UNIVERZITA KARLOVA V PRAZE, PRIRODOVEDECKA FAKULTA
Katedra analytické chemie

CHARLES UNIVERSITY IN PRAGUE, FACULTY OF SCIENCE
Department of Analytical Chemistry

CHARAKTERIZACE A PREDIKCE VLASTNOSTI
STACIONARNICH FAZI POUZIVANYCH PRI MIKROEXTRAKCI
NA TUHOU FAZI (SPME) PRO VZORKOVANI TEKAVYCH
ORGANICKYCH LATEK V OVZDUSI

A

VYVOJ NOVEHO TYPU JEHLOVEHO KONC,ENTRATORU
(INCAT) PRO VZORKOVANI BTEX Z VODNYCH VZORKU

THE CHARACTERIZATION AND PREDICTION OF STATIONARY PHASE
PROPERTIES USED IN SOLID-PHASE MICROEXTRACTION (SPME) FOR
SAMPLING OF VOLATILE ORGANIC COMPOUNDS IN AIR SAMPLES

AND

THE DEVELOPMENT OF A NEW TYPE OF NEEDLE CONCENTRATOR (INCAT)
FOR SAMPLING OF BTEX FROM AQUEOUS SAMPLES

Souhrn doktorské diserta¢ni prace
Summary of the Ph.D. Thesis

Praha 2008 Mgr. Petr Ptikryl



Disertacni prace byla vypracovana na Katedfe analytické chemie, PfF UK v
Praze v letech 2000-2008.

Uchaze¢/Candidate: Mgr. Petr Ptikryl

Adres/Address: Katedra analytické chemie
Hlavova 2030/8
Praha 2
CZ12843
Email: petr.prikryl@Ifl.cuni.cz

Obor/Branch: Analytické chemie

Skolitel/Advisor: Prof. Ing. Jiti Sevéik, DrSc.



1. Uvod

Analyza mnoha environmentalnich polutantt je velmi casto obtizna
vzhledem ke komplexnosti vzorkovanych matric, a také protoze povolené
obsahy polutanti v jednotlivych slozkach Zzivotniho prostfedi (vzduch,
voda, puda) jsou velmi nizké. Vyznamnym stupném znecisténi ovzdusi
mohou byt jiz koncentrace polutantd na Grovni niz§i nez mikrogram na
metr krychlovy vzduchu (ppb). Napiiklad ve vod¢ je pro mnoho latek obsah
1 mg.I" (ppm) vysoka hodnota, &asto nad povolenym limitem. Pro n&které
polutanty muze byt environmentalné vyznamna hladina jiz koncentrace
ng.I" (ppt). Z téchto diivodi jsou na pouzivané analytické metody kladeny
naroky velmi nizkych detekénich limiti [1].

Pozadavky rostouci populace spojené s potfebou vyssi materidlni
zivotni urovné zapricinuji velké celosvétové znecisténi zivotniho prostiedi.
Environmentalni znecisténi mutze byt rozdéleno do kategorii podle
jednotlivych slozek zZivotniho prostiedi — vody, vzduchu a pudy, které jsou
vzajemné propojené [1]. Jednou ze skupin polutantd vyskytujici se ve vSech
uvedenych slozkach zivotniho prostfedi je skupina t€kavych organickych
latek (VOC - volatile organic compound). Lidé jsou témito latkami
obklopeni jak v zivotnim, tak pracovnim prostfedi [2]. VétSina téchto latek
vazné ohrozuje zdravi Zivych organismi v zavislosti na dobé a stupni
expozice, vzhledem K jejich ¢astym karcinogennim a mutagennim a¢inktim
[2-4]. Navic se tyto latky podileji na ztenCovani ozonové vrstvy
V stratosféie a na tvorb& ozonu v troposféte [5,6].

Mezi zkoumané te€kavé organické latky, vyskytujicich se ve vzorcich
vody, vzduchu a v pudnich sedimentech, patéi naptiklad halogenované
alifatické slouceniny [3.,4,7], alifatické étery s nizkou molekulovou
hmotnosti jako je t-butylmetyléter (MTBE) [7,8] a monocyklické
aromatické uhlovodiky jako jsou benzen, toluen, etylbenzen a xyleny
(BTEX) [3,4,7,8].

Kapilarni plynova chromatografie (GC) je v kombinaci s
prekoncentracnimi  technikami nejvhodnéjsi metodou pro analyzu
mnohaslozkovych smési tékavych a semitékavych latek vzhledem k jeji
separaéni UCinnosti a citlivosti detekce [9,10]. Analyza VOC, at uz
v plynnych, kapalnych ¢&i pevnych matricich, obvykle zacind jejich
zakoncentrovanim. V environmentalnich analyzach se pfedevsim pouzivaji
takové metody upravy vzorku, které eliminuji nebo vibec nepouzivaji
organickd rozpoustédla, a které minimalizuji pocet krokd potiebnych
k prekoncentraci analytd. Tento pfistup plyne ze dvou hlavnich divodd,
ekotoxikologického a ekonomického. Jde o snizeni emisi toxickych



rozpoustédel do Zivotniho prostiedi, a také o sniZeni finan¢nich nakladi na
vysoce ¢ista rozpoustédla [11].

Mezi  bezrozpoustédlové  prekoncentra¢ni  techniky spojené
s tepelnou desorpci analytll pouzivané v analyze zivotniho prostfedi patii
metody ,head-space* (HS), ,purge-and-trap“ (P&T), metoda ptimého
nastfiku DAI (direct aqueous injection) [6,12], jakoz i extrakéni techniky
s vyuzitim tuhé faze jako je membranova extrakce (ME) [6], extrak¢ni
disky atrubicky SPE (solid phase extraction) [3,9,11], mikroextrakce
v jehle INCAT (inside needle capillary adsorption trap) [11,6,13,14], anebo
sorp¢éni techniky s vyuZitim nosi¢e smoceného kapalnou fazi, kam patii
mikroextrakce na tuhé fazi SPME (solid phase microextraction), extrakce
Vv kapilate OTT (open tubular trapping) [3,9,11,15-18], resp. kapilarni
extrakce, anebo mikroextrakce tuhou fazi v trubi¢ce IT-SPME (in-tube
solid phase microextraction) [19-23], extrakce pomoci magnetického
michadla potazeného vrstvou sorbentu SBSE (stir-bar sorptive extraction)
[15] a dalsi nové vyvinuté techniky [6]. Tato prace se soustiedila na vzuziti
metody SPME a metody INCAT pfi vzorkovani tékavych organickych
latek.

