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1. AKITUZOTT KUTATASI FELADAT ROVID OSSZEFOGLALASA

1.1 Alapprobléma felvazolasa

Az azbeszttartalmu épitdanyagok alkalmazésa a 20. szazad masodik felében vilagszerte
széles korben elterjedt, elsésorban kedvezd mechanikai tulajdonsagaik, ho- ¢és
korrézioallosaguk, valamint gazdasagos eldallithatosdguk miatt. Az azbesztcement
(tovabbiakban: AC) termékek, kiilonosen a hullamos tetéfedd lemezek, sikpaldk és
csovezetékek, az ipari, mezOgazdasagi €s lakoépiiletek meghatarozo szerkezeti elemeivé valtak,
igy jelentds mennyiségben keriiltek beépitésre a hazai és nemzetkozi épitett kornyezetbe
egyarant. Bar az azbeszt human-egészségkarositd hatasai ma mar tudomanyosan igazoltak, a
kordbban beépitett AC-termékek jelentds mennyisége tovabbra is jelen van a telepiilési és
mezdgazdasagi infrastruktirdban. Az épitett kornyezetben ,,0rokolt” azbesztallomany kezelése
ezért nem csupan kozegészségiigyi, hanem komplex kornyezetbiztonsagi kérdés is, amely
hosszu tavli monitoring- és kockazatértékelési stratégidkat igényel.

A jelenlegi hazai szabalyozasi és monitoring gyakorlat elsdsorban a levegdmindségi
paraméterekre koncentral, mikdzben a vizi és talajkozegben zajlé mdsodlagos expozicios
utvonalak rendszerszintii vizsgalata még nem kellden kidolgozott. A hasznalatban 1évd, illetve
eloregedett AC- tetéfedések és egyéb szerkezeti elemek kornyezeti expozicioja (fizikai er6zio,
hoéingadozas, csapadék, UV-sugarzas €s biologiai hatdsok kdvetkeztében) a matrix fokozatos
azbesztszalak felszabadulasat, valamint a matrixban jelen 1évé fémionok mobilizaciojat, ami
multiplikativ kdrnyezeti terhelést eredményezhet. Ennek eredményeként az azbesztszalak és a
cementmatrixbol kioldodé fémionok a levegdbe, a talajba és a felszini vagy gyljtott
csapadékvizekbe juthatnak. Az AC-termékek élettartamanak végfazisdban a kibocsatasi
folyamatok nem linedaris jellegliek, hanem a mikrorepedések halozatanak kialakulasaval és a
feliileti mallas gyorsuldsaval exponencialis jelleglivée valhatnak, ami a kornyezeti terhelés
idoébeli alulbecslésének veszélyét hordozza. A matrix-degradacié soran felszabadulo
komponensek nemcsak fizikai szennyezOanyagként jelennek meg, hanem a vizkémiai
egyensuly modositasan keresztlil mas szennyez6 anyagok mobilitasat is befolyasolhatjak.

Mikozben a levegdben szalld azbesztszalak huménegészségiligyi kockazatai részletesen
dokumentéltak, a vizi kozegbe jutd szalak és az AC-tel érintkezd csapadékviz mindségi
paramétereinek valtozasa lényegesen kevésbé feltart kutatasi teriilet. A vizben diszpergalt
rostok fizikai-kémiai viselkedése, lilepedési dinamikdja, valamint a vizkémiai paraméterekkel
val6 kolesonhatasa mindmaig szamos nyitott kérdést vet fel. Kiilondsen relevans ez a kérdés a
mezOgazdasagi gyakorlatban, ahol az épiiletfeliiletekrél 0sszegylijtott csapadékviz ontdzési

célu felhasznaldsa egyre gyakoribb, kiilondsen vizhianyos iddszakokban. A decentralizalt
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vizgytljtési rendszerek terjedése ugyanakkor 1j tipusu, lokalis expozicios forgatokonyveket hoz
létre, amelyek kockazatelemzése jelenleg hidnyos a hazai szakirodalomban. A potencialisan
kontaminalt 6nt6zéviz kdzvetlen hatassal lehet a novények csirdzasi dinamikajara, morfoldgiai
¢és ¢lettani paramétereire, valamint oxidativ stresszvalaszaira. A szdlas szerkezetli dsvanyi
részecskék €és a mobilizalt nehézfémek egyiittes jelenléte komplex, akar szinergista toxikus
hatasmechanizmust is eredményezhet, amely a novényi sejtszintli folyamatokban is
kimutathat6 valtozasokat indukalhat. A névények (mint elsédleges dkoszisztéma-receptorok)
indikatorszervezetként is szolgalhatnak a kornyezeti terhelés kimutatasdban. Ebbdl
kovetkezden a vizmindség-valtozasok €s a ndovényi valaszreakciok integralt vizsgalata komplex
kornyezettoxikologiai megkozelitést igényel. A ndvényi valaszreakciok kvantitativ elemzése
ezért nemcsak toxikologiai informécioval szolgal, hanem a kornyezeti kockéazat integralt
bioindikécios értékelésének alapjat is képezheti. A novényi gydkérzona (rizoszféra) kémiai €s
mikrobiologiai folyamatai modosithatjdk a szalas asvéanyi részecskék és a hozzajuk kotddo
fémionok viselkedését, ami a biohasznosulés és a toxikus hatas mértékének differencialtsagat
eredményezheti. A kornyezeti kitettség és a bioldgiai valaszreakciok kozotti Osszefiiggések
feltarasa hozzajarul olyan prediktiv modellek kidolgozasahoz, amelyek a jovObeni terhelési
forgatokonyvek eldrejelzésére alkalmasak.

Kutatdsom a kornyezettudomany, a noOvényélettan ¢és az analitikai kémia
metszéspontjaban helyezkedik el. A vizsgalatok kdozéppontjaban a krizotil-azbesztet tartalmazé
AC-termékek kornyezeti viselkedésének feltardsa, a csapadékviz-mindség torzuldsanak
jellemzése, valamint a kontaminalt viz ndvényi fejlédésre gyakorolt hatdsanak elemzése all. A
multidiszciplinaris megkdzelités lehetévé teszi az anyagszerkezeti, vizkémiai €s biologiai
folyamatok kozotti ok-okozati 0sszefiiggések rendszerszintii feltarasat. A téma aktualitasat az
adja, hogy Magyarorszdgon az AC-tetéfedések jelentds része még mindig haszndlatban van,
mikozben a csapadékviz-hasznositds szerepe a fenntarthatd vizgazdalkodasban folyamatosan
novekszik. A klimavaltozas kovetkeztében gyakoribba valo aszalyos periddusok tovabb
novelik a decentralizalt vizgyiijtési megoldasok jelentdségét, ami a potencidlisan kontaminalt
csapadékviz felhasznaldsanak kockéazatat is erdsiti. E korlilmények kozott a probléma
vizsgélata nem csupan tudoméanyos kérdés, hanem a fenntarthaté vizhasznalat, az agrar-
okoszisztémak stabilitdsa és a kornyezeti kockazatmegel6zés szempontjdbodl is stratégiai
jelentdségli. A két tényezd egyiittes jelenléte olyan potencialis kdrnyezeti kockazatot jelent,

amelynek tudomanyos megalapozottsagu feltarasa elengedhetetlen.



1.2 A kutatas célkitiizései
Kutatasi tevékenységem sordn integralt kutatasi célrendszert hataroztam meg, amely az

AC-termékek anyagszerkezeti vizsgalatatol a vizmindségi elemzésen keresztil a

novényélettani és toxikologiai értékelésig terjed.
— C-1: A kutatds elsddleges célja az AC-termékek krizotil-tartalmanak ¢és
kimutathatésaganak vizsgalata volt kiilonboz6é terméktipusok esetében. Ennek keretében
hullamos karakterisztikaju tetéfedd elemeket, sik AC-lemezeket, valamint AC-csdveket
elemeztem Fourier-transzformacios infravords (tovabbiakban: FT-IR) spektroszkopiai
modszerrel. Osszehasonlitottam a kérnyezeti expozicionak kitett és attdl szeparalt mintak
spektralis illeszkedési paramétereit annak érdekében, hogy feltarjam a matrix-degradacio és
a krizotil kimutathatésaga kozotti 0sszefliggéseket. Célom annak igazoldsa volt, hogy a
kiilonb6z6 terméktipusok eltérd szerkezeti sajatossdgai miként befolydsoljak az azbeszt
detektalhatdsagat és kornyezeti ellenallo képességét.
— C-2: A masodik kutatdsi cél az AC-tetéfedéssel érintkezett csapadékviz mindségi
paramétereinek atfogd vizsgalata volt. Ennek sordn dsszehasonlitd vizanalitikai méréseket
végeztem a pH, a fajlagos elektromos vezetoképesség, az 6sszes keménység, a lebegbdanyag-
tartalom, a teljes szerves széntartalom (TOC), valamint a biokémiai €s kémiai oxigénigény
(BOIs, KOI) vonatkozasdban. Meghataroztam a nehézfém-koncentracidkat (Zn, Pb, Hg), és
kvantifikéltam a normal csapadékmintdkhoz viszonyitott valtozasi ardnyokat. A vizsgalatok
célja a cementmatrixbol torténd fémmobilizacid €s a vizmindség torzulasa kozotti oksagi
kapcsolatok feltdrasa, valamint a csapadékviz Ont6zési célu felhasznalhatosaganak
kornyezetbiztonsagi értékelése volt.
— C-3: A harmadik kutatasi cél a kontaminalt viz ndvényélettani hatasainak vizsgalata
volt. Primer modellnévényként Trifolium pratense, szekunder modellként Solanum
lycopersicum €s Medicago sativa alkalmazasaval elemeztem a csirazasi aranyt €s a csirazasi
dinamikat kiillonboz6 doéziskoncentraciok mellett. Kvantitativ. modon értékeltem a
gyOkérhossz és a hajtasmagassag valtozasait, tovabba linedris regresszids modellezéssel
vizsgaltam a dozis-valasz Osszefliggéseket a kezdeti vegetacios stadiumban. A ndvekedési
paraméterek alapjan meghatdroztam az abiotikus stresszhatds mértékét, és értelmeztem
annak bioldgiai relevancidjat.
— C-4: A negyedik célkitiizés a kornyezeti és toxikoldgiai hatdismechanizmusok integralt
értekelése volt. Ennek keretében elemeztem az azbesztszalak és a mobilizalt nehézfémek
potencidlis szinergista hatasat, valamint vizsgéltam az oxidativ stressz indukcidjara utalod

novényi valaszreakciok és morfologiai valtozdsok kozotti Osszefiiggéseket. A cél a



szennyezett ont6z6viz mezdgazdasagi €s €lelmiszerlanc-biztonsagi kockazatanak kvalitativ
értékelése volt.

— C-5: Az otodik célkitlizés a telepiilési azbesztmentesitési €s kivezetési stratégiak
tudoményos megalapozéasa volt a vizmindségi ¢és biologiai kockazatok integralt értékelése
alapjan. Ennek keretében vizsgaltam, hogy az AC-tetdfeliiletekrdl lefolyd csapadékviz
mindségi torzuldsa és a ndvényélettani valaszreakciok miként értelmezhetdk telepiilési
kornyezeti kockazati kontextusban. Elemeztem a potencidlis expozicids tutvonalakat,
kiilonos tekintettel a csapadékviz-gylijtés és ontdzési felhasznalas gyakorlatara, valamint
értekeltem az infrastruktira-orokségbdl eredd kornyezeti terhelés szerepét a fenntarthatd
vizgazdalkodés rendszerében. A cél olyan tudomanyosan megalapozott szempontrendszer
kialakitasa volt, amely hozzajarulhat a telepiilési azbesztkivezetési programok

priorizalasahoz és a kornyezetbiztonsagi dontéshozatal tamogatisahoz.

1.3 A kutatas tudomanyos jelentésége

A kutatds ujdonsagértéke abban rejlik, hogy integralt moddon vizsgalja az AC
torzulasaval, valamint a novényélettani valaszreakciokkal. A vizsgalatok kvantitativ
bizonyitékot szolgaltatnak arra, hogy az AC-tetéfedéssel érintkezd csapadékviz mindségi
paraméterei szignifikans mértékben modosulhatnak, tovabba modellezik a szennyezett viz
novényi fejléddésre gyakorolt dozisfliggd hatasat. Eredményeim hozzéjarulnak a csapadékviz-
hasznositds koOrnyezetbiztonsagi  ujraértékeléséhez, megalapozzdk a lakossagi ¢és
mezdgazdasagi kockdzatbecslést, valamint tudomanyos alapot teremtenek a fenntarthato
telepiilési azbesztkivezetési stratégidk kidolgozasahoz. A multidiszciplindris megkozelités
révén a kutatds nemcsak leird jellegli eredményeket szolgéltat, hanem oksagi 0sszefliggéseket
is feltar az anyagszerkezeti degradacio, a vizmindség-valtozas €és a bioldgiai valaszreakciok
kozott, ezaltal hozzajarulva a kornyezeti expozicidés modellek tovabbfejlesztéséhez €s a hazai

szabalyozasi diskurzus tudoméanyos megerdsitéséhez.



2. SZAKIRODALMI ATTEKINTES ES TEORETIKUS HATTER

Az azbeszttel kapcsolatos kockazatoknak kitett munkavallalok védelmérdl szol6 12/2006.
(ITI. 23.) EGM rendelet megfogalmazasa szerint, 6 asvanyfaj szalas valtozatat sorolja a
magyarorszagi szabalyozas az azbesztek kozé, ezek a szerpentincsoportbol a krizotil, mig az
amfibolcsoportbdl az aktinolit, a krokidolit, az antofillit, a grunerit és a tremolit. A WHO
kritériumai szerint, szabalyszerii azbesztszalnak tekintendd az a részecske, melynek hossza >5
um, sz¢lessége <3 um, €s oldalaranya (hossz: szélesség) > 3:1 (Cosette, 1984). Az azbesztet €s
a beldle késziilt AC-termékeket mar az 1970-es évek el6tt is széles korben és nagymértékben
hasznaltak épitdéanyagként (Leonelli et al., 2006; Bloise et al., 2018). Mara a belélegzett
azbesztszalak szamos daganatos (tiidorak, mellhartyardk, horgérak, mezotelioma) €s nem
daganatos betegség (azbesztdzis, pleuraplakk) f6 okaként is ismertek (McDonald, 1972;
Amavais és Hunter, 1977, Mossman et al., 1990). Ennek okan, a legtobb orszagban betiltottak
e termékek Ujonnani hasznalatat és gyartasat, ugyanakkor a tilalom eldtt beépitett anyagok
tovabbi haszndlatara, eltdvolitasara vonatkoz6éan maig nem all rendelkezésre szabalyozas. A
hazai szakirodalomban ugyanakkor tovabbra is domindnsan a foglalkozési és levegdmindségi
expozicios utvonalak vizsgalata jelenik meg, mikdzben az AC-bdl szarmazo vizi mobilizécio,
valamint annak mezOgazdasagi és Okoldgiai kdvetkezményei marginalis figyelmet kaptak.
Magyarorszagon kiilondsen hidnyoznak azok az empirikus, kvantitativ vizsgalatok, amelyek az
AC-tetofeliiletekrdl lefolyd csapadékviz mindségi paramétereit, valamint annak bioldgiai
hatésait integralt médon értékelnék.

