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Abstract

Due to the growing urbanization and the increase in the number of vehicles in Europe and
worldwide, the quality of the air in big cities is increasingly being degraded by traffic-derived
aerosol particles (particulate matter- PM). These airborne dust particles smaller than 10
micrometers and 2.5 micrometers (PM10 and PM2.5), as well as air pollutant components
bound on their surface, pose a potential risk to plants. In addition to instrumental data collection
the measurement of accumulated amount of potential harmful pollutants by plants could be used
to classify the quality of the air.

The aim of my research was to investigate the bioaccumulation of air pollutant components
under controlled (laboratory) conditions, using a standard protocol. My research work includes
the examining the applicability of the 227.0OECD standard for estimating bioaccumulation and
determining the actual bioaccumulation capacity of selected plant material. Accordingly, |

performed the following tests:

I. The accumulation of PAHs were investigated in lettuce (Lactuca sativa L.) under laboratory
conditions. A total of 19 PAHs were found in the lettuce sample, of which 16 are priority PAHS
classified by the US EPA. Among the EPA PAHs, the only exception was

dibenzo(a,h)anthracene, which was not detected in our plant samples.

Il. Bioaccumulation potential of 8 different vegetables were compared under controlled
laboratory conditions. Striking differences were found in the accumulation potential of
vegetables, which can only be partially explained by leaf morphological parameters. Probably,
the different growth rates also affect the concentration of accumulated PAHs. The accumulation
pattern of vegetables showed some similarities, with a predominance of lower molecular weight
(LMW) PAH compounds for all plants.

I1l. Lettuce plants (Lactuca sativa L.) were placed in pots in small and medium-sized
settlements in Veszprém County to test the level of air pollution with bioaccumulation tests.
The accumulated PAH concentrations in lettuce plants ranged widely. Based on the results
obtained the burning of biomass was the main source of PAHs, which included household
heating and the burning of agricultural waste in the garden but transport-related emissions also

contribute. The fact that both lettuce and soil samples showed the highest contamination in the
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Harskut Natura 2000 area draws our attention to the importance of analyzing individual

pollution sources.

IV. The amount of accumulated PAHSs in plantain (Plantago lanceolate L.) were determined in
samples collected from different sampling sites and compared with sample treated under
laboratory conditions. Possible sources were identified by using traditional source identification
methods. The experiment proved that P. lanceolata is a reliable passive monitor for assessing
the distribution pattern of PAH pollution. All samples were characterized by HMW PAH
prevalence, in contrast to most reported studies. In addition, the experimental treatment under
laboratory conditions served as a reference against which samples collected in the field could

be compared.

V. Spider plant (Chlorophtum comosum L.) was used for indoor bioaccumulation tests. | found
significant differences between the cooking practices and the accumulated quantities of PAHSs.
In households where the amount of used sunflower oil was higher, the relative proportion of
HMW PAHs was significantly higher than in those where the use of lard and butter was
dominant. The carcinogen B(a)p was measured in detectable amounts where baking was used

as the most common cooking practice.

Based on the obtained results, it can be concluded that by using the protocol, important
information can be collected about the accumulation pattern of the individual vegetables and
clear dose-effect relationships can be drawn. However, field studies are needed to assess the

actual risk of consuming contaminated vegetables.
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Tartalmi o6sszefoglalo

Az Eur6paban és vilagszerte is tapasztalhaté novekvé mértékii varosiasodas, a gépjarmiivek
szamanak novekedése miatt a nagyvarosok levegéjének mindségét egyre ndvekvd mértékben
rontjak a kozlekedési eredetii aeroszolrészecskék (szallé porok). Ezek a 10 mikrométernél
illetve a 2,5 mikrométernél kisebb méretii szallo porszemcsék (PM10 illetve PM2.5), valamint
feliiletiikon megkotott levegdszennyezd komponensek potencidlis kockazatot jelentenek
novények szaméara. A levegd mindségének vizsgadlatdira miszeres adatgyljtés mellett
alkalmazhatunk un. passziv biomonitorokat, azaz a terhelés mértékét a ndvényekben

akkumulalt kdrosanyag tartalom alapjan mindsitjiik.

ellendrzott (laboratoriumi) koriilmények kdzott, szabvanyos protokoll alkalmazasaval. A kutatod
munkam magaban foglalja a 227. sz. OECD szabvany alkalmazhatésaganak vizsgalatat
bioakkumulacié becslésére, tovabba kivalasztott ndvényanyag tényleges bioakkumulacios

kapacitdsanak meghatarozasat. Ennek megfeleléen kovetkezdk vizsgalatokat végeztem el:

I. laboratoriumi koriilmények kozott vizsgaltam a PAH-ok aeroszolbdl torténd felhalmozodasat
salatdban (Lactuca sativa L.). Osszesen 19 PAH-t talaltunk a salatamintaban, ebbdl 16 az US
EPA altal besorolt prioritast élvez6 PAH. Az EPA PAH-ok koziil az egyetlen kivétel a

dibenzo(a,h)antracén volt, amelyet ndvénymintdink nem mutattak ki.

II. 8 kiilonb6zo zoldségféle bioakkumuléacids potencidljanak hasonlitottam Ossze ellenérzott,
laboratoriumi koriilmények kozott. A zoldségfélek akkumulacios potencidljaban szembet{ing
kiilonbségeket talaltam, ami a levélmorfologiai paraméterekkel csak részben magyarazhato.
Valoszintileg az eltéré6 novekedési iitemek is befolyasoljak a felhalmozodott PAH-K

crcr

niivény esetében az alacsonyabb molekulatomegli (LMW) PAH-vegyiiletek talstlyaval.

III. Veszprém megyei kis- és kdzepes telepiiléseken cserépben kihelyezett salata tesztndvényt
(Lactuca sativa L.) alkalmazva bioakkumulacios vizsgalatokkal felmértem a
levegdszennyezettség mértékét. A salatandvényekben felhalmozodott PAH-koncentraciok
sz¢les tartomanyban mozogtak. A kapott eredmények alapjan a biomassza égetése volt a PAH-
ok legf6bb forrdsa, ami magaba foglalta a haztartési fiitést és a mezdgazdasagi hulladékok kerti

égetését is. Emellett a kozlekedéssel kapcsolatos kibocsatasok is hozzajarulnak. Az a tény, hogy
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mind a salata, mind a talajmintdk a Harskut Natura 2000 teriileten mutattak a legmagasabb
szennyezettséget, felhivia a figyelmiinket arra, hogy mennyire fontos az egyes

szennyezdforrasok elemzése.

IV. kiilonb6z6 karakteri mintavételi helyekrdl gytijtott valamint laboratériumi koriilmények
kozott kezelt utifii (Plantago lanceolate L.) mintdkban hataroztam meg az akkumulalt PAH
mennyiségét ¢€s elvégeztem a lehetséges szennyezO forrdsok azonositdsat hagyomdanyos
forraskijelolési modszerekkel. A kisérlet bizonyitotta, hogy a P. lanceolata megbizhat6 passziv
monitor a PAH-szennyezettség eloszlasi mintazatanak felmérésére. Minden mintat a HMW
PAH prevalencidja jellemez, ellentétben a legtobb kozolt vizsgélattal. Ezenkiviil a
laboratoriumi koriilmények kozott végzett kisérleti kezelés dsszehasonlithatod referenciaként

szolgalt a helyszinen gytijtott mintakkal

V. zoldikét (Chlorophtum comosum L.) beltéri bioakkumulacios vizsgalatokra vald
alkalmazhatdsagat vizsgaltam meg. Szignifikans kiilonbségek talaltam a f6zési gyakorlatok és
az akkumulalt mennyiségek kozott. Azokban a haztartadsokban, ahol nagyobb volt a felhasznalt
napraforgdolaj mennyisége, a HMW PAH-ok relativ aranya lényegesen magasabb volt, mint a
disznozsirt és vajat hasznalokban. A rakkelté B(a)p-t kimutathatd mennyiségben mértdm, ahol

a slitést a leggyakrabban hasznalt f6z¢si gyakorlatként alkalmaztak.

A C. comosum mint tesztnovény képes volt LMW és HMW PAH-ok felhalmozasara is, igy
érzékeny biomonitornak bizonyult a beltéri PAH szintek mérésére. Biomonitorként valo
hasznalatat tovabb ndveli ennek a diszndvénynek a népszeriisége és konnyen termeszthetd

jellege.

A kapott eremények alapjan megallapithatd, hogy a protokoll hasznalataval fontos informaciok
gyljthetdk az egyes vizsgalt zoldségek akkumulacidés mintazatarol, és egyértelmi dozis-hatas
Osszefliggések rajzolhatok ki. A szennyezett zoldségfogyasztas tényleges kockazatanak

felméréséhez azonban terepvizsgalatokra van sziikség.
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Zusammenfassung

Als Folge von Zunahme der Verstddterung in Europa und weltweit und der immer groBeren
Anzahl der Kraftfahrzeuge ist die Luftqualitit in GroBstddten in erhohtem Maf3 verschlechtert
worden wegen der verkehrsbedingten Aerosolpartikeln (schwebende Staubpartikeln). Diese
schwebende Staubpartikel mit einer Gréf3e von kleiner als 10 um bzw. 2,5 pum (PM10 bzw.
PM2,5), sowie die Luftverschmutzungskomponente auf deren Oberfliche stellen einen
potenziellen Risikofaktor fiir die Pflanzen dar. Fiir die Untersuchung der Luftqualitdt konnen
neben der Datensammlung durch Instrumente auch durch sogenannte passive Biomonitoring
verwendet werden, d.h. das Ausmaf} der Schadstoffbelastung kann anhand der in den Pflanzen

akkumulierten Schadstoffe beurteilt werden.

Als Ziel meiner Forschung galt die Untersuchung der Bioakkumulation von
Luftverschmutzungskomponenten unter kontrollierten Laborbedingungen bei Anwendung von
Normenprotokoll. Meine Forschungsarbeit beinhaltet die Untersuchung der Verwendbarkeit
der OECD Norm Nr. 227 fiir die Einschédtzung der Bioakkumulation weiterhin die Feststellung
der  faktischen = Bioakkumulationskapazitit =~ von  ausgewédhlten  Pflanzensorten.

Dementsprechend habe ich folgende Untersuchungen durchgefiihrt:

I. Bei Laborbedingungen habe ich die Akkumulation von PAH-Verbindungen aus Aerosol im
Gartensalat (Lactuca sattiva L.) untersucht. Insgesamt haben wir 19 PAH-Komponente in
Salatproben gefunden, von denen 16 Komponente gelten als Prioritdten in den US EPA, von
denen stellt die Dibenzo(a,h)anthracen die einzige Ausnahme dar, welches in keiner der

Pflanzenproben detektiert werden konnte.

II. Das Bioakkumulationspotenzial von 8 verschiedenen Gemiisesorten habe ich miteinander
verglichen bei kontrollierten Laborbedingungen. In dem Akkumulationspotenzial der
verschiedenen Pflanzensorten konnte ich auffallende Unterschiede feststellen, was anhand der
blittermorphologischen Parameter nur teilweise geklart werden kann. Wahrscheinlich sind die
akkumulierten PAH-Werte auch der verschiedenen Wachstumsrate zuzuschreiben. Das
Akkumulationsmuster in den verschiedenen Gemiisesorten wies eine gewisse Ahnlichkeit auf,
in jeder Pflanzensorte iiberwiegen die PAH-Komponente mit niedrigerem Molekulargewicht
(LMW).



II. In kleinen und mittelgroBen Ortschaften im Komitat Veszprem habe ich durch
Bioakkumulationsuntersuchungen das Ausmall der Luftverschmutzung anhand von in
Blumentopfen geziichteten Testsalatpflanzen festgestellt. Die in den Salatpflanzen
akkumulierten PAH-Konzentrationen bewegten sich in einem breiten Bereich. Aufgrund der
Ergebnisse ergeben sich als Hauptquelle der PAH-Emission die Verbrennung von Biomasse,
die Haushaltsheizung und die Verbrennung von landwirtschaftlichen Abféllen in den Gérten.
Dazu tragen auch die verkehrsbedingten Emissionen bei. Die Tatsache, daB3 sich der hochste
Verschmutzungsgrad sowohl in den Salatpflanzen wie auch im Boden der Harskut Natura 2000
ergab, 146t unser Aufmerksamkeit darauf lenken, wie wichtig die Analyse der verschiedenen

Verseuchungsquellen ist.

IV. In den Proben von Spitzwegerich (Plantago lanceolata L.) aus verschiedenen
Probenentnahmestellen wie auch von im Labor geziichteten Pflanzen habe ich die
akkumulierten PAH-Werte festgestellt und die moglichen Verseuchungsquellen bestimmt.
Aufgrund dieser Untersuchungen konnte bewiesen werden, dal die P. lanceolata kann als
zuverléssiges passives Monitor fiir die Verteilungsanalyse der PAH-Verseuchung dienen. Die
Priavalenz von HMW PAHs galt in allen Proben in Kontrast zu den meisten verdffentlichten
Untersuchungen. Dariiber hinaus konnte die Versuchsbehandlung in Laborbedingungen als

Vergleichsreferenz fiir die an Ort und Stelle genommenen Proben dienen.

V. Fiir die Moglichkeit der innenrdumlichen Untersuchungen von Bioakkumulation habe ich
die Griinlilie (Chlorophytum comosum) verwendet. Signifikante Unterschiede konnte zwischen
den verwendeten Kochpraxen und den akkumulierten Mengen festgestellt werden. Bei
Haushalten, wo mehrheitlich Sonnenblumendl benutzt wurde, die relativen HMW PAH-Werte
lagen wesentlich hoher als bei denen, die Schweineschmalz oder Butter verwendeten. Die C.
comosum als Testpflanze hat sowohl LMW- als auch HMW-PAH-Komponente akkumuliert
und so erwies sie sich als sensitives Biomonitor fiir die Bestimmung von innenrdumlichen
PAH-Werten. Die Verwendung dieser Zierpflanze als Biomonitor wird durch ihre Popularitét

und einfache Ziichtung verbreitet.

Aufgrund der erzielten Ergebnisse kann festgestellt werden, dafl durch die Anwendung des
Protokolls wesentliche Informationen iiber das Akkumulationsmuster von den untersuchten
Gemiisesorten gesammelt und eindeutige Zusammenhdnge zwischen Dosis und Wirkung
dargestellt werden konnen. Fiir die Einschitzung der tatsdchlichen Gefdhrdung durch

verseuchten Gemtiseverbrauch sind aber weitere Felduntersuchungen nétig.
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XypaaHryi

EBpor 00510H IPIXUNAH JaXUH] XOTXKHIIT HIMITIK, TIIBPUNH XIPATCIUNH TOO HIMITIAIXUNH
XUPI3P TOMOOXOH XOTYYJIbIH araapblH 4YaHap 3aMblH X©J6JTeeHeeC YYCCOH a’pO30JIbIH
TOOCOHIIOPOOC OOJDK yliaM Jopaoxk OaiiHa. (ToocoHIop - PM) Darasp araapbiH TOOCOHIIOP Hb
10 makpomeTp 00JIOH 2,5 MakpoMeTpadC 6ara XAMKIITIU 0a TYYHWIRH DIrI3pIdp rajgapryy
JP3p Hb XYpUMTIATCaH OypaIdXYYH XACTYYA Hb ypramaij spcidi yupyyiaar. boxupacon
ypramilblH OOXUPIYYJIardluir XOMKUXUWH TYIJI ©reries MyriyyJICHAaap araapblH YaHapbil

XOMXKHIK, aHTHIIaX OOJIOMIXKTOM OOJIIOT.

Munuii cyanraansl 30puiaro 601 1a00paTOpbIH HOXIION] araapblH OOXUPAJIbIH OYPAIAXYYHHUH
O0MO XypUMTJIAJBIl CTAaHAAPTHIH Aaryy cymiax OalicaH. bu sHAXYy cynairaaraapaa COHrOCOH
ypramiiblH 00JUT OMO XYpUMTJIAIBIH XAMXK33T TOJOPXOMIK, 6uo xXypumtiansir OUC 227
(OauifH 3acrMiiH XaMTbIH axkujulara OOJIOH XeIKyYJdX Oaifryymiara) craHAapThIH Jaryy

YHAIDK, TYPUIMIIT XHHCOH. Y YHWIRH, Japaax TYPUIWITYYIbIT XHUICOH.

I.  Jlaboparopein Hexuena lllanmait (Lactuca sativa L.) ypraman map I[TAX (PAH)
(IToaMUMKIMK YHIPT yCTOpOrdun)-blH XypUMTianbIr cynaicad. [llannaiin ypramiibia
mxung HUAT 19 TTAX (PAH) nmpean, yyassc 16 #p AHY-bin EITA (US EPA)
6aiican. EITA (US EPA)-ubl naryy nubenso (a, h) anTpaneH WidpXuir Taamariax
Oaiican 4 OMAHUN AKUHI UIPISTYH.

Il.  Buo xypumtiansr 8 eep ypraman 133p XapbllyyiaH JIabopaToOpbIH HOXIIOJ CyAaJICaH.
Ypramiyynan raiixantail eep eep XypUMTIAIBIH Yp AYH Y3YYJICOH 0a TArI2pUNAT
HaBYHbI MOpPQOJOTHMH MapaMeTp Y3YYJIITIdp Tyc Oyp TailnbGapnbs. Maraaryit
ypramibIH ecenTuitH eep eep xamx33H1 [TAX (PAH)-bIH XypUMTIaJIbIH KOHIIEHTPALIU
HOJIOOJICOH. YPpramilyyAblH XypUMTIAJIbIH A33KYYIUNH XyBbJl 06ara >KUHTIH MOJIEKYI
(LMW)-t TIAX (PAH) Hormiyya gaBaMrailbK, 3apuM  FOKHJI TOCTIH  OaifajeIr
XapyyJjcaH.

I1l.  Ian3aiiasl ypraman (Lactuca sativa L.)-aa >kwkur OOJOH JIYHI XOMXKIITIU CaBaH]I
YPCIYYJDK, araapblH OOXHMPJUIBIH TYBIIMHT XapyyJax TypHIUAT 000X Ouo
XypUMTHaNbIH TypmmiaTaa Becnpem xoron xwuiicoH. IllaHnmaiiHel ypraman Jaxb
xypumtiarjacad [TAX (PAH) koHIeHTpalny Hb ©preH XYpadHUIl X3510313311THi Oaiis.
buomaccaap maraax Hb [IAX (PAH) yycrax yHAC3H yYcBIp 60J10X Hb CyAaIraaHsl Yp

JYHTI3C Xaparjcan 0a 3r39pT OpXHiiH 1yJaaH XalaalT, X100 aXK aXyiH XOT XasTIJIbIT
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WJI [IaTaax 33pa3r OpOX00C TajHa TIIBPUMH XIPATCIIIC YYCIX OOXUPAOT 4 MOH OpPHO.
Harskat Natura 2000 Oycsn miannail ypraman OOJOH XOPCHHM JPK Xofylaa uX
XOMXKIIHUN OoxupronToi OaiicaH Hb OOXHMPAJBIH 35X YYCBIPHUT TYC Tycaa Hb
LIMHKIDXUUH a4y X0JIOOTI0ITOMH O0IOXBIr OMI3H/I WITIIK OaliHa.

IV.  HOnmu ypramang (Plantago lanceolate L.) xypumtiaracan ITAX (PAH)-uiin XaMK39r
eep eep raspyynaac LyINyyJlcaH II3KYYIUHI XapbllyyjaH, Ja0OpaTOpblH HOXLOJ]
TYPIUMAT XUHC3H. DOJIOMMKHT 53X CYpBADKMWI YIAMXKJIANT 53X CYPBADKHUT
TOJOPXOMIIOX aprbIl alluriian Togopxoiicon. Typumaraap KOmmau ypraman (Plantago
lanceolate L.) up ITAX (PAH)-uiin OOXHpIUIBIH TapXaaThIH X3B MasTHHUT YHAIIX
HaWBapryi, WIAIBXUTYH MOHHUTOpP OOJOX Hb OaTiarjacaH. byxX md2Kyya WX >KUHTIH
mosiekysn (HMW)-t [TAX (PAH)-uiin Tapxanraap TOZOpXOMIOrI0x OaiicaH Hb UXIHX
CylmanraaHja TAIMJIATACOH OaitHa. Homxk mypmaxan, nabopTapuiiH HOXILEN] XUHCOH
TYpUIIIT MaaHb CyAaliraaHbl Tanbapaac IyIJIyyJcaH A3KTAU Xaphllyynax OOJIOMK
OypacaH.

V. Aaman ypraman (Chlorophtum comosum L.)-pir Tacajraanbl OMO XypUMTJIAJbIH
TYpUIMIITA] X3pAriadcoH. bu xoon xwuiix sBi 6onmon ITAX (PAH)-uitH xypumTianasix
XOMKIOHUM XOOPOHA MOJATIPXYHI snraa OyWr oK MOACIH. [DpuifH HeXIena
HapaHLPLIHUIH TOCHBI X3PATIId eHep Oailx Hb ux *UHTAU MonekynT (HMW) ITAX
(PAH)-miiH x3MXk33 MeH eHJep Oaiiraa Hb raxailH €6X, HOLIHHH TOC XIPATIIAT
OpXYY/Ad3C naBamraii OaiiB. ['DpuifH HOXIEJA >KUTHAIMAT XHUIX SBIAA XOPT XaBlap

YYCIAruuir WiIpyysk 000X XIMXKIDH] XIMXKCIHH.

