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IHHEPIAHYH

H mapovca 61daktopikn datpifr] tpocavatoriletal otn d1EpeLVNGT TOL EVPVTEPOV
0£10TOC TOV TPONYUEVOV HEAETMV OVIYVEVLOTG KOl Topoakolovdnong g THyns Tov
OPYOVIK®V POV 6T0 VOATIVO TTep1BdAiov. H emitevén avtov tov otdyov vAomoteiton
[e N (PNON SPOPOV EMIGTNUOVIKOV HEC®V, TOL KLHOIVOVTOL amd TNV KabEpwon
KOLWVOTOU®V TEYVIKOV UIKPOEKYOMONG LITO ATUOCQUPIKY] Tieon kabdg kot vmod
oLVONKEG KEVOD OYETIKGL HE TNV TOPOLGIO OPOUATIKOV VOpOoyovavlpdKkwv oto
EKTAVLOTO VEPOV Kol TTPOIOVI®V Kamvoy, £w¢g v mpokaiovpevn amd v UVC
amoKodOUNoN TOCO PO O1dESOUEVIG PAPLOKEVTIKNG 0VG10G (GlAaGTATIVN) OGO Kot
NG VIKOTIVNG 6€ PUGIKO vePO Kot emesepyacuéva Apota, 6mov peketdor d1e£0dkan
KWVITIKT TNG POTOATOIKOOOUNGTG TMOV OVGLOV OLUTAOV.

>t0 Kepahomwo 1 mapovoidlovior eoayoywd 0Oéuata. Emdeucvioetor  pua
OAOKANPOUEVT] OVOGKOTNGT] TNG TPOETOUACTNG OEIYHATOG KOl TN TAEWVOUNONG TOV
T ONUOPIADV TEYVIKOV eKYVAONG. Idwaitepn mpoocoyn Oivetal OTIG TEXVIKEG
npoeTolpaciog detypatog yopig dtahdteg ko o cvykekpipéva otig apyés SPME kot
SBSE, 6100¢ 800 TpOmovg dety LortoAnyiog Tovg (AUEGOG KO GTOV VIEPKEILEVO YDPO)
KOl GTIC TAPAUETPOVS PEATIOTOTOINGNG TOV EQapUOlovToL Yl TNV ENiTEVEN PEATIOTOV
aroddcemV eKyOAMONG o€ KaOe texvikn. Eppaon divetar oty enidpaocmn tov Kevov o1
OEYHOTOANYIO  UIKPOEKYVAIONG VTEPKEIUEVOD YDPOV, ©OF EVOAAOKTIKO TPOTO
EMTAYLVONG TNG KIVNTIKNG MG Stodkaciog ekyOAMoNg Kol oG €K TOVTOV €mitELENG
tayOtepov  xpovev eficoppoémnong. H  avantvén tov Bewpntikod  povtéAov
napovotdleton pali pe opyég oxetika pe v (av)eEoptnoio amd Vv mieon otV
wopporicc. kKo v e€dptnon omd v mieon o€ ovvONKeg TPO-1GOPPOTIG
derypatoAnyiog vrepkeipevon ympov amd detypata vepod kot tov Ky kprmpiov. H
HiSorb Sorptive Extraction ¢ texvikn [KpoeKYOAONG OTEPENS PAONG QVOPEPETOL
emiong 0. Téhog, 10 Bpa g pmToamowodounons e&etdletoan o Bewpntiky| faon,
KOAVTITOVTOG TOVG UNYOVIGLOVS 0O NGOG KOt TIG O1001KOGTEG POTOAVGNG KOOMGS Kot
T1G BaCIKES APYES TNG POTOAVGNG, TNV KV TIKN TOV O1UOTKAGIOV 00O UNCTG KOl TOVG

UNYOVIGHOVE aVTIOPOOTG TOL TOPOTPOVVTOL KOTA TIG POTOAVTIKESG OUOTKAGIEG.

Y10 Kepdhao 2 mopovoialetor 1o dnpoacievpévo apbpo pe titho: Ilpocpopntixng
EKYVAIGY VDREPKEIUEVOD YD POV vITOfonBodusvy amo Kevo: OcwpnTiKol TOPAYOVTES
Kol amooeIén TGS 1060S EKYVAGHS TOLVKVKAIKDV APOUATIKOY DOPOYovavOpdKwmy
amo ogiypara vepov. Xe autn v HeAT, Tpoteivovpe ) dsrypotoinyio HSSE vrd
ouvOnKkeg keVOD ®G TNV TAEOV KATOAANAN Yo ™ pelmon Tov xpovev emitevéng
100pPOTiaG. XVVETMS, TOPOVCLALETOL £vol BEPNTIKO HOVIELO OV TEPLYPAPEL TNV

eEdptnon and v mieon g emovopalopevng pebodov HSSE pe vrofondnon kevoo
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(Vac-HSSE) kot to omoio mpoPAémel tn peimon tov xpovov enitevéng 160ppomiog mg
emakOAovbo g pelwong g mieong oetyparonyiog. Expetaiievdpacte ™
BepnTiKn S1TOTOON Yo VO KOATAANEOVUE GE OPIOUEVA YEVIKA GUUTEPACLOTO Y10 TV
HSSE oyetikd pe ™ oyxéon HETAED TOV QUGIKAV YOPOUKTNPIOTIKOV NG papdov
avadevons, TV pLOUGV TPOSANYNG Kot TV ¥pdvev eEicoppdnnong. Ot Bewpntikés
TpoPrEYELS EMOANOEDTNKOV TEPOUATIKA YPNOLUOTOIDOVINS VOATIKE SloADUOTO LE
vapBaAivio, akevagBévio kot eBopaviivio mg avarvdpeves evaoels. To amotedéopota
g Oeppokpaciog detypatoAnyiog kot Tov ¥pOvov €KYOLAIONG VIO GLVONKES KEVOD
oAAG kol xavovikng mieong otepevvnOnkav deodwkd. To Oetikd cvvovaouévo
amotéAecpa TG BEpravong Tov detypatog vd YounAn mieomn derypatoAnyiog £0€1Ee
OTL M VYN VYpacio dev ETNPENcE TNV ATAO0GT TG AT EKYOMOTNG, £VO PUIVOUEVO
TOL TTOPATNPEITAL GLYVA GTN UIKPOEKYVAIOT GTEPENG PAOTG VITEPKEIpEVOL Ydpov. Ta
TPOPIA YpOVOL EKYVAONG TOL KATOOKELACTNKOV 6TOVG 25 ko 55 °C anédeiav v
ovoloTIKN PeAdtioon oty Kivntikn ekyvAong pue Vac-HSSE oe cOykpion pe v
uébodo HSSE oe atpospapikn mieon. Ta amoteréopata yia to vaedorivio (yio to
omoio vpiotaton N yevikn mapadoyn 0Tt eEatuileTon oxeTikd ypryopa and to Oetypa
vepov) mapeiyav v anddeén 6t o 1 atm n avtictacn and TAELPAS aéplag PAoTG
epLopile TV TPOSANYN NG VOALOUEVNG 0VGiag omd T paPdo avadevons Kot OTL
avTdG 0 TMEPLOPICUAG Exel TN ovvatotnta vo eSalelpfel amoteAecpotikd pe v
vioBEon ™¢ TpocEyyiong detypatoAnyiog o€ cuvOnkes kevov. Ot emtaydvoelg otV
EMITELEN 1GOPPOTIOG TOV GNUEIGONKAV Y10 TIG OVOAVOUEVEG EVDGELS TOL aKEVAPOEVIOV
Kat Tov PBopavheviov LTOINADOVOLY OTL Ol TEPLOPIGHOTL TNG aéPlag Paong meptoptiav
1660 N dadkacio e£dtiong 060 kot v dadkasio TpdsAnyng twv 6vo ovcldv. H
Eexoprot Pertiotonoinon g peboddov HSSE vnd kdbe cuvOnkm micong onédwoe
HIKpOTEPO YPpOVO detypatoAnyiag oty mepintwon g Vac-HSSE g 6Oykpion pe v
dwdwasio HSSE o¢ atpocpapun mieon (30 Aentd évavtt 60 Aentdv avtictorya). Ot
avVOAVTIKEG €MIBO0ELS TV 000 PerticTomomuévoy pefddwv aSoroyndnkav Kot
ocuvixOn to ovumépacuo 0Tt M Vac-HSSE odpovoe mopdpown (vapborivio ot
axevaeBévio) N kadvtepa (pBopavOEvio) amd v vd Kavovikég cuvOnkec HSSE 6to

o6 xpovo detypatonyiog mov Ba yperalotay.

Y10 Kepdhow 3 mopovoialetar 1o Onpoctievpévo apbpo pe titho: Olikoi wkai
frooiabéoruor molvokvkiikol apwuatTiKol VOPoOYOVAVOPOAKES G AYPNCIUOTOINTA KOl
xpnoiuomomusve. Ospuaivoueve mpoiovra komvov kKai ovufatikd toiydpa. Oi
TOPOVCEG UEAETEC OVOPEPOLV, YO TPDOTN GOPQ, TIG GUVOAIKEG Kot Prodiaféoiueg
OVYKEVIPMOEL; TOAVKVKMK®V  0pOUOTIKOV — vopoyovovOpakwv (PAHs) oe
aypnolonointo Kol cg ypnoipomomuéva Beppovopevo mpoidvra kamvov (HnBs).
[Ipoxeévou va emtevyBovv dueceg ovykpioels, de&nynoav TovorotdTuTa GHVOAL

peretomv kot yuoo cvppatika torydpa (CC). Ipocsdopiomkav mévte PAHS youniov
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poplakod Papovg ota HNBS 6& 0AIKEG GLYKEVIPOGELS TOVL NTAV TNG 1d10G TAENG TPV
Kot petd ™ Swdikacioa Oéppavong tovg (XZsPAH=47,37+3.44 ng unit?! xa
2sPAH=69,36+5,78 ng unit?! ce oypnoiponointa kor ypnowomomuéve HnBs,
avtiotoya) . H atehng kabomn opyavik®v ovsidv katd 1o kémvicpa tov CC, anédwoe
onuovtikd  vyniotepeg  mocomtec  PAHS, pe 1o dBpowopd  toug
(Z10PAHs=1449+113ng unit?) va eivon >20 @opég peyarvtepo and ekeivo tov HNBs.
O xomvdg kot To EIATPO amodeiytnKov To Mo puracpuéva Tunpate twv HnNBsS. Xe
axpnowomnointa. CC, o kanvdg £pepe 10 vynAdtepo @optio PAHS, eved petd to
KATVIGUA TOVG, TO GIATPO MTOV TO O PLTAGHEVO HEPOS TOVGS, TeptExovTos ~80% g
oLVOAIKN G mocotntag Tov PAHS. To vagbaiivio amodeiytmke to mo depbovo oe
nocoTTO 0O 6GAovg Toug PAHS evd evtomiotnke 6g OAa Ta Tpoidvta Kamvov. [Toapd
TG VYNAEG oMkég ovykevipdoels PAHS mov Bpébnkav ota kamviepéva CC, ta
afpoiocuato Tov Brodabdécipmy cuykevipocemv PAHS frav ¢ idiog taEng o€ OAa Ta
gheypéva mpoidvta kamvov (ZsPAH=61,38+1,79ng unit? ce oypnoyonointa HnBs,
¥sPAH=70,87+7,67ng unit* oe ypnowomompéva HnBs, Z4sPAH=66,92+5,95ng unit?
ot aypnotponointa CC kar TePAH=47,94+1,26ng unit™* oe ypnoomompéva CC). To
OPMNUA OVTO GYETIOTNKE LE TO YEYOVOS OTL TO KATVIGHO EXNPEALEL TNV EKTAVOT TOV
PAHs ond ta CC ko kaBvotepel v ekpoOenon tovg amd T oteped untpa. H
TPocaploy” Tov pH, TG TEPLEKTIKOTNTAG GE OAATL KOl GE YOVHKA 0EEN GE TUULEG TTOV
OVTOTOKPIVOVTOL [E TIC AVTIOTOYEG TOV TEPIPAALOVTOG, dEV EMNPENCE TNV EKTALGN
tov PAHS o11g 24 dpeg epumotiopod tov tpoidviov Kamvov. TEAOG, 11 cupmeprpopd
éxkmioong tov PAHS og puokd vdata (vepd motapov, pdywvo vepd ko BaAacoivo
vepo) Bpébnke mopdpota pe ekeivn 610 vepkadapo vepd, EMOANOEVOVTOC TEWPOUATIKA
TNV IKavOTNTo TOV amoPANTov Tpoidvtav komvol va dtoxetevovv PAHS 610 vddtivo
nePPAAAOV.

Y10 Keparow 4 mapovcidletar 10 Onpooctevpévo Gpbpo pe titho: UV-254
ATOIKOOOUNGY THS VIKOTIVHG G PUGIKJ VEPD KAl EKTAVHATA TTOV TOPAYOVTOL OO
anotoiyopa kKol Ospuairvouevo Tpoiovro Kamvov. Xe oVt T LEAETN, e€eTaleToN Yol
TpdT| Qopd M UV2ss OTOAVTIKY TOYN TNG VIKOTIVNG GTO QUGIKO VEPO KOl GTO
exmAOOTO TOV TOpdyovTal omd cupfotikd Toryapa (CCs) Kot To VES YEVIAS TPOidvTa
Kamvoy ov Beppaivovtal aAld dev kaiyovtor (HnBs). Apyikd peretbnike 1 enidpoon
™m¢ axktwoPoAiag UVass otnv  peiwon tng vikotivng oto vrepkdBapo vepd. H
avtidopaon NTov YeVdo-TPMTNG TAENS O OYE0T UE TN CLYKEVIPMOOT VIKOTIVNG OE
YOUNAEC GUYKEVIPMOGELS, KOl UETUTOMIGTNKE GE YOUNAOTEPT TAEN GE VYNAOTEPEG
OVYKEVIPMOELS, £VOL ATOTEAEG L TTOV GYETILETAL [IE TOV KOPEGUO TPOGPOPNONG. AV Kot
1 OTOUAKPLVGT TNG VIKOTIVIG Tay Yp1iyopm, Hovo 10 9,5% tov cuvoiikoh opyavikoy
avBpaxa apopédnke petd v aktvofoinon katt mov umopei va e€nyndet Aoyw tov

OYNUATIGLOV TOPATPoTOVI®MV. Ot YNUIKEG O0ES £E1 MTO-TTPOIOVTOV eEAyONKaY HECH
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PG Kol VYPNS YPOUATOYPUPiag 6€ GLVOVOCUO pe pacpatopeTpio paloc. Amd ta
aroteAéopata BpEOnKe TS KIVNTIKT TG POTOATOIKOdOUN oG e€opTdton omd o pH
KOl Ol TOYVTEPEG KIVNTIKEG KOTOYPAPNKAV OTAV KLPLOPYOVGE 1 LOVOTPOTOVIMUEVT
popon g vikotivng (pH = 5-8). H mapovoia youpikdv o&éwv Bpédnke va kabvotepel
EAPPDOS TV KvNTIKN KaBdS aviaywvifoviav Tn vikotivn yuo v aktvofoiio tov
AopmTipa, eved 1 Topovcio akatiol dev giye Kapla enidpacn oy AUecn EOTOAVOT
™m¢g  vikotivng.  Emiong, mpaypoatomombnkav  pedétec  dpeoms  ooOTOALONG
YPNOOTOOVTIOS QPUOIKA Vvepd. Xe oOykplon pe 1o vrepkdbopo vepd, 1
eoToaTodOuUNoN Ppédnke va mpoywpd EAAPPOS TTO 0Pyl 6TO VEPH TOV TOTAUOV, GE
TOPOLOL0 KIVITIKT] 6TO BAANGGIVO VEPO KOl GYETIKA TTLO YPTYOPO GTO VEPD TG BPoync.
H mapoatipnon oxetikd pe 1o vepd g Ppoyns eaivetol vo opeiletal oto YounAdtepo
pH tov og clhykpion pe Ta LVTOAOITA PLGIKA VAOTA TOL dOKIUACTNKAV. To eKTAOLOTO
and ypnoiporomuéva HnBs kot ypnowomompéva CC vmoPAndnkav emiong oe
axtvoPoAia UVass kot Ppédnke OTL 1 QUeEST @OTOALGT TPOYM®POVCE YPNYOPO TAPA
TNV VYN TOAVTAOKOTNTA ALTOV TOV UNTpodv. ITopatavta, 0 GUVOMKOS 0pyavIKOS
avBpaKag Tov CLGTAUOTOG TAPEREVE O 1010¢ PET TNV OKTWOROANCT AOY® TNG
aeOoviag TV 0pYaVIKOV EVOCEDV KOl TOV GOTOTPOIOVTI®V TOv oynuatictnkayv. Me
AQOPUN TIC TOPATAVE EPEVVES OVOPEPOVUE G aVTO TO GPOpPo TN CLUTEPLPOPE
éxmivong g vikotivng and HnBs kor CC. Metalh drhov, Bpédnke 6t ota HnBs
~70% g oLVVOMKNG Kol Plod1afECIUNG TEPIEKTIKOTNTAG GE VIKOTIVY] TOPAUEVEL GTOL
sticks komvo petd v yxpnon eved avtd 10 1060610 TEPTEL 670 15% ot CC Adym® g
petwong e palog Toug Hetd To Kamvicpo. Avtd to bpna anodelkvieL Tn onpacio
NG COGTNG ATOPPLYNG TOV OTMOPPIUUATOV TPOIOVIMV KATVOD Yo TNV eMITELEN NG

TPOANYNG TNG EKTAVGTG TNG VIKOTIVIG GTO VOATIVO COLOTO.

Y10 Kepahowo 5 mapovocidletar 10 Onuootevpévo apBpo pe titho: UVC-
TOPOKIVOVUEVY ATOIKOOOUNGH THG GIAAGTOTIVIG GE PUGIKO VEPO KAl EXECENYACUEVOL
Abpata. Avt 1 gpyacio avagépet Yo TpAOTN Popd t ewtoamrotkoddunon UVC g
1A TATIVIG, EVOC OVOGTOAEN TNG VEPPIKNG CPVIPOTETTIOACTG TOV GLYXOPNYELTOL LUE
T0 OVTIBLOTIKO WIMEVEUN. APYIKA, TOUPUCKELACTNKAV OOAVUATO GIAACTOTIVIG OE
OlAPOPEC GLYKEVIPMOOEI, G€ VIEPKAOAPO vePH Kol 1 AUEST QOTOALGN TNG
olhaoTativing TapakoAovdnOnke vtd aktivoBoiia 254 nm. H amotkoddunon ntav mo
apyf o€ VLYNAOTEPEG OPYIKEC OVYKEVIPMOEL OCIAAOTOTIVIG, AOY® KOPECUOV
TPOoGpOPNoNG. AT Ta S1APOPO EKAOVOUEV POTOTPOIOVTA, LOVO VA TPOGOIOPIGTNIKE
JOKIUOOTIKA G ofeldmuévn olhaotativiy eepouevn pio opdda covipoéeldiov. H
eotodlvon UV-254 emitevyOnke mo ypryopa oe younAdtepeg tTwéc pH, emedn ot
TPOTOVIOUEVEG Hopeéc Tov popiov (HzA*, H2A) éxouv vymAdTtepovg cuvteleoTéc
aroppdPnong kol vynAdtepes KPOVTIKEG 0m0dO0ES (PMOTOALONG Omd TG UN

npotoviopéveg (HA-, A2). H dueon eotdolvon g clhaotativing dev meptiapPdvet
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oOH, k00mg éva T£T010 GEVAPLO OMOKAEIGTNKE OO TEPAPOTO 5T OTTOT0 TPOCTEONKE
Tp1T-fovtavorn wg mapdyovtag décuevong ®OH, evd amd v GAAN pepld 1 Tapovcio
YOULUK®OV 0EEMV OVECTEIAE TN POTOAVGT] AOY® TOL AVTOY®VIGUOD Yol aoppdPNoN
axtwvoBoriag. H id1a e€fynon pmopel ev pépet va d000el oyetikd pe v mapatipnon
OTL N KVNTIKY @OTOAVONG TNG GLANGTATIVIG TAV TTO apyn 6 delypata vepoL Bpuong,
TOTAU®OV Kol EMECEPYACUEVOV ADUATOV GE GUYKPIOY HE TO VrIepKABapo vepO.
EmumpocBétmc, n kPavtikn anddoon dpeons eotéOAvong Tav emions xopUnAOTEPN OTIG
TPOAVUPEPOLLEVEG UNTPES VEPOD e clOyKplon He to vrepkdBapo vepod. [opduowa
gupnNUaTe OV agopovcay TNV TpKAoLAvn kot to {ilavioktovo 2-peBvro-4-
YAOPOPOUVOELOEIKO 0ED GE TPONYOVUEVES LEAETEC VTTOOEIKVVOVY OTL TO, GUCTATIKA TNG
UNTPOG TOV VEPOL Bol UTOPOVGOV VO TPAYLUATOTOM GOV EITE PLGIKN OmdGPeon TV
OlEYEPUEVOV KOTOOTAGEMV TG GIAOGTATIVIG EITE AVTIGTPOPT] OVOY®YT GE CLAAGTOTIVN
TOV UEPIKDOG OEEWMUEVOV EVOLOUEC®Y OTOIKOOOUNONG. ZUVOAIKA, T TapOVTa
OmOTEAEGHATO  OmOdElKVOOLY 0Tt 1 akTwvoPfoiia UVC elvar pia ypfyopn kot
OTOTEAEGLLATIKT OLOOIKOGIO Y10, TV OTOSOUNOT) TG GIANCTATIVIG G€ PLGIKO VEPO Kot

eneEepyacuéva AOLOTL.

210 Ke@draro 6 cuvoyilovtol To amoTeAEGHOTA TNG TAPOVGOG SLOTPIPNG 0ONYDVTOG
oe onuovtikd ovumepdopata. Eetdlovron emiong pelhovtikoi otdyor Ko
TPoGavatoAlopoi mov o pmopovoav va mapbodv ce HEAAOVTIIKY] €pEvvO GTOV
GUYKEKPLUEVO TOUEQ.

210 Ke@dharo 7 divovtor vmoostnpiktikéc TAnpopopieg yio to Kepdaiowa 2-5 o1 omoieg
Topovcldloviol He TN HOPeN CYNUAT®V, YPAPNUATOV KOl TVAKOV 68 Eexmplotd

TOPOPTALLOTA TTOV AVTIGTOLYOVV GTA TPOUvVaPEPOEVTA KEQAAALO.
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ABSTRACT

The present doctoral thesis is orientated towards the investigation of the broad topic of
advanced studies of detection and monitoring of the fate of organic pollutants in the
aquatic environment. The achievement of this objective is implemented using various
scientific means, ranging from the establishment of novel microextraction techniques
under atmospheric pressure as well as vacuum conditions regarding the presence of
aromatic hydrocarbons in water and tobacco product leachates, to the UVC-induced
degradation of a prominent pharmaceutical substance (cilastatin) and nicotine in
natural water and treated waste water, where the photodegradation kinetics are studied
thoroughly.

In Chapter 1 introductory themes are being presented. A comprehensive review on
sample preparation and classification of the most popular extraction techniques is
demonstrated. The main focus is placed on solvent — free sample preparation
techniques and more specifically on SPME and SBSE principles, their two sampling
modes (direct and headspace) and the optimization parameters implemented to
effectuate optimum extraction yields in each technique. Emphasis is then steered
towards the effect of vacuum in headspace microextraction sampling as an alternative
way of accelerating the kinetics of an extraction procedure and attaining therefore
faster equilibration times. The development of the theoretical model is being presented
along with principles regarding the pressure (in)dependence at equilibrium and
pressure dependence at pre-equilibrium conditions of headspace sampling from water
samples and the Ky criterion. HiSorb Sorptive Extraction as a solid phase
microextraction technique is also being reported here. On a final note, the subject of
photodegradation is examined on a theoretical basis covering degradation mechanisms
and photolysis processes as well as basic principles of photolysis, the Kinetics of
degradation processes and the reaction mechanisms inspected during photolytic
procedures.

Chapter 2 presents the published report titled: Vacuum-assisted headspace sorptive
extraction: Theoretical considerations and proof-of-concept extraction of polycyclic
aromatic hydrocarbons from water samples. In this work we propose HSSE sampling
under vacuum conditions to reduce equilibration times. A theoretical model is
presented that describes the pressure dependence of the so-called vacuum-assisted
HSSE (Vac-HSSE) method, and predicts the reduction in equilibration times when
lowering the sampling pressure. We take advantage of the theoretical formulation to
reach some general conclusions for HSSE on the relationship between the physical
characteristics of the stir bar, uptake rates and equilibration times. The theoretical
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predictions were experimentally verified using water solutions spiked with
naphthalene, acenaphthene and fluoranthene as model compounds. The effects of
sampling temperature and extraction time under vacuum and regular pressure
conditions were thoroughly investigated. The positive combined effect of heating the
sample under low sampling pressure pointed that high humidity did not affect the
performance of the extraction phase; an effect commonly recorded in headspace solid-
phase microextraction. The extraction time profiles built at 25 and 55°C visualized the
substantial improvement in extraction Kinetics with Vac-HSSE compared to the regular
HSSE method. The results on naphthalene (assumed to evaporate relatively fast from
the water sample) provided evidence that at 1 atm gas-sided resistance limited analyte
uptake by the stir-bar and that this limitation could be effectively reduced by adopting
the vacuum sampling approach. The accelerations of acenaphthene and fluoranthene
suggested that gasphase constraints limited both the evaporation and analyte uptake
processes. Independent method optimization of HSSE under each pressure condition
yielded a shorter sampling time for Vac-HSSE compared to the regular HSSE
procedure (30 min vs. 60 min respectively). The analytical performances of the two
optimized methods were evaluated and it was concluded that Vac-HSSE was
performing similar (naphthalene and acenaphthene) or better (fluoranthene) than
regular HSSE in half the sampling time needed.

Chapter 3 presents the published report titled: Total and bioavailable polycyclic
aromatic hydrocarbons in unused and operated heat-not-burn tobacco products and
conventional cigarettes. The present studies report, for the first time, the total and
bioavailable polycyclic aromatic hydrocarbons (PAHS) concentrations in unused and
operated heat-not-burn (HnBs) tobacco products. To enable direct comparisons,
identical sets of studies were conducted using conventional cigarettes (CCs). Five low-
molecular PAHs were determined in HnBs at total concentrations that were of the same
order before and after operation (ZsPAH=47.37+344ng unit! and
YsPAH=69.36+5.78 ng unit? in unused and used HnBs, respectively). The
incomplete combustion of organics during smoking of CCs, yielded substantially
higher amounts of PAHs with their sum (Z10PAHs = 1449 + 113 ng unit™?) being >20
times larger than those in HnBs. The tobacco and filter were the most contaminated
parts in HnBs. In unused CCs, tobacco had the highest PAHs load and after smoking,
the spent filter was the most contaminated part, containing ~80% of the total amount
of PAHs. Naphthalene was the most abundant PAH detected in all tobacco products.
Despite the high total PAH concentrations found in smoked CCs, the sums of the

bioavailable PAH concentrations were of the same order in all tested tobacco products
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(ZsPAH =61.38 £1.79 ng unit? in unused HnBs, ZsPAH = 70.87 £+ 7.67 ng unit* in
used HnBs, XsPAH=66.92+595ng unit! in unused CCs, and
Y6PAH =47.94 + 1.26 ng unit ! in smoked CCs). This finding was related to smoking
affecting PAHs’ leachability from CCs and delaying their desorption from the solid
matrix. Adjusting the pH, salt and humic acids content at environmentally relevant
values did not affect PAHs leaching at 24 h of soaking. Finally, the leaching behavior
of PAHSs in natural waters (river water, rainwater, and seawater) was found similar to
that in ultrapure water, experimentally verifying the ability of tobacco product waste

to leach PAHSs into the aquatic environment.

Chapter 4 presents the published report titled: UV-254 degradation of nicotine in
natural waters and leachates produced from cigarette butts and heat-not-burn
tobacco products. In this study, the UV2s4 photolytical fate of nicotine in natural water
and leachates produced from conventional cigarettes (CCs) and the new generation
heat-not-burn (HnBs) tobacco products is examined for the first time. The effect of
UV2s4 irradiation on nicotine depletion in ultrapure water was initially studied. The
reaction was pseudo first-order with respect to nicotine concentration at low
concentrations and shifted to lower order at higher concentrations, an effect associated
to absorption saturation. Although nicotine removal was fast, only 9.5% of the total
organic carbon was removed after irradiation due to the formation of by-products. The
chemical structures of six photo-products were derived by means of liquid and gas
chromatography coupled to mass spectrometry. The photodegradation kinetics was
found to depend on pH and faster kinetics were recorded when the monoprotonated
form of nicotine was dominant (pH = 5-8). The presence of humic acids was found to
slightly delay kinetics as they competed with nicotine for lamp irradiance, whereas the
presence of salt had no effect on the direct photolysis of nicotine. Direct photolysis
studies were also performed using natural waters. Compared to ultra-pure water,
photodegradation was found to proceed slightly slower in river water, in similar
Kinetics in seawater, and relatively faster in rain water. The later was assumed to be
due to the lower pH compared to the rest of the natural water tested. Leachates from
used HnBs and smoked CCs were also submitted to UV2s4 irradiation and direct
photolysis was found to proceed fast despite the high complexity of these matrices.
Nonetheless, the total organic carbon in the system remained the same after irradiation

due to the abundance of organics and photo-products formed. We take advantage of
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the present investigations and report the leaching behavior of nicotine from HnBs and
CCs. Among others, we found that in HnBs ~70% of the total and bioavailable nicotine
content remains in the tobacco sticks after operation and this percentage drops to 15%
in CCs due to the reduction in mass after smoking. This finding demonstrated the
importance of properly disposing tobacco product waste to prevent nicotine leaching

in water bodies.

Chapter 5 presents the published report titled: UVC-induced degradation of cilastatin
in natural water and treated wastewater. This work reports for the first time the UVC
photodegradation of cilastatin, a renal dehydropeptidase inhibitor co-adminstered with
the imipenem antibiotic. Initially, solutions of cilastatin at varying concentrations were
prepared in ultra-pure water and the direct photolysis of cilastatin was monitored under
254-nm irradiation. Degradation was slower at higher initial cilastatin concentrations,
due to absorption saturation. Of the different eluting photoproducts, only one was
tentatively identified as oxidized cilastatin bearing a sulfoxide group. UV-254
photolysis occurred faster at lower pH values, because the protonated forms of the
molecule (H3A*, H2A) have both higher absorption coefficients and higher photolysis
quantum yields than the non-protonated ones (HA", A%). The direct photolysis of
cilastatin does not involve ¢OH, as excluded by experiments in which t-butanol was
added as eOH scavenger, whereas the presence of humic acids inhibited photolysis due
to competition for radiation absorption. The same explanation partially accounts for
the observation that the photolysis kinetics of cilastatin was slower in tap water, river
water and treated wastewater samples compared to ultra-pure water. Moreover, the
direct photolysis quantum yield was also lower in water matrices compared to ultra-
pure water. Similar findings reported for triclosan and the herbicide 2-methyl-4-
chlorophenoxyacetic acid in previous studies might suggest that the water matrix
components could carry out either physical quenching of cilastatin's excited states or
back-reduction to cilastatin of the partially oxidized degradation intermediates.
Overall, the present results demonstrate that UVC irradiation is a fast and efficient

process for the degradation of cilastatin in natural water and treated wastewater.

In Chapter 6 the results of the present thesis are synopsized leading to important
conclusions and an evaluation of the overall significance of the breakthroughs achieved
here. Future objectives and orientations of research in this particular field are also
considered.
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In Chapter 7 Supporting Information on Chapters 2-5 is being presented in the form
of figures, graphs and tables in separate appendices per the aforementioned chapters.
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CHAPTER 1: INTRODUCTION
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1.1. SAMPLE PREPARATION

A complete analytical method involves of many stages from the sample collection,
sample storage, sample preparation, instrumental analysis with identification and
quantitative evaluation of the target analytes to the final presentation of the reported
results (Berrueta et al., 1995).

Several issues need to be addressed prior to instrumental analysis including extraction
and isolation of the target analytes, elimination of matrix interferences and separation
of trace level compounds, to name a few (Nogueira, 2015; Pawliszyn, 2003; Xia et al.,
2020). Sample preparation is essentially the analytical process that consists of an
extraction procedure that involves the transfer, enrichment and isolation of the analytes
of interest from the sample matrix. As a result, qualitative and quantitative evaluation
of the analytes in question can be executed as they are transferred to a phase more
compatible with the analytical instrument/detector (Nogueira, 2015; Pawliszyn, 2003;
Xia et al., 2020). Thus, sample preparation through the last few decades has been
rendered the backbone and core component of the whole analytical process, especially
when monitoring low levels of organic environmental pollutants are in question,
considering the complexity of environmental sample matrices characterized by their
high amount of interferences (C. Ribeiro et al., 2014; Wardencki et al., 2007). In this
respect significant efforts have been advanced through the years to develop fast and
sensitive detection of organic pollutants which demand the implementation of robust
analytical methods (C. Ribeiro et al., 2014). In this context, appropriate selection and
optimization of the sample preparation procedure can greatly affect the reliability and

accuracy of the final results (Schoenmakers, 2012).

Sample preparation is generally a very tedious and time-consuming step of the whole
analytical method, estimated to account for the two thirds of the overall analytical time,
while it can be the cause and source of much error and inaccuracy (Berrueta et al.,
1995; Schoenmakers, 2012). Additionally, conventional extraction methods including
liquid-liquid extraction (LLE), Soxhlet extraction, and solid-phase extraction (SPE),
although still widely accepted by the scientific community, they entail the use of
significant amounts of very expensive and environmentally unfriendly solvents
(Trujillo-Rodriguez et al., 2020). Accordingly, basic principles of green analytical

chemistry (GAC), involving the elimination to reduction of organic toxic solvents
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(solventless extraction techniques), the elimination of reagents displaying high
toxicity, the decrease of energy consumption and the low sample volume requirements
for the successful effectuation of an analytical procedure, should be considered in

modern “green” analytical chemistry (Nogueira, 2015; Wardencki et al., 2007).

Under these circumstances, ideas like miniaturization of extraction steps, automation,
integration and simplification became the underlying conceptions for the effectuation
of microscale or miniaturized versions of the aforementioned conventional extraction
methods discussed above (C. Ribeiro et al., 2014; Schoenmakers, 2012; Trujillo-
Rodriguez et al., 2020). For trace analysis, notably, direct microextraction of
predominantly volatile and semi-volatile compounds from solid, liquid and gaseous
matrices has been enabled through the years with the development of sorption-based
methods as they have been proven as the best option for this particular group of analytes
(Nogueira, 2015).

1.2. CLASSIFICATION OF  EXTRACTION
TECHNIQUES

Figure 1.1 gives a categorization of extraction techniques according to the fundamental
principles that govern the different extraction approaches (Pawliszyn, 2003). Typically,
the calibration step is omitted in an exhaustive extraction technique. This could be
explained by the argument that the majority of the analytes of interest are transferred
to the given extraction phase with the utilization of enormous amounts of it (Pawliszyn,
2003; Thurman & Mills, 1998). As an attempt to avoid time consuming processes as
well as minimize the amount of solvents used for the effectuation of exhaustive
removal, batch equilibrium techniques are as a general rule outweighed by flow-though
techniques (Pawliszyn, 2003; Thurman & Mills, 1998). Essentially, the procedure that
is pursued in both sorbent trap techniques and SPE, entails the passing of big bulks of
volume of sample through a small cartridge packed with a sorbent material. This
procedure results to an effective mass transfer (Pawliszyn, 2003; Thurman & Mills,
1998). Then, by desorption of the target compounds into a minimal solvent volume,
enrichment of the analytes is carried out successfully (Pawliszyn, 2003; Thurman &
Mills, 1998). The rinsing of the target analytes from the sample matrix is actualized
with compressed and inert gas at atmospheric conditions, in SFE and purge-and-trap

methods, correspondingly. In the Soxhlet extraction technique the solvent’s boiling
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point is the activator for the analytes of interest to be consistently removed by the
solvent (Dean, 1998; Pawliszyn, 2003). In PFE techniques, small volumes of organic
solvent are employed to accomplish enrichment alongside with extraction. This is
explained by the enhanced elution strength and solvent capacity at elevated

temperatures and pressures (Dean, 1998; Pawliszyn, 2003).

| Extraction Techniques |
I
| | ]
Flow Through Equilibrium Batch Equilibrium Steady State Exhaustive
and Pre-equilibrium and Pre-equilibrium and non-Exhaustive
| |
| ' | |
| Exhaustive | |Non-Exhausiive| | Exhaustive | |Non-Exhaustive|
—|Purge and Trapl \—{ In-tube SPME | —I LLE | Headspace |
o ] ||
H  Sorbents | SPME |

PFE

Figure 1.1. Classification of extraction techniques (Pawliszyn, 2003).