Mar Spurny et al. (1989), valamint Suzuki et al. (2005) is megfogalmazta, hogy az e
termékekre jellemzé AC-matrix sériilékenysége révén, egy sériilt és eloregedett 1 m>-es
hulldmos karakterisztikdval rendelkez6 AC nagylemezes elem évente megkozelitdleg tobb
grammnyi azbesztet veszit el a matrix szerkezetbdl. E terméktipus elsddleges alkalmazasi
teriilete a magas, illetve hidegtetds épliletek héjazata, mely jellemzéen mezdgazdasagi és
kereskedelmi tarolasra, valamint ipari tevékenységre szolgald épiileteknél volt kedvelt fedési
mod  (Székely, 1981). A hullamos karakterii AC-termékek természetes degradéacios
tendencidjukon tilmenden elszinezOdhetnek, lepattoghatnak, pelyhesedhetnek, valamint a
biotikus ndvekedésre is alkalmas kornyezetet teremthetnek (Spurny et al., 1989). Ebbdl
kifolyolag az elmult évtizedekben a kutatok figyelme a foglalkozasi expozicios és
humanegészségiigyi kockazatok vizsgélata helyett a kornyezeti expozicids forgatokonyvek felé
terel6dott (Magherini et al., 2023). Baumann et al. (2013) azt irtdk, hogy noha mara sokat
tudunk a levegOben szalld azbeszt és hasonld azbesztiform asvanyok belégzése altal kivaltott
egészseégligyl kockdzatokrdl, a vizben lebegd ¢és Usz6 szalak potencidlis egészségiigyi &s

kornyezeti kockazatai még nem ismeretesek. Mezdgazdasagi és vizgazdalkodasi szempontbol
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kiilon figyelmet érdemel a szennyezett talajviz ontozésre (Turci et al. 2016) torténd
felhasznaldsa. Emellett az 0Osszegyljtott, AC-tetéfedéssel érintkezett és kontaminalt
csapadékviz felhaszndldsa, valamint a magyarorszagi AC-mederanyaggal rendelkezd
ontézOcsatornak degradacioja is komoly ¢€s egyre iddszeriibbé valo kornyezetbiztonsagi
kérdéssé valt, és még stlyosabba fog valni a kdzeljovoben. A telepiilési infrastruktiraban még
jelen 1évé AC-elemek és az egyre terjedd decentralizalt csapadékviz-hasznositas egyiittes
jelenléte olyan lokalis expozicidos forgatokonyvet teremt, amelynek tudomanyos
feldolgozottsadga hazai viszonylatban hianyos. A jelenlegi szabalyozasi és monitoring gyakorlat
nem tér ki differencialt moédon a csapadékviz-gyiijtés soran potencialisan érintett AC-
tetofeliiletek kornyezeti kockazatanak értékelésére, igy a dontéshozatal nem tamaszkodik
célzott, lokalis tudomdnyos bizonyitékokra. Nem 4&ll rendelkezésre olyan magyarorszagi
adatbazis, amely a vizanalitikai paraméterek valtozasat novényélettani valaszreakciokkal
Osszekapcsolva, integralt modon értékelné.

Trivedi et al. (2004) a krizotil-azbeszt vizi kornyezetben kifejtett hatdismechanizmusainak
vizsgalatat kutattdk, melynek soran a Lemna gibba negativ valaszreakcioit vizsgaltdk a
novekedési, fiziologiai és biokémiai paraméterek mentén. Kisérleteik soran kimutattdk, hogy a
krizotil expozicid negativ valaszreakciot valtott ki a levélszam, a gyokérhossz, valamint a
biomassza mennyiségében. Mindamellett a klorofill-, karotinoid-, szabad cukor-, fehérje- és
keményitdtartalom esetében is negativ hatdsokat igazoltak. Ezzel parhuzamosan az oxidativ
stresszre iranyuld paraméterekben (lipid-peroxid, cellularis hidrogén-peroxid, katalaz,
szuperoxid-diszmutaz) id6- és dozisfliggd novekedést mutattak ki. A kisérlet 2007-ben
megismétlésre keriilt, melynek soran a Lemna gibba ndévényeket itt mar négy kiilonbozo
vizsgalatok soran igazoltak, hogy a krizotil-azbeszt csokkentette a teljes és redukalt glutation
mennyiségét, mindezzel parhuzamosan novelte az oxidalt glutation tartalmat — igy a
redukalt:oxidalt glutation aranyt — és csokkentette a redukalt:oxidalt aszkorbat aranyt (Trivedi
et al., 2007). Trivedi és Ahmad (2011) ezt kovetden azt vizsgalta, hogy miként hat a
mezdgazdasagi haszonndvényekre (buiza, borsd, mustar) a krizotil-azbeszttel kontaminalt talaj.
Ugy talaltak, hogy a krizotil-azbeszt mennyiségének novekedésével a csirdzasi arany jelentésen
csokkent. A krizotil okozta azbeszttoxicitds egyarant kimutathatd volt a hajtas magassagaban,
a gyokér hosszaban, a biomasszdban, a klorofillban és a fehérjetartalomban is. A ndvényi
valaszreakciok  vizsgéalata  2013-ban  kiegésziilt a  vOrGshagymara  gyakorolt
hatdasmechanizmusok elemzésével. Trivedi és Ahmad (2013) laboratériumi koriilmények
kozott, kiillonb6zo dozisu (0,5; 1,0; 2,0 és 5,0 g/l) krizotil-azbeszt oldatnak tette ki az Allium

cepa L. mintandvényeket. A kapott eredmények a korabban ismertetettekhez voltak
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hasonlatosak, ugyanakkor elséként vizsgaltadk a krizotil genotoxicitasat is a mintandvények
gyOkércsiics merisztémain. Ugyancsak a ndvényi novekedési paraméterekre ¢€s a
tapanyagfelvételre gyakorolt hatdsok vizsgalatat célozta Saleem et al. (2022) kutatasa is,
melynek soran Panicum virgatum és Phleum pretense Keriilt expozicid ald. Az azbeszttoxicitas
mindkét fiiféle esetében igazolhatd, az Osszes morfologiai paraméter negativ eredménye
kimutathat6 volt. A vizsgalt egyedek gyokerében a Cr, Mn, V, As, és Ba felvétele jelentésen
fokozddott. Ugyanakkor kutatdsuk legfontosabb eredményének mégsem ez a kimutatds
tekintendd, hanem az olyan antioxidans enzimek, mint a szuperoxid-diszmutaz (SOD), katalaz
(CAT), glutation-peroxiddz (GPX) ¢és peroxidaz (POD), amelyek aktivitasa jelentOsen
megnovekedett az azbesztterhelés hatasara. Mindez arra utal, hogy a ndvények aktivaltak
védekez6 mechanizmusukat a krizotil toxikus hatdsanak semlegesitésére. A kdrnyezeti stresszel
szembeni tolerancia emelésekor a ndvények antioxiddnsokat termelnek a tulzott reaktiv
oxigénfajtak (ROS) okozta toxicitds megfékezésére (Dola et al., 2022; Farooq et al., 2022; Ma
et al., 2022a; Ma et al., 2022b). A nemzetkozi szakirodalomban bemutatott ndvényélettani és
oxidativ stressz-valaszok egyértelmiien igazoljak, hogy a krizotil-azbeszt vizi kdzegben is
biologiailag aktiv, és dozisfliggd hatdsmechanizmusokon keresztiil befolyasolja az ¢lo
rendszerek milkddését. Mindazondltal e vizsgalatok tobbsége izolalt laboratoriumi
kornyezetben, szabalyozott kisérleti feltételek mellett zajlott, és nem kapcsolddott konkrét
telepiilési  infrastruktira-orokségbdl ered6 expoziciés forgatokonyvekhez. Korabbi,
rendszerelméleti megkozelitésii kutatdsomban a telepiilési azbesztmentesitési folyamatokat a
multi-level perspective (tovabbiakban: MLP) keretrendszerében értelmeztem, rdmutatva arra,
hogy az ,,asbestos-free transition” nem pusztan technologiai, hanem intézményi és szabalyozasi
atmenet is.

A nemzetkdzi szakirodalom egyértelmiien igazolja tovabba, hogy az azbeszt toxikologiai
és humanegészségiigyi kockéazatai jol dokumentaltak, valamint hogy vizi kozegben is
kimutathatd dozisfiiggd ndveényélettani és oxidativ stresszvalaszokat indukéal. Hazai
viszonylatban hidnyoznak azok az integralt kutatisok, amelyek az AC anyagszerkezeti
degradaciojat, a csapadékviz mindségi paramétereinek torzuldsit és a biologiai
valaszreakciokat egységes, rendszerszintli megkozelitésben értelmeznék. Mindezek alapjan
indokolttd valik egy olyan multidiszciplinaris vizsgalati keret alkalmazasa, amely az
anyagtudomanyi, vizanalitikai és ndvényélettani paraméterek integralt elemzésével képes

feltarni a hazai kornyezeti expozicios forgatokdnyvek valods kockézati dimenzioit.



3. ANYAG ES MODSZERTAN

Jelen disszertacid publikacio-alapu felépitésli, ezért a modszertani keretet a korabban
megjelent, lektoralt Ql-es kozleményeimben részletezett vizsgalati eljardsok integralt
bemutatdsara épitettem. Kutatdsom tobb, egymasra épiild vizsgalati szintet foglal magaban,
kezdve az azbesztcement termékek anyagszerkezeti ¢és degradédcidos jellemzését, a
tetofeliiletekkel érintkezd csapadékviz fizikai-kémiai paramétereinek elemzését, a kontaminalt
viz ndvényélettani hatasainak kisérleti vizsgalatat, valamint a telepiilési szintli fenntarthatosagi
¢s kockazati keretrendszer rendszerszintli értékelését. E fejezet célja, hogy egységes
szerkezetben, reprodukalhatd6 modon és a publikacidokon ativeld szakmai koherenciaval
mutassam be az alkalmazott mintavételi protokollokat, laboratoriumi analitikai eljarasokat,

kisérleti beallitasokat, valamint a statisztikai adatértékelés modszereit.

3.1 AC-mintak FT-IR vizsgalata
3.1.1 Vizsgalati anyagok és mintacsoportok

A vizsgélatok sordn haromféle azbeszttartalmu anyagmintat alkalmaztam: hulldmos
karakterisztikaju azbesztcement (AC) tetdlemezeket, sik azbesztcement lemezeket, valamint
azbesztcement csoveket. Mindharom kategodrian beliil két alcsoportot kiilonitettem el: az egyik
csoportba a kornyezeti hatasoknak (csapadék, sz¢l, hdmérséklet-ingadozas, napsugarzas) kitett
mintak keriiltek (n = 5), mig a masik csoportba az ezektdl védetten tarolt mintdk (n = 5).
Valamennyi mintan ismételt méréseket végeztem a krizotil-spektrumokkal vald illeszkedés
meghatarozasa érdekében. Az illeszkedések sikerességeét rogzitettem, majd a tiz legjobb
spektralis egyezes alapjan statisztikai értékelést végeztem. E modszertan lehetdvé tette annak
vizsgélatat, hogy a kornyezeti expozicid miként befolydsolja az azbesztcement termékek
szerkezeti integritasat a védetten tarolt mintakhoz képest. A kornyezeti hatdsoknak kitett mintak
bontasbdl és hasznalatbol szdrmazd, valds koriilmeények kozott alkalmazott termékek voltak,
amelyeket GyOr kiillonbdz6 helyszineirdl gytijtdttem be.

A szeparalt (nem expozicionak kitett) mintadk ugyanezen térségbdl szdrmaztak, olyan
tarolasi helyekrdl, ahol fel nem hasznalt azbesztcement termékeket raktaroztak. A begytjtott
mintakat a vizsgalatok megkezdéséig hermetikusan zart koriilmények kozott taroltam. A
kornyezeti hatasok vizsgdlata Osszehasonlitd jellegli volt, mesterséges stresszalkalmazas
nélkiil. Feltételezésem szerint a hasznalatban 1évé mintdk folyamatosan ki voltak téve a
kornyezeti tényezdk (tobbek kozott az oregedés, fizikai karosodas, napsugérzas és csapadék)
egyiittes hatasanak. Az els6 mintacsoport hullamos azbesztcement tet6lemezekbdl allt. Ezek a
megkdzelitdleg 3040 éves elemek jol 1athato er6zids és degradacios jeleket mutattak, valamint

kiilonféle lerakodasok is megfigyelhetok voltak rajtuk. A kdrnyezeti hatdsoknak kitett mintak
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jelolése AC-S-E-1 és AC-S-E-5 kozott tortént, az atlagértéket AC-S-E-A jeloléssel lattam el. A
szeparalt mintak jelolése AC-S-S-1 és AC-S-S-5 kozott tortént, atlaguk AC-S-S-A jeldlést
kapott. A masodik mintacsoport sik azbesztcement lemezekbdl allt, amelyek hasonléan
mintegy 40 évesek, és a kornyezeti expozicid hatésai itt is egyértelmiien megfigyelhetok voltak.
A kornyezeti hatasnak kitett mintak jelolése AC-F-E-1 és AC-F-E-5 kozott tortént (atlag: AC-
F-E-A), mig a szeparalt mintak jelolése AC-F-S-1 és AC-F-S-5 kozott (atlag: AC-F-S-A). A
harmadik mintacsoportot hasonld kort, kornyezeti hatasoknak kitett, illetve védetten térolt
azbesztcement csovek alkottdk. A kdrnyezeti hatasoknak kitett csovek jelolése AC-P-E-1 és
AC-P-E-5 kozott tortént (atlag: AC-P-E-A), mig a szeparalt csovek jelolése AC-P-S-1 és AC-
P-S-5 kozott (atlag: AC-P-S-A).

3.1.2 Mintapreparalas

A mintak feliiletét desztillalt vizzel és izopropil-alkohollal tisztitottam meg annak
érdekében, hogy az esetleges feliileti szennyezddések ne befolyasoljak a mérési eredményeket.
A tisztitds ugyanakkor bizonyos mértékben modosithatta a mintdk eredeti feliileti allapotat,
ezért ezt a kdrnyezeti expozicio értékelésének modszertani korlatjaként vettem figyelembe. Ezt
kovetden a mintakat egységes méretre vagtam, majd tobbkomponensli epoxigyantaba
agyaztam. Az epoxigyantat elore meghatarozott méretli formaba ontdttem, amelybodl 30 X 5 mm
méretli korongokat készitettem. A korongokat csiszologéppel a kivant méretre és feliileti
mindségre alakitottam, majd miiszerasztalon rogzitettem vizsgélatra. A mérés soran a 0,3 mm
atmérdji gyémantkristalyt a minta feliiletével érintkeztettem, amely lehetdvé tette a kivalasztott
tertiletek infravords sugarzassal torténd pasztazasat. Ennek eredményeként abszorpcids térkép
késziilt, amelyen a kiilonb6z6 spektrumokat eltér6 szinek jelolték. A szinkodolt spektrumok a
spektralis konyvtarban szerepld anyagokhoz rendelhetdk voltak, igy biztositva az dsszetevok

azonositasat.