[IpoTokoiibIH Aaryy rapcaH yp AYHID3¢ Xapaxaj ypramai Tyc OypuitH XypUMTIIAIbIH X3B IIHHK
0a 1PB3p TYHI'MIH HOJIO0HUN XapUJiIllaH XaMaapal qyXaj M3A33J19J1 erd 6aiiHa. ['3can xaauil 4,

cyaajraaraap 6OXI/Ip)ICOH XYHCHPIIZ HOT'00 X3PITIIdX 60,Z[I/IT 3pCI[JIPII>'IF YHIJIOX X2pPIruad OaiiHa.
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1. Introduction

1. 1. General introduction

Since the end of the industrial revolution the rapid rate of industrialization and
urbanization has caused the exponential growth of anthropogenic activitites. These activities
had serious negative effect on the environment. With the increase of industrial activities the
emission of various pollutants into the environment also increases. In the environment
anthropogenic pollutants contaminate every spare of the environment. One of the spheres most

affected by human pollution is the atmosphere.

Pollution in the atmosphere is also referred as air pollution. Air pollution has detrimental effects
not just on the public health, but on the whole planet. The effects of air pollution can be divided
into global and local effects based on the scale of the pollution. Global effects include global
warming and climate change due to the emission of anthropogenic greenhouse gases, and the
depletion of the ozone layer on the southern hemisphere. This depletion might be caused by

because the emission of chlorofluorocarbons.

According to the studies of World Health Organization (WHO) air pollution is the biggest
environmental threat to human lives because every year approximately seven million people’s
death can be associated with the breathing of insufficient quality of air (WHO 2021). Also,
according to the WHO the air that nine out of ten people breath exceeds the WHO’s guideline
limits for pollutants (WHO 2016). In the European Union the Directive 2008/50/EC of the
European Parliament and of the Council sets limit values for indoor air quality to regulate the
emission of harmful air pollutants (EU. Directive 2008/50/EC).

Air pollution in settlements has become a steadily growing problem. Pollution from traffic,
especially emission of diesel-powered vehicles, poses a serious health concern. In Hungary the
average age of the cars was 14.7 years in 2020, diesel was used by the 18.5% of passenger cars
as fuel but 2,230,859,742 liter of diesel were sold (Kozlekedésbiztonsag, 2023). Particles
emitted from these sources carry a wide range of potentially toxic chemicals, like polycyclic

aromatic hydrocarbons (PAHSs) witch are one of the most important groups of concern.
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1. 2. Particulate matter

Atmospheric particulate matter (PM) is a group which contains solid and liquid particles which
are suspended in air- (Jaenicke, 2001). They can be also referred as atmospheric aerosol, or
airborne aerosol. In the environment the PM can be evaluated by their mass concentration per

unit of air, or the number of particles per unit volume of air. (mg or ng m= or n cm).

Particulate matter generally shows high variability in terms of physical and chemical attributes.
Their source in the environment can be either natural or anthropogenic. Depending on their
sources, aerosol physical properties like size, mass, density, surface area will vary. PM chemical

composition also shows high variability based on its origin.

Atmospheric particulate matter can be characterized by it residence time which is the time

which it stays in the air. The residence time depends the PM physical and chemical properties.

Several types of PM classification exist. These classifications are mainly based on their origin
or its generation process, or its physical or chemical properties.

Particulate matter can be classified by its formation mechanism into primary and secondary
origin. Primary origin particulate matter is those which are directly emitted in to the
environment as solid or liquid. Secondary origin aerosols are those which are formed in the

atmosphere from gas either by chemical reaction or by condensation. (Warneck P., 2000)

Particulate matter can also be classified by the size of the particles as coarse, fine, and ultra
fine. They can be divided in to groups based on their aerodynamic diameters. The course PM
has bigger diameter than 10 um, they are also referred as PM10. The fine aerosol has smaller
diameter then 2,5um and called PM2.5. The ultrafine particulate matter has a smaller size then
0,1um they are referenced in the literature as PMO0.1 The adverse effect on the human health of
the PM2.5 has been long studied. (-e.g. Schwarz et al. 1996) The European Union, sets
threshold for 10 um diameter (PM10) and for the 2.5um (PM2.5) particulars. (European
Parliament 2008.)

Generali is agreed the with the decrease of the particle size the potential hazard effect becomes
higher, because as the PM size decreases its relative surface area to mass increases, and with
higher surface are it can bod relatively higher concentration of toxic compounds, and its easier

for the small particulars to travel thru biological barriers. (Chen et. al. 2016)

Based on its origin atmospheric aerosols can be divided into two categories natural aerosols and
anthropogenic aerosols. Natural aerosol is emitted from natura sources. Larger fractions of
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natural sources come from desert and soil particles resuspension. Another large portion is from
Vulcanic origin. The Vulcanic aerosol is made up mineral materials (Vulcanic ash) and
seconder origin particles which are formed by the oxidation of sulphur oxides.

Another type of natural particulate matter is biogenic PM. They are also referred as bioaerosols.
The are all produced by living organism mostly and made up of pollen, spores, and small
microorganisms like age, bacteria, viruses. Most of the biogenic PM are primary aerosols, and
their size falls in the course particles witch the only exceptions of viruses and small bacteria
(Fennelly, 2020)

Anthropogenic aerosols are emitted in the atmosphere by the involvement of human activities.
They take up a significant portion of the particulate matter. Anthropogenic PM sources are local
and usually located in urban and industrial areas. Usually they propose a local effect, near the
source of the emission. In urban areas the source of anthropogenic particles are associated with
traffic and residential heating . Another form of anthropogenic emission of particles is fugitive
emissions, which consist those resuspended powdery materials that enter the atmosphere doe

to handling, like mining, constructional works, ore agricultural activities.

According to numerus studies the pollution from anthropogenic aerosols is one of the most
major environmental concerns in Europe. (Vicente et al. 2018) Particulate matter with and
elemental carbon core have an ability to adsorb a large number of potential toxic compounds.
One of these compounds are polyaromatic hydrocarbons (PAHs) (Health Effects institute
2002.)

1. 3. Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHSs) are unsaturated hydrocarbons comprised in
cyclic manner of carbon and hydrogen molecules. They contain at least two infused aromatic
rings. PAHSs as a group is made of more than 200 congers generally can be found in complex
mixtures not in single compounds. PAHSs in the environment are recognized as persistent
organic pollutants (POPSs) by the Stockholm Convention (Stockholm Convention 2011). Most
of the PAHs are chemically inert. They cannot burn easily, while PAHs can be degraded under
ultra violate light. PAHs can also react in air with tropospheric hydroxyl radicals, ozone,
sulfuric acid, and nitrogen oxides. Table 1 gives basic data for 16 PAHSs classified as hazardous

by the Environmental Protection Agency of the United States.
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Table 1. The physicochemical properties of EPA 16 PAHSs.

Compound name Chemical Molecular Meling point Boiling point

formula weight (g mol?) (°C) (°C)
Naphthalene CioHs 128.2 80 218

Acenaphthylene Ci2Hs 152.2 92-93 265-275
Acenaphthene Ci2H1o 154.2 203 279
Fluorene CisHio 166.2 116-117 295
Phenanthrene CuH1o 178.2 100 340

Anthracene CuH1o 178.2 218 340-342
Fluoranthene CisH1o 202.3 111 375

Pyrene CisH1o 202.3 156 393-404
Benzo[a]anthracene CiH1 228.3 158 438
Chrysene CigH12 228.3 254 448
Benzo[b]fluoranthene CaoH12 252.3 168 481
Benzo[k]fluoranthene CaoH12 252.3 216 480
Benzo[e]pyrene CaoH12 252.3 177 492
Benzo[a]pyrene CaoH12 252.3 179 495
Indeno[1,2,3-cd]pyrene CaH12 276.3 164 530
Dibenzo[a,h]anthracene CxHia 278.3 262 535
Benzo[g,h,i]perylene CaoHio 276.3 273 550

PAHs are generated during incomplete combustion of organic material. The crucial factors in
the role of the process also includes high temperature, and the lack of proper amount of oxygen
for the complete burning. The process in which PAHSs are formed generally results in a complex
mixture of different PAH congeners (Sampiano et al. 2021). PAHs are characterized by low
water solubility, low vapor pressure, high melting, and boiling points depending on their
structures (Lee and Vu 2010). With the increase of their molecular weight, the water solubility
tends to decrease, and the lipophilicity tends to increase (Okere and Semple 2012). They can
be classified according to the number of aromatic rings as light (low molecular weight) (LMW)
PAHs and as high (high molecular weight) (HMW) PAHs. Low molecular weight PAHSs are
comprised of 2 and 3 ring PAHs while high molecular weight PAHs contain 4 to 6 rings
(Purcaro et al. 2013). Depending on their volatility and molecular weight, PAHSs are emitted as
gas phase (LMW PAHS) or bonded to particles (HMW PAHSs) (Lee and VVu 2010). Particulate
matter with and elemental carbon core have an ability to adsorb a large number of potential
toxic compounds. One of these compounds are polyaromatic hydrocarbons (PAHSs) (Health
Effects Institute 2002).

Particulate matter is in general considered as a serious environmental hazard. Atmospheric
particulate matter (PM) is a group which contains solid and liquid particles which are suspended

in air (Mészaros 1999). They can also be referred as atmospheric aerosol, or airborne aerosol.
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In the environment the PM can be reported by their mass concentration per unit of air, or the

number of particles per unit volume of air (mg or ng m= or ng cm).

Particulate matter generally shows high variability in terms of physical and chemical attributes.
Their source in the environment can be either natural or anthropogenic. Depending on their
sources, aerosol physical properties like size, mass, density, surface area will vary. PM chemical

composition also shows high variability based on its origin.

Atmospheric particulate matter can be characterized by its residence time which is the time
which it stays in the air. The residence time depends on the PM physical and chemical

properties.

Several types of PM classification exist. These classifications are mainly based on their origin
or its generation process, or its physical or chemical properties.

Particulate matter can be classified by its formation mechanism into primary and secondary
origin. Primary origin particulate matter is those which are directly emitted into the environment
as solid or liquid. Secondary origin aerosols are those which are formed in the atmosphere from

gas either by chemical reaction or by condensation (Warneck 2000).

Particulate matter can also be classified by the size of the particles as coarse, fine, and ultra
fine. They can be divided into groups based on their aerodynamic diameters. The course PM
has bigger diameter than 10 pum, they are also referred as PM10. The fine aerosol has smaller
diameter than 2.5 pm and called PM2.5. The ultrafine particulate matter has a smaller size than
0.1 pum and they are referenced in the literature as PMO0.1 The adverse effect on the human
health of the PM2.5 has been long studied (e.g. Posner 1915; Schwarz et. al. 1996; Kloog et al.
2013; Johnson et al. 2021, Wan Mahiyuddin et al. 2023 ). The European Union sets threshold
for 10 pm diameter (PM10) and for the 2.5 pm (PM2.5) particles (European Parliament 2008.)

It is generally agreed that with the decrease of the particle size the potential hazard effect
becomes higher, because as the PM size decreases its relative surface area to mass increases,
and with higher surface area it can bind relatively higher concentration of toxic compounds,

and its easier for the small particles to travel through biological barriers (Chen et. al. 2016).
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PAH sources

Classification of PAH emissions sources

In the air PAHSs can occur in two different states: in gas phase or bonded to particles.
PAHs with higher volatility with two or three rings have higher vapor pressure and can occur
in the gaseous phase while PAHs with higher boiling point, lower volatility and lower vapor
pressure (mainly four, five and six ring PAHS) have a tendency to bind to particles
(Mukhopadhyay et al. 2020).

PAHs in the environment can accumulate in the water, air, and soil, and can enter into the food
chain (Zelinkova and Wenzl 2015, Abdel-Shafy and Mansour 2016). Environmental PAHs
distribution and toxicity are largely affected by their emission sources. PAH emission sources
can be characterized based on several attributes. Based on the movement of the emission source
it can be divided into stationary sources, and mobile sources. Based on the origin of the emission
PAH pollutions can be categorized mainly as anthropogenic emission sources and natural
emissions (Mojiri et al. 2019). Based on its sources anthropogenic PAHSs can be further divided

into four groups i.e., industrial, mobile, domestic, and agricultural (Ravindra et al. 2008).
Natural sources

PAHs can form naturally from any natural occurring fires caused by lightning like forest fires,
bush fires. Natural emissions also include volcanic eruptions and decaying organic matter, and
biogenic PAHs which are produced by living organisms like certain plant and bacteria. The
amount of PAH production is depending on meteorological conditions like wind, humidity,
temperature, and the characteristics of combustible material, like wood type, wood moisture
content, and seasonal wood. These natural PAH sources are less important and their amount are
much smaller than anthropogenic sources (Patel et al., 2020). Anthropogenic PAH sources are
the most dominant source of environmental PAHSs than natural PAHS.

Anthropogenic sources

In urban areas, vehicular traffic and biomass burning have been reported as the main
contributors to PM emissions (Cipoli et al. 2023). Although exhaust emissions have shown a
diminishing tendency in Europe due to more stringent regulations coupled with technological
improvements such as the use of diesel particulate filters (DPF), limit values are still often
exceeded in cities. Naturally, people living in areas most impacted by high traffic will show the
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most severe symptoms of disturbance. As such, traffic-related pollution has been in the focus

of both researchers and environmental decision-makers.

In urban environments, diesel exhaust has been shown as one of the major sources of fine and
ultra-fine particulate matter (PM2.5 and PMO0.1). According to estimations, in large cities up to
50 % of PM2.5 mass concentrations can be linked to traffic-related emission sources (Chen et
al. 2001). This higher PM concentrations were contributed from the exhaust (tailpipe) and non-
exhaust (e.g., tyre and brake wear, re-suspension of dust) emissions of vehicles (Pant and
Harrison, 2013; Kumar et al., 2021) in traffic-related microenvironments. Diesel engine exhaust
has been claimed as carcinogenic to humans (Group 1) by the International Agency for
Research on Cancer (IARC) (IARC 2012). In comparison with gasoline vehicles, diesel

vehicles provide more significant emission sources of urban air PAHs (Barakat 2002).

In order to control PM emission of vehicles, environmental standards have been introduced in

the European Union for passenger cars and for heavy-duty vehicles (Table 2.).

Table 2. Environmental standards for diesel passenger cars and heavy duty vehicles

PM10 PM10
Introduced for diesel ) Introduced for diesel )
Standard for diesel passenger ) for diesel heavy duty
passenger cars heavy duty vehicles )

cars [mg km 1] vehicles [mg kwh?]
EURO 1 1993 140 1991 360
EURO 2 1997 80 1996 150
EURO 3 2001 50 2001 100
EURO 4 2006 25 2005 20
EURO 5 2011 5 2008 20
EURO 6 2015 5 2012 10

When assessing eco- and genotoxicity of PM10 emission of buses belonging to different
emission standard categories, it was found that both eco- and genotoxic potential of the
emissions were highly depending on the standard (Kovats et al. 2013). Results showed that
ecotoxicities of Euro0—Eurol engine emissions fall close to each other, in the range of 1.24—
0.96 ug ml?, while emission of Euro4 vehicles proved to be non-toxic. Genotoxic potential
estimated by the colorimetric SOSChromotest-™ showed correlation with the ecotoxic

potential.

A similar study was conducted on emissions of passenger cars belonging to different emission
standard categories. The study found a good correlation between ecotoxicity of the emissions
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and PAH content. However, environmental hazard of the selected cars was strongly depending

on the age and odometer reading in addition to Euro standard (Acs et al. 2013).

A wide range of studies have addressed seasonal differences in PAH concentrations and have
found considerable seasonal variations, with highest values in cold seasons (Morville et al.
2011). It can be attributed mostly to higher contribution of combustion-related emissions but
other reasons also apply, such as lower wind speed, lower atmospheric mixing heights, or lower
rate of photochemical oxidation by solar radiation (Teixeira et al. 2012). The highest seasonal
difference for particle-phase PAHs was observed when seasonal pattern of both vapor- and fine-
particle—phase PAHs were compared Eiguren-Fernandez et al. (2004). Hong et al. (2007),
however, reported that the main sources of particle bound PAHs were mainly vehicular exhaust,
regardless of season. Our previous study also revealed higher environmental impact of
particulates generated in colder periods, showing that biomass burning could be the most

important source for spring and autumn samples (Kovats et al. 2020).

In addition to seasonal patterns, diurnal patterns in PM and related PAHs emissions are also
often discussed. Cipoli et al. (2023) for example found differences in nighttime-daytime
emission rates and patterns, as at nighttime emissions were dominated by residential biomass

combustion while at daytime vehicle traffic was the dominant contributor.

Domestic PAH sources are major contributors to the total emission of anthropogenic PAH in
the environment. The term ‘domestic emissions’ refers to household activities like cooking and
residential heating (Srogi et al. 2007; Ravindra et al. 2008; Patel et al. 2020). The burning and
pyrolysis of oil, coal, gas, wood, garbage, and other organic materials are the main domestic
sources. There is a large geographic variation in domestic emission which is due to the
differences in climate pattern and domestic heating systems. Major indoor PAH sources are for

emissions from cooking and residential heating.

The emission of PAHs from domestic sources is major concern of public health because they
are significant sources of indoor emissions (Ravindra et al. 2006). Diffusion of PAHs from
outdoor sources is also an important factor affecting indoor air quality. A study assessed the
distribution of PAHSs in indoor nonsmoking house dust and estimated that 4 ring PAHs
predominated the samples accounting 40-53% of total PAHSs followed by 3 ring PAHs 29-40%
of total PAHS.
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Another dominant source of indoor PAHSs originates from cigarette smoke. According to several
studies indoor air in smoking residence shows higher PAHs concentrations than non-smoking
residences (Hoh et al. 2012). It was estimated that cooking can be responsible for 32.8% of total
indoor PAHSs (Zhu et al. 2009). According to a report of the World Health Organization (WHO)
in China, India and South East Asia over 75% and in South America and Africa 50%-75% of
population uses solid fuels like wood for cooking.

Coal stoves are still a widely used for cooking and heating in China’s Northern rural parts (Liu
et al. 2008). In this study the total emission factors (EFs) of the measured 15 PAHs ranged from
52.8 to 1434.8 mg kg™. The results depended on the dryness and composition of coal that was
uses as cooking and heating fuel. Another study found major decrease in emission factors of
PAHs from residents with coal stoves which used honeycomb coal briquettes compared to
regular coal (Chen et al. 2004). An early study compared emission factors from wood fuel,
charcoals, coal briquette in a resident stow and found that wood fuel burning released the
highest PAHSs levels and charcoal released the lowest amount of PAHs (Oanh et al. 1999). In
the study they found 18 PAHSs from which 11 was genotoxic. The emission based on the fuel
weight showed the similar emission factors of wood fuel and coal briquette 110 mg kg™,
although the concentration of genotoxic PAHs was twice as high in wood fuel burning
compared to charcoal burning.

Industrial PAHSs are produced by incomplete combustion during various industrial production
lines. Industrial processes, where fuels such as gas oil coal and wood are burned produce
excessive amount of PAHs. Another major source of PAHs emitted during various processing
of raw materials like aluminium processing coke production. PAH compounds are not
synthetized directly as a chemical product. Some PAHs are used in various industrial
productions as interceders in pharmaceutical industries or as dyes in paint industries, plastic
industries (Kaminski et al. 2008.) Acenaphthene, Anthracene, Fluorene, Phenanthrene Pyrene,
are used during production of pigments, dyes, pesticides and wood preservations. Elevated
concentrations of PAHs have been found in bitumen and asphalt production plants, smoke

houses, coking plants, and near oil refineries.

Other major sources from the industrial processes include incineration of wastes, cement
production, rubber tire manufacturing industries, power production in power plants (Patel et al.
2020; Amirdivandi et al. 2019; Srogi et al. 2007). PAHs are generally found in coal-tar
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production plants, petroleum products or coal, or where wood, or other plant materials are

burned.

Agricultural PAHs sources mainly come from open biomass burning, and biomass burning,
when the burning is lacking sufficient amount of oxygen (Ravindra et al. 2008). In rural areas
the high PAH pollution emission is mainly caused by agricultural and domestic sources, where
the pollution in urban area mainly comes from industrial, mobile, and domestic sources (Patel
et al. 2020).

In addition to ‘traditional’ sources such as biomass burning, the illegal practice of burning
household waste has become a worldwide source of PAH emissions. It is a common problem
detected both in developed and developing regions of the world. Lemieux (1998) for example
analysed the practice in the USA commonly referred to as barrel burning, that is, locals burn
their waste in the open in barrels. According to the study, the motivations are in most cases
simple convenience, or cost avoidance. Open burning is generally common in areas that have
volume-rate disposal policies, implying that households have to pay for disposal proportionally
to the amount of waste generated (Park et al. 2013).