In non-exhaustive extraction approaches the capacity of the extracting phase is
considered significantly small and inadequate to remove the bulk of the target analytes
from the sample matrix, mainly due to the is the limited volume of the extractant with
respect to the sample volume (Handley, 1999; Pawliszyn, 2003). Such small volumes
of extractants have been utilized in microextraction techniques such as solvent
microextraction (F. F. Cantwell & Losier, 2002), SPME (Pawliszyn, 1997), SBSE
(Baltussen, Sandra, David, & Cramers, 1999) etc. A low sample matrix-extracting
phase distribution constant has been recorded as well in gaseous headspace techniques
(Vitenberg et al., 1984). Non-exhaustive techniques are categorized on the grounds of
equilibrium, preequilibrium and permeation (Handley, 1999). The usage of a very
small volume of extraction phase in relation to the sample volume or a low partition
coefficient among the extraction phase and the sample matrix is what distinguishes
equilibrium techniques from other methods (Bao & Dasgupta, 1992). Preequilibrium
conditions are executed by breaking contact between the extraction phase and the
sample matrix prior to the equilibrium (Pawliszyn, 2003). Lastly, in permeation

techniques, a concurrent re-extraction of the analytes of interest ensures that constant
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steady-state transfer of the target analytes is achieved successfully (Pawliszyn, 2003).

Such an example could be the membrane extraction (Noble & Stern, 1995).

1.2.1. Liquid based extraction techniques

Liquid-liquid extraction (LLE), commonly known as solvent extraction, is a typical
ternary system in the chemical engineering field. Its function is to separate chemicals
from one solution to the other on the basis of the different solubility of the solute in
two solvents (J. Zhang & Hu, 2013). The solute which is dissolved in diluent, is
extracted from the diluent and dissolved into another solvent, the extractant. More
specifically, initially the extractant solvent is added to the diluent (in which the solute
is dissolved), which should be immiscible with the diluent (J. Zhang & Hu, 2013). The
second step involves the mixing of the two aforementioned solvents in order to achieve
significant improvement of their interface (J. Zhang & Hu, 2013). Then, most
frequently, the extractant or diluent forms droplets as a result of the surface tension.
The solute then chooses the host solvent in agreement with its different solubility in
extractant and diluent. A well thought-out extraction system should have the solute
primarily dissolved in the extractant, where from this point on, the solute can be
collected from the extractant with evaporation or distillation (J. Zhang & Hu, 2013).
Conventionally, the whole process is taking place in a separatory funnel (F. F. Cantwell
& Losier, 2002; Craig & Craig, 1956; Irving & Williams, 1961). There the mixture of
the two solvents is stirred while drops are disseminating between them. A conclusion
of the agitation accomplishes drop fusion, and finally the bulk liquid phases are
separated from one another (F. F. Cantwell & Losier, 2002; Craig & Craig, 1956; Irving
& Williams, 1961). LLE in comparison with other batch-type phase distribution
techniques provides significant linear sample capacities (F. F. Cantwell & Losier,
2002). Instant quantitative analysis either by a gas or liquid chromatographic system is
yet another of its great advantages. Lastly, its immense use over the last few decades,
which has been recorded in literature, makes information about LLE accessible to
analytical scientists globally in comparison with other techniques (F. F. Cantwell &
Losier, 2002).

However, LLE has some significant drawbacks that outweigh its aforesaid advantages.
The use of substantial volumes of toxic organic solvents, the fairly large volumes of

sample volumes demanded, the requirement of use of ultra-pure solvents, the formation

31



of emulsions and the fact that the whole procedure could be time consuming
considering the necessity of multiple successive extraction processes required, are only

a few of them (Berrueta et al., 1995).

1.2.2. Liquid based microextraction techniques

Over the last decades the increased demand for accurate and miniaturized methods of
sample preparation within the analytical chemistry field has led to the development of
liquid-phase microextraction (LPME) which ultimately utilizes small volumes of
liquids and organic solvents to perform analytical extractions (Pawliszyn & Pedersen-
Bjergaard, 2006). Accordingly, many analytical approaches on the base of solvent
microextraction have been developed with new set-ups and techniques (Schoenmakers,
2012).

The most straightforward technique that derived from the LPME approach is called
single drop microextraction (SDME). It was established in 1996 where the utilization
of small single micro-droplets of water insoluble organic solvent suspended from the
tip of GC micro-syringes was introduced for the first time (Jeannot & Cantwell, 1996;
H. Liu & Dasgupta, 1996; Pawliszyn & Pedersen-Bjergaard, 2006).

In this technique, the micro-drop is either immersed in the aqueous sample or
suspended to the headspace of the vial above the sample. Extractant volumes can vary
from 1uL to 8uL while aqueous sample volumes range from 1 to 10mL. SDME is
essentially considered an equilibrium technique (Schoenmakers, 2012). Hence, the
overall simplicity of this particular analytical process with its potential for (semi)-
automatic performance, and the practicability of acquiring ready for analysis extracts,
has led to the scientific acceptance and swift development of this environmentally
friendly technique in various analytical chemistry research fields (Schoenmakers,
2012).

The time demanded to attain equilibrium conditions in SDME can vary from seconds
to hours dependent upon a plethora of parameters from the degree of agitation and
phase volumes to the equilibrium distribution constant, leading the procedure to be
performed under non-equilibrium conditions most of the times (Jeannot et al., 2010).

The extraction of the analytes is not completely exhaustive, as most of the time small
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amounts of the target compounds still remain present in the sample solution at
equilibrium, being the aftermath of the small volume ratio between the organic drop

and the aqueous sample (Jeannot et al., 2010; Kailasa et al., 2021).

Jeannot and Cantwell proposed a model for equilibrium and mass transfer in a two-
phase-liquid-liquid microextraction system (A. F. Cantwell et al., 1996; Jeannot &
Cantwell, 1996). The equilibrium concentration of analyte in the organic phase (Co.eq)

can be expressed as follows:

KCS

Coeq = KC =—
o.eq W.ed 14KV, /Vy

(1.1)

where K is the equilibrium distribution constant, C,, ., is the equilibrium concentration
in the aqueous phase, Cj, the initial concentration in the aqueous phase and V,and V,,
are the organic and aqueous volumes correspondingly (A. F. Cantwell et al., 1996;
Jeannot & Cantwell, 1996).

Accordingly, at equilibrium the distribution coefficient D, is expressed by the

following equation:

D= Corgeq¥u (1.2)

CageqVw—Corg,eqVo

where Cyrgeq is the concentration of the organic phase at equilibrium, Cqqeqthe
concentration of the analyte in the aqueous phase at equilibrium and V,and V}, are the
organic and aqueous volumes accordingly (A. F. Cantwell et al., 1996; Jeannot &
Cantwell, 1996).

The slow diffusion rates renders the transport of analyte molecules from the aqueous
bulk solution to the microdrop of organic phase, difficult (Jeannot et al., 2010). The
goal is to eliminate as much as possible the distance over which the diffusion occurs.
In that case, magnetic stirring or mechanical vibration in order to increase the

interfacial contact area and the diffusion distance could help (Jeannot et al., 2010).

Direct-immersion SDME (DI-SDME) is founded on the exposure of a microdrop of a
water-immiscible extractant, which is suspended on the tip of a microsyringe needle,
to an aqueous sample (Pena-Pereira et al., 2009). Upon the conclusion of the extraction
the microdrop is withdrawn back to the microsyringe and injected into the appropriate

detector for analysis. The key factor in this type of extraction procedure is use of target

33



analytes that are more soluble in the extractant phase than the aqueous one (Pena-
Pereira et al., 2009). DI-SDME has been rendered beneficial for the extraction of non-
polar and semivolatile analytes from water samples with limited amounts of particulate
or dissolved matter (Ma & Cantwell, 1999). Polar analytes extraction has been
accomplished with the devise of a modification called liquid-liquid-liquid micro-
extraction (LLLME) (Ma & Cantwell, 1999). Some of the disadvantages of this
particular method is primarily the instability of the microdrop in the case of high
agitation rates and high temperatures, and secondly the unsuitability of usage of
solvents with low boiling points due to their elevated rate of evaporation (Pena-Pereira
etal., 2009).

Headspace SDME (HS-SDME) was firstly introduced by Theis et al. as a sample
preparation technique allowing the preconcentration of compounds of volatile and
semi-volatile nature into a microdrop which is exposed to the headspace above the
sample of interest (Pena-Pereira et al., 2009). HS-SDME is recommended mainly as a
means of preconcentration of volatile and non-polar analytes with appliance to
aqueous, gaseous and solid sample matrices. Various techniques like the agitation of
the sample solution to improve mass transfer in the aqueous phase can be recruited,
accelerating thus the attainment of thermodynamic equilibrium between the aqueous

and vapor phases drastically (Pena-Pereira et al., 2009; Theis et al., 2001).

In order to reduce the equilibrium times needed during headspace microextraction,
approaches such as heating the sample have been employed, which unfortunately could
lead to decomposition of the sample as well as favoring of the gas phase over the
extracting one (Psillakis, 2020). An alternative technique is the sampling under reduced
atmospheric pressure condition called which accelerates significantly the extraction
Kinetics effectuating faster equilibration times. This particular technique is called
vacuum-assisted HS-SDME (Vac-HS-SDME) and was introduced for the first time by
by Trujillo-Rodriguez et al., managing to accomplish faster equilibration times for
short-chain free fatty acids when in comparison with regular atmospheric pressure
(Trujillo-Rodriguez, Pino, & Anderson, 2017). Psillakis et. al, later brought into
fruition a quantification numerical model of the pressure dependance of extraction
yields, applying the theory on experimental data using polycyclic aromatic

hydrocarbons as the target analytes (Psillakis et al., 2019).
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Microsyring > Simple SDME procedure

Dropof_|
solvent

mode 5o

Figure 1.2. Basic configurations for SDME and steps in the SDME immersion mode (Schoenmakers,
2012).

Amongst other techniques developed was the hollow fiber-protected two-phase solvent
microextraction (HF(2)ME), which was presented for the first time by He and Lee in
1997 (Y. He & Lee, 1997). This particular technique includes a small-diameter
polypropylene tube which is the “hollow fiber” and in which the extracting solvent is
enclosed while the tube remains sealed at one end. The open end of the hollow fiber is
affixed to a micro-syringe needle which would have been previously used to load the
fiber with the extracting organic solvent (Kokosa et al., 2009). The fiber then with the
extracting solvent would be immersed to the aqueous sample matrix under
investigation for a preset period time so as to allow the target analytes to migrate
through its walls. After the passage of the preselected extraction time, the solvent
enriched with the target analytes would be withdrawn back into the syringe and finally
transferred to the analytical instrument for analysis (Kokosa et al., 2009). Thus, it can
be concluded that HF(2)ME, is a liquid-liquid membrane extraction (Kokosa et al.,

2009).

Guiding tube
Porous hollow Cap
fiber ~

Sample vial
Acceptor
soluton | Sample

Figure 1.3. Schematic illustration of set-up for hollow fiber LPME (Pawliszyn & Pedersen-Bjergaard,
2006).

In 2006 Assadi and his group introduced the dispersive liquid-liquid microextraction
(DLLME) (Rezaee et al., 2006) which is considered an alteration of miniaturized LLE.

In this technique, 10-50puL of a water immiscible solvent are dissolved in 0.5-2mL of
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water soluble solvent and then swiftly injected with a syringe to the aqueous sample of
interest (Rezaee et al., 2006). Small micro-drops of the water immiscible solvent are
formed and dispersed inside the aqueous sample as a product of the rapid injection of
the mixture of organic solvents. The target analytes are rapidly extracted by the micro-
drops formulated (Rezaee et al., 2006). The enriched organic phase is then separated
from the aqueous mass through centrifugation and transferred to the analytical
instrument for analysis. The technique was initially focused on the determination of
non-polar analytes (Rezaee et al., 2006), but later it was used also for the determination
of polar analytes (Fattahi et al., 2007; J. Liu et al., 2011).

Other approaches of modes of LPME involve liquid phase microextraction based on
solidification of floating organic drop (LPME-SFO) (Khalili Zanjani et al., 2007),
supported liquid membrane (SLM) (Audunsson, 1986; A. Jonsson & Mathiasson,
2000), microporous membrane liquid-liquid extraction (MMLLE) (J. A. Jonsson &
Mathiasson, 2001, 1999), microextraction using immiscible liquid films including
liquid — liquid microextraction (two-phase system) (Y. He & Lee, 1997), and liquid
— liquid — liquid microextraction using back-extraction (three-phase system) (Ma &
Cantwell, 1998, 1999) and vortex — assisted liquid — liquid microextraction
(VALLME) (Yiantzi etal., 2016).

1.2.3. Solvent-free sample preparation techniques
1.2.3.1. Gas-phase sample preparation methods

Analysis of compounds with the use of gas chromatography from the sample’s
headspace is an effective approach in order to evade problems connected with liquid
sample handling and injection, such as contamination (Aguinaga et al., 2008; Kolb &
Ettre, 2006; Kremser et al., 2016). At its core, this sampling technique revolves around
the fact that substances in an aqueous or generally a liquid matrix equilibrate in relation
to the concentrations between the sample solution and the gaseous phase above it
(Kremser et al., 2016). Upon the effectuation of phase equilibrium, the deliverance of
an aliquot of the headspace gas is effectuated with the use of a gastight syringe straight
to the gas chromatography injector. This specific approach of sampling is called static
headspace sampling as it is occuring under static conditions in the sampler (Kolb &

Ettre, 2006; Kremser et al., 2016). Numerous analytical instruments have applied its
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automated approach through the years since its first appearance in 1958 (Bovijn et al.,
1958). The principal drawback of the static headspace-GC approach however is its
limited sensitivity in comparison with other dynamic headspace techniques (Snow &
Slack, 2002). On the other side of the spectrum, dynamic headspace purge-and-trap
sampling, entails the passing of carrier gas through a liquid sample, whose volatile
analytes are trapped on a sorbent material and finally desorbed onto GC (Snow &
Slack, 2002). In this case, exhaustive extraction is actually manageable, as the sample
headspace is being depleted of analytes continuously, and ideally, both the sample
solution’s and the headspace’s analytes are subsequently transferred to the sorbent
phase (Kremser et al., 2016). Dynamic headspace purge-and-trap sampling is
performed regularly and its one of the easiest methods for the analysis of low
concentrations of volatile organic analytes in agueous matrices, since its introduction
in 1970’s after the launching of Tenax as a commercial adsorbent (Snow & Slack,
2002; Zlatkis et al., 1973).

A technique that is capable of removing semi-volatile analytes at ambient temperatures
is supercritical fluid extraction (SFE). In this particular gas-phase sample preparation
approach, a liquid such as compressed carbon dioxide is acting as an extractant in order
to retract the aforementioned compounds (Chester et al., 1994; Hawthorne, 1990;
Pawliszyn, 1993). The most significant parameter of a supercritical fluid is the
combination of both gas like mass transfer and liquid like solvating characteristics. It
is beneficial for the analysis of thermally unstable analytes as it has the innate capacity
to extract non-volatile compounds at room temperature (Chester et al., 1994,
Hawthorne, 1990; Pawliszyn, 1993). Unfortunately, it is its impractical heavy
equipment that makes SFE challenging on instances such as in situ field analysis
(Chester et al., 1994; Hawthorne, 1990; Pawliszyn, 1993).

1.2.3.2. Membrane extraction methods

Microporous, highly hydrophobic flat or tubular-shaped membranes are commonly
used in a technique called “gas diffusion” which has been introduced in flow-through
systems and which is rooted in the separation of volatile compounds from a sample
solution through an aforementioned gas-permeable membrane into a receiver liquid
solution (Mir6 & Frenzel, 2004). Another technique is membrane based passive

sampling that is widely implemented in a pre-valve position intending to supply the
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analytical column of a liquid or a gas chromatograph with an interference-free
permeate plug or performed within a continuous flow configuration with direct
hyphenation to a flow through detector (Mir6 & Frenzel, 2004). In gas-to-gas transfer,
transfer of gaseous compounds through a semi-permeable membrane into a gaseous
receiver has been utilized to effectuate separation of gases from one another on the
basis of their different permeability. In this instance, the distribution of the gaseous
compounds between the air sample and the membrane relies upon the chemical
composition of the membrane used (Mir6é & Frenzel, 2004). In gas-to-liquid transfer,
soluble trace gases permeate a polymeric membrane and get trapped into a recipient
aqueous stream as compact species, which could be chemically derivatized and the
liquid then injected to an appropriate flow-through detection unit (Miré & Frenzel,
2004).

Non-porous membrane extraction provides an overall increased degree of selectivity
and high influence on enrichment along with the conveniency of possible automation
in chromatographic and other analytical instruments (J. A. Jonsson & Mathiasson,
2000).

In supported liquid membrane extraction (SLM), initially introduced by Audunsson in
1986 (Audunsson, 1986), an organic solvent is held in the pores of a hydrophobic
porous membrane utilizing capillary forces. The liquid membrane proper is the liquid
in these pores, between and in contact with the two aqueous phases (J. A. Jonsson &
Mathiasson, 1999). In microporous membrane liquid-liquid extraction (MLLE), which
is more appropriate than SLM for hydrophobic analytes, the acceptor is an organic
solvent which shapes the liquid membrane by packing the pores in the porous
hydrophobic membrane (J. A. Jonsson & Mathiasson, 1999). In polymeric membrane
extraction a plethora of implementation has been performed so far. One of the most
routinely used materials of membrane is that of the durable silicon rubber. In an
aqueous-polymer-organic approach, the organic solvent normally permeates the
polymeric material resulting in its substantial swelling, comparably to MMLE (J. A.
Jonsson & Mathiasson, 2000). In the membrane extraction with a sorbent interface
approach (MESI), a gaseous acceptor phase is used which is more suitable and
appropriate for gas chromatography analysis (Handley, 1999; J. A. Jonsson &
Mathiasson, 2000; Pratt & Pawliszyn, 1992). This particular technique can be used for

both gaseous and aqueous samples. The set-up is composed of a membrane component
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(typically a silicon rubber hollow fiber), into which the target compounds are extracted
from the given sample. Subsequently, gas flows through the fiber and carries the
compound molecules from the membrane into a cooled cold trap. Through thermal
desorption from the sorbent trap the analytes are then transferred to GC for analysis
(Handley, 1999; J. A. Jonsson & Mathiasson, 2000; Pratt & Pawliszyn, 1992). A hybrid
technique inspired by LPME and electrophoresis called electromembrane
microextraction (EME) was also introduced utilizing both passive diffusion and
electro-migration (Ocafna-Gonzalez et al., 2016). Essentially, EME, which was firstly
introduced in 2006 (Pedersen-Bjergaard, S., Rasmussen, K. E., 2006) , is a liquid-phase
microextraction concept designed to meet the needs of selective extraction and pre-
concentration of target analytes from aqueous samples, where charged analytes are
typically drug substances and the aqueous sample is a biological fluid such as blood or
urine (Pedersen-Bjergaard, S. et al., 2017). Under the influence of an electric field,
charged compound molecules from the sample migrate towards the opposite charged
electrode residing in the acceptor solution, crossing a supported liqguid membrane, and
then they are consequently trapped in an acceptor solution as a result of ionization and
direction of the electric field (Ocafia-Gonzalez et al., 2016). This specific approach, is
a selective and green analytical chemistry membrane extraction technique widely
studied the last few years particularly in the sector of pharmaceuticals, but also in
environmental and food applications as well. (Huang et al., 2015, Pedersen-Bjergaard,
S. et al., 2017). A chip format which is essentially a downscaling of EME was
introduced in 2010, recording a variety of advantages such as selective extraction
removing the high ionic strength of biological samples and fast kinetics with exact
control of the beginning (Petersen, N.J., Jensen, H., Hansen, S.H. et al., 2010). Lastly,
parallel artificial liquid membrane extraction (PALME), a new approach in the
direction of liquid-liquid-liquid membrane extraction was presented in 2013, where a
donor plate and acceptor plate create a sandwich, in which each sample (in this case
human plasma) and acceptor solution is spaced apart by an artificial liquid membrane
(Gjelstad, A. et al., 2013). PALME is a modification of hollow-fiber liquid-phase
microextraction, where the hollow fibers are replaced by flat membranes in a 96-well
plate format (Gjelstad, A. etal., 2013).
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1.2.3.3. Sorption-based extraction methods

Solid phase extraction (SPE), has been mentioned for about 35-40 years. However, the
aforementioned duration of time is only referring to the flourish of this groundbreaking
method, whose origins of conception and first experimental implementations are
extending back to seven decades ago (Liska, 2000). The basic principle of SPE is that
the target compounds to be extracted are partitioned between a solid phase (adsorbent
material) and a sample matrix (Berrueta et al., 1995). The analytes in question should
have a higher affinity for the solid phase than for the liquid, proving the effectiveness
of the adsorbent material. Initially, the sample matrix is placed in an appropriate vessel
combined with the solid phase, where shaking of the mixture occurs for a preset period
of time (Berrueta et al., 1995). Then, filtration or elutriation of the two phases is
performed following the attainment of the distribution equilibrium between the solid
and liquid phase. In that case, if the adsorbent material was effectual the compound of
interest will be mainly in the solid phase, having being extracted from the sample
matrix (Berrueta et al., 1995). The analyte can then be desorbed by the solid phase with
the utilization of an effective solvent (Berrueta et al., 1995). SPE is generally
considered one of the most broadly acknowledged techniques regarding pre-
concentration and clean-up of compounds from aqueous samples. The broad range of
sorbents available at a commercial level as well as the introduction of novel sorbent
materials exhibiting significant retention of polar compounds, higher loading capacities
and overall selectivity (e.g. ISPEs and MIPs), renders this method of extraction quite
popular for compounds with diverse polarities and chemical structures (Fontanals et
al., 2007; Schoenmakers, 2012; Tamayo et al., 2007). In on-line SPE, the sorbent
material is packed in a short stainless-steel column, integrated as part of the analytical
instrument commonly as part of the sample loop (Berrueta et al., 1995; Hyotylainen,
2007; Pichon, 2000). The cleanup and analyte retention are succeeded through the
injection of the sample in the solid phase cartridge, from where the target analytes are
washed out from the SPE column to the column of the analytical instrument with the
use of the appropriate mobile phase solvent with the aim of separation and detection
(Camel, 2003; C. He et al., 2007; Pichon, 2000).
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Figure 1.4. A typical solid phase extraction manifold. The cartridges drip into the chamber below, where
tubes collect the effluent. A vacuum port with gauge is used to control the vacuum applied to the
chamber.

The microextraction by packed sorbent (MEPS), which is essentially a miniaturized
sample preparation method and an automated version of SPE, was developed in 2004
by Abdel-Rehim (Abdel-Rehim, 2011; Liska, 2000). In this specific technique, the
sorbent packing material is arranged at the top of a syringe needle, while a small
volume of an aqueous sample is ejected and withdrawn so preconcentration of the
target compounds on the sorbent could be achieved successfully (Schoenmakers,
2012). After a subsequent elution of the analytes to a specific solvent, transfer of the

liquid sample to the GC injection port could be effectuated (Schoenmakers, 2012).

Anastassiades et al. presented in 2003 a novel advancement in the sphere of SPE, called
QUECHhERS (Anastassiades et al., 2003). The aforementioned method is considered to
be a very straightforward sample preparation technique predicated on liquid partition
with organic solvent succeeded by a cleanup step of dispersive solid extraction (dSPE)
(C. Ribeiro et al.,, 2014). Its relative cheap procedure in combination with a
substantially good recovery and reproducibility render it as a widely utilized methods
used in analytical chemistry laboratories on a global basis, analyzing a broad spectrum

of compounds and matrices (C. Ribeiro et al., 2014).

In dispersive solid phase (dSPE), a fraction of the sample extracted is placed in a tube
which contains a limited amount of the SPE sorbent and a drying agent. Following
mixing of this particular mixture, the sorbent material is separated commonly by the

utilization of centrifugation (C. Ribeiro et al., 2014). The main role of the sorbent used
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is to withhold the matrix molecules and interference, and not the target analytes (C.
Ribeiro et al., 2014).

1.2.3.4.Solid-phase microextraction (SPME)

Solid-phase microextraction is a groundbreaking approach based on sorptive extraction
that was primarily presented by Pawliszyn’s group in 1990 (Arthur & Pawliszyn,
1990). The main objective of the formation of SPME was the ever increasing demand
for accelerated sample preparation, both in laboratory and on-site (Pawliszyn &
Pedersen-Bjergaard, 2006). The successful pairing of SPME with GC, lead to the
research and analysis of various groups of organic pollutants in aqueous matrices,
while maintaining a remarkable sensitivity (Liska, 2000). Amongst the different groups
of compounds of interest analyzed are pesticides (Eisert & Levsen, 1995),
nitroaromatics (Horng & Huang, 1994), phenols (Buchholz & Pawliszyn, 1994) and
volatile organic compounds (Page & Lacroix, 1993; Potter & Pawliszyn, 1992).
Despite SPME being an equilibrium and non-exhaustive approach, the scientific
community has established it as a fast, reproducible, miniaturized and green technique
(Schoenmakers, 2012).
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Figure 1.5. Commercial SPME device (Lord & Pawliszyn, 2000).
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Figure 1.6. Configurations of SPME (Lord & Pawliszyn, 2000).

In SPME, a small amount of extracting phase (fiber) disseminated on a solid support is
subject to the sample under investigation for a preset period of time (Pawliszyn &
Pedersen-Bjergaard, 2006). The fiber’s relative small size and shape of the fiber
enables it to fit easily inside the needle of a syringe-like apparatus. In that case, the
fiber can be readily exposed (as it is attached to the syringe plunger) for extraction or
retraction for storage (Baltussen et al., 2002). The sampling procedure could be
effectuated in two modes, depended upon the nature of the target analytes, their
polarities and volatility: the direct immersion (DI-SPME) and the headspace (HS-
SPME) (C. Ribeiro et al., 2014). In DI-SPME the fiber is immersed within the sample
matrix. It is commonly applied to polar or nonvolatile analytes with subsequent GC or
LC analysis (Malik et al., 2006; A. Ribeiro et al., 2002; C. Ribeiro etal., 2014). In HS-
SPME, the fiber is exposed to the vapor phase of each target sample, being thus a more
suitable option used for the research of volatile compounds accompanied by GC or
GC-MS analysis (C. Ribeiro et al., 2014).

The small amount of the extracting phase is set in contact with the sample for a fixed
period of time, within which if significant, a concentration equilibrium between the
extractant and the sample matrix is actualized (Lord & Pawliszyn, 2000). It is important
to note, that this procedure is a non-exhaustive one, thus, prolonged exposure of the
fiber would not give rise to the accumulation of more of the target analytes. SPME as
a matter of fact is a multiphase equilibrium process. A two phase system consists of

the sample (homogeneous matrix) and the extracting fiber phase while a three phase
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system is composed of the sample matrix, the extracting phase and the gaseous
headspace of the sample (Lord & Pawliszyn, 2000). As a rule, SPME extraction is
deemed as complete when the analyte concentration has attained distribution
equilibrium between the sample matrix and the fiber coating (Lord & Pawliszyn, 2000).
In simpler terms, this can be translated as the point when no matter of the prolongation
of the extraction time the extracted amount of target analytes is steady (Lord &

Pawliszyn, 2000). The equilibrium conditions can be expressed as:

KfsVsco
KpsV etV

(1.3)

where n is the number of moles extracted by the fiber coating, K is the fiber
coating/sample matrix distribution constant, V is the fiber coating volume, Vs is the
sample volume and C, is the initial concentration of the target analyte in the sample
each time (Louch et al., 1992).

In case of a big sample volume (such a case is a field analysis) the aforementioned

equation is modified to:
(Lord & Pawliszyn, 2000).

The distribution coefficients and the thickness of the fiber coating are responsible for
the partition of the compounds between the sample solution and the sorbent material.
More bulky fiber coatings can lead to the extraction of larger amounts of the target
analytes in comparison with thin coatings and thus are preferrable for volatile
compounds facilitating transfer of these analytes without any loss chromatographically
(Wardencki et al., 2007). A thinner layer of fiber coating is recommended in the case
of preconcentration of target compounds with high boiling points, succeeding a much

faster chromatographic analysis (Wardencki et al., 2007).

On the other hand, the fiber type is impactful upon the amount and nature of the sorbed
analytes (Gorecki et al., 1999). The key aspect in the selection of the most effectual
fiber coating is that “like attracts like”. In that case, nonpolar and polar analytes are

sorbed on nonpolar and polar fiber coatings, accordingly (Wardencki et al., 2007).

The most commonly used fiber material, especially for environmental analysis is

polydimethylsiloxane (PDMS) (sub-ppm detection limits). PDMS is thermally stable,
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with well-known physicochemical properties while requiring smaller extraction times
(Wardencki et al., 2007).

Other commercially available coatings include polyacrylate (PA), divinylbenzene
(DVB), Carboxen (CAR), and Carbowax (CW), in addition to fibers with a variety of

different thicknesses and combinations of coatings.

While working on enhancing the extraction efficiencies apart from the fiber’s material

and thickness of coating, other parameters should be considered as well.

The sample volume should be significantly limited when higher extraction yields are
aimed (Pawliszyn, 1997). The transfer of the analyte molecules from the solution to
the headspace can be assisted in an elevated temperature, as the distribution constant
(Kns), depends on temperature and accordingly increases in the case of a rising
temperature, even though caution must be given to excessive increases in temperature
as decomposition of the fiber might occur (Wardencki et al., 2007). Extraction time
has also been proven a powerful tool to enhance extraction efficiency as prolonged
times of exposure can result in more analyte molecules attaching to the fiber coating
(Z. Zhang & Pawliszyn, 1993). A reduction in solubility of the target analytes with the
addition of an appropriate salting out agent in the sample can also affect positively the

yielded extraction performance (Wu et al., 2000).

Regarding the use of the operational modes in order to boost the extraction efficiency
of the SPME method, emphasis has been given to the headspace mode. More
particularly, Pawliszyn and his team actualized the idea of warming up the sample at
elevated temperatures while simultaneously maintaining the fiber at low temperatures
(Carasek et al., 2007; Z. Zhang & Pawliszyn, 1995). In this innovative way, faster
transfer of the analytes from the sample to the headspace is effectuated by the heating
of the sample enhancing thus the partition coefficient (Trujillo-Rodriguez et al., 2020).
Psillakis et. al proposed in 2012 a novel sampling method in order to improve the mass
transfer from the sample solution to the headspace by reducing the atmospheric
pressure conditions by adding a step of air evacuation of the sample’s vial prior to HS-
SPME (Psillakis, Yiantzi, et al., 2012). Although the amount of analytes extracted in
the equilibrium state with the use of reduced pressure conditions they were proven to
be the same as in regular atmospheric pressure, for those analytes whole Henry’s rate

constant was low, the reduced pressure was proven to be beneficial as it assisted them
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to transfer from the sample to the headspace faster (Psillakis, 2017; Trujillo-Rodriguez
et al., 2020; Trujillo-Rodriguez, Pino, Psillakis, et al., 2017). This effect leads to
significantly faster times of reaching equilibrium conditions under mild temperatures.
One of the most important aspects of this method is that the enhanced extraction yields
are appearing already in the pre-equilibrium state (Psillakis, 2017; Trujillo-Rodriguez
et al., 2020; Trujillo-Rodriguez, Pino, Psillakis, et al., 2017).

1.3. STIR BAR SORPTIVE EXTRACTION (SBSE)

Stir bar sorptive extraction (SBSE) was primarily introduced in 1999 by Baltussen and
his team as a novel technique in an attempt to develop an extraction method that is both
a solventless sample preparation method and in accordance with the principles already
established by green analytical chemistry (Baltussen, Sandra, David, & Cramers, 1999;
Floréncio Nogueira, 2017). The final product of their work offered extraction and
enrichment of organic compounds by aqueous matrices, in one single step (David &
Sandra, 2007). Aside from its others assets, this technique displays fast and relatively
easy manipulation combined with low sample volume requirements, reutilization and
easy synergistic combination with modern analytic chemistry instrumentation
(Nogueira, 2015).

In spite of the fact that SBSE is established upon the same principles with SPME, as
opposed to its predecessor, it demonstrates a higher sensitivity, robustness, capacity
for sorbent phase and capability for the detection of trace and even ultra-trace organic
compounds in real water matrices (Nogueira, 2015) . In actuality, the volume of
extraction phase in SBSE is up to 50-250 times larger compared with the equivalent
one of typical SPME fibers (David & Sandra, 2007). The degradation of the fiber, the
low specificity demanding the use of different fiber materials and displacement effects
due to matrix effects and other limitations imposed by SPME are finally partially
overcome with the higher amount of solid phase extractant used in SBSE (Camino-
Sanchez et al., 2014).
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Figure 1.7. Diagram summarizing the most currently used sorption-based methods for trace analysis of

volatile and semi-volatile compounds from all types of matrices (Nogueira, 2012).

SBSE has been trademarked worldwide under the commercial name of Twister.
Essentially, its structure consists of a magnetic stir bar incorporated into a glass jacket
(10-20mm in length), with typical PDMS coating volumes ranging from 24 to 126 pL
(Nogueira, 2015). Its original conception and development was derived from an
observation of a significant deviation between theory and the yielded experimental data
in SPME on PDMS, pointing towards a scientific argument on sorption vs. adsorption
phenomena (Yang et al., 1998). Further investigation shed light to the fact that during
SPME extraction of highly non-polar solutes adsorption phenomena were taking place
on the Teflon stir bar used for agitating the sample while sorption on the PDMS was
simultaneously occurring (Baltussen, Sandra, David, Janssen, et al., 1999). Thus, the

development of SBSE was implemented (Baltussen, Sandra, David, & Cramers, 1999).

1.3.1. Principles of SBSE

Polydimethylsiloxane (PDMS), the sorbent used, is a non-polar polymeric phase that
fosters hydrophobic interactions with the target molecules. The retention mechanism
is effectuated mainly through van der Waals forces even though hydrogen bonds can
be established as well with the oxygen atoms present in the PDMS, whose diffusion
and thermostable properties render it suitable to operate under a wide range of

temperatures (Nogueira, 2015; Seethapathy & Gorecki, 2012).
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Figure 1.8. Analytical device used for stir-bar sorptive extraction [SBSE(PDMS)] (Nogueira, 2015).

The partitioning coefficient between the PDMS and the aqueous phase is the basic
premise under which SBSE is operating, being known that it is an equilibrium
extraction technique (David & Sandra, 2007). Several past studies have associated the
partitioning coefficient with the octanol-water distribution coefficients (Kow) and the
phase ratio p (David & Sandra, 2007).

The equations that govern the partition between the liquid and stationary phases are:

MsBSE Kow/B
= 1.5
mg 1+(Kow/B) (1.5)

Recovery(%) = (Kow/B)/(1 + Ko w/B) x100% (1.6)

B _ volume of sample _ Vw (1.7)

" volume of stationary phase B VppMs

Where msgse is the mass of the target analyte in the sorbent phase and m, is the mass

of the target analyte in the aqueous solution (Camino-Sanchez et al., 2014).

The lower phase ratio  explained by the considerable volume of the stationary phase,
leads to high capacity and quantitative recoveries mainly in target analytes of
hydrophobic nature (Floréncio Nogueira, 2017). Thus, the volume of stationary phase
employed in an SBSE device is responsible for achieving higher extraction yields over
SPME (Camino-Sanchez et al., 2014).