3.1.3 A Kkrizotil azbeszt vizsgalata FT-IR spektroszkopiaval

Az azbeszttipusok erds abszorpciot mutatnak az 1200-900 cm™, illetve a 600-300 cm™
hulldmszam-tartomanyban. Az azbeszt tipusanak kvalitativ azonositasa a spektrum 200 cm™'-
1g torténd elemzesével végezhetd el. A krizotil jol elkiilonithetd az amfibol tipusu azbesztektdl,
mivel jellegzetes kettds hidroxilcsoport-savokat mutat 3693 cm™' €s 3648 cm ™' hullamszamnal.
Ezek a savok a racsszerkezet elsddleges szilikatrétegeiben elhelyezkedd hidroxilcsoportok

kozotti kolesonhatasokbol szarmaznak.



3.1.4 Alkalmazott miiszer: PerkinElmer Spectrum 400

A mérésekhez a PerkinElmer Spectrum 400 (PerkinElmer, MA, USA) tipusu infravoros
spektrométert alkalmaztam. A vizsgalatok soran az azbesztcement termékek torési feliileteibol
vett mintdkat, valamint a matrixanyagbol szarmazé hulladékmintékat elemeztem Osszetételiik
¢s az esetlegesen jelen 1évO adalékanyagok azonositasa c€ljabol. A mintakat a spektrométer
targyasztalara helyeztem, a 0,3 mm-es gyémantkristalyt felfelé iranyitva, és koriilbeliil 100 N
nagysagu erOvel rogzitettem a megfeleld kontaktus biztositdsa érdekében. A mérések
érzékenyek voltak a nedvességre €s a szén-dioxid jelenlétére, ezért minden egyes mérés elott
rogzitettem a kornyezeti hattérspektrumot, hogy a miiszer képes legyen elkiiloniteni a valodi

mintaspektrumot a hattérinterferenciatol.

3.2 Csapadékviz-mintavétel, szimulacios kisérletek és vizanalitikai vizsgalatok
3.2.1 Kutatasi megkozelités és vizsgalt anyag

A tanulmény vegyes modszertani megkozelitést alkalmazott, amely terepi mintavételt és
laboratériumi analitikai vizsgalatokat egyarant magaban foglalt. A mixed-methods
megkozelités lehetdveé tette a valds kornyezeti expozicios forgatokdnyvek és a kontrollalt
laboratériumi  koriilmények kozotti  Osszehasonlithatosag — biztositasat. A vizsgalat
kozéppontjaban az azbesztcement (AC) tetdfedd anyag allt, amelynek 1) alkalmazasa
Magyarorszagon mar tiltott, ugyanakkor a korabban beépitett elemek tovabbra is széles kdrben
jelen vannak az épiiletdllomanyban. A vizsgalat targyat képezd tetéfedd termék hullamos
karakterisztikdju azbesztcement lemez volt, amelyet az 1980-as években épiilt lako- és
melléképiiletek esetében széles korben alkalmaztak. Az anyag Gsszetétele elsdsorban krizotil-
azbesztet tartalmaz (megkdzelitdleg 8-10 tomegszazalék aranyban), mig a fennmarado részt
cement és egyéb kotdanyagok alkotjak (Toth és Weiszburg, 2011). Az anyagosszetétel ismerete

elengedhetetlen volt a potencialis kioldddasi és mobilizacidos mechanizmusok értelmezéséhez.

3.2.2 Mintavételi helyszinek és terepi adatgytijtés

A csapadékmintak gytijtését Gyor teriiletén, 6sszesen 20 mintavételi ponton végeztem. A
varosban (hasonldan tobb magyarorszagi telepiiléshez) még mindig jelentds szamban talalhatok
azbesztcement fedésti épiiletek, kiillondsen az 1980-as években ¢épiilt lakdépliletek é€s
melléképitmények esetében. GyOr ipartdrténeti sajadtossagai miatt a varosban korabban
miikddd, azbeszttartalmu szigetel6- ¢és épitOpanelek gyartasara specializalodott {lizem
kovetkeztében az azbeszttartalmu anyagok elterjedtsége kiilondsen magas volt. A mintateriilet
kivalasztasa ezért nemcsak praktikus, hanem expozicids szempontbol is indokolt volt, mivel

reprezentativ képet ad a hazai varosi infrastruktura-orokség egy részérol.
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Az els6 10 mintavételi helyszinen a csapadékvizet kozvetleniil az azbesztcement
tetofeliiletr6l lefolyva, azzal érintkezve gyujtottem Ossze. A tovabbi 10 helyszinen a
csapadékvizet kozvetlentil, feliileti érintkezés nélkiil, kontaminaciomentesen gytijtottem be. Ez
a kettds mintavételi stratégia lehetdvé tette a tetdfeliileti hatas kvantitativ elkiilonitését a 1€gkori
hattérterheléstdl. A mintak gytjtése 10 literes iiveg edényekben tortént. A mintavételi
idopontokat az aktualis meteorologiai koriilmények és az azt megelézé levegdmindségi
mutatok figyelembevételével hatdroztam meg. A mintak gylijtése soran iligyeltem arra, hogy
azok ne érintkezzenek horganyzott lemezzel vagy mas olyan anyaggal, amely befolyasolhatna
a viz kémiai paramétereit. Az anyagkontamindcio kizarasa kulcsfontossadgt volt a nehézfém-
analizis megbizhatosaga szempontjabol. A vizsgalt tetéfedd elemek eltérd kortak és kiilonbozo
mértékben erodalt allapotiiak voltak. Részletes asvanytani és feliiletkarakterizalas nem allt
rendelkezésre, azonban a mintdk vizudlis dokumentildsa megtortént. Valamennyi vizsgalt
lemez erdsen iddjardsnak kitett, repedezett és elszinezddott feliiletet mutatott. A vizudlis
degradacios jegyek rogzitése kvalitativ indikatorként szolgalt az anyag allapotanak
értelmezéséhez. A desztillalt vizes szimuldcidhoz hasznédlt mintdk ugyanazon tetokrdl
szarmaztak. A mintavétel soran rogzitettem a csapadék intenzitdsat és idotartamat is. A terepi
koriilmények szorosan kozelitették a laboratériumi szimuldcid paramétereit: az atlagos
csapadékintenzitas megkozelitdleg 10 mm/5 perc volt, az események tipikus id6tartama pedig
15-20 perc kozott alakult. Minden csapadékeseménybdl kizarolag az elsé 5 liternyi lefolyo vizet
gyljtottem be, mivel a kezdeti lemosddasi (wash-off) fazis vérhatéan a legmagasabb
szennyezOanyag-koncentraciot tartalmazza. A | first flush” mintavételi stratégia alkalmazéasa a

szennyezOanyag-mobilizdci6 maximalis detektalhatosagat célozta.

3.2.3 Szimulalt mintak eloallitasa

A természetes csapadékmintdk gylijtésével parhuzamosan mesterséges mintakat is
eldallitottam desztillalt viz felhasznaldsaval. A desztillalt vizet egy erodalt, hulldmos
karakterisztikaji azbesztcement lemezen keresztiill vezettem at, amely tulajdonsagaiban
megfelelt a vizsgalt tetéfedd anyagoknak. Ezzel a kioldasi (leaching) eljarassal lehetdség nyilt
annak vizsgélatara, hogy a viz kémiai jellemz6i miként valtoznak kizardlag az anyaggal vald
kozvetlen érintkezés kovetkeztében, kontrollalt koriilmények kozott. A desztillalt viz
alkalmazasa minimalizalta a hattérionok jelenlétét, igy az anyag-specifikus hatasok
izolalhatova valtak. A szimulacio soran 1 liter desztillalt vizet Ontottem 4t a tetélemezen 300
masodperc alatt. Ezt az idétartamot azért valasztottam, hogy modellezzem a vizsgalt térségben

jellemzd, mérsékelt intenzitasi csapadékeseményeket. A cél a természetes csapadék
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intenzitdsanak laboratériumi kornyezetben torténd reprodukalasa volt. A kontrollalt expozicids
1d0 és térfogat biztositotta a kisérlet reprodukalhatosagat és dsszehasonlithatosagat.

A mesterséges mintdk alkalmazasat indokolta az is, hogy a természetes csapadékviz
mindségét befolyasoljak az aktualis meteoroldgiai és 1égszennyezettségi viszonyok. A
szimulalt mintak lehetévé tették annak vizsgélatat, hogy a kontaminacié milyen mértékben
tulajdonithatd kozvetleniil az azbesztcement anyaggal valo elsddleges érintkezésnek. Ez a
modszertani  kettdsség (terepi és laboratoriumi megkozelités) novelte az eredmények

interpretacidos megbizhatdsagat.

3.2.4 Laboratériumi vizmindségi vizsgalatok

A begyljtott csapadékmintakat laboratdriumi analizisnek vetettem ald, amelynek célja a
vizmindségi jellemzOk atfogd értékelése volt. A vizsgalt paraméterek kivalasztasa korabbi
szakirodalmi ajanlasok alapjan tortént, kiilonds tekintettel az Ontdzési céli vizhasznalat
alkalmassagara (Mendez et al., 2011; Nicholson et al., 2010; Qin et al., 2015; Yaziz et al.,
1989). A paramétervalasztas célja az volt, hogy a fizikai, kémiai és potencialisan toxikologiai
jellemzék egyarant lefedésre keriiljenek. A pH, vezetOképesség, lebegdanyag-tartalom,
keménység, TOC, KOI és BOI meghatarozasa a vonatkoz6 MSZ és EN szabvanyok szerint
tortént. A szabvanyositott modszerek alkalmazasa biztositotta az eredmények nemzetkozi
Osszehasonlithatosagat és validitasat. A nehézfémek (higany, 6lom és cink) vizsgalata kiilonos
jelentdséggel birt, mivel ezek a komponensek kornyezeti és egészségiligyl szempontbol
kritikusak. A fémkoncentraciok meghatarozésa lehetdvé tette a potencidlis toxikus terhelés
kockazati profiljanak kialakitasat, valamint az ontozési célu felhasznalas kornyezetbiztonsagi

értékelését.

3.3 Novényélettani vizsgalatok
3.3.1 Vizsgalt novényfajok és kisérleti koncepcio

A vizsgalat soran harom novényfaj csirdzasi paramétereit €s fajtan beliili variabilitasat
elemeztem: Trifolium pratense (Salino, Rozeta, Altaswede), Medicago sativa (Emiliana, Gea,
Algonquin) és Solanum lycopersicum (Mano, Kecskeméti 549, Mobil). A Trifolium pratense
€s Medicago sativa vetdmagokat a Pannon-Mag-Agrar Kft.-t6l, mig a Solanum lycopersicum
vetdmagokat a Garafarm Trade Kft.-t6] szereztem be. A vizsgalat célja az volt, hogy kontrollalt
laboratoriumi koriilmények kozott igazoljam az azbesztcementtel szennyezett OntdzOviz
novényi fejléddésre gyakorolt kedvezdtlen hatésait, desztillalt vizzel kezelt kontrollcsoport
alkalmazasaval. A csirazasi ardny €s csirdzasi dinamika szignifikdns csokkenést mutatott

valamennyi vizsgalt faj és fajta esetében. A kivalasztott ndvényfajok agronomiai és kornyezeti
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relevanciaval egyarant rendelkeznek. A  Solanum lycopersicum élelmiszerbiztonsagi
szempontbol kiemelt jelentdéségli, mivel potencidlisan képes lehet kontaminansok
zoldfeliiletek és alternativ vizhasznalati rendszerek (pl. sziirkeviz-ont6zés) kontextusaban
relevans. A Medicago sativa szantofoldi jelentésége miatt alkalmas az azbesztcement alapu
ontozorendszerekbdl eredd expozicids kockazatok modellezésére. A harom eltéré dkologiai
funkciéju  ndvényfaj alkalmazasa lehetévé tette az eredmények szélesebb kori

értelmezhetdségét agrar- €és varosi kornyezetben egyarant.

3.3.2 A csiraztatasi és korai novénynevelési kisérlet korillményei és elrendezése

A dézisfiiggo stresszhatas vizsgalata érdekében mindharom novényfaj harom kiilonb6zo
fajtajat teszteltem. A magokat 2,0%-o0s NaOCI oldattal 2 percen keresztiil feliiletsterilizaltam,
majd haromszor steril desztillalt vizzel oblitettem. Ezt kdvetden 10-10 magbol allo egységeket
helyeztem steril Petri-csészékbe, nedvesitett vattakorongra. Minden kezelési ddzishoz ot
ismétlést alkalmaztam (N = 5 x 10). Egy adott ndvénytipus esetében dsszesen 350 vizsgalati
egységet elemeztem (N = 7 % 50). A csiraztatast 22 £ 1 °C allandé hdmérsékleten végeztem,
digitalis hdmérséklet-szabdlyozéssal. A teljes spektrumu LED-rendszer a kelést kdvetd korai
ndvénynevelési szakasz kontrollalt fényviszonyait biztositotta programozhato fényciklusokkal
¢s szabalyozhatd intenzitassal. A novényszintlii fényintenzitds maximuma 50 Im volt. A
megfeleld levegdaramlast szabdlyozott szelldztetérendszer biztositotta. A kontrollalt
kornyezeti feltételek biztositottak, hogy a megfigyelt eltérések kizarolag a kezelési dozisok
hatasanak legyenek tulajdonithatok. Az ismétlések szama a bioldgiai variabilitas csokkentését

¢s a statisztikai megbizhatdsag novelését szolgalta.

3.3.3 Mintaoldatok elokészitése

A vizsgélat soran Magyarorszagon elterjedten alkalmazott azbesztcement termékeket
hasznaltam, amelyek krizotil-azbeszt tartalma 8,00-10,0%, cementtartalma pedig 90,0-92,0%
kozott mozog. Az extraktum eldallitdsdhoz az azbesztcement mintdkat mechanikusan finom
porra Ordltem. A port meghatarozott koncentraciokban (1,00; 2,00; 5,00; 10,0; 25,0; 50,0 mg/1)
kétszeresen desztillalt vizben szuszpendaltam, majd 24 oOran keresztiil szobahdmérsékleten
inkubaltam. Az extrakcidt kovetden a szuszpenzidkat 0,45 pm porusméretii szirdn sziirtem at
a nagyobb részecskék eltavolitdsa érdekében, mikdzben a finomabb frakcid és kolloidalis
komponensek az oldatban maradtak. Az oldatokat steril iiveg edényekben, s6tét koriilmények
kozott, 4 °C-on taroltam a felhasznaléasig. A kontrollcsoport kétszeresen desztillalt vizzel kertilt

kezelésre. A koncentracidsor kialakitasa lehet6vé tette a dozis—valasz 0sszefiiggések kvantitativ
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értékelését, valamint a potencialis kiiszObhatdsok azonositasat. A 24 oras extrakcios 1d6

biztositotta az oldhatd komponensek és mobilizalhat6 frakciok reprezentativ kioldodasat.