Vybér spravného typu SPME vldkna pro danou aplikaci je kliCovym
krokem k dosaZeni kyZeného cile. Jak vybrat spravné? Pravdépodobné
béZnym postupem je reSerSe na dané téma a/nebo se fidit doporuéenimi
vyrobce. Také je teoreticky mozné otestovat vSechny dostupné druhy
SPME vlaken na trhu. Je ziejmé, Ze tyto postupy mohou byt ¢asové i
finanéné naroéné mnohdy s nejistym vysledkem. Navic, pocet typl
komeréné dostupnych extrakénich fazi je omezen, coz limituje SPME pro
Sirsi pouziti. Proto se stale vyvijeji nové SPME faze pro rozsiteni aplikaci
mikroextrakce tuhou fazi v environmentalnich a dalSich oborech. Najit
proto vldkno vhodné pro specifickou extrakci urcitych skupin latek nebo
dokonce pro jednotlivy analyt mezi velkym mnozstvim moznych polymert
a adsorbeti je nelehky ukol.

Spojeni SPME a pfistupu zvaného linear solvation energy
relationship (LSER) nebo téz Abrahamiv solvata¢ni model je nadéjnou
cestou dovolujici charakterizovat vlastnosti polymerti, adsorbentll nebo
obecné chromatografickych materialtt nejen jako extrakénich fazi na
vldkng, ale i jako stacionarnich fazi v chromatografii. Tento model
umoziuje kvalitativné a kvantitativné popsat separacni dé&j jako soucet
vsech slabych interakci solutu a solventu. Vyhodou modelu LSER je
nezavisla charakterizace analytu a stacionarni faze systémem specifickych
konstant - deskriptort, které vzajemnou interakci tvoii vysledek separace
[24].



Ziskand chromatografickd data jsou pak pouzita k vytvofeni
Abrahamova solvataéniho modelu, ze kterého lze usuzovat, jaké SPME
vlakno je optimalni volbou. LSER nam tedy umoziuje porozumét, jaké
typy molekularnich interakci se uplatiuji béhem extrakéniho/separacniho
procesu, zkoumat selektivitu dané stacionarni faze vuci studovanym latkam
a predikovat jak velikost vysledné interakce, tak i jeji selektivitu.

2. Cil prace

Vzhledem k naroktim na dosazeni co mozna nejnizsich detek¢nich
kontaminujicich Zzivotni prostfedi, a dale potfeby nizSich finan¢nich
nakladii a rychlych, jednoduchych a ekologicky pfijatelnych analytickych
postupt, byly cile této prace nasledujici:

popsat a porovnat interakéni modely Sesti komeréné dostupnych
SPME vlaken, zalozenych na Abrahamové solvatacnim modelu,
pii vzorkovani VOC z plynnych vzorkd.
- zkoumat schopnost téchto LSER modela predikovat miru extrakce a
selektivitu jednotlivych SPME fazi
- porovnat selektivitu studovanych extrakénich vlaken vici vybranym
dvojicim analyt
- objasnit vliv vodni pary na selektivitu a i¢innost sorpce
- vyvinout novy typ INCAT zafizeni S jehlou naplnénou adsorbentem
Porapak Q v celém objemu a s vyuzitim Al,O3 jako zdroje vodnich
par pro pfenos analyti z INCAT zatizeni na GC kolonu b&éhem
tepelné desorpce v GC injektoru.
- nasledné pak porovnat stanoveni BTEX ve vodnych vzorcich (z
parniho prostoru) pomoci nové metody INCAT s béiné
pouzivanou technikou HS-SPME, za stejnych podminek
vzorkovani, S 65-um PDMS-DVB vldknem, jako extrakéni fazi
podobnou fazi Porapak Q.

3. LSER

3.1 Kamlet-Taftiv solvatochromni model

Solvatochromni model byl navrzen koncem 70. let pro komplexni
popis vlivu rozpoustédla na vlastnosti solutu [25-29]. Zakladem pro tento
model se staly ptivodni prace Kamleta, Tafta a jejich spolupracovnikd.
Vychozimi ptedpoklady tohoto modelu jsou linedrni vztahy solvatacni
energie, z ¢ehoz pochazi nazev Linear Solvation Energy Relationships.



Model je oznacovan solvatochromni proto, ze k popisu rozpousténi je
pouzito spektroskopickych charakteristik solutu a solventu.

3.2 Abrahamuv solvata¢ni model

Na prace Kamleta a Tafta navazala skupina kolem M. H. Abrahama,
ktera vroce 1993 predstavila novy solvataéni model [30,31]. LSER
vyuziva, na rozdil od Kamlet -Taftova vztahu, solvatacni parametry a je
uzite¢nym nastrojem pro popis piispévku molekularnich interakci k procesu
retence Vseparatnim systému zalozeném na rovnovaze solutu mezi
stacionarni a mobilni fazi.

Volna energie procesu retence je rozlozena do piispévku pro kavitaci
a prispévku molekularnich interakei. Relativni ptispévek téchto interakei je
oznacen sérii regresnich koeficientli urcenych jako rozdil interakci dvou
fazi. Kavitaci je mysleno formovani kavity vhodné velikosti v akceptorové
fazi pro wusidleni solutu obklopeného molekulami solventu. Energie
spotfebovana na tento proces zavisi na sile interakci solvent - solvent a na
velikosti solutu. Rozdil v kavitaci a v interakcich solutu a solventu v obou
fazich udava zménu volné energie charakterizovanou jako rovnovazna
konstanta.