Depending on the composition of waste, significant amount of PAHs can be generated.
Lemieux (1998) open burned domestic waste including different plastic materials under
experimental conditions. Plastic amounted to app. 7.5% of the total waste in a non-recycler and
15% in an avid recycler household. The study compared PAH emissions between open burning
of household waste and controlled combustion of municipal waste in a municipal waste
combustor (MWC). While PAH emissions from the MWC were 16.58 mg kg™ waste burned,
these values were as high as 66,035.65 mg kg ! waste burned (!). Kovats et al. (2022) selectively
burned different waste types under controlled conditions and found high PAH emission in case
of some plastics such as Polypropylene, Polystyrene and Polyurethane. Genotoxicity was also
assessed using the SOSChromotest and SOSIF values (indicators of genotoxicity) showed good
correlation with several individual PAHs. The study concluded that waste emissions rich in
PAHSs pose high risk of mutagenicity either burning indoor or outdoor.

The concentration of PAHs shows seasonal patterns. The highest concentration is the highest
in winter than followed by spring, autumn, and summer. The high concentration in winter and

spring is caused by the incomplete combustion of the burning of fossil fuels, caused by higher
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amount of indoor heating, and lower levels of photodegradation do to the lack of light, and the

poor diffusion in the air caused by calm winds and low temperatures (Patel et al. 2020).

PAH sources can also be categorized by the origin of production into three categories i.e.,

pyrogenic, petrogenic, and biogenic (Mojiri et al. 2019).

Pyrogenic PAHs are formed during incomplete combustion of organic matter at high
temperatures (350-1,200°C) under insufficient amount of oxygen (Patel et al. 2020). Major
sources of pyrogenic PAHSs include burning of fossil fuel (coal, oil, petroleum) and biomass
burning. Other pyrogenic PAHs sources include pyrolytic synthesis processes like thermal
braking in petroleum production where long chain hydrocarbons are broken down into lighter
hydrocarbons, coal tar distillation, and coke production (Patel et al. 2020). Petrogenic PAHs
originate form crude oil and its by-products and enter the environment due to mining, transport,
storage leakage (Patel et al. 2020). Biogenic PAHs are produced by living organisms like
microorganisms and phytoplankton (Mojiri et al. 2019).

PAH Source appointment

Certain PAH compounds form with higher probability in either pyrogenic or petrogenic
situations. In pyrogenic sources HMW PAHSs are predominant while in petrogenic sources the
LMW PAHSs are more dominant (Marris et al. 2020).

The ratio of certain PAHs can give some indication about the source(s) of the emission, the
technique and actual ratios were first described by Yunker et al. (2002). Since then, some
modifications have been introduced (e.g. Tobiszewski et al. 2012), however, the original

approach of Yunker et al. is being used hereinafter.

The method is based on calculating the ratio of traditionally established PAH pairs such as
FIt/(FIt+Pyr), BaA/(BaA+Cry), and Ind/(Ind+BghiP). The ratio of Flt/(Flt+Pyr) below 0.4
likely implies petroleum input, between 0.4 and 0.5 petroleum combustion while ratio above
0.5 indicates grass/wood and coal combustion. BaA/(BaA+Cry) ratio below 0.2 indicates
petroleum, between 0.2 and 0.35 either petroleum or combustion implying mixed source and

ratio above 0.35 indicates fossil fuel and vegetation combustion. Ind/(Ind+BghiP) ratio higher
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than 0.5 likely implies combustion of grass, wood and coal between 0.2 and 0.5 petroleum

combustion and ratio lower than 0.2 indicates petroleum source.

These ratios have been also used to identify possible PAH sources in plant samples. Deelaman
et al. (2023) reported that open burning of agricultural wastes had a significant contribution to
accumulated PAHSs in rice grains in Thailand and Laos. Zhang et al. (2018) analysed PAH
concentrations in cabbage collected near a large coking manufacturer in Shanxi Province,
Northern China, and demonstrated coal combustion as the main input source. Most studies,
however, use these diagnostic ratios to identify pollution sources and potential risk in

agricultural soils (e.g. Chai et al. 2017).
PAHSs Health effects

Several polyaromatic hydrocarbons have proven to be mutagenic and carcinogenic.
There is a group of PAHSs that are notorious for their adverse effect which are the so called Car-
PAHs, which includes benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene (B(@)P), dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene,
benzo(g,h,i)perylene, and chrysene (Srogi et al. 2007). In the 1970s the US Environmental
Protection Agency (EPA) identified 16 priority PAHs (EPA-PAH) which are often found in
environmental monitoring samples: acenaphthene, acenaphthylene, anthracene, fluoranthene,
fluorene, naphthalene, phenanthrene, pyrene, benzo[a]anthracene, benzo[b]fluoranthene,
benzo[K]fluoranthene, benzo[g,h,i]perylene, benzo[a]pyrene, chrysene,
dibenzo[a,h]anthracene, and indeno[1,2,3-cd]pyrene. In the European Union, the European
Scientific Committee on Food (SCF) recommended the monitoring of 15 PAHSs:
benzo[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene,
benzol[g,h,i]perylene, benzo[a]pyrene, chrysene, cyclopenta[cd]pyrene,
dibenzo[a,h]anthracene,  dibenzo[a,e]pyrene,  dibenzo[a,h]pyrene, dibenzo[a,i]pyrene,
dibenzo[a,l]pyrene, indeno[1,2,3-cd]pyrene, and 5-methylchrysene which have been proven
mutagenic/genotoxic 64 in animal experiments (EU priority PAHS) (reviewed by Zelinkova
and Wenzl| 2015).

In order to quantify possible human health hazards, toxicity equivalency factors (TEFs) were
already proposed by Nisbet and LaGoy (1992). B(a)p serves as a reference chemical and is
assigned a value of 1 while TEF values of other PAHs are calculated based on their carcinogenic

level in comparison to that of BaP. In case of complex samples, the carcinogenic potency of
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total PAHs is obtained by summing the toxic benzo[a]pyrene equivalent (BaPeq) concentrations
of each PAHSs (Soltani et al. 2015).

1. 4. Bioaccumulation

The risk of bioaccumulation of polyaromatic hydrocarbons (PAHS) in vegetables was
already reported in early studies (e.g. Voutsa et al. 1996; Kipopoulou et al. 1999).

A wide range of studies have assessed bioaccumulation in different vegetable species as they
might pose human health risk when consumed. Results may vary, however, Khillare et al.
(2012) for example found higher accumulation of 16 high priority atmospheric PAHS in
vegetables which were grown in the neighbourhood of coal-based thermal power plants than in
samples from background locations. High accumulation was also reported by Abou-Arab et al.
(2014). They investigated the concentration of PAHSs in vegetable leaves collected from
different regions in Cairo (Egypt) and detected high amounts of carcinogenic PAHs except
pyrene. On the other hand, low accumulation has also been reported: Tusher et al. (2021) e.g.
investigated the concentrations of PAHSs in red amaranth and spinach samples from rooftop
gardens in the urban and peri-urban areas of Bangladesh and found negligible accumulation.
Similarly low accumulation rate was detected in the study of Amato-Lourenco et al. (2017) in

vegetable samples (spinach and collard green) collected in urban gardens of Sao Paulo (Brazil).

Comparative studies are also available on the accumulation potential of different vegetables
such as the study of Jia et al. (2018). They collected samples near industrial areas of Shanghai
and found in vegetables that the total concentrations of 16 PAHs ranged from 65.7 to 458.0 ug
kgL. In the leafy vegetables the highest accumulation was shown in spinach (Spinacia oleracea
var.) (223.3-458.0 g kg?), followed by Chinese cabbage (Brassica rapa var.), (206.0-348.1
ng kg™), Shanghai green cabbage (Brassica chinensis var.), (206.4-284.7 ug kg), and finally
lettuce (Lactuca sativa L.) (132.0-319.2 ug kg™l).

Environmental impact of agricultural biomass burning was assessed by Chen et al. (2018). The
study measured PAH accumulation in a wide range of vegetable samples including lettuces,
cabbages, and Chinese cabbages taken in Chinese home gardens affected by straw burning. In
lettuce samples, the concentration of total PAHs was in the range of 208.7 to 269.5 ng g}, in
the range of 200.8 to 295.1 ng g* in Chinese cabbage and finally in the range of 114.5 to 175.1
ng gt in cabbage.
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Brassicaceae species (e.g. Brassica parachinensis, B. chinensis, B. juncea) are widely used in
bioaccumulation studies as they are generally considered good accumulators of PAHs
(Franzaring 1997; Xiong et al. 2017; Zhang et al. 2018). In a study published by Mo et al.
(2009) various Brassica species were collected from nine farms close to the Pearl River Delta
in South China to evaluate the concentration of 16 PAHs in vegetable samples. The
accumulated PAHs concentration were as follows (mean values are given): Brassica
parachinensis (flowering Chinese cabbage) 438 pg kg, B. chinensis (paitsai) 950 pg kg™ and
B. juncea (mustard) 1790 pg kg™

Similar set of crop species was used in a case study of from Shunde (China) (Li et al (2008).
PAH accumulation was measured in leafy vegetables including lettuce and Brassicaceae species
such as cabbage, mustard and chinese flowering cabbage. The total concentration of
accumulated PAHs was in the range of 128-1.258 ng kg™ (not specified by species). In some
studies extremely high amounts were found. In the study of Zhang et al. (2004), 16 EPA PAHSs
were analysed in vegetable samples from Minjiang River Estuary and the total PAH
concentrations were between 8.600 to 111.000 ug kg dry wt. in vegetable samples (not

specified by species).

Bioaccumulation studies can also be used for assessing human health risk posed by consuming
contaminated vegetables. These studies are utmostly important as diet is supposed to be the
major source of human exposure to PAHSs (Phillips 1999). Zhu et al. (2021) measured PAHs in
edible parts of vegetables such as carrot and cabbage and their human health risks in Jinzhong
(China) and concluded that dietary exposure probably implied high health risk. Interestingly,
women exhibited slightly higher risks than man. In the above-mentioned study of Khillare et
al. (2012), incremental lifetime cancer risk (ILCR) was calculated for vegetables grown in the
vicinity of thermal power plants in Delhi (India) and actual risk appeared for lifetime ingestion

exposure to PAHS.

In some cases, the magnitude of accumulation of toxic compounds can make consumption
hazardous: Tesi et al. (2021) even concluded that vegetables consumed in some parts of Nigeria
could be unsuitable for consumption based on their PAH, especially benzo[a]pyrene content.
Wang et al. (2018a, b) also assessed human health risk in Beijing (China) based on 80 vegetable
samples procured in local markets. However, the incremental lifetime cancer risk was below

the acceptable risk level. In this study children were identified as the most sensitive group.
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1. 5. Uptake

The accumulation of PAHSs in plants in the environment can occur mainly from the
polluted air or the polluted soil. The habitat of the plants can play a major role in the amount of

contaminants which accumulate in plants.

Plants are exposed to both phases. Furthermore, PAHs from the atmosphere are easily

transported to the soil, providing an additional exposure route for plants (Kulhanek et al. 2005).

Two well-known uptake mechanisms can be summarised as 1. from soil trough the root and
transport to leaves, 2. from air with atmospheric deposition through the stomata (Kulhanek et
al. 2005, Zhang et al. 2017a). The uptake of PAHs from gas-phase air and solid particles
suspended in the air represents the main route by which organic compounds reach the above
ground parts of plants (Kipopoulou et al. 1999; Tao et al. 2006a; De Salme et al. 2011a). PAHs
in gaseous phase can diffuse through the wax and the cuticular membrane into the interior parts
of the leaves and they can also enter directly through the stomata (Lehndorff and Schwark
2004). It is hypothesised that the transportation of PAHs from foliar deposition to the cuticular
wax could be the primary pathway of leaf accumulation (Yang et al. 2017a). The uptake of
lipophilic organic air pollutants like PAHs from the gas phase by plants is generally much more

important than the particle deposition onto plant surfaces (Figure 1.) (Ortiz et al., 2023).
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Figure 1. PAHs bonded to particles entered in to stomate by gas exchange and accumulated

in plant leaf tissue (photo was taken by Zso6fia Békéssy).

PAH concentrations in the aerial parts of plants are considerably higher than those found in the
roots (Vacha et al. 2010), especially for plants with large leaf surface areas. The higher PAH
concentration indicated that atmospheric deposition may strongly affect PAH concentrations in
aerial plant parts (Edward 1983; Tao et al. 2004; Zhang et al. 2018). High PAH concentrations
in internal leaf tissues can be attributed to the uptake of PAHs from atmospheric air by leaves
and impaired translocation of those hydrophobic compounds, some of which are relatively
persistent (Desalme et al. 20114, b). Wei et al. (2021) examined the accumulation capacity of
11 plant species, they found evidence of combined pathways but higher PAH concentrations

were determined in leaves than in other tissues for most of the investigated plants.

Based on the study of Kipopoulou et al. (1999) the adsorption from gas phase air could be the
main source of the 2 and 3-ring volatile compounds (e.g. naphthalene, acenaphthene, fluorene,
phenanthrene and anthracene), because these PAHs may also readily volatilise from polluted

soil onto foliage.
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The high molecular non-volatile compounds remain attached to particles and may be washed
off again from the vegetation, high molecular compounds do not readily degrade and over time
they may accumulate in the topsoil (Franzaring & van der Eerden, 2000).

The lower concentration in plant tissues of heavy PAHs with 5 and 6 rings were demonstrated
by Li et al. (2017). The cuticle can modify the mobility of organic substances during transport.
However, it shows size dependence, so an increase in the molecular weight results in a decrease
in mobility. Oak leaves and pine needles for example showed higher accumulating capacity for
light and medium molecular weight PAHs (Huang et al 2018).

In summer, the volatility of lighter PAHs from soils and vegetation could increase the

concentrations in the above-ground parts of plants (Prevedouros et al. 2004; Tao et al. 2006Db).

The investigation of the relationships between bioconcentration factors and the
physicochemical properties of PAHs showed that solubility and the octanol-water partition
coefficient are strongly correlated with the soil-to-root bioconcentration factors, while vapour
pressure and the octanol—air partition coefficient were proved to be good predictors for the air-
to-leaf accumulation of PAHSs (Xiong et al. 2017).

Studies indicate that PAHs can be accumulated by plants from contaminated soils via their roots
(Qamar et al. 2017; Zheng et al. 2014). However, the transport of PAHs from the roots to the
above-ground parts of plants is relatively low (Gao & Zhu 2004; Kipopoulou et al. 1999; Wild
et al. 2006; Wieczorek and Wieczorek 2007).

1. 6. Biomonitoring

Biomonitors by definition are organisms which can be used for the quantitative
determination of environmental pollution (Markert et al. 2003). Biomonitoring or biological
monitoring should be clearly differentiated from bioindication which according to Markert et

al. (2003) gives qualitative information on the status of the environment.

Some authors, however, do not make such clear distinctions. Mukhopadhyay et al. (2020) give
the following quasi-definition: ‘Accumulative bioindicators are organisms, groups of
organisms or biological communities that help make the qualitative or quantitative assessment
of ambient pollution due to the presence of contaminants and exhibit prominent morphological

changes ...” Even worse, Rai (2016) gives the following and completely misleading statement:
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‘Biomonitoring allows continuous observation of an area with the help of bioindicators’. For

the sake of clarity, the approach of Markert et al. (2007) will be used hereinafter.

In practical terms, concentration of selected elements is measured from the sample organisms.
Biomonitoring can be applied for assessing environmental status of different media such as soil,

sediment, water or the air.

Biomonitors are often regarded as alternative to instrumental monitoring. Instruments are
expensive and their use requires physical installation and energy supply (Augosto et al. 2013).
This method is referred to as active monitoring or active sampling. Passive air samplers can be
(1) artificial structures such as polyurethane foams or (2) living organisms called biomonitors.
In general, passive samplers are relatively cheap and easy to handle. They can be used in remote

areas as they do not need electricity supply (reviewed by Dominguez-Morueco et al. 2017).

Biomonitors allow to take numerous samples, due to their low cost. As such, high spatial
resolution can be achieved. Also, studies requiring parallel measurements at numerous sites can
be implemented (Lehndorff and Schwark 2004). In the European Union, Directive
2004/107/EC (2004) has proposed the use of biomonitoring approaches to map PAHS
contamination (EC 2004).

Plants are exposed to both gaseous and particle-bound PAHs and they can reportedly
accumulate both particle or vapour-phase PAHSs. Lichens were the first to be used to assess air
quality back in the 1860°s (Nylander, 1866). They are symbiotic association composed of algae
(Cyanobacteria or Chlorophyceae) and fungi (Ascomycetes or Phycomycetes or
Basidiomycetes). They show taxon dependent sensitivity to air pollutants called toxitolerance.
Their sensitivity is partially due to the lack of defensive tissues, and they are exposed directly
to air pollutants. In general, lichens have been the most widely applied in bioindication
(Boonpeng et al. 2018) and studies reporting lichen biomonitoring results are still booming. In
addition to PAHSs, they effectively accumulate heavy metals, too. As they are epiphytic
organisms, they can be easily transplanted to places which require attention but lack native

lichen populations.

Similarly to lichens, mosses are extremely vulnerable to air pollution due to their morphology.
Mosses have no roots therefore they are largely dependent upon wet and dry atmospheric
depositions as sources of water and nutrient supplies. As mosses are often missing from highly

impacted places, they are generally used in form of moss bags which are in fact transplanted
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mosses. However, several studies have reported that mosses are effective in accumulating
HMW PAHs which might be explained that (1) LMW PAHSs degrade easily after entering the
body of the moss and/or the dominant uptake mechanism in mosses is more likely the trapping
of particles which typically bind HMW PAHSs (Tretiach et al. 2011). Capozzi et al. (2017)
conducted a comparative study in the area of Naples (Italy) and found that the deciduous tree
Robinia pseudoacacia was able to accumulate both LMW and HMW PAHS, while in moss
samples prevalently HMW PAHs were detected.

Lehndorff and Schwark (2009) used pine needles to follow changes in seasonal PAH-emission
over an accumulation period of 4 years in the highly urbanized and industrialized Greater
Cologne Conurbation (Germany). As samples were taken seasonally, the study could
differentiate between summer and winter periods. Also, environmental behaviour of different
PAHs could be analysed. As different pollution sources were typical in the area, the results
could also be used for source appointment. Jeffrey pine trees (Pinus jeffreyi) were used in a
similar study in Fresno, California to map the distribution of phenanthrene, which is an
abundant PAH in the atmosphere (Noth et al. 2013). Using this widely distributed species, it
was possible to conduct a systematic sampling based on the grid of 1-square mile United States
Public Land Survey System blocks. In a comparative study of Klingberg et al. (2022) carried
out in the urban area of Gothenburg, Sweden, black pine (Pinus nigra) showed much better
accumulation potential than pin oak (Quercus palustris). Conifers have better capacity to
capture larger amounts of particulate matter than broadleaved trees due to the morphology and

number of leaves (Freer-Smith et al. 2005).

Quite many evergreen deciduous shrub or tree species have also been tested for their
biomonitoring potential. Similarly to pines or spruces, they have thick epicuticular wax layer.
In European context, taxa occurring in the Mediterranean region can be useful. Holm oak
(Quercus ilex) was for example used to map the distribution of PAH contamination and to
discriminate pollution sources in urban and periurban areas of Naples and Salerno in Campania
region (Southern Italy) De Nicola et al. (2011). These evergreen (leaves overwintering) species
can also be used to analyse seasonal patterns in PAH pollution. It should be noted, however,

that use of herbaceous plants has been rather restricted (reviewed by Srogi 2007).

The choice of biomonitor species can be based on morphological and ecophysiological
characteristics described earlier. Selecting crops can provide additional information: not only

the status of the environment can be evaluated but even human health risk assessments can be
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performed calculating the risk posed by consuming affected vegetables. Finally, in some cases
local species can be used representing native, local flora, assessing impact on the actual
recipient ecosystem (Sojinu et al. 2010).

Naturally, there are drawbacks in applying biomonitors, especially when studies of different
authors need to be compared. De Nicola et al. (2016) argue that one of them is the lack of a
standardized analytical methodology as different plant matrices require specific preparation. In
general, experimental approaches are diverse making inter-study comparisons extremely
difficult (Doucette et al. 2008). As such, several attempts have been made to standardise
experimental protocols (e.g. Weber et al. 2018). The standardised ryegrass (Lolium
multiflorum) method has been in use for monitoring PAH contamination in different areas such
as e.g. Germany (Rodriguez et al. 2010), France (Crépineau-Ducoulombier et al. 2004) or
Argentina (Hebelen et al. 2015). The standardization implies that test plants are cultivated under
controlled conditions (temperature, humidity, etc.) before exposure and pots can be placed at

the required monitoring sites.

Biomonitoring previously was attributed to field sampling. Use of transplanted plants (in the
form of moss bags for example or pots) can reduce quality assurance problems as more uniform

plant material can be used and duration of exposure can be fixed.
1. 7. Plant morphologies effect on accumulation

Plant leaf morphology have an effect on the accumulation property of plants (e.g. Li et al.
2012; El-Khatib et al. 2020). The ability of the vegetations to capture and retain airborne
particulate matter is directly depends on the interaction between the particulate matter and the
plant leaf surfaces. In general, differences in bioaccumulation capacity can be explained by leaf
morphological traits such as surface-to-volume ratio (plants with high surface-to-volume ratio
accumulate more organic air pollutants than species with compact leaves). Leaves with a larger
surface area are more effective in accumulating organic pollutants then those with a smaller

area (Desalme et al. 2013).

According to Weerakkody et al. (2018), individual leaf size, shape and morphology show a
significant impact on capturing and retaining all particle size fractions. Smaller leaves showed
a greater capacity to capture and retain particles probably due their larger parameter per area.

