect of the temperature. In order to study the influence of
the temperature on the sampling rates, the water-filled tube
samplers were exposed at two different temperatures (14 and
8 °C; see Table 4). A significant decrease (¢-test) of the sampling
rates with decreasing temperature was observed for hexachloro-
benzene, B-HCH and 6-HCH. In contrast, the more volatile

PAHs, acenaphthylene, acenaphthene, phenanthrene, and
anthracene, show a significant increase of the Rg values with
decreasing temperature. The Rg values of the other PAHs
(except fluorene) determined at the two exposure temperatures
have no significant differences. The prediction of the tempera-
ture effect on the sampling rates is difficult because of the
complexity of the system. Both thermodynamic and kinetic
parameters affecting the sampling rate are temperature
dependent.

Based on widely applied relationships such as the Wilke—
Chang equation and the Heyduk and Laude equation®? analyte
diffusion coefficients in water are expected to be directly
proportionally to temperature. On the other hand, the
phenomenon of reduced or nearly constant solute permeability
with increasing temperature has been observed in nonporous
polymers such as LDPE.> Typically, increased temperature
should enhance mass transfer in all media and the uptake of
target analytes should exhibit Arrhenius dependences. How-
ever, in membrane systems, non-ideal solute-polymer interac-
tions may affect activation energy required for molecular
diffusion, increasing complexity of the temperature—Rg rela-
tionship. Also, partition coefficients K;, may decline enough
with increasing temperature to offset increases in diffusion
coefficients.>*

Maximum exposure time 759, Maximum exposure time in
which the passive sampling device accumulates a pollutant
integrative under field conditions can be estimated according to
eqn. (3) and the sampling rates Rg from the exposure
experiments. As described in an earlier paper,'® the determina-
tion of distribution constants Kgw for the analyte partitioning
between PDMS coating and aqueous sample in batch
experiments causes difficulties. Therefore, the apparent dis-
tribution constants Kgppms), obtained from SPME experi-
ments with PDMS coated fibers (100 um) was used as a
substitute for the Ksw values in the estimation.'® The results of
the 50 estimation for the water-filled tube sampler are given in
Table 6. From the calculation results that for acenaphthylene,
acenaphthene and fluorene the passive sampler may accumu-
late integrative about 2 to 3 weeks. Maximum exposure times
from 3 to 10 weeks were estimated for HCHs. For the other
PAHs investigated, HCB, DDE and PCBs, the 5o values may

Table 5 Estimation of the main barrier to mass transfer in water-filled and air-filled passive sampler designs according to eqn. (6) or (7)

Water-filled sampler

Air-filled sampler

Rate limiting Rate limiting
Compound Membrane (%) Water (%) barrier Membrane (%) Air (%) barrier
1,2,4,5-Tetrachlorobenzene 14 86 W 99 1 M
Pentachlorobenzene 4 96 w 93 7 M
Hexachlorobenzene 2 98 w 92 8 M
o-HCH 49 51 W+M 79 21 M
B-HCH 43 57 W+M 10 90 A
v-HCH 49 51 W+M 62 38 M
3-HCH 27 73 w 5 95 A
PCB 28 2 98 w 60 40 M
PCB 52 1 99 w 41 59 M+ A
PCB 101 0 100 w 34 66 A
p.,p’-DDE 1 99 w 20 80 A
Acenaphthylene 33 67 W 94 6 M
Acenaphthene 32 68 w 96 4 M
Fluorene 23 77 W 90 10 M
Phenanthrene 13 87 W 66 34 M
Anthracene 11 89 w 66 34 M
Fluoranthene 4 96 w 15 85 A
Pyrene 4 96 w 14 86 A
Benzo[aJanthracene 1 99 w 3 97 A
Chrysene 1 99 W 0 100 A

“W = Water. M = Membrane. ‘A = Air.
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Table 6 Estimated maximum exposure times 75, of the analytes using
water-filled tube samplers in the field at 14 °C

Compound IOg Kf(])DMS) t50/day
Hexachlorobenzene 4.3 1283
o-HCH 3.20 29
B-HCH 2.7% 24
y-HCH 3.20 40
3-HCH 3.3 74
PCB 28 4.7¢ 3158
PCB 52 5.0¢ 8761
p.p-DDE 5.2¢ 108749
Acenaphthylene 3.40¢ 12
Acenaphthene 3.63¢ 23
Fluorene 3.71¢ 14
Phenanthrene 3.96° 121
Anthracene 3.98¢ 129
Fluoranthene 4.71¢ 3287
Pyrene 4.86° 7625
Benzo[a]anthracene 5.26¢ 63769
Chrysene 5.69¢ 188469

“Data from reference 16. “Data from reference 36. ‘Data from refer-
ence 35.

be several months and more. The results of the 75y calculation
indicate that the passive sampler under investigation enables
the estimation of TWA concentrations of pollutants from the
amounts accumulated during field exposures of several weeks.

As described above, the change of the inner transfer medium
(from water to air) used in the samplers results in significantly
increased sampling rates for most of the analytes investigated
(except the HCH isomers) and thus, according to eqn. (3), in
decreasing 75y values. It could be estimated, that the air-filled
tube sampler may integrative sample the low molecular weight
PAHs (acenaphthylene and acenaphthene) only up to one
week. However, in the calibration experiment linear uptake
were found to be up to nine days for these compounds.

Sensitivity. The calculated sampling rates were used to
estimate the potential of the sampling devices under study to
detect low TWA concentrations of the target analytes. Based
on eqn. (1), the minimum quantifiable TWA concentration of
the analytes in ambient water were estimated, whereas the Mg
values were replaced by the limits of quantification Mgy oq).
According to the correlation mentioned above, the sensitivity
of the entire analytical method depends on the sampling rate Rg
and the exposure time of the sampler. That means, presuming
the integrative uptake of the analyte from the sampler over the
entire exposure period, the sensitivity improves with increasing
exposure time. Assuming an exposure of 10 days, limits of
quantification in the range of 3 pg 17! (fluorene) to 2.4 ng 17!
(p,p’-DDE) could be estimated for the water-filled tube sampler
(at 14 °C). The use of the air-filled tube sampler enables a
significant improvement in sensitivity for most of the target
analytes except the HCH isomers. Therefore this sampler
design is recommended if very low concentrations of pollutants
are expected in the field. These results demonstrate that the
sampling devices described here enable the detection of the
target analytes in the lower ng 1! to pg 17! range.