Piispévky volné energie jsou v solvatatnim modelu vyjadieny jako
soucet ¢lent rovnice, kazdy ¢len je slozen z deskriptoru (parametru solutu)
a regresniho koeficientu (faktoru solventu). Soucet vsSech clend,
zastupujicich interakce a kavitaci, je roven celkové zmén¢ volné energie pro
charakterizovany proces. Na zaklad¢ teorie LSER jsou jednotlivé piispévky
energie vzajemné nezavislé, coz plati téz pro deskriptory solutu a regresni
koeficienty. Abrahamiv solvataéni model pro popis systému plyn-kapalina
a plyn-pevna faze je vyjadien nasledujicim vztahem:

SP=c+eE+sS+aA+hbB+ IL (3.2.1)

SP je vlastnost solutu vztazena na volnou energii, v piipadé SPME
mize touto vlastnosti byt logaritmus distribuc¢ni konstanty log

K\ idgno-vzoreks

eE popisuje zménu energie spojenou s interakci dipol-indukovany
dipo6l mezi solutem a stac. fazi;

SS odpovida zméné energie doprovazejici interakci solventu s m— a
n-elektrony solutu;

aA je Clen zahrnujici zménu energie spojenou s tvorbou vodikovych
vazeb, solut zde vystupuje jako donor vodikového protonu;

bB ukazuje zménu energie spojenou s tvorbou vodikovych vazeb, kde

solut ma povahu akceptoru vodikového protonu;



IL zahrnuje zmény energie spojené s tvorbou kavit ve stacionarni fazi
a zmény spojené S disperznimi interakcemi mezi solutem a fazi;

c je konstanta nezavisla na povaze solutu a zahrnuje zbylé
charakteristiky.

Velka pismena E, S, A, B a L oznacuji deskriptory, které zastupuji
specifické vlastnosti solutu. Mala pismena €, s, a, b, | oznacuji parametry
stacionarni faze [32-34].

4. SPME

Extrakéni technika SPME vyvinuta Pawliszynem v roce 1989 [9]
zaznamenala v poslednich rokdch vyznamny pokrok. Extrakce se provadi
pomoci kiemenného vldkna s vrstvou polymerni faze, ponofeného do
nadoby se vzorkem. Analyty se zachytavaji na sorbentu az do dosaZeni
rozdélovaci rovnovahy mezi matrici vzorku a sorbentem. Cely proces
ustalovani rovnovahy trva obvykle nékolik jednotek az desitek minut,
Vv zavislosti od typu sorbentu a analytu. Tento proces miize byt urychleny
michanim vzorku. Zachycené analyty jsou v dalsim kroku tepelné
desorbovany v injektoru plynového chromatografu [9,15,35]. Vyznamné se
zkracuje i ¢as potfebny pro analyzu vzorku, protoze se kombinuji operace
vzorkovani, extrakce, zakoncentrovani a davkovani do jednoho kroku [36].
Nevyhodou je velmi nizka mechanicka odolnost vldkna [15].

5. INCAT

Mezi techniky, kde je v analytickém postupu eliminovano pouziti
kapalnych rozpoustédel pii nizkych koncentrac¢nich urovnich (desetiny az
jednotky pgl™) patfi i technika mikroextrakce v jehle INCAT (inside
needle capillary adsorption trap) [13,14,37-43]. Vzorkovani se provadi
prichodem uréitého objemu plynného nebo kapalného vzorku pies
adsorp¢éni (SiO,, Porapak, Tenax, uhlikové adsorbenty) nebo absorpéni
(PDMS) material, ktery mize byt umistény v celém vnitinim objemu
[13,14,40], anebo jako vrstva na vnitinim povrchu jehly [40-42] z nerezové
oceli. Tekavé analyty zachycené sorbentem jsou nasledné tepelné
desorbovany ve vyhfatém injektoru plynového chromatografu a unaseny
nosnym plynem na kapilarni kolonu k analyze. Pro transport
desorbovanych analyti na kolonu je nutné pouzit vzduch nebo proud
nosného plynu, napojeny na konec jehly vy¢nivajici z GC injektoru, kterym
se analyty pfevedou na kolonu [13,14,37-41].

Hlavni vyhody INCAT =zafizeni spocivaji v jednoduchém a rychlém
vzorkovani a analyze vzhledem k tomu, Zze odbér vzorku, extrakce



a zakoncentrovani analytd jsou spojeny do jediného kroku. Nedostatky této
metody vyplyvaji ze skuteCnosti, Ze teplota desorpce je limitovana teplotou
chromatografického injektoru a eluéni zony analytli jsou mirné rozmyté
[40]. Dalsi problémy spocivaji v kompetitivnich efektech a ve variabilité
extrakéni Uéinnosti pro ruzné analyzované latky, jako vysledek nizké
kapacity adsorbentu, je-1i umistén na vnitinim povrchu jehly [43].

6. Vysledky vicerozmérné statistické analyzy Abrahamova
solvata¢niho modelu

Byla provedena multi-linearni regresni analyza logaritmu zméfenych
distribuénich konstant log Ky 22 te€kavych organickych latek na
jednotlivych typech SPME vldken proti deskriptoriim testovanych soluti.
Vysledné LSER modely reprezentuji nasledujici rovnice:

e PDMS vlakno:

log K¢y =-0,78 + 0,69E + 0,39S + 1,38A + 1,61B + 0,91L
PA vlékno:

log Kty =-0,17 + 1,90S + 2,22A + 0,53L
CW/DVB vléakno:

log K¢y = 0,12 - 0,50E + 1,35S + 2,15A - 0,52B + 0,98L
PDMS/DVB vlakno:

log Kty = 1,25 - 0,50E + 0,68S + 1,24A + 0,92L
e CAR/PDMS vlakno:

log Ky = 3,95 + 0,31S - 0,36A + 0,43L
DVB/CAR/PDMS vlakno:

log Ky = 2,76 + 0,65S + 0,54L

Obdrzené regresni koeficienty pro jednotlivé stacionarni SPME faze
spolu se statistickym vyhodnocenim shrnuje tabulka 4.2. Z tabulky 4.2 je
vidét, ze vSechny LSER modely jsou statisticky vyhovujici, s korelaénimi
koeficienty nad 0,93, s nizkymi hodnotami standardni chyby regrese SE a
s dostate¢né vysokymi hodnotami F-testu, které vyznamné piekracuji své
kritické hodnoty. Regresnim parametriim, které nejsou statisticky vyznamné
v mezich spolehlivosti 95%, byla prfifazena nulova hodnota. Hodnoty
v zavorkdch pod jednotlivymi parametry udavaji jejich smérodatnou
odchylku.