3.3.4 Csirazasi és korai vegetativ novekedési paraméterek mérése és statisztikai
értékelése

A vizsgalat soran folyamatosan rogzitettem a csirdzasi ardnyt €s a csirdzasi id6t. A
gyokérhosszt a vattakorong felszinével valo érintkezési ponttdl a fogyokér csucsaig mértem. A
hajtasmagassagot a 31. napon, korai vegetativ novekedési paraméterként hataroztam meg. A
mérésekhez Burg-Wichter Precise PS-72150 digitalis tolomérdt alkalmaztam (0—150 mm
mérési tartomény). Az eredményeket atlag + standard hiba formajaban kozoltem, szazalékos
értékeléssel kiegészitve. A kezelések kozotti kiillonbségek statisztikai szignifikancidjat egyutas
varianciaanalizissel (ANOVA) vizsgaltam, 0,05-0s szignifikanciaszint mellett. Az ANOVA
alkalmazasa lehetdvé tette a dozisok kozotti eltérések objektiv kimutatasat, mig a standard hiba

feltlintetése az adatok megbizhatosagat és szorodasat reprezentalta.

3.4 Regionalis azbesztérintettség és keret az azbesztmentes varosi Atmenethez

Az azbesztmentes varosi kornyezetre valdo dtmenet Gsszetett, tobbdimenzids folyamat,
amelyet szabalyozasi keretek, technologiai innovaciok, érintetti részvétel, valamint tarsadalmi-
gazdasagi feltételek egyarant befolyasolnak. Az elemzés elméleti alapjat a Geels munkai
(Geels, 2002, 2011) nyoman alkalmazott tobbszintli perspektiva, azaz a Multi-Level
Perspective (MLP) képezi, amely olyan atfogd elemzési keretet kinal, amely lehetdvé teszi
annak vizsgalatat, hogy a kormanyzati szintek, az iparagi struktarak és a tarsadalmi folyamatok
kozotti kolesonhatasok miként segitik vagy éppen akadalyozzak az 4tmenetet. Az azbeszt
jelenlétének csokkentése a varosi térben alapvetd fontossdgu a kozegészségiigyi kockazatok
mérséklése és a fenntarthatd varosi atalakulas eldsegitése szempontjabol. Az azbeszttartalmu
régi épiiletdlloméany és infrastruktira jelentds expozicids veszélyt jelent a lakossag ¢€s a
munkavallalok szamara, ami Osszehangolt szakpolitikai beavatkozasokat ¢és stratégiai
intézkedéseket tesz sziikségessé. Az atmenetelméleti megkozelités lehetdvé teszi annak
értelmezését, hogy a torténeti beagyazottsag €s az intézményi merevség miként lassithatja a

strukturalis valtozasokat.

3.4.1 Az MLP koncepcionalis alkalmazasa a kutatasi modellben
A kutatasi modell a Geels-féle MLP niche-, rezsim- és makrokornyezeti szintjeire épiil,
amelyeket az azbesztmentes varosi atmenet sajatos feltételrendszerére adaptaltam (Geels, 2002,

2011). Az els6 szinten a niche-innovacidk €s szociotechnikai kisérletek allnak, amelyek az
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azbesztmentes €s fenntarthatd varosfejlesztés motorjai. A mésodik szint a rezsimdinamikat
foglalja magaban, beleértve a szabalyozési kereteket, gazdasagi strukturakat és tarsadalmi
normakat, amelyek befolyasoljak a fennalld gyakorlatok fennmaradasat vagy atalakulasat. A
harmadik szint a makrokornyezeti tényezoket reprezentalja, példaul a globalis fenntarthatosagi
trendeket, klimapolitikat és kozegészségligyi prioritdsokat. Az MLP alkalmazasa lehetové teszi
a szintek kozotti kolesonhatasok rendszerszintl elemzését. Az alsé szintli innovaciok gyakran
ellenallasba iitkbznek a mélyen bedgyazott rezsimstruktirdk részérél, mikoézben a
makrokornyezeti nyomdasok katalizatorként miikodhetnek az atalakuldsban. Az egyszintii
elemzési megkozelitések kockazata, hogy figyelmen kiviil hagyjak a strukturalis
ko6lcs6nhatasokat, ami redukcionista értelmezésekhez vezethet. Az MLP alkalmazasaval a
kutatas célja, hogy atfogd képet nyujtson az azbesztmentes varosi atmenet feltételrendszerérol,

feltarva a rendszerszintli akaddlyokat és elémozdito tényezdket.

3.4.2 Avregionalis kiilonbségek szerepe az azbesztmentes atmenetben

Az azbesztmentes atmenet nem homogén moddon zajlik le a kiilonbozé térségekben. A
torténeti ipari Orokség, az épiiletdllomany kora, az infrastruktira jellege, valamint az
intézményi kapacitdsok jelentds regionalis eltéréseket eredményezhetnek. A NUTS
(Nomenclature of Territorial Units for Statistics) az Eurdpai Unid statisztikai célu teriileti
osztalyozasi rendszere; a NUTS-2 ennek masodik teriileti szintjét jeloli. A NUTS-2 szintii
terlileti bontés lehetdévé teszi a makroszintii (landscape) és mezoszintli (rezsim) sajatossagok
térbeli leképezését. A regiondlis kiilonbségek empirikus megragadésa azért indokolt, mert az
MLP keretrendszerben a rezsimstruktirak és palyafliggéségek gyakran teriiletileg
differencidltak. Egyes régiokban erdsebb lehet az ipari beagyazottsag ¢és az Orokolt
infrastruktura jelenléte, mig mas térségekben gyorsabb lehet az adaptacio és a niche-innovaciok
befogaddsa. A térbeli elemzés ezért nem pusztan leir6 jellegli, hanem az atmeneti dinamika

strukturalis kiilonbségeit is feltarja.

3.4.3 Az azbesztérintettségi integralt index kialakitasanak modszertana

A regionalis kiilonbségek kvantitativ megragadasara taxonomiai indexképzési modszert
(Oliinyk et al.,, 2023) alkalmaztam. A cél egy 0 és 1 kozotti dimenziomentes mutatd
meghatarozasa volt, amely relativ modon fejezi ki az egyes magyarorszagi NUTS-2 régiok
azbesztérintettségi szintjét. Az indikatorrendszer kialakitdsa soran a Mesothelioma malignum
incidenciaértékeit vettem figyelembe a Nemzeti Rékregiszter adatai alapjan. A vizsgalt id6szak
2005-2020, az elemzési évek: 2005, 2010, 2015 és 2020. Az eltérd mértékegységii adatok

standardizalasa az alabbi képlet alapjan tortént:
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Zij = T 1)

Ezt kdovetden meghataroztam a referenciaértéket, amely az adott indikatorsorozat maximalis
standardizalt értékének felelt meg.
Zoi = maxzj; i €1, )

Az egyes régiok referenciaértéktdl valo eltérését Euklideszi tavolsaggal mértem:

doi= | D @y=Zod?, )

ij=1

Az integralt index szdmitasa az alabbi mddon tortént:

Ki=1- ?, dy = d_0+2 * 09,09 = ‘,—Z(do;_d())z, 4)
0

ahol do az Euklideszi tavolsagok atlaganak és kétszeres szorasanak osszege. Az igy kapott K;
értek 0 és 1 kozotti dimenzidmentes mutatd, ahol a magasabb érték nagyobb relativ

azbesztérintettséget jelez.

3.4.4 Az index értelmezése az MLP keretrendszerében

Az integralt regionalis index nem pusztan statisztikai eszkdz, hanem az MLP-
keretrendszer empirikus operacionalizalasanak egyik eleme. A magasabb indexértékkel
rendelkezd régidk esetében feltételezhetd a rezsimbedgyazottsag erdsebb jelenléte, a torténeti
palyafiigg6ség dominanciaja és a strukturalis akadalyok fennmaraddsa. Az alacsonyabb
indexértékli térségekben nagyobb lehet a niche-innovéaciok adapticids potencidlja és a
szabalyozasi beavatkozdsok hatékonysdga. Az index lehetévé teszi a regionalis
egyenlOtlenségek azonositasat, hozzdjarul a célzott szakpolitikai beavatkozasok

megalapozasihoz.
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4. EREDMENYEK ES ERTEKELESUK

Disszertaciom jelen fejezetében a kutatds empirikus eredményeit mutatom be és
értelmezem a korabban ismertetett elméleti keret és mddszertani megkozelités tikrében. Az
eredmények tobb vizsgalati szinten keriilnek bemutatdsra: az anyagszerkezeti és degradacios
elemzések, a vizmindségi paraméterek valtozésai, a ndvényélettani reakciok, valamint a
regiondlis azbesztérintettségi index szamitdsanak eredményei egymasra épiilé logikai
struktaraban keriilnek értékelésre. A fejezet célja nem csupan az adatok leird ismertetése,
hanem azok oksagi és rendszerszintli értelmezése, kiilonds tekintettel az azbesztmentes varosi
atmenet feltételrendszerére és a fenntarthatésagi implikaciokra. Az eredmények értékelése
soran hangsulyt helyezek a dozis—hatéas osszefliggésekre, a teriileti kiilonbségek jelentoségére,

valamint a szakpolitikai és kdrnyezetbiztonsagi kovetkeztetések levonasara.

4.1 Az azbesztrostok kornyezeti mobilitasanak vizsgalata a talaj-viz rendszerben

Az attekint6 kutatdsomban az azbesztrostok kornyezeti viselkedését vizsgaltam a viz-talaj
kontinuum mentén, kiilonds tekintettel a mobilitdsi mechanizmusokra és az expozicids
utvonalak komplexitasara. Elemzésem célja az volt, hogy rendszerszintli keretben értelmezzem
az azbeszt kornyezeti transzportfolyamatait, ¢és ramutassak azokra a tudomanyos
hianyteriiletekre, amelyek a hagyomanyosan 1éguti expozicidra fokuszaldo megkozelitésekbol
adddnak. Eredményeim alapjan megéllapitottam, hogy az azbeszt kornyezeti kockdzata nem
korlatozhato a levegdben torténd terjedés vizsgalatara. A vizi és talajkozegben zajlo folyamatok
jelentds mértékben befolydsoljdk a rostok mobilitasat, elérhetdségét ¢€s potencidlis
okotoxikologiai hatasait. Az azbesztrostok fizikai-kémiai tulajdonsdgai — kiilonosen a
rostgeometria, feliileti toltés és dsvanytani Gsszetétel — meghatarozo szerepet jatszanak a talaj—
viz rendszerben torténd mozgasukban.

Elemzésem sordn ramutattam arra, hogy a viz pH-ja, iondsszetétele €és kolloidalis
frakcigja jelentésen befolyasolja az azbesztrostok diszperziojat és aggregiciojat. A
talajkolloidokhoz valé kotddés, valamint az oldott szerves anyagokkal vald kolcsonhatas
modosithatja a rostok transzportjat, ezaltal befolyasolva a felszini és felszin alatti vizekbe
torténd bejutas lehetdségét. Megallapitottam, hogy a talaj nem csupan passziv kozeg, hanem
aktiv geokémiai rendszerként mitkddik, amely képes mind mobilizalni, mind immobilizalni az
azbesztrostokat. Kiilon hangsulyt fektettem az azbesztcement termékek kornyezeti
szerkezetek potencidlis diffuz forrasként viselkednek, amelyekbdl a rostok fokozatosan a talaj—

viz rendszerbe juthatnak. Ez a folyamat kiilondsen relevans a csapadékviz-lefolyas és a felszini
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beszivargas esetében, ahol a fizikai er6zio és kémiai oldodasi mechanizmusok egylittesen
jarulnak hozza a kornyezeti terheléshez.

Elemzésem egyik fontos megallapitasa, hogy az azbeszt kornyezeti transzportja nem
linearis folyamat, hanem komplex, tobbtényezds rendszer eredménye. A talaj—viz interakciok,
a hidrologiai viszonyok ¢és az anyag degradacios allapota egylittesen hatarozzadk meg az
expozicios palydkat. Rdmutattam arra is, hogy a jelenlegi szakirodalomban jelentds hiany
mutatkozik a ndvényi ¢és mikrobidlis kolcsonhatasok vizsgalatdban, ami korlatozza az
Okoszisztéma-szinti  kockazatbecslések  megbizhatosdgat. Az azbeszt kdrnyezeti
viselkedésének értelmezése csak integralt, holisztikus megkozelitésben lehetséges. A levego, a
talaj és a viz kozotti kolcsonhatasok figyelembevétele nélkiil az expozicids modellek hianyosak
maradnak. Eredményeim meger6sitik, hogy a kornyezeti mobilitas vizsgalata kulcsfontossaga
az azbeszt hosszii tavu Okotoxikologiai és kozegészségligyi kockdzatainak pontosabb
meghatarozasdhoz, és tudoményos alapot teremtenek a komplex kornyezeti kockazatértékelési

modellek tovabbfejlesztéséhez.

4.2 Kirizotil-azbeszt kimutatasa AC-mintakbél
4.2.1 Krizotil-azbeszt kimutatasa hullimos azbesztcement lemezekbdl

A kornyezeti hatdsoknak kitett hullimos azbesztcement lemezmintak esetében az atlagos
krizotil-azonositasi arany 0,747193 (1) volt (1. abra). A legmagasabb spektralis egyezés
(0,810265 (1)) az AC-S-E-5 minta negyedik mérési pontjan jelentkezett, mig a legalacsonyabb
detektalasi értéket (0,689985 (1)) az AC-S-E-4 minta hatodik mérési pontjan rogzitettem. A
mintdk koziil a legmagasabb atlagos krizotil-detektalasi értéket (0,754616 (1)) az AC-S-E-2
minta mutatta, mig a legalacsonyabbat (0,742706 (1)) az AC-S-E-4 esetében tapasztaltam. A
kornyezeti hatasoktol elzart (szeparalt) mintak esetében az atlagos krizotil-azonositasi arany
0,645437 (1) volt. A legmagasabb egyezést (0,701221 (1)) az AC-S-S-4 minta negyedik mérési
pontjan, mig a legalacsonyabb értéket (0,569845 (1)) az AC-S-S-5 minta nyolcadik mérési
pontjan mértem. A szeparalt mintdk koziil a legmagasabb atlagos érték (0,678396 (1)) az AC-
S-S-1 mintdnal, a legalacsonyabb (0,605309 (1)) az AC-S-S-5 mintanal jelentkezett.