On the basis of a constant Ko for a target solute, the phase ratio could therefore be
optimized each time. Figure 1.9 represents the theoretical efficiency of SBSE against

log Kow (Nogueira, 2015). As the sample volume becomes lower, higher extraction
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yields are being noticed. A similar pattern is evident in the case of higher

hydrophobicity (Nogueira, 2015).

1004
S
3 801
c
@
= 60
% f = 1,000
© = 10,000
2 40 e 3 = 100,000
o
3
204
|_
0 T T L] 1
0 2 4 6 8

log Kow
Figure 1.9. Influence of the phase ratio () on the theoretical efficiency of SBSE(PDMS) against log
Kow (Nogueira, 2015).

1.3.2. Extraction Modes for coated stir bars of PDMS and different
materials

SBSE sampling can be performed in two basic modes, where the coated stir bar can get
in contact with the target analytes in question, either by direct extraction (immersion)
or by headspace extraction, depending on the hydrophobicity and volatility of the
aforementioned solutes. Other less used modes, depending on the material of the

stationary phase of the stir bar, should be discussed as well.

Firstly, enrichment or extraction of the target analytes is effectuated from the sample
bulk to the stationary phase through an adsorption process (Nogueira, 2015). Secondly,
back-extraction of the analytes from the stationary phase is achieved through thermal
or liquid desorption. In this context SBSE is a static microextraction technique
(Nogueira, 2015).

In the direct extraction (immersion) mode, more commonly known as SBSE, the
polymer coated stir bar is added inside a headspace vial filled with the aqueous sample
under investigation and it is stirred under steady state conditions for a preset period of
time (Prieto et al., 2010). Upon the conclusion of extraction, the stir bar is removed,
rinsed with distilled water and wiped with a lint-free tissue. After sorption the stir bar

can be desorbed either chemically in a liquid or thermally in a gas chromatography
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inlet (Prieto et al., 2010). The importance of the rinsing step is paramount, especially
on the grounds of complex matrices where non-volatile compounds can block the

desorption process (Prieto et al., 2010).

In the headspace extraction mode, commonly known as headspace solvent extraction
or HSSE, the sampling and simultaneous extraction process is materialized by
suspending the stir bar on the top of the vial, while the sorbent is in static contact with
the vapor phase of the sample in question (Nogueira, 2015). It is preferred for volatile
analytes and by circumventing the contact with the sample, potential contamination
can be eliminated (Nogueira, 2015). It was firstly introduced by Bicchi et. al in their

work of analysis of roasted arabica coffee and coffee brew (Bicchi et al., 2002).

Another approach used in order to overcome the problems aroused where different
classes of target analytes are being investigated, is multi-mode assays. The first
technique involves the extraction of a matrix with the utilization of different assays
with one stir bar per sample, under the same or different experimental conditions
(Nogueira, 2012). In another scenario, more than one stir bars can be used while being

subsequently simultaneously desorbed (Nogueira, 2012).

As mentioned above, after extraction, the target compounds can be inserted into the
analytical instrument quantitatively by thermal desorption (TD) or back extraction with
the use of an appropriate organic solvent (liquid desorption, LD). TD is considered an
on-line approach and it restricted to thermally stable and semi-volatile analytes. TD
can be manifested with the usage of a glass tube in a separate unit for bake-out purposes
(~350°C), paired with a GC analytical system (Nogueira, 2012). One of its many
advantages is the achievement of high sensitivity since the entire sample can be
channeled into the GC instrument, rendering automation quite applicable (Nogueira,
2012) . On the other hand, LD is an off-line approach, where after the extraction the
stir bar can be completely immersed inside a glass insert filled with an organic solvent
(e.g., methanol, acetonitrile etc.) for a preset period of time so desorption can be
successfully effectuated. LD is more suitable for semi-volatile to non-volatile analytes,
and it can be coupled with a plethora of analytical instruments such as liquid
chromatography (LC), capillary electrophoresis (CE), gas chromatography (GC) etc
(Nogueira, 2012). One of its many advantages is the possibility of multiple reanalysis

of the same sample (Nogueira, 2012).
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Figure 1.10. Extraction using absorptive (a) and adsorptive (b) extraction phases immediately after

exposure of the phase to the sample t =0 and after completion of the extraction t=te (Pawliszyn, 2003).

While PDMS is the stationary phase of choice by researchers worldwide, other phases
have been developed and promoted through a significant amount of works. The use of
sol-gel technology was utilized for the development of thin 30um layers of PDMS on
stirring rods (W. Liu et al., 2004, 2005). Efforts for the extraction of caffeine and
metabolites in biological fluids were made using a coated restricted access material
(RAM) on stir bars (Lambert et al., 2005). Bicchi et. al, (Bicchi et al., 2005), introduced
in another of their works the use of a dual phase stir bar in both of the aforementioned
SBSE and HSSE modes. The composition of these stir bars was comprised of an outer
PDMS coating and a carbon adsorbent material in the inner part (David & Sandra,
2007). Increased extraction yields and much better recoveries were recorded with the
use of this particular stir bar for polar solutes in water as well as for significantly
volatile compounds (David & Sandra, 2007). Polypropylene (PP) microporous
membranes and PDMS rods have been used as well for the concentration from medium
to low polarity analytes (Nogueira, 2012). As of recently, PDMS/ethylene glycol (EG)
stir bards have been available commercially albeit with a lack of applications proposed
(Nogueira, 2012).
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1.3.3. Optimization parameters for SBSE

There are multiple ways to boost and assist in the improvement of recoveries in SBSE.
Some of the most studied variables with respect to the extraction steps that should be
followed for the ultimate optimization of an SBSE technique are the amount of sorbent,
the sample volume and equilibrium time, extraction time, pH, temperature, stirring rate,

ionic strength, matrix effect and addition of organic modifiers.

In SBSE the extraction efficiency depends on a considerable degree on the amount of
sorbent material used. More specifically, in cases where there are non-qualitative
conditions of extraction a higher amount of stationary phase assists in the extraction of
the target analytes and facilitating higher extraction yields as an overall outcome
(Vallez-Gomis et al., 2021). Attention must be paid though, as larger sorbent volumes
can lead to proportionally larger stir bars which could ultimately affect the extraction
efficiency negatively as bigger desorption volumes will be needed in the case of LD
(Vallez-Gomis et al., 2021). Representatively, Leon et. al in their study of 35 priority
semi-volatile compounds recorded a higher number of extracted analytes for the
20mmx0.5mm, 47uL. PDMS coated stir-bars in comparison with the 10mmx=0.5mm,
24l ones, as it should be expected (Leon et al., 2003). An interesting observation was
disclosed by the scientific team of Franc et. al with an increase in sensitivity of more

polar compounds with the use of higher PDMS volumes (Franc et al., 2009).

One of the most versatile ways to achieve improvement in recoveries in SBSE is a
corresponding increase in the sample volume. The aforementioned idea can be applied
to the point where the loss of extraction efficiency subdues the gain of mass analyte, in
accordance with eg. (1.5) (Camino-Sanchez et al., 2014). The equilibrium constant (K¢)
(ratio between the concentration of the analyte in the stationary phase and in the
sample) is closely interconnected with Komw. It should be noted that the eq. (1.5) is
applicable only under conditions when equilibrium is reached (Camino-Sanchez et al.,
2014). Under these circumstances, the higher the volumes of both the sample and the
stationary phase are, the longer are the equilibration times that are demanded. This
observation is setting SBSE apart from SPME where the volumes of the sorbent are

vastly lower (Camino-Sanchez et al., 2014).
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For analytes with acidic or basic properties, sample pH is a significant parameter to
be taken into consideration. The goal is for the pH to be adjusted in such a way so that
the solute can be obtained in its non-ionic form, thus giving rise to higher extraction
efficiencies (Prieto et al., 2010). It should be noted though that an extremely acidic
(pH<2) or basic (pH>9) environment degrade faster the stationary PDMS phase,
ultimately reducing the number of extraction cycles a stir bar can perform (Franc et al.,
2009; Melo et al., 2009).

A key element for manipulating the extraction Kinetics in order to achieve higher
extraction yields is the stirring rate. This process is explained by the fact that thinning
the boundary layer between the stir bar and the sample solution can be proven a key
factor for faster extraction kinetics (W. Liu et al., 2005; Prieto et al., 2010). Caution
should be given in the case of substantially high stirring rates as they can physical
damage to the stir bar due to a constant contact with the bottom of the sampling vial
(W. Liu et al., 2005; Prieto et al., 2010). According to many researchers, the effect of
the stirring rate to the extraction yields is prominent mostly at values 500-750 rpm, as
in higher values no effect is mostly recorded as poor homogeneity can be one of the
main causes (Quintana et al., 2007; Serodio & Nogueira, 2005; Yu & Hu, 2009).

lonic strength is yet another worth mentioning parameter affecting the solubility of
the analytes and accordingly the extraction efficiency. Based on the salting-out effect,
with an increase of the ionic strength, the solubility of less polar analytes of interest
decreases, leading to a higher partitioning of these particular analytes onto the sorbent
(Ochiai etal., 2002, 2006; Quintana et al., 2007). Nonetheless, a significant increase in
the salt addition could lead to a hindering of the mass transfer process as viscosity also
increases within the sample bulk (Quintana et al., 2007; Vallez-Gomis et al., 2021). In
the case of non-polar analytes (logko,w>3.5) addition of salt lead to reduction in the
extraction efficiency (Chaves et al., 2007; Rodil & Moeder, 2008; Zuin et al., 2005).

Matrix effect could be regarded as one of the principal constraints of SBSE. This
happens because the adsorption of the compounds of interest onto the organic matter
surface competes with the sorption of the same analytes in the stir bar. Matrix effect
can be presented not only as organic or suspended soils but as any substance present in
the sample matrix that can cause a three-phase partitioning of the analyte amongst the

solvent, sorbent and the competitor (Camino-Sanchez et al., 2014). Two solutions to
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the problem of matrix could be implemented. A dilution of the sample in question, until
the matrix effects are unsignificant as well as the implementation of a matrix-matched
calibration that can also leave LOQ and LOD unaffected (Camino-Sanchez et al.,
2014).

Extraction time is another critical parameter to be considered when aiming to achieve
higher extraction efficiencies and one of the most documented variables. As a general
rule, this parameter is studied after the determination of the other fixed parameters
discussed earlier. In that case, the time profiles are investigated so that an equilibration
time could be obtained. It is critical that the contact time between the donor phase and
the sorbent is sufficient enough for the equilibration time to be reached whether
quantitation extraction is the aim or not (Vallez-Gomis et al., 2021). Working under
equilibrium conditions can be a guarantee for maximum sensitivity and precision.
Nevertheless many researches choose to sacrifice these conditions so as to lessen the
overall analysis time (Guan et al., 2008; Melo et al., 2009; Popp et al., 2005; Quintana
etal., 2007).

1.4. THE EFFECT OF VACUUM IN HEADSPACE
MICROEXTRACTION SAMPLING

1.4.1. Background and history

During headspace microextraction sampling, the uptake of analytes from the sorbent
material used, was always favored in the case of volatiles, in comparison with
semivolatiles (Pawliszyn, 2011). For this particular category of compounds, several
optimization techniques such as prolonged extraction times, heating and stirring of the
sample were applied, but to no dramatic effect (Pawliszyn, 2011). An alternative way
of accelerating the kinetics and attaining therefore faster equilibration times, is
headspace sampling under reduced pressure conditions (Psillakis, 2020). Brunton et. al
applied for the first time low pressure conditions in their sampling studies, while
Darouzes et. al validated the procedure (Brunton et al., 2001; Darrouzés et al., 2005) .
In 2012 Psillakis et. al introduced water samples in pre-evacuated sample vials,
forming a new sampling technique named vacuum-assisted HSSPME (Vac-HSSPME),
while also developing a theoretical model, that was corroborated experimentally, to

support their claims of a positively affected pre-equilibrium HSSPME sampling for
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target analytes with low affinity for the headspace (Psillakis, 2017; Psillakis,
Mousouraki, et al., 2012; Psillakis, Yiantzi, et al., 2012). Vac-HSSPME was later
applied in the sampling of solid matrices (Yiantzi et al., 2015), as well as significant
range of other types of matrices (Capetti et al., 2020; Orazbayeva et al., 2018), and
food matrices like wine (Vakinti et al., 2019), dairy products (Sykora et al., 2020;
Trujillo-Rodriguez, Pino, Psillakis, et al., 2017), extra virgin olive oil (Mascrez et al.,
2020), and fish (Delbecque et al., 2022). The effectiveness of the sampling under low
pressure conditions was tested as well for other types of sorptive microextraction
techniques. Notably, Trujillo-Rodriguez et al. tested the vacuum conditions of
sampling in SDME, developing a method termed vacuum-assisted HS-SDME (Vac-
HS-SDME), which proved that free fatty acids can be extracted in significantly faster
equilibration times than in regular atmospheric conditions (Trujillo-Rodriguez, Pino,
& Anderson, 2017). Psillakis et. al then, brought into fruition a quantification
numerical model of the pressure dependance of extraction yields, applying the theory
on experimental data using polycyclic aromatic hydrocarbons as the target analytes
(Psillakis et al., 2019). Solomou et. al proposed in 2020 a procedure of headspace
sampling employing SBSE, called vacuum-assisted headspace sorptive extraction
(Vac-HSSE) (Solomou etal., 2020). Lastly, in 2022 Yiantzi et. al proposed a headspace
sampling technique using TFME, termed vacuum-assisted headspace thin-film
microextraction (Vac-HS-TFME) (Yiantzi et al., 2022).

1.4.2. Theoretical considerations

At this point it is crucial to state that the theory underlying the Kinetics of the
evaporation step in HSSE is similar to that formulated for HS-SPME (Nogueira, 2015;
Tienpont et al., 2000), while also HSSE’s pressure dependence has been demonstrated
and experimentally verified (Psillakis, 2017; Psillakis, Yiantzi, et al., 2012; Yiantzi et
al., 2015). Therefore, the theoretical aspects concerning the headspace/PDMS

interfacial system are the matter of concern here.
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1.4.2.1. Pressure (in)dependence at equilibrium and pressure dependence
at pre-equilibrium conditions of headspace sampling from water samples

Headspace microextraction in its pre-equilibrium stage is characterized by two
significant steps: (i) the volatilization/evaporation step and (ii) the absorption of the
analyte in question by the extracting phase (Psillakis, 2020). The first step occurs in the
sample/headspace system while the second one in the headspace/extractant system
(Psillakis, 2020). Depending on the nature of the studied analytes, the sample matrix,
the extracting phase etc. each of the aforementioned steps can be a limiting or boosting

parameter to determine the extraction process (Psillakis, 2020).

At this point, it is imperative to mention that partial pressures and equilibrium
concentrations are independent of the total pressure in equilibrium, based on the
grounds that, partition coefficients and Henry law’s constants are only affected at
extremely high pressures only (Psillakis, 2017). In that case, the amount of analyte
molecules extracted under regular or vacuum conditions is the same, and hence,
independent of the total pressure at the equilibrium phase (Psillakis, 2017; Psillakis,
Yiantzi, et al., 2012). On the contrary, it was proven in past research, that HSSPME
sampling under low pressure conditions in nonequilibrium, could result in higher
extraction yields as evaporation rates can be highly boosted in an air-evacuated
headspace (Psillakis, Yiantzi, et al., 2012). A theoretical model was also developed as
part of the aforementioned research which established for the very first time the
pressure dependence of HSSPME sampling under nonequilibrium conditions
(Psillakis, Yiantzi, et al., 2012):

dcs

Vi— = —K,A(C;, - C) (1.8),

S dt
where:

Ci (mol m~3) is the concentration of the analyte at the water/air interface,
A is the interfacial contact area between the sample and the gas phase and

KL (m h™) is the overall mass transfer coefficient at the gas phase—sample interface

related to the evaporation rate constant (k; h™*) (Psillakis, Yiantzi, et al., 2012).
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1.4.2.2. The Kn criterion: A way to predict the effect of vacuum on
headspace/PDMS sampling from water or water-containing samples

Headspace sampling, such as HSSPME or HSSE, is a multi-stage process involving
mass transfer in three stages (sample, headspace and fiber) and across two interfaces
(sample/headspace and headspace/fiber) (David & Sandra, 2007). The sample is
initially left to come to equilibration conditions with the headspace prior to the
introduction of the SPME fiber or coated stir bar (Psillakis, 2017). Following that, the
fiber is exposed to the headspace in order to sorb the molecules of the analyte from the
already enriched gaseous phase (Psillakis, 2017). In the case of analytes with high
affinity for the vapor phase, that are characterized by high Ky value, the extracted
amount of analyte, during that stage, is relatively small, which results in a fast
equilibration process between the three phases described above (Psillakis, 2017). For
analytes having a low predisposition to escape the headspace (low Ky value), a rapid
uptake of analytes by the fiber is followed by low headspace concentrations that fall
below the equilibrium level, rendering this particular equilibration process to be rather
slow, as more analyte molecules have to be transferred from the sample to the
headspace (Gorecki et al., 1998; Psillakis, 2017).
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Fig. 1.11. Representation of the HSSPME experimental setup and the two-film model of the gas-liquid

interface where: (w), (g) and (f) are the water, gas and SPME fiber phases; Cg and Cw are the

concentrations in the bulk gas- and water-phases respectively (Psillakis, 2017).

In order to prefigure the effect of vacuum in both the volatilization/evaporation step
but also in the efficiency of the whole extraction procedure the paradigm that was

proposed by Psillakis et. al in 2012 was the Ky criterion which is essentially based on
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the Henry’s Law of the target analytes that are under investigation each time (Psillakis,
2020; Psillakis, Mousouraki, et al., 2012). In accordance with this criterion, the
analytes’ in question values of Ky are being compared with experimental threshold
values. These threshold values stem from the two-film hypothesis, which was initially
used to explain the pressure dependence during the evaporation stage from liquid
samples, and thoroughly presented in Fig. 1.11 (Mascrez et al., 2020; Psillakis, 2017,
Psillakis, Mousouraki, et al., 2012; Psillakis, Yiantzi, et al., 2012).

The overall mass transfer coefficient at the gas phase—sample interface related to the
evaporation rate constant, used in function (1.8), was described for the first time with
the use of the two-film hypothesis taking into consideration that the overall resistance
to mass transfer is a byproduct of resistances through the gas and liquid thin films
contiguous to the gas — liquid interface (Liss & Slater, 1974; Mackay & Wolkoff,
1973):

K, = [l + i]-l (1.9),

ki Kukg
where:

ko and kg (m h™) are the liquid-film and gas-film mass-transfer coefficients

respectively,

Ku (atm m3 mol ;1 atm = 1.01 x 10° Pa) is the Henry’s law constant defined as the

ratio of partial pressure to aqueous concentration,
T is the absolute temperature (K) and
R is the gas constant (8.2 x 107> m® atm mol™t K1),

According to this model, the aqueous sample and the headspace are well mixed and
only the liquid and gas thin stagnant films which are adjacent to the air/water interface
contain a concentration gradient (Liss & Slater, 1974; Mackay & Wolkoff, 1973).
Additionally, the mass transfer resistance stems from resistances between the
aforementioned thin films (Liss & Slater, 1974; Mackay & Wolkoff, 1973; Psillakis,
2017). The properties of the analytes have a significant impact on whether the
resistance will be pinpointed in the liquid-film, gas-film, or both. All assumptions
considered above, lowering the sampling pressure during the pre-equilibrium stage is

bound to limit the gas-phase resistance, for analytes with low Ky values, leading to
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faster mass transfer of the analytes while the diffusion and mass transfer coefficients
are being increased (Psillakis, 2017). On the other side, for analytes characterized by
liquid-phase resistance, which is not affected by the headspace pressure conditions, the
effect of vacuum is not able to affect the headspace extraction process (Psillakis, 2017;
Psillakis, Mousouraki, et al., 2012; Psillakis, Yiantzi, etal., 2012).

The Ky criterion therefore is an aftermath of the extensive past Vac-HSSPME
investigations with an applicability of predicting the impact of the vacuum effect on
HSSPME sampling of water samples as well as soil-water mixtures (Glykioti et al.,
2016; Psillakis, Mousouraki, et al., 2012; Trujillo-Rodriguez, Pino, Psillakis, et al.,
2017; Yiantzi etal., 2015, 2016). Fig. 1.12 links the different ranges of Ky values with
the location the phase resistance is being noticed and the predicted effect of vacuum
sampling on HSSPME which could apply as noted before also in the case of HSSE
(Psillakis, 2017).

More specifically:

e Analytes with Henry’s Law constant Kn < 1.6x10™* atm m?® mol™ and
especially Kn <1.2x1074 atm m3®mol~ showed higher extraction yields under
low pressure conditions, indicating that sampling under vacuum can potentially
be beneficial for semi-volatile and volatile analytes (Psillakis, 2020, 2017;
Psillakis, Mousouraki, et al., 2012). This hypothesis can be verified from the
fact that for analytes with the aforementioned Ky values, gas-phase resistance
is responsible for dominating more than 50-95% of the evaporation rate (Lee et
al., 2004; Mackay & Wolkoff, 1973; Psillakis, 2017; Smith et al., 1980).

e Analytes with Kn > 1.6x10~* atm m® mol™ and especially Kn > 5x107* atm
m3 mol=, were proven to be unaffected by the vacuum sampling setting, as for
these analytes liquid-phase resistance starts to control more than 50-95% of the

overall evaporation rate (Mackay & Wolkoff, 1973; Smith et al., 1980).
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Fig. 1.12. Ranges of Henry's law constant associated with the location of the resistance on evaporation
rates and the predicted effect of vacuum on HSSPME sampling of water and water-containing samples
(Psillakis, 2017).

Nevertheless, the aforementioned above Ky criterion, should be considered with
discretion in the step of analyte uptake by the extracting phase as it will not always
work in the same manner as in the volatilization/evaporation step, meaning that even
if the Ky criterion is not being fulfilled by the studied analytes, vacuum conditions
could assist the overall analyte uptake (Psillakis, 2020). Such an instance could be the
high uptake of naphthalene in the case of Vac-HS-SDME and Vac-HSSE sampling,
even if this particular analyte is characterized by a relatively high Ky constant value
(Psillakis, 2020; Psillakis et al., 2019; Solomou et al., 2020).

1.4.2.3. The effect of vacuum on headspace sampling of analytes with high
affinity for the extracting phases or extracting phase of different volumes

For analytes with a high affinity for the extracting phase, or in the case of extracting
phases of a specific geometry or high volume (Schnobrich & Jeannot, 2008) or slow
mass transfer of the analytes inside the extracting phase (Kenessov et al., 2019;
Psillakis et al., 2019), the second step of the analyte uptake by the extractant can be a
time consuming process, leading to longer demanded time frames in order to achieve
equilibrium conditions (Psillakis, 2020). For analytes with high affinity for the
extractant or with extracting phases with high capacity, the prolonged equilibration
times needed can be explained by the tose, Which is the time necessary so that the
analyte’s concentration can reach equilibrium in the PDMS extracting phase (Psillakis,
2020; Qin et al., 2008).
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SKfS(b—a)
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toso, = 3 (1.10)

N

where (b—a) is the thickness of PDMS extraction phase, Ds is the diffusion coefficient
of the analyte in the sample, and Kss is the analyte’s distribution coefficient between
extracting phase (in the case of HS-SPME is the fiber) and sample (Qin et al., 2008).

This function shows that large partition coefficients lead to large tose, as well as the
fact that high capacity sorbent phases can result in longer equilibration times. In that
case, coated stir bars, which have significant PDMS volumes, can take longer times to
reach equilibrium conditions in comparison with SPME fibers whose extracting phases

are much smaller in capacity (Solomou et al., 2020).

In relation to the mass transfer of the analytes within the extracting phase during pre-
equilibrium headspace conditions two cases were examined. In the case of HS-SDME,
if hindrances related to diffusion inside the microdrop are insignificant, then low
pressure conditions could be proven ideal for accelerating the analyte’s adsorption by
the microdrop (Psillakis, 2020; Psillakis et al., 2019). As regards HSSE, analyte uptake
was proved to be faster when operating under vacuum conditions in comparison with

regular atmospheric pressure (Solomou et al., 2020).

1.4.3. Parameters studied during method optimization

The effect of vacuum can be used in combination with some other specific parameters
during the optimization stage in order to effectuate faster equilibration times and higher
extraction yields. The assortment of different parameters to be tested alongside the
effect of vacuum mostly depends on the nature of the compounds tested each time, the

nature and properties of the extractant material used, as well as the nature of the matrix.

One of the most crucial points to examine is the air-evacuation step, which includes
the suction of the air from the sample container before the initiation of the extraction
process. The air-evacuation step is most commonly accomplished with the use of a
vacuum pump where the air is suctioned out of the vial by piercing the septa attached

to a specifically designed cap (Sykora et al., 2020).

In the case of solid matrices the air evacuation is happening simultaneously and shortly
after the introduction of the sample into the container (Orazbayeva et al., 2018; Yiantzi

et al., 2015). The situation is different in the case of liquid samples where the air-
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evacuation step can be performed prior or after the introduction of the sample into the
container (Solomou et al., 2020; Yiantzi et al., 2016). In both cases of solid and liquid
samples the volatility of the studied compounds can define the level under which there
is loss of the more volatile compounds due to aspiration (Capetti et al., 2020; Psillakis,
2020; Yiantzi et al., 2015). This limitation can be eliminated by sufficiently reducing
the air-evacuation time to the minimum, around 1 min, or by freezing the sample in
question prior to air-evacuation to effectuated the reduction of analytes in the
headspace or their aspiration during the whole air-suctioning process (Capetti et al.,
2020; Orazbayeva et al., 2018; Psillakis, 2020). It was proven that the extracting phase
was not affected negatively when exposed to the air-evacuation step in the case of
VAC-HSSE (Solomou et al., 2020).

The temperature of the sample during extraction is another crucial factor to consider
when optimizing under vacuum conditions. Although in the case of volatile compounds
warming up the sample is not necessary as room temperature can be applied and yield
satisfactory results, the situation is not the same for semi-volatile analytes that need an
extra boost to be effectively transported to the headspace. In the case of semi-volatile
compounds heating up the sample can lead to significant reductions of the equilibration
times and to an overall speeding up of the extraction process (Psillakis, Yiantzi, et al.,
2012). Unfortunately, on an experimental basis this was not always the case as
extracting under high temperatures has many times led to low extraction efficiencies,
explained by the affect produced humidity has in combination with an absorbent type
of extractant such as PDMS (Psillakis, 2020). Additionally, it has been scientifically
proven that heating up the sample leads to high vapor pressure which increases the total
pressure inside the vial and therefore cancels the effect of vacuum (Psillakis, 2020;
Vakinti et al., 2019).

Despite the aforementioned considerations extracting under vacuum conditions favors
the application of milder temperatures as it has been proven to effectively yield similar
extraction efficiencies with those under regular atmospheric conditions and much
higher temperatures, as well as prolonging the longevity of the extractant material used

each time (Solomou et al., 2020).

Extraction time is another parameter to be considered when coupled with extracting

under vacuum conditions. Sampling under vacuum conditions was proven to yield
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impressively higher extraction efficiencies at half the time needed under atmospheric
conditions. This is an important observation to consider as it works not only in the case
of analytes with a low affinity for the headspace but also for extractants constituted
with a high capacity sorbent material as in the case of a coated stir bar in HSSE whose
surface area to volume ratio leads to long equilibration times (Solomou et al., 2020).
On the other hand, when dealing with absorbent type of materials as the extractant
phase it is advisable to eliminate the extraction time so as to avoid the development of
the effect of competitive adsorption (Trujillo-Rodriguez, Pino, Psillakis, et al., 2017).
In those cases, a fast analyte uptake can succeed to a faster effectuation of an absorbent
maximum which will be progressively lower to that documented under regular

atmospheric conditions (Psillakis, 2020).

An important, last parameter to consider is the effect of matrix, when sampling under
vacuum. The challenges scientifically faced here, in the case of complex matrices, are
similar to those recorded when sampling under regular conditions. Nevertheless, a
larger number of analytes can be extracted from complex samples compared with the
standard methodology (Psillakis, 2020). In the case of complex oil samples, the richer
volatile profile obtained under vacuum compared with regular pressure resulted in
partial co-elution of analytes, giving thus the opportunity for a more detailed future
two - dimensional GCMS analysis to explore untargeted analytes (Mascrez et al., 2020;
Psillakis, 2020). Another worth mentioning application is the Vac-HS-SPME sampling
of haloanisoles from wine samples (Vakinti et al., 2019). Despite wine’s high content
in ethanol and a plethora of other volatile compounds that could both stimulate changes
in the solubilities of analytes in the headspace and compete with the haloanisoles for
binding sites on the porous material of PDMS, plus the possible increase of the total
pressure within the sample vial due to the ethanol which could inhibit the positive effect
of sampling under vacuum conditions (Trujillo-Rodriguez, Pino, Psillakis, et al., 2017),
results from the study showed that sampling for 30 min at 25 °C could yield lower
detection limits than those with regular HS-SPME sampling for 30 min at 55 °C
(Vakintietal., 2019). Lastly, soil samples were notably the first type of complex matrix
to be successfully investigated with Vac-HS-SPME (Orazbayeva et al., 2018; Yiantzi
et al., 2015). The addition of water to the soil samples created a slurry consistency and

enhanced significantly the release of analytes into the headspace (Yiantzi et al., 2015).
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1.5. HISORB SORPTIVE EXTRACTION

The HiSorb Sorptive Extraction technique, a solid phase microextraction technique,
emerged in 2018 by Markes International alongside with the Centri, an entirely
automated multimode platform orchestrated to sample and concentrate for GC-MS
(Dugheri et al., 2020, 2022). The Centri autosampler presented a customized injection
port for their thermal desorption (Dugheri et al., 2020, 2022).

HiSorb Extraction Technique is a non-exhaustive approach, launched by Markes
International Inc. in 2016. Its launching established the commercialization of a new
extraction medium, that of the HiSorb. A HiSorb, is essentially a PDMS extraction
probe. The probes are constituted by a thin rod of inert material around of which a short
sleeve of polydimethyloxane rubber is wrapped, serving as a sorbent phase (Dugheri
et al., 2020). Two lengths of probes are readily available commercially, to allow
immersive or headspace sampling in 10 or 20 mL vials (MARKES International, n.d.).
The HiSorb Agitator, an extraction medium is designed to facilitate the stirring and
heating of the sample, concurrently (MARKES International, n.d.). The probes are then
washed with deionized water to rinse off the presence of any matrix residue (MARKES
International, n.d.). The probe is then inserted into a standard TD tube for analysis by
a TD-GC-MS (MARKES International, n.d.). The combination of a larger volume of
PDMS sorbent phase fixed on a more robust metal probe than SPME provides high
sensitivity and protection from matrix interferences, simultaneously (Dugheri et al.,
2022). Furthermore, its adaptability for using both for headspace or immersive
sampling of liquids and solid samples while being also compatible with TD-GC-MS
by the use of standard industry tubes makes it a very flexible analytical tool in the
sample preparation field (MARKES International, n.d.).

The coupling of the HiSorb probes by TD analysis is offering quite a few key
advantages. A wide analyte range of compounds of interest can be samples and
analyzed as backflush operation permits the tubes to be packed with sorbents of a broad
spectrum of strengths without the heavier analytes being bound to the stronger sorbent
materials (MARKES International, n.d.). The two — stage desorption process offers a
higher sensitivity as it allows concentration enhancements of the HiSorb tubes up to
108, while leading to a cleaner chromatographic system with the avoidance of solvent

artifacts and thus a greater analytical quality as the narrow — bore focusing trap permits

64



a highly concentrated band of vapour to be introduced to the GC system as a part of
the splitless operation (MARKES International, n.d.). A disadvantage that could be
noted is that with the higher sorbent phase capacity and the concurrent slow thermal
desorption process, the development of broader chromatographic peaks is a commonly
occurring problem, which fortunately can be solved with a band focusing interface
(Paivaetal., 2021).

The sorbent phase has the ability to pre-concentrate volatile and semi-volatile analytes
from gaseous and aqueous samples when coupled with thermal desorption, rendering
HiSorb extraction an excellent sorbent extraction technique with high analytical
potential (Brown et al., 2021). Various research projects have conducted over the last
few years by authors mainly concentrating on food and aroma analysis such as flavor
profiling of milk and premium tea as well as volatile analysis of milk powder (Cheng
et al., 2021; Roberts, 2016), flavor profiling of beverages (Barden & Lara, 2017) ,
brewed coffee volatiles (Eggermont et al., 2022) and sampling volatiles from

fragranced consumer products (Kelly & Barden, 2018) among many.

1.6. PHOTODEGRADATION

1.6.1. Degradation mechanisms

Pharmaceuticals and organic pollutants in general, are a diverse group of chemical
compounds that have been considered an emerging pollutant, especially when in
combination with their metabolites and corresponding degradation products. The main
sources of pharmaceutical products can be classified as domestic (through improper
disposal of sewage) and medical wastewater discharge, where the aforementioned
compounds in their unmetabolized state or with their active metabolites, are excreted
through human urine or feces (Bavumiragira et al., 2022). The issue is often amplified
by the inability of WWTPs to effectively eradicate them from their influents
(Bavumiragira et al., 2022).

Upon their release into the environment through treated or unprocessed wastewater,
organic pollutants, are contingent on various transport and degradation processes,

where they end up accumulating or bioaccumulating in the natural ecosystems causing
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a series of complications to many non-target organisms (Arnold & McNeill, 2007;

Bavumiragira et al., 2022).

The physical processes include mainly transport processes (volatilization, wet
deposition, dispersion, sedimentation, resuspension, soil or sediment mixing and
diffusion) (Holt, 2000). These processes that are based on transport, define the variation
in spatial and temporal distribution of a chemical in the environment. The chemical
and biological processes include transformation reactions (biodegradation, hydrolysis,
photolysis, speciation) (Holt, 2000). Photolysis and biodegradation are amongst the
most important degradation processes as they can cleanse the environment in an

organic and physical manner (Holt, 2000) .

The various degradation techniques can be effectuated in different rates which are
dependent upon the type of the compound, the matrix in which the compound is
present, as well as the characteristic environmental factors affecting a specific matrix.
The byproducts of the original compound can be more or less harmful for the
environment (Dabrowska et al., 2005; Holt, 2000).

1.6.2. Photolysis processes

One of the most important features of photochemical processes is the use of light
hydrolysable (Bavumiragira et al., 2022). Photodegradation is an essential abiotic
degradation process of organic compounds in the aquatic environment. The whole
process is led by solar radiation, where a parent compound is transformed into other
molecules by breaking covalent bonds. The byproducts formed are usually
biodegradable and hydrolysable (Bavumiragira etal., 2022). The use of these processes
for organic pollutant degradation and disinfection has been well documented for many
decades now, and although energy absorption leads to photo-degradation, some
compounds are still resistant and are not able to photolyze (Gmurek et al., 2017). In
these cases, photochemical processes are applied in the presence of additional oxidants
and/or catalysts. The efficiency of photochemical processes lies in the fact that they are
premised on the generation of reactive and short-lived oxygen intermediates, such as
hydroxyl radicals or sulfate radicals (Gmurek et al., 2017). The photodegradation
mechanism proceeds until the total mineralization of pollutants, with the release of

carbon dioxide, water and inorganic acids (Gmurek et al., 2017).
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In the process of photodegradation, various parameters such as pH, temperature, type
of matrix and various impurities (salts, soils etc.) are crucial in the formation of stable
or toxic compounds (Gothwal & Shashidhar, 2015). Photodegradation processes
achieve mineralization and concurrent disinfection of the waste with two possible
reactions, including: a) photodegradation based on the effect of UV radiation,
excitation and degradation of the molecules of organic compounds and b) the indirect
oxidation of organics of pollutants under UV radiation, in the presence of various
oxidizing reagents, such as Oz, H202, HSO’™ and S;0g*>" (Oturan & Aaron, 2014;
Parsons, 2004).