Palmately-lobed leaves showed high PM levels compared to elliptical or linear leaves as they
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probably create more turbulence in the boundary air layer with their complex shape and “tip-
like” areas (Weerakkody et al. 2018).

However, pine needles have found to show higher accumulation properties despite having small
leaf area, and being without hairs (Seebe et al 2012). This may be due to longer narrow needles
which may be more easily affected by particulate matter through the thin boundary layer. Pine
needles also have their ability to capture larger quantities of PAHs because they can also
accumulate PM in winter when the pollution concentration is the highest (Saebe et al 2012).
Roughness, and the presence or absence of leaf hairs may also influence the uptake of PAHs
from atmospheric particulate material. It has been reported that leaves exhibiting pubescence
(hairiness) had significantly higher total PAH concentrations than hairless leaves (Howsam et
al. 2000). Since PAHSs are hydrophobic compounds, airborne PAHs are deposited on foliar

surfaces mainly by dry deposition (gaseous and particulate-bound forms) (Desalme et al. 2013).

Surface stereo micro-structure and hydrophobicity could have effects on the foliar uptake of
organic pollutants. Hairy leaves and leaves with rough ridged surfaces with epicuticular wax
were good at capturing and retaining particles in all size fractions compared to leaves with a
smooth surface (Weerakkody et al. 2018).

Epicuticular wax content is also an important factor in the accumulation capability of leaves.
Margenat et al. (2018) found that relatively high lipid content assists accumulation. PAHs,
being lipophilic organic pollutants are expected to accumulate in leaves which contain more
extractable lipids such as epicuticular wax + tissue lipid. Davidson and Wu (1990) found poor
ability of leaves of B. cordifolia to capture and retain particulate matter due to their glossy
smooth surface, as particulate matter can easily rebound from smooth surfaces causing only a
small percent of captured particles.

The total particulate matter accumulation on leaf within all PM size fraction shows as an
increase with the increase of the quantity of leaf wax (Saebo et al. 2012). Studies found reduced
PM accumulation on waxy surfaces because of their variable chemical structure and

composition and do to their self cleaning ability.

The interspecies differences in PAH concentrations can not be explained by normalizing them
to the plant lipid content. PAH in the inner tissues became concentrated with the increase of
tissue lipid content while a generally negative correlation between the PAH concentration in

cuticles and the epicuticular wax content was found (Qingging et al. 2017).
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2. Main Objectives

Several studies have suggested that the vegetation accumulates atmospheric organic
pollutants such as PAHs in leaves (e. g. De Nicolaetal., 2011; Bartons et al., 2016) and methods
have been developed to use plant foliage as passive samplers to monitor organic pollutants (e.
g. Wetzel & Doucette, 2015; Gong et al., 2018 ). Field bioaccumulation studies might provide
useful data (e.g. Pandey et al., 2012; Wang et al., 2017), but these studies lack basic information
such as spatial or temporal distribution of contaminants or duration of exposure. During my
research the main goal was investigate if a standard protocol, the No. 227 OECD GUIDELINE
FOR THE TESTING OF CHEMICALS: Terrestrial Plant Test: Vegetative Vigour Test, can be
adopted for bioaccumulation studies and assess the level of air pollution via bioaccumulation
studies and to identify possible pollution sources at each sampling site, in parallel with

conventional source appointment methods.

The aim of the researches in this dissertation were compare accumulated PAH profiles in

different test plants.
Accordingly the main objectives were:

i. to investigate under laboratory conditions the accumulation of PAHs from aerosol,
establishing stressor—effect relationships in lettuce (Lactuca sativa L., family
Asteraceae).

ii. to compare bioaccumulative potential of 8 different vegetables under controlled
conditions.

iii.  to assess the level of air pollution via bioaccumulation studies in small, medium sized
villages in Veszprém County, Hungary in pot experiments using lettuce (Lactuca sativa
L., family Asteraceae)

iv.  tomeasure PAH levels in Plantago samples collected from different sampling sites and
in test plants treated experimentally under laboratory conditions and to identify possible
pollution sources at each sampling site, in parallel with conventional source
appointment methods.

v. to examine and establish the applicability of C. comosum for indoor bioaccumulation

studies
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3. Materials and methods

3. 1. Sample Collection and Sample Preparation
PM samples were collected from two different sources as follows.

I. For testing accumulation of vegetables under laboratory conditions: PM samples were
collected with a high-volume KALMAN PM_5 sampler (Figure 2 a) (flow rate 32 m*h™) on
quartz filter (diameter: 150 mm) (Figure 2 b) from the exhausts of a Euro4 diesel-powered jeep.
The sampling was 4 times 10 minutes at idling about 1 meter from the tailpipes.

Figure 2. a.) high-volume KALMAN PM2.5 sampling unit and b.) quartz filter after 10
minutes sampling

Il. For testing accumulation of lettuce (Lactuca sativa) under laboratory conditions: PM2.5
aerosol samples were collected on glass fiber filters between 02.12.2016 and 28.12.2016 in
Budapest (Hungary) at Gilice square with a high volume Digitel (DHA-80) sampler. The
sampling time was 24 hours. This sampling site is located in a suburban area of the Budapest,
it is maintained by the Hungarian Meteorological Service. Filters were stored in a freezer at -
20 °C until use.

From the filters composite samples were made and the cut filters were extracted by high purity
(MilliQ) water (Teke et al. 2020; Kovats et al. 2021a). These pieces were stirred several times,
then the beaker was covered for 24 hours (Figure 3 a.). The extract was then filtered on 0.45um
pore size quartz filter (Advantec QR-100 @ 150 mm) (Figure 3 b.).
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Figure 3. Preparing extract a.) cut filters extract in high purity (MilliQ) water and b.) filtered
on 0.45um pore size filter

3. 2. Cultivation and treatment of test plants

3. 2. 1. Cultivation and treatment of test plants under laboratory conditions

For studying the accumulation of leafy vegetables plant species with relatively high foliar
surface have been selected. Finally eight common kitchen garden species were selected which

are easy to cultivate also under laboratory conditions. The used species:

e Lactuca sativa L. ’Kobak’ (lettuce) (Family Asteraceae)

e Eruca sativa Mill. (rocket) (Family Brassicaceae)

e Lepidium sativum L. (garden cress) (Family Brassicaceae)

e Apium graveolens var. secalinum Alef. (leaf celery) (Family Apiaceae)

e Valerianella locusta L. (corn salad) (Family Caprifoliaceae)

e Beta vulgaris subsp. vulgaris convar. cicla L. *Lukullus’ (chard) (Family Amaranthaceae)
e Spinacia oleracea L. "Matador’ (spinach) (Family Amaranthaceae)

e Ocimum basilicum *Compact’ (basil) (Family Lamiaceac)
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Cultivation and treatment of test plants based on the No. 227 OECD GUIDELINE FOR THE
TESTING OF CHEMICALS: Terrestrial Plant Test: Vegetative Vigour Test recommends
several crop species for testing (Annex 2). Seeds of species and/or cultivars used in our studies

were purchased from Garafarm Ltd. unless specified otherwise.

The experiment was conducted in a glasshouse; environmental conditions were in concordance
with the prescriptions of the Guideline (temperature: 22°C+10°C; humidity: 70% +25%;
photoperiod: minimum 16h light; light intensity: 350+50 pE m? s). Pots were repositioned
every other day, therefore potential effect of variations in environmental conditions could be
minimised. During exposure, neither fertilisers nor pesticides were applied. The following

validity criteria were applied during cultivation and exposure:

The seeds were sown in commercial soil (pH: 6.8 £ 0.5; N (m/m%): min 0.3; P.Os (m/m%):
min 0.1; KO (m/m%): min 0.3). Pots of 15 cm diameter were used. Prior to exposure, 1
seedling was selected in each pot, others were carefully removed. A control group was set,
including 10 pots, similarly to treated groups. Before testing 10 plants were selected and
treatment was started when plants reached the 4 true leaf stage,. During the experiments the
emergence of the seedlings were min. 70 %. There were no visible phytotoxic effects in the
control (e.g. chlorosis, or morphological abnormalities) and at least 90 % mean survival of test

plants in the controls.

For each treatment group, 10 replicates (pots) were set. Pots were individually labelled. Control
plants were sprayed with tap water simultaneously with the treatments. Layout of the test groups
was as follows, indicating repeated treatments Day 0, Day 7, Day 14, Day 21. Treatment
implied that test substance was sprayed on the above-ground parts of the plants, using a
CONXIN Q1P-CX01-380 portable electric paint spray gun. Application volume was set to 5
mL/pot/treatment. Before spraying, the soil in each pot was carefully covered to avoid

contamination and exposure via the roots.

After exposure, the plants were cut above the cotyledon as close as possible to the planting
medium and each individual plant was measured using analytical balance (Kern ABJ 120-AM)
to four decimal places. As such, biomass was reported as fresh weight. Visual symptoms (if

any) were also recorded and rated.
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3. 2. 2. Cultivation and treatment of test plants during field experiments

I. Lettuce (Lactuca sativa) pot study

One of the most popular varieties of lettuce “Majus kiralya” (King of May) was used for
the test. 10 seeds were sown in commercial soil (pH: 6.8 + 0.5; N (m/m%): min 0.3; P20s
(m/m%): min 0.1; K2O (m/m%): min 0.3). Prior to the test, the seedlings were grown in a
greenhouse for 40 days. At every sampling site five replicates (5 pots) were used, in one plastic
pot with 31 cm diameter five seedlings were planted. During the study period, neither additional
fertilizers nor pesticides were used. Exposure took 2 months, between 29.03.2019. and
31.05.2019., after this period the pots were collected and samples were taken to the laboratory

where the plants were washed with ultra pure water and stored at -20 °C until analysis.
3. 3. Description of sampling sites and field sampling
. Lettuce pot study

Seven small/medium-sized Transdanubian villages (Eplény, Hajmaskér, Harskut, Litér,

Nagyvazsony, Pécsely, Tihany) in Veszprém County were selected for the study (Figure 4).

In Eplény, 2 sampling spots were used, in this village a main road (Nr.82) cuts through. On this
main road average 8000 vehicles per day were counted, 6500 were light-duty and 1500 were

heavy-duty vehicles (https://internet.kozut.hu/kozerdeku-adatok/orszagos-kozuti-

adatbank/forgalomszamlalas/). At this sampling sites the gardens which are close to the road

might be severely affected. To investigate this assumption one sampling spot was located very

close to the road, and the other in the same property, app. 80 meters away from the road.
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Figure 4. Location of the sampling sites. 1: Nagyvazsony; 2: Pécsely; 3: Tihany; 4: Harskut:
5: Eplényl; 6: Eplény2; 7: Hajmaskér; 8: Litér.

[1. Plantago field collection

Seven sampling sites were selected, this points represent different land use pattern, pollution
sources and/or different levels of pollution with special regard to different levels of traffic
(Figure 5). The samples were collected on 01.07.2021. Parallel with field sampling laboratory

experiment was designed.

Field sampling

Veszprém is the chief town of Veszprém county, it is the biggest town in the county, the

population is 58,153 (in 2021). In this city two sampling points were designated, one close to
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the central bus station. It has heavy bus traffic from 4:00-23:40. The other point was at a major

road cutting through the town, near a petrol fuel station.

Ajka is the third biggest town in Veszprém county, the population is 26.963 (in 2021). In Ajka
two sampling points were selected, one was close to the biomass thermal power plant, the other

with medium traffic located in the town centre.

Nagyvazsony is a medium-sized village, the sampling spot is situated next to the main road Nr.
77.

In Eplény the sample was collected at the central bus stop by a main road Nr. 82.

Pécsely was selected as background, it is a small village with app. 520 inhabitants. The
sampling site was in a relatively unpolluted areas in the Balaton National Park free from human

activities and far from any traffic.

Veszprém

X
V]

Figure 5. Location of the sampling sites: 1.: Ajka Centre; 2.: Ajka power plant; 3.:
Nagyvazsony roadside; 4.: Pécsely National Park; 5.: Eplény bus stop, 6. Veszprém petrol
station; 7.: Veszprém bus station

At the selected locations, leaves of three to four fully grown plants of P. lanceolata were
collected. Leaves were immediately taken to the laboratory, washed with ionic load-free water

and frozen (—20°C) until analysis.
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Experimental treatment

P. lanceolata plants were experimentally treated following the No. 227 OECD
GUIDELINE FOR THE TESTING OF CHEMICALS: Terrestrial Plant Test: Vegetative
Vigour Test.

Organic P. lanceolata seeds were purchased from Szentesimag Ltd. 25 seeds were sown in pots
of 15 cm diameter in commercial soil (pH: 6.8 + 0.5; N (m/m%): min 0.3; P20s (m/m%): min
0.1; K20 (m/m%): min 0.3). For the test, 3 uniform plantlets were kept in each pot. Cultivation
of the test plants and further testing were conducted in a glass-house, environmental conditions
were set following the prescriptions of the Guideline (temperature: 22°C+10°C; humidity: 70%
+25%; photoperiod: minimum 16h light; light intensity: 350+50 uE m? s™).

For treatment, aqueous extract of PM was used which was collected from a 13 years old, Euro4
diesel-powered jeep. The extract was applied by spraying the sample on the surface of test
plants, exposure started when the plants reached the 4- true leaf stage. In contrary to the
Guideline which recommends only one spraying at the beginning of the exposure, three
treatments were applied: first treatment on Day 0, followed by a second treatment one week
later, on Day 7, and then by the third treatment on Day 14. The test was terminated on Day 21.
After exposure, leaves were immediately taken to the laboratory, washed with ionic load-free

water and frozen (—20°C) until analysis.

A control was also set, where plants received foliar spraying with tap water on the same day as
treated plants. Both the control and the treated plant series included 10-10 replicates (10-10
pots).

[11. Indoor study

Chlorophytum comosum ’Variegatum’ plants with similar size were bought from a local
retainer and they were replanted in uncontaminated commercial soil and placed in a greenhouse

for four weeks to acclimatize before the study. Four plants were placed in each selected kitchen.

The experiment was two month long, the exposure started 1% of June in 2021 and ended 31"
July in 2021. In this period the potential cross-pollution from heating could be avoided because
the normal heating season in Hungary is from October until April. The other reason why this
period was chosen is that the school holiday starts in June, during summer holidays children
mostly lunch at home, which increases cooking frequency.
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The leaves were cut after one month (1 month old leaves) and after the second month (2 month

old leaves). Leaves were immediately taken to the laboratory, washed with ionic load-free water

and kept in the freezer (—20°C) until analysis.

Household selection

Four households were selected with app. the similar size (2 adults + 2 children) (Table 3),

which are situated in small villages and not affected by heavy traffic. This criterion was

especially important as some indoor biomonitoring studies reported that in case of traffic-

impacted sites such as schools, infiltration of outdoor air pollutants could be experienced.

Table 3. Key data for the surveyed households

HH1 HH2 HH3 HH4
Number of 4 4 4 4
inhabitants
Cooking
frequency per 1, very seldom usually 2 usually 2 1, very seldom
q dayy P 2 (less than 5%) y y 2 (less than 5%)
electric gas stove electric electric
Energy source .
stove/oven electric oven stove/oven stove/oven
0
lard app. 40% lard 1%
vegetable
vegetable i vegetable
. . lard app. 95% (sunflower) oil .
Material used (sunflower) oil butter app. 5% 0D, 89% (sunflower) oil
app.55% Pp- 7 Pp. €97, app.100%
olive oil app.5% coconut app.
' 10%
i 0, i 0, i 0
Goungo conngas GO oo s
Cooking p-Trying Deep-frying 0% p1Tying P-Trying
method 30% Pan-frying 40% >5% 15%
Pan-frying 15% Ove); 2%0/ ° Pan frying 5%  Pan-frying 5%
Oven 20% ’ Oven 10% Owen 30%
Ventilation poor good good good
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3. 4. Analysis of Polycyclic aromatic hydrocarbons (PAHS)

Analytical determinations of the PAHSs in the aerosol filters water solutions and; plants,
were performed in the testing laboratory at the Laboratory of the ELGOSCAR-2000
Environmental Technology and Water Management Ltd. accredited by the National
Accreditation Authority, registration number NAH-1-1278/2015. The concentrations of PAHS
in the samples were measured by a gas chromatograph-mass spectrometer (GC-MS) instrument.

The analysis was carries out for 16 priority PAHs (EPA-PAHSs) which the US Environmental
Protection Agency (EPA) enlists posing the highest environmental risk. (reviewed by Keith
2015). The following EPA-PAHs compounds were measured naphthalene, 2-
methylnaphthalene,  1-methylnaphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene,  anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo[k]fluoranthene, benzo(a)pyrene, benzo(e)pyrene, indeno(1,2,3-

cd)pyrene, dibenzo(a,h)anthracene, benzo(g.h.i)perylene.

3. 4. 1. Sample preparation of PAHs in Plant material

Ten grams of plant sample was grinded with 10 g anhydrous sodium sulphate in a ceramic
mortar. The extraction was repeated 3 times with 20 ml n-hexane in ultrasonic extractor for 20
min (Figure 6 a). Prior to extraction, 10 ml acetone was added and the samples were spiked
with 100 ul of 0.01 ug mIt deuterated PAH surrogate mixture (naphtalene-d8, acenaphthene-
d10, phenantrene-d10, chryzene-d12, benzo(a)pyrene-d12, and perylene-d12). The extract was
dehydrated with anhydrous sodium-sulphate and concentrated with dry nitrogen stream at 40°C

toalml.
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In order to reduce the amount of the matrix compounds from the plant extract which could
interfere with the analysis an additional solid-phase silica gel and alumina oxide sample clean-
up was performed. 1ml of the concentrated sample was passed through a 30 cm long, 0.5 cm
width glass column containing 0.2 g silylated (deactivated) glass wool, and 3 g of silica gel on
the bottom of the column, and 3 g of aluminum oxide on the top, and was washed with 20ml of
n-hexane, after this washing step and it was eluted with 20-ml methylene chloride (Figure 6 b.,
C., d.). The column was washed with 20 ml n-hexane. The solid phase cleanup provides a much
cleaner sample where most of the plant matrix like lipids and pigments like chlorophyll A and

B are separated form the analytes.

Figure 6. Plant sample laboratory analysis procedures. a.) pretreated plant samples and sample
extracts. b.) plant samples n-hexane extracts prior to nitrogen stream concentration. c.) solid
phase clean-up of plant extracts. d.) cleaned sample eluted in methylene chloride prior to
concentration.

The clean sample in methylene chloride was concentrated with dry nitrogen stream at 40 °C to
1 ml. Before the measurement the remaining samples were transferred into amber colored
analytical vials and 100 pl of 0.01 pg ml, internal standard mixture (2-floro-biphenyl, and p-
terphenyl-d14) was added (final concentration was 100 ug kg plant dry wt).
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The plant samples were analyzed by Agilent 6890GC 5973E MSD GC-MS based on MSZ
(Hungarian Standard) EN 15527:2009. Under the conditions specified in the standard, limit of
detection of 0.1pg/kg for each individual PAH can be achieved.

3. 4. 2. Sample preparation of PAHs from aerosol filters water solution

For measuring PAH content of aerosol filters water solution samples, the MSZ (Hungarian
Standard) 1484-6: 2003: Environmental protection, Testing of waters. Part 6: Determination of
polycyclic aromatic hydrocarbons (PAH) content by gas chromatographic-mass spectrometry
was followed. Under the conditions specified in the standard, typical limit of detection is 0.001
ng L water sample. Gas chromatographic-mass spectrometric method Hungarian standard was
followed. 250ml of water sample was extracted in a 500 ml separation funnel with 10 ml n-
hexane; the extraction was repeated two times. Prior to extraction, the samples were spiked with
50 pl PAH surrogate mixture (deuterated, naphthalene D8, acenaphthene D10, phenanthrene
D10, chrysene D12, benzo(a)pyrene D12, perylene D12) (Table 4) the final concentration was
1 pg Lt water.

The extract was dehydrated with anhydrous sodium-sulphate and concentrated with dry
nitrogen stream at 40 °C to a 1 ml. An additional solid-phase silica gel and alumina oxide
sample clean-up was performed. The column was washed with 20 ml hexane and the extract
was eluated with 20 ml dichloromethane. This extract was concentrated with dry nitrogen
stream at 40 °C to a 1 ml, and the dissolvent was change to hexane. 100 ul of 0.01 pg ml™.
Internal standard mixture (2-floro-biphenyl, and p-terphenyl- d14) was added (final
concentration was 4 ug L™ water). Before the analysis the remaining samples were transferred

into amber colored analytical vials.

3. 4. 3. GC-MS analysis of PAHs

The GC-MS analysis was performed with an HP-6890 gas chromatograph; it was coupled
to an HP-5973 (Agilent Technologies, Palo-Alto, USA) quadrupole mass spectrometer (low-
resolution single MS). Injector and transfer-line temperatures were 320 °C and 250 °C,
respectively, and ion source and quadropool temperatures were 280 °C and 150 °C,
respectively. A spitless glass liner, 4 mm i.d., loosely filled with silanized glass wool at the
bottom was used (Restek) in the split/splitless GC injector (320 °C, purge splitless 1.5 min).
The GC column was 30 m x 0.25 mm i.d., film thickness 0.25 pum, ZB-Semivolatiles

(Phenomenex). The GC oven temperature was maintained at 40 °C for 3 min after injection
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then programmed at 40 °C min 2, 40 to 80 °C for 0.5 min, and then at 15 °C min* to 240 °C
which was maintained for 8 min and then at 15 °C min* to 310 °C and which was maintained
for 8 min. Helium (N55) was used as carrier gas at 1.2 mL min in constant flow. The
acquisition mode was SIM (single ion monitoring). Electron ionization was used with energy

of 70 eV. The figure below shows the analyte compounds structure and mastered SIM ions.