A teljes mintasorozat dsszehasonlitasi aranya 115,8% volt. Az exponalt mintdk atlagtol
valo atlagos eltérése 0,00634 (1), mig a szeparalt mintak esetében 0,00429 (1) értéket mutatott.
A hullamos azbesztcement mintak esetében jol lathato kiillonbség mutatkozott a krizotil
spektralis illeszkedésében: a kdrnyezeti hatdsoknak kitett (E) mintdk magasabb, megkozelitdleg
0,75 (1) koriili atlagértéket mutattak, mig a szeparalt (S) mintdk nagyobb variabilitast és
kortlbeliil 0,65 (1) koriili kozépértéket jeleztek. Mivel a vizsgalt mintak azbesztcement-

matrixon alapulnak, a spektrumokban 1400 cm™ kornyezetében széles csucs jelent meg. Ez a
18



cementkeverékben jelen 1évo kalcium-szilikat-hidrat, kalcium-szulfat és kalcium-karbonat C—
O kotéseinek nyuldsi rezgéseivel magyarazhatd. Két jellegzetes spektralis tartomany
kiilonithetd el: az O-H nyulasi rezgések a 3700-3500 cm™ tartoményban, mig a racsrezgések a

1200-500 cm™! tartomanyban jelennek meg.
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Samples Samples
(AC-S-E-1 > AC-S-E-A) (AC-5-5-1 - AC-5-S-A)

1. abra: A krizotil detektalas dsszehasonlito elemzése expondalt (E)
és szeparalt (S) mintdk esetében (hullamos azbesztcement lemezek)

Forras: sajat szamitas, sajat szerkesztés

4.2.2 Kirizotil-azbeszt kimutatasa sik azbesztcement lemezekbdl

A kornyezeti hatasoknak kitett sik azbesztcement mintdk atlagos krizotil-azonositasi
aranya 0,753552 (1) volt. A legmagasabb egyezést (0,820001 (1)) az AC-F-E-3 minta tizedik
mérési pontjan, mig a legalacsonyabb értéket (0,694962 (1)) az AC-F-E-1 minta masodik
mérési pontjan mértem. A legmagasabb atlagos detektalasi értéket (0,773262 (1)) az AC-F-E-
4 minta, a legalacsonyabbat (0,723031 (1)) az AC-F-E-1 minta mutatta (2. abra). A szeparalt
mintdk datlagos krizotil-azonositasi aranya 0,632309 (1) volt. A legmagasabb egyezést
(0,698857 (1)) az AC-F-S-4 minta 6t6dik mérési pontjan, a legalacsonyabb értéket (0,548113
(1)) az AC-F-S-1 minta negyedik mérési pontjan mértem. A legmagasabb atlagos értéket
(0,660611 (1)) az AC-F-S-4, mig a legalacsonyabbat (0,602867 (1)) az AC-F-S-1 minta
mutatta. A teljes mintasorozat dsszehasonlitasi ardnya 119,2% volt. Az exponalt minték atlagtol
valo atlagos eltérése 0,00540 (1), mig a szeparalt mintdk esetében 0,00801 (1) volt.

A kornyezeti hatdsoknak kitett sik lemezmintak esetében a krizotil spektralis illeszkedése
kifejezettebb volt, a krizotil kdnnyebben azonosithatonak és nagyobb egyezési aranyunak
bizonyult. A szeparalt mintdk nagyobb variabilitast mutattak, 0,65 (1) alatti kozépértékkel. A
krizotil jellegzetes csucsai a 3700-3500 cm™* és 1200-500 cm™ tartomanyban jelentkeztek. A
hullamos lemezekhez hasonléan 1400 cm™ kdérnyezetében itt is sz€les csucs volt megfigyelhetd

az azbesztcement-matrix jelenléte miatt.
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2. abra: A krizotil detektalds osszehasonlito elemzése exponalt (E)
és szepardalt (S) mintdk esetében (sik azbesztcement lemezek)

Forras: sajat szamitas, sajat szerkesztés

4.2.3 Krizotil-azbeszt kimutatasa azbesztcement csovekbol

A kornyezeti hatasoknak kitett azbesztcement csémintak atlagos krizotil-azonositasi
aranya 0,800607 (1) volt. A legmagasabb egyezést (0,888831 (1)) az AC-P-E-4 minta 6todik
mérési pontjan, mig a legalacsonyabb értéket (0,742121 (1)) az AC-P-E-2 minta nyolcadik
mérési pontjan mértem. A legmagasabb atlagos értéket (0,811325 (1)) az AC-P-E-3, a
legalacsonyabbat (0,793972 (1)) az AC-P-E-4 minta mutatta (3. abra). A szeparalt mintdk
esetében az atlagos krizotil-azonositasi arany 0,794369 (1) volt. A legmagasabb egyezést
(0,865548 (1)) az AC-P-S-2 minta hetedik mérési pontjan, a legalacsonyabb értéket (0,724580

(1)) az AC-P-S-3 minta kilencedik mérési pontjan mértem.
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Samples Samples
(AC-P-E-1 — AC-P-E-A) (AC-P-S-1 > AC-P-S-A)

3. dbra: A krizotil detektalds 6sszehasonlito elemzése exponalt (E)
és szepardalt (S) mintdk esetében (azbesztcement csovek)

Forras: sajat szamitas, sajat szerkesztés

A legmagasabb atlagos értéket (0,808812 (1)) az AC-P-S-2, mig a legalacsonyabbat

(0,775610 (1)) az AC-P-S-4 minta mutatta. A teljes mintasorozat 0sszehasonlitasi aranya
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100,8% volt. Az exponalt mintak atlagtol valo atlagos eltérése 0,00617 (1), mig a szeparalt
mintak esetében 0,00438 (1) volt. A kornyezeti hatasoknak kitett csémintak esetében a
spektralis illeszkedés nagyobb egyoOntetiiséget mutatott, a krizotil konnyebben detektalhato és
konzisztensebb volt. Az exponalt mintak trendje 0,80 (1), mig a szeparalt mintaké 0,79 (1) koriil
alakult. A krizotil jellegzetes csucsai itt is a 3700-3500 cm™ és 1200-500 cm™ tartomanyban

jelentek meg. A 1400 cm™ koriili széles cstcs az azbesztcement-matrix jelenlétére utal.

4.3 Vizanalitikai vizsgalatok eredményei
4.3.1 Az azbesztcementtel érintkezett és normal csapadékviz vizminéségi jellemzoi

A vizsgélat jelentds kiilonbségeket tart fel a normal csapadékviz és az azbesztcement
(AC) tetofeliilettel érintkezett csapadékviz vizmindségi paraméterei kozott. Az AC feliiletekrol
gyljtott viz pH-értéke szignifikdnsan magasabb volt, atlagosan 7,09 + 0,162, szemben a normal
csapadékviz 5,73 £ 0,265 értékével, ami 23,8%-o0s novekedést jelent. Ez arra utal, hogy a
tetofed6 anyag lugositd hatdssal rendelkezik, amely valosziniisithetéen kalciumtartalmi
vegyiiletek kioldodasaval magyarazhaté. A megvaltozott pH-érték befolydsolhatja mas
szennyezOanyagok oldhatosdgat és mobilitdsat. Hasonld tendencia volt megfigyelhetd az
elektromos vezetOképesség esetében, amely az dsszes oldott ion koncentraciojat jelzi. Az AC-
vel érintkezett mintdk atlagos vezetOképessége 49,8 £ 6,00 uS/cm volt, mig a normal
csapadékviz esetében 31,4 + 8,88 uS/cm értéket mértem. Ez arra utal, hogy a tetéfedo anyag
tovabbi oldott ionokat juttat a vizbe, feltehetden asvanyi komponensek és egyéb anyagok
kioldodasa révén.

Az Osszes lebegdanyag-tartalom (TSS) vizsgalata csekély novekedést mutatott az AC
tetokrél szarmazd mintdkban: az atlagos értek 6,40 + 1,51 mg/L volt, szemben a normal
csapadék 6,00 + 0,94 mg/L értékével. A 6,67%-os emelkedés arra utal, hogy a tetéfedd anyag
nem jarul hozza jelentds mértékben a részecsketerheléshez. Ugyanakkor még egy kisebb TSS-
novekedés is hatassal lehet a vizmindségre, mivel a lebegdanyagok mas szennyezdket — példaul
nehézfémeket — is szallithatnak. A vizkeménység esetében kifejezetten jelentds, 92,6%-o0s
novekedést mértem az AC feliiletekrdl szarmazo mintakban a normal csapadékhoz viszonyitva.
Az AC minték atlagos keménysége 32,4 £ 9,75 CaO mg/L volt, mig a normal csapadék esetében
16,8 = 5,35 CaO mg/L értéket mértem (4. abra). A keménység ilyen mértékli emelkedése
valoszinlileg a cementmatrixbol kioldédd kalcium- ¢és magnéziumvegyiileteknek
tulajdonithatd. A megndvekedett vizkeménység vizkdképzddéshez vezethet a cs6haldzatban,
valamint csOkkentheti a tisztitoszerek hatékonysagat.

A teljes szerves széntartalom (TOC) és az oxigénigény-paraméterek elemzése tovabbi

informaciot nyujtott az AC tetéfedés vizmindségre gyakorolt hatasarol. A TOC-értékek 40,9%-
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os novekedést mutattak az AC feliilettel érintkezett mintdkban, amelyek atlagosan 5,10 + 1,08
mg/L értéket értek el, szemben a normal csapadék 3,62 + 0,57 mg/L értékével. Ez a jelentOs
novekedés arra utal, hogy az AC-vel érintkezett vizben tobb szerves anyag taldlhato, amely a
tetofeliileten felhalmozddott szerves részecskék bemosodasabol vagy szerves komponensek
kioldddasabol eredhet. A magasabb TOC-szint gyakran fokozott mikrobialis aktivitassal tarsul,

ami kiilonosen tarolds vagy elosztas esetén befolyasolhatja a viz mindségét.
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4. abra: A vizmintak ésszehasonlito elemzése pH, vezetoképesség, TSS és keménység paraméterek alapjan

Forras: sajat szamitas, sajat szerkesztés

A biokémiai oxigénigény (BOIs) értékek enyhe, 4,92%-0s novekedést mutattak az AC-
vel érintkezett mintakban. Az AC mintak atlagos BOIs értéke 4,05 + 0,88 mg/L volt, mig a
normal csapadék esetében 3,86 = 0,25 mg/L értéket mértem. Bar a ndvekedés mérsékelt, arra
utal, hogy az AC-vel érintkezett vizben jelen 1évd szerves anyag biologiailag kdnnyebben
hozzaférhetd lehet, illetve a mikrobialis terhelés enyhén magasabb lehet, ami befolyéasolhatja a
viz Ontozési vagy ivoviz-célu felhasznilhatosagat. A legkifejezettebb valtozas a kémiai
oxigénigény (KOI) esetében volt megfigyelhetd, ahol az AC tetdvel érintkezett mintdk KOI-
értékei jelentdsen meghaladtdk a normal csapadék mintakét. Ez a ndvekedés nagyobb
mennyiségli oxidalhato szerves €s szervetlen anyag jelenlétére utal, amelyek valdsziniileg a
tetéfedd anyagbol vagy a feliileten lerakodott szennyezokbdl szarmaznak. A magas KOI-értek
potencialis szennyezettséget jelez, és megfeleld kezelés hidnydban kedvezOtlen hatast

gyakorolhat a befogado vizi 6koszisztémakra (5. abra).
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5. abra: A vizmintak ésszehasonlito elemzése a TOC-, BOIs- (az abran: BODs) és KOI,-
(az abran: COD,) paraméterek alapjan

Forras: sajat szamitas, sajat szerkesztés

4.3.2 Az azbesztcementtel érintkezett és normal csapadékviz nehézfém-szennyezettsége

A csapadékviz fémkoncentracidinak elemzése jelentds kiilonbségeket mutatott a normal
mintak €s az azbesztcement (AC) tetéfeliilettel érintkezett mintdk kozott. A cink (Zn), az 6lom
(Pb) ¢és a higany (Hg) koncentracidja szdmottevéen megnovekedett az AC-vel érintkezett
mintakban, ami arra utal, hogy a tetéfed6 anyag ezen nehézfémek potencialis forrasaként
mikodik. A normal csapadékvizben a teljes cinkkoncentracid igen alacsony volt, atlagosan
0,0024 £+ 0,0005 mg/L, amely kozel esett a kimutatdsi hatarértékhez. Ez arra utal, hogy
fémfeliiletekkel valo érintkezés nélkiil a csapadékviz cinktartalma minimalis, elsGsorban
légkori eredetli szennyezésbdl szarmazik. Ezzel szemben az AC tetdfeliilettel érintkezett
csapadékvizben a cink koncentracidja drasztikusan, 0,155 + 0,012 mg/L értékre emelkedett. Ez
a jelentds novekedés valdsziniisithetden az azbesztcement anyagaban jelen 1évo cinkbdl ered,
amely szdrmazhat a gyartdsi folyamatbdl, illetve a tetdfeliileten felhalmozodott 1égkdri
szennyezOdeésekbdl. A cink koncentracidjanak novekedése azt mutatja, hogy az AC-tetéfedés
érdemben modosithatja a gylijtott csapadékviz cinktartalmat. A mért 0,155 mg/L koncentracio
azonban Ont6zési ce€lu felhasznalas esetén onmagaban nem feltétleniil kedvezdtlen, mivel a cink
esszencialis mikroelem, és ebben a koncentracidtartomanyban a ndvények szdmara kedvezd
hatésu is lehet.

Az elemzés kimutatta, hogy az AC tetéfeliilet jelentésen novelte az 6lom €s a higany
koncentraciojat is a gytijtott csapadékvizben (6. abra). Az 6lom koncentracidja 127,3%-kal
emelkedett: a normél mintdkban mért 0,00133 £+ 0,0004 mg/L értékrdl 0,003 £+ 0,002 mg/L-re
nétt az AC-vel érintkezett mintdk esetében. Az 6lom kifejezetten toxikus fém, kiilondsen
gyermekek esetében, és jelenléte a vizben szigoruan szabalyozott. A megemelkedett 6lomszint

arra utal, hogy az azbesztcement anyag tartalmazhat 6lmot — akar gyartasi szennyezddésként,
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akar kornyezeti lerakddas kovetkeztében. Ez kiilonosen indokoltta teszi az ilyen feliiletekrdl

gyljtott csapadékviz rendszeres monitorozasat, kiillonosen haztartasi felhasznalés esetén.
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6. abra: A vizmintak dsszehasonlito elemzése nehézfém-szennyezettség (Zn, Pb, Hg) tekintetében

Forras: sajat szamitas, sajat szerkesztés

Hasonlé tendencia volt megfigyelhetd a higany esetében is: az AC-vel érintkezett
mintakban a koncentracid 75,4%-kal novekedett, a normal csapadékviz 0,0011 £+ 0,0003 mg/L
értekérdl 0,002 £ 0,0004 mg/L-re. Bar az abszolit koncentracidok alacsonyak, a relativ

novekedés jelentds, ami felveti a hosszl tavl expozicid és bioakkumulécio lehetdségét.

4.3.3 Az azbesztcementtel érintkezett szimulalt vizmintak vizminoségi jellemzoi

A szimuldlt vizmintdk elemzése lehetdséget adott annak vizsgélatdra, hogy az
azbesztcement (AC) tetéfedés miként befolyasolja a vizmindségi paramétereket semleges,
illetve enyhén savas kiindulasi koriilményekhez viszonyitva. A szimulalt mintdk pH-értéke
7,21 £ 0,154 volt, amely G6sszhangban all az AC-vel érintkezett természetes csapadékviz
esetében tapasztalt pH-ndvekedési tendenciaval. Ez azt jelzi, hogy az alkalikus kémhatasu
azbesztcement anyag jelentds semlegesitd hatassal rendelkezik, kiilondsen enyhén savas
kozegben. Ugyanakkor semleges kiindulési allapot esetén a pH-eltolddas minimalis volt, ami
arra utal, hogy az AC hatésa savas viz esetében kifejezettebb. A szimulalt mintdk elektromos
vezetoképessége 6,80 + 1,55 nS/cm értékre ndvekedett a desztillalt viz kozel nulla értékéhez
képest. Ez az emelkedés arra utal, hogy az AC tetéfedd anyag tovabbi oldott ionokat juttat a
vizbe, valoszinlsithetden dsvanyi komponensek €s egyéb oldhatd anyagok kioldddasa révén.
Az iontartalom novekedése befolyasolhatja a viz ionegyensulyat €s felhasznalhatosagat.