PDMS vlékno poskytuje vSechny typy interakei. Kromé koeficientu |
jsou druhymi nejvétsimi ¢leny LSER rovnice parametr b a parametr a. Oba
tyto parametry maji kladnou hodnotu, coz naznacuje, ze PDMS vlakno
disponuje jak kyselymi, tak bazickymi vlastnostmi. Zcela odlisné vlastnosti
ma PA vldkno, u kterého je dominantni kladny parametr koeficient S



(dipolarita/polarizovatelnost) a koeficient a (bazicita stacionarni faze). Tyto
vlastnosti logicky plynou ze struktury polyakrylatu, ktera je tvofena
uhlikovym fetézcem se zbytky karboxylovych skupin.
Carbowax/divinylbenzenové vlakno se chova podobné jako PA, ale protoze
se jednad o smésnou fazi, projevuje se zde vliv porézniho DVB adsorbentu.
PDMS/DVB vlakno interaguje s té¢kavymi analyty piedev§im skrze jejich
aciditu, disperzni/kavitaéni interakci a dipolaritu/polarizovatelnost. Jak jiz
bylo zminéno, je DVB charakteristicky slabou repulzi volnych
elektronovych para (koeficient e je =zaporny). CAR/PDMS a
DVB/CAR/PDMS vlakna jsou SPME vlakna adsorpéniho typu, jejichz
dominantni extrakci fidici slozkou je uhlikové molekulové sito Carboxen.
Prevladajicim typem interakce je u téchto SPME vlaken disperzni/kavitacni
interakce a dale v mensi mife dipolarita/polarizovatelnost. Vysoka kladna
hodnota | ukazuje, ze extrakce je tfizena prakticky pouze velikosti molekuly
solutu, ktery bude nespecificky interagovat na povrchu adsorbentu a bude se
zde uplatnovat molekularné-sitovy efekt.

Na zavér byla pro snadné a piehledné porovnani vlastnosti vSech
studovanych SPME fazi pouzita metoda analyzy hlavnich komponent
(PCA). Obrazek 1. ukazuje, jak blizké jsou si LSER koeficienty, pokud jde
0 interakce solut-solvent a jak podobné jsou si SPME faze z hlediska jejich
fyzikalné-chemickych vlastnosti [44].
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7. Vliv vlhkosti na interakce pfi SPME vzorkovani ovzdusi

Vliv vodni pary na extrakci SPME vlakny byl studovan pouze pro
PDMS a PA vlakna. Vlhkost je velmi dilezitym faktorem, ktery ovliviiuje
SPME sorp¢ni proces. Podivame-li se na LSER deskriptory vody, kde E=O0;
S=0,45; A=0,82; B=0,35 a 1L=0,260, uplatiuji se zde tii hlavni interakce,
které fidi jeji sorpéni proces, celkova acidita > dipolarita/polarizovatelnost
> celkova bazicita.

PDMS vlakno je mirné polarni faze, kterd pfevazné interaguje s
extrahovanymi analyty skrze disperzni interakce. ZvySeni relativni vlhkosti
plynného vzorku resp. vlhkosti vzduchu vede ke zvysSeni polarity
polydimetylsiloxanové faze, jak je vidét na obrazku 2., kdy dochazi k
narlstu parametru bazicity a a dipolarity/polarizovatelnosti s a soucasné k
poklesu disperznich/kavita¢nich interakei 1.
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Obrazek 2 Zavislost LSER regresnich koeficientii na relativni vihkosti
vzorku pro PDMS vidkno pri teploté 23°C.

Vysoce polarni PA vlakno jesté zvySuje svoji polaritu v pfitomnosti
vodni pary; kdyz koeficienty s a a rostou (viz obr. 3.). Zajimavé je, Ze
disperzni/kavita¢ni parametr | také mirné roste s rostouci relativni vlhkosti.
Toto je trochu prekvapujici chovani, uvazime-li polarni vlastnosti PA a
vody. Vysvétlenim tohoto jevu muze byt to, Ze voda vytvaii tenky film na
povrchu polyakrylatové stacionarni faze a sorpéni proces jiz neni jen
jednoduchy dvoufazovy systém plyn-tuha latka, ale miize se zde uplatnit i
adsorpce latek na povrchu vody na rozhrani plyn-voda [44].
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Obrazek 3 Zavislost LSER regresnich koeficientii na relativni vlhkosti
vzorku pro PA vilakno pri teploté 23°C.

8. Vyvoj jehlového extrakéniho zarizeni INCAT s Al,O3

Pro prekoncentraci stopovych mnozstvi té¢kavych organickych latek
(BTEX) z parniho prostoru vodnych vzorkd bylo vyvinuto nové INCAT
zafizeni s adsorbentem naplnénym uvnitf jehly z nerezové oceli. Obrazek 4.
ukazuje schéma tohoto zatizeni, které se sklada z nerezové jehly N, o délce
90 mm, svn&jSim primérem 1,3 mm a vnitinim pramérem 1,1 mm,
nerezovych o-krouzkd O, nerezovych frit F a z uzaviraciho teflonového
ventilu V. Jako sorpéni material byl pouzit adsorbent Porapak Q (15 mg, 50
mm délky jehly) a jako desorpéni zdroj vodnich par byl pouzit Al,O; (7

mm délky jehly).
[

Obrazek 4 Schéma nového INCAT zarizeni: N - jehla z nerezové oceli, O -
nerezové o-krouzky, F - nerezové frity, V - teflonovy uzaviraci ventil, P -

adsorbent Porapak Q (50 mm), A — adsorbent Al,O3 (7 mm).
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Do parniho prostoru vodného vzorku, s definovanym obsahem
BTEX, je umisténa jehla INCAT zafizeni a za pouziti pfipojené plynotésné
100 ml stiikacky je vzorek probublavan 80 ml vzduchu (s pfibliznou
rychlosti 0,4 ml.min®) pres vnitini prostor této nerez jehly a BTEX
vytésnéné z vody jsou zachyceny adsorbentem uvniti jehly (viz obr. 5A).
Nasledné je INCAT zafizeni proplachnuto 0,1 ml destilované vody, aby
doslo ke smoceni vrstvicky Al,O3 (viz obr. 5B). Poté je jesté proplachnuto
asi 0,5 ml vzduchu, aby se odstranila zbytkova voda (cca 30 pl) (viz obr.
5C). Pak je teflonovy ventil uzavien a INCAT zafizeni (jiz bez stiikacky) je
umisténo do GC injektoru vyhiatého na 270°C s linerem o objemu 1 ml
v splitlees modu. Adsorbované analyty jsou tepelné desorbovany
z hydrofobniho Porapaku Q a pteneseny do injektoru plynulym proudem
pary, ktera se tvoii vypafenim vody z hydrofilniho Al,O3 adsorbentu (cca 9
pl). Jako rezervoar vody bylo testovano n¢kolik materiald, napft. silikagel
nebo molekulova sita, ale nejlepsich vysledkll bylo dosazeno s oxidem
hlinitym. Desorbované analyty jsou separovany kapilarni plynovou
chromatografii a detekovany na FID (viz obr. 5D). Po prob&hnuti analyzy je
na dobu 2 minut otevien teflonovy ventil INCAT zafizeni, ze kterého jsou
proudem nosného plynu rychlosti 70 ml.min™ uvolnény piipadné zbytky
organickych latek. INCAT jehla je vyciSténa a pfipravena k dalsimu pouziti
(viz obr. 5E) [45].