3. 4. 4. Calibration of PAHs

A five-level internal calibration was used. The first level was the limit of quantitation and the
last level was the 80% of the linear range. During the calibration each calibration level was
prepared form certified reference materials with dilution. During the calibration each compound
and surrogate standards relative response factors was determined for every calibration level.
The compounds quantitation ion responses were tabulated agents each target analyte and
internal standard concentrations. The compounds Response factors (RF) was calculated with

the following equation:

Rfi = (Ai * Cs)/(As * Ci)

Where: Rfi = Response factor of analyte i

Ai = Peak response of compound i

Cs = Concentration of internal standard (mg kg, or mg L™?)
As = Peak response Internal Standard

Ci = Concentration of analyte or surrogate (mg kg, or mg L™)

3. 4. 5. Qualitative analysis of PAHs
The PAH compounds was identified based on their previously determined GC-MS retention
times and their previously gathered mass spectrometric selective ion monitoring (SIM) target

ion and qualifier ion ratios. In order to qualify a specific PAH, the analyte retention time and

the SIM ion ratios has to match with the certified reference materials parameters (Table 4).
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Table 4. Measured compound qualification data: names, retention times, SIM target and
qualifier ions and ion ratios.

Retention : e .

Analyte name CAS - number time tr Target_llon Qua“ﬂ?{ on ra(1)t|o

min | Mz | mzY | %)

Naphthalene-D8 Surrogate standard 1146-65-2 8.59 136 134 10.1
Naphthalene 91-20-3 8.62 128 127 10.1
2-methylnaphthalene 91-57-6 9.76 142 141 83.1
1-methylnaphthalene 90-12-0 9.89 142 141 89.8
Acenaphthylene 208-96-8 11.16 152 153 13.1
Acenaphthene-D10 Surrogate standard 15067-26-2 11.38 164 162 100.2
Acenaphthene 83-32-9 1143 154 152 89.5
Fluorene 86-73-7 12.30 166 165 97.2
Phenanthrene-D10 Surrogate standard 1517-22-2 13.77 188 184 14.8
Phenanthrene 85 -01-08 13.80 178 176 15.5
Anthracene 120-12-7 13.91 178 176 14.8
Fluoranthene 206-44-0 15.82 202 200 19.6
Pyrene 129-00-0 16.25 202 200 20.3
Benzo(a)anthracene 56-55-3 20.01 228 229 20.0
Chrysene-D12 Surrogate standard 1719-03-5 20.10 240 241 18.8
Chrysene 218-01-9 20.14 228 229 19.3
Benzo(b)fluoranthene 205-99-2 25.68 252 250 23.4
Benzo(k)fluoranthene 207-08-9 25.78 252 250 22.5
Benzo(e)pyrene 192-97-2 26.51 252 250 28.5

Benzo(a)pyrene-D12 Surrogate standard | 63466-71-7 26.59 264 260 6.7
Benzo(a)pyrene 50-32-8 26.66 252 250 23.6

Perylene-D12 Surrogate standard 1250-96-3 26.83 264 260 25

Indeno(1,2,3-cd)pyrene 193-39-5 29.29 276 278 3.0
Dibenzo(a,h)anthracene 53-70-3 29.41 278 276 31.3

Benzo(g,h,i)perylene 191-24-2 29.82 276 278 3.8
2-fluorobiphenyl Internal standard 321-06-8 10.33 172 171 25.6
p-terphenyl-D14 Internal standard 1718-51-0 16.65 244 245 19.8

3. 4. 6. Quantitative analysis of PAH samples

During the quantitative analysis an internal standard method was used. When using an Internal
standard calibration, a known amount of non-target compounds is added to the sample post-
extraction but prior to analysis. After peak identification the analytes and the integral standards
peak area is measured by integration. Two internal standards were used 2-floro-biphenyl, and
p-terphenyl- d14. The goal for the addition of internal standards is corrects for response changes

due to instrument drift and matrix effects.

The compounds concentration was calculated with the following equation:
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Ci=(A*Cs*Vs) | (Rfi*As*Vyx)

Where: Ci = Concentration of analyte or surrogate (ug kg, or pg L)
A = Peak response of compound i
s = Concentration of internal standard (ug kg, or ug L)
Vs = standard amount
Rfi = Response factor of analyte i
s = Peak response Internal Standard

Vx = sample amount

In order to evaluate the effectiveness of the sample preparation and to correct the matrix effect
and the analyte losses during sample preparation surrogate standards was added before sample
preparation. Surrogate standards where analyzed a same as the rest of the analytes. The
surrogate standard recovery was determined. In order the surrogate standards to mimic the
chemical properties of PAH analytes stabile isotope labelled deuterated PAH surrogate mixture
containing  Naphthalene-d8,  Acenaphthene-d10,  Phenanthrene-d10,  Chryzene-d12

Benzo(a)pyrene-d12, and Perylene-d12 was used.
3. 5. Quality control of PAH analysis

Because analysis was carried out in a certified accredited laboratory the quality control
measures where in harmony with the laboratory accreditation to ISO/IEC 17025:2018, and with
the laboratory’s internal quality management system guidelines. During the methods
development the analytic performance has been evaluated. The following Method performance
parameters has been checked: Selectivity, Precision (Repeatability), Accuracy, Linearity, Limit
of detection (LOD). Limit of quantifications (LOQ).

The PAHs analysis Repeatability and Accuracy was measured by the repeated analysis of
spiked samples. The PAH plant samples RSD ranged from 5.47% (Chrysene) to 17.51%
(Naphthalene). The average analyte recovery for Plant spiked PAH samples ranged from 88.3%
(Benzo(k)fluoranthene) to 106,4 (Anthracene). In the aerosol filter water extract spiked samples
RSD ranged from 2.11% (Benzo(g,h,i)perylene) to 10.74% (Naphthalene). The average analyte
recovery for spiked aerosol filter water extract samples ranged from 93.7% (Phenanthrene) to
111.2% (1-methylnaphthalene). 1. Annex contains the Repeatability and Accuracy values of
PAH analytes in spiked plant samples. 2. Annex contains the Repeatability and Accuracy values

of PAH analytes in aerosol filter water extract spiked samples.
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The LOD values 0.01pg kg to 0.015ug kg* for accumulated PAH in plant samples and
0.00015 pg 1"t to 0.0003ug L in aerosol filter water extract samples. The LOQ values in plant
samples range from 0,031 pg kg™ to 0.05ug kg* and 0.00029 ng L to 0.001ug L in aerosol
filter water extract samples. 3. Annex contains LOD and LOQ values of PAH analytes in spiked
plant samples. 4. Annex contains LOD and LOQ values of PAH analytes in aerosol filter water

extract spiked samples.

Blank sample was analyzed with each sample batch. The sample preparation of the Blank
samples was following the same procedures of the actual samples described above. According
to EPA standards the blank sample was accepted when the target analyte concentration was less
than half of the quantifications. For the reduction blank concentrations and to prevent cross
contamination, the glassware was thoroughly cleaned before use, washing with non-ionic

detergent and rinsing with ultrapure water and n-hexane, and dried in oven at 150 °C.

Quality control (QC) samples was prepared with each sample batch and analyzed before and
after the samples. The QC samples was made by adding a known amount of analytes to sample

matrix.

In each batch the recovery of the PAHs with in the QC samples has been measured. The QC
samples where accepted when the analyte recoveries fall between 80% to 120% of the
calculated amount. If the values exceeded the acceptance range the whole batch would have
been re analyzed.

3. 6. Source appointment

Ratios of specific PAH compounds, such as fluoranthene to the sum of fluoranthene and
pyrene (FLT/(FLT+PYR)), benzo[a]anthracene to the sum of benzo[a]anthracene and
chrysene (BaA/(BaA +CHR)), and indeno[1,2,3-cd]pyrene to the sum of indeno[1,2,3-
cd]pyrene and benzo[g.h.i]perylene (IPY/(IPY + BPE)), were calculated to evaluate the

possible sources of PAHSs in the samples.
3. 7. Statistical analysis

The correlation between BCF and molecular weight was calculated with Spearman’s rank
correlation and the correlation between tested vegetables and individual PAHs were calculated

with Pearson correlation. In order to examine compositional differences among samples,
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principal component analysis (PCA) has been performed which generally reduces the set of
variables into two major principle components. PCA has been extensively used to evaluate PAH
accumulation pattern in different plant matrices (e.g. Kodnik et al. 2015; Capozzi et al. 2017).
Statistical analyses were performed using the RStudio (RStudio Desktop 1.4.1106) programme
ggfortify package (https://CRAN.R-project.org/package=ggfortify) and R 4.0.0programme
(http://cran.r-project.org/src/base/R-4/R-4.0.0.tar.gz) Remdr package. Accumulated amounts

of PAHSs in plants were compared using Spearman correlation; coefficients were determined to
estimate the dependence of sampling site on the levels of PAHSs found in Plantago samples. To
identify the relationship between the PAH content of samples and sampling sites, PCA and

factor analysis were performed with RStudio.Statistical significance was defined as p < 0.05.
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4. Results and discussion

4. 1. Foliar uptake and accumulation of airborne polyaromatic hydrocarbons

using lettuce test plants.

4. 1. 1. Accumulated PAHs amount in lettuce plants

Totally 19 PAHs were found after the analysis in lettuce sample, of them 16 were
priority PAHs enlisted by US EPA. From the EPA PAHs the only exception was
dibenzo(a,h)anthracene which was not detected in our plant samples. Naphthalene was
determinated in highest concentration 72 pg kg™ and 2-methyl-naphthalene was in lower
amount 22.85 pg kgt in treated lettuce samples. The second highest accumulated amount
of phenanthrene was found 15.55 pg kg*. The lowest amount of acenaphthylene was
determined 2.6 ug kgt. Table 5 shows the composition of the PM2.5 aerosol extract and the

concentration of the accumulated compounds in lettuce.
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Table 5. Concentration of PAHs in the aerosol extract and in the lettuce leaves.
Bioconcentration Factors (BCFs) are also indicated. Priority PAHs are given in italic bold.
(LOQ: Limits of quantification)

PAH PM[iz ia}[?ple Tre[zﬁzdklge_tlt]uce BCE Mole[;url:gl\ﬁ/]elght
Naphthalene 0.39 72 184.61 128.17
2-methyl-naphthalene 0.19 22.85 120.26 142.20
1-methyl-naphthalene 0.15 11.55 77.00 142.20
Acenaphthylene 0.02 2.6 130.00 152.19
Acenaphthene <LOQ 1.05 <LOQ 154.21
Fluorene 0.04 3.55 88.75 166.22
Phenanthrene 0.39 15.55 39.87 178.23
Anthracene 0.03 6.15 205.00 178.23
Fluoranthene 0.59 12.15 20.59 202.25
Pyrene 0.59 11.4 19.32 202.25
Benzanthracene 0.15 7.45 49.67 228.29
Chrysene 0.27 7.6 28.14 228.30
Benzo(b)fluoranthene 0.22 11.35 51.59 252.31
Benzo(k)fluoranthene 0.07 3.45 46.28 252.31
Benzo(e)pyrene 0.1 3.7 37.00 252.32
Benzo(a)pyrene 0.09 4.55 50.56 252.32
Indenol,2,3CD-Pyrene 0.12 4 33.33 276.33
Benzo(g,h,i)perylene 0.08 2.8 35.00 276.30
Dibenzo[a,h]anthracene <LOQ <LOQ <LOQ 278.35
Total PAH 3.53 205.5 58.22 -

4. 1. 2. Calculated bioconcentration factor in lettuce
Bioconcentration Factor (BCF) was calculated according to the following the equation

(Kacalkova and Tlustos 2011):

BCF = PAH concentration in treated lettuce [pg L — 1]

PAH concentration in the PM2.5 sample [ugkg — 1 ]

Remarkably high BCFs were experienced for naphthalene (184.61) and for anthracene (205).
In the aqueous extract of PM2.5 the concentration of naphthalene was already relatively high
(0.396 pg L), significantly higher than in a winter urban PM10 sample (Kovéts et al. 2017).
As a general rule, as particulate matter size decreases, relatively more potentially toxic

compounds are bound; e.g. Valavanidis et al., (2006) reported that the amount of PAH on fine
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particles were higher than on coarse ones. The lowest BCF (19.32 and 20.59, respectively) was

given by pyrene and fluoranthene. No PAHSs were detected in the control plants.

The BCF for uptake and accumulation of PAHSs in most studies are calculated from soil (e.g.
Zohair et al. 2005; Zhang et al. 2015; Inam et al. 2016). Mo et al. (2009) for example report
that highest BCF of total PAHs (5.5) was found in Brassica sp. collected in the Pearl River
Delta (South China). Khan and Cao (2012) calculated RCFs (root/soil concentration factor) and
SCFs (shoot/soil concentration factor) for different vegetables grown in metropolitan areas of
Beijing (China) and found that with the increase of ring numbers the bioaccumulation factors
decreased. Regardless, several studies have shown that atmospheric deposition is the major
pathway for the accumulation of PAHSs in vegetation (Jia et al. 2019). Li et al. (2008) for
example was not able to find correlation between total PAHs in vegetable samples with soil
samples. Some data are available, however, on the relationship between atmospheric
concentration of PAHs and their accumulation in higher plants. Sharma and Tripathi (2009),
found that BCFs of total PAHSs in the leaves of Calotropis gigantea (an evergreen shrub) were
in the range of 1.00 - 11.72, while BCF for total PAHs was 58.22 in our experiment. However,
it is difficult to compare different species due to differences in important attributes such as leaf

morphology or life cycle (Franzaring and van der Eerden 2000).

Studies showing PAH accumulation specifically in lettuce reports a quite wide range of
concentration values. In a pot experiment of Gelman (2014), practically there was no
accumulation detected in rooftop gardens in Helsinki. In another study, Jia et al. (2018) found
that the total concentrations of 16 PAHSs in samples collected from industrial areas of Shanghai
ranged between 132.0-319.2 pg kg™. Concentration of total PAHs in exposed lettuce plants in
our study was 205.5 pg kg, which falls into this range, indicating highly polluted

conditions.

In our experiment strong correlation was found between BCF and molecular weight
(Spearman’s rank correlation: p= 0.009, S= 1315.5, rho= -0.6121725). The lower molecular
weight (LMW) PAH compounds were more dominant after the treatment, which is in
consistency with other studies (e.g. Lei et al. 2011; Wang et al. 2017; Jia et al. 2018). In my
experiment in treated lettuce samples the concentration of naphthalene was the highest (72 pg
kgl), it was also reported to be one of the dominant PAH in bioaccumulation studies (Busso et
al. 2018). As a general rule, the highly lipophilic PAH molecules (heavy PAHSs) showed lower
accumulative potential than the less lipophilic ones (light PAHS) (Paraiba et al. 2010).
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4. 2. Foliar uptake and accumulation of polycyclic aromatic hydrocarbons from

diesel emissions.

4. 2. 1. Accumulated amount of PAHSs in test plants

In the plants and extract altogether 15 PAHs were found, all of them belonging to the group of
the US EPA enlisted 16 priority PAHs (Table 6). The detected PAHSs included all carcinogenic
PAHSs. In the extract the most dominant PAHs were phenanthrene (0.264 pg L), fluoranthene
(0.22 ng L) and pyrene (0.121 pg L1). The highest accumulated concentration was detected
in leaf celery (total PAH: 31.9 ug kg™) despite the fact that only 5 different PAHs could be
determined. Phenanthrene was the most dominant 19.30 pg kg™t and pyrene was in the lowest
concentration. The lowest concentration of accumulated PAHs was measured in Basil (total
PAH: 9.2 ng kgl) and also this was also the plant with the fewest types of PAHs were bonded

in leaves.

54



Table 6. PAHs concentration in the diesel extract and in the plant samples. US EPA priority
PAHSs are given in bold. Carcinogenic PAHSs are given in Bold. LOQ: Limit of quantification

O v R Rl e I R
[ng L] [ngke'] kg'l  [neke']
Acenaphthylene  0.022 080 120 100 _ 300 130 <LOQ 090  <LOQ
Fluorene 003 190 18 080 580 140 <LOQ 070  1.20
Phenanthrene 0264 700 68 055 1930 830 570 410  6.80
Anthracene 0018 030 040 040 <LOQ 040 <LOQ 030 <LOQ
Fluoranthene 0220 720 050 230 230 320 160 190  1.20
Pyrene 0121 540 210 150 150 200 110 150  <LOQ
Benzo(a)anthracene  0.019 1.50 1.10 1.00 <LOQ 0.80 1.10 0.70 <LOQ
Chrysene 0032 250 150 060 <LOQ 070 <LOQ 090  <LOQ
Ben;?t(ﬁg]::w’ 003 140 140 090 <LOQ 070 <LOQ 130  <LOQ
fllljss::r?t(:gne 0013 050 060 020 <LOQ 030 <LOQ 030 <LOQ
Benzo(e)pyrene 0.018 0.50 0.30 0.40 <LOQ 0.30 <LOQ 0.30 <LOQ
Benzo(a)pyrene 0007 040 050 030 <LOQ <LOQ <LOQ 040  <LOQ
Indenol2.3CD- 4558 030 040 020 <LOQ <LOQ <LOQ 030  <LOQ
Pyrene
D;z‘:;rzgc[:nr;] 0001 <LOQ <LOQ <LOQ <LOQ 060 <LOQ <LOQ <LOQ
Benzo(g,hi)- 0.005 030 <LOQ 030 <LOQ <LOQ <LOQ <LOQ <LOQ
perylene
TOTAL PAH 0818 300 1860 1045 319 200 95 136 92

4. 2. 2. Bioaccumulation potential in vegetables

Figure 7 shows the concentration of different molecular weight PAHs groups in the

tested vegetables. The highest bioaccumulation potential was shown by leaf celery, the

measured concentration of PAHs was 31.9 ug kgL. In a pot study De Temmerman et al. (2012)

found high accumulate potential for atmospheric heavy metals, but no data were found about

the celery leaves PAH accumulation capacity. They used two consecutive years and the

55



exposure periods were 2 months. The highest bioaccumulative potential was shown for Pb

reaching as high as 6757 mg kg fresh weight.
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Figure 7. Concentration of different molecular weight PAHs groups in the tested vegetables

In our study lettuce (L. sativa) accumulated approximately 30.0 ug kg™ ZPAHs. Lettuce has
shown generally higher bioaccumulation capacity in previous studies than other vegetables (Li
et al. 2015; Mombo et al. 2016), this species has high foliar surface and thin cuticula which

make it a good accumulator (Schreck et al., 2012).

The accumulation of spinach and rocket were similar, the PAH concentration in spinach was
20 pg kgt and in rocket 18.6 pg kg?. Pandey et al. (2012) found that spinach had good
bioaccumulation capacity. In pot experiment the spinach leaves accumulated to the highest
extent from atmosphere and to lower extent from irrigation water through the roots (Pandey et
al. 2012). Field studies also showed the risk of PAH contamination in leafy vegetables. Abou-
Arab et al. (2014) investigated the concentration of PAHSs in vegetable leaves collected from
different regions in Cairo (Egypt). They detected high amounts of carcinogenic PAHSs except
pyrene, the highest concentration of total PAHs was measured in spinach (8.977 pg kg?)
(Abou-Arab et al., 2014).

Jiaetal. (2018) collected samples near industrial areas of Shanghai and they found in vegetables
that the total concentrations of 16 PAHs ranged from 65.7 to 458.0 ug kg?. In the leafy

vegetables the highest accumulation was in spinach (Spinacia oleracea var.) (223.3-458.0 ug
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kg™), followed by Chinese cabbage (Brassica rapa var.), (206.0-348.1 pg kg*), Shanghai green
cabbage (Brassica chinensis var.), (206.4-284.7 ug kg1), and finally lettuce (Lactuca sativa L.)
(132.0-319.2 pg kg™).

There is no information about bioaccumulation potential of E. sativa despite it is a very popular
herb in urban gardening. In several studies other Brassicaceae species have been used in
bioaccumulation experiments such as Collard greens (Brassica oleracea var. acephala)
(Amato-Lourenco et al. 2016), Chinese cabbage (Brassica chinensis L.) (Yang et al. 2022),
pakchoi (Brassica campestris) (Wang et al. 2018a) and Shanghai green cabbage (Brassica rapa
subsp. chinensis) in the above-mentioned study of Jia et al. (2018). In general, cabbage is found
to be a good accumulator of PAHs (Xiong et al. 2017; Zhang et al. 2018).The total PAHs
concentration in corn salad was 13.6 pg kg, Ultimately chard, garden cress and basil showed
the lowest accumulation rate, in decreasing order: 10.45 pg kg2, 9.50 ug kgtand 9.20 pg kg™
total PAHSs.