Az Osszes lebegdanyag-tartalom (TSS) a szimulalt mintak esetében 5,30 + 0,48 mg/L
volt, amely Osszehasonlithatdo az AC tetdvel érintkezett csapadékviz mintak értékeivel (7.

abra). Ez az 0Osszhang arra utal, hogy az AC tetéfedés potencialis forrasa lehet a
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részecsketerhelésnek, amely mas szennyezdanyagok hordozojaként is miikddhet, illetve

befolyasolhatja a viz atlatszosagat és mindségét.
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7. abra: A szimulalt mintak dsszehasonlito elemzése pH, vezetéképesség, TSS és keménység paraméterek alapjan

Forras: sajat szamitas, sajat szerkesztés

A szimulalt vizmintdk mért teljes keménysége 17,7 + 2,67 CaO mg/L volt, amely a
normal csapadék tartomanyan beliil helyezkedik el. Ez arra utal, hogy az AC tet6fedd anyag
képes novelni a viz keménységét, feltehetéen kalciumvegyiiletek oldédasa révén. A
megnovekedett keménység befolydsolhatja a viz cséhalozattal, tisztitoszerekkel és egyéb
folyamatokkal valo kdlcsonhatasat, ami fontos szempont az AC tetdk vizmindségre gyakorolt
hatasanak értékelésekor.

A szimulalt és az AC tetdvel érintkezett természetes csapadékmintdk szervesanyag-
tartalméanak és oxigénigényének Osszehasonlitdo elemzése tovabbi informaciot szolgaltatott az
anyag hatdsmechanizmusarol. A teljes szerves széntartalom (TOC) a szimulalt mintdkban 3,82
+ 0,14 mg/L volt, amely alacsonyabb, mint az AC-vel érintkezett csapadékviz mintadk 5,10 +
1,08 mg/L atlagértéke (8. abra). Ez a kiilonbség arra utal, hogy az AC tetéfedés tovabbi szerves
anyaggal jarulhat hozzd a viz Osszetételéhez, feltehetden kioldodas vagy a tetdfeliileten
felhalmozddott szennyezddések révén. A szimuldlt mintdk alacsonyabb TOC-értéke — amelyek
nem voltak kitéve a teljes kornyezeti terhelésnek — alatdmasztja azt a feltételezést, hogy a

tetofeliileten lerakodott 1€gkori szennyezok jelentds szerepet jatszanak a TOC-emelkedésben.
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8. abra: A szimulalt mintak dsszehasonlito elemzése a TOC-, BOIs- (az abran: BOD:s) és KOI,-
(az abran: COD,) paraméterek alapjan

Forras: sajat szamitas, sajat szerkesztés

A szimulalt csapadékviz mintak atlagos biokémiai oxigénigénye (BOIs) 3,44 + 0,42 mg/L
volt, amely kissé alacsonyabb, mint a normal csapadék és az AC-vel érintkezett mintak értékei.
Az AC-vel érintkezett mintak enyhe BOIs-ndvekedése arra utal, hogy az ott jelenlévd szerves
anyag biologiailag konnyebben hozzaférhetd, illetve magasabb mikrobialis terhelés
jellemezheti, valdsziniisithetden a tetdfedd anyagbol szarmazo szerves komponensek miatt. A
szimulalt mintak BOIs-értéke, amely kozel all a normal csapadékéhoz, azt jelzi, hogy kiilsé
szerves terhelés hianyaban a biokémiai oxigénigény viszonylag stabil marad, ezaltal kiemelve
az AC tet6k szerepét a szerves szennyezés ndvekedésében.

A szimulalt mintdk kémiai oxigénigénye (KOI,) 3,43 + 0,41 mg/L volt, amely
gyakorlatilag megegyezett a normal csapadék értékeivel. Ezzel szemben az AC-vel érintkezett
mintdk KOI,-értéke szignifikdnsan magasabb, 6,71 + 1,78 mg/L volt. Ez a jelentds ndvekedés
nagyobb mennyiségli oxidalhatd szerves €s szervetlen anyag jelenlétére utal, amelyek
valoszinlileg az azbesztcement anyagbdl, illetve a tetdfeliileten felhalmozddott kornyezeti
szennyezddésekbdl szarmaznak. A szimulalt mintdk viszonylag alacsony KOI,-értéke arra utal,
hogy kiilsé szennyezdk hidnydban maga az AC anyag dnmagédban nem okoz jelentds KOI-
emelkedést, ugyanakkor kornyezeti tényezOkkel kombinalva hozzdjarulhat az oxidalhato

komponensek novekedésehez.

4.3.4 A szimulalt azbesztcementtel érintkezett mintak nehézfém-szennyezettsége

A szimulalt vizmintdk nehézfém-koncentracidinak elemzése — az azbesztcement (AC)
tetofeliilettel érintkezett, illetve a normdl csapadékmintdkhoz viszonyitva — fontos
kovetkeztetéseket tett lehetdvé az AC anyag vizmindségre gyakorolt hatdsardl (9. abra). A
szimulalt mintak atlagos teljes cinkkoncentracidja 0,0361 + 0,002 mg/L volt, amely jelentésen

meghaladja a normal csapadékban jellemz0 cinkszinteket. Ugyanakkor az AC-vel érintkezett
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természetes csapadékmintakban a cink koncentracioja ennél is Iényegesen magasabb, atlagosan
0,155 + 0,012 mg/L értéket mutatott. Ez a szamottevé novekedés arra utal, hogy az AC tetéfedd
anyag jelentés cinkforrasként miikodik, feltehetéen a cementmatrixbdl torténd kioldddas,
illetve a gyartas soran alkalmazott cinktartalmt adalékanyagok jelenléte miatt.

A szimulalt mintdk emelkedett — bar az AC-vel érintkezett mintakhoz képest alacsonyabb
— cinkkoncentracidja azt jelzi, hogy az AC anyag kdrnyezeti szennyezdk jelenléte nélkiil is
képes cinket kibocsatani a vizbe. Ez rdmutat arra, hogy az azbesztcement tetéfedés Gnmagaban
is hozzajarulhat a gytijtott csapadékviz cinktartalmanak novekedéséhez. A mért koncentracio
azonban Onmagaban nem tekinthetd egyértelmli kornyezeti vagy humanegészségiigyi
kockazatnak, mivel 6nt6zési felhasznalas esetén a cink esszencialis mikroelemként kedvezd
szerepet is betolthet. A szimuldlt mintdk 4tlagos 6lomkoncentracioja 0,0021 + 0,0017 mg/L
volt, amely kissé magasabb a normal csapadék értékeinél, ugyanakkor alacsonyabb az AC-vel
érintkezett mintdkban mért koncentracioknal. Ez arra utal, hogy az AC anyag bizonyos

mértékben hozzéjarulhat az 6lom jelenlétéhez, de ennek szerepe kevésbé dominans, mint a cink
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9. dbra: A szimulalt mintak 6sszehasonlito elemzése a teljes Zn-, Pb- és Hg-koncentraciok alapjan

Forras: sajat szamitas, sajat szerkesztés

A szimulalt mintak enyhe novekedése azt jelzi, hogy az AC anyagbdl korlatozott mértékii
o0lomkioldddas torténhet, mig az AC-vel érintkezett természetes csapadékvizben tapasztalt
nagyobb koncentraciondvekedés valosziniisithetden a tetdfeliileten felhalmozodott kornyezeti
olomterhelés kdvetkezménye. Ez hangstlyozza annak fontossagat, hogy az AC tetékrdl gytijtott
csapadékviz Olomtartalméanak értékelésekor az anyagosszetételt és a kornyezeti expoziciot
egyarant figyelembe kell venni. A szimulalt mintdk teljes higanykoncentracigja 0,0063 + 0,009
mg/L volt, amely szamottevéen meghaladja a normal csapadékban jellemzo értékeket. Ez az

emelkedett koncentracid arra utal, hogy a higany jelen lehet az AC anyagban, illetve bizonyos
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koriilmények kozott felszabadulhat abbol. A mért értékek nagy variabilitasa azonban arra enged
kovetkeztetni, hogy a higany forrdsainak és viselkedésének pontos megértéséhez tovabbi

vizsgélatok sziikségesek.

4.4 Csiraztatasos és korai vegetacios kisérletek eredményei
4.4.1 A Trifolium pratense vizsgalatanak eredményei

A kontroll csirdzasi arany 88,0% volt a Salino, 86,0% a Rozeta és 90,0% az Altaswede
fajta esetében. A Trifolium pratense magok csirazasa 25,0 °C-on atlagosan 88,0 + 2,00%-nak
adodott. Mar 1 mg/L doziskoncentracio esetén csokkenés volt megfigyelhetd: a csirazasi arany
82,0%-ra (Salino), 80,0%-ra (Rozeta) és 84,0%-ra (Altaswede) mérséklodott. Az 50 mg/L dozis
hatasara a csirdzasi arany 48,0% (Salino), 46,0% (Rozeta) és 58,0% (Altaswede) értékre
csokkent, ami a kontrollcsoporthoz viszonyitva 54,5%, 53,5% ¢és 64,4%-nak felelt meg. A teljes
vizsgalt csoport atlaga 93,2 + 0,16% volt 1,00 mg/L esetén, mig 50 mg/L koncentracional 57,5
+ 6,04% (kontroll %-aban). A két dozisszint kozotti atlagos kiillonbség —35,7 + 5,90% volt. A
determinacios egyiitthatd (R?) Salino esetében 0,9840, Rozeta esetében 0,9974, Altaswede

esetében 0,9313 volt, ami erds dozis—valasz 0sszefliggést jelez (10. abra).

Percent of
control (%)
M B O
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Salino Rozeta Altaswede

o1tmg/l 82mg/!l Ba5mg/l a10mg/l B25mg/l =mB5S0 mg/

10. abra: A Trifolium pratense (Salino, Rozeta, Altaswede) fajtak gydkérhosszanak
osszehasonlito vizsgalata az azbeszttel szennyezett 6ntéz6viz hatasara. Mind az 1 mg/L, mind az 50 mg/L
koncentracio esetében szignifikans csokkenés volt kimutathato
(p £0,05), a nagyobb dozis erdteljesebb gatlo hatdssal.

Forras: sajat szamitas, sajat szerkesztés

Az 1 mg/L dozis a gyokérhossz 95,2%-ra torténd csokkenését eredményezte a kontrollhoz
képest Salino esetében, 95,7%-ra Rozeta és 95,5%-ra Altaswede esetében. Az 50 mg/L dozis
hatdsara a gyoOkérhossz 47,6%-ra (Salino), 47,8%-ra (Rozeta) ¢€s 54,5%-ra (Altaswede)
csokkent. Ez atlagosan 95,4 + 0,21%-o0s (1,00 mg/L), illetve 50,0 £ 3,94%-0s (50,0 mg/L)
értéket jelentett. Az R? értékek 0,9791 (Salino), 0,9941 (Rozeta) és 0,9611 (Altaswede) voltak.
Az 1 mg/L doézis a hajtasmagassag 91,3%-ra (Salino), 90,5%-ra (Rozeta) és 93,2%-ra

(Altaswede) torténd csokkenését eredményezte a kontrollcsoporthoz viszonyitva (11. abra). Az
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50 mg/L dozis esetén a hajtasmagassag 41,3% (Salino), 45,2% (Rozeta) és 45,5% (Altaswede)
értékre csokkent. Az 1,00 mg/L dozis atlaga 91,7 + 1,39%, mig 50,0 mg/L esetén 44,0 + 2,34%
volt. Az R? értékek rendre 0,9439; 0,9662; illetve 0,9828 voltak.

Percent of
control (%)
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11. abra: A Trifolium pratense (Salino, Rozeta, Altaswede) fajtak hajtasmagassaganak 6sszehasonlito vizsgalata
az azbeszttel szennyezett ontozoviz hatasara. A dozis novekedésével a novekedésgatlas mértéke szignifikansan

fokozodott (p <0,05). Forras: sajat szamitds, sajat szerkesztés

4.4.2 A Medicago sativa elemzésének eredményei

A kontroll csirazasi arany 92,0% volt az Emiliana, 94,0% a Gea és 90,0% az Algonquin
fajta esetében. A Medicago sativa magok csirdzasa 25,0 °C-on atlagosan 92,0 + 2,00%-nak
adodott. Az 1 mg/L doziskoncentracié mar kimutathat6 csokkenést eredményezett: a csirazasi
arany 88,0%-ra mérséklodott Emiliana és Gea esetében, mig 86,0%-ra Algonquin esetében. Az
50 mg/L dozis hatasara a csirazasi arany 54,0% (Emiliana), 50,0% (Gea) és 52,0% (Algonquin)
értékre csokkent. A kontrollcsoport szazalékaban kifejezve ez 58,7% (Emiliana), 53,2% (Gea)
¢és 57,8% (Algonquin) volt. A teljes csoport atlaga 94,9 + 1,15% volt 1,00 mg/L esetén, mig
50,0 mg/L doézisnal 56,6 + 2,95%. A két dozisszint kozotti atlagos kiilonbség —38,4 £ 1,81%
volt. A determindcios egylitthatd (R?) Emiliana esetében 0,9827, Gea esetében 0,9842,
Algonquin esetében 0,9754 volt, ami erdteljes dozis—valasz 0sszefiiggést jelez.

Az 1 mg/L dozis a gydkérhossz 97,2%-ra (Emiliana), 97,1%-ra (Gea) és 91,4%-ra
(Algonquin) torténd csokkenését eredményezte a kontrollhoz képest (12. abra). Az 50 mg/L
dozis hatisara a gyokérhossz 59,7%-ra (Emiliana), 60,3%-ra (Gea) és 57,1%-ra (Algonquin)
csokkent. Ez atlagosan 95,2 + 3,30%-os (1,00 mg/L), illetve 59,1 £ 1,68%-0s (50,0 mg/L)
értéket jelentett. Az R? értékek 0,9781 (Emiliana), 0,9788 (Gea) és 0,9844 (Algonquin) voltak.
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12. abra: A Medicago sativa (Emiliana, Gea, Algonquin) fajtik gydkerhosszanak ésszehasonlito vizsgalata az
azbeszttel szennyezett ontéz6viz hatasara. Mind az 1 mg/L, mind az 50 mg/L koncentrdacio esetén szignifikans
csokkenés volt kimutathato (p < 0,05), a magasabb dozis erdteljesebb gatlo hatassal.