In direct photolysis an organic compound absorbs light directly and undergoes
disintegration, meaning that the target compound absorbs a solar photon for the
procedure to initiate (Arnold & McNeill, 2007; Rivera-Utrilla et al., 2013). The action
and solar spectrum are primarily responsible for the rate of photon absorption (Arnold
& McNeill, 2007; Rivera-Utrilla et al., 2013). The rate of direct photolysis is heavily
influenced by the compound structure, as the molecule’s capability to absorb a type of
radiation can increase its energy to reach an excited state and thus lead to bond rapture
(Arnold & McNeill, 2007; Rivera-Utrilla et al., 2013). The degradation depends on the
radiation wavelength (1), compound molar capacity (g) and quantum yield (®) based

on the following equation (1.11):

___ka
T 2.303E,¢,

@, (1.11),

where k; is the degradation kinetic constant at a given A (s?), Ey is the energy emitted
by the source (Eistein s*m), ¢, is the absorption coefficient od the compound at the
given A (m?mol?) and @, is the quantum yield at a given A (mol Einsten') (Rivera-
Utrilla et al., 2013).

The quantum efficiency of the reaction can also be defined as the rate of photochemical

conversion to the rate of absorption of photons by the system as follows:

dc
_ _ar
P, = e (1.12)
where,

d . .
- d—i : the rate of the photochemical reaction (mol-L1-s71)
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I, (A) : the rate of absorption of photons by the organic compound at wavelength A, in

mol-L st (Parsons, 2004).

The value of the quantum efficiency depends on several factors, such as the wavelength
of the radiation, the pH of the solution, the concentration of the pollutant, the
temperature, the type of solvent as well as the concentration of dissolved oxygen
(Parsons, 2004).

The second law of photochemistry or Starck-Einstein law states that each molecule
participating in a chemical reaction induced by radiation absorbs only one photon of
incident radiation (Parsons, 2004). According to this law, the value of the quantum
efficiency usually does not exceed 1 (Parsons, 2004). However, its value can be bigger
than 1 when photochemical reactions occur involving thermal chain reactions between

photochemically generated free radicals (Parsons, 2004).

As a rule, the concentrations of organic pollutants in water and waste are very small
and this leads to low radiation absorption (Parsons, 2004). In addition, most organic
pollutants have a low quantum yield (Parsons, 2004). Because of the aforementioned
limitations, the application of direct photolysis in industrial applications is therefore
limited (Parsons, 2004).

Various scientific investigations have been focused over the years in direct photolysis
including, UV-induced transformation of 2, 3-dibromo-5, 6-dimethyl-1, 4-
benzoquinone in water and treated wastewater (Kourounioti et al., 2019), of 2, 4-
dinitrotoluene in various water solutions analyzing further the effect of dissolved
species (Mihas et al., 2007), of estrogens in aqueous solutions (B. Liu & Liu, 2004), of

sulfamethoxazole and ibuprofen (Luo et al., 2018), among others.

On the other hand, in indirect photolysis the target compound cannot absorb light as
another chromophore such as dissolved organic matter (DOM) which is present in
natural waters and acts as a sensitizing species. In this instance, in a typical indirect
photodegradation mechanism, the majority of the times, the sensitizer absorbs light and
as a consequence it reacts in a direct manner with the substrate (Arnold & McNeill,
2007). The importance of the indirect photolysis in the photochemical fate of a specific
compound can be decided via the addition of dissolved organic matter (Arnold &
McNeill, 2007). A speedup of the degradation process can denote the significance of

dissolved organic matter and the positive contribution of indirect photolysis (Arnold &
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McNeill, 2007). The indirect photolysis is based on the production of various strong
oxidizing chemical species, such as hydroxyl free radicals (HO*®) and sulfate radicals
(SO4°*7), the first formed by the effect of ultraviolet radiation in the presence of H20,
while the second ones by the presence of persulfate anions, such as the monopersulfate
anion (HSO"") and the persulfate anion (S20g?") (Dewil et al., 2017; Parsons, 2004).
The sulfate radicals aim to oxidize the organic pollutants dissolved in the aqueous
phase, so at to achieve their complete mineralization, i.e conversion to water, carbon

dioxide and inorganic ions (Dewil et al., 2017; Parsons, 2004).

1.6.3. Basic principles of photolysis

According to the wave-particle theory, which was developed in 1905 by Albert
Einstein, electromagnetic radiation can behave both as a wave and a particle. The
relationship that connects the wavelength of electromagnetic radiation A (in m) and the

frequency f (in s1), also known as the basic wave equation, is the following:
c=21-f (113)
where ¢ = 3 x 108 m/s which signifies the speed of light in vacuum.

The photoelectric effect and photochemical reactions are founded upon Planck's
quantum theory of radiation, which are explained by the fact that a particle’s properties
of electromagnetic radiation include emission and absorption of radiation (Serway et
al., 2004). The Planck relation is used to describe the quantity of spectral radiance at a
specific wavelength radiated by a black body in equilibrium (Serway et al., 2004).
According to this formula, the energy of a particle of light (E), known as a photon, is
proportional to its frequency (v), by a continuing factor (h), h=6.625x107*]J-s (Serway
etal., 2004):

E=h-v (L14)

By combining relations (1.13) and (1.14) the equation (1.15) is derived, which
combines the wave and particle properties of radiation. Thus, it is deduced that
radiation is not continuous but it is propagated in discrete units, called photons or
particles of light, which explains the particle nature of radiation, while also having a
frequency and therefore a wavelength, which explains the wave nature of radiation
(Serway et al., 2004):
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Fig. 1.13. (a) Electromagnetic radiation considered as a waveform; (b) types of electromagnetic
radiation (Lewis, 1990).

Ultraviolet radiation is defined as a portion of electromagnetic radiation with a
wavelength shorter than that of visible light and longer than that of X-rays that ranges
from 100nm to 400nm (750THz) (Rivera-Utrilla et al., 2013).

UV radiation is divided into 4 sub-regions:

e Vacuum UV (VUV): 100-200 nm
e UV-C: 200-280 nm
e UV-B:280-315nm
e UV-A:315-400 nm

The most common radiation for photolysis resides in the ultraviolet spectrum region
(A=200-400nm) (Rivera-Utrilla et al., 2013).
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Fig 1.14. Color spectrum highlighting UV-A, UV-B, and UV-C.

Organic pollutants as well as other water components, such as dissolved organic and

inorganic compounds, absorb ultraviolet radiation from 200 nm to 280 nm, i.e. part of

UV-C radiation. In this value range the water molecules absorb at a minimum degree.

Thus, this spectral region is the most interesting in the photolysis of water and

wastewater, where degradation of organic and inorganic pollutants is achieved as well

as water disinfection (Parsons, 2004).

The Beer-Lambert law quantitatively relates the absorption of radiation by the

components of a solution. According to the Beer-Lambert law the fraction of

electromagnetic radiation absorbed by the solvent-solute system is proportional to the

number of molecules of the various components of the solution that absorb the

radiation (Parsons, 2004):
Py = P{ x 107 [aM+e@ell (1 16)
where:
P is the spectral power of the incident radiation, measured in W-m,

P, is the spectral power of the transmitted radiation, measured in W-m™,

a(A) is the attenuation coefficient of the medium at wavelength A, measured in cm™

g(M) is the molar absorption coefficient of the solute, measured in L-mol *-cm™,

c is the concentration of the substance, measured in mol-L™* and

1
’
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| is the optical path length, measured in cm.

When the medium, i.e. the solvent, does not absorb electromagnetic radiation (applies

to aqueous solutions), then a(A) = 0, so the Beer—Lambert law is written as:
Py = PY x 107¢Mel (1.17)

The Beer-Lambert law assumes that interactions between solute molecules are
negligible. According to this assumption, the concentrations of organic pollutants are
extremely low explained by the fact that the pollutant molecules absorb radiation
individually as well as that their degradation can also be examined individually
(Parsons, 2004). In the case of concentrated solutions the interactions of the molecules
are important and there is the possibility of formation of dimers or other inerts,
rendering the relationship between absorption and concentration non-linear (Parsons,
2004).

1.6.4. Kinetics of degradation processes

The knowledge of the kinetic parameters of the reactions of the organic pollutant being
studied each time, is crucial in order to choose the optimal applicable photochemical
process for that specific pollutant each time (Parsons, 2004). Through the Kinetics, the
degradation of the pollutant can be predicted, in a reactor of specific geometry,
knowing the type of radiation, the quality and the volume of the solvent (Parsons,
2004). Thus, the desired removal of the organic pollutant can be effectuated (Parsons,
2004).

The rate of direct photolysis of a pollutant (reaction rate) depends on:

a) the absorption of radiation by the organic compound
b) the efficiency with which the absorbed radiation leads to a chemical reaction
(Parsons, 2004)

Thus the rate of a photochemical reaction under monochromatic radiation of

wavelength A, expressed in mol/(L-s) is given by the equation (1.18) (Parsons, 2004) :
d
r() = (=1 = e (1.18)

where,
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r(A) : the rate of the photochemical reaction, in mol-L™-s™*
c : the concentration of the substance, in mol-L !

1, (1) : the rate of absorption of photons by the organic compound at wavelength A, in

mol-L st
and,
®(A) : the quantum yield at wavelength A, (dimensionless quantity).

The absorption rate of photons I, (1) is written as follows in equation (1.19):
I = E,C)FRME.(A) (119)

where,

Ep, : the incident photon fluence rate, in mol/(dm?s),

% : the ratio of the reactor surface area exposed to radiation to the reactor volume, in
dm?,

F; (1) : the fraction of radiation absorbed by the solvent-solute system (dimensionless

quantity),
and,

F.(1) : the fraction of radiation absorbed by the solute (dimensionless quantity).

Combining the equations (1.18) and (1.19) and given the fact that ES,O(E) = I,, where

I,is the flow of incident radiation in the photochemical reactor in mol-L1-s! the

reaction rate is expressed as:

r(1) = (=52 = LEWE NP @?) (1.20)
According to Beer-Lambert law:

F,(A) = 1 —107le@+e@ell — 1 _ ¢x (1.21)

F(1) = —=2¢

T aM)+e()c (1.22)

thus, by replacing equation (1.21) and (1.22) to equation (1.20):
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e(Ac

—a(/l)+£(l)c)d)(/1) (1.23)

r(1) = (=25 = Eo() (1 — 107 le@+e@elty(
The exponential term 10~ [eW+eMell = p=(n10)[aW+e@el = p=2303[a@+e(Wcll =
e* s0, eq. (1.21) is transformed as follows:
F,(1) =1—e* (1.24)
According to Taylor series e is written as follows:

x® x3

-X — — -
e *=1 x+2! 3!+

When the absorption of electromagnetic radiation by the organic compound is small
A(M)<0.1, i.e. x<0.1 the terms x?/2!, x¥/3!,... are much smaller than x and can be

omitted.

Thus, eq. (1.21) is simplified as follows:
F(A)=1—-e*=1—-(1-x)=x=2303[a(}) + (1)c]l (1.25)

By replacing the eq. (1.25) to eq. (1.23):

r(d) = 2.3O3Eg'0(§)lq§(l)e(/1)c (1.26)
By setting, k(1) = 2.303E,9,0(§)l¢(/1)e(l) , €0. (1.26) is transformed as follows:
dc
r() = - = k,(D)c (1.27)

Eq. (1.27) corresponds to a first-order Kinetic equation.

The degradation processes are usually described by first order reactions, even in the
case of persistent organic contaminants that record a high degree of durability
(Dabrowska et al., 2005).

The degradation kinetic of a first order reaction from eq. (1.27) could be expressed as

follows in equation (1.22):

de— _kc (1.28)

where,

C : the concentration of the target compound that degrades at a given time t
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and,
k : the degradation rate constant.

The integration of the eq. (1.23) with initial conditions: t=0 and C=C results in eq.
(1.29):

C(t) = Coe ™t (1.29)
where,
Cy, : denotes the initial concentration of the studied compound.

From eq. (1.29) it can be deduced that the concentration of a compound is an
exponential function of the degradation time and thus can be expressed as follows in
eq. (1.30):

InC(t) = InCy — kt (1.30)

hence, the logarithm of the concentration is a linear function of the degradation time in

a first order kinetic reaction.

The use of the half-time life (t12) is a useful parameter, defined as the time needed for
the reduction of the reactant compounds to the half of their initial concentrations and

hence is expressed as follows in eq. (1.31):
In2

For first order reactions the half life time is independent of the reactant’s initial
concentration and it is inversely related with the degradation rate constant (Dabrowska
etal., 2005).

An interesting note to highlight is that when the absorption of electromagnetic radiation
of the solution is high, then F.(1) =1 . Additionally, the exponential term
10~ [a@+e@)cll hecomes very small, thus F,(1) = 1, as well. In that case, equation

(1.25) could be simplified as follows:
r() = (=51 = L,®(A) (1.32)

from where it is concluded that the rate of the reaction is independent of the

concentration of the studied substance and follows zero-order kinetics.
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1.6.5. Reaction mechanisms during photolysis

The electronically excited molecules of a substance RX*, reach this state through the

reaction:
RX + hv - RX™ (1.33)
RX* > (R ..X)cqge = R+ X (1.34)
(R ..X)cage = RX (1.35)
RX* > (R* ..X )cage = RT + X~ (1.36)
RX* 4+ 0, » RX* + 0;” (1.37)
RX* + 30, > RX + 0, (1.38)

The excited molecules of the substance RX* result from the absorption of UV radiation
by molecules of the substance RX. Equation (1.34) presents the homolytic fission of
the covalent bond of the RX compound which happens in the solvent cage (Oturan &
Aaron, 2014; Parsons, 2004). Free radicals that escape from the cage can undergo
further redox reactions, depending on their structure (Oturan & Aaron, 2014; Parsons,
2004).

1.7. Scope

The uncontrolled occurrence of significant amounts of organic compounds in the
aquatic element, due to their constant discharge through numerous sources of
production, use and disposal of a wide variety of chemicals frequently utilized in
medicine, industry, agriculture, tobacco, and household appliances, has led to the
development of novel technologies in the field of analytical instrumentation and
methods for analysis of trace organic compounds. The immoderate release of such
substances into water ecosystems through urban wastewater, even at trace
concentration levels of ng L*-ug L, has been pivotal to their accumulation in the
aquatic element with arguably disastrous effects to both ecosystems and human health.
Taking into consideration the need of the scientific community to orientate towards a
sustainable and environmentally friendly perspective Green Analytical Chemistry

(GAC) has been introduced the last decades as an initiative to investigate for practical
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alternatives to the off-line treatment of wastes to substitute methodologies with high

load of pollutants (toxic reagents, solvents etc.) with clean ones.

Additionally, the need to thoroughly understand the behavior and fate of emerging
pollutants after their introduction in the aquatic environment and especially surface
waters, has induced the study of the role of photodegradation to investigate the impact

of the aforesaid pollutants in the environment.

The present doctoral research is orientated towards the broad topic of advanced studies
of detection and monitoring of the fate of organic pollutants in the aquatic environment
using various scientific means, ranging from the establishment of novel
microextraction techniques under atmospheric pressure as well as vacuum conditions
regarding the presence of aromatic hydrocarbons in water and tobacco product
leachates, to the UVC-induced degradation of a prominent pharmaceutical substance,
cilastatin, and nicotine, a basic tobacco constituent, in natural water and treated waste

water.
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CHAPTER 2: VACUUM-ASSISTED
HEADSPACE SORPTIVE EXTRACTION:
THEORETICAL CONSIDERATIONS  AND
PROOF-OF-CONCEPT EXTRACTION OF
POLYCYCLIC AROMATIC HYDROCARBONS
FROM WATER SAMPLES

Solomou, N., Bicchi, C., Sgorbini, B., & Psillakis, E. (2020). Vacuum-assisted headspace sorptive
extraction: Theoretical considerations and proof-of-concept extraction of polycyclic aromatic
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2.1. ABSTRACT

The use of a thick sorbent coating in headspace sorptive extraction (HSSE) increases
the amount of analytes extracted at equilibrium as well as the time needed to reach it.
In this work we propose HSSE sampling under vacuum conditions to reduce
equilibration times. A theoretical model is presented that describes the pressure
dependence of the so-called vacuum-assisted HSSE (Vac-HSSE) method, and predicts
the reduction in equilibration times when lowering the sampling pressure. We take
advantage of the theoretical formulation to reach some general conclusions for HSSE
on the relationship between the physical characteristics of the stir bar, uptake rates and
equilibration times. The theoretical predictions were experimentally verified using
water solutions spiked with naphthalene, acenaphthene and fluoranthene as model
compounds. The effects of sampling temperature and extraction time under vacuum
and regular pressure conditions were thoroughly investigated. The positive combined
effect of heating the sample under low sampling pressure pointed that high humidity
did not affect the performance of the extraction phase; an effect commonly recorded in
headspace solid-phase microextraction. The extraction time profiles built at 25 and
55°C visualized the substantial improvement in extraction kinetics with Vac-HSSE
compared to the regular HSSE method. The results on naphthalene (assumed to
evaporate relatively fast from the water sample) provided evidence that at 1 atm gas-
sided resistance limited analyte uptake by the stir-bar and that this limitation could be
effectively reduced by adopting the vacuum sampling approach. The accelerations of
acenaphthene and fluoranthene suggested that gas phase constraints limited both the
evaporation and analyte uptake processes. Independent method optimization of HSSE
under each pressure condition yielded a shorter sampling time for Vac-HSSE compared
to the regular HSSE procedure (30 min vs. 60 min respectively). The analytical
performances of the two optimized methods were evaluated and it was concluded that
Vac-HSSE was performing similar (naphthalene and acenaphthene) or better

(fluoranthene) than regular HSSE in half the sampling time needed.
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2.2. INTRODUCTION

Stir bar sorptive extraction (SBSE) was introduced in 1999 as a novel configuration for
sorptive sampling (Baltussen et al., 1999). The method used polydimethylsiloxane
(PDMS) coated stir bars and consisted of a two-step procedure where target analytes
were initially absorbed into the PDMS coating and then desorbed following a liquid or
thermal desorption step. The stir bars were marketed under the name Twister™
(Gerstel, Miilheim a/d Ruhr, Germany), and the method was successfully applied to
the analysis of organic compounds and elemental speciation in a variety of samples
including environmental, food and biological (Camino-Sanchez et al., 2014; David &
Sandra, 2007; He et al., 2014; Lucena, 2012; Nogueira, 2015) .

The headspace sampling mode was reported in 2001 by Tienpont et al. (Tienpontetal.,
2000) and Bicchi et al. (Bicchi et al., 2000). The procedure was termed headspace
sorptive extraction (HSSE), and has mainly been used for studying the headspace
composition of flavors and fragrances (Bicchi et al., 2004; He et al., 2014; Prieto et al.,
2010). In HSSE, the stir bar was placed in the gas-phase with analytes transferring from
the sample to the headspace and then into the sorbent phase. The use of a high PDMS
volume as coating for the stir bar resulted in higher extraction capacities and recoveries
than those obtained with other PDMS-based methods, e.g. headspace solid-phase
microextraction (HS-SPME) using a 100-mm PDMS fiber (Bicchi et al., 2004). At the
same time, HSSE needed longer times to reach equilibrium (Nogueira, 2015); an effect
also reported for the immersion sampling mode (SBSE) that was related to the
thickness of the PDMS coating (Qin et al., 2008). The theoretical principles of HSSE
at equilibrium have been discussed at different occasions and were analogous to those
applied in HS-SPME (Bicchi et al., 2003, 2005; David & Sandra, 2007; He et al., 2014).
Next to these thermodynamic considerations, the kinetic aspects of the extraction
process are equally important, especially because HSSE is mainly operated under non-
equilibrium conditions. Nonetheless, to the best of our knowledge, a detailed
discussion on the theoretical aspects of pre-equilibrium HSSE sampling has not yet
been reported (David & Sandra, 2007).

Different approaches are available to accelerate extraction Kinetics in headspace
sorbent-based methods, including e.qg. stirring and/or heating the sample (Bicchi et al.,

2003; Prieto et al., 2010). An alternative approach used to improve the extraction rates
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of analytes with a low affinity for the headspace, suggests headspace sampling under
reduced pressure conditions. The approach was first applied to HS-SPME by Brunton
et al. (Brunton et al., 2001) and the effect was later confirmed by Darouzes et al.
(Darrouzes et al., 2005). In 2012, Psillakis et al. presented the theoretical model
describing the pressure dependence of the so-called vacuum-assisted HSSPME (Vac-
HS-SPME) for water (Psillakis, Yiantzi, et al., 2012) and (later) for solid matrices
(Yiantzi et al., 2015), and successfully applied the method to a variety of analytes and
matrices (Psillakis, 2017; Vakinti et al., 2019; Zhakupbekova et al., 2019). Recently,
Trujillo-Rodriguez et al. expanded the applicability of the vacuum-based sampling
approach to headspace single drop microextraction and reported shorter equilibration
times for short chain free fatty acids (Trujillo-Rodriguez, Pino, & Anderson, 2017). In
a subsequent report, Psillakis et al. (Psillakis et al., 2019) formulated the pressure
dependence of the analyte evaporation and uptake processes taking place during this

procedure.

This study aims to investigate for the first time the applicability of the vacuum
sampling approach to HSSE as a viable tool to accelerate extraction kinetics and reduce
equilibration times. The resulting procedurewas termed vacuum-assisted HSSE (Vac-
HSSE). The theoretical model describing the HSSE pressure dependence under non-
equilibrium conditions is here discussed. A comparative study between Vac-HSSE and
regular HSSE (under atmospheric pressure) was carried out to demonstrate the benefits
of adopting the vacuum approach. The use of three model polycyclic aromatic
hydrocarbons (PAHSs) as target analytes enabled exploring some new and important
insights on HSSE. The effects of temperature and sampling time were thoroughly
investigated and discussed under each pressure condition. Finally, the two methods
were independently optimized and their analytical performance was assessed and

compared.

2.3. THEORETICAL CONSIDERATIONS

During HSSE sampling from water samples, analytes transfer in three phases (water,
headspace and PDMS coating) and across two interfaces (water/headspace and
headspace/PDMS coating) until equilibrium between the three phases is reached

(David & Sandra, 2007). Initially and as soon as the coated stir bar is exposed to the
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headspace above the aqueous sample, analyte uptake by the PDMS coating is linear
with time. This is followed by a curvilinear region that finally moves to a constant
phase, representing equilibrium conditions between all phases involved (Bartkow et
al., 2004; Goirecki & Pawliszyn, 1997; Harner et al., 2003). Current knowledge
concludes that the amount of analyte extracted at equilibrium is independent on the
total pressure in the sample vial, as partition coefficients and equilibrium
concentrations are only affected at high operating pressures (Psillakis, 2017; Psillakis,
Yiantzi, etal., 2012).

The pre-equilibrium aspects of the HSSE analytical system can be better understood
by decoupling the system into two interfacial ones: (i) the evaporation step
(water/headspace system), and (ii) the analyte uptake by the PDMS coating of the stir
bar (headspace/PDMS system). The theory underlying the kinetics of the evaporation
step is similar to that formulated for HS-SPME (Nogueira, 2015; Tienpont et al., 2000),
and its pressure dependence has been demonstrated and experimentally verified
(Psillakis, 2017; Psillakis, Yiantzi, et al., 2012). For this reason, the theoretical aspects

concerning the headspace/PDMS interfacial system are only dealt with here.

The PDMS coating of the stir bar is considered as a single uniform phase. Accordingly,
the overall mass transfer coefficient, ko, controlling analyte uptake can be described
using the two-film approach. The approach assumes uniformly mixed liquid and gas
bulk phases, separated by two thin films of air and PDMS adjacent to the interface
where analyte mass transfer is by molecular diffusion alone (Schwarzenback et al.,

2003). The two films are modeled as follows

1 1 1
— =4
ko kg Kegke

(2.1)

where Keg is the PDMS/headspace partition coefficient and kg and ke are the mass
transfer coefficients for the gas- and PDMS-side boundary layers. In Eg. (2.1) the two
films are modeled as two resistances in series where the overall resistance to analyte
uptake (1/ko) equals the sum of resistances of the gas-phase boundary layer (1/kq) and
the PDMS boundary layer (1/(Kegke)) (Harner et al., 2003; Reyes-Garcés et al., 2018).
In general, the net rate of analyte accumulation in the PDMS coating can be represented
by the following flux equation (Bartkow et al., 2005; Tuduri et al., 2012).

}, 4Ce

Ce
e ar ker(Cg - K_eg (2.2)
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with t denoting time, V. the volume of PDMS coating, Cq and C. the analyte’s
concentrations in the gas-phase and PDMS respectively, and A, the surface area of the
PDMS coating. During the initial stage of linear uptake by the coated stir bar, Ce is
very small and Keq is large, resulting in a small analyte loss from the PDMS coating
(CelKeg term) (Harner et al., 2003; Tuduri et al., 2012). The change in analyte

concentration in the PDMS coating can then be simplified to
dc,
Ve = koAeCy (2.3)

Assuming constant values for Cq during this initial stage, then Eqg. (2.3) can be

integrated and expressed on a mass basis (Bartkow et al., 2004; Harner et al., 2003).
N, = koA Cyt (2.4)

which shows that in the linear region, the amount of extracted analyte, N, is directly
proportional to the overall mass transfer coefficient and the area of the sampler. The
latter relationship suggests that at an early stage of extraction, the large surface area of
the PDMS coating will ensure high analyte uptake over time. It also suggests that
during this stage, any other PDMS-based configuration having the same surface area
with the PDMS coated stir bar will extract the same amount of analytes over time

regardless of the coating volume (Bartkow et al., 2004).

As the analyte concentration in the PDMS coating increases, the loss from the PDMS
coating becomes more important and uptake will become curvilinear (Tuduri et al.,
2012). Atequilibrium, the net uptake will approach zero and rearrangement of Eq. (2.2)

gives
Ne(eq) = KegVeCy (2.5)

which shows that the final amount of analyte extracted at equilibrium, Neeq), is directly
proportional to the volume of the coating (and independent of Ag).
The complete uptake profile can be described by integrating Eq. (2.2) to yield

ke

—(ﬁx xt)
Co=KogCy(l—e Ve Kes™ " (2.6)

Eqg. (2.6) is a form of a first order reaction where the time taken to attain equilibrium

will be influenced by the coating, analyte properties and gas-phase characteristics
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(Bartkow et al., 2005). In particular, the time to effective equilibrium, tese, defined as

when reaches 95% of its true equilibrium value can be estimated as

tos = e Keg (27)

From this equation, the relationship between the physical characteristics of the sorbent
and the time to equilibrium is now clear: decreasing the surface area to volume ratio of
the sorbent coating will increase the time needed to approach equilibrium. This
explains the extended equilibration times recorded with SBSE compared to SPME
(headspace and direct sampling modes). The 0.5-mm thick and 1-cm long PDMS
coating of the stir bar has a 1 cm? surface area and a 24 mL coating volume (Qin et al.,
2008). These values yield a Ae/V. ratio that is four times lower than that of a 100-mm
thick and 1-cm long PDMS SPME fiber (surface area 0.1 cm? and 0.612 mL coating
volume (Pawliszyn, 2011)). Hence, when a coated stir bar is used for extraction, the
larger PDMS volume will extract a larger amount of analyte at equilibrium, but the
time needed to achieve the equilibrium will increase. It is also interesting to consider
the case of thin film microextraction (TFME) where thin sheets of PDMS are used for
extraction (e.g. the thin film considered in the past with a 5-cm? surface area on each
side and a 63.5 mL volume (Qin et al., 2008)). In this configuration, the PDMS volume
is increased compared to the conventional SPME fiber and coated stir bar approaches.
However, the maximization of the surface area when using a thin PDMS sheet yields
a surface area to volume ratio that is comparable to that in SPME and close to four
times larger than that in SBSE. For this reason, equilibration times recorded with
TFME should (and were found to) be similar to those with SPME (Bruheim et al.,
2003), and shorter than those recorded with SBSE (headspace and direct sampling
modes) (Qin et al., 2008).

According to Eq. (2.1), Keg is an important parameter to consider for predicting the
gas- or PDMS-sided limitations on uptake for a given analyte. For nonpolar organics,
Keg Was assumed to be similar in magnitude to the octanol-air partition coefficient
(Koa) (Harner etal., 2003). In particular, past reports discussing the theoretical aspects
of passive air sampling suggested gas-sided limitations during uptake of semivolatiles
such as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls
(Bartkow et al., 2005; Harner et al., 2003), as for these analytes Koa values were

sufficiently large (Koa > 106) to yield a negligible PDMS-sided resistance (i.e. the
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1/(Keg ke) term in Eq. (2.1)) (Harner et al., 2003). This implies that for gas-side limited
analytes (where ko = kg) changes in the value of kg will induce changes in the uptake
rates throughout the preequilibrium stage (Egs. (2.2), (2.4) and (2.6)) and as such in
the equilibration times (Eq. (2.7)). Conversely, for analytes with a small Keg, extraction
will be limited by diffusion in the PDMS phase (the 1/ (Keg ke) term in Eq. (2.1)
dominates) and any changes in kg will not affect uptake rates by the PDMS. It is
reminded however, that analytes with small Keg value will not have a high affinity for
the extracting phase, and that the use of PDMS coated stir bar might not be a sensitive

tool for their detection and quantification.

In general, kg is proportional to the diffusion coefficient in air (Dg) raised to some
power, the value of which depends on the model assumed (Psillakis, Yiantzi, et al.,
2012). Among the different representations used for expressing Dy, the Fuller-
Schettler-Giddings diffusivity correlation for binary mixtures of gases at low pressures
shows that the value of Dy is inversely proportional to the total pressure in the gas phase
(Psillakis, Yiantzi, et al., 2012). This implies that reducing the total pressure will
increase Dy and consequently kg, leading to a reduced gas-sided resistance (expressed
as 1/kq in Eqg. (2.1)). Accordingly, for analytes where gas phase resistance controls
analyte uptake (i.e. ko = Kg), applying a low sampling pressure will accelerate the
extraction Kinetics during both the linear and curvilinear stages of the process.
Moreover, Eq. (2.7) shows that for these analytes any enhancements in kq upon
lowering the sampling pressure will also induce improvements in tose, leading to

shorter equilibration times between the headspace and the PDMS phases.

The following general conclusions can be reached by combining the theoretical aspects
of the evaporation step (as discussed in Refs. (Psillakis, 2017; Psillakis, Yiantzi, et al.,
2012)) and those applied during analyte uptake by the PDMS coated stir bar (as
discussed here): (i) for analytes where gas-phase resistance controls analyte uptake
(headspace/PDMS system) and/ or evaporation (water/headspace system), reducing the
sampling pressure will accelerate mass transfer in the thin gas film involved and reduce
equilibration times, compared to atmospheric pressure, (ii) for analytes where liquid-
sided resistance controls the step(s) of analyte uptake (headspace/PDMS system)
and/or evaporation (water/headspace system), reducing the sampling pressure will not
affect the extraction Kkinetics (and as such the equilibration times) of the step(s)

compared to standard pressure, and (ii) in cases where only one of the two steps is
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accelerated, then the magnitude of the effect of sampling under vacuum will depend
on the relative importance of the step involved i.e. accelerations will be recorded if the

step involved is controlling the overall extraction kinetics.

2.4. MATERIALS AND METHODS

2.4.1. CHEMICALS, MATERIALS AND SAMPLES

Naphthalene (Nap) and Acenaphthene (Ace) were purchased from Sigma-Aldrich
(Steinheim, Germany) at a purity > 99% and Fluoranthene (Flu) from Riedel-de-Haen
(Seelze, Germany) at a purity of 98.4%. A 100 mg L-! acetone stock solution of the
three model analytes was prepared and used for preparing spiked water samples. The
acetone stock solution containing the three target analytes was stored in an amber vial
at-18 °C when not in use. Acetone (ACS Reagent grade) and acetonitrile (HPLC grade)
was provided by Honeywell (New Jersey, USA). Deionized water was prepared on a
Barnstead EASYpure Il water purification system purchased by Thermo Scientific
(Dubuque, USA). The 10-mm long stir bars (Twister™) were coated with a 0.5-mm
thickness PDMS layer (24 mL) and were obtained from Gerstel (Miilheim an der Ruhr,
Germany). New and used stir bars were conditioned by sonicating them in 1ml of
acetonitrile. The effect of matrix was studied using tap water collected from the
University campus (Technical University of Crete, Greece) and secondary treated
wastewater effluent (WWTP effluent) from the municipal wastewater treatment plant

of Chania, Greece, serving approximately 70,000 inhabitants.

2.4.2. VAC-HSSE AND REGULAR HSSE PROCEDURES

20mL screw top vial (Restek, Bellefonte, USA) containing a magnetic
polytetrafluoroethylene (PTFE) stir bar (15mm x 5 mm; Sigma Aldrich) was placed on
top of a magnetic and heating stir bath plate (Heidolph MR-Standard, Germany). The
stir bar was then fixed on the inner top part of the vial wall with the help of two external
magnets hooked on metallic binder clips. A tailor-made closure designed and
constructed by the Laboratory of Aquatic Chemistry (Technical University of Crete)
was used for all experiments. The closure was equipped with a cylindrical

Thermogreen®LB-1 septum (Supelco) with half-hole (6mm diameter x 9mm length).
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Alternatively, the previously reported modified crimp-top Mininert®valve (Sigma-
Aldrich) can be used to ensure gastight conditions inside the sampler (Tuduri et al.,
2012). VP 2 Autovac pumping unit (7 mbar = 0.007 atm ultimate vacuum without gas
ballast) manufactured by Vacuubrand (Wertheim, Germany), was used to evacuate the
air inside the sample container (Trujillo-Rodriguez, Pino, Psillakis, et al., 2017). A
10ml aqueous sample containing a known concentration of target analytes was
introduced inside the vial through the septa using a gastight syringe (SGE, Australia).
Agitation at 500 rpm was applied, initiating HSSE sampling for a preset period time
and temperature. The effect of agitation was investigated during a preliminary set of
experiments (tested values: 0, 500 and 1000 rpm). The results, shown in Fig. S.1 in the
Appendix 1 in the Supporting Information showed that agitating the sample improved
extraction efficiencies compared to the stagnant (standing) mode. Moreover, increasing
the stirring speed from 500 rpm to 1000 rpm did not improve extraction efficiencies.
However, the error associated to the measurements increased at 1000 rpm, most
probably due to inconsistent agitation at high stirring speeds (Garcia-Falcon et al.,
2004). For this reason a stirring speed at 500 rpm was applied. When extraction was
completed, the septum was pierced with an open-end disposable needle allowing
pressure equilibration and easy opening of the closure. The stir bar was then removed
with the help clean tweezers, dried with a lint-free tissue and transferred to a 350 uL-
glass insert vessel containing 150 pL acetonitrile. The stir bar and solvent were
sonicated for 15 min. Note that the glass inserts were placed in 2mL vials containing a
minimum amount of deionized water to afford successful propagation of ultrasound
waves. Upon completion of the liquid desorption step, 40 uL of the acetonitrile extract
were used for analysis. It is noted that the liquid desorption step was optimized here
during a preliminary study and the results are given in Fig. S.2 of Supporting
Information (Garcia-Falcon et al., 2004; Popp et al., 2001). The parameters controlled
in this set of experiments were: desorption solvent volume (tested values: 150, 200 and
300 pL), sonication time (tested values: 1-20min), and number of liquid desorption
steps (1-3). The optimum conditions found were: one liquid desorption step, 150 pL of
acetonitrile and 15 min sonication time. These were similar to the optimum liquid
desorption conditions reported in the past after immersion SBSE sampling of PAHs
from water samples: (i) one desorption step sonication, 150 pL of acetonitrile and 10
min sonication time (Garcia-Falcon et al., 2004) and (ii) one liquid desorption step, 200

uL of acetonitrile and leaving the mixture for 15 min unattended (Popp et al., 2001).
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For regular HSSE extraction the air-evacuation step was omitted and all extractions

were performed under regular atmospheric conditions.

For both Vac- and regular HSSE, the closure’s septum was replaced on a daily basis.
Blanks were also run periodically to ensure the absence of carry over between runs. All

extractions were run in triplicate.