Cultivation of garden cress and basil is even recommended in the so-called balcony gardens,
which can be in the proximity of roads. Up to now, there have been very insufficient amount of
information of the PAH accumulative capacity of these species. Taking into consideration O.
basilicum, most studies address the accumulation of heavy metals, which appears to be lower
in comparison to other vegetables (Patrick-lwuanyanwu and Chioma 2017). Laboratory scale
studies also showed that heavy metal uptake is significant via the roots (Adamczyk-Szabela et
al., 2017).

During our study different plant families were represented. However, in one genus significant
differences can be found, e.g. in the investigation of Mo et al. (2009) the amount of 16 PAHS
were measured in vegetable species which were collected close to Pearl River Delta, South
China on cultivated area. Three species belonged to the genus Brassica and Y PAHs
concentration varied as following (mean values are given): flowering Chinese cabbage
(Brassica parachinensis) 438 pg kg, Paitsai (Brassica chinensis) 950 pg kg and Mustard
(Brassica juncea) 1790 pg kg™

Uptake of organic pollutants can even vary amongst varieties (Zohair et al. 2006). Li et al (2017)
investigated three plant species Hypericum, Photinia, and Mahonia in a very small sampling
area, which had similar air pollution level, they found that the ZPAHs uptake by the plant leaves

showed significant differences among the species.
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Basically, differences in bioaccumulation capacity can be explained by the differences in the
leaf morphological traits such as surface-to-volume ratio (Franzaring and van der Eerden,
2000). Epicuticular wax content also plays an important factor (Li et al. 2017). Leaf roughness,
and the presence or absence of leaf hairy structures can also influence the uptake of PAHs from

atmospheric particulate material (Amato-Lourenco et al. 2017).

The differences in the bioaccumulation potential however, can only be partly explained by
morphological traits. Of the three species showing the lowest bioaccumulation rate, namely
chard, garden cress and basil, chard and garden cress have rather thick epidermis while basil
has not (Bozokalfa et al., 2016; Rakleviciené et al., 2007).

4. 2. 3. Bioaccumulation pattern of PAH compounds

Not only the bioaccumulation potentials of tested vegetables were different also the
accumulation pattern (Figure 8). Good correlation was found between the PAH content of the
shoots and that of the diesel extract in most investigated vegetables (Table 7), the best
correlation was found in lettuce (t = 12.536, df = 13, p-value <0.05)
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Table 7. Pearson correlation between tested vegetables and individual PAHs

) correlation
Plant species p- values
coeff. (Pearson)

Apium graveolens var. secalinum 0.9299 <0.01
Beta vulgaris subsp. vulgaris convar. cicla 0.5952 <0.05
Eruca sativa 0.7229 <0.01

Lactuca sativa 0.9610 <0.01

Lepidium sativum 0.8709 <0.01

Ocimum basilicum 0.7931 <0.01

Spinacia oleracea 0.9121 <0.01
Valerianella locusta 0.9185 <0.01

Leaf celery accumulated only 3- and 4-ring PAHS, despite this, it had the highest accumulation
rate (%). Accumulation only of these PAHs were observed in cress and basil, which showed
the lowest accumulation potential, but the pattern was quite different: garden cress accumulated
a relatively large amount of 4-ring PAHs and basil, prevalence of 3-ring PAHs was found
(Figure 8).
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Figure 8. Percentage contribution of different molecular weight PAHs groups in the tested
vegetables

Spinach accumulated only 3-, 4-, and 5-ring PAHSs, while the other vegetables tested
accumulated all PAHs present in the extract. The relative contribution of 6-ring PAHs was the
highest in Swiss chard. The lettuce, rocket, corn salad and chard accumulated all type of PAHs
which were present in the extract. Relative contribution of 6-ring PAHs was the highest in
chard.

In our experiment 3 and 4 ring low molecular weight (LMW) PAH compounds were
predominant in all vegetables (Figure 8), which was consistent with other studies (e.g. Wang et
al. 2017; Jia et al. 2018). Rodriguez et al. (2015) measured the amount of accumulated PAHs
in a pot study of Lolium perenne exposed with vehicular emissions, they detected no high
molecular weight (HMW). According to the Chinese study of Jiang et al. (2015) LMW PAH
compounds were dominant in vegetable oils. Phenanthrene had the highest concentration in all
tested vegetables and reaching as much as 19.3 pg kg in leaf celery, 8.3 pg kg in spinach,
7.0 ng kgt in lettuce, 6.8 pug kg™ in rocket and basil, 5.7 pg kg? in garden cress and 4.1 pg kg
Lin corn salad. In our previous pot study in which we measured the accumulation of lettuce
plants at different locations with varying level of traffic, in all samples phenanthrene had the
second highest concentrations (11.6 pg kg?) and also fluoranthene and pyrene was found in

high concentrations (7.2 and 5.4 nug kg, respectively).
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4. 3. Accumulation of airborne polyaromatic hydrocarbons in lettuce samples in
rural gardens

4. 3. 1. Accumulation in test plants

From the analyzed 19 PAHs only acenaphthylene, acenaphthene, anthracene, and
dibenzo[a,h]anthracene were not detected in the plant samples. Table 8 summarizes the
analytically measured concentrations and detect rates of all PAHs in lettuce leaves. The highest
amount of PAHS were detected in samples from Hajmaskér (186 ng kg™) and less than the half
of this total PAH concentration was measured in Harskat (80 pg kg?). In these samples
naphthalene was the most dominant PAH (155 and 32.7 pg kgt). The lowest accumulated total
PAH concentration was determinated in lettuce samples from Litér (9.1 pg kg™). In this sample
only six different types of PAH were find, these are naphthalene, 2-methyl-naphthalene, 1-
methyl-naphthalene, fluorine, phenanthrene, fluoranthene. In contrast, in the sample with the
highest accumulated amount ten types of PAH were identified naphthalene, 2-methyl-
naphthalene, 1-methyl-naphthalene, fluorine, phenanthrene, fluoranthene, pyrene,
benzanthracen, benzo(b) fluoranthene, benzo(e)pyrene. The highest number of different types

of PAH was found in samples from Harskut, totally 15.
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Table 8. Concentration of PAHSs in lettuce samples. LOQ: Limit of quantification

PAHs concentration (ug kg dry weight) in lettuce leaves

PAH compounds Nagyvé- Eplény  Eplény

Pécsely zsony 5 1 Tihany  Litér Harskat Hajmaskér
Naphthalene 15.4 9.76 3.94 41.9 12.7 3.1 32.7 155
2-methyl- 16 5.6 15 2 25 15 52 6
naphthalene
1-methyl- 16 2.2 <L0Q <001 13 <001 28 25
naphthalene
Acenaphthylene <LOQ <LOQ <LOQ <0.01 <0.01 <0.01 <0.01 <0.01
Acenaphthene <LOQ <LOQ <LOQ <0.01 <0.01 <0.01 <0.01 <0.01
Fluorene <LOQ 1.1 <LOQ 1.3 1.1 1.1 1.6 1.9
Phenanthrene 11.6 3.4 4.9 54 55 2.2 11.1 9.9
Anthracene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Fluoranthene 21 2.9 11.2 3.4 1.7 1.2 4.3 3.1
Pyrene 1.8 1.7 7.3 1.9 1.1 <LOQ 3.4 2.5
Benzanthracene 12 <0.01 16 <LOQ 1.3 <LOQ 3.9 1.6
Chrysene 15 1.2 4 1.2 1 <LOQ 2.8 <LOQ
Benzo(b)
1.7 <L A 11 1. <LO 4.2 11
fluoranthene oQ > 6 Q
Benzo(k)
< < ) < <0. LO . LO
fluoranthene LOQ LOQ 1.2 LOQ 0.01 <LOQ 1.6 <LOQ
Benzo(e)pyrene 11 <LOQ 11 <LOQ 1 <LOQ 19 14
Benzo(a)pyrene 1.2 <LOQ 2.3 <LOQ 1 <LOQ 2 <LOQ
Dibenzo[a.h]
<L <L <L <L <LO <LO <0.01 <LO
anthracene o oQ oQ oQ Q Q 0.0 Q
Indenol.2.3CD-
< < . < LO LO . LO
Pyrene LOQ LOQ 1.6 LOQ <LOQ <LOQ 1.4 <LOQ
Benzo(g.h.1) <LOQ <LOQ 19 <L0Q <LO0Q <LOQ 11 <LOQ
perylene
Total PAHs 40.8 27.9 47.6 58.2 31.8 9.10 80.0 186

Figure 9 shows the total amount of different molecular weight PAHs on the sampling spots. In
all the test sites, the low molecular weight (LMW) PAH compounds were dominant in exposed
lettuce plants (Figure 9), which is consistent with other published studies (Lei etal. 2011; Wang
et al. 2017; Jia et al. 2018). The accumulated concentration of naphthalene was in the range
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between 3.1 pg kg?* (Litér) and 155 pg kg™ (Hajmaskér), with fairly high concentrations in
Harskat (32.7 ug kgl) and Eplényl (41.9 pg kg™). Naphthalene is in general one of the
dominant PAHSs in bioaccumulation studies (Waqas et al. 2014; Busso et al. 2018).
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Figure 9. Total amount of different molecular weight PAHs in plants in ug kg dry weight

In plant samples the most abundant PAH compound was phenanthrene, the concentration was
between 2.2 to 11.6 ug kgt. In the study of Li et al. (2008) the PAH content of 30 agricultural

soil and 16 vegetables were determined and phenanthrene was found one of the most dominant
PAH in vegetables.

The detection rate of anthracene was LOD, though this PAH showed high levels in all vegetable
samples (including spinach and cabbage) procured from local wholesale markets in Punjab
(Pakistan) (Ashraf et al. 2013).

The highest concentration of the 4-ring PAHSs, pyrene and the carcinogenic chrysene were in
Eplény2 (7.3 and 4.0 pg kg, respectively), followed by Harskut (3.4 and 2.8 g kg™2).

Relative abundance of the five-ring PAHs was rather high in 4 samples (Pécsely, Eplény2,
Tihany, Harskut) showing peaks in Eplény2 and in Hérskut. The identified five ring-PAHS,
benzo(k)fluoranthene, benzo(b)fluoranthene and benzo(a)pyrene are considered as typical

tracers for fossil fuel combustion and are associated with vehicular emissions (Ravindra et al.
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2008). The contribution of these PAHSs ranged from 88 % and 80 % of this group in Eplény2

and in Harskut.

Of the six-ring PAHSs, only two, namely indenol.2.3.CD-pyrene and benzo(g,h,i)perylene were
detected only in Eplény2 and Harskut samples. Their total concentration was 3.5 pg kg in
Eplény2 and 2.5 pg kg! in Harskat. According to Eiguren-Fernandez et al. (2004),
benzo(g,h,i)perylene is considered a marker of gasoline exhaust emissions. Analysis of
individual land-use patterns might give some explanation: Harskut is a village which is situated
in a mountainous area and is a Natura2000 site. However, there are several farms in the
neighbourhood of the sampling site and the high pollution can be caused by the inputs of fossil
fuel from farm vehicles which generally pose high environmental load (Ene et al. 2012).
Eplény2 sampling site is in the proximity of the railway, thus diesel-powered engines might be

responsible for the pollution.

The total PAH concentration was the in the range of 9.1 pg kg dry.wt (Nagyvéazsony) and 185
ng kgt dry.wt (Hajmaskér) (Table 9). In related literature, the amount of accumulated PAHs
shows very diverse values. Several reports have shown low accumulated amount of PAHSs in
leafy vegetables, Abou-Arab et al. (2014) e.g. measured 8.9 ug kg* total PAH in spinach
(Spinacia oleracea var.) which were collected from the urban region of Cairo (Egypt). Also
low accumulation was reported in spinach in urban gardens of Sao Paulo (Brasil) by Amato-
Lourenco et al. (2017), in their experiment only one garden was monitored for PAH
accumulation, where the PAH concentration was 7.4 pg kg™. Data reported by Janska et al.
(2006) make regional comparison possible. In their study, the accumulation of total PAHs
ranged between 12.34 and 78.09 pg kg™ in cabbage samples collected from Southern Moravia
(Czech Republic). Even lower accumulation was found in a Romanian study (Soceanu et al.
2014), where maximum total PAHs accumulated concentration ranged to 8.216 ug kg in

cabbage and 8.131 pg kg in spinach collected from rural areas.

However, much higher values were observed in industrial areas of Shanghai, here the total
accumulated amount of 16 PAHs in spinach ranged from 223.3-458.0 ug kg*: (Jia et al. 2018).

Nevertheless, taking into consideration that the different vegetables will have different
accumulation potential (Franzaring and van der Eerden 2000), comparison of our results with
other leafy vegetables have only indicative value. Examining the other studies where lettuce

was used as passive monitor, PAH accumulation in lettuce moved in a very wide range. In a
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pot experiment by Gelman (2014), practically no accumulation was found in experimental
rooftop gardens in Helsinki. On the contrary, in the previously mentioned study of Jia et al.
(2018), the total concentrations of 16 PAHSs in lettuce collected from Shanghai industrial areas
showed accumulation between 132.0-319.2 pg kg*. The highest value in our study (Hajmaskér,

185 pg kg dry.wt) is in fact in this range, indicating significant contamination.

4. 3. 2. PAH concentrations in soil samples

In parallel to vegetable samples, concentration of 19 PAHSs, including the 16 EPA PAHS,
was measured in all soil samples (Table 10). As a general rule, PAHs have high tendency to
accumulate in soils because their strong hydrophobicity and resistance to degradation, it was
found that app. 90% of total PAHSs retain in surface soils (Wild and Jones 1995). In our study

the upper 5 cm layer of the soil was analyzed.

In soil samples from the analyzed PAHs only the amount of acenaphthylene was under the
detection limit (Table 9).

In soil samples the highest concentration of accumulated PAHs was determined in samples
from Harskut (595 pg kgt dry weight), in this samples Fluoranthene was the dominant PAH
(107 pg kg dry weight). Less than a half of the total amount from Harskat was measured in
sample from Eplényl (211 ug kg? dry weight), where the we found the Naphthalene as the
dominant PAH (154 pg kg dry weight). The lowest total PAH content was identified in plants
from Litér (31.6 pug kg’ dry weight), where similar to the sample collected in Harskut
Fluoranthene was the dominant PAH (6.9 pg kg™ dry weight).
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Table 9 Concentration of PAHSs in soil samples. LOQ: Limit of quantification

PAHSs concentration (ng kg'1 dry weight) in soil samples

PAHs compounds Nagyva- Eplén Eplén
Pécsely Y preny preny Tihany  Litér Harskat Hajmaskér
zsony 2 1
Naphthalene 13.3 33.1 51 154 <0.01 1.1 17.3 15.7
2-methyl-
15 2.6 15 5 1.9 1.2 3.1 1.5
naphthalene
1-methyl-
<LOQ 1.2 <LOQ 3.1 1 <0.01 1.9 <LOQ
naphthalene
Acenaphthylene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Acenaphthene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 4.8 <LOQ
Fluorene <LOQ <LOQ <LOQ 1.6 1 <0.01 4 <LOQ
Phenanthrene 5 6 54 131 4 2.3 56.5 5.8
Anthracene <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 21.8 <LOQ
Fluoranthene 7.4 8.6 10.8 4.7 8.6 6.9 107 8.4
Pyrene 55 6 7.2 3.3 5.8 5 86.2 6.1
Benzanthracene 1.8 1.6 2.4 4.5 14 15 68.2 2.1
Chrysene 1.5 1.6 4 4.4 3.3 15 43.3 34
Benzo(b)
4.3 4.8 5.9 6 4.2 4.3 57.9 4.7
fluoranthene
Benzo(k)
13 1.5 1.6 2.1 1.3 1.4 24.3 1.1
fluoranthene
Benzo(e)pyrene 11 1.1 1.6 2.4 <0.01 11 38.7 1.2
Benzo(a)pyrene 2 2 3.3 3.2 1.8 15 244 2.8
Dibenzo[a.h]
<LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 53 <LOQ
anthracene
Indenol.2.3CD-
13 1.4 2.3 2.2 1.2 1.1 17.7 2
Pyrene
Benzo(g.h.i)
1.2 1.9 2.2 1.7 1.4 2.7 12.7 2,00
perylene
Total PAHs 36.9 73.4 53.3 211 36.9 31.6 595 56.8

Figure 10 shows the total amount of different molecular weight PAHSs in the sampling spots.

66



600

500
400

B Sixrings
300 B Five rings

B Four rings

Concentration of PAHs (ug kgt dry wt)

o

200 O Three rings
O Two rings
100
BBl Em=HE
N3 ~ v @@ .&e}

&
CQO &6‘6‘% ) éﬁ

o v
& F

& &

=
156
Q{’:ﬂ

Figure 10. Total amount of different molecular weight PAHSs in plants in pg kg™ soil

The total concentration of PAHs was in the range of 31.6 ug kg (Litér) and 595.1 pg kg*
(Harskut). The highest accumulation tendency in the majority of samples was shown by four
ring PAHs. The PAH concentrations of these four ring PAHs were in the range between 14.9
ng kgt (Litér) and 304.7 ug kg™ (Harskut). Five ring accumulated PAHs, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(e)pyrene and benzo(a)pyrene occurred in all of the samples while
the detection rate of dibenzo[a.h]anthracene was much lower, it occurred only in Harskut, with
the concentration of 5.3 ug kg. A study by Maliszewska-Kordybach et al. (2009) analysed the
spatial distribution of individual PAHSs in agricultural soils in over 200 localities in Poland and
found that the higher molecular hydrocarbons (groups of 4+5+6 rings PAHS) represented 72.6%
of the total PAH content. Also, some Chinese studies reported dominance of HMW PAHS in
contaminated soils (Wang et al. 2016; Wang et al. 2017). A study by Bozlaker et al. (2008)
which analyzed dry deposition and soil samples indicated that soil acts as the sink of HMW
PAHs throughout the year. Another study by Zavgorodnyaya et al. (2019) also showed that wet

deposition resulted in the accumulation of HMW PAH:S.

The comparison between the individual villages and Harskut showed outstandingly high

concentrations. Concentration of 3 ring PAHs amounted to 87.1 pg kg, 4 ring PAHs to 304.7
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ug kgt, 5 ring PAHs to 150.6 pg kg™t and 6 ring PAHs to 30.4 pg kg™*. The amount of individual
PAHs was roughly one magnitude higher than in the other samples (Table 10)

A work of Maliszewska-Kordybach (1996) suggested a contamination classification system for
rhizosphere soils, defining the following categories: weakly contaminated (> 200 pg kg™),
contaminated (600—1000 pg kg™), and heavy contamination (> 1000 pg kg™). Of our samples,
Eplényl and Harskut fall into the contaminated category, the others are classified as weakly
contaminated. This classification system, however, cannot be fully used in this study as soil
PAH concentrations refer only to a two-month exposure time. However, the 50/2001. (IV. 3.)
Decree of the (Hungarian) Government defines a 1mg kg* limit value for the PAH content of

wastewater sludges intended for agricultural use.

4. 3. 3. Source appointment

In order to identify the possible source of different PAHSs, a long established PAH
isomer ratios were used which have also been applied to allocate sources of these compounds
in vegetables (e.g. Li et al. 2008) and also in soils (e.g. Yang et al. 2017b). A ratio higher than
0.5 for fluoranthene to fluoranthene plus pyrene (FIt/FIt+Pyr) indicates grass, wood or coal
combustion as the potential source (Yunker et al 2002). This value was exceeded in all of the
plant samples, which shows the contribution of household heating and biomass combustion,

most probably also, open burning agricultural waste in the gardens.

FIt/(FIt+Pyr) ratio could be calculated for all vegetable samples, the other ratios provided much
less information. Benz[a]anthracene to benzo[a]anthracene plus chrysene (BaA/BaA+Cry) ratio
if it is over 0.35 has been defined to indicate combustion of vegetation and fossil fuel (Yunker
etal. 2002) (Figure 11). In our study, this ratio could be calculated for only four lettuce samples:
Pécsely, Tihany, Eplény2 and Harskut. In these cases, BaA/(BaA+Cry) ratio was in the range
of 0.37 (Eplény2) and 0.5 (Tihany), showing the contribution of pyrogenic sources.
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Figure 11. Cross-plot of BaA/(BaA+Cry) ratio against Flt/(FIt+Pyr) for plant samples

Indenol[1,2,3-cd]pyrene to indeno[1,2,3-cd]pyrene plus benzo[g.h.i]perylene (Ind/Ind+BghiP)
ratios between 0.20 and 0.50 most likely indicate liquid fossil fuel combustion while ratios
lower than >0.50 imply grass, wood and coal burning (Figure 12) (Yunker et al., 2002). Because
6-ring PAHs occurred only in lettuce samples exposed in Eplény2 and Harskut site, ratios could
be calculated only for these samples. In Eplény2, this ratio was 0.46, indicating fossil fuel
combustion as the potential source, while in Harskut it amounted to 0.56, indicating biomass
combustion. Considering individual, characteristic PAHSs, dibenzo[a,h]anthracene (DbaA)
concentration was below detection rate. This compound is typically associated with coal

combustion (Pant et al. 2017).
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Figure 12. Cross-plot of Ind/(Ind+BghiP) ratio against Flt/(FIt+Pyr) for plant samples

When analyzing the source origin of different PAHSs in the soil samples similarities can be found
with the lettuce samples. The FIt/(FIt+Pyr) ratio exceeded 0.50, indicating the input from
biomass burning, regardless of the size or location of the village. Ind/Ind+BghiP ratios could
be calculated for all of the soil samples: values were between 0.20 and 0.50 in case of
Nagyvazsony, Tihany and Litér (which indicates liquid fossil fuel usage), at the transition point
of 0.5 in Haymaskér and >0.50 in Eplényl, Eplény2, Harskut and Pécsely (which indicates

biomass burning, most possibly grass and wood) (Yunker et al., 2002).