Forras: sajat szamitas, sajat szerkesztés

Az 1 mg/L dozis a hajtasmagassag 98,8%-ra (Emiliana), 96,3%-ra (Gea) és 96,4%-ra
(Algonquin) torténd csokkenését eredményezte a kontrollcsoporthoz viszonyitva (13. abra).
Az 50 mg/L dozis esetén a hajtdsmagassag 65,9% (Emiliana), 69,1% (Gea) és 69,9%
(Algonquin) értékre csokkent. Az 1,00 mg/L dozis atlaga 97,2 + 1,41%, mig 50,0 mg/L esetén
68,3 £ 2,14% volt. Az R? értékek 0,9818 (Emiliana), 0,9604 (Gea) és 0,9429 (Algonquin)

voltak.
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13. abra: A Medicago sativa (Emiliana, Gea, Algonquin) fajtak hajtasmagassaganak dsszehasonlito vizsgalata
az azbeszttel szennyezett 6ntozoviz hatasara A dozis névekedésével a névekedésgatlas mértéke fokozodott (p <

0,05). Forras: sajdt szamitas, sajdt szerkesztés

4.4.3 A Solanum lycopersicum elemzésének eredményei

A kontroll csirazési arany 92,0% volt a Mand, valamint 90,0% a Kecskeméti 549 és a
Mobil fajta esetében. A Solanum lycopersicum magok csirdzasa 25,0 °C-on atlagosan 90,7 +
1,15%-nak adodott. Az 1 mg/L doziskoncentracid mar mérhetd csokkenést eredményezett: a
csirazasi arany 88,0%-ra mérséklddott a Mano és a Kecskeméti 549, valamint 86,0%-ra a Mobil
fajta esetében. Az 50 mg/L dozis hatdsara a csirdzasi arany 58,0% (Mand), 60,0% (Kecskeméti
549) és 56,0% (Mobil) értékre csokkent. A kontrollcsoport szdzalékaban kifejezve ez 63,0%
(Mano), 66,7% (Kecskeméti 549) és 62,2% (Mobil) volt. A teljes csoport atlaga 96,3 + 1,26%
volt 1,00 mg/L esetén, mig 50,0 mg/L dézisnal 64,0 + 2,36%. A két dozisszint kdzotti atlagos
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kiilonbség —32,4 + 1,13% volt. A determinicios egyiitthatd (R*) 0,9909 (Mand), 0,9823

(Kecskeméti 549) és 0,9916 (Mobil) volt, ami szoros dozis—valasz kapcsolatot jelez (14. abra).

Percent of
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14. abra: A Solanum lycopersicum (Mano, Kecskeméti 549, Mobil) fajtak gyokérhosszanak dsszehasonlito
vizsgalata az azbeszttel szennyezett ontozéviz hatasara Mind az 1 mg/L, mind az 50 mg/L koncentracio esetén
szignifikans csokkenés volt kimutathato (p < 0,05), a magasabb dozis erdteljesebb gatlo hatassal.

Forras: sajat szamitas, sajat szerkesztés

Az 1 mg/L dozis a gyokérhossz 91,9%-ra (Mano), 87,5%-ra (Kecskeméti 549) és 80,3%-
ra (Mobil) torténd csokkenését eredményezte a kontrollhoz képest. Az 50 mg/L dézis esetén a
gyOkérhossz 55,4%-ra (Mand), 59,7%-ra (Kecskeméti 549) és 52,6%-ra (Mobil) csokkent. Ez
atlagosan 86,6 + 5,87%-0s (1,00 mg/L), illetve 55,9 = 3,57%-os (50,0 mg/L) értéket jelentett.
Az R? értékek 0,9961 (Mano), 0,9710 (Kecskeméti 549) és 0,9908 (Mobil) voltak. Az 1 mg/L
dozis a hajtasmagassag 95,6%-ra torténd csokkenését eredményezte mindharom fajta esetében
(Mano: 95,6%; Kecskeméti 549: 95,5%; Mobil: 95,6%) a kontrollcsoporthoz viszonyitva (15.
abra). Az 50 mg/L dozis hatdsara a hajtasmagassag 56,0% (Mano), 59,6% (Kecskeméti 549)
¢és 57,8% (Mobil) értékre csokkent. Az 1,00 mg/L dézis atlaga 95,6 £ 0,05%, mig 50,0 mg/L
esetén 57,8 = 1,75% volt. Az R? értékek 0,9916 (Mano), 0,9863 (Kecskeméti 549) és 0,9941
(Mobil) voltak.
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15. abra: A Solanum lycopersicum (Mano, Kecskeméti 549, Mobil) fajtik hajtasmagassaganak 6sszehasonlito
vizsgadlata az azbeszttel szennyezett 6ntozoviz hatisara. A dozis novekedésével a névekedésgatlas mértéke

fokozodott (p < 0,05). Forrds: sajat szamitds, sajat szerkesztés
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4.5 Az azbesztmentes varosi atmenet rendszerszintii elemzése az MLP keretében
Kutatdsom ezen iranyu tevékenységének célja annak feltarasa volt, hogy a niche-

innovaciok, a rezsimstrukturdk és a makrokornyezeti (landscape) tényezOk kozotti

kolcsonhatasok miként befolyasoljak az azbesztmentes és fenntarthatd varosi fejlodési palyak

kialakulasat.

4.5.1 Makrokornyezeti (landscape) tényezok hatasa az atmenetre

Elemzésem soran els6ként a makrokornyezeti szint szerepét vizsgaltam az azbesztmentes
varosi atmenet alakuldsdban. Eredményeim azt mutattdk, hogy a globalis fenntarthatosagi
diskurzus er6sddése, a kozegészségiigyi kockazatokkal kapcsolatos tarsadalmi tudatossag
novekedése, valamint a nemzetkdzi kornyezetpolitikai kotelezettségvallalasok egyiittesen
jelentds strukturalis nyomadst gyakorolnak a varosi rendszerekre. Ezek a tényezdk hosszi tdvon
destabilizaljak az azbeszttartalmu infrastrukturdkra épiilé megoldasokat, és normativ keretet
teremtenek az azbesztmentesités sziikségességének tarsadalmi elfogaddsdhoz. Ugyanakkor
megallapitottam, hogy a makroszintli nyoméas onmagiban nem eredményez automatikus
rendszerszintli dtalakuldst. Amennyiben a rezsimintézmények nem reagalnak adaptiv modon a
kiils6 impulzusokra, az 4&tmenet lassu és fragmentalt marad. A makrokdrnyezeti tényezok igy
elsdsorban katalizator szerepet tdltenek be, amely eldfeltétele, de nem kizarolagos

meghatdrozoja az dtmenet sikerének.

4.5.2 Rezsim-szintil beagyazottsag és strukturalis korlatok

A rezsim-szint elemzése soran arra a kovetkeztetésre jutottam, hogy az azbeszttartalmu
épitett kornyezet fennmaraddsa mély intézmeényi €s gazdasagi bedgyazottsag kovetkezménye.
Az épitési és bontasi dgazatban kialakult gyakorlatok, a meglévd szabéalyozasi strukturak,
valamint a koltségoptimalizalasra épiild piaci logika egyiittesen palyafliggdséget
eredményeznek. Ez a strukturdlis lock-in jelentdsen lassitja az alternativ, fenntarthato
megoldasok széles korl elterjedését. Eredményeim azt igazoltdk, hogy a rezsim akkor valik
nyitottabbd az atalakuldsra, amikor a szabdlyozasi szigoritds, a pénziigyi 0sztonzok és a
tarsadalmi elvarasok egyszerre jelentkeznek. Az azbesztmentesités igy nem pusztan
technologiai innovacio kérdése, hanem intézményi reformot és gazdasagi 6sztonzOrendszer-
atalakitast is igényel. A rezsim rugalmassaga dontd tényez6 az &tmenet sebessége ¢s mélysége

szempontjabol.
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4.5.3 Niche-innovaciok és azok felskalazasi potencialja

A niche-szint vizsgéalata sordn az azbesztmentes ¢épitéanyagok, az innovativ
dekontaminacios technoldgidk, valamint a korforgdsos gazdasagi modellek megjelenését
elemeztem. Eredményeim alapjan ezek az innovaciok képesek alternativ fejlodési palyakat
kinalni a fennalld6 rendszerrel szemben, ¢€s potencidlisan hozzdjarulhatnak a rezsim
atalakuldsdhoz. Ugyanakkor megallapitottam, hogy a niche-megoldasok sikeressége
nagymértékben fiigg azok intézményi és piaci integracidjatol. A felskalazas feltétele a stabil
finanszirozasi hattér, a szabalyozasi kornyezet tamogatd jellege, valamint az iparagi
elfogadottsag. Elemzésem ramutatott arra is, hogy a niche-innovaciok széles kort elterjedése
soran fennall annak veszélye, hogy eredeti fenntarthatdsagi céljaik részben kompromittalddnak.
Ez a ,,mainstreaming-paradoxon” kiilondsen relevans az azbesztmentesitési folyamat esetében,
ahol a koltséghatékonysagi szempontok gyakran feliilirjak a hossza tava kornyezetbiztonsagi

prioritasokat.

4.5.4 Arendszerszintek kozotti kolcsonhatas értékelése

A hédrom szint egylittes vizsgalata alapjan arra a kovetkeztetésre jutottam, hogy az
azbesztmentes varosi atmenet sikere a rendszerszintek kozotti dinamikus kolcsonhatdson
mulik. A makrokodrnyezeti tényezOk normativ és politikai nyomast generalnak, a rezsim
biztositja vagy éppen korlatozza az intézményi kereteket, mig a niche-innovaciok konkrét
technologiai és szervezeti alternativakat kindlnak. Az atmenet akkor valik stabil és hosszu tdvon
fenntarthat6 folyamatta, amikor a niche-innovacidk intézményesiilnek a rezsim struktiraiban,
¢és a makrokornyezeti elvarasok normativ legitimacioét biztositanak az &talakuldshoz.
Eredményeim tehat megerdsitik, hogy az azbesztmentesités nem értelmezhetd izolalt
szakpolitikai intézkedésként, hanem komplex szociotechnikai transzformacioként, amely a
fenntarthato varosi fejlédés egyik strukturalis komponense. Az MLP-szintek kozotti azonositott

kolcsonhatasokat €s az dtmenet dinamikajat a 16. abra szemlélteti.

4.6 Az azbesztérintettség regionalis vizsgalata

Az azbesztérintettség interdiszciplinaris értékelésére jelenleg nem all rendelkezésre
egységes modszertan, ezért a jelen tanulmanyban bemutatott elemzés is elézetesen kivalasztott
indikatorcsoporton alapult. Az adatok rendszerezését kovetden azok kategorizalasat és
standardizalasat végeztem el. Az egységes szerkezetbe rendezett adatok alapjan meghataroztam
az Euklideszi tavolsagértékeket, majd ezek felhasznéaldsaval kiszdmitottam az alternativ,
dimenzidmentes azbesztérintettségi indexet (1. tablazat). A taxondémiai elemzés soran kapott

primer és szekunder adatok alapjan megallapithat6, hogy a magyarorszagi NUTS-2 régiok
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helyzete a vizsgalt négy évben valtozatos, ugyanakkor bizonyos értelemben stabil képet
mutatott. A 2005 és 2020 kozotti idoszakban a szamitott indexérték osszességében ndvekedést
mutatott. Az orszagos atlagos indexérték 2005-ben 0,3098, 2010-ben 0,2377, 2015-ben 0,2612,
mig 2020-ban 0,3389 volt. Ez orszagos szinten alacsony €rintettségi szintet jelez, ugyanakkor
hangsulyozando, hogy a vizsgalt idészakban novekedési tendencia figyelhetd meg.

A novekedés hatterében a mezotelioma incidenciaértékeinek ingadozo, de tendencidjaban
emelkedd alakuldsa, valamint egyes régiokban az azbeszttartalmu hulladék mennyiségének
novekedése all. A 2005 és 2020 kozotti teljes iddszak atlagos valtozési iiteme +28,5%-0s
novekedést mutatott. A vizsgalt idészak elsé harmadéaban (2005-2010) -18,0%-o0s csdkkenés
volt tapasztalhat6, a masodik harmadban (2010-2015) +24,5%-o0s ndvekedés, mig az utolsd
harmadban (2015-2020) mar +33,2%-0s emelkedés kovetkezett be.
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16. abra: Az azbesztmentes varosi dtmenet rendszerszinti dinamikaja az MLP keretében

Forras: sajat szamitas, sajat szerkesztés

Az elemzés eredményei alapjan a 2005 és 2020 kozotti trendeket vizsgalva jelentds
regiondlis kiilonbségek figyelhetok meg a magyarorszagi NUTS-2 régiok kozott. A teljes
vizsgalt id0szakban a legnagyobb ndvekedés Nyugat-Dunantulon (HU22) volt kimutathatd
(+182,9%). Hasonléan jelentds, 100%-ot meghaladé ndvekedés volt tapasztalhaté az Eszak-
Alfold (HU32) régidban (+111,5%). Ezzel szemben a legnagyobb csokkenés a Dél-Alfold
(HU33) esetében jelentkezett (-56,3%). A nyolc régio koziil négy esetében (Budapest — HU11,
Nyugat-Dunantal — HU22, Dél-Dunantil — HU23, Eszak-Alfold — HU32) novekedés volt
megfigyelhetd, mig négy régioban (Pest — HU12, Kozép-Dunantil — HU21, Eszak-
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Magyarorszag — HU31, Dél-Alfold — HU33) csokkenés kovetkezett be. A vizsgalt idoszak elso
harmadaban (2005-2010) a legnagyobb ndvekedést az Eszak-Alfold régioban (+48,7%)
tapasztaltam, mig a legjelentdsebb csokkenés a Dél-Alfold esetében volt kimutathato (-57,9%).

A masodik harmadban (2010-2015) Nyugat-Dunantil mutatta a legnagyobb novekedést
(+122,2%), mig a legnagyobb visszaesés Pest régioban (-55,9%) volt megfigyelhetd. Az utolso
idészakban (2015-2020) az Eszak-Alfold (+78,6%) és Eszak-Magyarorszag (-27,0%) jelentette
a valtozasi intervallum két szélséértékét. Az eredmények alapjan megallapithatd, hogy az
azbesztérintettség tobbdimenzids elemzéssel jellemezhetd, és a jelenség a rendelkezésre allo
indikatorok mentén kvantifikalhat6. Ugyanakkor hangsulyozni sziikséges, hogy az indikatorkor
boviilésével az indexértékek tovabb finomithatok lennének. A teriileti eloszlas

egyenldtlenségeit figyelembe véve Magyarorszag mérsékelten érintett kategoridba sorolhato.