2.4.3. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
(HPLC) COUPLED TO FLUORESCENCE DETECTION

Separation and detection was performed on a HPLC (Shimadzu Corporation, Kyoto,
Japan), equipped with two solvent delivery pumps (LC 10AD VP), a fluorescence
detector (RF 10A XL), a Rheodyne manual sample injector valve with a 20-mL loop
(Chrom Tech Inc., MN, USA) and a Macherey-Nagel C18 (250mm x 3.0mm i.d., with
5 mm particles size) (Macherey-Nagel, Duren; Germany). The mobile phase was
acetonitrile: water 85:15 v/v and flow rate 1.0mL mint. The selection of the
excitation/emission pairs for detection were: 280/355 for Nap and Ace and 260/460 for
Flu.

2.5. RESULTS AND DISCUSSION

2.5.1. EFFECTS OF TEMPERATURE AND EXTRACTION TIME
ON VAC-HSSE

Temperature is one of the most important experimental parameters to consider during
HSSE method optimization (Prieto et al., 2010). Heating the sample will increase
Henry’s Law volatility constants, Kn, leading to higher headspace concentrations and
shorter equilibration times. However, high sample temperatures may also reduce the
PDMS-headspace partition coefficients and, as such, decrease the final amount of
analyte accumulated at equilibrium (Camino-Sanchez et al., 2014). Here, the effect of
sample temperature was investigated from 25 to 65 °C under vacuum and atmospheric
pressure (30 min extraction time) and the results are given in Fig. 2.1. The spiking
concentration was set at 5 pug L, so as to ensure detection of all target analytes with
regular HSSE at lower sampling temperatures. As can be seen, at each sampling
temperature, Vac-HSSE greatly improved extraction efficiencies compared to regular

HSSE and the effect was more important for Ace and Flu. A more accurate evaluation
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of the Vac- HSSE results, revealed an optimum temperature at 45 °C for Ace, whereas
for Flu, heating the sample gradually increased the amount extracted. For Nap, no
substantial changes in extraction efficiencies were recorded with increasing sample
temperature. With regular HSSE, the amount of Nap extracted seems to increase
slightly when heating the sample at 55 °C. On the contrary, the beneficial effect of

heating the sample at 1 atm was evident for Ace and Flu.

10

(i) Vac-HSSE (ii) Regular HSSE
o
. B
g, t
=
£ ¢ §
s 1 i
8
g ] i
o El k4
2 A B3 =4 B i N |
1 1 =
o L I , , T , 1w W I_
25 35 45 55 65 25 35 45 55 65

Temperature (°C)
ONap OAce BFlu

Fig. 2.1 Effect of temperature on (i) Vac-HSSE and (ii) regular HSSE. Experimental conditions: 10 mL
aqueous samples spiked at 5 pg L*; 30 min sampling time; 500 rpm agitation speed. Some error bars are
too small to be visible as compared with the physical size of the symbol.

An important point to consider in Vac-HSSE is the successful combination of the
effects of sample temperature and low sampling pressure. This was not the case when
a low pressure was applied during HS-SPME sampling of PAHs from aqueous
solutions (Psillakis et al., 2013), and higher sampling temperatures were unexpectedly
found to affect mass loading of PAHSs into the SPME fiber. At the time, it was assumed
that the high amount of water molecules interacted with the PDMS coating of the
SPME fiber and changed its properties. It is noted however, that the use of PDMS as a
material in permeation type passive air samplers resulted in a low permeability towards
water vapor and a low energy of activation of permeation towards gas phase organic
compounds (Prieto et al., 2010, Bicchi et al., 2003), rendering water uptake and the

possibility of sorbent saturation with water very small. In this connection, no
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significant variations in the analyte uptake rate from the gas-phase were observed when
high humidity (Seethapathy & Gorecki, 2012) or temperatures were applied (Park et
al., 2014; Seethapathy & Gorecki, 2012) to PDMS acting as a coating or membrane
material. It therefore appears that the non-ideal performance of the PDMS fiber during
Vac-HS-SPME at elevated temperatures is related to the small thickness of the fiber
coating compared to that of a PDMS coated stir bar. At high humidity conditions, any
surface irregularities/uncoated sites of the SPME fiber (due, for instance, to its repeated
use) might act as a spot for water adsorption and suppress analyte uptake (Seethapathy
& Gorecki, 2010). Here, the relatively high PDMS volume and layer thickness of the
stir bar, prevented water molecules interfering with analyte uptake during Vac-HSSE
sampling, and afforded effective coupling of the effects of temperature and low

pressure.

The effect of sampling time was initially investigated at 25 °C under vacuum and
atmospheric pressure conditions. The spiking concentration was again set at 5 pug L,
so as to allow detection of Flu with regular HSSE at short sampling times. The results,
depicted in Fig. 2.2(ia) and (ib), verified our theoretical predictions and a remarkable
improvement when sampling under vacuum vs. atmospheric pressure was recorded
during both the linear and curvilinear stages of extraction. With Vac-HSSE, Nap
reached equilibrium after only 30 min of sampling, whereas with regular HSSE
equilibrium was assumed to be between 90 and 120 min, since the Vac-HSSE/HSSE
peak area ratios were close to unity (at equilibrium Vac- and regular HSSE have the
same extraction efficiencies and this peak area ratio takes the value of 1). The long
HSSE equilibration time required for Nap at 1 atm was in agreement with a past report
aiming at the determination of PDMS-air partition coefficients using regular HSSE
(Park et al., 2014). This study monitored concentrations in air and the PDMS coating
of a stir bar and reported a 90 min equilibration time for naphthalene at temperatures
between 20 and 30 °C.

Fig. 2 (ia) and (ib) also showed that the extracted amount of Ace under vacuum
gradually increased with time, and the extraction rate appeared to slow down close to
120 min, i.e. as Ace slowly approached equilibrium. On the contrary, with regular
HSSE, Ace was still away from equilibrium even after 120 min (Vac-HSSE/ HSSE
peak area ratio was 1.5 at this time point). The extraction time profiles obtained for

Flu, the most hydrophobic and least volatile analyte tested here, were away from
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equilibrium at both investigated pressures. However, the improvement in extraction
efficiency with Vac-over regular HSSE was important at each sampling time tested
(e.g. at 120 min the Vac-HSSE/HSSE peak area ratio for Flu was 4).

Comparison of the present results to those obtained with HSSPME can give some
important insights into the HSSE process. Past studies reported a rather fast
equilibration for HS-SPME sampling of Nap from water solutions under regular and
low pressure conditions (Psillakis et al., 2013; Psillakis, Mousouraki, et al., 2012).
These short equilibration times were associated to the relatively fast evaporation rate
of Nap from the water sample (Psillakis, Mousouraki, et al., 2012), taken that
equilibration between the headspace and the SPME fiber polymer interface during HS-
SPME is assumed to be fast for semi-volatiles (Gorecki et al., 1997). This conclusion
was in agreement with a past report stating that for Nap, evaporation from water was
largely controlled by liquid-phase resistance (82.2%) (Mackay & Wolkoff, 1973), and
was therefore, expected to be relatively independent of the total pressure in the
sampling vial (Psillakis, Mousouraki, et al., 2012). Here, the extraction time profiles
under each pressure were substantially different: Nap reached equilibrium at about 30
min with Vac-HSSE, whereas equilibrium with regular HSSE was assumed to be
between 90 and 120 min. Assuming that Nap evaporates relatively fast from the water
sample, this finding suggested that the rate-limiting step in HSSE was located in the
headspace/PDMS system. Moreover, the acceleration in extraction rates recorded when
lowering the sampling pressure highlighted that mass transfer from the headspace to
the PDMS coating of the stir bar was pressure-dependent (i.e. the major resistance was
gas-sided where ko, =kg) and that these gas-phase constrains could effectively be
reduced by lowering the total pressure. The latter effect was predicted by the theory
presented here, as for this gas-side limited analyte reducing the value of kg was
expected to increase analyte uptake by the PDMS phase rate throughout the pre-
equilibrium stage (Egs. (2.2), (2.4) and (2.6)) and as such, reduce its equilibration time
(Eqg. (2.7)). 1t is noted that air-sided resistance to diffusion into passive samplers has
been demonstrated for PAHs in general (Bartkow et al., 2004; Miiller et al., 2000). This
implies that gas-phase limitations were also present during Ace and Flu uptake by the
PDMS coated stir bar and that they could be effectively reduced when sampling under

vacuum. However (and as will be discussed in the following paragraph), for Ace and
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Flu, evaporation is also expected to be a slow step in extraction and reducing the

sampling pressure will contribute to accelerations in the overall extraction Kinetics.
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Fig. 2.2 Extraction time profiles for the three model PAHSs obtained at 25°C (ia) under vacuum (filled
symbols) and (ib) regular (open symbols) pressure conditions and at 55°C (iia) under vacuum (filled
symbols) and (iib) regular (open symbols) pressure conditions. Experimental conditions: 10 mL aqueous
samples spiked at 5 ug L; 500 rpm agitation speed. Some error bars are too small to be visible as
compared with the physical size of the symbol.

HS-SPME enables to predict the effect of low sampling pressure on extraction rates
using the so-called K criterion, where the Ky values of target analytes are compared
to some threshold values (Psillakis, 2017 ,Psillakis, Mousouraki, et al., 2012). This
type of evaluation should be used with caution with the HSSE sampling approach.
According to the Ky criterion, the extraction kinetics of Nap was not expected to be
affected when lowering the sampling pressure, since its Ky value suggested a liquid-
sided resistance to evaporation, which is independent of the total pressure (Psillakis,
2017). Nonetheless, a significant improvement in the extraction rate of Nap was
recorded with Vac-HSSE, as gas-sided resistance controlled analyte uptake in the
headspace/PDMS system. For Ace and Flu (low Ky compounds), the Ky criterion
predicted gas-sided control of the evaporation step (Psillakis, 2017) and low
evaporation rates from water samples. Taken that Ace and Flu have Koa values
sufficiently large (Koa > 106) to yield a negligible PDMS sided resistance (i.e. the
1/(Keg ke) term in Eq. (2.1)) (Psillakis et al., 2019, Bartkow et al., 2004, Muller et al.,

108



2000) the gas-phase limitations to diffusion into the PDMS coated stir bar should also
be effectively removed by lowering the sampling pressure. Accordingly, for Ace and
Flu, lowering the sampling pressure was expected to accelerate both the evaporation

(water/ headspace system) and analyte uptake (headspace/PDMS system) HSSE steps.

The extraction time profiles where then constructed at 55 °C and the results are reported
in Fig. 2(iia) and (iib). As expected, heating the aqueous sample accelerated the
extraction process under each pressure condition and the effect was more pronounced
with sampling under vacuum. In particular, an important enhancement in extraction
rates was recorded with Vac-HSSE, where all target analytes reached equilibrium
within the sampling times tested (15 min for Nap, 30 min for Ace and 90 min for Flu).
Under regular pressure conditions, Nap reached equilibrium at about 20 min and Ace
was approaching equilibrium close to 120 min of sampling (Vac-HSSE/HSSE peak
area ratio was close to 1). Flu was away from equilibrium under each pressure condition
and the positive effect of sampling under vacuum was important at each sampling time
tested (e.g. at 120 min the Vac-HSSE/HSSE peak area ratio was 1.8).

In order to evaluate the analytical performances Vac-HSSE and regular HSSE, the
sampling temperature was set as a compromise at 55 °C for both sampling pressures

and the sampling times were set at 30 min for Vac-HSSE and 60 min for regular HSSE.

Table 2.1 Analytical performances of the optimized Vac-HSSE and regular HSSE procedures.

Analyte | Vac-HSSE Regular HSSE
Linear r? LOD Precision | Relative Recovery | Linear r? LOD Precision | Relative Recovery
range (n=5)* | (ngL?) | (%)° (RSD,%)° range (ng | (n=5)* | (ng L | (%)° (RSD,%)°
(ng LY Tap WWTP | L?) D) Tap WWTP

water effluent water effluent

Nap 100- 0.9999 | 43 1.2 102(3) | 99.9(3) | 100- 0.9997 | 44 1.2 102(3) | 98 (6)
5000 5000

Ace 100- 0.9998 | 6 2.5 101(3) | 101 (3) | 100- 0.9997 | 5 2.4 102(1) | 105 (4)
5000 5000

Flu 100- 0.9995 | 3.1 3.1 99.8(5) | 99.4(7) | 250- 0.9992 | 101 6.5 95.8(7) | 97.0 (8)
5000 5000

2 Correlation coefficient, number of calibration points (n) in parenthesis.
b Intra-day precision expressed as relative standard deviation (n = 5).

¢ Spiking level 1000 ng L*; % RSD values given in parentheses; n = 3.
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2.5.2. ANALYTICAL PERFORMANCE OF THE OPTIMIZED
VAC-HSSE AND REGULAR HSSE PROCEDURES

The performances of Vac-HSSE and regular HSSE methods were evaluated after
extracting samples for 30 and 60 min, respectively, at 55 °C. Selected quality analytical
parameters are given in Table 2.1. The results show that the linearity ranges of Vac-
and regular HSSE for Nap and Ace were between 100 and 5000 ng L. For Flu, a wider
linearity range was found with Vac-HSSE compared to regular HSSE, reflecting the
improvement in extraction rates discussed above. The determination coefficients (r?)
ranged from 0.9995 to 0.9999 with Vac-HSSE and from 0.9992 to 0.9997 with regular
HSSE. The limits of detection (LODSs) were estimated as three times the signal-to-noise
ratio, and were verified by performing extractions at those levels. Table 2.1 shows that
LOD values with the proposed Vac-HSSE procedure were similar for Nap and Ace or
lower for Flu to those obtained with regular HSSE in half of the sampling time needed
for regular HSSE. Similar conclusions could be reached for the estimated limits of
quantification (LOQ) defined as ten times the signal-to-noise ratio (estimated values
not given in Table 2.1). Intra-day precision for both methods, estimated as the relative
regular deviation (RSD) at 1000 ng L (Table 2.1) ranged from 1.2% to 3.1% with
Vac-HSSE sampling, and between 1.2% and 6.5% for regular HSSE. Initial Vac-HSSE
analyses of tap and wastewater effluent samples did not show detectable amounts of
the target analytes and were therefore used for recovery studies. The relative
recoveries, defined as the ratio of the concentrations found in real and deionized water
samples spiked with the same amount of analytes, were then determined and the results
are given in Table 2.1. For both types of real world water samples, matrix did not affect

extraction, also reflecting the relatively simple nature of matrices examined here.

2.6. CONCLUSION

The effect of low pressure is a new experimental parameter to consider during method
optimization in headspace (micro)extraction. For the first time, this work extended the
applicability of the vacuum-based sampling approach to HSSE. The theoretical model
describing the pressure dependence of Vac-HSSE was here discussed and the reduction
in equilibration times was predicted. Inducing accelerations in HSSE is important,

since the low surface area to volume ratio typically results in long equilibration times
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at 1 atm compared to other PDMS-based methods (e.g. SPME). The relatively high
PDMS volume and layer thickness used for coating the stir bars, prevented water
molecules interfering with analyte uptake during Vac-HSSE sampling, and allowed
effective coupling of the effects of temperature and low pressure. Moreover, the
extraction time profiles demonstrated the substantial improvement in kinetics when

adopting the Vac-HSSE sampling approach.

Target analytes could more rapidly reach equilibrium, and the optimum sampling time
with Vac-HSSE was half of that found with regular HSSE. The analytical performance
of Vac-HSSE was similar or better than that of regular HSSE in a shorter sampling
time. The results on naphthalene revealed for the first time that gas-phase limitations
can control extraction Kkinetics and that this type of constrains can effectively be
reduced with sampling at a low pressure. For Ace and Flu, gas-sided limitations were
assumed to control both the evaporation and analyte uptake processes and sampling

under vacuum was found to accelerate the overall extraction Kinetics.
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3.1. ABSTRACT

Tobacco product waste poses a global environmental issue, affecting urban and coastal
areas alike. The present studies report, for the first time, the total and bioavailable
polycyclic aromatic hydrocarbons (PAHS) concentrations in unused and operated heat-
not-burn (HnBs) tobacco products. To enable direct comparisons, identical sets of
studies were conducted using conventional cigarettes (CCs). Five low-molecular PAHs
were determined in HnBs at total concentrations that were of the same order before and
after operation (ZsPAH = 47.37 + 3.44 ng unit ! and ZsPAH = 69.36 +5.78 ng unit ™ in
unused and used HnBs, respectively). The incomplete combustion of organics during
smoking of CCs, yielded substantially higher amounts of PAHs with their sum
(Z10PAHs = 1449 £ 113 ng unit ') being >20 times larger than those in HnBs. The
tobacco and filter were the most contaminated parts in HnBs. In unused CCs, tobacco
had the highest PAHs load and after smoking, the spent filter was the most
contaminated part, containing ~80% of the total amount of PAHs. Naphthalene was
the most abundant PAH detected in all tobacco products. Despite the high total PAH
concentrations found in smoked CCs, the sums of the bioavailable PAH concentrations
were of the same order in all tested tobacco products (£sPAH = 61.38 +1.79 ng unit™
in unused HnBs, XsPAH=70.87+7.67ng unit! in used HnBs,
24PAH = 66.92 £ 5.95 ng unit ! in unused CCs, and ZsPAH =47.94 +1.26 ng unit ™t in
smoked CCs). This finding was related to smoking affecting PAHs’ leachability from
CCs and delaying their desorption from the solid matrix. Adjusting the pH, salt and
humic acids content at environmentally relevant values did not affect PAHs leaching
at 24 h of soaking. Finally, the leaching behavior of PAHs in natural waters (river
water, rainwater, and seawater) was found similar to that in ultrapure water,
experimentally verifying the ability of tobacco product waste to leach PAHSs into the

aquatic environment.
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3.2. INTRODUCTION

An estimated 5.8 trillion cigarettes are consumed every year, with ~4.5 trillion of them
being improperly discarded in the environment (Zafeiridou et al., 2018). As a result,
tobacco product waste is now widely recognized as a significant problem in urban sites,
with the highest concentrations being recorded near points of purchase and
consumption (Marah and Novotny, 2011). Cigarette butts are also the most collected
item of litter in International Coastal Cleanups (Ocean conservancy-International
Coastal Cleanup, 2021) and the second most commonly found item on beaches in the
European Union (European Commission, 2019). The accumulation of tobacco product
waste in urban and coastal sites is a significant ongoing environmental problem, with
cigarette filters reported to release microplastic fibers into the aquatic environment at
an estimated annual rate of 300,000 tons (Shen et al., 2021). Additionally, cigarette
butts contain thousands of chemicals that can be released after exposure to water, for
example, during rainfall or flood events (Aratjo and Costa, 2019; Soleimani et al.,
2023). In this regard, the toxicity of cigarette butt leachates to various aquatic and
terrestrial species has been reported on multiple occasions (Beutel et al., 2021; Booth
etal., 2015; Koutela et al., 2020; Lee and Lee, 2015; Micevska et al., 2006; Parker and
Rayburn, 2017; Slaughter et al., 2011; Soleimani et al., 2023).

The pollutants known to leach from smoked cigarettes were recently reviewed (Beutel
et al., 2021; Soleimani et al., 2022) and they included metals, nicotine, aromatic
amines, nitrosamines, polycyclic aromatic hydrocarbons (PAHSs), phenols, and BTEX
(benzene, toluene, ethylbenzene and xylene). In particular, PAHs are ubiquitous
environmental pollutants that attract much attention because of their ability to
bioaccumulate, potential carcinogenic, mutagenic and teratogenic properties, and
persistence in the environment (Dobaradaran et al., 2020; Kumar et al., 2021). The total
amounts of PAHs bound in freshly smoked cigarettes (Dobaradaran et al., 2019; King
etal., 2021) and cigarette butts collected from roads and riversides (Dobaradaran et al.,
2019; Moriwaki et al., 2009) have been reported in the past, along with the total PAHs
present in the filter and tobacco plug before and after operation (Bentley and Burgan,
1960; Shimazu, 2016; Shimazu et al., 2018; Vu et al., 2015). Moreover, the amounts

of PAHSs leached from cigarette butts were recently determined (Dobaradaran et al.,
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2020; Soleimani et al., 2023), although not directly related to the total PAHSs originally

present in the solid tobacco product.

Heat-not-burn products (HnBs) were recently introduced as an alternative to
conventional cigarettes (CCs). HnBs use a device to heat specially prepared and
blended tobacco sticks, producing an inhalable nicotine-containing aerosol. A key
difference between HnBs and CCs is that HnBs heat tobacco to temperatures up to
350 °C, whereas CCs burn tobacco at temperatures above 600 °C to generate smoke
and ash. Although the use of HnBs has rapidly increased, limited information exists
regarding the impact of improperly discarded HnBs on the aquatic environment. In this
connection, leachates produced from HnBs have been reported to have a strong
ecotoxic effect on the growth of microorganisms (Baran et al., 2020). Another study,
reported that several metals may leach from unused and used HnBs into water with
varying composition, and provided additional evidence that improperly discarded
tobacco products can serve as point sources of long-term metal contamination in the

aquatic environment (Koutela et al., 2020).

The present studies aimed to fill the gap in scientific evidence regarding the total and
bioavailable PAHs concentrations in HnBs before and after operation. Furthermore,
laboratory leaching experiments were conducted to quantify the relative rates and
magnitudes of PAHs released from HnBs as a function of time and the composition of
the leaching solution. To enhance the current understanding and enable direct
comparisons, identical sets of studies were conducted using both unused and smoked
CCs.

3.3. MATERIALS AND METHODS

3.3.1. CHEMICALS

The 16 PAHs investigated in this study were: naphthalene (Nap), acenaphthylene
(Acy), acenaphthene, (Ace), Flu (Flu), phenanthrene (Phe), anthracene (Ant),
fluoranthene (FIt), pyrene (Py), benzo [a]anthracene (B [a]Ant), chrysene (Chry),
benzo [b]fluoranthene (B [b]FIt), benzo [k]fluoranthene (B [k]FIt), benzo [a]pyrene (B
[a]Py), indeno [1,2,3-cd]pyrene (IcdPy), dibenzo [a,h]anthracene (DB [ah]Ant) and

benzo [ghi]perylene (B [ghi]Pe). For calibration purposes, the following solutions were
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used: the EPA 525 PAH Mix B analytical standard containing 500 pg mL ! of the 13
priority PAHSs in acetone (Sigma-Aldrich, Steinheim, Germany) and a 100 pgmL™
acetone solution of Nap (Sigma-Aldrich; >99%), Ace (Sigma-Aldrich; >99%) and Flt
(Riedel-de-Haén, Seelze, Germany; 98.4%). A 500 ug mL™' acetone solution of
acenaphthene-d10, phenanthrene-d10, and chrysene-d12 was purchased from Sigma-
Aldrich and used as the internal standard solution. Table S.1 in the Appendix 2

summarizes the 16 targeted PAHs and their main physicochemical properties.

Humic acids sodium salt was purchased from Fluka (Buchs, Switzerland), sodium
chloride (>99.9%) from Penta (Radiova, Praha), sodium hydroxide (>98%, pellets)
from Honeywell (Morris Plains, New Jersey, USA) and hydrochloric acid 37 wt% from
Sigma-Aldrich. Milli-Q water was obtained from a Barnstead EASYpure Il water
purification system supplied by Thermo Scientific (Dubuque, USA). All organic
solvents were of pesticide grade, and together with aluminum oxide 90 active neutral
(activity stage 1) for column chromatography were provided by Merck KGaA
(Darmstadt, Germany). A Crison basic 20+ pH meter (Alella, Spain) was used to

measure the pH.

River water samples were collected from Kaoiliaris river (Chania, Crete, Greece) and
sea water from Koum Kapi beach in Chania, Crete, Greece. Rainwater was collected
at the University Campus by placing amber bottles in open air. The chemical
compositions of the natural water samples can be found in Table S.2 in the Appendix
2. All samples were collected in clean containers, filtered, and analyzed to ensure that

they were free of PAHs. They were then stored in the dark at 4 °C until use.

3.3.2.UNUSED AND OPERATED TOBACCO PRODUCTS

Marlboro Red cigarettes were used as CCs and HEETS Sienna Selection as HnBs. They
were all purchased from the local distributor of Philip Morris Products SA. Tobacco
products were freshly operated before being used in experiments. Operation proceeded
using a single port machine-smoking from Burghart (Wedel, Germany) that was
programmed based on published smoking regimens (Koutela et al., 2020). For HnBs,
the IQOS™ 2.4 Plus tobacco heating device and charger (Philip Morris Products S.A.,
Neuchatel, Switzerland) were used for operation. The CCs were ignited using a

flameless lighter and they were operated until a predefined butt length, which was the
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length of the filter plus ~3 mm of the tobacco plug. Table S.3 in the Appendix 2
summarizes the mean masses of the used and unused tobacco products and their parts
(Koutela et al., 2020). HnBs, CCs and their components displayed distinct
characteristics before and after operation. For this reason, concentrations were
expressed as ng unit™ of solid tobacco product rather than ng g™*. Table S.3 can be

utilized for converting concentrations to pug g=.

3.3.3. TOTAL PAHS CONCENTRATIONS IN UNUSED AND
OPERATED TOBACCO PRODUCTS

For the determination of the total PAHs concentrations, a modified ultrasound-assisted
liquid-solid extraction method was used (Dobaradaran et al., 2019; Moriwaki et al.,
2009), which offered faster extraction and consumed less energy and solvents
compared to Soxhlet extraction (King et al., 2021). The number of tobacco products
used for extraction varied based on the mass of the corresponding units. Accordingly,
two units of HnBs or smoked CCs were placed in 4 mL glass vials together with 3.5 mL
of hexane. In the case of unused CCs, only one unit was immersed in the same solvent
volume. The solid-liquid mixtures were then sonicated for 30 min in a Branson 2510 E-
MTH Bransonic Ultrasonic Cleaner (Danbury, USA). After extraction, the yellow
supernatant was transferred using a glass pipette to a Falcon tube containing 0.250 g of
Alumina for cleaning purposes. The mixture was manually shaken for 3 min and after
centrifugation for 5 min at 3000 rpm using a Haraeus Labofuge 400 centrifuge from
ThermoFisher Scientific (Waltham, USA), the clean supernatant was collected. A
500 uL aliquot of this purified extract was evaporated to near-dryness under a gentle
N2 flow, and then reconstituted using 25 uL. of hexane containing 1 mg L™ of the
internal standard mixture. After this step, 1 uL was withdrawn and analyzed using a
gas chromatograph-ion trap mass spectrometer (GC/ITMS). The contribution of the
different components of the unused and operated tobacco products to the total
concentration of PAHs was carried out following the same procedure. All experiments
were run in triplicate, and average concentrations were reported in ng unit™ of solid

tobacco product.
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3.3.4.LEACHING OF PAHS FROM UNUSED AND OPERATED
TOBACCO PRODUCTS

The leachates were prepared following a published procedure (Koutela et al., 2020)
using a 10 L kg™ liquid to solid ratio (L/S), which is in accordance with the European
regulatory batch tests (European Commission, 2013). The applied L/S ratio
corresponded to either 4 unused HnBs, 4 used HnBs or 4 unused CCs soaked in 31 mL
of water or 10 smoked CCs immersed in 25 mL of water. The pH in leachates obtained
with deionized water varied from 6.6 to 7.1. The PAHs leaching from the filter,
tobacco, or paper could not be determined due to the resulting dissolved concentrations
being low. Table S.4 in the Appendix 2 summarizes the number of tobacco product
units and water volumes used for leaching. Leaching was conducted in 40 mL amber
screw-cap glass vials covered with aluminum foil for a preset period, and at 180 rpm
using an Unimax 1010 shaker from Heidolph (Essex, UK). Soaking times of 1, 24, 72
and 192 h were examined. After leaching, the solid-water mixture was filtered under
vacuum using a mixed cellulose ester gridded membrane filter (0.45 um pore-size,
47 mm diameter) supplied by Membrane Solutions, LLC (Auburn, Washington, United
States). The leaching behavior of PAHs from the studied tobacco products was
investigated in natural water samples and water solutions of varying pH, ionic strength,
or humic acids content, following the same procedure for a 24 h exposure time. All
leachates were analyzed immediately after preparation, and experiments were
conducted in triplicates. Average concentrations were reported as ng unit™ of solid

tobacco product and Table S.3 can be used for converting them to pg g*.

3.3.5.EXTRACTION OF PAHS FROM LEACHATES USING
HISORB

The analyses of tobacco product leachates included an initial sample preparation step
that was a modification of published procedures (Alberti et al., 2021; Kremser et al.,
2016). The HiSorb sorbent with a 63 pL polydimethylsiloxane (PDMS) coating
(Markes International) was used for PAHs extraction. The procedure involved
transferring 9 mL of the leachate into a 10 mL crimp-top glass vial followed by spiking

with the internal standard solution, and capping the vial with a cap and septum supplied
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by Markes International (Llantrisant, United Kingdom). The HiSorb unit was then
introduced into the sampling vial through the septum and exposed to the leachate.
Extraction proceeded for 60 min at 300 rpm using a HiSorb Agitator (Markes
International). After extraction, the HiSorb unit was removed, washed with Milli-Q
water to remove residual matrix components, and wiped gently with a lint-free tissue.
Each HiSorb unit was then inserted in a stainless-steel thermal desorption tube (Markes
International) and submitted for analysis using a thermodesorption-GC/ITMS (TD-
GC/ITMS) analytical system. All HiSorb units were conditioned before use. Method

blanks were frequently run to ensure that there was no carry-over between extractions.

3.3.6. GC/ITMS AND TD-GC/ITMS ANALYTICAL PROCEDURES

The hexane extracts prepared for the determination of the total PAHs concentrations,
were directly analyzed using a Varian 450-GC gas chromatograph coupled with a
Varian 240-MS IT mass spectrometer (Agilent Technologies Inc., Santa Clara,
California, United States). Samples (1 uL) were injected in the split mode with the

injector maintained at 290 °C.

For the determination of the bioavailable PAHs concentration, the HiSorb units were
thermally desorbed using a TD100-xr Automated Thermal Desorber supplied by
Markes International coupled to the same GC/ITMS used for the analysis of the hexane
extracts. Each HiSorb unit was thermally desorbed at 280 °C for 20 min with a trap
flow of 50 mL min! and the sample was collected on a ‘General Purpose’ cold trap at
30 °C. The cold trap was purged for 1 min at 50 mL min %, after which time it was
desorbed for 3 min at 320 °C with a split flow of 10 mL min* (Alberti et al., 2021).

The GC/ITMS conditions were set based on a past report (Karkanorachaki et al., 2018).
The chromatographic column was a MEGA-5 HT capillary column (30 m x 0.25 mm
i.d., 0.25 um film thickness; MEGA S.r.1., Legnano, Italy). The oven temperature was
initially set at 50 °C for 5 min, followed by a ramp of 10 °C min ! up to 160 °C for
13 min, followed by a second ramp of 5 °C min* up to 300 °C, to a final ramp of 25 °C
min~t up to 310 °C. Helium (99.999%) was used as the carrier gas at a constant flow
rate of 1.1 mL min~*. A solvent delay of 5 min was applied. Data was acquired in the
selected ion storage detection mode and the masses are given in Table S.1 in the

Appendix 2 together with the instrumental limits of detection. Separate calibration
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curves were constructed for the determination of the total PAHs concentrations (using
hexane PAHSs solutions) and bioavailable PAHs concentrations (after extraction of

water solutions spiked with PAHSs standards).

At all times, QA/QC procedures were implemented to ensure the good quality of the
data. These procedures included the use of instrumental blanks, frequent procedural
blanks, conditioning of HiSorb units, and analysis of calibration standards every 10
samples as a calibration check. Additionally, recovery studies were carried out after
every 20 samples, where tobacco products were fortified with approximately twice the
concentrations of PAHSs originally found in the sample. Relative recoveries varied
between 90 and 110% (data not shown).

3.4. RESULTS AND DISCUSSION

3.4.1. TOTAL CONCENTRATIONS OF PAHS

The total PAHs concentrations found in the different types of tobacco products
examined here are given in Fig. 3.1. As seen, five low molecular weight PAHs were
detected in HnBs at concentrations ranging from 1.25 to 27.80 ng unit™* and from 4.33
to 39.52 ng unit™* for unused and used HnBs respectively (Fig. 3.1(a)). Nap was the
most abundant PAH compound, accounting for ~60% of the total amount of PAHs
detected in the solid product. The results also showed that after operation, the total
average concentrations were of the same order (ZsPAH =47.37 +3.44ng unit? in
unused HnBs and ZsPAH = 69.36 + 5.78 ng unit™* in used HnBs). In unused CCs, ten
PAH compounds were detected at concentrations ranging from 6.66 to 47.74 ng unit™*
(Fig. 3.1(b)). After smoking, the same PAH compounds were detected in the solid
waste, yet the sum of their average concentrations) was more than seven times larger
than that found in wunused CCs (Z10PAHs=201.63+14.27ng unit? and
>10PAHs = 1449 + 113 ng unit™* in unused and smoked CCs respectively). The higher
PAH concentrations observed in smoked CCs were likely due to the incomplete
combustion of tobacco and other organic components during operation (Shimazu et al.,
2018). Nap was again the most abundant PAH compound found, accounting for ~25%
and 70% of the total PAHs detected in unused and smoked CCs, respectively. The

concentrations of the 2- and most of the 3-rings PAHs were substantially higher in

124



smoked CCs compared to unused CCs. For the rest, total concentrations were similar
or lower, either because additional amounts were not formed during operation or
because the ash produced during CCs smoking retained them. It is important to note
that the total PAH concentration found in smoked CCs was more than 20 times larger
than the ones in unused and operated HnBs. This observation highlighted the
importance of combustion over heating in generating PAHs during operation of

tobacco products.
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Fig. 3.1 Total concentrations of the PAHs found in unused and used (a) HnBs and (b) CCs.

To the best of our knowledge there are no published data on the total concentrations of
PAHSs in used and unused HnBs. Moreover, there is scarce information regarding the
total PAHSs in CCs, and these studies are limited to smoked CCs (Dobaradaran et al.,
2019; King et al., 2021; Moriwaki et al., 2009). Table S.5 in the Appendix 2
summarizes representative published data on total PAHs concentrations in cigarette

butts, and shows that the concentrations of most PAH compounds detected in the
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present study were similar to those reported by King et al. (2021). Moreover,
Dobaradaran et al. (2019) reported similar total concentrations for the lower molecular
weight PAHSs, but they also reported substantial amounts of 5- and 6-rings PAHS,
presumably due to the different tobacco product brand used (Table S.5 — Appendix 2).
The results presented here are also different to those reported by Moriwaki et al. (2009)
where eleven 3- to 6-rings PAHs where detected at low total concentrations (Table S.5
— Appendix 2). However, in this report cigarette buts were not freshly prepared but
were collected from roadsides with no information on their exposure time to outdoor

conditions.

In general, tobacco contamination with PAHSs is assumed to occur during fire curing of
tobacco leaves (Vu et al., 2015). The filter and paper may also contain PAHSs, as the
result of the chemical additives used during manufacturing (Shimazu, 2016), emulsions
used to attach the filter to the outer paper wrapper (De Fenzo et al., 2020), or from the
inks used (Paschke et al., 2015). During the present studies, the contribution of the
paper, filter, and tobacco to the total PAHs concentrations was investigated, and the
results are given in Table 3.1. In accordance with a past report, the various cartons and
packs of tobacco products used throughout the present studies, accounted for the small
variations between the concentration found in the entire tobacco product and the
combined concentrations in tobacco, filter and paper (Koutela et al., 2020). In HnBs,
the results showed that tobacco and the filter were the most contaminated parts before
and after operation. Not all PAHs detected in the whole product could be quantified in
the different components of unused CCs. Trace amounts of the rest were detected in
certain samples, but their presence could not be confirmed consistently across the
triplicate runs. The results showed that in unused CCs, tobacco had the higher PAHs
load. Conversely and in agreement with past reports (Shimazu, 2016; Shimazu et al.,
2018), the filter was by far the most contaminated part of smoked CCs containing close
to 80% of the total PAHSs load.
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Table 3.1 Total concentration of each PAH (given in ng unit™) in the different parts of used and unused

HnBs and CCs. The error values correspond to the standard deviation of three-replicate samples.