BaA/(BaA+Cry) ratio was <0.35 in case of only 1 village, Tihany (0.30) which can indicate
either petroleum or combustion. In the other sampling sites it was in the range of 0.38-0.61

which implies combustion of vegetation and fossil fuel (Yunker et al., 2002).

For soil samples, BaA/(BaA+Cry) ratio against FIt/(FIt+Pyr) ratio as well as Ind/(Ind+BghiP)
ratio against FIt/(FIt+Pyr) ratio were plotted (Figure 13, 14). Plotting BaA/(BaA+Cry) ratio
against FIt/(FIt+Pyr) ratio shows high input from combustion in general for the majority of the
villages. The cross plot of Ind/(Ind+BghiP) ratio against FIt/(FIt+Pyr) ratio, however,

distinguishes two groups of villages: in case of Eplényl and 2, Pécsely, Hajmaskér and Harskut
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the main input is biomass combustion while in

petroleum combustion provides the main source.
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Figure 13. Cross-plot of BaA/(BaA+Cry) ratio against Flt/(FIt+Pyr) for soil samples
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Figure 14. Cross-plot of Ind/(Ind+BghiP) ratio against Flt/(FIt+Pyr) for soil samples

case of Litér, Tihany and Nagyvazsony,
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When assessing the two samples collected in Eplény, it is interesting to note that they are having
very different composition, though the two sampling spots are situated app. 80 ms from each
other. Eplényl sampling site was especially chosen to represent roadside conditions:
approximate load is 8000 vehicles per day, of which 6500 are light-duty and 1500 are heavy-

duty vehicles (https://internet.kozut.hu/kozerdeku-adatok/orszagos-kozuti-

adatbank/forgalomszamlalas/). In an early study of Larsson and Sahlberg (1981) accumulation

of PAHSs in lettuce was assessed. Samples were grown at 12 and 50 ms distance from a Swedish
highway. Significantly higher accumulation was found at the vicinity of the highway, with the
concentration of B(g.h.i.)P 0.5 ug kg* vs. 10.8 pg kg*. Dan-Badjo et al. (2007) placed ryegrass
(Lolium perenne) pots in the vicinity of a highway and found that the high molecular weight
PAHs (5 and 6 rings) represented almost 23% of the total PAH concentrations. In a following
study, however, spatial distribution of accumulation was depicted (Dan-Badjo et al., 2008). It
was recorded that concentration of accumulated PAHs was the highest between 0 and 10 m on
both sides of the road than it started to decrease rapidly. However, source appointment did not
show extra burden from liquid fossil fuel combustion in Eplényl, though the pots were placed
app. 5 metres from the road. In this soil sample, concentration of total PAHs was relatively high
(211.3 pg kg?l), but prevalence of two-ring PAHs was experienced, concentration of
naphthalene was 154 ug kg. Naphthalene was also a dominant PAH in the vegetable sample,

with the concentration of 41.9 ug kg™.
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4. 4. PAHs accumulation pattern with Plantago lanceolata L. as a passive
biomonitor

4. 4. 1. Accumulated PAH amount in treated Plantago lanceolata

In our research Phe, Flt and 4-ring Pyr were found dominant in diesel extract (Table 11)
these results are similar to those reported by Fabianska et al., (2016), Lin et al., (2019) and
Corréa et al (2021). In most of the studies, the ratio of five- or more ring species is very low
(Jin et al. 2014; Yilmaz and Davis 2016).

The total PAH amount in treated P. lanceolata leaves was 92.2 pg kg™. B(b)f represented 17%
of total individual PAHS, followed by B(a)p (15%), Phe and B(e)p (9%), Ind (8%), B(k)f and
B(g,h,i)p (7%), Pyr and Cry (4.5%), Flt (4.4%) and Nap, B(a)a and D(a,h)a (3%). Overall, 5-

ring PAHs were dominant, amounting to 50% of total PAHSs.

Bioconcentration Factors (BFC) were calculated to determine the accumulation pattern of
individual PAHs (Table 10), with BCF the coefficient between the tested organism and the
external medium (Paraiba et al., 2010). The following equation was used to calculate the BCF:
BCF = PAH concentration in the P. lanceolata leaves/PAH concentration in the sample
(Kacalkova and Tlustos$ 2011).

We recognized that carcinogenic PAHs had higher BCF than other congener PAHs, BCF of
D(a,h)a was 2660, B(a)p 1971 and IP 886. Lowest BCF was found in case of FIt (18.5) and Ant
(23.9), respectively.
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Table 10. Concentration of PAHSs in the aerosol extract and in the experimentally treated

plant samples. Bioconcentration factors (BCFs) and molecular weights are also shown. Car

PAH:s are given in Bold

PAH

Acenaphthylene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(e)pyrene
Benzo(a)pyrene
Indenol,2,3CD-Pyrene
Dibenzo[a,h]anthracene
Benzo(g,h,i)perylene
TOTAL PAH

Diesel
Plantago treated
extract
[ug L7] [ug kg']

0.022 0.53
0.034 1.27
0.264 8.64
0.018 0.43

0.22 4.08
0.121 4.19
0.019 2.9
0.032 4.13
0.036 15.7
0.013 6.38
0.018 8.24
0.007 13.8
0.008 7.09
0.001 2.66
0.005 6.36
0.818 92.2

BCF

241
37.4
32.7
23.9
185
34.6
152.6
129.1
436.1
490.8
457.8
1971.4
886.3
2660.0
1272.0
112.7

Molecular weight

[g mol]
152.19
166.22
178.23
178.23
202.25
202.25
228.29
228.3
252.31
252.31
252.32
252.32
276.33
278.35
276.3

4. 4. 2. Accumulated PAH concentrations in Plantago lanceolata samples collected at

different sampling locations

In collected Plantago samples the concentration of 19 accumulated individual PAHs in

leaves were measured (see Table 11). According to field samples, the lowest total PAH

concentration was found at Veszprém petrol station (34.7 pg kg?), higher amount of

accumulated PAHs were detected in sample collected in Ajka close to the power plant (38.6 pg

kg™), followed by Ajka Centre (42.5 ug kgt), Nagyvazsony (55.8 pg kg?), Eplény (70.6 ug kg’

1), the highest concentrations were observed in sample collected in Veszprém near the Bus

station (768 g kg?). In the background site, all PAHs were under the detection limit.
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Table 11. Concentrations of PAHs individual in different villages (abbreviations, number of rings and molecular weight). LOQ: Limit of

quantification

Ajka Power Ajka Veszprém Petrol ~ Veszprém Central Nagy-
No. of . ] Eplény Mean (range) Detectio
PAHSs . plant Centre station bus station vazsony
rings [ng kgl [ng kgl n rate
ngkg'l  [ngkg'] [ng kgl [ng kgl [ng kgl

Naphthalene 2 2.72 472 ND 1.93 4.6 2.22 2.7 (0-4.72) 83.3
2-methyl-naphthalene 2 2.01 2.58 1.04 2.21 2.52 1.76 2 (1.04-2.58) 100
1-methyl-naphthalene 2 1.15 2.64 1 2.44 1.93 1.05 1.7 (1-2.64) 100
Acenaphthylene 3 1 0.94 0.82 1.17 0.69 0.9 0.9 (0.69-1.17) 100
Acenaphthene 3 0.48 0.67 0.34 0.64 0.47 0.51 0.5 (0.34-0.67) 100
Fluorene 3 1.16 1.41 0.76 131 2.01 0.76 1.2 (0.76-2.01) 100
Phenanthrene 3 6.28 6.89 3.14 8.9 8.48 7.33 6.8 (3.14-8.9) 100
Anthracene 3 0.22 0.48 0.3 2.03 0.41 0.52 0.6 (0.22-2.03) 100
Fluoranthene 4 2.26 3.36 2.2 384 2.03 10.3 9.76 (2.03-38.4) 100
Pyrene 4 1.97 3.47 2.58 72.3 2.43 7.89 15.1 (1.97-72.3) 100
Benzanthracene 4 0.7 1.08 1.05 65.5 2.19 3.38 12.3 (0.7-65.5) 100
Chrysene 4 1.22 1.04 1.06 49.7 1.84 3.28 9.6 (1.04-49.7) 100
Benzo(b)fluoranthene 5 4.23 3.62 3.15 151 5.89 8.54 29.4 (3.15-151) 100
Benzo(k)fluoranthene 5 2.81 2.01 1.62 44 2.24 3.24 9.3 (1.62-44) 100
Benzo(e)pyrene 5 2.2 2.27 1.52 84.4 2.47 3.58 16 (1.52-84.4) 100
Benzo(a)pyrene 5 3.65 2.66 6.43 88.2 7.7 6.91 19.2 (2.66-88.2) 100
Dibenzo[a.h]anthracene 5 0.47 <LOQ 0.97 16.1 <LOQ 1.06 4.6 (0.47-16.1) 66.7
Indenol1.2.3CD-Pyrene 6 2.02 1.51 3.68 51.4 4.54 4.07 11.2 (1.51-51.4) 100
Benzo(g.h.i)perylene 6 2.07 1.23 3.09 85.6 341 3.36 16.4 (1.23-85.6) 100

Total PAHs 38.6 425 34.7 768 55.8 70.6
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Compared with the other sampling sites, concentration of HMW PAHs accumulated in P.
lanceolata was significantly higher in Veszprém central bus station, showing relatively high
level of pollution (Figure 15). According to our data, the most abundant individual PAHSs
accumulated in P. lanceolata were Phe and BbF in all sampling sites except Veszprém petrol

station and Eplény, where BaP and Flu were detected in highest concentration (Table 12).

Concentration of Phe (3-ring) was 8.48 ug kg™ dry-wt in Nagyvazsony, 6.89 ug kg dry-wt in
Ajka Centre, and 6.28 ug kgt dry-wt in Ajka power plant, while concentration of BbF (5-ring)
from Veszprém central bus station, Plantago treated and Ajka power plant were 151 ug kg™

dry-wt, 15.7 pg kg dry-wt and 10.4 pg kg™ dry-wt.
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Figure 15. Total amount of different molecular weight PAHs on the sampling spots in the test
plants

4. 4. 3. Comparison of experimentally treated plants and field collections

Strong correlation was found between the distribution pattern of accumulated PAHSs in
the experimentally treated sample with the collected Plantago samples (Table 12), with the only
exception for Ajka Centre. Also, there were strong correlations between the different sites,

except for Ajka Centre/Veszprém petrol station and Nagyvazsony/Veszprém bus station.
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Table 12. Correlation between the collected Plantago samples

. Plantago Veszprém
) Ajka power Veszprém
Ajka Centre Eplény Nagyvazsony treated . central bus
plant petrol station .
station
t=6.9656 t=3.7369; t=8.8102; t=4.524; t =3.1421; t=1.5791;
. df=17; df =17 df =17 df=17; df =17, df =17,
Ajka Centre -
p=2.28*10%; p=0.0016; p=9.582*10%  p=0.0003; p = 0.0059; p =0.1327;
cor=0.8605 cor=0.6716 cor=0.9057 cor=0.7391  cor=0.6061 cor=0.3577
t=1.8749;
t=3.1818; t=4.6852; df = 17 t=1.3347; t=0.36962;
Ajka power df = 17; df = 17; T df =17 df =17
- p =0.0781;
plant p =0.00545; p=0.0002128 p =0.1996; p =0.7162;
cor=
cor=0.6109 cor=0.7507 cor=0.3080 cor=0.0893
0.4139
t = 3.8569;
t = 3.0815; df = 17; t = 3.6883; t =3.2482;
df = 17; p= df =17; df =17;
Eplény -
p =0.006767;  0.001265; p=0.00182; p = 0.0047;
cor=0.5987 cor= cor=0.6667 cor=0.6188
0.6831
t =5.0545;
t=4.5884;
df = 17; t =1.8438;
df=17;
N ) p df=17;
a; azson - =
e Y =9.778*10 P p = 0.0827;
0.000261;
5, cor= cor= 0.4082
cor=0.7438
0.7749
t = 5.6699; t=5.9182;
df =17; df =17;
Plantago
- p=2.768*10 p
treated
5 =0.0000168;
cor=0.8088 cor=0.8205
t =3.2381;
df =17;
Veszprém p=
petrol station 0.004834;
cor=
0.6176462

Veszprém
central bus

station

Both in the field and the experimentally treated Plantago samples, a high ratio of HMV

PAHs was measured (Figure 16). The results showed that 5-ring PAHSs represented 50% of total

PAHs in Veszprém bus station and Plantago treated, followed by Veszprém petrol station
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(39.5%), Ajka Centre (34.6%), Eplény centre (33%), Nagyvazsony roadside (32.8%) and Ajka
power plant (24.8%) respectively. 6-ring PAHs where present in all samples and accounted for
6% to 20% of total PAHSs.
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Figure 16. Percentage contribution of different molecular weight PAHs on the sampling
spots in the test plants

These findings show that Plantago exhibits different bioaccumulation behaviour than other test
species used in our previous studies. In these experiments lettuce (Lactuca sativa L.) was used
as test species and was treated under laboratory conditions with urban aerosol extract. In this
case lower molecular weight (LMW) PAH compounds were predominant in leaves and Nap
and Ant had the highest BCF (Teke et al., 2020). These findings are consistent with data
obtained in other field studies (e.g. An et al. 2017; Wang et al. 2017; Jia et al. 2018).

Nevertheless, accumulation pattern might highly depend on the taxon in question: A study by
Huang et al. (2018) found higher accumulating tendency for light and medium molecular weight
PAHs in oak leaves in contrary to mosses where stronger accumulating tendency for heavy
molecular weight PAHs was measured. A study of Borgulat and Staszewski (2018) found
relatively high share of 5- and 6-ring PAHSs in grass. The study of Ashraf and Salam (2012)
measured higher concentrations of DahA and B(g.h.i.)P in sampled vegetables such as cabbage.
A transplanted pot study by Bakker et al. (1999) also detected the abundance of heavy molecular
weight PAHs using Plantago test plants.
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4. 4. 4. Comparison of sampling sites

In order to reduce the number of variables to two principal components (PC1 and PC2)
and to establish the relationship between 19 PAHs in Plantago samples a Principal component
analysis (PCA) was used. The biplot of PCA is presented in Figure 17. The PC1 component
accounted for 68.09% of the total variance and the PC2 component accounted for 24.61% of
the total variance. The first principal component (PC1) is in general associated with these 12
PAHs: Ant, Flt, Pyr, B(a)a, Cry, B(b)f, B(k)f, B(e)p, B(a)p, D(a,h)a, Ind, B(g,h,l,)p while 7
components: Nap, Flu, Me-Nap, Methy-Nap, Act, Ace, Phe from £19PAHs correlated with
PC2.

The main sources of PAHSs correlating with PC1 are markers of coal combustion (Pyr, BaA,
and Cry) and markers of vehicle (gasoline and diesel) emissions (B(b)f, B(k)f and B(a)p,) or
coal combustion and vehicle emission markers (Flt, Ant) (Limu et al., 2013). The PAHs
correlating with PC2 (Acl, Ace, Flu, Phe, Ant) suggest substantial contribution from low
temperature pyrolysis processes (like biomass combustion or coal combustion) (Yadav et al.,
2020).

Two sites are clearly different: Pécsely National Park which is in fact served as a background
sampling site and Veszprém Central bus station. In this station high environmental pollution is
caused by the dominance of the relatively old diesel-powered, buses belonging to the Euro0—

Euro3 European emission standards (Kovats et al., 2013).
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Figure 17. Principal component analysis (PCA) biplot based on the detected PAH
concentrations from the sampling spots in the test plants
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4. 4. 5. Source identification of PAHSs in different villages

PAHs congener ratios have been widely used to distinguish between potential sources
of PAHSs in a number of previous works (reviewed by e.g. Tobiszewski and Namiesnik, 2012).
3 characteristic ratios have been selected to discriminate our samples. A Flt/(FIt+Pyr) ratio
lower than 0.4 indicates petroleum, between 0.4 and 0.5 implies liquid fossil fuel combustion
and over 0.5 implies combustion of grass, wood and coal (Tobiszewski and Namiesnik, 2012).
In the case of Ind/(Ind + B(g,h,i)P), ratio between 0.2-0.5 indicates petroleum combustion,
while value higher than 0.5 indicates biomass combustion (Yunker et al., 2002).
B(a)a/(B(a)a+Cry) ratio over 0.35 has been defined to indicate combustion of vegetation and
fossil fuel (Yunker et al., 2002).

In order to compare accumulation pattern in Plantago samples, B(a)a/(B(a)a+Cry) ratio against
FIt/(FIt+Pyr) ratio as well as Ind/(Ind+BghiP) ratio against Flt/(FIt+Pyr) ratio were plotted
(Figure 18; 19). Both plots indicate the difference between Ajka 1 and Veszprém 2 where
biomass combustion seemed an important input. Contribution of biomass burning is obvious in
case of Ajka power plant, as it uses app. 192.000 tons of wood/ year (Gyulai 2006). However,
it is interesting to note that in addition to traffic, biomass combustion still provides a significant

source despite the fact that sampling was done in June, well after the heating season.
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4. 5. Biomonitoring PAH levels in domestic kitchens by Chlorophytum comosum

pot study

4.5. 1. Assessing the PAH concentrations in the selected households

In the sampling site of HH1 the total PAHs concentration showed a clear time-
dependency, being 127 pg kg™ at the end of the first month of the exposure and 236 pg kg™ at
the end of the second month. This accumulation pattern was dominated by the low molecular
weight PAHSs, for example the concentration of Acenaphthylene was 1.2 pg kg™ and 3.3 pg kg
1 Acenaphthene was 1 pg kg-1 and 1.7 pg kg™ ; Fluorene 3.2 pg kg-1 and 5.7 pg kg? .
However, some of the high molecular weight PAHs like Benzo[g,h,i]perylene showed a
noticeable increase in the second month of the exposure, as its concentration was 1.1 nug kg™ at
the end of the first month but 8.1 ug kg* at the end of the second month. Concentration of the
carcinogenic Benzo[a]pyrene was below 0 pg kg™ at the first month of the exposure period but
increased to 5.1 pg kg™ by the end of the second month (Figure 20).
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Figure 20. Accumulated PAHSs (ug kg™) in Household1 after the first and second month
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The dominant PAH was Naphthalene in all of the households, (HH1: 103 pg kgt and 125 pg
kg, HH2: 44 png kg and 260 pg kg?, in HH3: 195 pg kg, each), which was similar to other
studies (e.g. Zhu and Wang 2003, Sharma and Jain 2020). A study from China reported that 2-
and 3-ring PAHSs, especially Naphthalene, were dominant in household kitchens, while mainly
3- and 4-ring PAHs where dominant in commercial kitchens (Zhu and Wang 2003). However
the production of Naphthalene might not be influenced by cooking styles according to a study
by Huang et al., (2021). They compared volatile organic compounds emission in frying,
steaming and grilling commercial kitchens and found that the three different cooking styles had

similar production of Naphthalene.

In the sampling site of HH2, the total concentration of PAHs was 133.6 pg kg™ and by the end
of the second month the accumulated concentration showed a remarkable increase, reaching as
much as 411.5 pg kg. The biggest differences when comparing it to HH1 were the lack of
certain PAH congeners: for example the carcinogenic Benzo[a]pyrene could not be detected,

and the absence of No 6-ring PAHs was also a big difference.

There has been a dramatic increase in HH2 between Monthl and Month 2 which can be
attributed to Naphthalene: its concentration increased from 44 to 260 ug kg™. A noticeable
increase was also seen in the concentration of 3-ring PAHS, in case of Phenanthrene for example
this increase was from 16 to 51 pg kg™. However the higher MW PAHSs concentration showed
a less clear tendency; for example concentration of the 5-ring Benzo[e]pyrene increased from
1 to 3.3 pg kg while concentration of Benzo[K]fluoranthene remained practically the same
(4.3 and 4.4 ng kgt) (Figure 21).

84



HH2

Total PAH o—

Benzo(e)pyrene
Benzo(k)fluoranthene
Benzo(b)fluoranthene

Chrysene
Benzanthracene
Pyrene
Fluoranthene
Phenanthrene
Fluorene
Acenaphthene
Acenaphthylene
Naphthalenes

Month2
H Month1

0 50 100 150 200 250 300 350 400 450

Figure 21. Accumulated PAHs (ug kg*) in Household 2 after the first and second month

In the sampling site of HH3 the results are only for the first month’s exposure, due to the damage

of the test system (Figure 22), though the total concentration of accumulated PAHs reached as

much as 471.18 pg kg*

. The second dominant PAH was Phenanthrene (124 pg kg*).