Obrazek 5

Schéma procesu adsorpce

a desorpce analytit pomocit

noveho INCAT zarizent pri
A

vzorkovani z parniho
prostoru. A: vytésiovani a
odber vzorku, B:
proplachnuti jehly
W _~W  destilovanou vodou pro
’ smoceni Al,03, C:
C odstranéni zbytkové vody,
D: desorpce v GC
injektoru, E - disteni
zarizeni, S - vodny vzorek,
W - destilovana voda, D -
detektor.

(I
QMO
GC kolona

R
[
GC kolona

D E
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9. Linearita, vytéznost, opakovatelnost, meze detekce a stanovitelnosti
pro INCAT zatizeni v porovnani s SPME

Zavislost ploch resp. extrahovaného mnozstvi vSech studovanych
analytd na jejich koncentraci ve vzorku je linearni v §irokém koncentra¢nim
rozsahu pfes Ctyfi fady. Pouze u benzenu se projevuje odchylka od linearity
po prekroeni koncentrace piiblizng 2500 pg.l™?, coz je zpiisobeno
pfesycenim INCAT zafizeni, kdy dochazi k vytésiovani nejtekavéjsiho
analytu. Tato linearita byla statisticky ovéfena a potvrzena pomoci
Mandelova testu, kdy vypoctené hodnoty F-testu byly vzdy pro vSechny
latky niz8i nez jejich kritické hodnoty (viz tab. 1). Navic se hodnoty
regresnich  koeficienti ~ R®>  pohybovaly  vrozmezi  0,998-0,999
v koncentra¢nim rozsahu 0,2-200 ug.l'l. Z vysledkt ziskanych pomoci
metody SPME za stejnych experimentalnich podmine je ziejmé, ze v tomto
ptipadé nemizeme hovofit o linedrni zdvislosti v SirSim koncentra¢nim
rozsahu.

Maximalni vytéznost pii vzorkovani INCAT zafizem se pohybovala
vrozsahu 60-90%. Vytéznost v piipadé pouziti SPME vldkna se
pohybovala pouze v oblasti pod 45%.

Tabulka 1 Meze detekce (LOD) a stanovitelnosti (LOQ), Sum pozadi,
regresni koeficienty (R?) a vysledky Mandelova testu pro metodu SPME a
INCAT pri vzorkovani BTEX z parniho prostoru vodnych vzorkai.

LOQ LOD

[u19]1-|' [”f]]'r
Benzen 0,382 1,042 0032 01125 0,341 0,056 0,99846° 13,75 3,63
Toluen 0,144 0,393 0,030 0,104 0,284 0,067 0,99990° 12,25 6,84
Etylbenzen 0,075 0,207 0031 0073 0,199 0074 099998" 1225 4,07
p-Xylen 0,027 0,074 0,031 0,019 0052 0,050 099999 12,25 0,76
0-Xylen 0,068 0,185 0,048 0059 0,161 0,053 0,99998° 13,75 5,08
29 bodi v grafu (0,2-100 pg.I"), 10 bodii v grafu (0,2-200 pg.I?).

Opakovatelnost méfeni byla vyjadfena hodnotami relativni
smerodatné odchylky (RSD). Stiedni hodnota RSD pfi pouziti INCAT
zafizeni se rovnala 4,4%. Stiedni hodnota RSD pii odbéru vzorku SPME
technikou byla mirné vyssi a rovnala se 6,8%.

Stanovené meze detekce (LOD) BTEX latek se pro INCAT zafizeni
pohybovaly v rozmezi 0,019 az 0,125 ug.I" a pro metodu SPME v rozmezi
0,027 az 0,382 ug.I"* (viz tab. 4.2). Hodnoty meze stanovitelnosti (LOQ)
byly pro obé metody 2,5 az 3-krat vyssi. Ackoliv nové INCAT zatizeni
obsahuje vétsi mnozstvi sorbentu nez SPME vldkno a poskytuje tak
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mnohem VéEtsi chromatografické piky, jsou detekéni limity obou metod v
podstaté srovnatelné. LOD benzenu pii stanoveni INCAT zafizenim je
tiikrat niz8i nez pii pouziti SPME vlakna. Hodnoty LOD toluenu,
etylbenzenu a xylent jsou téméf stejné pro obé¢ techniky [45].

10. Zavér

Abrahamlv solvataéni model byl Gspé$né pouzit k charakterizaci
sorp¢nich vlastnosti Sesti SPME stacionarnich fazi z hlediska molekularnich
interakci. Na zakladé této charakterizace Ize predikovat chovani
jednotlivych SPME vldken vuci dvojicim tékavych organickych latek a
porovnavat jejich selektivitu. Abrahamova LSER metoda umoziuje
predikovat miru afinity jakékoliv tékavé organické latky k prislusné
stacionarni fazi SPME vlakna.

Tato prace ukazala, Ze pfitomnost vodnich par ve vzorku mize
dramaticky snizit extrahované mnozstvi analytu a zménit i celkové
fyzikalné-chemické vlastnosti SPME faze. Z toho divodu je selektivita
SPME vléakna a u¢innost extrakce vici dvojici analytti také ovlivnéna okolni
vlhkosti a mize byt zcela zménéna. Proto by méla byt relativni vlhkost
vzorkli peclivé kontrolovana béhem analyzy ovzdusi a definovana vlhkost
by méla byt soucasti kalibra¢niho postupu.

Na zaklad¢ prezentovanych zjisténi se zda, ze spojeni SPME metody
a LSER pristupu mtze byt pouzito pro charakterizaci nové vyvinutych
chromatografickych stacionarnich fazi a také pro predikci jejich selektivity
vaci riznym skupinam organickych latek. Navic, tyto testovaci procedury
mohou byt provadény pii nizkych teplotich a vysokych relativnich
vlhkostech, které nejsou ptimo proveditelné pomoci standardni plynové
chromatografie [44].