HNBs (ng unit™)

TOBACCO
Nap 2748 £1.72
Acy 7.79+£0.83
Ace 53+142
Flu 4.06+1.97
Phe 9.89 +2.84
SUM | 54.52+41.97

CCs (ng unit™)

TOBACCO
Nap 4745+4.72
Acy 12.65+0.15
Ace 5.22+1.08
Flu 4.56+0.34
Phe 26.08 +3.36
Ant 14.09+0.43
Flt 15.09+1.47
Py 11.96+2.29
B[a]Ant <LOD
Chry <LOD
SUM

UNUSED

FILTER
15.23 £0.89

5.54+0.21
1.76 +£0.25
1.46+0.21
7.61£0.01

31.59+9.73

UNUSED
FILTER
33.02+1.34
11.61+£0.34
3.01£0.1
242+1.01
11.4+0.15
61.47+0
<LOD
<LOD
<LOD

<LOD

137.12+6.52 6147+1.72

PAPER

15.49 £0.89

495+0.19
1.23+0.35
0.39+0.09
4.82+0.03
26.89 £9.81

PAPER
32.22+0.07
10.02+0.31

2.26+0.53
1.58 £0.02
11.55+1.7
13.72+0.51
<LOD
<LOD
<LOD

<LOD
71.35+1.88

TOBACCO
22.63+1.81
478 +0.27
1.52+0.01
0.46 +0.06
4.77+0.14
3415+1.84

TOBACCO
156.25 +£15.75
12.82+1.73
22.65+7.79
19.43 £2.06
16.49+0.8
10.59 +£0.06
7.18 £2.03
5.94£1.65
<LOD

<LOD
251.35+17.98

USED
FILTER PAPER
22.09+1.19 16.41+0.73
547+0.99 2.39+3.38
1.62+0.57 0.59+0.13
<LOD 0.47+0.23
9.65+6.3 431+0.24
3883+£6.52 @ 24.18+3.48
USED
FILTER PAPER
783.27+21.09 | 40.72+6.56
32.17+0.98 6.06 £0.1
54.65+6.29 3.76 £ 0.96
101.72+£19.9 3.86+0.54
44.45+0.42 7+0.25
23.13+£0.15 6.97+0.08
20.56+1.96 <LOD
26.4+0.9 <LOD
8.86 +0.47 <LOD
7.79+0.17 <LOD

1103.01 £29.77 6837 £6.66
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3.4.2. BIOAVAILABLE CONCENTRATIONS OF PAHS

Bioavailable concentrations (also known as free or dissolved concentrations)
correspond to the fraction of the total concentrations that are available to be
accumulated into an organism under a defined set of conditions (Yang et al., 2016). A
typical procedure for determining bioavailable concentrations is to perform leaching
studies, i.e., use water or another solvent to remove the soluble matter from a solid
sample. The final amount of desorbed chemical will depend on the properties of the
solid matrix and chemicals, the liquid to solid ratio applied and the composition of the
water phase used for leaching (Koutela et al., 2020). During the present studies, the
leaching behavior of PAHs from unused and operated tobacco products was
investigated for soaking times up to 8 days, and the results are given in Figs. S.3 and
S.4 in the Appendix 2. As seen, the dissolved concentrations of detected PAHSs
remained essentially the same for the soaking times tested, which is in agreement with
a past study on leachates produced from smoked CCs (Dobaradaran et al., 2020). In
this report, the authors found that the concentrations of PAHs with 2—4 rings (up to Py)
could reach partition equilibrium fast, while the detection of heavier PAHs required 21
days of soaking, which is longer than the exposure times tested here. The findings from
the analysis of the leachates from HnBs (Fig. S.3 — Appendix 2) confirmed the presence
of the five low molecular weight PAHs previously detected in the solid waste.
Conversely, not all PAHs could leach from CCs at detectable amounts (Fig. S.4 -
Appendix 2). It was assumed that the low total concentrations, low solubility values
and low affinity for the water phase restricted their release in the water phase. Ant was
the only 3-ring PAH not detected in leachates from smoked CCs, most likely due to
solubility limitations. Indeed, Ant has a water solubility value that is 25-90 times
smaller than that of the rest 3-ring PAHs (Table S.1 — Appendix 2), and even
fluoranthene, the only 4-ring PAH detected in leachates from used CCs, has a water

solubility approximately 6 times higher.

A closer look on the bioavailable concentrations obtained at 24 h of soaking (Fig. 3.2)
revealed some interesting findings. Firstly, dissolved concentrations and their sum
remained practically the same for HnBs before and after operation
(ZsPAH=61.38 +1.79 ng unit ! and XsPAH =70.87 +7.67 ng unit* in unused and

used HnBs respectively). This indicates that the operation of HnBs did not generate
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additional amounts of PAHs nor affect their leaching behavior. Among the detected
PAHSs, Nap was found to be the most abundant, which is consistent with the higher
total Nap concentrations in the corresponding solid products, and its high water
solubility value (Mulder et al., 2000). Calculations of the percentage ratios of dissolved
Nap concentrations to the corresponding total concentrations in the solid product
yielded values of ~210% and 170% for unused and used HnBs, respectively. For the
rest of PAHSs, the percentage ratios remained below 25%. The observed deviations for
Nap were attributed to the use of HnBs from different packs purchased at different
times and it was concluded that total amount of Nap present in the solid product became

bioavailable.
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Fig. 3.2 Bioavailable PAH concentrations in leachates from unused and used (a) HnBs and (b) CCs.

The dissolved concentrations obtained from CCs are given in Fig. 3.2(b), and show
that after smoking, CCs could leach a larger number of PAHs but the sum of their
individual concentrations was of the same magnitude as the one from unused cigarettes
(Z4PAH = 66.92 +5.95 ng unit ! in unused CCs and Z¢PAH =47.94 £ 1.26 ng unit* in

smoked CCs) and the ones from both unused and operated HnBs. Moreover, in
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accordance with a past report by Dobaradaran et al. (2020), Nap was the most abundant
PAH leaching into water from CCs. The percentage ratios of dissolved concentrations
to the corresponding total concentration in unused CCs yielded a value close to 130%
for Nap, and for the rest, calculated ratios were below 17%. In smoked CCs, the
percentage ratio of Nap leaching into water dropped to ~5% and for the remaining
PAHSs, it was below 1%. This drop in percentage ratios recorded after operating CCs
suggested that under the tested conditions, smoking affected the leaching behavior of
PAHs and potentially delayed their desorption. Considering the large total PAH
concentrations found earlier in smoked CCs and the delayed desorption of heavier
PAHs from cigarette butts reported in the literature (Dobaradaran et al., 2020), smoked
CCs have the potential to act as a source of long-term PAHs contamination once

exposed to water.

3.4.3.EFFECT OF PH, IONIC STRENGTH, HUMIC ACIDS AND
LEACHING IN NATURAL WATER

The composition and properties of the solid waste and the water phase used for leaching
may affect leachability of organics from a solid matrix (Kim and Osako, 2003). In the
past, the leaching concentrations of Phe and Py from sandy soil was found to be
independent of pH level of the solution (Kim and Osako, 2003). In another study using
man-made soil spiked with PAHs among others, the slightly higher mobilization
caused by elution at pH =10 was assumed to be due to the activation of humic
substances indigenous to the solid sample under alkaline conditions (Hirner et al.,
1998). Similarly, PAHs sorbed on solids were found to be more mobile at high pH
(pH = 12.4) than at neutral pH (Mulder et al., 2000) when a clay modifier was added.
To study the effect of pH on the leaching behavior of PAHSs, the pH level of the water
phase used for leaching was adjusted to 4, 6 and 8 and the results are given in Tables
S.6 and S.7 in the Appendix 2 for HnBs and for CCs, respectively. As seen, leaching
concentrations were found to be practically independent of the pH level and any
deviations were related to the use of different packs of tobacco products, and the error

associated to the determination of these low concentrations.

In general, dissolved inorganic salts may affect aqueous solubilities and activity

coefficients of organic compounds. To this end, it has been reported that the presence
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of the predominant inorganic ionic species found in natural waters has the potential to
decrease the aqueous solubility (or increase the aqueous activity coefficient) of
nonpolar or weakly polar organic compounds, (Schwarzenbach et al., 2003). The effect
of salt was investigated here by adjusting the ionic strength of the water solution to
3.5% w:v NaCl, a value representing the salt content of seawater. The results from
these studies are also given in Table S.6 and S.7 in the Appendix 2 for HnBs and for
CCs, respectively. As seen, increasing the ionic strength of the soaking solution did not
affect considerably the leaching of PAHs from used and unused tobacco products. To
the best of our knowledge there are no reports studying the effect of salt on the
leachability of PAHs from tobacco products and any comparison can only be made to
leaching tests from other solid matrices. In this connection, the distribution coefficients
of Py in estuaries and coastal sediments were previously found to increase with
increased salinity (Means, 1995; Oh et al., 2013; Turner, 2003). Moreover, in a study
investigating partitioning of PAHs with coastal sediments, salinity was found to
increase the sorbed capacity of PAHs and their desorption-resistance due to the “salting
out effect” (Oh et al., 2013). Finally, investigations on the leaching behavior of Phe
from sandy soil showed increased leaching concentrations with increasing ionic
strength up to 0.005 M, and after this point leachability decreased (Kim and Osako,
2003).

Humic acids are considered to be a natural solubilizing agent that mobilize significant
higher amounts than distilled water (Hirner et al., 1998). At the same time, humic acids
exhibit a high affinity for PAHs and after association, PAHs bioavailability is
minimized (Schwarzenbach et al., 2003). To investigate the effect of humic acids,
unused and used tobacco products were soaked for 24 h in solutions containing
2.5mg Lt of humic acids, an environmentally relevant value for natural organic
matter. The results from these studies (Table S.6 for HnBs and S.7 for CCs) showed

practically no effect of humic acids on the leaching behavior of PAHS.

In a final set of experiments, sample of river water, seawater and rainwater were
utilized for leaching. The results for HnBs are provided in Table 3.2, while Table S.8
in the Appendix 2 presents the results for CCs. It can be observed that the
concentrations of dissolved PAHSs in the various water types were not substantially
different to those obtained with ultrapure water. This finding is consistent with a

previous report studying PAHs leaching in tap and river water from smoked CCs
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(Dobaradaran et al., 2020), where the authors also found no substantial differences in
the dissolved concentrations of PAHs between the two water types when compared to
the leaching behavior in deionized water.

Table 3.2 Dissolved concentrations in natural water samples (river water, rainwater, and seawater) from

unused and used HnBs at 24 h of soaking time. Error values correspond to the standard deviation of three

replicated analyses.

HnBs UNUSED (ng unit™?)

RIVER WATER RAINWATER SEA WATER
Nap 103.08 £2.96 94.63+10.67 73.76 £10.5
Acy 0.71+£0.1 0.64+0 0.51+0.23
Ace 2.19+0.28 2.54+0.29 2.49+0.49
Flu 0.55+0.12 0.44+0.01 0.56+0.03
Phe 1.4+0.11 0.75+0.08 0.84£0.09
SUM 107.92 £2.98 99 +£10.67 78.16 £10.52
HnBs USED (ng unit™)

RIVER WATER RAINWATER SEA WATER
Nap 73.29+7.93 79.75+0.8 51.09+548
Acy 0.43+0.1 0.48 +£0.05 0.36+0.02
Ace 1.94+0.18 1.98 £0.13 1.69+£0.6
Flu 0.35+0.03 0.89+0.01 0.58+0.06
Phe 1.19+0.19 0.59+0.04 0.57+0.03
SUM 77.19+7.94 83.69+0.82 54.29+5.51

3.5. CONCLUSION

The present studies addressed the knowledge gap on the total and bioavailable PAHs
concentrations in HnBs tobacco products and compared the results to those obtained
with CCs. It has been experimentally verified that the non-combustible HnBs have
substantially lower total PAHs concentrations compared to smoked CCs. Tobacco and
filter were the most contaminated parts in HnBs before after operation. In contrast, CCs
operation generated substantial amounts of PAHSs that mainly resided in the spent filter

of the cigarette butts. Despite the high total PAH concentrations found in smoked CCs,
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the sums of the bioavailable PAH concentrations were found practically the same in all
tested tobacco products, presumably because smoking affected PAHs’ leachability
from CCs and delayed their desorption from the solid matrix. This finding is of concern
as it may imply that improperly discarded CCs can act as point sources of long-term
PAHs contamination. Furthermore, evidence was provided that the composition of the

water phase does not affect the leaching of PAHS.

Numerous factors act together and impact the leachability of contaminants when a solid
waste is exposed to water. It is challenging to encompass all possible scenarios in a
laboratory-based experiment. In batch tests and depending on the L/S and leaching time
applied, larger quantities of contaminants may be leached, which may not be a good
approximation of the leaching process under real environmental settings. Therefore,
extrapolating the present results to evaluate the annual release of PAHs based on the
global number of CCs littered may not provide a realistic perspective of the problem.
Instead, such an approach runs the risk to overlook the complexity of this problem and

“connect” the critical issue of tobacco product waste to a single group of pollutants.

Applying targeted analysis may be a reasonable approach for risk assessment.
However, in the case of complex samples, the presence of targeted organics does not
always imply that these pollutants are the sole source of toxicity. Future research
should consider utilizing comprehensive two-dimensional gas chromatography
(GC x GC), an advanced analytical tool that enables enhanced separations of complex
mixtures. Our ongoing and future investigations are focused on utilizing this approach

with the aim of bringing new insights on this current global environmental issue.

One of the aims of the present studies was to increase the public perception of tobacco
product waste as a significant global issue resulting from improper litter disposal.
Insufficient attention has been given to tobacco product waste, perpetuating the false
perception that discarded tobacco products are the end point of their lifecycle. Public
education campaigns and raising of public awareness are urgently needed to promote
proper disposal practices and change current attitudes and behaviors towards this
waste. Tobacco product waste can leach toxic chemicals into aquatic ecosystems and
the non-biodegradable filters are a known source of microplastic fibers (Shen et al.,
2021). Therefore, it is crucial to intensify research efforts on characterizing, managing,

recycling and disposing the tobacco product waste (Conradi and Sanchez-Moyano,

133



2022). Current solutions are still at early stages of development, limited in number, and
lack sustainability (Conradi and Sanchez-Moyano, 2022; Marinello et al., 2020).
Identifying the best methodological solutions and technologies for recycling this waste
as well as testing applicability in real-life scenarios should be a priority. This will
ensure ecosystem safety and support the transition towards a circular economy and

sustainability.
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4.1. ABSTRACT

Nicotine is an important emerging contaminant widely detected in water resources. The
main nicotine sources are human excretions from users and leaching from discarded
tobacco product waste, which represents the most commonly littered item in urban
areas and coasts. In this study, the UV2s4 photolytical fate of nicotine in natural water
and leachates produced from conventional cigarettes (CCs) and the new generation
heat-not-burn (HnBs) tobacco products is examined for the first time. The effect of
UV2s4 irradiation on nicotine depletion in ultrapure water was initially studied. The
reaction was pseudo first-order with respect to nicotine concentration at low
concentrations and shifted to lower order at higher concentrations, an effect associated
to absorption saturation. Although nicotine removal was fast, only 9.5% of the total
organic carbon was removed after irradiation due to the formation of by-products. The
chemical structures of six photo-products were derived by means of liquid and gas
chromatography coupled to mass spectrometry. The photodegradation kinetics was
found to depend on pH and faster kinetics were recorded when the monoprotonated
form of nicotine was dominant (pH = 5-8). The presence of humic acids was found to
slightly delay kinetics as they competed with nicotine for lamp irradiance, whereas the
presence of salt had no effect on the direct photolysis of nicotine. Direct photolysis
studies were also performed using natural waters. Compared to ultra-pure water,
photodegradation was found to proceed slightly slower in river water, in similar
Kinetics in seawater, and relatively faster in rain water. The later was assumed to be
due to the lower pH compared to the rest of the natural water tested. Leachates from
used HnBs and smoked CCs were also submitted to UV2s4 irradiation and direct
photolysis was found to proceed fast despite the high complexity of these matrices.
Nonetheless, the total organic carbon in the system remained the same after irradiation
due to the abundance of organics and photo-products formed. We take advantage of
the present investigations and report the leaching behavior of nicotine from HnBs and
CCs. Among others, we found that in HnBs ~70% of the total and bioavailable nicotine
content remains in the tobacco sticks after operation and this percentage drops to 15%
in CCs due to the reduction in mass after smoking. This finding demonstrated the
importance of properly disposing tobacco product waste to prevent nicotine leaching

in water bodies.
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4.2. INTRODUCTION

Nicotine is a toxic alkaloid found in the tobacco plant (lethal dose for adults is 60 mg
(Mayer, 2014)) and the most important component in tobacco products (Buerge et al.,
2008). The vast consumption of tobacco products resulted in the widespread nicotine
contamination in surface water, wastewater (Buerge et al., 2008; Gonzalez Alonso et
al., 2012; Roder Green et al., 2014) and bottled mineral water (Gonzalez Alonso et al.,
2012), and the classification of nicotine as an important emerging pollutant (de Granda-
Orive et al., 2018; Oropesa et al., 2017). Once consumed, nicotine is extensively
metabolized in the human liver by oxidative enzymatic transformations to a number of
compounds, and excreted, mostly in the urine, as a complex mixture of the parent
compound and its transformation products (Senta et al., 2015). In this connection,
nicotine is frequently detected in wastewaters at a ug L~ concentration level, and
together with its derivatives are used as anthropogenic markers for urban wastewater
contamination and for the assessment of population size and dynamics (Buerge et al.,
2008; Huerta-Fontela et al., 2008; Senta et al., 2015). Next to wastewater discharges,
another important source of nicotine contamination is leaching from smoked cigarette
butts (Oropesa et al., 2017; Roder Green et al., 2014). Indeed, the majority of the 16
billion cigarettes consumed daily are being thrown away rather than properly disposed
in receptables (Roder Green et al., 2014). This makes cigarette butts the most
widespread and numerous littered item found in urban areas and coasts (Aratijo and
Costa, 2019; Dobaradaran et al., 2020; Marah and Novotny, 2011; Roder Green et al.,
2014; Torkashvand et al., 2020). Today, there is conclusive evidence that when this
type of waste comes into contact with water, a number of inorganic (Cardoso et al.,
2018; Chevalier et al., 2018; Koutela et al., 2020; Moerman and Potts, 2011; Moriwaki
et al., 2009) and organic (Dobaradaran et al, 2019, 2020) compounds, including
nicotine (Roder Green et al., 2014), are leached and become bioavailable to aquatic life
(Cardoso et al., 2018; Chevalier et al., 2018; Dobaradaran et al., 2020; Koutela et al.,
2020; Moerman and Potts, 2011; Moriwaki et al., 2009; Roder Green et al., 2014).

The heat-not-burn (HnBs) tobacco products were recently developed to provide the
user with nicotine by heating specially designed tobacco sticks at 350 °C, well below
the temperature required in conventional cigarettes (CCs) for initiating combustion

(Schaller et al., 2016). Today, HnBs represent the new generation of tobacco products

142



and a fast-expanding market. However, there is a justified fear that improperly disposed
HnBs may also have a negative environmental impact through leaching of its chemical
components (Baran et al., 2020; Koutela et al., 2020). Although the release of nicotine
from CCs has been reported in the past (Roder Green et al., 2014), there are no relevant
studies for HnBs. This is of particular importance since in HnBs there is no mass
reduction after operation (as seen in CCs where ash is produced during smoking) and
as such, HnBs have the potential to release larger amounts of nicotine in water bodies

when improperly discarded in the environment.

The transformation of organics (including nicotine) in water is a complex process, and
includes biotic and abiotic transformation reactions (Lian et al., 2017; Medana et al.,
2016; Passananti et al., 2014). In particular, photochemical reactions may be a major
abiotic transformation pathway and can take place via direct and indirect photolysis
mechanisms (Carena et al., 2020). Direct photolysis refers to the transformation of a
molecule upon direct light absorption, i.e. the parent compound absorbs irradiation,
reach excited molecular states and then undergo chemical transformation (Katagi,
2018). The direct photolysis of a molecule can be inhibited by competitive light-
absorbing compounds, including the dissolved organic matter (DOM) that naturally
occurs in surface waters (Carena et al., 2020). At the same time, DOM (and/or NO3)
may also act as photosensitizers and trigger the indirect photodegradation of water
pollutants with photogenerated reactive oxygen species (Katagi, 2018). Nicotine was
previously reported to undergo direct and indirect photolysis at different rates,
depending on the conditions (Nienow et al., 2009; Passananti et al., 2014). In particular,
indirect photodegradation was found to play a key role in sunlit surface waters
(Passananti et al., 2014) and wastewaters (Lian et al., 2017). These studies concluded
that nicotine transformation under simulated solar irradiation followed a pseudo-first-
order rate reaction (Lian et al., 2017; Passananti et al., 2014), and showed that direct
photolysis was non-significant due to the small overlap of the ultraviolet—visible
spectrum between nicotine and solar irradiation. In another report, the indirect
photolysis of nicotine was investigated in the presence of different naturally occurring
photochemical sources of HOe and of nitrogen-centered radicals (Passananti et al.,
2014). The second-order kinetic constants of nicotine with HOe and 'O, were
determined, and allowed predicting environmental half-life times for such reactions as

a function of the water chemistry and depth. In the same report, modelling studies
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showed that the photochemical half-life of nicotine would vary in the month-year range
depending on the environmental conditions. The indirect photolysis of aqueous
nicotine in ultra-pure water at A = 254 nm has also been reported within the frame of
reporting a new H»>O»-enhanced photodegradation process (Nienow et al., 2009). In
this study, a preliminary set of experiments monitored the direct photolysis of nicotine
in the absence of H20 and reported a fast nicotine degradation rate under UV 2s4. Based
on the published results so far, there is no in-depth study on the direct photolysis of
nicotine in aqueous solutions and natural waters; a knowledge indispensable for
evaluating the basic photochemistry of nicotine in the aquatic environment. It is equally
important that there are no reports studying the photolysis of nicotine in leachates
produced from tobacco products, an important type of waste that represents a major

nicotine source in the aquatic environment.

The aim of this work was to study for the first time the photolysis of nicotine in natural
waters and water leachates produced from CCs and the new generation HnBs tobacco
products. Initially, water samples spiked with nicotine were irradiated by UV 2ss,
degradation rates were recorded and the reaction mechanisms were investigated. The
effects of different experimental parameters (pH, effect of salt and humic acids) were
then studied in separate sets of experiments. Building on this knowledge, the effect of
matrix on nicotine photolysis fate was studied using natural water as leachant (rain,
seawater and river water). Finally, the photodegradation of nicotine by UV2s4 was
monitored in highly complex leachates produced from used HnBs and smoked CCs,

yielding new knowledge on the fate of nicotine under a more realistic scenario.

4.3. MATERIALS AND METHODS

4.3.1. CHEMICALS AND NATURAL WATER SAMPLES

(-) Nicotine PESTANAL® was purchased from Supelco (Bellefonte, USA).
Acetonitrile for LC/MS was obtained from Carlo Erba Reagents (Sabadell, Spain) and
formic acid from Fluka Chemie GmbH (Bucks, Switzerland). Sodium chloride (99.9%
purity), humic acid, ammonium acetate (>90%; purity) and tert-butanol (>99% purity)
from Fisher Scientific UK Ltd (Loughborough, UK). Acetic acid (100% anhydrous GR
for analysis) and boric acid (99.8% purity) were supplied by Merck KGaA (Darmstadt,
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Germany), potassium phosphate dibasic trihydrate (>99.0% purity) from Sigma-
Aldrich (Steinheim, Germany), and sodium acetate trihydrate (>99.5%) and potassium
dihydrogen phosphate (>99.5% purity) from Fluka Chemie GmbH. A basic 20+ pH
meter from Crison (Alella, Spain) was used to measure the pH. A single-beam UV-
visible spectrophotometer (UVmini-240, Shimadzu, Tokyo Japan), equipped with
quartz cuvettes having a 1 cm optical path length was used to measure spectra. Ultra-
pure water was prepared in an EASYpure RF water purification system

(Barnstead/Thermolyne Corporation, Dubuque, 1A, USA).

The natural samples used here were: (i) river water sampled from the river Koiliaris at
Kyani Akti (Kalyves, Crete, Greece); (ii) seawater sampled near the beach of Koum
Kapi in Chania, Crete, Greece, and (iii) rainwater collected at the campus of the
Technical University of Crete in Chania. The compositions of the natural water
samples are given in Table S.9 — Appendix 3 in the Supporting Information. All
samples were initially filtered, analyzed to ensure that they were free of nicotine, and

then stored in the dark at 4 C until use.

4.3.2. TOBACCO PRODUCTS AND THEIR LEACHATES

The HEETS Sienna Selection tobacco units were used to study HnBs and the Marlboro
Red Label brand for studying CCs. Both tobacco products were purchased from the
local distributor in Chania-Crete, Greece. Tobacco products were operated in a
programmable single port machine-smoking from Burghart (Wedel, Germany) and the
puffing parameters were set according to a published procedure (Koutela et al., 2020).
For HnBs, the IQOS™ 2.4 Plus tobacco heating device (Philip Morris Products S.A.,
Neuchatel, Switzerland) was used for operation. The CCs were ignited using a
flameless lighter and were smoked until a predefined butt length (length of the filter

plus approximately 3 mm of the tobacco plug).

For the preparation of leachates, tobacco products were submerged and allowed to soak
in deionized water for 24 h at room temperature, unless otherwise stated in the text.
Leaching proceeded in 40 mL clear glass vials equipped with caps. An approximate 10
L kg ! liquid-to-solid ratio was used, which, depending on the experiment,
corresponded to: 4 unused HnBs, 4 used HnBs or 4 unused CCs soaked in 31 mL water

and 10 smoked CCs in 25 mL of the aqueous phase. Freshly made leachates were used
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for each experiment. Leachates were diluted using ultrapure water to a final 10 mg L-

Lnicotine concentration and used for photolysis experiments.

The total organic carbon (TOC) content of leachates was measured on filtered
suspensions using a TOC-5000 analyzer (Shimadzu, Kyoto, Japan; catalytic oxidation

on Ptat 680 °C). The calibration was performed using standards of potassium phthalate.

The determination of the total and bioavailable nicotine concentrations in unused and
used tobacco products and their leachates was based on a standard procedure using
solvent extraction followed by gas chromatography-flame ionization detection (GC-
FID) (World Health Organization (WHO), 2014). The experimental procedure is

discussed in details in Section S.1 — Appendix 3 in the Supporting Information.

4.3.3. PHOTOLYSIS EXPERIMENTS

All UVzss irradiation experiments were performed in a home-made laboratory
photoreactor (28 cm x 28 cm x 28 cm). The photoreactor was equipped with two 8 W
low-pressure mercury lamps (Osram HNS 8 W G8T5) having a strong emission line at
254 nm and mounted on opposing sidewalls of the photoreactor and each one. The
distance between each lamp and the quartz vial used in the experiments was set to 13
cm. The quartz vial was placed on top of a magnetic stirrer that was switched on during
photolysis. In all photolysis experiments, 10 mL aqueous solution or leachate having a
known nicotine concentration was placed in a tailor-made quartz vial (2.4 cm outer
diameter x 2.0 cm inner diameter x 5.2 cm height) and submitted to UV irradiation for
a preset time. The incident photon flux entering the solution (lo, given in E L™ ! s,
where E = Einstein) was determined using H2O, as a chemical actinometer
(Kourounioti et al., 2019), and was found equal to Io =(6.11 £0.22) x 10°6E L 1s L.

All experiments were run in triplicates.

During the photolysis of nicotine containing ultrapure or natural water samples, 50 puL
samples were removed at preset exposure times and wused for liquid
chromatography/mass spectrometry analysis (LC/ MS). The remaining sample solution
was UV-irradiated until complete conversion of nicotine. Tobacco product leachates
could not be directly injected in an analytical instrumentation. The analytical procedure
used for these samples included a sample preparation step that used HiSorb sorbent

units for the extraction of nicotine followed by thermodesorption gas chromatography -
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ion trap mass spectrometry analysis (TDGC/ ITMS). The sample preparation procedure
is discussed in details in Section 4.3.5 that follows. For tobacco product leachates, fresh
solutions had to be irradiated for studying each exposure time, as, each time, 9 mL of

the 10 mL irradiated solution had to be extracted and used for analysis.

For each set of experiments, dark tests were run in parallel by placing the samples
inside the photoreactor with the lamps switched off. These tests confirmed that changes

in the analytical signal were due to the action of photons alone.

434. LC/MS ANALYTICAL PROCEDURE USED FOR
ULTRAPURE AND NATURAL WATER SPIKED SAMPLES

All analyses of nicotine containing ultrapure or natural water samples were carried out
using an Agilent 1200 Series high-performance liquid chromatography system
equipped with a binary pump, autosampler, degasser and thermostated column
compartment coupled to a diode array detector (DAD), and an Agilent 6110 single
quadrupole LC/ MS system equipped with a multimode ionization source. For analysis,
50 pL of the irradiated sample were added in 250 pL glass inserts placed in 2 mL glass
autosampler vials equipped with septum caps, all purchased from Agilent (Palo Alto,
USA). The injection volume was 20 pL. A Thermo-Electron Betasil C18 column
(Waltham, MA, USA) of dimensions 2.1 mm ID x 100 mm length and 5 um particle
size was used for separation. The mobile phase consisted of solvent (A) ultrapure water
containing 0.1% formic acid (v:v) and (B) acetonitrile containing 0.1% formic acid
(v:v). The LC gradient method used was 2% B for the first 1 min, then linearly
increased to 100% B in 10 min, held for 2 min, followed by a 0.5 min ramp to 2% B
where it was held for the rest of the analysis. Column temperature was set to 30 °C and
the flow rate of the mobile phase was 300 uLL mint, while the total analysis time was
20 min. The MS conditions were: drying gas flow, 8 L min%; drying gas temperature,
250 °C; nebulizer pressure, 30 psi; collector capillary voltage, 4.0 kV; fragmentor
voltage, 70 V; scan range (m/z) of 100-1000 amu for signal 1 and the scan range 160—
165 amu was used for nicotine. The mass spectrometry data were recorded using the

positive electrospray ionization (ESI) mode.

147



4.3.5. TD-GC/ITMS ANALYTICAL PROCEDURE USED FOR
TOBACCO PRODUCT LEACHATES

The analyses of tobacco product leachates included a sample preparation step, where 9
mL of the irradiated solution were placed in 10 mL vials and capped with a HiSorb cap
and septum (Markes International). A HiSorb wunit having a 63 pL
polydimethylsiloxane (PDMS) coating (Markes International) was introduced through
the septum and the PDMS coating was immersed into the leachate. Extraction occurred
for 60 min at 40 °C and 300 rpm using a HiSorb Agitator from Markes International.
Once extraction was completed, the HiSorb unit was removed, washed to remove
residual matrix, dried with a lint-free tissue, and inserted in a stainless-steel thermal

desorption tube (Markes International) for analysis using TD-GC/ITMS.

450-GC coupled with a Varian 240-MS ITMS (Varian, Walnut Creek, CA, U.S.A))
and fitted with a TD100-xr™ (Markes Inetrnaitonal). HiSorb units were thermally
desorbed at 250 °C for 5 min with a trap flow of 50 mL min-1. Following desorption,
the sample was collected on a ‘General Purpose’ cold trap at 30 °C. The cold trap was
purged for 1 min at 50 mL min* and was sequentially desorbed for 3 min at 320 °C
with a split flow of 10 mL min?. The flow path temperature was set at 150 °C.
Separation of desorbed analytes proceeded on a MEGA-5 HT capillary column (30 m
x 0.25 mmi.d., 0.25 pm film thickness; MEGA S.r.l., Legnano, Italy). The column was
held at 50 °C for 5 min, increased to 160 °C at 10 °C min! rate, held for 2 min, and
again ramped to 310 °C at a rate of 5 °C min* where it was held for 5 min. Helium
(>99.99% pure) was used as a carrier gas at 1.1 mL min-! flow-rate. Manifold, ion trap,
ion source and transfer line temperatures were maintained at 45, 180, 200 and 220 °C,
respectively. The detection and quantification of nicotine proceeded using selected ion

storage at m/z = 161.

The above analytical procedure was also used to monitor the formation of by-products
during the photolysis of 10 mg L nicotine ultrapure water solutions. In this case,
irradiated samples were extracted according to the procedure described above, the only

difference being that the MS was set in the full scan mode from 50 to 500 m/z.
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4.4. RESULTS AND DISCUSSION

441 EFFECT OF CONCENTRATION ON THE DIRECT
PHOTOLYSIS OF NICOTINE

A past report studying the elution of nicotine from average cigarette butts in a simulated
rainfall experiment, estimated nicotine concentrations in the run-off water to reach 0.62
mg L with local concentrations as high as 11.4 mg L (Roder Green et al., 2014). In
the same report, batch experiments were also run representing the elution dynamic
when cigarette butts come into contact with standing water, such as a lake or a river,
but also puddles in street or sidewalk depressions caused by precipitation. The authors
concluded that the total releasable nicotine concentration from CCs was released after
24 h of cigarette exposure to water, and was measured 7.1 mg g, which is equivalent

to 2.13 mg Lt according to the experimental conditions set (Roder Green et al., 2014).

A series of photodegradation experiments were carried out for initial nicotine
concentration varying from 1 to 20 mg L%, and the resulting concentration time profiles
are given in Fig. 4.1. In all cases, the direct photolysis of nicotine was recorded until
complete conversion, reflecting the good overlap between the 254 nm emission peak
of the low pressure mercury lamps used here and the maximum absorption band of
nicotine (~261 nm). To quantify degradation rates, a pseudo-first order kinetic
expression with respect to nicotine concentration was considered by applying equation
(OECD, 2008)

[NIC]; = [NIC]ge Fnic t  (4.1)

where [NIC]o is the initial concentration of nicotine, [NIC]: is the concentration of
nicotine at time t, and knic is the pseudo first-order reaction rate. The inset graph (i) in
Fig. 4.1 depicts the computed rate constants knic, which took values of 0.50 (r? =
0.9991), 0.18 (r? = 0.9999), 0.10 (r? = 0.9949) and 0.05 (r? = 0.9896) min-* (r? is the
regression coefficient) at respectively, 1, 5, 10 and 20 mg L™ [NIC]o. As seen, knic
decreased with increasing initial nicotine concentration, implying that the reaction
kinetics did not follow a true first order (where the rate constant is independent of the
nicotine concentration), and shifted towards zeroth order at higher [NIC]o due to

absorption saturation (Kourounioti et al., 2019). The initial nicotine photodegradation
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rates (RY;c) were then calculated using the simple pseudo-first order approximation
RY,c=knic[NIC], (Braslavsky, 2007). The resulting Ry, vs [NIC], profile (inset
graph (ii) in Fig. 4.1) showed an increase followed by a plateau. The cause of this
plateau trend in direct photolysis is usually absorption saturation, confirming that
nicotine absorbed radiation and became photolyzed up to saturation (Kourounioti et
al., 2019).