Concentration of the carcinogenic Benzo[a]pyrene was also relatively high, 6.7 ug kg™.
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Figure 22. Accumulated PAHs (ng kg™) in Household3 after the first month
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In the sampling site of HH4 (Figure 23) total amount of accumulated PAHs showed lower
values than in the other sampling sites, 146 and 224.5 ug kg by the end of the two exposure
periods. The second dominant PAH similarly to the HH3 sampling site was Phenanthrene (37
and 45 pg kg, respectively). Rather similar concentrations of the carcinogenic Benzo[a]pyrene
were found when comparing Month1 and Month2, 1.9 and 2.3 pg kg, respectively. However

the concentration of Benzo[e]pyrene increased from 1.1 to 8.3 pg kg* by the end of the study.

Sun et al. (2020) found high concentrations of Phenanthrene when different Chinese cooking
styles were compared. Phenanthrene was characteristic of Sichuan cuisine, which is mixed with
quick frying, high-temperature cooking and large oil consumption. Phenanthrene was one of
the most characteristic PAHSs in the emissions from water-based cooking activities in residential
Chinese kitchens (Zhao et al. 2019). In general, the relatively high share of Phenanthrene in
HH2-HH4 sight might raise some health concerns because a study of Shin et al. (2013) found
that in developed countries the main exposure pathway to Naphthalene and Phenanthrene was

from the inhalation from indoor.
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Figure 23. Accumulated PAHSs (ug kg-1 ) in Household 4 after the first and second month

A study by See et al. (2006) reported that as a general rule, frying operations such as stir- and
deep-frying generated higher molecular weight PAHs. These cooking methods are very

common of Asian cooking: high amount of Indeno[1,2,3-cd]pyrene was found by Singh et al.
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(2016) in samples taken in a North Indian commercial kitchen. Zhang et al. (2017b) also
measured high concentrations of Benzo[a]pyrene, Benzo[b]fluoranthene, Benzo[a]anthracene,
Indeno[1,2,3-cd]pyrene and Chrysene during domestic Chinese cooking. This might serve as
an explanation for the relatively high share of these PAHs in HH1, as deep-frying accounts for

app. 30 % of cooking operations.

High molecular weight PAHs were also found in university canteens and a charcoal-grilled
chicken restaurant in Portugal (Vicente et al. 2021). Alves et al. (2021) compared emission of
different size particulate matter (PM1o, PM2s and PM1) and total volatile organic compounds
(TVOCs) during cooking different typical Latin meals such as stuffed chicken, fried mackerel,
fried and grilled pork. They found that in general, the emissions from grilled pork contained
PAHs in the highest concentration, including HMW PAHSs such as Indeno[1,2,3-cd]pyrene,

Dibenzo[a,h]anthracene and Benzo[g,h,i]perylene.

Hu et al. (2021) studied the behaviour of PAHs during deep frying with special regard to the
mutagenic Benzo[a]pyrene and found that PAH level in sunflower oil generally raised with
increasing frying time. It might serve as an explanation for the drastic increase of this PAH in
HH1. In a study of Yao et al. (2015), Benzo[a]pyrene emission was found characteristic during
deep frying. In our study, it was detected in households using this cooking method such as HH1,
HH3 and HH4.

HH1 sampling site was also the only household where olive oil was used at relatively high
frequency (app. 5%). In a study Wang et al. (2018c) compared particle emission characteristics
originated from cooking with four types of oil (soybean oil, olive oil, peanut oil and lard) and

also found that olive oil emitted the highest number of particles.

4. 5. 2. Accumulation capacity of Chlorophytum comosum

In the scientific literature numerus studies have reported the rather high accumulation rate of
low molecular weight PAHSs (Jia et al. 2018, Wang et al. 2017). Exposure pathways do differ
to some extent: more volatile LMW PAHSs are available in gas phase, while HMW PAHSs are
less volatile and occur mostly in particulates (Mukhopadhyay et al. 2020).

Furthermore, it is possible that the accumulation pattern highly depends on the taxon used
(Huang et al., 2018). Capozzi et al. (2017) found that Robinia pseudoacacia leaves were able
to accumulate both Low molecular weight and High molecular weight PAHs in a field study.

Similar bioaccumulation capacity was reported for the perennial Plantago lanceolata (Bakker
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et al. 1999, Hubai et al. 2021). Relatively high share of 5- and 6-ring PAHs was found in
Poaceae species such as rice (Tao et al., 2006) and grass (Borgulat and Staszewski 2018).
Positive correlation was found between atmospheric and accumulated PAH concentrations in
maize (Lin et al., 2007).

Figure 25 shows the amount of PAH isomers in the different Chlorophytum samples. The
relatively high share of 5- and 6-ring PAHs in HH1 at the end of the total exposure (33.9 ng kg
Land 15.1 pg kg™) clearly shows that tis plant is capable to accumulate High molecular weight
PAHSs. 5-ring PAHSs also reach remarkable concentrations in Chlorophytum leaves in HH2 and
HH4 (13 pg kg and 19.8 ug kg by the end of the second month, respectively) and 33.6 in
HH3 by the end of the first month of exposure.
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Figure 24. PAH isomers in Chlorophytum samples in HH1-HH4
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4. 6. Evaluation of the 227 OECD Guideline for bioaccumulation studies

While bioaccumulation or biomonitoring studies have been extensively published using field
collections, laboratory studies are rather rare in the literature. Lin et al. (2007) e.g. exposed
roots and above-ground parts of maize plants to PAHSs in air-tight bicameral exposure devices.
The study established good correlations between accumulated compounds in parts of the plant
tested and atmospheric PAHSs' concentrations. Partially to fill this gap, computational/modelling

studies are also available (e.g. Steyaert et al. 2009).

Lab-scale experimental studies are not only rare but very difficult to compare as different
authors use very diverse approaches and equipment. These equipments are frequently "home-

made’ such as the device mentioned above in Lin’s study.

The experimental protocol defined in the 227 OECD Guideline provides every quality criteria:
it specifies the conditions for the cultivation and treatment of plants, including the minimum
number of test plants used in a treatment. The Guideline was adopted first by Kovats et al.
(2017) to test the deleterious effects of PM-bound contaminants on higher plants. As the main
aim of the study was to evaluate if the Guideline can be suitable to assess the magnitude and
pattern of PAHs accumulation in laboratory-scale experiments, the benefits can be summarised
as follows:
e Following a standardised protocol enhances reproducibility of the assays.
e Also, it increases comparability of different studies (for example, different atmospheric
samples can be evaluated in successional test series).
e When comparing PAH accumulation pattern in experimentally treated plants and field
collections, good correlations are achieved. The protocol provided by the Guideline

creates adequate sensitivity.
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5. Conclusions

Nowadays community gardening is more and more popular in every year. As such, the risk of
the bioaccumulation of atmospheric polyaromatic hydrocarbons (PAHS) in vegetables grown
in polluted areas can not be neglected. With some modifications the No. 227 OECD
GUIDELINE the foliar uptake of PAHs from aqueous extract of an urban aerosol was proven
suitable to test the deleterious effects of the water-soluble components of airborne particulate
matter. Under laboratory conditions where the composition of the test materials is known,
accumulated materials can be clearly correlated with the composition of the sample and the

behaviour of different PAHs and pattern in bioaccumulation can be clearly followed.

The main benefit of such a standardised test is that concentration-effect relationships can be
established. Under controlled conditions, with known pre-set exposure time; known
composition of the sample the bioaccumulation capacity of different leafy vegetables could be
measured with standard protocol. In this aspect, fixed exposure can be the most serious
limitation. The Guideline determines the exposure of 21 or 28 days. Working with different
species, it should be realised that they might have different growth rate. However, the OECD
protocol strictly describes what age/stage the treatment should start. With the use of Guideline
accumulation investigations can be planned with a high level of variability in timing of

treatments or comparison between different species, etc.,

However, apart from leaf morphology and physiological properties, relative growth rate may
also be an important factor affecting sensitivity. During the investigation of bioaccumulation
capacity of rocket and lettuce had very similar accumulation rate, but they differ in their growth
rate. While rocket showed high bioaccumulation potential, garden cress had one of the lowest
ones. Striking differences were found in the accumulation potential of the vegetables which
could be explained only partially with leaf morphological parameters. Most likely, different
growth rates will also influence the concentration of accumulated PAHs. Accumulation pattern
of the vegetables showed some similarity, with the predominancy of lower molecular weight
(LMW) PAH compounds.

It can be concluded that using the protocol important information can be gathered on the
accumulation pattern of each vegetable tested and clear dose-effect relationships can be drawn.

Field studies are needed, however, to assess actual risk of consuming polluted vegetables.
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Plants have the potential to improve urban air quality as leaves capture air pollutants e.g. PAHs
from the air. The exposure of leaves to airborne PAHSs is reflected in leaf PAH concentrations.
Recent approaches (Zhu et al., 2008) attempt a quantitative relationship between air PAH level
and plant PAH accumulation. In the pot study lettuce plants were used as passive monitors in
small- and medium-sized villages. The accumulated PAHs concentrations in lettuce plants
moved in a wide range. High concentrations were detected, these results were comparable to

results measured in polluted areas in the world.

Biomass burning is an important source of PAHs. During the source appointment my data
highlighted that PAHSs are emitted during biomass burning, including household heating and
burning of agricultural waste in the gardens as well. In addition, transport-related emissions
also contribute. The fact that both the lettuce and soil samples showed the highest pollution in
the Natura 2000 site Harskut draws our attention to how important it is to analyze individual

pollution sources.

In field collected Plantago samples the distribution of accumulated PAH isomers showed strong
correlation with the experimentally treated sample. The study has shown that P. lanceolata is a
reliable passive monitor when distribution pattern of PAH contamination is to be assessed.
Every sample was characterised by the prevalence of HMW PAHS, in contrary with most of the
reported studies. Also, experimental treatment under laboratory conditions provided a
comparable reference to field collected samples

The people all around Europe people spend most of their time (approximately 90%) indoors
(Gonzalez-Martin et al. 2021). This new situation raised the necessity to examine air quality
and air pollution levels indoor and also the potential health impacts. One of the major
contributor which could increase the level of indoor air pollution is cooking (Zhai and Albritton
2020). Accumulation of PAHs in Chlorophytum comosum was investigated in 4 typical
Hungarian kitchens over 1- and 2-month-long exposures. The size of selected households were
similar the significantly differences were cooking practices and materials but the most
important difference was the use of sunflower oil and deep-frying as a cooking method. In that
households where the amount of used sunflower oil was higher there the relative share of HMW
PAHSs was considerably higher than in that which used lard and butter. The carcinogenic B(a)p

was measured in detectable amounts where deep-frying was the mostly used cooking practice.
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A clear time-dependent PAH accumulation pattern was demonstrated. The concentrations were
considerably higher at the end of the 2 months period than after 1-month exposure. C. comosum
as test plant was able to accumulate also LMW and HMW PAHSs, so it has proven a sensitive
biomonitor for indoor PAH levels. Its use as biomonitor is further increased by the popularity

and easy-to-cultivate nature of this ornamental plant.
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. Thesis points

I investigated if the treatment protocol described by the No. 227 OECD GUIDELINE FOR
THE TESTING OF CHEMICALS: Terrestrial Plant Test: Vegetative Vigour Test is
applicable for lab-scale bioaccumulation studies. Lettuce (Lactuca sativa) test plants were
cultivated according to test conditions defined by the Guideline and treated by aqueous
extract of urban aerosol. Significant PAH accumulation was experienced, calculated
bioconcentration factors showed strong correlation with molecular weight of PAHs. The
standard protocol defined by the Guideline proved fit to assess bioaccumulation pattern

under controlled laboratory conditions.

Leafy vegetables were cultivated according to the Guideline and treated with the water
extract of PM emitted by a diesel-powered light duty vehicle. These vegetables showed
remarkable differences in the ratio and pattern of accumulated PAHSs. Leaf celery and
lettuce showed the highest, while sweet basil and garden cress the lowest accumulation
rates. As the latter two are also recommended for cultivation in so-called balcony (rooftop)
gardens, in the proximity of road traffic, the low accumulation rate might indicate the

relative safety of this practice.

. Accumulation pattern of PAHs was compared in experimentally treated and field Plantago
lanceolata samples. Distribution pattern of accumulated PAHs showed strong correlation
between the experimentally treated sample and most of the field plantain samples. This
indicates that results gained during the experimental treatment protocol can be extrapolated

to real-world conditions.

. The applicability of Chlorophytum comosum ’Variegata’ (Thunb.) Jacques (Family
Asparagaceae, spider plant, syn. spider ivy, ribbon plant, or hen and chickens) was
established in a pot study when PAH emission rates and patterns were monitored in
previously selected rural kitchens. Distribution of PAHSs in the biomonitor plants could be
very clearly explained by the differences in the cooking styles and material usage in these
households. Test plants were also able to accumulate both LMW and HMW PAHs. To my
best knowledge, this was the first study which used C. comosum for indoor PAH

bioaccumulation measurements.
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5. In contrary to most of the reported literature, the accumulation of HMW PAHSs was
significant in a certain part of biomonitors investigated, especially in P. lanceolata and C.

comosum.

6. Pattern of PAH accumulation in Lactuca sativa pot study showed a good discriminative
power to assign different emission sources in small and medium-sized settlements taking

part in the study.
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10. Supplementary material

1. Annex: Repeatability and Accuracy values of PAH analytes in spiked plant

samples.
measured spiked sample (ug kg™) Assigned
average Recovery
1 2 3 4 5 | (ngkg?) S| RSP | vee %
(ng kg)
Naphthalene 31.00 | 21.12 | 29.00 | 21.15|26.00| 25.65 | 4.49 |17.51| 25.00 102.6
2-methylnaphthalene | 26.50 | 20.98 | 26.11 |22.24 |21.12| 23.39 | 2.71 |11.58 | 25.00 93.6
1-methylnaphthalene | 30.11 | 25.00 | 20.24 | 22.26 |25.25| 2457 | 3.72 | 15.15| 25.00 98.3
Acenaphthylene 24.12 | 29.85 | 25.25 | 24.11 |20.15| 24.70 | 3.47 |14.06 | 25.00 98.8
Acenaphthene 23.63 | 29.25 | 2552 | 20.28 |27.00| 25.14 | 3.41 |13.55| 25.00 100.5
Fluorene 29.00 | 22.12 | 28.00 | 26.00 |26.00| 26.22 | 2.64 |10.05| 25.00 104.9
Phenanthrene 20.29 | 30.09 | 27.65 | 27.01 |2552| 26.11 | 3.65 |13.97 | 25.00 104.4
Anthracene 30.11 | 20.11 | 23.32 | 32.00 {27.40| 26.59 | 4.87 |18.33| 25.00 106.4
Fluoranthene 23.65 | 30.54 | 20.30 | 21.11 |20.30| 23.18 | 4.34 |18.72 | 25.00 92.7
Pyrene 20.00 | 20.22 | 23.00 | 23.35|26.26| 2257 | 258 |11.41| 25.00 90.3
Benzo(a)anthracene | 23.00 | 24.14 | 22.11 | 20.23 {26.00| 23.10 2.16 | 9.37 25.00 92.4
Chrysene 22.00 | 21.00 | 21.50 |22.25|24.18| 2219 | 1.21 | 547 | 25.00 88.7
Benzo(b)fluoranthene | 22.00 | 22.00 | 22.00 | 25.01 [23.70| 2294 | 1.37 | 597 | 25.00 91.8
Benzo(k)fluoranthene | 23.00 | 23.00 | 20.24 | 20.05 [24.02| 22.06 | 1.80 | 8.16 | 25.00 88.3
Benzo(e)pyrene 29.00 | 20.16 | 22.00 | 23.00 [26.70| 24.17 | 3.60 | 14.90 | 25.00 96.7
Benzo(a)pyrene 25.10 | 2254 | 22.11 | 20.00 [23.54| 2266 | 1.88 | 8.29 | 25.00 90.6
Indeno(1,2,3-cd)pyrene | 26.00 | 25.00 | 23.82 | 27.59 |21.00| 24.68 | 2.48 | 10.05| 25.00 98.7
Dibenzo(a,h)anthracene | 21.55 | 20.61 | 20.45 | 24.54 |26.62| 22.75 | 2.72 | 11.93| 25.00 91.0
Benzo(g,h,i)perylene | 21.20 | 26.20 | 20.70 | 22.24 |22.56| 2258 | 2.16 | 9.56 | 25.00 90.3
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2. Annex: Repeatability and Accuracy values of PAH analytes in spiked aerosol

filter water extract spiked samples

measured spiked sample (mg I?) Assigned
average | SD | RSD | value |Recovery

1 2 3 4 5 (ng It (ng I %
Naphthalene 0.107 |0.115 |0.085 |[0.103 |0.106 |0.10 0.01 |10.74 |0.10 103.2
2-methylnaphthalene 0.119 |0.103 |0.102 |0.103 |0.105 |0.11 0.01 (6.70 |0.10 106.4
1-methylnaphthalene | 0.110 |0.117 |0.113 |0.113 |0.103 |0.11 0.01 |4.62 |0.10 111.2
Acenaphthylene 0.104 |0.110 {0.115 |0.111 |0.104 |0.11 0.00 |4.52 |0.10 108.8
Acenaphthene 0.103 |0.104 {0.093 |0.100 |0.110 |0.10 0.01 |6.04 |0.10 101.9
Fluorene 0.108 (0.103 |0.104 |(0.111 |0.118 |0.11 0.01 |559 |0.10 108.7
Phenanthrene 0.102 |0.085 {0.102 |0.087 |0.092 |0.09 0.01 |871 |0.10 93.7
Anthracene 0.102 |0.108 |0.115 |0.114 |0.117 |0.11 0.01 |546 |0.10 111.1
Fluoranthene 0.117 |0.104 |0.106 |0.103 |0.106 |(0.11 0.01 |5.23 |0.10 107.3
Pyrene 0.095 (0.104 |0.106 |0.102 |0.106 |0.10 0.00 (4.30 |0.10 102.4
Benzo(a)anthracene 0.119 |0.086 |0.100 |0.086 |0.108 |0.10 0.01 |14.35 |0.10 99.8
Chrysene 0.104 (0.104 |0.094 |(0.093 |0.104 |0.10 0.01 (577 |0.10 99.8
Benzo(b)fluoranthene |0.103 |0.102 |0.112 |0.103 |0.105 |0.11 0.00 |3.82 |0.10 105.0
Benzo(k)fluoranthene |0.106 |0.115 |0.110 |0.103 |0.104 |0.11 0.00 |4.54 |0.10 107.6
Benzo(e)pyrene 0.102 |0.104 {0.103 |0.098 |0.105 |0.10 0.00 |2.46 |0.10 102.2
Benzo(a)pyrene 0.081 |0.109 {0.097 |0.099 |0.110 |0.10 0.01 |11.81 |0.10 99.2
Indeno(1,2,3-cd)pyrene |0.102 |0.108 |0.105 |0.109 |0.104 [0.11 |0.00 [2.83 [0.10 105.5
Dibenzo(a,h)anthracene |0.113 |0.105 |0.110 |0.094 |0.103 |0.10 0.01 (6.89 |[0.10 104.9
Benzo(g,h,i)perylene |0.103 |0.105 |0.103 |0.099 |0.103 |0.10 0.00 |2.11 |0.10 102.5
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3. Annex: LOD and LOQ values of PAH analytes in spiked plant samples.

LOD LOQ
(mg kg™) | (mg kg™)

Naphthalene 0.0100 0.031
2-methylnaphthalene 0.0120 0.036
1-methylnaphthalene 0.0110 0.033
Acenaphthylene 0.0105 0.032
Acenaphthene 0.0120 0.036
Fluorene 0.0110 0.033
Phenanthrene 0.0100 0.030
Anthracene 0.0110 0.033
Fluoranthene 0.0100 0.032
Pyrene 0.0110 0.033
Benzo(a)anthracene 0.0110 0.033
Chrysene 0.0130 0.039
Benzo(b)fluoranthene 0.0110 0.033
Benzo(k)fluoranthene 0.0110 0.033
Benzo(e)pyrene 0.0130 0.039
Benzo(a)pyrene 0.0125 0.038
Indeno(1,2,3-cd)pyrene 0.0140 0.042
Dibenzo(a,h)anthracene 0.0150 0.050
Benzo(g,h,i)perylene 0.0140 0.042
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4. Annex: LOD and LOQ values of PAH analytes in aerosol filter water extract

spiked samples.

LOD | LOQ
(mg1?) | (mgl?)

Naphthalene 0.00027 | 0.00085
2-methylnaphthalene 0.00028 | 0.00089
1-methylnaphthalene 0.00027 | 0.00084

Acenaphthylene 0.00025 | 0.00094
Acenaphthene 0.00024 | 0.00092
Fluorene 0.00021 | 0.00082
Phenanthrene 0.00020 | 0.00078
Anthracene 0.00017 | 0.00063
Fluoranthene 0.00015 | 0.00059
Pyrene 0.00021 | 0.00078
Benzo(a)anthracene 0.00018 | 0.00069
Chrysene 0.00022 | 0.00085

Benzo(b)fluoranthene 0.00021 | 0.00079
Benzo(k)fluoranthene 0.00023 | 0.00089
Benzo(e)pyrene 0.00024 | 0.00092
Benzo(a)pyrene 0.00026 | 0.00099
Indeno(1,2,3-cd)pyrene | 0.00030 | 0.00098
Dibenzo(a,h)anthracene | 0.00028 | 0.00100
Benzo(g,h,i)perylene 0.00025 | 0.00100
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5. Chromatogram of the accumulated PAHSs in plant samples
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