V této praci byla vyvinuta nova, jednoduchd, environmentalné
piijatelna a finanéné nendro¢na prekoncentracni technika pro stanoveni
tékavych organickych latek BTEX z parniho prostoru vodnych vzorki
kapilarni plynovou chromatografii s plamenové-ioniza¢ni detekci. Tato
technika je bezrozpoustédlova, kde na extrakci a zakoncentrovani analytd se
vyuziva tuha faze a nasledné tepelna desorpce ptimo v injektoru plynového
chromatografu. Soucasné¢ byla tato metoda porovnana se zavedenou
moderni metodou pro odbér a prekoncentraci vzorkti SPME.

Vzhledem k dosazenym detekénim limitim je INCAT zafizeni
vhodné na stanoveni BTEX v pitné a odpadni vodé, jak na stopovych, tak i
na vysSich koncentra¢nich turovnich. Hlavni vyhoda INCAT systému
spociva v podstatn€ nizsi cené analyz (napi. v porovnani s P&T), vyssi
extrakéni kapacit¢ a mechanické robustnosti v porovnani s SPME a v
moznosti vzorkovat ptimo v terénu [45].
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SUMMARY

1. Introduction

The preparation techniques for environmental samples which allow
elimination of liquid solvents in the analytical procedures at low
concentration levels as well as the reduction of the sample preparation time
are permanently in development [1]. This work has been focused on two of
them, Solid-Phase Microextraction (SPME) and the Inside Needle Capillary
Adsorption Trap (INCAT).

Sampling of complex gaseous mixtures, including volatile organic
compounds (VOCs) by SPME is nowadays one of the most widely used
methods. SPME was introduced by Pawliszyn in the early 1990s as a
simple, non-expensive and effective extraction technique which does not
use any toxic organic solvents. SPME presents many advantages over
traditional preconcentration analytical methods by combining sampling,
preconcentration, and the transfer of the analytes into a standard gas
chromatograph in one step [2,3]. To date, SPME has been successfully
applied in numerous environmental, food, flavor, pharmaceutical, clinical,
forensic and physicochemical applications [4-6]. Several coatings are
commercially available for SPME analysis; fibers are available in different
thicknesses with single coatings, mixtures, or co-polymers. These fibers are
suitable, e. g., for application of SPME to the analysis of non-polar organic
compounds, for example benzene, toluene, ethylbenzene and xylenes
(BTEX), polycyclic aromatic hydrocarbons (PAHS), pesticides, etc., and
polar organic compounds such as phenols, alcohols, ketones, nitroaromatics,
etc.

It is very important to use the appropriate coating for a given
application. But how to choose the proper SPME fiber? Probably a routine
practice is to explore the literature and/or follow manufacturer's
recommendations. Also, it is possible to test all available SPME fibers on
the market. Moreover, commercially available stationary phases for SPME
fibers are limited and restrict the wide application of SPME. Therefore, new
coatings are still being developed to extend the applications of SPME for
environmental and other analyses. Selecting those that are suitable for
specific groups of compounds or even for a particular analyte among the
many possible polymers and adsorbents is not a trivial task. Combination of
the SPME and the approach called linear solvation energy relationship
(LSER) offers the promising way to characterize the properties of polymers
or chromatographic materials used not only as coatings, but also as
stationary phases in chromatography. The stationary phases of interest can
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be coated on fibers made of suitable materials (fused silica, stainless steel,
etc.). The process of making fibers is much easier than that of columns and
requires very small amount of material. The SPME device with a selected
fiber coating can be used to extract analytes, which are then separated on a
standard commercially available column and quantified by gas
chromatography (GC) [7]. The chromatographic data obtained are then used
to generate solvation parameter model which can give the answer to what
type of fiber is the best choice.

In case of INCAT device the sampling of a gaseous or agqueous
analyzed mixture can be done by drawing a fixed volume of a sample
through the sorbent placed as a layer on the inner surface or inside of a
stainless steel needle. The volatile analytes sorbed onto the sorbent (either
an adsorbent or a liquid coated onto a support), are thermally desorbed in
the heated injection port of a gas chromatograph and then directly swept by
the carrier gas into the capillary column for subsequent analysis. Procedure
of the solid phase dynamic extraction of organics using a wall coated
syringe needle was automated [8].

The main advantages of INCAT device are the simple methodology
and easiness and rapidity of the analyses [9]. The drawbacks involve the
fact that the samples collected can be not particularly large, the desorption
temperature is limited by that of the gas chromatographic injection port, and
the elution zones of analytes are slightly dispersed [9]. Other problems
consist in competitive effects and variation in sampling efficiencies for the
different analyzed compounds as the result of the low capacity of the
sorbent [10]. These drawbacks are overcome by a new arrangement of the
INCAT device developed in the present thesis.

2. Aims of the work

The aim of the first part of this thesis was to describe and compare
interaction models of six studied SPME fibers based on Abraham‘s
solvation parameter model and to demonstrate that the LSER model allows
prediction of the selectivity of SPME fibers towards selected pairs of
solutes in a satisfactory manner. The other aim was to study the effect of
water vapor on selectivity of SPME fibres for polydimethylsiloxane
(PDMS) and polyacrylate (PA) coatings in the wide range of relative
humidity.

The aim of the second part of this thesis was to develop a cheaper
device with adsorbent inside of the full volume of stainless steel needle
suitable for the preconcentration of trace volatile organic compounds, i.e.,
benzene, toluene, ethylbenzene, para- and ortho-xylenes (BTEX) from
aqueous samples, using Porapak Q as a sorbent material and wet alumina as
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a source of desorptive water vapour flow in a closed analytical system. The
other task was to investigate the effects of experimental parameters, as
temperature of the sample, temperature of the GC injection port, the sample
flow rate and volume as well as the concentration of analytes, on the analyte
recoveries. The SPME fiber with 65um PDMS/DVB coating was used as a
comparative method for headspace sampling of volatiles from aqueous
matrices.

3. LSER

In order to characterize and to predict the selectivity of studied
commercially available SPME fibers towards VOCs of different polarity,
gas-fiber distribution coefficients K. of fourteen solutes have been obtained
by GC using the solid-phase microextraction. These distribution coefficients
have been used to construct LSER equation developed by Abraham et al.
[11]. The LSER approach allows us to understand what types of molecular
interactions are involved in the partition/adsorption process, to examine the
selective behavior of the coating towards the studied VOCs, and to predict
selectivity towards a very large number of possible pairs of VOCs. The
LSER method of Abraham has previously been used to characterize various
materials such as pure liquids [12], polymers [13,14], biological materials
[15], crude oils [16-18], adsorbents [19-29] and column selectivity [30].
The main advantage of the LSER approach lies in its ability to describe
independently the contribution of individual molecular interactions to the
retention process [31].