Conclusions

Based on a previously described sampler (MESCO)'® a new
passive sampler was designed which has on one hand the
advantages of the earlier one, and overcomes its weakness (the
low chemical and thermal stability as well as biodegradability
of the dialysis membrane from regenerated cellulose) on the
other hand. The membrane was substituted by a stable, in the
SPMD technique successfully applied, LDPE membrane.
Moreover, the stir bars used as receiving phase were substituted
by less expensive PDMS materials (tubes and rods), which

enabled additionally a significant increase of the PDMS volume
and thus the accumulation capacity. The study of the PDMS
materials regarding reproducibility and completeness of
enrichment and thermodesorption yielded in comparable
good results of tubes and stir bars.

The investigation of the capability of three versions of the
sampler (water-filled tube and rod sampler as well as air-filled
tube sampler) resulted in the new samplers enabling the
effective accumulation of the POPs under study and thus the
estimation of low TWA concentrations of these water
pollutants. The first comparison of samplers which differ
only in the filling medium (water and air, respectively) was
done, to our knowledge. This resulted in a significant increase
of the sampling rates of most of the analytes and thus in
enhanced sensitivities for the air-filled sampler. This finding
could be confirmed by calculation of the sampling rates based
on physico-chemical parameters.

The new samplers are stable in field exposure (as tested in on-
site experiments) and enable longer exposure times compared
with the MESCO sampler because of their enlarged accumula-
tion capacity.

However, there is a lack in efficient sampling of analytes with
larger molecular size, such as PCBs and PAHs with high
molecular weights because of the application of the non-porous
LDPE membranes.
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The performance of an integrative passive sampler that consists of a C18 Empore disk sorbent receiving
phase fitted with low density polyethylene membrane was optimised for the measurement of time-weighted
average concentrations of hydrophobic micropollutants in water. A substantial improvement of sampling
characteristics including the rate of sampling and the sampling precision was achieved by decreasing the
internal sampler resistance to mass transfer of hydrophobic organic chemicals. This was achieved by adding
a small volume of n-octanol, a solvent with high permeability (solubility x diffusivity) for target analytes, to
the interstial space between the receiving sorbent phase and the polyethylene diffusion-limiting membrane.

Introduction

There is an increasing requirement for monitoring the water
quality across Europe, with particular emphasis on the con-
taminants in the list of priority pollutants in the Water Frame-
work Directive (WFD) and in various water conventions, e.g.
the Convention for the Protection of the Marine Environment
of the North-East Atlantic (OSPAR). Among priority pollu-
tants, persistent organic pollutants (POPs), such as organo-
chlorine pesticides, polychlorinated biphenyls, and polycyclic
aromatic hydrocarbons (PAHs) are of great importance. Due to
their low aqueous solubilities and hydrophobic nature, the
concentrations of POPs dissolved in water are very low, usually
<1 ppb. POPs associate easily with particulate matter and are
finally deposited in the sediment. The fraction of the chemical
truly dissolved in water is very small. Nevertheless, because
organisms often bioconcentrate these low levels of contaminants
in water to relatively high levels in their tissues, determination of
the dissolved portion of environmental pollutants is critical for
assessing the potential for detrimental biological impacts.

The only monitoring method legally accepted for this pur-
pose is spot sampling. This is both expensive and labour
intensive and measures only instantaneous concentrations,
which may not be representative of long-term average pollu-
tant concentrations. There are a number of methods that
attempt to overcome these problems, e.g. on-line continuous
monitoring, biomonitoring or passive sampling.! Among these
methods passive sampling technology has the potential to
become a reliable, robust, and cost-effective tool, that could
be used in monitoring programmes across Europe.*

Integrative passive sampling involves the measurement of
the concentration of an analyte as a weighted function of the
time of sampling.” Ideally, the sampling device acts as an
infinite sink for contaminants of interest and the uptake of
analytes is time proportional. The use of passive sampling
methods to monitor POPs has increased greatly over the past
decade. Much has been published on the use of semipermeable
membrane devices (SPMD) for evaluating ultra-low concen-
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trations of hydrophobic contaminants.*”’ Although SPMDs
are widely used and very sensitive for assessment of waterborne
POPs, laborious and time-consuming separation of lipid ma-
trix components from target analytes using solvent dialysis and
size exclusion chromatography is required.®

We developed previously a novel passive sampling system
for the measurement of time-weighted average (TWA) concen-
trations of micropollutants in aquatic environments.”'® The
system is based on the diffusion of target compounds through a
membrane and the subsequent accumulation of these pollu-
tants in a bound, solid receiving phase. Accumulation rates and
selectivity are regulated by the choice of both the diffusion-
limiting membrane and solid-phase receiving material.

One of the prototypes was designed for the sampling of non-
polar organic compounds with log octanol/water partition
coefficient (log K,.) values greater than 3.2 This system used
a 47 mm C18 Empore™ disk as the receiving phase and a low-
density polyethylene (LDPE) diffusion-limiting membrane.
The LDPE is a nonporous material with no fixed pores, only
transient cavities with a typical size of 1 nm. This solute size
limitation excludes large molecules as well as those that are
adsorbed on colloids or humic acids. Only truly dissolved and
non-ionised contaminants diffuse through the LDPE mem-
brane and can be sequestered by the sampler. The C18
Empore®™ disk has a very high affinity and capacity for the
sampled non-polar organic pollutants.