In general, the photolytical degradation mechanism of nicotine is a complex process
and past reports investigated the reactions involved during indirect photolysis of the
parent compound (Lian etal., 2017; Medana et al., 2016; Passananti et al., 2014). Here,
exposing aqueous solutions of nicotine to UV2s4 irradiation afforded the photo-
transformation of the parent compound to different photoproducts. The amount of
organics remaining in the system after treatment was evaluated by measuring the TOC
of a 10 mg L™* nicotine solution before and after 30 min of UV 2s4 exposure. Although
nicotine removal was almost complete after this irradiation time, only a 9.5% TOC

removal was recorded.
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bars are too small to be visible.
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This observation pointed towards the formation of degradation products at different
rates during irradiation that were more recalcitrant than the parent compound. Indeed,
several photo-products eluted during LC/MS analysis, but not all of them could be
identified either because they consisted of isomers or because they co-eluted with other
by-products. To increase the number of identified photo-products, irradiated samples
were also analyzed using the TD-GC/ITMS analytical procedure. The summary of
these investigations is given in Table S.10 in the Appendix 3 of the Supporting
Information. During TD-GC/ITMS analysis, the formation of 3-ethenylpyridine (P105
in Fig. 4.2) was confirmed at m/z = 105 and the MS spectrum had an excellent match
with the MS library. The formation of P105 has been reported in the past during the
photocatalytic degradation of cotinine at A = 360 nm in the presence of TiO, (Medana
et al., 2016). Cotinine is an important product of nicotine during ozonation, OHs
oxidation, biodegradation, and during the indirect photolysis of nicotine in wastewater
samples (Lian et al., 2017; Medana et al., 2016). It was therefore assumed that during
direct photolysis, nicotine was oxidized to cotinine and further photo-transformed to
P105. Here, the presence of cotinine (Fig. 4.2) was confirmed during LC/MS at [M-
H]+ = 177 m/z. Other transformation by-products identified during LC/MS included
P135, P181 and P208 at [M-H]+ = 136, 182 and 209 m/z respectively. The formation
of these by-products has been proposed in the past during the indirect photolysis of

nicotine together with their reaction pathways (Lian et al., 2017).

442 EFFECT OF PH ON THE DIRECT PHOTOLYSIS OF
NICOTINE

In general, the relationship between photolysis and pH is linked to the protonation
states of the molecule and the absorption spectrum of the substate (Boreen etal., 2004).
Once dissolved in water, nicotine may be present in a neutral or ionic form, depending
on the pH of the water solution. Fully protonated nicotine carries two protons and the
reported acidity constants in water are pKa; = 3.37 and pKaz = 8.07 at 25°C (Nienow
etal., 2009). At pH values below 4.0 the diprotonated nicotine is the principal species,
between pH values 4-8 monoprotonated nicotine is dominant, and at higher pH values

the neutral form of nicotine is dominant (Nienow et al., 2009).

To investigate the effect of pH at environmentally relevant values, nicotine containing

water solutions having pH values between 5 and 9 were UV 254 irradiated. All irradiated
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water solutions were buffered and the pH was monitored before and after photolysis to
confirm that there were no changes in the pH. Fig. 4.3 depicts the time trends in
normalized nicotine concentration during irradiation at the pH values tested. As seen,
at pH 4.9 and 6.9 (where the monoprotonated form of nicotine is the primary species
present) decomposition was faster compared to that at pH 9.0. The apparent pseudo-
first order rate constants (knic was 0.16 (r? = 0.9937), 0.12 (r> = 0.9837) and 0.04 (r? =
0.9996) mint at pH 4.9, 6.9 and 9.0 respectively) confirmed the enhanced
photodegradation rate of nicotine when the monoprotonated nicotine species is the
most abundant. The present results were in agreement with some preliminary
experiments performed whilst investigating the H2O2-enhanced photodegradation of
nicotine (Nienow et al., 2009). In this report, UV2s4 irradiation of nicotine water
solutions at pH = 1, 5.5, and 11.3 provided evidence that the direct photolysis of
nicotine is faster when the monoprotonated nicotine is the primary species present in

solution.

4.43. EFFECT OF DISSOLVED SPECIES ON THE DIRECT
PHOTOLYSIS OF NICOTINE

Humic acids (HA) have a considerable light absorbing capacity and can act as
photosensitizers by generating a range of reactive transient species (Kourounioti et al.,
2019; Koutantou et al., 2013). During the present investigations, the presence of HA at
an environmentally relevant concentration (2.5 mg L), had a very small effect on the
direct photolysis of a 10 mg L™ nicotine water solution (Fig. S.5 — Appendix 3 in the
Supporting Information) yielding knic,na = 0.08 (r? = 0.903). It was assumed that this
small delay in kinetics was due to competition for lamp irradiance between nicotine
and HA (Kourounioti et al., 2019). In further experiments, the effect of salt was also
investigated and the results from these studies are shown in Fig. S.5 — Appendix 3 in
the Supporting Information. In general, salt can alter the ionic strength of the solution
and lower the activity coefficient of the mono-protonated and especially the di-
protonated species (Nienow et al., 2009; Schwarzenbach et al., 2003). The negatively
charged chloride ions may thus result in a shielding effect of the positively charged
nicotine ions, which in turn may decrease observed reaction rates of nicotine when free

radicals are involved (Nienow et al., 2009). During the present investigations and as
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expected, the presence of 3.5% w:v NaCl had practically no effect on the direct

photolysis of 10 mg L™ nicotine water solutions (Knic, naci = 0.11 (r? = 0.9871)).
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444 THE PHOTODEGRADATION OF NICOTINE IN
NATURAL WATERS

The photodegradation of nicotine was also studied in various natural water matrices
(rain, river and sea water), and compared to the behavior of nicotine in ultrapure water
(Fig. 4.4). In the case of sea water, the kinetics of nicotine photolysis were practically
the same as in ultrapure water (Knicsea = 0.10 (r? = 0.9833)) and for this matrix type,
the natural-water components could not alter the photolysis kinetics of nicotine. This
conclusion was also supported by the no-effect of salt found earlier on the direct
photolysis of nicotine. On the other hand the degradation of nicotine was slightly
delayed in river water (Knic, river = 0.08 (r> = 0.9880)). It was assumed that this was the
result of light absorbing components present in this type of surface water that competed
with nicotine for lamp irradiance and reduced the photon flux absorbed by nicotine, in
agreement with our previous results on the effect of HA on the direct photolysis of
nicotine. Finally, the direct photolysis kinetics of nicotine in rain water (Fig. 4.4)
appeared to be somewhat enhanced compared to the rest of the natural water samples

tested (Knic, rain = 0.13 (r?> = 0.9871)). This observation was assumed to be the result of
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the pH of this matrix. Indeed, compared to the rest of the natural water samples tested,
rain water sample was more acidic (pH = 6.4; pH values given in the inset of Fig. 4.4),
and kinetics were closer to the one recorded for ultrapure water at pH = 6.9 where knic
=0.12.

4.45. NICOTINE PHOTOLYSIS IN LEACHATES PRODUCED
FROM USED TOBACCO PRODUCTS

4.45.1. PRELIMINARY STUDIES ON THE LEACHING BEHAVIOR OF
NICOTINE FROM HnBs AND CCs

Tobacco consists of a very complex mixture having at least 4000 chemical constituents
(Slaughter et al., 2011). Moreover, in a burning cigarette or a heated HnB many
chemical reactions take place, that yield a number of new compounds (Baker and
Bishop, 2004; Schaller et al., 2016). The leachates from tobacco product waste
therefore consist of highly complex mixtures of compounds. In a preliminary set of
experiments, leaching studies were performed using batch tests with unused or used
HnBs and CCs soaked in ultrapure water for times ranging between 30 min to a
maximum of 30 days, and the changes in TOC values were monitored. For each
tobacco product, the results showed slower kinetics of organic content release from
unused compared to operated units (Fig. S.6 — Appendix 3 in the Supporting
Information). Moreover, a slower release was observed in leachates from HnBs
compared to CCs regardless whether the product was operated or not (Fig. S.6 —
Appendix 3 in the Supporting Information). This observation presumably reflected the
differences in tobacco processing between the two products as well as the presence of
a thin aluminum sheet to wrap the tobacco plug in HnBs, which also delayed the
disintegration of tobacco sticks in water. In all cases, the TOC values after 24 h of

leaching remained unchanged as the system was at equilibrium.

In tobacco product leachates, nicotine accounts only for a small amount of the carbon-
containing compounds. Here, the nicotine contribution to the TOC values of leachates
was ~5% for unused and operated HnBs, and 9% for unused and smoked CCs.
Nonetheless, nicotine is a highly water-soluble compound, assumed to be released
quickly to the water phase from tobacco products and become bioavailable to aquatic

life (Roder Green et al., 2014). The total and bioavailable nicotine concentrations were
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then measured for HnBs and CCs before and after being operated, since not all of these
values are reported in the literature. For HnBs, the total nicotine content was 4.67 +
0.09 mg unit? (past reported value was 4.7 mg unit (Bekki et al., 2017)), and after
operation the total nicotine content was reduced to 3.20 + 0.09 mg unit™* (Table S.11 —
Appendix 3 in the Supporting Information). For CCs the total nicotine content was 9.46
+ 0.34 mg unit™ (past reported value was 10.9 mg unit?; differences were accounted
to tobacco variations in different countries and among CC packs (Kozlowski et al.,
1998)), and after smoking CCs, this value was reduced to 1.55 + 0.11 mg unit™ (Table
S.11 - Appendix 3). Moreover, for all types of tobacco product tested, the majority of
the total nicotine content was bioavailable after 24 h (Table S.11 - Appendix 3). These
results showed that ~70% of the total and bioavailable nicotine content remained in the
HnBs units after operation and that this percentage dropped to ~15% for CCs (Table
S.11 - Appendix 3). This drastic decrease in nicotine content for CCs was accounted to
the reduction in length and mass after smoking (Koutela et al., 2020). This assumption
was further supported by the similar TOC values in leachates from used CCs and
unused CCs cut at an operated length i.e. length of the filter plus 3 mm of the tobacco
plug (Fig. S.6 — Appendix 3 in the Supporting Information). Further studies on the
contribution of the different parts of the tobacco product (filter, tobacco filler and
paper) on the total and bioavailable nicotine content of HnBs and CCs showed that
tobacco was the only source of nicotine from both types of unused tobacco products
(Table S.11 — Appendix 3 in the Supporting Information). However, after operation,
nicotine was evenly distributed in the remnant tobacco and filter and to a less extent in
the paper used for tobacco wrapping (Table S.11 — Appendix 3). We also found that
the bioavailable nicotine concentrations remained practically the same when varying
the pH, salt and humic acid content at environmentally relevant values (Table S.12 —
Appendix 3 in the Supporting Information) and when river water, rain water or
seawater was used as leachant (Table S.13 — Appendix 3 in the Supporting

Information).

4452 NICOTINEPHOTOLYSIS IN LEACHATES PRODUCED FROM USED
TOBACCO PRODUCTS

Leachates were prepared from used HnBs and smoked CCs ata 10 L g* liquid-to-solid
ratio and further diluted to a 10 mg L initial nicotine concentration (pH ~ 6.5 for the

diluted solutions). Aliquots were then UV 2s4 irradiated and the resulting normalized
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concentration time profiles are given in Fig. 4.5. Despite the complexity of the matrix,
the respective coefficients of linear regression after data fitting to Equation (4.1) were
satisfactory and the resulting pseudo first-order reaction rates were: knic,cc = 0.11 (r?
= 0.9812) and knicins = 0.09 (r? = 0.9947). As seen, nicotine degradation in these
leachates proceeded possibly in slightly slower kinetics compared to ultrapure water
(at pH = 6.9 knic = 0.12 (r? = 0.9837)). This was somewhat expected considering the
increased complexity of the leachate compared to ultrapure water where nicotine
accounted only for a small amount of the carbon-containing compounds. It was
therefore assumed that the presence of other tobacco-derived leachate components
absorbed UV2s4 light and decreased the irradiance available for the direct photolysis of

nicotine (Kourounioti et al., 2019).
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Fig. 4.5 UVass-induced photolysis of nicotine in leachates from used HnBs and CCs. Inset graph:
apparent rate constants for each tobacco product leachate tested. Leachates were diluted to a [NIC]o =

10 mg L-*. Data points are linked with dashed lines to visualize trends.

Identification of the photo-transformation products formed under UV 254 irradiation was
not possible due to the large number of co-eluting extracted organics that impeded
untargeted analysis when using one dimensional GC and the current type of mass
spectrometry. To allow a better understanding of leachates, the organics remaining in

the system after irradiation were evaluated in terms of TOC. The measured changes in
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TOC values after irradiation were non-significant even after extending the exposure
time to 180 min. It was concluded that despite the complete conversion of nicotine
under UV2ss, the mineralization degree of leachates in terms of TOC values was
negligible due to the abundance of organics and the formation of new transformation

products.

45. CONCLUSION

In this study, we report the direct photolytical degradation of nicotine in simple and
highly complex matrices. The results showed that UV ss-induced photolysis is an
efficient and fast process for the degradation of nicotine. Among the different
photoproducts formed, only five were identified my means of LC/MS and TD-
GC/ITMS. TOC removal was very low pointing towards the formation of
photoproducts at different rates that were more recalcitrant than the parent compound.
The photodegradation kinetics was found dependent on the pH and optimum conditions
were found in the range where monoprotonated nicotine prevails. Humic acids slightly
delay kinetics by screening light, whereas the presence of salt did not affect the
reaction. From all the natural water tested, faster kKinetics were recorded in rain water
due to the lower pH value of this matrix. Leachates from operated CCs and the new
generation HnBs were UV s, irradiated and photolysis proceeded fast despite the large
amount of tobacco-derived components present in the solution. Nonetheless, TOC

removal from both leachates was non-significant.

More information is needed to elucidate the photochemical fate of nicotine. The use of
two-dimensional gas chromatography (GC x GC) will allow enhanced separations of
the complex leachate mixtures through greater chromatographic peak capacity that will
enable the identification to the maximum possible extent of the photoproducts formed

in highly complex matrices like tobacco product leachates.

Finally, we take advantage of the present investigations and perform for the first time
leaching studies on unused and operated HnBs and CCs. Slower kinetics of organic
content release were recorded for HnBs products. After operation, ~70% of the total
and bioavailable nicotine content remains in HnBs compared to the 15% in CCs. This
finding confirms the importance of properly disposing tobacco product waste to

prevent nicotine leaching in water bodies.
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5.1. ABSTRACT

This work reports for the first time the UVC photodegradation of cilastatin, a renal
dehydropeptidase inhibitor co-adminstered with the imipenem antibiotic. Initially,
solutions of cilastatin at varying concentrations were prepared in ultra-pure water and
the direct photolysis of cilastatin was monitored under 254-nm irradiation. Degradation
was slower at higher initial cilastatin concentrations, due to absorption saturation. Of
the different eluting photoproducts, only one was tentatively identified as oxidized
cilastatin bearing a sulfoxide group. UV-254 photolysis occurred faster at lower pH
values, because the protonated forms of the molecule (H3A*, H2A) have both higher
absorption coefficients and higher photolysis quantum yields than the non-protonated
ones (HA", A%). The direct photolysis of cilastatin does not involve «OH, as excluded
by experiments in which t-butanol was added as eOH scavenger, whereas the presence
of humic acids inhibited photolysis due to competition for radiation absorption. The
same explanation partially accounts for the observation that the photolysis kinetics of
cilastatin was slower in tap water, river water and treated wastewater samples
compared to ultra-pure water. Moreover, the direct photolysis quantum yield was also
lower in water matrices compared to ultra-pure water. Similar findings reported for
triclosan and the herbicide 2-methyl-4-chlorophenoxyacetic acid in previous studies
might suggest that the water matrix components could carry out either physical
guenching of cilastatin's excited states or back-reduction to cilastatin of the partially
oxidized degradation intermediates. Overall, the present results demonstrate that UVC
irradiation is a fast and efficient process for the degradation of cilastatin in natural

water and treated wastewater.
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5.2. INTRODUCTION

Antibiotics are frequently used in the treatment and prevention of infectious disease,
as well as to treat humans and animals. Imipenem was the first member of the
carbapenem class of antibiotics and an important broad-spectrum f-lactam antibiotic,
often used as a “last-line antibiotic” when patients with infections became gravely ill
or were suspected of harboring resistant bacteria (Proia et al., 2018; Reina et al., 2018;
Briones et al., 2020). At early stages of development when imipenem was administered
alone, low urinary recovery in animals and human volunteers were recorded, and
further toxicological studies reported proximal tubular necrosis to rabbits (Drusano et
al., 1984). The concept of coadministering imipenem together with a renal
dehydropeptidase inhibitor to improve the urinary antibiotic profile resulted in the
synthesis and use of cilastatin. The combination of imipenem and cilastatin in a ratio
of 1:1 yielded high urinary concentrations of imipenem (recoveries increased from 12-
42% to 70% of the dose when co-administered with cilastatin), and in addition,
cilastatin prevented entry of imipenem into the proximal tubular epithelium (Hutt and
O'Grady, 1996). At the same time, the urinary recoveries of cilastatin in the presence
or absence of imipenem were reported to range between 70 and 80% after 6 h from
administration (Norrby et al., 1984; Hsieh et al., 1985).

In recent years, the consumption of last-line antibiotics has been rapidly increasing
across all income groups (Y1lmaz and Ozcengiz, 2017; Klein et al., 2018). In particular,
the increased consumption of carbapenems such as imipenem, has resulted in their
environmental release through various routes such as patients’ excretions, hospital
wastewater and the pharmaceutical industry (Cheng et al., 2015; Szekeres et al., 2017)
and in their widespread occurrence in aquatic systems (Tran et al., 2016; Szekeres et
al., 2017; Proia et al., 2018). The latter findings were assumed to account for the
developed resistance of some Gram-negative bacteria to carbapenems (Kumarasamy
et al., 2010), which is now spreading throughout the world and is threatening the
efficiency of this essential class of lifesaving antibiotics (Papp-Wallace et al., 2011,
Szekeres et al., 2017; Reina et al., 2018).

The increasing consumption of imipenem inevitably entails environmental release of

cilastatin. Although, the photochemical fate (Reina et al., 2018) and treatment
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(Cabrera-Reina et al., 2019) of imipenem have been the focus of past studies, very little
is known on the photochemical fate of cilastatin in water, and its treatment was only
recently proposed as part of an integrated advanced oxidation/reduction process for the
degradation of imipenem/cilastatin antibiotic aqueous solutions (Godini et al., 2019).
However, detailed data and discussion were not provided on the behavior/performance

of cilastatin undergoing this process.

This contribution aims to explore for the first time the photolytic fate of cilastatin in
water under 254-nm irradiation. Initially, ultrapure water was used as matrix to study
the effects of concentration, pH, presence of t-butanol and humic acids on the cilastatin
(photo) transformation rate. Building on this knowledge, the photolysis of cilastatin
spiked to tap water, river water and wastewater effluent was monitored as a function
of irradiation time. At all times, modeling results are presented to confirm suggested

hypotheses and discussion on experimental data.

5.3. MATERIALS AND METHODS

5.3.1. CHEMICALS AND SAMPLES

Cilastatin sodium salt (purity grade >99.8%) was purchased from Sigma-Aldrich
(Steinheim, Germany). All organic solvents used were LC/MS grade. t-Butanol
(>99%) was supplied by Fisher Chemicals (Pittsburgh, Pennsylvania). Analytical grade
formic acid and humic acid were supplied by Fluka Chemie GmbH (Bucks,
Switzerland). Aqueous solutions of sodium hydroxide (Fluka Chemie GmbH) or buffer
solutions were used to adjust the pH value of the irradiated solutions. The following
chemicals were used to prepare the buffer solutions: glacial acetic acid and boric acid
(99.8%) supplied by Merck, KGaA (Darmstadt, Germany), potassium phosphate
dibasic trihydrate (>99.0%) from Sigma-Aldrich (Steinheim, Germany), sodium
acetate trihydrate (>99.5%) and potassium dihydrogen phosphate (>99.5%), both
supplied by Fluka Chemie GmbH (Germany).

An EASYpure RF water purification system supplied by Barnstead/Thermolyne
Corporation (Dubuque, 1A, USA) was used to prepare ultra-pure water. The matrix
effect on cilastatin photolysis was studied using: (i) freshwater sampled from the river

Koiliaris at Kyani Akti (Kalyves, Crete, Greece); (ii) tap water from the University
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campus (Chania, Crete, Greece), and (iii) secondary treated wastewater effluent (WW)
from the municipal wastewater treatment plant of Chania (Crete, Greece), serving
approximately 70,000 inhabitants. See Table S.14 — Appendix 4 in the Supporting
Information for the chemical composition of the three water types used in this work.
Samples were collected the day before conducting the photo-experiments, and were
stored in the dark at 4 °C. All samples were initially analyzed and found free of

cilastatin.

5.3.2. PHOTOLYSIS EXPERIMENTS

For all photolysis experiments, a home-made laboratory photoreactor (28.0 cm height
x 28.4 cm length x 28.0 cm width) was used. The photoreactor was equipped with two
8 W low-pressure mercury lamps having a strong emission line at 254 nm (Osram 8 W
G8 T5), each mounted on an opposing sidewall of the photoreactor. The distance
between each lamp and the quartz vial used in the experiments was 13 cm. The rate of
the incident UV light intensity entering the solution (lo, given in E L s, where E =
Einstein) was determined using H20; as chemical actinometer, and was o = (6.24 +

0.19) x 10 E L 5L,

Agqueous solutions of cilastatin (CIL) were prepared daily by transferring the
appropriate volume from a 7 g L** methanolic stock solution to a tailor-made quartz
vial (2.4 cm outer diameter x 5.2 cm height). A gentle nitrogen stream was then applied
to the headspace and, after complete evaporation of methanol, 9 mL of water were
added (ultra-pure H2O, H.O with additives, tap water, natural water or WW effluent,
depending on the experiment). The mixture was then sonicated for a short time to
facilitate CIL solubilization. The quartz vial containing this aqueous solution was then
capped and submitted to UV irradiation for the preset time under mild magnetic
agitation. The inner diameter of the quartz vial (2.0 cm) was used as the optical path
length of radiation. Blank experiments were also conducted by placing the water
samples inside the photoreactor with the lamps switched off. CIL removal in the dark
was below the error of the analytical method (varied between 0.1 and 2.6%) after 60
min, confirming that changes in the analytical signal after photolytic treatment were

due to photochemical processes only. All experiments were run at least in duplicates.

168



5.3.3. ANALYTICAL METHODS

The absorbance of aqueous samples at 254 nm was measured using a single-beam UV-
visible spectrophotometer (UVmini-240, Shimadzu, Tokyo Japan), equipped with
quartz cuvettes having a 1 cm optical path length. The total organic carbon (TOC)
content of water solutions was measured using a TOC-5000 analyzer (Shimadzu,
Kyoto, Japan; catalytic oxidation on Pt at 680 °C). The calibration was performed using

standards of potassium phthalate.

All liquid chromatography/mass spectrometry (LC/MS) analyses on CIL were carried
out using an Agilent 1200 Series high performance liquid chromatography (HPLC)
system equipped with a binary pump, autosampler, degasser and thermostated column
compartment, coupled to a diode array detector (DAD; the CIL analytical wavelength
was 200 nm), and to an Agilent 6110 single quadrupole MS system equipped with a
multimode ionization source. A Thermo-Electron Betasil C18 column (Waltham, MA,
USA) of dimensions 2.1 mm ID x 100 mm length with 5 mm particle size was used for
separation. The mobile phase consisted of 85% of water containing 0.1% formic acid
and of 15% of acetonitrile containing 0.1% formic acid. The flow rate of the mobile
phase was 250 uL min, and the total analysis time was 10 min. For analysis, 60 uL of
the sample were added to 100 pL polypropylene inserts and placed in 2mL
polypropylene autosampler vials equipped with caps, all purchased from Agilent (Palo
Alto, USA). The injection volume was 20 uL. The MS conditions were: drying gas
flow, 5 L min; drying gas temperature, 350 °C; nebulizer pressure, 40 psi; collector
capillary voltage, 2.0 kV; fragmentor voltage, 70 V; scan range (m/z),100-1000 amu.
The mass spectrometry data were recorded using the positive electrospray ionization
(ESI) mode. The linearity of the method was tested using five concentration levels
ranging from 1 to 100 mg L (correlation coefficient r> =0.9982). A 1.3 mg L limit
of quantification (LOQ) was estimated. This concentration level was not sufficiently
to monitor the photolysis of 2.5 mg L x 1 CIL (i.e., 7 x 10°° M). To increase sensitivity
in these experiments, 100 pL of the irradiated sample were added to 250 pL vial inserts
instead, the injection volume was set at 60 pL, and the 350-365 amu mass spectrometry
signal was used to monitor changes in CIL concentration. The linearity of this method
was assessed using a five-point calibration curve in the concentration range 0.5-5mg

L and the estimated LOQ was 0.36 mg L1, which was sufficient for monitoring close
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to 85% CIL conversion. The linearity of the method was tested in each water matrix
studied here and it was concluded that the matrix did not affect the analytical

performance of the method.

5.4. RESULTS AND DISCUSSION

5.4.1. PHOTODEGRADATION KINETICS

CIL undergoes several acid-base equilibria, which are described by the acid
dissociation constants pKa1 = 2.0, pKa2 = 4.4 and pKaz = 9.2 (Drugbank, 2020). These
data allow for the distribution of the different species to be derived as a function of pH
(Nourmoradi et al., 2019). In particular, the species’ fractions o can be obtained as

follows from the deprotonation equilibria:

[H*P®

a + = 5.1
HaA" = [ K [ K Kl T+ KKKy )
a — Kal[H+]2 (5 2)
H2A ™ [H+]3 Koy [H¥ 124K g1K a2 [H 4K g1K 02K 3 '
+
o e = Kg1Kq2[H™] (5 3)
HA [HYP+Kq1 [HY?+K g1 K g2 [H 4K g1 K ¢2K o3 '
Ko1K oK
aAz_ — al a2 a3 (5'4)

[HY13+Kaq1 [HT2+K 1K o2 [H[+K 01K g2 K o3

Note that HsA* is the form of CIL with the amino and the two carboxylic groups all
protonated, and the progressive deprotonation of these groups yields H,A, HA and A2,
The distribution of the different CIL forms as a function of pH is reported in Fig. S.7 —
Appendix 4 in the Supporting Information. It can be observed that HA" strongly
prevails at pH 6-8, i.e., in the conditions around neutrality that are most often found in

water treatment.

A first series of degradation experiments was carried out at pH 7, for concentration
values of CIL ranging from 2.5 to 100mg L-! (note that 100 mg L ! correspond to 2.6 x

10 M). The 2.5 mg L concentration represented the lowest concentration level where

170



conversion of up to 90% of the irradiated samples could be successfully monitored and
quantified by the analytical instrumentation. The time evolution of CIL (Fig. 5.1)
shows that degradation was more effective as the initial concentration was lower. Data
fitting of the concentration profiles from Fig. 5.1 to C; = C, eX gave the k values used
to compute the initial degradation rates Ro (vide infra) shown in the inset graph, which
increased with increasing Co, from 2.2 x 108Ms* at 25 mg L1 to 2.5 x 107" M st at

100 mg L.

In a pseudo-first order approximation the initial degradation rate Ro can be obtained as
Ro = k Co, and the Ro vs. Co trend is reported in the inset of Fig. 5.1. The observed
increase with plateau may suggest that the substrate absorbs radiation and gets
photolyzed as a consequence, up to saturation of absorption (Kourounioti et al., 2019;
Alberti et al.,, 2021). The monochromatic irradiation set-up allows for a simple
Lambert-Beer approach to be applied, where the initial degradation rate can be

expressed as follows (Braslavsky, 2007):
R, = y[1 — 10~ %citbC] (5 5)

where vy is a constant proportionality factor, eci_ IS the molar absorption coefficient of
CIL at 254 nm, b = 2 cm the optical path length in solution, and C, the initial CIL
concentration. The experimental values of k and R, in the different experiments
conducted in this work are listed in Table S.15 — Appendix 4 in the Supporting

Information.

Independent spectrophotometric measurements gave £ci (254 nm) = 1660 L mol~* cm-
1 at pH 7 (molar absorption of the HA- species, see Fig. S.7 in the Supporting
Information). Therefore, by introducing in Eq. (5.5) all the known parameters it is
possible to fit the experimental data of Fig. 5.1 (insert) with g as the only free-floating
variable. The good fit results show that the phenomenon of absorption saturation

indeed accounts for the plateau trend of R vs. Co.

In an attempt to identify the transformation products formed, the photolysis of 100 mg
L CIL solutions was monitored for 60 min, that is 15 min longer than the time required
to remove CIL itself. During LC-MS analysis, the elution of several photoproducts was
recorded. However, considering the parent compound, the use of a single quadrupole
mass spectrometer could not provide a large amount of structural information, and

specificity was limited compared to other more sophisticated types of mass
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spectrometers such as tandem quadrupole mass spectrometers (Kourounioti et al.,
20109; Petrovic et al., 2007).
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Fig. 5.1 Time trends of CIL concentration upon 254-nm irradiation at different initial concentration
values, under ~ neutral conditions (pH ~ 7). Data points are linked with dashed lines to visualize trends.
Inset: initial degradation rates (R, = k C,) for the different concentrations examined here (C,). The

dashed connecting curve represents data fit with Eg. (5.5). Some error bars are too small to be visible.

Moreover, co-elution of products formed further obstructed their identification. The
only photoproduct that could be tentatively identified was P375 at [M - H]* = 375 m/z,
where the sulfide moiety of CIL was oxidized to a sulfoxide group. In the Supporting
Information, Fig. S.8 — Appendix 4 depicts the tentative mechanism and Table S.16 —
Appendix 4 gives the summary of analytical characteristics. P375 appeared after
exposing CIL to 254-nm radiation for 10 min and reached its maximum at 45 min. The
amount of organics remaining in the system after complete conversion of CIL was also
evaluated, by measuring the TOC of 15 mg L CIL water solutions before irradiation
and for up to 240 min of UV2s4 exposure, after which time only ~10% TOC removal

was recorded. This observation pointed towards the formation and accumulation of
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degradation products during irradiation, which were more recalcitrant than the parent
compound (Yazdanbakhsh et al., 2018).

Another series of experiments studied the effect of pH on CIL degradation. The
relevant time trends (see Fig. 5.2) suggest that degradation was faster at low pH and
slowed down as the pH increased. A change in pH modifies the prevailing species that
occur in solution, and the pH effect is most likely explained by different photochemical
reactivity. The experimental degradation rate can be expressed as the sum of the
contributions of the different species, each weighted for the relevant fraction, as

follows:
Ry = ayatRy a+ + @p,aRp,a + @ga-Ruya- + ay2-Ry2-  (5.6)

where ay 4+, @y,a, aga- and a,z- are expressed as per Egs. (5.1)-(5.4) and are

reported in Fig. S.7 — Appendix 4 in the Supporting Information.

The trend of Ro vs. pH is shown in the inset of Fig. 5.2, and the experimental data (solid
squares) were fitted with Eq. (5.6) using Ry 4+, Ry,a » Rya- and R4z~ as floating
parameters. The fit (see dashed curve in Fig. 5.2, inset) yielded Ry, 4+>Ry,4 >Ry a-
>R 42— , which accounts for the observed pH trend. The contributions of the different
CIL species to photodegradation (respectively, ay, 4+ Ry, a*, @n,aRp,4a, @na-Rya-
and a42- R 42-) are also reported in the inset of Fig. 5.2, as solid curves as a function of
pH. Notably, degradation at pH 6-8 would mainly be accounted for by HA", and its

kinetics is not expected to vary much in that pH interval.

The rate data derived for the different species (Ry, a+, Ry, 4 » Rua- and R42-) allow for
the calculation of the relevant direct photolysis quantum yields. For a generic species
X undergoing monochromatic 254-nm irradiation, the following relationship holds
between the degradation rate Ry and the molar absorption coefficient at 254 nm, €x(254

nm):
R, = @, 1,(1 — 10~&x(254nm)bCoy (5 7)

where x = HzA*, H,A, HA" or A%, @y is the direct photolysis quantum yield for the x
species, lo = (6.24 £0.19) x 10 E L s the incident photon flux, b = 2 cm the optical
path length, and the concentration C, = 2.6 x 10 M (note that Ry is the contribution of

the species x to the photodegradation of CIL when its molar fraction ax = 1, thus we
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could use Cx = C,). The absorbance of CIL was measured spectrophotometrically at
254 nm and at different pH values, and the experimental data of the molar absorption
coefficients eciL(254 nm) are reported in Fig. 5.3 as a function of pH (solid squares).
The pH trend of eciL(254 nm) is accounted for by fact that the different CIL species
have different absorption coefficients ex(254 nm). Therefore, the experimental data can

be fitted with the following equation:

EciL = aH3A+€H3A+ + OlHZASHZA + Aya—€xa- + Ap2-Ep2- (58)
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Fig. 5.2. Time trends of CIL (Co =100 mg L* or 2.6 x 10* M) upon 254-nm irradiation, as a function
of pH. Data points are linked with dashed lines to visualize trends. Inset: trend of R, (initial degradation
rate of CIL) vs. pH. The solid blue squares are the experimental data, the dashed curve is the data fit
with Eq. (5.6), using Ry 4+, Ry,a » Rya- and R,2- as free-floating parameters. The solid curves
represent the contributions to photodegradation of the different CIL species. Some error bars are too
small to be visible. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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where all the molar absorption coefficients are referred to 254 nm. The fit of the eciL
experimental data with Eq. (5.8), using ey 4+, €y,4 » €ga- and g42- as floating
parameters, yielded the values of the 254- nm molar absorption coefficients of HsA*,
H2A, HA- and A% that are reported in Table S.17 — Appendix 4 in the Supporting
Information. With these values and those of Ry it is possible to obtain the direct
photolysis quantum yields of the various species at 254 nm, using the relationship
reported in Eq. (5.7). The quantum yield data thus calculated are reported in Table S.17

— Appendix 4 in the Supporting Information as well, and they follow the order @y ,+
> @y 4 >Ppya- > Pyz-. The quantum yield value of HsA* is remarkably high, which
explains why HzA* undergoes faster photodegradation compared to H>A (Fig. 5.2),

although it absorbs radiation at a somewhat lesser extent (Fig. 5.3).
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Fig. 5.3 Molar absorption coefficients (254 nm) of CIL and its different species, as a function of pH.

The solid squares are the experimental data; the dashed curve is the data fit with Eq. (5.8), using ;. ,+,
€m,a » €na- and ,2-as floating parameters; the solid curves represent the contributions to radiation
absorption of the different CIL species (given by the respective product ay, ,+€&y,a+ » Xpya€m,a »

Apa—Ega— » aNd @ 2-€42- ).
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5.4.2. EFFECT OF DISSOLVED SPECIES

In some cases, the direct photolysis of organic molecules follows a self-sensitized
pathway where the excited state of a compound is involved in the degradation of the
same compound in the ground-state. The occurrence of a bimolecular reaction between
excited and ground states ensures that the process kinetics becomes faster as the
concentration Co increases (Bedini et al., 2012). In such cases the trend of Ro vs. Co
would not follow absorption saturation, and the latter should underestimate the
degradation kinetics at high Co. The data reported in the inset of Fig. 5.1 show that
degradation kinetics in our study strictly adhered to the absorption saturation model.
Therefore, a self-sensitized process can be excluded. The same data rule out as well the
opposite phenomenon, that ground state CIL quenches the excited states of the same
molecule. Indeed, in such cases one expects Ro to grow more slowly with Co compared
to the case of absorption saturation, sometimes yielding a trend with a maximum
(Minto et al., 1989). The experimental data of Fig. 5.1 rather suggest that CIL follows
direct photolysis triggered by evolution of the excited state(s), excluding important

interactions between these and the ground state.

In some relatively rare circumstances, the irradiation of a molecule in water can trigger
*OH production. This happens for instance if the excited state is able to oxidize water
(Sur et al., 2011), and in such cases photogenerated *“OH could contribute to the
degradation process. Such a hypothesis can be checked by addition of “OH scavengers
to the irradiated system. t-butanol is a common and rather selective “OH scavenger that
can be useful to this purpose (Buxton et al., 1988; Neta et al., 1988; Tsiampalis et al.,
2019; Stathoulopoulos et al., 2020). As shown in Fig. S.9 — Appendix 4 in the
Supporting Information, the addition of 100 mg L t-butanol had very little effect on
CIL degradation, thereby suggesting that the transformation process does not involve
*OH to asignificant degree. It is noted that the experimental data obtained with alcohols
should be treated with caution, because sometimes alcohols scavenge reactive states
rather than "OH (Vione et al., 2010). However, in the present case the alcohol had a
minor effect that suggests a limited importance of both *OH production and the possible
confounding process (in contrast, the finding that t-butanol inhibits photolysis would

not necessarily prove that the process involves ‘OH).
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Natural water components can affect photodegradation either by competing with the
substrate for the incoming photons, or by sensitizing its transformation (Canonica and
Freiburghaus, 2001). Differently from the case of self-sensitization, in this indirect
photochemical path the excited state of another compound (i.e. the photosensitizer)
triggers degradation by reacting with the ground-state substrate (McNeill and
Canonica, 2016). Actually, while competition for lamp irradiance by other compounds

inhibits degradation, the sensitization process favors it.