The general LSER equation describing solute-solvent interactions
can be expressed as follows

LogSP=c+eE+sS+aA+hbB+IL (D)

Each term in Eq. 1 represents a type of contribution among various
intermolecular interactions to the transport-related processes. In Eq. 1, log
SP is the dependent variable, where SP refers to some solute properties on a
given sorbent. For the gas-fiber sorption process of VOCs with SPME fiber,
SP can be the distribution coefficient, K., of the solute between the gas and
fiber coating. The magnitude of K. illustrates the sorption capacity of a
given solute to SPME fiber. K is defined according to Eq. 2

K= (C/C)  with Cy—0 @)
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where C; and Cg are the concentrations of solutes in the fiber phase and in
the gas phase, respectively.

The independent variables are solute descriptors, which are defined
as: E is a solute excess molar refraction [32] that reflects the ability of the
solute to interact with a sorbent through z-and n-electron pairs, S is the
solute dipolarity/polarizability parameter [33], A is a measure of the solute
hydrogen-bond acidity [15], B is a measure of the solute hydrogen bond
basicity [15] and L is the solute gas-liquid distribution coefficient on n-
hexadecane at 298 K and represents dispersion/cavity interactions [34]. The
above mentioned solute parameters are derived from physicochemical and
thermodynamic measurements. Solute descriptors are nowadays available
for more than 5000 compounds. The experimental distribution coefficients
K. are regressed against all descriptors for the selected probe solutes by the
multiple linear regressions to generate LSER equation for appropriate
SPME fiber analogous to Eq. 1. The regression method yields the following
coefficients which characterize the capacity of the SPME fiber coating used
as stationary phase to enter into interactions complementary to those of the
solute solvation parameters. The c is an intercept of equation and represents
the chromatographic system characteristics, the r constant is the tendency of
the phase to interact with solute 7z-and n-electron pairs, the s constant is the
ability of the phase to take part in dipole-dipole and dipole-induced
interactions, the a constant is a measure of the sorbent hydrogen bond
basicity, the b is a measure of the sorbent hydrogen bond acidity and the |
constant represents a combination of the ability for phase cavity formation
and dispersion interactions.

4. Results of multivariate statistical analysis for LSER equations

The observed distribution coefficients data of 22 probe solutes on six
SPME fibers were regressed against solvation parameters by a multiple
linear regression to generate a LSER of the form in Eq 1. The LSER results
are given as the following equations:

e PDMS fiber:
log Ky =-0,78 + 0,69E + 0,39S + 1,38A + 1,61B + 0,91L
o PA fiber:
log Kyg =-0,17 +1,90S + 2,22A + 0,53L
e CW/DVB fiber:
log Kyy = 0,12 - 0,50E +1,35S + 2,15A - 0,52B + 0,98L
e PDMS/DVB fiber:
log Kty = 1,25 - 0,50E + 0,68S + 1,24A + 0,92L
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e CAR/PDMS fiber:

log Ky = 3,95 + 0,31S - 0,36A + 0,43L
e DVB/CAR/PDMS fiber:

log Ky = 2,76 + 0,65S + 0,54L

The obtained results are statistically significant, with correlation
coefficients above 0.93, low value of standard deviation and good F-statistic
and they make chemical sense too.

PDMS fiber exhibits all types of interactions except interaction
through 7 and n-electron pairs. However, the dispersion/cavity interactions
play the main role in sorption on PDMS coating. Polyacrylate coating has
high a and s parameters as expected and it should retain acidic and polar
compounds. CW/DVB fiber comprises similar properties as PA fiber but it
has two times higher cavity/dispersion term, apparently due to the
properties of divinylbenzene adsorbent. Fiber coated with PDMS/DVB
polymers interacts with analytes mainly through solute acidity,
cavity/dispersion and dipolarity/polarizability interactions. A characteristic
of PDMS/DVB fiber is a weak electron lone pair repulsion (e-coefficient is
negative), which is different to all other studied phases. CAR/PDMS fiber
and DVB/CAR/PDMS fiber have adsorption coatings with similar behavior.
Their major component Carboxen is a carbon molecular sieve with
microporous structure and a very high capacity to retain volatiles.
CAR/PDMS fiber has slightly acidic properties which indicates negative a
value, probably due to residue acidic groups on the carbon surface [35].

5. Influence of water vapor on SPME interactions

Experiments and calculations were carried out in the same way as
described above at relative humidities 10, 30, 50, 70 and 90% in the sample.
Influence of water vapor was studied only for PDMS and PA fibers.

Humidity is a very important factor that influences the SPME
sampling process. Three major interactions governing the water sorption are
hydrogen-bond acidity > dipolarity/polarizability > hydrogen-bond basicity.

PDMS fiber has less polar character and interacts predominantly by
dispersion interactions. Increasing relative humidity in the sample slightly
enhance its polarity by increasing the hydrogen-bond basicity and
dipolarity/polarizability and reducing dispersion/cavity. On the other hand
hydrogen-bond acidity has decreasing tendency, presumably because PDMS
can act as stronger base than the water sorbed on the surface (Figure 1).
Nevertheless the dispersion/cavity interactions are still determinant.

Highly polar PA fiber intensifies its polarity in presence of water
vapor; s and a coefficients increase (Figure 2). The dispersion/cavity
coefficient | slightly increases too. This is a little bit surprising assuming the
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properties of PA and water. One explanation could be that water creates thin
film on surface of the polyacrylate coating and then the sorption process is
not simply gas-solid partition but also gas-water surface adsorption may
occur [35].

PDMS
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Fig. 1. System coefficients for the sorption of organic vapors on PDMS fiber
at different relative humidities and 296 K.
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Fig. 2. System coefficients for the sorption of organic vapors on PA fiber at
different relative humidities and 296 K.