For a good sampler performance, a sufficiently high sam-
pling rate is essential, ie. the rate at which the sampler
accumulates chemicals from water, usually expressed as
volume of water cleared of a chemical per unit of time (e.g.
L d™'). High sampling rates are needed, especially for non-
polar chemicals due to their low concentrations in the water
column. The sampling rate depends on the physicochemical
properties of the analyte, the environmental conditions and the
sampler design.? An optimal sampler design can be achieved in
two ways: by maximising the surface area of the sampler; i.e.
the area through which the analytes are accumulated in the
receiving phase, and by minimising the resistance of mass
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transfer across the various phases for the analytes being
measured.

The Empore® disk used for the receiving phase’ in our
sampler design consists of octadecyl (C18) bonded silica sta-
tionary phase particles, immobilised by polytetrafluoroethyl-
ene (PTFE) fibrils. The disk presents a porous medium with a
total porosity (inter-particle and intra-particle) of 0.52."' When
the LDPE diffusion-limiting membrane is placed over the C18
disk a thin layer of air, or in some cases water, remains trapped
between the inner surface of the membrane and the adsorbing
surface of the C18 silica particles embedded inside the PTFE
disk. This layer of air or water both fills the pores in the
Empore” disk and forms a thin macroscopic film that fills the
gap between the surfaces of receiving phase disk and diffusion-
limiting membrane. The analytes taken up by this design of
sampler by diffusion across the surface of the LDPE membrane
are hydrophobic; air and water are media with very low
permeability (solubility x diffusivity) for most of these chemi-
cals. This layer trapped inside the sampler acts as (or repre-
sents) a significant additional barrier to mass transfer and
potentially reduces the sampling rate of the analytes of interest.

The aim of this study was to improve the performance of the
passive sampler by minimizing its internal resistance to obtain
higher sampling rates that are required for the measurement of
low concentrations of non-polar organic pollutants. The effect
of various gap-filling fluids (i.e. air, water and n-octanol) on the
performance of the passive sampler was evaluated for a
number of PAHs. These are non-polar compounds with a
range of physicochemical properties (Table 1) and thereby
provide a convenient test set of compounds.

Theory

The mass transfer of a given chemical through a passive
sampling device includes several diffusion and interfacial mass
transport steps across the different barriers that maybe present
i.e. the stagnant aqueous boundary layer, possible bio-film
layer, the diffusion-limiting membrane, the inner fluid (aqu-
eous or gaseous) phase, and the receiving phase (Fig. 1).

In the initial exposure phase, analyte uptake is expected to be
linear or time-integrative after steady state flux of chemicals
into the sampler has been achieved.*'? Under these conditions
the amount of a chemical in the receiving phase is directly
proportional to the product of the concentration in the sur-
rounding water (Cy) and the exposure time (7). For practical
purposes, uptake in the linear phase can be described by:

Ms(1) = Mo + CyRt (M

where Ms is the amount of analyte accumulated in the receiv-
ing phase, M| is the initial amount of analyte in the receiving

Table 1 Selected physicochemical properties of test analytes at 20 °C
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Fig. 1 Profile of the passive sampling device showing the barriers to

analyte mass transfer into the sampler.

phase, and Rg is the sampling rate of the system:
Rs = kovA (2)

where ko, [m s~ '] is the overall mass transfer coefficient and A
[m?] is the surface area of the membrane. The uptake of an
analyte is linear and integrative approximately until the con-
centration factor of the sampler (ratio M(#)/Cw) reaches half-
saturation.

The sampling rate of an individual chemical can be deter-
mined experimentally under fixed conditions at constant analyte
concentration. Under environmental conditions, when the water
concentration changes during the exposure, the term Cyy, repre-
sents a TWA concentration during the deployment period.

Materials and methods
Physicochemical properties of substances

Henry’s Law constants (Kaw) at 25 °C, of substances under
investigation were taken from literature.'>!* Nearly equal
values of aqueous diffusion coefficients (D) were estimated
for the test compounds, ranging from 5 x 107%to 6 x 107% cm?
s~ 1.1 Diffusion coefficients of the test analytes in air, Dy, at
20 °C ranged from 0.05 to 0.06 cm? s~'.'® An approximated
value of 107'° cm? s~! was used as diffusion coefficient (D) of
the analytes in the LDPE membrane.'” Diffusion coefficients of
test analytes in n-octanol (D,) of 7 x 1077 em? s™! were
calculated from the assumption that the D, values are lower

My s¢ N Dy x10°/ Do x 107 ¢
Compound g mol™! log Kou’ gm™? Kaw’ cm? 57! em? 57! cm? 57!
Acenaphthene 154.2 4.0 3.8 49 x 107? 0.063 6.3 7.5
Fluorene 166.2 4.2 1.9 32 %1073 0.06 6.0 7.2
Anthracene 178.2 4.6 0.045 13 x107° 0.058 5.9 6.9
Phenanthrene 178.2 4.5 1.10 1.6 x 1073 0.058 59 7.0
Fluoranthene 202.3 5.1 0.26 42 x 107* 0.055 5.5 6.6
Pyrene 202.3 5.1 0.132 3.7 x 1074 0.055 5.6 6.6
Benzo[a]anthracene 228.3 59 0.011 23 x 1074 0.052 5.1 6.1
Chrysene 228.3 5.7 0.0019 2.6 x 107* 0.052 5.1 6.0
Benzo[b]fluoranthene 252.3 5.8 0.0015 3.4 x 107° 0.05 5.0 6.0
Benzo[k]fluoranthene 252.3 6.0 0.0008 3.4 x107° 0.05 5.0 6.0
Benzo[a]pyrene 252.3 6.2 0.0038 46 x 107° 0.05 5.0 6.0
“ Molecular  weight (Mw). ? n-Octanol/water ~partition coefficient K. ¢ Aqueous solubility ~ S.  Dimensionless Henry’s Law

constant. ¢ D diffusion coefficient in air.” Dy diffusion coefficient in water. ¢ Do diffusion coefficient in n-octanol.
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than those in water because of the higher viscosity of 1-octanol
(7.49 cP at 25 °C) compared with water (0.89 cP at 25 °C).'®
The LDPE membrane/water partition coefficients (Kypw) were
estimated from Hofman’s predictive equation.'® The values of
physicochemical properties are summarised in Table 1.