Humic substances are major light absorbers and photosensitizers in surface waters
(Rosario-Ortiz and Canonica, 2016), thus they are very suitable compounds with which
to test the inhibition/sensitization potential. The presence of humic compounds at
environmental concentrations (2.5 mg L) inhibited the photodegradation of CIL as
shown in Fig. 5.4. This result suggests that humic acids can act as radiation absorbers,
thereby inhibiting the direct photolysis of the substrate, and that this inhibition process

prevails over photosensitization (vide infra for additional calculations over this issue).

543.CIL PHOTODEGRADATION IN REAL WATER
MATRICES

In addition to humic substances, other components (organic and inorganic) that occur
in natural waters might affect (either inhibit or enhance) the photodegradation kinetics
of CIL. Therefore, photodegradation experiments were also carried out in the presence
of natural water and treated wastewater samples spiked with CIL. The results of these
experiments are shown in Fig. 5.5. Similar transformation rates were obtained in ultra-
pure (Milli-Q quality) and tap water, while inhibition of CIL photodegradation was
observed in river water and WW effluent. The recorded decrease in degradation
Kinetics with increasing matrix complexity, signified the importance of the organic and

inorganic constituents typically found in natural waters and wastewaters.
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Fig. 5.4 Time trends of 2.5 mg L CIL upon 254-nm irradiation at near-neutral pH, alone and upon
addition of 2.5 mg L* humic acids (HA). Data points are linked with dashed lines to visualize trends.
Inset: pseudo-first order photodegradation rate constants, together with their sigma-level error bounds.
Some error bars are too small to be visible.

The absorption of radiation by CIL at concentration Co (in our case, Co = 2.5 mg L™
that corresponds to 7 x 10® M) in solution can be expressed as the absorbed photon
flux Pacit [E L? s?], which reads as follows according to the Lambert-Beer law
(Braslavsky, 2007):

Pa,CIL — 10[1 — 10 &ciL (254—nm)xbe0] (5_9)

where lo=6.24 x 10 E L s is the incident photon flux from the lamp, ci.(254 nm)
=1660 L mol* cm the molar absorption coefficient of CIL (HA") at the specified
wavelength and pH 7, b = 2 cm the optical path length, and Co = 7 x 10® M the initial
CIL concentration.

Eq. (5.9) holds if CIL is the only light-absorbing species in solution. In the presence of
other light-absorbing compounds (Sheikhmohammadi et al., 2019), the photon flux
absorbed by CIL gets modified as follows (Braslavsky, 2007):
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eciL(254nm)x ¢,
Ay (254nm)

pO’C'CIL =1, [1 _ 10—AW(254nm)xb] (5.10)

where Aw(254 nm) [cm™] is the 254-nm absorbance of the water matrix spiked with
CIL (in the present case, HA solution, tap water, river water or wastewater). In
particular, it was Aw(254 nm) = 0.073 cm™* for 2.5 mg Lt HA, 0.034 cm-* for tap water,

0.061 cm! for river water, and 0.240 cm! for wastewater.
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Fig. 5.5 Time trends of 2.5 mg L CIL upon 254-nm irradiation in different water matrices: ultra-pure
water (UP), tap water (Tap), treated wastewater (WW) and river water (River). Data points are linked
with dashed lines to visualize trends. Inset: respective pseudo-first order photodegradation rate
constants, together with their sigma-level error bounds. Some error bars are too small to be visible.

If the water matrix only affected radiation absorption by CIL, leaving its direct
photolysis quantum yield unchanged, one would expect the CIL photolysis Kinetics to
be directly proportional to P, ci.. The trend of k (pseudo first-order photodegradation
rate constant) as a function of Paci is reported in Fig. 5.6 for the different samples,
where the dashed line shows the trend that would be expected at constant photolysis
quantum yield. It is clearly shown that only tap water follows a comparable trend as

ultra-pure water, while the other water matrices and the sample containing HA feature
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lower quantum vyields for the direct photolysis of CIL (the relevant data points are
unequivocally located below the dashed line, even when accounting for the
experimental uncertainty). This finding suggests that the natural water components
may on the one hand compete with CIL for the lamp irradiance; on the other hand, they
do not behave as photosensitizers (in which case the relevant data points should be
located above the dashed line) but rather inhibit the direct photolysis of CIL by

lowering its quantum yield.
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Fig. 5.6 Correlation between the pseudo-first order rate constant of CIL degradation (k) and the photon
flux absorbed by CIL in solution (Paci). The dashed line shows the trend that would be expected if the
water matrix (UP = ultra-pure water; Tap = tap water; HA = humic acids; River = river water; WW =
wastewater) only acted as radiation absorber. The error bounds represent the sigma-level uncertainty
deriving from the exponential fit of the time trend data, while the dotted curve is the result of data fit

with a power function (k = a (PaciL)?).

Such a phenomenon of direct photolysis inhibition has already been observed in the
presence of a range of natural organic compounds including humic substances (Vione
et al., 2010; Liu et al., 2020), and might involve either the physical quenching of CIL

excited states (which would be quenched back to the ground state, inhibiting

photolysis), or the back-reduction to CIL of partially oxidized degradation
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intermediates such as radicals or radical cations. The back-reduction effect could be
triggered by the antioxidant (mostly phenolic) moieties that are ubiquitous in both HA

and the natural organic matter (Wenk and Canonica, 2012).

5.5. CONCLUSION

The rising global consumption of antibiotics resulted in the widespread occurrence of
antibiotic formulations in the aquatic environment. Although past investigations report
the photolytic behavior of antibiotics, they overlook studying the entailed problem of
co-administered agents released in water bodies. This is the first contribution studying
in depth the direct photolysis of cilastatin, a co-administered agent for the antibiotic
imipenem, under 254-nm irradiation. The experimental data showed fast depletion of
cilastatin in water under UVC, and suggested that the direct photolysis of cilastatin is
an efficient degradation technique. Our experimental and modelling data demonstrated
that degradation proceeded faster at low pH values, thereby suggesting that altering the
pH can synergistically accelerate degradation kinetics. Moreover, we showed that the
transformation process does not involve “OH to a significant degree, and that radiation
absorbers may slow down degradation Kinetics. Finally, degradation rates decreased
with increasing matrix complexity (tap water ~ ultra-pure water > river water >
wastewater effluent), suggesting that the natural water components may both compete
with cilastatin for the 254 nm photon absorption and decrease its direct photolysis
quantum yield. Nonetheless, cilastatin depletion in complex matrices can be completed

within reasonable exposure times.
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6.1. CONCLUSIONS

The present doctoral thesis is centered on the theme of detection and fate of organic
pollutants in water. The investigation was carried out through concentric scientific
projects, in a way that enabled that their execution was able to be effectuated in a

connective manner and produce interesting results.

At the outset, HSSE sampling under vacuum conditions (Vac-HSSE) was introduced
within the context of the present thesis for the first time. Vac-HSSE was proven
experimentally, with the extraction of polycyclic aromatic hydrocarbons (PAHs) from
water samples, (and theoretically), to be a viable tool to accelerate extraction kinetics
and reduce equilibration times, since the low surface area to volume ratio of the stir bar
typically results in long equilibration times at 1 atm compared to other PDMS-based
methods (e.g., SPME). An effort was made to comprehend the theoretical aspects of
the extraction Kinetics in the pre-equilibrium phase, as prior to that, research has been
focused only on equilibrium conditions. Consequently, the theoretical model
describing the pressure dependence of Vac-HSSE was here discussed and the reduction
in equilibration times was predicted. The results underscored, for the first time, the fact
that at 1 atm gas-sided resistance imposed significant limitations to the analyte uptake
by the stir bar and subsequently to the extraction kinetics. This issue was successfully
restricted by the utilization of the vacuum sampling approach. Correspondingly, the
gas-sided limitations that could govern both the evaporation and analyte uptake stages
were restrained by sampling under vacuum which assisted on the overall acceleration
of the extraction kinetics. The positive combined effect of vacuum and temperature on
HSSE was also proven to be possible due to the high PDMS volume and layer thickness
of the stir bar coating, which essentially prevented water molecules from interfering
with the overall analyte uptake. Additionally, lowering the sample pressure
significantly reduced the time needed for the analytes to reach equilibrium, adding to
an improvement of the yielded extraction kinetics and analytical performance of the
Vac-HSSE in contrast with that recorded with regular HSSE.

Thenceforwards, within the framework of investigating PAHS, the research was
oriented in the direction of the determination of total and bioavailable concentrations

of PAHSs in HnBs tobacco products and compared the results to those obtained with
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CCs. Although in the past researchers, evaluated and compared the total concentration
of PAH content from cigarette butts collected in cafeterias, near various urban sites and
by ariver (Dobaradaran et al., 2019), and studied the dissolved concentrations of PAHs
in cigarette butts leachates in river, tap and deionized water in different leaching times
(Dobaradaran et al., 2020), there was no interest in the impact of the exposure in the
water element of novel ‘heat-not-burn’ tobacco products in comparison with the
conventional cigarette butts. Our research demonstrated that total PAHs concentrations
in smoked CCs are higher than in non-combustible HnBs tobacco products. It was also
concluded that tobacco and filter were the most contaminated parts of HnBs products
after operation as opposed to smoked CCs where the spent filter was the main part in
which a substantial amount of PAHs resided in. Regardless the high total PAHs
concentration detected in used CCs, similar sums of bioavailable PAHs concentrations
were found in all leachates. This important finding can be seemingly explained by the
fact that smoking affects the leachability of PAHSs, rendering them highly absorbed to
the solid matrix, thus delaying their desorption to the water element. In this instance,
improperly discarded CCs can act as point sources of long-term PAHs contamination.
Lastly, it was demonstrated that varying the composition of water did not affect the
PAHSs leaching.

Furthering our research into HnBs in correspondence with CCs, we investigated for the
very first time the photolysis of nicotine in natural waters and water leachates produced
by the aforementioned tobacco products. The results showed fast UV-254 degradation
of nicotine in aqueous matrices, but low total organic carbon removal, due to the
formation of photoproducts which were apparently more recalcitrant than the parent
compound. At pH= 5-8 (where the monoprotonated form of nicotine is the primary
species present) decomposition was faster compared to that at pH 9.0. The apparent
pseudo-first order rate constants confirmed the enhanced photodegradation rate of
nicotine when the monoprotonated nicotine species is the most abundant. The direct
photolysis kinetics of nicotine in rain water appeared to be somewhat enhanced
compared to the rest of the natural water samples (sea and river water) tested and it was
assumed to be the result of the more acidic pH of this matrix. Nicotine degradation in
the leachates proceeded in slightly slower kinetics compared to ultrapure water
considering the increased complexity of the leachate compared to ultrapure water.

Additionally, all total content of nicotine in used and unused tobacco products was
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found to be released during leaching experiments. Overall, the findings demonstrate
the importance of properly disposing tobacco product waste to prevent nicotine
leaching in water bodies, as it was found that after operation, ~70% of the total and

bioavailable nicotine content remains in HnBs compared to the 15% in CCs.

In closing, the research was steered towards a pharmaceutical compound’s UVC-
induced degradation in natural water and treated wastewater, a renal dehydropeptidase
inhibitor called cilastatin, whose photochemical fate was little known up to this point.
The experimental data showed fast UV-254 degradation of cilastatin in water,
rendering photolysis of cilastatin an efficient process to deplete this compound from
different water matrices. UV-254 photolysis of cilastatin occurred faster at lower pH
values, which seems to indicate that pH modifications can coactively lead to significant
acceleration of degradation kinetics. On the other hand, degradation was found to be
slower at higher initial concentrations of the parent compound due to absorption
saturation. It was verified that direct photolysis of cilastatin does not involve -OH, as
well as that radiation absorbers could decelerate the degradation kinetics. Last but not
least, photolysis quantum yield was lower in water matrices compared to ultra-pure
water, due to the presence of water components which can compete with cilastatin for

the 254 nm photon absorption.

6.2. FUTURE WORK

The implementation of Vac-HSSE on other classes of organic pollutants (i.e.,
Polychlorinated biphenyls (PCBs), organophosphates (OPs), BTEX chemicals, organic

pesticides etc.) should be explored further.

Concerning the issue risk assessment regarding the pollutants of tobacco product waste,
the application of targeted analysis could be helpful in future studies, although in the
case of complex matrices, such as the leachates produced by tobacco products, targeted
organics cannot be solely considered as a source of toxicity. Therefore, it is advisable
that future research should consider employing comprehensive two-dimensional gas
chromatography (GC x GC), which is a progressive analytical tool that enables
enhanced separations of complex mixtures. In that manner, novel ideas will be brought
to surface in order to address the global environmental issue of disposing tobacco

product waste properly. Likewise, the implementation of GC x GC will facilitate the
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detection to the utmost possible degree of the photoproducts produced in complex

matrices such as the tobacco product leachates.

Ultimately, one of the objectives of the present studies was to steer public awareness
towards tobacco product waste as an alarming outcome of improper litter disposal.
Therefore, it is crucial to align research efforts towards characterizing, managing,
recycling and disposing the tobacco product waste which has been found not only to
leach toxic chemicals in the aquatic ecosystems but also the non-biodegradable filters

which are a ubiquitous source of microplastics.

Concerning the degradation of the compound of cilastatin, comprehensive two-
dimensional gas chromatography (GC x GC) can be employed as well in future works

for the identification of the formulated and accumulated degradation products.
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7.1. APPENDIX 1: VACUUM-ASSISTED HEADSPACE SORPTIVE
EXTRACTION: THEORETICAL CONSIDERATIONS AND
PROOF-OF-CONCEPT EXTRACTION OF POLYCYCLIC
AROMATIC HYDROCARBONS FROM WATER SAMPLES.
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Fig. S.1 Effect of agitation on (i) Vac-HSSE and (ii) regular HSSE. Experimental conditions: 10 mL
aqueous samples spiked at 5 pg L; 30 min sampling time; 25 °C sampling temperature. Some error bars
are too small to be visible as compared with the physical size of the symbol.
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Fig. S.2 Optimization of the liquid desorption step using regular HSSE at 25 °C: (i) effect of solvent
volume (sonication time 15 min) and (ii) effect of sonication time using 150 pL acetonitrile. Other
experimental conditions: 10 mL aqueous samples spiked at 10 pg L; 30 min sampling time; 25 °C
sampling temperature.
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7.2.  APPENDIX 2: TOTAL AND BIOAVAILABLE POLYCYCLIC
AROMATIC HYDROCARBONS IN UNUSED AND OPERATED HEAT-
NOT-BURN TOBACCO

CIGARETTES

PRODUCTS

AND CONVENTIONAL

Table S.1 The 16 priority PAHs investigated here, their acronym, main physicochemical properties and

quantification ion used. The instrumental limits of detection (LOD) are also given and expressed as ng. The

instrumental LODs were calculated as three times the standard deviation of the response divided by the slope of

the eight-point calibration curve obtained for each PAH after injecting in 1 pL hexane solutions of PAHs in the

concentration range 0.005 — 5.0 mg L.

Name Abbreviation M.W. Number Log Water Quant. LOD
of rings Kow solubility  lon (ng)
(mgL™)
Naphthalene Nap 128.2 2 3.30 310 128  0.116
Acenaphthylene Acy 152.2 2 3.94 2.49 152  0.055
Acenaphthene Ace 154.2 3 3.92 3.90 153  0.059
Fluorene Flu 166.2 3 4.18 1.89 165 0.061
Phenanthrene Phe 178.2 3 4.46 1.15 178  0.066
Anthracene Ant 178.2 3 445 0.0434 178  0.085
Fluoranthene Flt 202.3 4 5.16 0.26 202  0.074
Pyrene Py 202.3 4 4.88 0.135 202  0.082
Benzo(a)anthracene Bla]Ant 228.3 4 576  0.0094 228  0.131
Chrysene Chry 228.2 4 5.81 0.00345 228 0.124
Benzo(b)fluoranthrene  B[b]FIt 252.3 5 5.78 0.0012 252  0.098
Benzo(k)fluoranthrene  BIK]FIt 252.3 5 6.11  0.0008 252  0.123
Benzo(a)pyrene B[a]Py 252.3 5 6.13 0.00162 252  0.198
Indeno(1,2,3-cd)pyrene  IcdPy 276.3 6 6.76  0.02786 276 0477
Dibenzo(a,h)anthracene DB[ah]Ant 278.3 6 6.75 0.00249 278  0.442
Benzo[ghi]perylene B[ghi]Pe 276.3 6 6.70 0.002491 276  0.523
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Table S.2 Composition of the natural water samples used in this work.

River water Rainwater Sea water
Cl (mg L% 13 16 24990
N-NOs(mg L) 0.53 0.53 2.12
SO4 (mg L) 1.1 1.4 3329
P-PO4(mg L) 0.02 0.07 0.35
HCOs(mg L) 103.8 19.2 965.8
N-NH3(mg L?) 0.06 0.05 0.15
N-NO2 (mg L) <0.002 <0.002 <0.002
F (mg L) 0.12 0.03 2.94
CaCOs(mg L) 84.7 15.6 788.6
IC (mg L) 21.4 3.8 209.0
TN (mg L) 0.64 0.58 2.5-3.0
EC (uS em™) 253 65.3 56600
pH 7.68 6.36 7.35
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Table S.3 Mass weight of used and unused tobacco product units and their parts. All masses correspond
to mean values obtained after weighting separately 3 different units of each product. Data taken from:
Koutela N, Fernandez E, Saru M-L, Psillakis E (2020), A comprehensive study on the leaching of metals
from heated tobacco sticks and cigarettes in water and natural waters. Sci Total Environ 714, 136700.
https://doi.org/10.1016/j.scitotenv.2020.136700.

HnBs (g) | CCs (g)

WHOLE 0.7633 0.8386

a PAPER 0.1424 0.1109
é FILTER 0.3266 0.0970
TOBACCO 0.2879 0.6077
WHOLE 0.7099 0.2561

A PAPER 0.1464 0.0773
L'%J FILTER 0.3609 0.1108
TOBACCO 0.2163 0.0677

Table S.4 Number of units of heated tobacco sticks and cigarettes and volume of water used during

leaching experiments.

Number of
Tobacco Water
tobacco product
product ) volume (mL)
units used
HnBs 4 31
UNUSED
CCs 4 31
HnBs 4 31
USED
CCs 10 25

198


https://doi.org/10.1016/j.scitotenv.2020.136700

Table S.5 Total concentrations of PAHs for used CCs found in this work and those reported in three

past reports®®. Concentrations are expressed in ug unit™? and ug g* to allow comparison between results.

USED CCs

This work This work REF 1° REF 2° REF 3¢

(ng unit™) (ng g™ (ng unit™) (ng g™ (ngg™
Nap 1.0£0.1 3.9+0.6 0.404+0.063 2.87-11.6 -
Acy 0.051+0.002 0.19+0.02 0.177+0.025 0.79-1.62 -
Ace 0.098+0.007 0.38+0.04 0.092+0.014 1.01-4.04 -
Flu 0.16+0.02 0.6+0.1 0.401+0.030 0.99-3.70 0.028
Phe 0.06+0.01 0.24+0.05 0.277+0.019 0.29-0.66 0.0748
Ant 0.028+0.005 0.11:+0.02 0.123+0.011 0.81-1.61 0.0071
Flt 0.014+0.003 0.05+0.01 0.113+0.011 0.73-1.6 -
Py 0.009+0.002 0.036+0.008 0.104+0.011 0.65-1.46 0.091
B[a]Ant 0.0094+0.0007 |  0.036+0.004 0.020+0.005 0.82-2.15 0.026
Chry 0.008+0.001 0.033+0.006 0.025+0.006 0.69-1.74 0.044
B[b]FIt - - - 0.77-1.85 0.031
B[K]FIt - - - 0.53-1.35 0.015
B[a]Py - - - 0.70-1.84 0.031
IcdPy - - - 1.00-2.60 -
DB[ah]Ant - - - 0.4-1.02 0.0065
B[ghi]Pe - - - 1.01-1.02 0.031

2 Data taken from: King IC, Lorenzi V, Blasius ME, Gossett R (2021), Leachates from Cigarette Butts
Can Persist in Marine Sediment. Water, Air, Soil Pollut 232:38. https://doi.org/10.1007/s11270-021-
04999-3

b Data taken from: Dobaradaran S, Schmidt TC, Lorenzo-Parodi N, Jochmann MA, Nabipour |, Raeisi
A, Stojanovi¢ N, Mahmoodi M (2019) Cigarette butts: An overlooked source of PAHs in the
environment? Environ. Pollut. 249:932-939. doi: 10.1016/j.envpol.2019.03.097.

¢ Data taken from: Moriwaki, H, Kitajima, S., Katahira, K, (2009) Waste on the roadside, “poi-sute”
waste: its distribution and elution potential of pollutants into environment. Waste Manag. 29, 11921197.
https://doi.org/10.1016/j.wasman.2008.08.017.
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Table S.6 Effect of pH, NaCl and humic acids content on the leaching of PAHs from unused and used
HnBs at 24 h soaking time. The error values correspond to the standard deviation of three-replicate

samples.
HnBs
UNUSED (ng unit™)

pH=4 pH=6 pH=8 NacCl Humic Acids
Nap 76.24+1.52 82.06+9.78 80.92+34.87 70.76+£2.99 87.5943.15
Acy 0.31+0.01 0.31+0.02 0.38+0.02 1.82+0.25 0.93+0.02
Ace 1.94+0.25 1.9+0.2 2.05+£0.33 2.15+0.18 2.53+047
Flu 0.3+0.01 0.3+0.02 0.32+0.05 0.7+0.01 0.44+0.04
Phe 0.61+0.02 0.63+0.06 1.1+£0.32 1.21+0.32 1.6+0.09
SUM 79.35+1.54 85.2149.78 84.78+34.87 76.64+3.02 93.11+3.19

USED (ng unit™)

pH=4 pH=6 pH=8 NaCl Humic Acids
Nap 62.32+12.7 60.59+15.97 65.82+6.05 63.14+£5.98 74.35+£10.65
Acy 0.45+0.17 0.37+0.07 0.37+0.04 0.27+0.03 0.53+0.03
Ace 1.86+0.4 1.32+0.03 2.09+0.28 1.9+0.35 2.14+0.27
Flu 0.69+0.01 0.52+0.1 0.69+0.01 0.72+0.01 0.56+0.07
Phe 0.73+0.01 0.54+0.09 0.9+0.08 0.98+0.17 1.19+0.06
SUM 66.05+12.71 63.34+15.97 69.87+6.05 67.01+5.99 78.78+10.66
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Table S.7 Effect of pH, NaCl and humic acids content on the leaching of PAHs from unused and used CCs at

24 h soaking time. The error values correspond to the standard deviation of three-replicate samples.

CGCs

UNUSED (ng unit™)

pH=4 pH=6 pH=8 NacCl Humic Acids
Nap 73.24+2.03 58.58+21.76 62.28+6.33 72.9248.93 76.24+14.86
Acy 0.6+0.01 0.6+0.28 0.97+0.01 0.25+0.01 0.26+0.02
Ace 3.54+0.73 1.9+0.21 3.16+0.11 2.76+0.48 2.88+0.88
Flu 0.65+0.01 0.53+0.09 1.73+0.74 0.43+0.3 0.35+0.08
SUM 78.02+2.16 61.61+21.76 68.14+6.38 76.36+8.95 79.73+14.89
USED (ng unit™)
pH=4 pH=6 pH=8 NacCl Humic Acids
Nap 42.75+4.34 42.27+0.74 35.86+6.61 41.76+4.38 48.58+3.3
Acy 0.71+0.01 0.67+£0.08 0.87+0.05 0.41+0.07 0.55+0.04
Ace 0.92+0.05 1.03+0.13 1.11+0.13 1.11+0.28 0.94+0.12
Flu 0.59+0.19 0.7+0.11 0.91+0.16 0.54+0.05 0.45+0.04
Phe 0.36+0.01 0.41+£0.01 0.51+0.11 0.35+0.02 0.47+0.04
Flt 0.19+0.01 0.18+0.02 0.17+0.01 0.25+0.01 0.33+0
SUM 45.334+4.35 45.09+0.77 39.25+6.61 44.17+4.39 51+3.31
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Table S.8 Dissolved concentrations in natural water samples (river water, rainwater, and seawater) from unused

and smoked CCs at 24 h soaking time. Error values correspond to the standard deviation of three replicated

analyses.
CGCs
UNUSED (ng unit™)
RIVER WATER RAINWATER SEA WATER
Nap 84.24+13.51 71.96+12.78 78.57+24.69
Acy 0.34+0.16 0.44+0.08 0.29+0.02
Ace 2.91+0.13 2.22+0.26 2.94+0.73
Flu 0.55+0.06 0.72+0.2 0.46+0.11
SUM 88.04+13.51 75.34+12.34 82.26+24.7
USED (ng unit™)
RIVER WATER RAINWATER SEA WATER
Nap 49.67+2.92 48.44+2.02 35.88+0.45
Acy 0.59+£0.07 0.6+0.02 0.37+0.03
Ace 1.01+0.06 0.99+0.11 0.95+0.04
Flu 0.57+0.3 0.73+0.03 0.39+0.09
Phe 0.6+0.18 0.46+0.03 0.25+0.01
Flt 0.47+0.21 0.37+0 0.25+0.06
SUM 52.44+2.95 51.2242.02 37.85+0.47
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Fig. S.3 Leaching kinetics curves obtained for (a) unused and (b) used HnBs in ultrapure water.
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Fig. S.4 Leaching kinetics curves obtained for (a) unused and (b) unused CCs in ultrapure water.
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7.3. APPENDIX 3: UV-254 DEGRADATION OF NICOTINE IN
NATURAL WATERS AND LEACHATES PRODUCED
CIGARETTE BUTTS AND HEAT-NOT-BURN TOBACCO
PRODUCTS.

S.1 Determination of total and bioavailable nicotine concentration in tobacco products

The determination of the total nicotine concentration was carried out by placing
depending on the experiment, used or unused solid tobacco product or their parts
(tobacco, paper and filter) in a 250 mL Erlenmeyer flask. Then 20 mL water, 40 mL
hexane containing the 500 mg L™* n-hexadecane as the internal standard, and 10 mL of
a 2 M NaOH water solution were added and the mixture was shaken in a Unimax 1010
shaker (Heidolph, Essex, UK) for 1 h at 245 rpm and protected from light. After
shaking, the mixture was left unattended until phase separation occurred. The organic
phase was filtered using a 0.45 um Nylon syringe filter and 1 uL was injected in a
Shimadzu Gas Chromatograph equipped with a Flame lonization Detector (GC-FID)
in the split mode (1:10) using a standard procedure [1]. The GC run was isothermal at
170 °C for 10 min with a 1.5 mL min? helium flow rate. The temperatures of the

injector and detector were set at 270 °C.

The bioavailable nicotine concentration was determined by adding in a 250 mL
Erlenmeyer flask a preset volume (20 mL for HnBs and 10 mL for CC) of the leachate
produced from the corresponding used or unused tobacco products or their parts, 40
mL hexane (containing 500 mg L of n-hexadecane as the internal standard) and 10
mL of 2 M NaOH solution. The mixture was shaken for 1 h at 245 rpm in a Unimax
1010 shaker, protected from light. The two phases were left to separate by gravity, the
organic phase was filtered using a 0.45 um Nylon syringe filter and 1 ul. was the
injected and analyzed in the GC-FID using the same chromatographic conditions.

Reference

[1] World Health Organization (WHO), WHO TobLabNet Official Method SOP 04 —
Standard operating procedure for determination of nicotine in cigarette tobacco filler,
(2014) 18.
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Table S.9 Composition of the natural water samples used in this work.

River water Seawater Rain water
Cl(mgL?) 13 24990 16
N-NOsz(mg L) 0.53 2.12 0.53
SO4(mg L) 1.1 3329 1.4
P-PO4(mg L) 0.02 0.35 0.07
HCOs(mg L1) 103.8 965.8 19.2
N-NHs(mg L1 0.06 0.15 0.05
N-NO2z(mg L?) <0.002 <0.002 <0.002
F(mgL?) 0.12 2.94 0.03
CaCOs(mg L?) 84.7 788.6 15.6
IC (mg L?) 21.4 209.0 3.8
TN (mg L?) 0.64 2.5-3.0 0.58
EC (uS ecm™) 253 56600 65.3
pH 7.99 7.91 6.44

Table S.10 Degradation products identified during the direct nicotine photolysis using LC/MS and TD-
GC/ITMS.
Retention time
(min)
Product LC/MS TD- Identification lons Tentative
GC/ITMS identification
Nicotine  1.592 163
14.310 161, 133, 84
Cotinine  1.409 177 Cotinine
P105 7.347 105, 78, 51 3-ethenylpyridine
P135 4.590 136 3-Propionylperazine
P181 1.046 182,163 3, 4-Dihydroxy-1-
(pyridin-3-yl)butan-1-
one

P208 1.087 209 2-Hydroxy-N-methyI-

4-0x0-4-(pyridin-3-
yl)butanamide
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Fig. S.5 Photolysis of 10 mg L nicotine solutions in the presence of 2.5 mg L™ humic acids and 3.5 %
w:v NaCl under UVs, irradiation. Inset graph: apparent rate constants for each dissolved species tested.

The photolysis of 10 mg L™ nicotine in ultrapure water (MilliQ) is also given for comparison.
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(c) Unused CCs
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Fig. S.6 Leaching kinetic curves obtained for (a) unused, and (b) operated HnBs and (c) unused CCs at
the full length and an operated length (filter plus 3 mm of the tobacco plug) and (d) smoked CCs in
ultrapure water.

Table S.11 Total and bioavailable (24 h of soaking) nicotine concentration in used and unused HnB and CC and their different

parts (paper, filter and tobacco). The error values correspond to the standard deviation of three-replicate samples. LOD and

LOQ stand for limit of detection and quantification respectively.

Total nicotine content (mg unit™)

Bioavailable nicotine at 24 h (mg unit")

Whole Paper Filter Tobacco | Whole Paper Filter Tobacco
Unused
HAB 4.67+0.09 | <LOQ <LOQ 4.71+0.14 | 3.90+0.21 | <LOQ <LOD 4.55+0.05
n
Used
L 3.20+0.09 | 0.40+0.02 1.1740.10 | 1.46+0.04 | 2.88+0.07 | 0.43+0.03 1.32+0.08 | 1.33+0.09
n
Unused
cc 9.46+0.34 | <LOQ <LOQ 10.1£04 | 10.3£0.3 | <LOD <LOD 10.0+£0.4
Used
- 1.55+0.11 | 0.12640.003 | 0.60+0.02 | 1.23+0.02 | 1.74+0.15 | 0.130+0.002 | 0.65+0.05 | 1.21£0.06
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Table S.12 Effect of pH, NaCl (3.5 % w:v) and humic acids (HA; 2.5mg L) content on nicotine leaching from used and unused

HnB and CCs at 24 h soaking time. Error values correspond to the standard deviation of three replicated analysis.

UNUSED (mg unit?)

USED (mg unit?)

pH=4

pH=6

pH=8

HA

NacCl

pH=4

pH=6

pH=8

HA

NacCl

HnB

3.67+0.22

3.90+0.21

3.60+0.32

4.05+0.30

3.69+0.20

2.75+0.03

2.88+0.07

2.89+0.45

2.65+0.04

2.95+0.18

CCs

10.3£0.2

10.3+0.3

10.3+0.5

10.1+0.4

10.7+0.4

1.60+0.24

1.74+0.15

1.74+0.02

1.81+£0.07

1.84+0.01

Table S.13 Bioavailable nicotine concentrations in ultrapure water (MilliQ) and natural water samples (sea water, rain water

and river water) from used and unused HnBs and CCs at 24 h soaking time. Error values correspond to the standard deviation

of three replicated analysis. The composition of the natural water is given in Table S.9.

UNUSED (mg unit?)

USED (mg unit?)

Milli Q Sea Rain River | MilliQ Sea Rain River
HnB | 3.90+0.21 | 4.2+0.3 | 4.3+0.2 | 4.4+0.2 | 2.88+0.07 | 2.80+£0.09 | 2.85+£0.09 | 2.8+0.2
CCs | 103203 | 9.1+0.7 | 8.9+£0.1 | 9.0+0.2 | 1.74+0.15 | 1.82+0.02 | 1.75+0.08 | 1.62+0.01
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Table S.14 Composition of the water samples used in this work.

7.4. APPENDIX 4: UVC-INDUCED DEGRADATION OF CILASTATIN IN
NATURAL WATER AND TREATED WASTEWATER

River water Tap water WwWw
Cl-(mg L) 13 150 13
N-NOs (mg L?) 0.54 5.97 0.53
SO+2(mg L) 12.4 105.3 1.1
P-PO4+3(mg L) 0.02 1.68 0.02
HCOs (mg L) 103.4 144.6 103.8
N-NHs(mg L?) 0.10 0.24 0.06
N-NO2z (mg L?) 0.004 0.320 <0,002
F (mgL?) 0.24 0.53 0.12
CaCOs(mg LY) 84.4 118.1 84.7
IC (mg€ LY) 225 33.1 21.4
TN (mgN LY 0.98 11.50 0.64
EC (uScm) 274.00 932.00 253.00
pH 7.32 7.14 7.68

Table S.15k and R, values for the different UV-irradiated aqueous solutions of cilastatin (CIL). The error values

correspond to the standard deviation of replicate experiments rounded to significant digits.

Description of the UV-irradiated water k, (min™Y)  Ro, (x 10~" mol L=t s
solution

Effect of concentration

2.5 mg L1 CIL H20 solution 0.20 +£0.02 0.22 +0.02
25 mg Lt CIL H0 solution 0.11+0.01 1.18 +0.10
50 mg L™t CIL H0 solution 0.09 +0.00 1.89 £0.05
100 mg L CIL H20 solution 0.06 +0.00 2.43 £0.06
Effect of pH

pH=3; 100 mg L~ CIL H20 solution 0.16 £0.00 6.79+£0.12
pH=5; 100 mg L~* CIL HO solution, 0.07+0.01 3.09+£0.40
pH=7; 100 mg L~ CIL H2O solution 0.05+0.01 2.29+0.27
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pH=9; 100 mg L~ CIL H20 solution 0.04 +0.00 1.71+£0.20
Effect of additives

t-butanol; 100 mg L~ CIL H20 solution 0.05+0.00 1.97 £0.10
2.5 mg Lt HA; 2.5 mg L~ CIL H»0 solution 0.10+0.01 0.11+0.01
Natural and treated water samples

Tap water spiked at 2.5 mg L-*with CIL 0.19 +£0.04 0.22 +0.04
WW effluent spiked at 2.5 mg L~ with CIL 0.07 +£0.00 0.07 +£0.00
River water spiked at 2.5 mg Lt with CIL 0.11+0.01 0.12+0.01

Table S.16 Analytical characteristics of CIL and of the identified degradation product eluting during the

photolysis of CIL.

Product Retention Identification  Tentative identification
time (min) lons (M/z)
CIL 4.491 359
P374 1.648 375/359/315  CIL oxidized to a sulfoxide group

Table S.17 Molar absorption coefficients at 254 nm (&) and direct photolysis quantum yields for 254-

nm irradiation (®y) of the different CIL species. Note that x = HsA*, H,A, HA™ or A%,

SpeciesX g, L mol”cm™  @®x, mol E!
HsA* 2243+30 0.59+0.03
H2A 2692+25 (9.34£0.4)x1072
HA- 1646217 (4.620.2)x102
A%~ 1268+62 (1.3+0.1)x1072
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Fig. S.7 Relative abundances of the different CIL species, as a function of pH. The species fractions
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Fig. S.8 Tentative mechanism for the oxidation of the sulfide moiety of CIL to a sulfoxide group.
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