5. Development of the new INCAT device with Al,O,

A new INCAT device with adsorbent inside of the whole volume of
stainless steel needle was developed for the preconcentration of trace
volatile organic compounds (BTEX) from headspace of aqueous samples.
As can be seen from Fig. 3 it comprises a stainless steel needle N, stainless
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steel O-ring O, stainless steel frits F, MTB sampling on/off valve V,
adsorbent Porapak Q 0.15 — 0.18 mm (50 mm length of needle) P, and
alumina 0.2 — 0.4 mm (7 mm length of needle) A.
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Fig. 3. Scheme of INCAT system. N — stainless steel needle, O — stainless
steel O-ring, F — stainless steel frits, P — adsorbent Porapak Q, A —
adsorbent alumina, V — MTB sampling on/off valve.

Fig. 4 represents single steps of adsorption and desorption of BTEX
from INCAT device. Aqueous sample is purged by 80 mL of air through the
stainless steel needle by means of a syringe with 100 ml volume at speed
about 0.4 ml min™* and stripped BTEX are retained in INCAT device (Fig.
4A).

Fig. 4.

Scheme of sorption and
desorption process of INCAT
device. A - purging and
sampling of aqueous samples, B
— flushing of INCAT device by
< water to wet alumina, C —
removing of residual water, D —
desorption, E — cleaning. S —
sample; W — water; D -
detector.
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Subsequently the INCAT device is flushed by cca 0.1 ml of
destilated water to wet alumina (Fig. 4B) and then by cca 0.5 ml of air to
remove residual water (approx. of 30 ul) (Fig. 4C) at temperature 40°C.
Then the valve is closed and the INCAT device is introduced to GC
injection port with a 1 ml liner in the splitless mode at 270 °C. Adsorbed
analytes are thermally desorbed from Porapak Q and displaced to the
injection port with gradually purging water steam formed by evaporation of
water (approx. of 9 pl as determined by weighing of alumina sorbent).
Various materials were tested for the water reservoir in needle concentrator,
e.g. silica and molecular sieve, but the alumina was found to be most
suitable. Desorbed analytes are separated by capillary gas chromatography
and detected by FID detector (Fig. 4D). Once the analyse is finished the
valve on INCAT device is open and residual organic compounds are
removed by stream of helium with flow of 70 ml min™ within 2 minutes
(Fig. 4E) [36].

6. Linearity, recovery, repeatability, LOD and LOQ values of BTEX
obtained by INCAT in comparison with SPME method

Dependences of BTEX peak areas on the concentration in water
sample for INCAT device was linear over a wide concentration range over
of four orders of magnitude. Only in case of benzene the peak area reaches
a maximum at concentration of 2500 ppb and then decreases due to
oversaturation of the INCAT device.

Linearity of INCAT device in this range was verified by Mandel's
fitting test. Regression coefficients (R?) for INCAT device are in range
0.998-0.999 in concentration range 0.2-100 ppb for benzene and o-xylene
and 0.2-200 ppb for toluene, ethylbenzene and p-xylene (see Fig. 1). In the
case of SPME sampling the dependences of BTEX peak areas do not follow
linear trend and extracted amounts are much lower than for INCAT device.

There was an appreciable difference in recoveries too. INCAT
recoveries of toluene, ethylbenzene and xylenes lie in range 65-90% and
slightly increase with increasing concentration. BTEX recoveries for SPME
are much lower (less than 45%) and strongly dependent on concentration,
which results from low sorption capacity of the SPME fiber compared to
new INCAT device.

Repeatability of measurement was expressed by relative standard
deviations (RSD). Mean value of RSDs for INCAT device was 4.4%, for
SPME sampling RSD was slightly higher, 6.8%.

Limits of detection (LOD) of BTEX for INCAT method are from
0.019 to 0.125 pug L™ and from 0.027 — 0.382 pg L™ for SPME method
(Table 1). The LOD value is 3-times higher for benzene achieved by SPME

=24 -



method in comparison with that achieved by INCAT method. The LOD
values of toluene, ethylbenzene and xylenes are practically the same for
both methods. The INCAT method provides higher noise in comparison
with SPME, which is caused by decomposition products from INCAT
device during thermal desorption [36].

Table 1. Limits of detection (LOQ) and quantification (LOD), noise, and
results from Mandel’s fitting test for SPME and the INCAT method.

Benzene 0382 1042 0032 0125 0,341 0,056 0,99846° 13,75 3,63
Toluene 0,144 0393 0,030 0104 07284 0067 0,99990° 12,25 6,84
Etylbenzene 0,075 0,207 0,031 0,073 0,199 0,074 099998 12,25 4,07
p-Xylene 0,027 0074 0031 0019 0052 0,050 0,99999° 12,25 0,76
0-Xylene 0,068 0,185 0,048 0,059 0,161 0,053 0,99998 13,75 5,08

* Nine points on graph (0.2-100 pug.L™), ** Ten points on graph (0.2-200 pg.L™)

7. Conclusions

The linear solvation energy relationship approach provides sufficient
characterization of the sorption properties of various SPME fibers in term of
molecular interactions. This characterization allows to predict the behavior
of SPME fiber coatings towards VOCs in term of selectivity and to compare
them. In the present work, the LSER method allows to predict extent of the
affinity of any volatile organic compound to particular stationary phase of
SPME fiber.

This study shows that the presence of water vapor in the sample can
dramatically reduce extracted amount and change physical-chemical
properties of SPME coating. Hence, the selectivity of SPME fiber of
volatiles is also affected by ambient humidity and can be completely
changed. Relative humidity of air samples should be therefore carefully
controlled.

Based on presented findings, it appears that combination of SPME
and LSER approach could be used for characterization of newly developed
chromatographic stationary phases and for prediction of their selectivity to
various groups of organic compounds. In addition, these testing procedures
can be carried out even at low temperatures and high relative humidity
which are not directly feasible by standard GC [35].
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A new arrangement of the full inside volume needle capillary
adsorption trap device with Porapak Q as a sorbent material and wet
alumina as a source of desorptive water vapour flow enable high efficiency
and repeatability of adsorption and desorption of trace quantities of BTEX
from headspace of water matrix. The developed INCAT device is suitable
for the analysis of BTEX in drinking and waste water samples. The limit of
detection as well as limit of quantification of BTEX compounds analyzed in
INCAT device are comparable to those for SPME method. The main
advantages of INCAT device in comparison to SPME device lie mainly in
substantially higher extraction capacity, mechanical robustness and easiness
of operation and optimization. Inconsiderable advantage is robustness to
operating conditions changes during the sampling mode. The drawbacks
involve the coelution of benzene and toluene with water as a solvent peak
causing slightly worse detection and quantification limits in comparison
with ethylbenzene and xylenes [36].
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