Materials and chemicals

C18 Empore® disks (47 mm diameter) were purchased from
Varian Inc., Walton-on-Thames, UK. LDPE membrane ma-
terial (40 um thickness) was obtained from Fisher Scientific,
Loughborough, UK. The solvents (HPLC grade quality or
equivalent), acetone; n-hexane; 2,2,4-trimethyl pentane; ethyl
acetate; n-octanol; n-nonane; methanol and water were ob-
tained from Fisher Scientific. Certified pure (purity >98% in
all cases) reference standards of the test compounds; surro-
gates, and internal standards were obtained from Qm, La-
boratories, Saffron Walden, UK. Certified external calibration
solutions of target analyte mixtures at a concentration of 10 pg
mL~" in cyclohexane were obtained from Qmy Laboratories.

Sampler design

The patented design of the passive sampler has been described
previously.”? Briefly, the sampling device consisted of a PTFE
body containing a C18 Empore disk as a receiving phase. A
40 um thick LDPE disk (47 mm diameter) of diffusion-limiting
membrane was placed on the top of the receiving phase. The
PTFE body supported both the receiving phase and the diffu-
sion-limiting membrane and sealed them in place.

Three variants of sampler design were tested in this study.
They differed only in the composition of the medium, filling the
space between the receiving phase and the LDPE membrane:
air (variant 1), water (variant 2) or n-octanol (variant 3). The
effect of the filling medium on performance (sampling rate and
sampling precision) of the sampler was evaluated.

Preparation of the samplers

C18 Empore® disks were conditioned by soaking them in
methanol for 20 min until translucent and then stored in
methanol until required. The Empore®™ disks were prepared
in a 47 mm diameter disk vacuum manifold platform (Varian
Inc.). Methanol (10 mL) was slowly passed through the disk,
followed by 20 mL ultrapure water. 500 mL of 5 pg L™
aqueous solution of Dj,-benzo(a)anthracene (internal stan-
dard) was filtered through the disk. The subsequent treatment
of the disks differed for the three sampler variants:

Variant 1

A vacuum was applied for 30 min to ensure that the disk was
completely dry at the end of the procedure.

Variant 2

The filtration procedure was stopped immediately before the
last portion of the 500 mL aqueous internal standard solution
passed the disk. It was assured that the disk remained saturated
with water after this procedure and the disk did not dry out
during any of the preparation steps. To prevent the disk from
drying between conditioning and exposure in the flow-through
test system, the devices were loaded immediately before de-
ployment.

Variant 3

A vacuum was applied for 30 min to ensure that the disc was
completely dry. The Empore®™ disk was then put on the
sampler PTFE support disk. 1 mL solution of n-octanol in
acetone (45% v/v) was applied. The acetone was allowed to
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evaporate from the disk for 10 min in the fume hood. The
resulting volume of applied n-octanol was 450 pL.

The final preparation step was the same for all sampler
variants. The LDPE membrane was put on the top of the
Empore®™ disk. Prior to sampler assembly, the LDPE mem-
branes were pre-cleaned by soaking for 24 h in n-hexane and
dried. Any air bubbles were smoothed away from between the
two layers by gently pressing the top surface of the membrane
using a clean paper tissue. The PTFE supporting disk was
placed into the sampler body and fixed in place to form a
watertight seal between the membrane and the top section of
the sampler.

Exposure experiments

In each experiment up to 16 passive samplers were exposed in a
constant concentration flow-through exposure system. A nom-
inal concentration of 100 ng L™' for each test analyte was
maintained throughout the experiment. The configuration of
the flow-through exposure system has been described.’ Briefly,
it consisted of a 20 L glass tank with an overflow to waste.
Water was fed to the exposure tank using a peristaltic pump at
2 L h~!. Test chemicals were dissolved in methanol (30 pg L)
and the appropriate amounts of stock solution (100 pL min~")
were delivered into the exposure tank using a small peristaltic
pump. The water in the chamber was mixed using an overhead
stirrer. The resulting methanol concentration in the exposure
water did not exceed 0.5% (v/v). To allow for the sorption of
chemicals to exposed surfaces (e.g. glass walls of the tank), the
system was allowed to equilibrate with the test solution for 48 h
before samplers were deployed. The passive samplers were
placed at the bottom of the exposure tank. Exposures were
conducted at 11 °C. The exposures lasted 14 days, during
which duplicate samplers were sampled at set time intervals
and analysed (see below) to determine the concentrations of
accumulated test chemicals. Duplicate samples (500 mL each)
of water, sampled from the outlet of the exposure tank, were
also taken each time the samplers were removed, and the
concentration of test analyte in the water was determined.
The experimental conditions of individual exposures are given
in Table 2.

Extraction of analytes from the passive samplers

After exposure, the sampler was carefully disassembled and the
LDPE membrane removed and rinsed with 5 mL acetone.
Compounds were extracted from the Empore® disks in an
ultrasonic bath (5 min) using acetone (5 mL) followed by 5 min
in 50 : 50 (v/v) ethyl acetate: 2,2,4-trimethylpentane (5 mL).
The disks were removed, the solvent extracts combined with
the LDPE membrane rinsate and filtered through a drying
cartridge containing 1 g of sodium sulfate (Varian Inc.).

In the case where no n-octanol was used in the sampler
construction, 100 pL of n-nonane was added to the extract to
act as a solvent keeper. The solvent extract was gradually

Table 2 Summary of flow-through exposure conditions® used for the
different designs of passive sampler

Sampler Permeation Exposure Number of
variant medium® period/h samplers

1 Air 0-336 16

2 Water 0-288 11

3 n-Octanol 0-284 15

“ The nominal concentration of analytes in water was 100 ng L' at

11 °C. » The medium filling the gap between the Empore® receiving
disk and the LDPE diffusion-limiting membrane.




reduced in volume under nitrogen to approximately 100 pL,
800 pL of n-hexane was added and transferred to a 2 mL vial
for analysis. 100 pL of 10 ng pL~" solution of D¢-anthracene
in n-hexane was added as an internal standard. The final
volume was adjusted to 1 mL with n-hexane.

When n-octanol was used in sampler conditioning, the
extract was gently reduced under nitrogen. Approximately
450 pL of extract in n-octanol remained after this preparation
step (n-octanol has a very low volatility). The reduced extract
was transferred to 2 mL vials prior to analysis. 50 pL of the
10 ng pL~" internal standard solution of Djg-anthracene in
n-octanol was added. The final volume was adjusted to 500 uL
with n-octanol.

In all cases, the percentage recovery of the test compounds
from the C18 Empore® disks was between 95 and 100%.

Extraction of analytes from water

The test analytes in water samples taken from the outlet of the
flow-through exposure system were extracted using solid-phase
extraction (SPE) on Bondelut C18 LO SPE cartridges (3 mL/
200 mg sorbent; Varian Inc.). The sorbent was first activated
by the passage of 2 mL methanol followed by 10 mL doubly-
distilled water through the bed. The water sample (500 mL)
was passed through the cartridge at 30 mL min ' using low-
pressure. After the entire water sample has passed through the
cartridge, the sorbent was dried by aspirating air through the
bed. Extracted analytes were eluted with 1 mL n-hexane. 50 pL
of internal standard (10 ng pL~' Djg-anthracene in n-hexane)
was added prior to analysis.

Water was spiked at multiple concentrations to estimate the
recoveries of the test compounds using the SPE procedure. A
procedural blank and four recovery solutions (20-100 ng L)
were extracted concurrently with the water samples. The
recovery standards were analysed alongside spiking standards
and a mean percentage recovery for the four spiking concen-
trations was calculated. SPE recoveries of the test compounds
were between 80 and 95%.

Extraction of analytes from the PTFE sampler body

To check the potential analyte adsorption to the PTFE materi-
al of the sampler, PAHs accumulated in a sampler body were
extracted after 284 h of exposure in experiment 3. The sampler
body was extracted in an ultrasonic bath (15 min) using
acetone (200 mL). The extraction step was repeated twice.
The extracts were combined and 100 pL of n-nonane was
added. The extract was gradually reduced in volume under
nitrogen to approximately 100 pL, 800 pL of n-hexane was
added and transferred to a 2 mL GC vial for analysis. 100 uL
of 10 ng uL™" solution of Dg-anthracene in n-hexane was
added as an internal standard. The final volume was adjusted
to 1 mL with n-hexane.

Instrumental analysis

The concentrations of all target analytes accumulated in
samplers during the exposure studies were quantified using
GC/MS. Analysis was performed with a 6890A series GC
equipped with a mass-selective detector 5973 (Agilent Tech-
nologies, Bracknell, UK).

GC/MS analysis of n-hexane sampler extracts (variants 1 and 2)
and exposure tank water extracts

The sampler extract (1 pL) was injected into the GC/MS
system. Injections were carried out in splitless mode at an inlet
temperature of 250 °C. The injector was coupled to a 30 m X
0.25 mm id, 0.25 pm film HP-5 MS capillary column (Varian
Inc.). Helium was used as carrier gas at a column flow rate of

2 mL min~'. The GC oven temperature programme was 60 °C
(2 min) and then increased at 30 °C min~! to 150 °C and then at
6 °C min~! to 280 °C (5 min). Quantification of the test
analytes was accomplished using a 7-point external calibration
curve. All external standards were prepared in n -hexane.

GC/MS analysis of n-octanol sampler extracts (variant 3)

The sampler extract (1 pL) was injected into the GC/MS
system. Injections were carried out in pulsed splitless mode at
an inlet temperature of 250 °C. The injector was coupled to a
methyl deactivated fused silica retention gap (2.5 m x 0.25 mm
id) The other end of the retention gap was connected to a 30 m x
0.25 mm id, 0.25 pm film HP-5 MS capillary column (Varian
Inc.). The pulse pressure was 50 psi for 2 min. Helium was used
as carrier gas at a column flow rate of 2 mL min~'. The GC
oven temperature programme was 120 °C (2 min) and then
increased at 6 °C min~' to 300 °C (5 min). Quantification of the
test analytes was accomplished using a 7-point external
calibration curve. All external standards were prepared in
n-octanol.

MS parameters

The MS parameters for both GC methods were: interface
temperature 280 °C, ion source temperature 250 °C, electron
impact (EI) ionization mode at 70 eV. Analysis was performed
by selected ion monitoring (SIM) applying two or three
characteristic ions for each compound in both detection and
quantification.

Data processing

The experimental time course accumulation rates of individual
test substances on the Empore®™ disks were fitted by linear
regression analysis using eqn. (1). The adjustable parameters
were the intercept (M) and the slope (Cw X Rs) of the uptake
curve Mg = f(¢). Quality of the fit was characterized by the
standard deviations of the optimised parameters, as well as the
correlation coefficient adjusted for the degrees of freedom (°
adjusted), the fit standard deviation, and the Fisher test
criterion on the accuracy of the model. The sampling rates
Rs for individual test compounds were calculated by dividing
the slope of the linear uptake curve by the mean aqueous
analyte concentration during the exposure period. The re-
quired variances of Rg values were calculated from the coeffi-
cients of variation (relative standard deviations) of the uptake
slope parameters and the concentrations in the aqueous phase,
which were obtained according to the law of error propaga-
tion.

Results and discussion
Flow-through exposures

The performance of the three sampler design variants was
tested by exposure to constant concentrations of test chemicals
in a continuous flow-exposure tank. Concentrations of the
analytes in water (C,,) and the amounts accumulated in the
receiving phase (Ms) were two parameters measured regularly
during the continuous flow-exposures. During exposure the
concentrations of the test compounds in water were held
constant, and this was confirmed by regular analysis of water
samples. Characteristic analyte uptake curves for the sampler
variant 3 are shown in Fig. 2.

Variant 1 (air-filled sampler)

Satisfactory fits of the exposure data using eqn. (1) were
obtained for all compounds (P < 0.05) excepting benzo[b]-
fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene. For
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Fig. 2 Uptake of selected PAHs and by the passive sampler variant 3,
where the pores in the receiving phase were filled with n-octanol. The
data used represent the 11 °C flow-through exposure at 100 ng L™
nominal water concentration of each analyte. The lines are predicted
concentrations in the sampler obtained by linear regression using
eqn. (1).

these three compounds, no significant uptake was observed.
Correlation coefficient (+* adjusted) values of the regression
(model versus experimental) of the satisfactory fits ranged from
0.66 (acenaphthene) to 0.76 (fluoranthene). Coefficients of
variation of the calculated sampling rate did not exceed 43%
in any case, excepting acenaphthene (57%).

Variant 2 (water-filled sampler)

Satisfactory fits of the exposure data using eqn. (1) were
obtained only for phenanthrene, anthracene, fluoranthene
and pyrene (P < 0.05). For the rest of the PAH compounds,
deviation of the data from linear uptake was observed. No
significant uptake was observed for acenaphthene, fluorene,
benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[d]
pyrene. Correlation coefficient (+* adjusted) values of the
regression (model versus experimental) of the satisfactory fits
ranged from 0.36 (anthracene) to 0.65 (fluoranthene). Coeffi-
cients of variation of the calculated sampling rate did not
exceed 44% for any of these compounds.

Variant 3 (n-octanol-filled sampler)

Satisfactory fits of the exposure data using eqn. (1) were
obtained for all test compounds. For all analytes the uptake
was linear (P < 0.05) during the whole exposure period,
without any sign of a levelling-off (reaching equilibrium).
Correlation coefficient (+* adjusted) values of the regression
(model versus experimental) ranged from 0.72 (benzo[a]pyrene)
to 0.96 (acenaphthene). Coefficients of variation of the calcu-
lated sampling rate did not exceed 32% in any case.

The maximum fluctuations of water concentrations during
exposures did not exceed 30% of the mean concentration for
individual compounds.

Performance comparison of the three sampler variants

The sampling rates determined for the three sampler variants
are shown in Fig. 3. The highest sampling rates (Rs up to 0.19
L d7') were determined for the sampling device filled with
n-octanol (variant 3). The sampling rates obtained with the
water-filled sampler (variant 2) were the lowest, except for
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Fig. 3 Sampling rates Rg of polycyclic aromatic hydrocarbons deter-
mined for the three passive sampler designs. The passive samplers
consist of a receiving phase (47 mm C18 Empore™ disk) fitted with a 40
pum thick low-density polyethylene membrane. The pores in the receiv-
ing phase were filled with different media: water, air or n-octanol. R
data were derived from 14-day flow-through exposures at 11 °C at the
nominal analyte concentration of 100 ng L™'.

benzo[a]anthracene and chrysene. For these two compounds,
the uptake rates were comparable with the other two sampler
variants. The sampler performance can be ranked from the
slowest to the fastest as follows: water-filled sampler (variant 2)
< air-filled sampler (variant 1) < n-octanol-filled sampler
(variant 3). In general, sampling rates were lower for very
hydrophobic PAHs with high molecular weight. The uptake of
larger ringed PAHs (benzo[b]fluoranthene, benzo[k]fluor-
anthene and benzo[a]-pyrene) into the air and water-filled
variant was so slow, that sampling rates could not be mea-
sured. A hydrophobicity profile (with an optimum at log K.,
4.5) of sampling rates was observed for the n-octanol-filled
device (variant 3). A similar hydrophobicity profile was de-
scribed by Huckins et al. for lipid-filled SPMDs.?! The best
precision of the calculated sampling rates was obtained for the
n-octanol-filled sampler. The worst precision, accompanied by
non-linear sampling behaviour, was observed for the water-
filled sampler.

Theoretical examination of the mass transfer

To explain the observed differences in performance of the three
sampler variants, a theoretical examination of the mass trans-
fer processes involved was undertaken.

The individual mass transfer layers through which a chemi-
cal must diffuse to reach the receiving phase are shown in
Fig. 1. The overall mass transfer coefficient is affected by the
diffusion of solutes in the individual layers (i.e. aqueous
boundary layer, diffusion-limiting membrane, the inner trans-
fer medium [air, water or n-octanol] and the receiving phase)
and by their partitioning into the LDPE membrane and
receiving phase; since accumulation of hydrophobic analytes
is expected also in the membrane material.>' Moreover, accu-
mulation is expected also in the n-octanol layer in sampler
variant 3.

From theory it is assumed that the overall mass transfer
resistance (1/k,y), to the uptake of a chemical is given by the
sum of particular barrier resistances to mass transfer:

1 0;
kov Z KiwD; ®)

i

22,23

where J; is the particular barrier thickness, D; is the diffusion
coefficient in the particular barrier and K}, is the partition
coefficient between the i-th phase and water.
The overall resistance (1/koy) is then given by:
1 _ OB oM or 55
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The subscripts B, M, W and S represent the boundary aqueous
layer at the surface of the sampler [B], the membrane [M], the



inner transfer layer (air, water or n-octanol) [T] and the
receiving phase [S]. The group Dy Kyw is the commonly used
membrane permeability coefficient. In case where the medium
that fills the space between the receiving phase and the mem-
brane is air, water or n-octanol, the partition coefficient Kty in
eqn. (4) stands for the dimensionless Henry’s Law constant
Kaw, the unity (the number 1) or the octanol/water partition
coefficient K., respectively. Eqns. (3) and (4) show that an
individual resistance increases with the increasing thickness of
the barrier and with decreases in the diffusion and partition
coeflicients, respectively.

A layer with more than 50% of the total resistance is
considered rate-limiting.>> Tt is likely that the differences in
the sampling rates for similar (but differing from each other in
the composition of the fluid between the membrane and the
receiving phase) sampler designs are caused by differences in
the partial resistance to mass transfer of the type of interstitial
fluid. The diffusion path of analyte molecules through the inner
transfer medium is approximately the same for all sampler
designs, because all three sampler designs have the same
geometry. For all sampler designs, the mass transfer by con-
vection in the inner transfer medium is assumed to be negli-
gible. Thus, the difference in sampling rates is likely to
originate in unequal inner transfer medium permeability of
the individual sampler designs.

To examine the effect of the inner transfer medium of the
sampler on the mass transfer, an estimate of the magnitude of
the resistance of this layer was made. This resistance (1/kt) was
calculated as:
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The estimated values of (1/kt) are shown in Fig. 4 together
with the estimated resistance 1/ky; of the LDPE membrane,
which was calculated as:

d_om
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(6)

The calculation was made using the available physicochemical
properties of the test analytes including diffusion and partition
coefficients (Table 1). The thickness of the transfer medium ot
was set to be approximately 1 mm (depth of pores in an
Empore disk) and the thickness of the LDPE membrane oy
was 40 um.

A theoretical examination shows that the resistance to mass
transfer of the water or air layer is expected to be several orders
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Fig. 4 Estimate of various individual barrier resistances (LDPE
membrane and inner transfer media air, water and n-octanol) to mass
transfer (1/k;) inside a passive sampler. The calculations were made
using eqns. (5) and (6).

of magnitude higher than that of the n-octanol layer. Despite
the fact that the diffusion coefficients of the analytes in water
and air are much higher than those in n-octanol, the perme-
ability of these media is low due to very low solubility or
vapour pressure of the PAHs in them. Moreover, the resistance
of water and air is expected to increase with increasing the
molecular weight of the analytes, whereas the resistance in
n-octanol will decrease. This reduced internal resistance to
uptake becomes significant when sampling (and successfully
detecting) large ringed PAHs, which are present (in the dis-
solved form) only at trace levels in the aquatic environment.

Furthermore, the resistance to mass transfer of the water
layer is expected to be comparable to or even higher than the
resistance of the LDPE membrane. Thus, in sampler variant 2,
the water filling the pores of the Empore®™ disk is likely to be
the rate-limiting barrier to the uptake of chemicals.

Although the resistance of the air layer is expected to be
lower than that of LDPE membrane for smaller PAHs (up to
three aromatic rings), it is expected to dramatically increase for
larger PAHs. The inner air layer is then expected to take
control over the sampling kinetics in the variant 1 of the
sampler.

From theory,> the individual resistances to mass transfer
are additive. Fig. 5 shows sampling rates estimated (using eqn.
(3)) theoretically for a combined mass transfer through the
LDPE membrane and the inner transfer medium. The theore-
tical uptake scenario for the air (variant 1) and water-filled
(variant 2) sampler designs estimate the maximum achievable
values of sampling rates of 1.4 and 0.3 L d™', respectively. In
contrast, the predicted sampling rates for the n-octanol-filled
sampler (variant 3) are much higher (up to 30 L d™'). Sig-
nificant differences in favour of the n-octanol variant (3) are
predicted especially for the larger ringed PAHs.

Experimental sampling rates vs. theoretical predictions

All experimentally determined sampling rates were lower than
26% of the theoretically calculated values.

To compare the theoretically estimated kinetic parameters
with the experimentally measured values, it is necessary to
consider the simplifications made in the above calculations.

Firstly, only the mass transfer of chemicals in physical
sampler components (membranes and well-defined layers of
fluid) was discussed. However, the first and very important step
in uptake is the diffusion through the stagnant aqueous
boundary layer at the surface of the membrane. This presents
an additional barrier for the uptake of chemicals in the
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Fig. 5 Estimate of sampling rates (R;) of the target analytes calculated
for mass transfer through the LDPE membrane and the inner transfer
medium layer of air, water or n-octanol using eqn. (4). The resistance of
aqueous boundary layer at the outer surface of the sampler was not
considered in the calculation.
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sampler. The thickness of the aqueous boundary layer varies
with exposure conditions; increased water turbulence during
the sampling period reduces the thickness of the boundary
layer and thus its resistance to mass transfer. For hydrophobic
chemicals (with high values of Kyiw, Ktw or Ksw) the aqueous
boundary layer may become the rate-limiting barrier of the
whole sampling process.?* Our ongoing calibration experi-
ments with sampler variant 3 at varying exposure conditions
have demonstrated that the sampling rates of PAHs can
be increased by more than one order of magnitude by
increasing the water turbulence around the face of the
sampler.”® This confirms that the uptake of these compounds
is indeed governed by diffusion across the aqueous boundary
layer. The mass transfer conditions at the boundary layer
for a non-streamlined body with a complicated geometry
(e.g. the sampling device evaluated in this study) are
difficult to model and for practical purposes are non-predict-
able.'”

Secondly, limitations due to molecular size exclusion of the
LDPE membrane were not taken into account. In the LDPE
membrane resistance calculation, a uniform membrane diffu-
sion coefficient (Dy = 107! cm? s™!) for the analytes was used.
In reality, the Dy value is related to molecular size and it is
expected to significantly decrease with increasing molecular
weight.!” The complex interactions of non-porous polymers
with the diffusing analytes have so far prevented the establish-
ment of a precise relationship between molecular size and the
polymer diffusion coefficients.?®

Thirdly, the theoretically derived kinetic parameters repre-
sent a situation at 25 °C, for which literature data of physico-
chemical properties were available. A direct comparison with
experimental data obtained at 11 °C would introduce a certain
systematic error. However, this is expected to be only of minor
importance, because the diffusion and partition coefficients are
not expected to change dramatically (orders of magnitude or
so) within the chosen temperature range (11-25 °C).

Finally, the resistance to mass transfer of the receiving phase
was assumed to be negligible in comparison to the other
sampler layers.

Hence, the theoretically predicted very high (up to 30 L d™)
sampling rates for high molecular weight PAHs are not
realistic. The aqueous boundary layer, in combination with
the low membrane permeability and the high resistance to mass
transfer in the internal water or air may result in unfavourably
low sampling rates for these and similar hydrophobic com-
pounds. This assumption was confirmed by the observed very
low or non-measurable uptake rate of large ringed PAHs. A
steep decline in sampling rates for very hydrophobic com-
pounds was observed also for lipid filled SPMDs; Huckins
et al.*® discussed possible reasons for this phenomenon, which
include: (a) a higher order rise in resistance to mass transfer
across the aqueous boundary layer for large hydrophobic
analytes; (b) a sharp reduction in solubility and permeability
in the LDPE for analytes with large molecules; and (c) un-
controllable partitioning of very hydrophobic substances into
the colloidal phase in water.

Although measured sampling rates are expected to be lower
than those estimated from theory, the calculations of the
combined resistances of the LDPE membrane and the inner
transfer medium represent an estimate of the best (highest
accumulation rate) possible sampling performance. This could
potentially be achieved for small molecules in an extremely
turbulent environment where the thickness of the aqueous
boundary layer is close to zero.?*

The factors outlined above, that could not be estimated with
the required precision, preclude a direct quantitative compar-
ison of the model predictions with the experimental data.
However, the theoretical considerations satisfactorily explain
the observed differences in performance of the three sampler
variants investigated.
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Robustness of the calibration data

The factors affecting a chemical’s sampling rate include sam-
pler design, molecular properties and environmental condi-
tions. This study was performed to find the optimum sampler
design. The effects of environmental conditions such as tem-
perature and water turbulence were not addressed, but will be
reported separately.?’

The fact that all experimentally determined sampling rates
were lower than the theoretically derived values (i.e. which did
not consider the resistance of the aqueous boundary layer)
indicates that all sampling devices used in this study accumu-
lated the target analytes under aqueous boundary layer con-
trol. Moreover, Fig. 4 illustrates that even a thin (1 mm) layer
of water presents a more efficient barrier to mass transfer than
the LDPE membrane. As a consequence, it is likely that the
performance of the passive sampler will be susceptible to
changes in water flow and turbulence during deployment.

When the uptake of analytes is controlled by the diffusion in
the aqueous boundary layer, the presence of the LDPE mem-
brane in the sampler does not affect the sampling kinetics.
Nevertheless, its role is crucial for the selectivity of sampling.
LDPE allows only small (smaller than the size exclusion limit
of 1 nm) and truly dissolved molecules to be sorbed by the
receiving phase; contaminants bound to humic acids and
colloids are excluded.

In order to sufficiently validate the performance of the
passive sampler, calibration at various flow and turbulence
conditions as well as exposure temperatures was performed
and will be reported separately. In addition, the in situ calibra-
tion concept of performance reference compounds can be
applied to support the laboratory calibration data.?’ This will
also be reported along with investigations into the effects of
biofouling of the membrane surface during field deployments.

Practical aspects of the n-octanol usage in sampler construction

When selecting a suitable solvent for application as an internal
transfer medium in the sampler the following factors were
taken into account. The most important factor is a good
permeability (i.e. the diffusion coefficient x solubility) for the
hydrophobic organic pollutants. Another factor is a low
volatility and diffusivity to prevent solvent loss due to evapora-
tion and diffusion from the device during prolonged (i.e. weeks
to months) field deployments. Furthermore a viscous solvent
helps to prevent unwanted spillage and leakage from the
sampler during preparation, exposure and disassembly.?**°
The use of n-octanol (boiling point 195 °C) as a solvent
which remains in the sample after its processing has conse-
quences for the subsequent GC/MS analyses. Enriched residue
extracts in n-octanol can, in principle, be directly injected into a
hot split/splitless inlet of a GC. To ensure that the chromato-
graphic peaks do not tail, an initial column temperature of at
least 120 °C is necessary. Hence, only compounds with boiling
points above 250 °C (e.g. PAHs with 3 or more rings) can be
determined reproducibly by this analytical method. Further-
more, other practical details have to be considered when
analysing hydrophobic compounds contained in n-octanol.
These include the use a viscosity delay in the automatic
injection cycle, use of pulsed splitless injection and the installa-
tion of a retention gap before the chromatographic column.
Mixed solvents should generally not be used for samples
analysed by GC and external standards dissolved in n-octanol
are required for quantification of the accumulated residues.
There are, however, several advantages to the use of
n-octanol. Firstly, n-octanol does not represent a severe matrix
interference. The extract from the sampler can be analysed by
GC without the need of special cleanup procedures, unlike that
from the widely used lipid-filled SPMDs. For the latter devices,
laborious and time-consuming separation of lipid matrix com-



ponents from target analytes using solvent dialysis and size
exclusion chromatography is required.® Secondly, n-octanol
acts as an efficient solvent keeper preventing the loss of target
analytes due to evaporation during the sample preparation
steps and subsequent storage prior to the chemical analysis.
Thirdly, n-octanol is a well-characterised substance. Physico-
chemical parameters such as partition coefficients between
n-octanol and other media (e.g., water, air) are available in
the literature for a large number of environmental pollutants.
The availability of physicochemical property data facilitates
the modeling of analyte uptake by the passive sampler.

Comparison with other passive sampling devices

The performance of the passive sampler optimised in this study
can be compared with those of other types of sampling devices
designed to collect hydrophobic organic pollutants. Cali