1. tablazat: Az Euklideszi tavolsag és az integralt index szamitasdanak eredményei

Euclidean Euclidean Euclidean Euclidean

Code  NUTS-2 distance:  distance:  distance:  distance: l « K N
2005 5010 015 2020 2005 2010 2015 2020
HU11  Budapest 2.72 3.46 2.77 1.84 0.512  0.395 0474 0.615
HUI12  Pest 3.97 3.74 4.46 3.74 0.286 0.346 0.153 0.218
HU21  Central Transdanubia 2.61 4.06 2.92 2.45 0.530 0.289 0.446 0.487
HU22  Western Transdanubia 4.93 5.20 421 3.24 0.114  0.090 0.200 0.322
HU23  Southern Transdanubia 4.44 5.01 4.52 3.68 0.202 0.123  0.140 0.231
HU31  Northern Hungary 4.47 4.90 4.02 3.96 0.197 0.143  0.235 0.172
HU32  Northern Great Plain 428 3.75 3.82 2.44 0.231 0.344 0.274 0.489
HU33  Southern Great Plain 3.31 4.74 4.38 3.93 0.406 0.171 0.167 0.177

Forras: sajat szamitas, sajat szerkesztés

Egyes régiokban széles intervallum ¢és magasabb indexértékek figyelheték meg
(Budapest, K6zép-Dunantul, Eszak-Alfold), mig két régio esetében (Dél-Dunantul, Eszak-
Magyarorszag) az indexérték alacsony és sziik varidcios tartomdnyban mozgott, jellemzden
0,30 alatti értékekkel. Pest és Nyugat-Dunanttl alacsony, ugyanakkor jelentésen ingadozo
indexértékeket mutatott. Az eredmények arra utalnak, hogy az azbesztérintettség teriileti
mintdzata differencidlt, és a regionalis eltérések figyelembevétele elengedhetetlen az

azbesztmentes varosi atmenet szakpolitikai €s stratégiai tervezése soran.
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5. EREDMENYEK HASZNOSITHATOSAGA

A disszertacio eredményeinek hasznosithatdosaga nem sziikithetd le egyetlen alkalmazasi
teriiletre, mivel a vizsgalatok targya onmagaban is tObbdimenzids jelenség. Az azbesztcement
nem pusztan épitdanyag, hanem olyan komplex kompozit rendszer, amely oregedése soran
anyagtudomanyi, kémiai, hidrolégiai, bioldgiai és tarsadalmi szinten is relevans folyamatokat
generdl. Ebbol kovetkezéen az eredmények alkalmazhatdésaga csak rendszerszintli
megkdzelitésben értelmezhetd. A  kutatds egyik legfontosabb hozzajarulasa, hogy az
azbesztcement problémajat nem statikus Orokségként, hanem dinamikus expozicids
rendszerként irja le. A hatds nem a beépités pillanatdban jelentkezik, hanem a degradacio
elorehaladtaval valik egyre hangstlyosabba. Ez az id0dimenzio kiilondsen fontos a
kornyezetpolitikai és kockazatértékelési alkalmazhatésag szempontjabol, mivel a jelenlegi
infrastruktura-allomany jelentds része éppen a kritikus 6regedési fazisba 1épett.

A disszertaci6 eredményei lehetévé teszik egy strukturdlt expozicids-hatds lanc
(exposure—effect chain) modell megfogalmazasat, amely az anyagszerkezeti degradéaciotol a
tarsadalmi kockézatig koveti nyomon a folyamatokat. Ez a modell nem pusztdn elméleti
konstrukcio, hanem empirikusan alatdmasztott, tobb modszertani szinten validalt rendszer. A
spektroszkopiai eredmények egyértelmiien igazoltdk, hogy a kornyezeti expozicido a
cementmatrix mikrostrukturalis integritdsanak csokkenéséhez vezet. A karbonatosodas, a
mikrorepedések kialakuldsa és a kotdanyag-fazis atalakuldsa eldfeltétele a komponensek
mobilizaciojanak. Ez a szakasz a kockéazat forraspontja.

— Gyakorlati alkalmazhatésag: Az FT-IR alapt allapotdiagnosztika alkalmas lehet az
Oregedett azbesztcement elemek kockazati besorolasara. A spektralis eltérések
kvantifikalasa hozzajarulhat a bontési prioritasok meghatarozasahoz és a preventiv
beavatkozasok tervezésehez.

A vizanalitikai eredmények azt mutatjak, hogy az azbesztcementtel érintkezd
csapadékviz paraméterei szignifikansan eltérnek a normal csapadékvizétdl. A pH-novekedés, a
vezetOképesség emelkedése és a keménység jelentds valtozasa a matrix aktiv ionforras szerepét
igazolja. A Zn, Pb és Hg koncentraciok emelkedése pedig azt mutatja, hogy a mobilizacio
toxikologiailag relevans komponensekre is kiterjed.

— Gyakorlati alkalmazhatésag: A csapadékviz-gytijtési rendszerek esetében indokolt
lehet az anyagfiiggd mindségi kockazatértékelés bevezetése. Az eredmények alapot
adhatnak olyan szabalyozasi keretek kialakitasahoz, amelyek a tetéfedd anyag tipusat a

vizhasznalat engedélyezési feltételeihez kotik.
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A viz a hatéaslanc transzportkozege. A kémiai paraméterek torzuldsa nem Onmagaban
jelent kockéazatot, hanem azért, mert kozvetiti az anyagszerkezeti valtozasok kovetkezményeit
a bioldgiai receptorok felé.

— Gyakorlati alkalmazhatésag: A vizmindségi paraméterek alapjan kialakithatd egy
elérejelzé  indikatorrendszer, amely a biologiai hatasok bekdvetkezésének
valdsziniiségét becsiili. Ez a rendszer alkalmazhaté mezdgazdasagi ontdzési dontések
eldkészitésében.

A novénykisérleti eredmények magas determinacios egyiitthatoval alatamasztott dozis—
valasz kapcsolatot mutattak. A gyokérhossz €s hajtasmagassag csokkenése azt jelzi, hogy az
expozicidé mar alacsony koncentraciok esetén is kimutathatd biologiai hatassal jar.

— Gyakorlati alkalmazhatésag: A bioindikacid integralhatd a vizmindség-ellendrzési
rendszerekbe, kiillondsen ott, ahol a viz kdzvetlen mezdgazdasagi felhasznalasra kertil.

A NUTS-2 szinti indexképzés Ilehetévé tette az azbesztérintettség teriileti
differencidltsaganak kvantifikalasat. Ez a makroszintli validacié azt mutatja, hogy az
expozicids lanc nem elszigetelt jelenség, hanem teriiletileg strukturalt mintazat.

— Gyakorlati alkalmazhatosag: A regionalis index alkalmas lehet mentesitési prioritasi
térképek készitésére és forrasallokacids dontések megalapozasara.

A vizsgalatok egyértelmiien ramutatnak arra, hogy az azbesztcement O6rokség nem
tekinthetd pusztan passziv hulladékgazdalkodasi kérdésnek. Az azbesztcement elemek aktiv
kornyezeti forrasként viselkednek, amelyek degradaciojuk soran kémiai €s potencialisan
toxikologiai szempontbol relevans komponenseket mobilizdlnak. Ez a felismerés
paradigmavaltast igényel az azbesztkezelési stratégidkban. A fenntarthat6 varosi &tmenet nem
valdsithatd meg kizardlag ) anyagok alkalmazasaval vagy jovOorientdlt szabalyozéssal.
Sziikséges az anyaginfrastruktura 6regedési folyamatainak integralt kezelése is. A degradacio
nemcsak esztétikai vagy statikai kérdés, hanem expozicids kockézati tényezd. Eredményeim
indokoljak a mentesitési programok priorizaldsat és felgyorsitasat. Indokolt tovabba a
csapadékviz-hasznalat szabdlyozasanak feliilvizsgéalata olyan esetekben, ahol a gytijtott viz
azbesztcement feliiletrél szarmazik. A bioindikaci6é beemelése a kornyezeti kockdzatértékelési
gyakorlatba 1j, integralt monitoring-megkdozelitést kindlhat, amely a kémiai paramétereket
biologiai valaszreakciokkal egyiitt értelmezi. A regiondlis prioritasalapi beavatkozas pedig
lehetdvé teszi a forrdsok hatékonyabb, kockazataranyos elosztasat.

Ez a vertikalis integracio (az anyagtudomanytol a regionalis 1éptékig) biztositja a
modell tudomanyos megalapozottsagat. A rendszer vitaképes abban az értelemben, hogy
tovabbi indikatorokkal és hosszabb idosorokkal finomithato, ugyanakkor jelen

formajaban is koherens, modszertanilag alatamasztott és reprodukalhato keretet kinal.
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6. UJ TUDOMANYOS EREDMENYEK

1. tézis: Igazoltam, hogy a kornyezeti expozicionak kitett azbesztcement termékek matrix-
degradacidja szignifikansan befolyasolja a krizotil FT-IR spektralis kimutathatosagat, és
a spektralis illeszkedési arany novekedése indikatora lehet a szerkezeti integritas
csokkenésének.

Indokolas: Kimutattam, hogy a kornyezeti hatdsoknak (UV-sugarzas, csapadék, hdingadozas)
kitett hullamos ¢s sik azbesztcement elemek esetében a krizotil spektralis illeszkedése
szisztematikusan magasabb értékeket mutat, mint a szeparalt mintdk esetében. Ez arra utal,
hogy a cementmatrix degradéacidja ndveli a szalas komponensek relativ spektralis lathatosagat.
Eredményeim alapjan az FT-IR moddszer nemcsak kvalitativ azonositdsra, hanem

allapotdiagnosztikai célra is alkalmazhato.

2. tézis: Bizonyitottam, hogy az azbesztcementtel érintkezé csapadékviz vizmindségi
paraméterei (pH, vezetéképesség, keménység, TOC, KOI, BOIs) szignifikans mértékben
eltérnek a normal csapadékvizétol, és ez a valtozas a cementmatrix ionmobilizacidjaval
magyarazhato.

Indokolas: A vizsgalatok igazoltak a lugositd hatast, az ionterhelés novekedését, valamint az
oxidalhato komponensek emelkedését. Eredményeim aldtdmasztjdk, hogy az azbesztcement
tetofeliilet nem passziv gytljtofeliilet, hanem aktiv kémiai forrds, amely modositja a lefolyo viz
Osszetételét. Ez a megallapitds 10 megkozelitést jelent a csapadékviz-hasznositas

kockazatértékelésében.

3. tézis: Kimutattam, hogy az azbesztcement matrixbol mobilizalodo nehézfémek (Zn, Pb,
Hg) koncentracidja jelentdsen meghaladja a normal csapadékviz értékeit, és a mobilizacio
részben a matrixbol, részben a feliileti akkumulaciobdl szarmazik.

Indokolas: A szimulalt és valds csapadékmintdk dsszehasonlitasa lehetdvé tette a matrixeredetii
¢s kornyezeti eredetli komponensek elkiilonitését. Eredményeim igazoljak, hogy az
azbesztcement szerkezeti Oregedése potencialis nehézfém-kibocsatasi forrassa teszi az

épitdanyagot. Ez a megallapitas kornyezettoxikologiai és szabalyozasi szempontbdl is relevans.
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4. tézis: Bizonyitottam, hogy az azbesztcementtel kontaminalt viz dozisfiiggo, linearis
regresszioval jol modellezhetd novekedésgatlo hatast fejt ki a vizsgalt modellnovények
(Trifolium pratense, Medicago sativa, Solanum lycopersicum) esetében.

Indokolés: A csirazési arany, gyokérhossz és hajtasmagassag szignifikans csokkenése mar
alacsony koncentraciok mellett is kimutathat6 volt, magas determinacios egyiitthatoval (R?). Ez
igazolja, hogy a vizmindségi torzulas biologiai hatassd transzformalddik. A ndvényélettani
eredmények empirikusan megerdsitik az anyagszerkezeti degradacié és az dkologiai valasz

kozotti oksagi kapesolatot.

5. tézis: Kidolgoztam és empirikusan alatamasztottam egy tobbszinti, Multi-Level
Perspective (MLP) alapi expozicios—hatas modellt, amely az azbesztcement
anyagszerkezeti degradaciojatél a vizmindségi torzulason és biolégiai valaszreakcion
keresztiil a fenntarthatésagi atmenet rendszerszintii értelmezéséig terjed.

Indokoléas: A modell mikro-szinten az anyagtudomanyi €s vizanalitikai folyamatokat, mezo-
szinten az Okologiai és agrarkOrnyezeti hatdsokat, makro-szinten pedig a telepiilési €s
szabalyozasi atmeneteket integralja. Igazoltam, hogy az azbesztcement-probléma nem izolalt
kornyezeti jelenség, hanem egy szociotechnikai rendszerben bedgyazott dtmeneti kihivas,
amelyben a degradaciobdl eredd kornyezeti hatasok visszahatnak a szabalyozasi és mentesitési
struktiurdkra. Ez a rendszerszintli megkozelités 01j értelmezési keretet kindl az azbesztmentes

telepiilési atmenet tudomanyos megalapozéasahoz.

6. tézis: Igazoltam, hogy a kornyezeti hatasoknak Kkitett azbesztcement feliiletekrol lefolyo
vizben a pH, a vezetoképesség, a vizkeménység, valamint a Zn, Pb és Hg koncentraciok
szignifikins novekedést mutatnak, és az igy torzult viz dozisfiiggd, linearisan
modellezheté novekedésgatlo hatast fejt ki mezogazdasagi jelentéségiu novényfajok
esetében.

Indokolés: Kimutattam, hogy az azbesztcementtel érintkezé csapadékviz pH-értéke atlagosan
kozel egy teljes egységgel magasabb, mint a normal csapadéké, a vizkeménység kozel
kétszeresére novekedhet, a Zn-koncentracid tobb nagysagrenddel meghaladja a normal
csapadékviz értékeit, a Pb és Hg koncentraciok szintén szignifikdns emelkedést mutatnak,
valamint a 1-50 mg/l koncentraciotartomanyban alkalmazott extraktum a csirdzasi aranyt,
gyOkérhosszt és hajtdsmagassagot 30-60%-os mértékben csokkentheti. Eredményeim
bizonyitjak, hogy az azbesztcement degradacidja vizkdzvetitett expozicids titvonalon keresztiil
mérhetd oOkoldgiai hatast generdl, igy az azbesztkockdzat értelmezése nem korlatozhato

kizarolag a levegdben terjedd szélas expoziciora.
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pratense, Medicago sativa, and
Solanum lycopersicum seeds
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This paper investigates how plants respond to stress caused by asbestos cement products in irrigation
water. It presents a thorough evaluation of the exposure and risk factors for plants, water, and soil
when exposed to these materials. The experimental results provide empirical evidence of plant stress
responses based on physiological and germination parameters. The research is motivated by concerns
about environmental contamination from asbestos cement in irrigation water, which can be toxic to
plants and lead to soil pollution, negatively impacting vegetation and soil quality. When exposed to
asbestos in water, plants experience toxic stress that can inhibit photosynthesis, nutrient uptake, and
germination. Asbestos can also adversely affect cell division and metabolism, risking plant growth,
reproduction, and overall health, as well as making them more susceptible to disease and pests under
environmental stress. The paper examines the impact on germination and physiological parameters of
Trifolium pratense, Medicago sativa, and Solanum lycopersicum, particularly how they were affected
by pre-established concentrations of irrigation water mixed with asbestos cement during a controlled
germination experiment. The research methodology was developed in the absence of established
global practices, standards, and methods, creating an opportunity for further methodological
advancement. The findings could serve as a situational analysis for professionals in environmental
plant protection and analytical fields.

Keywords Asbestos cement contamination, Asbestos toxicity, Harvested rainwater, Abiotic stress

Asbestos is a collective term for naturally occurring fibrous minerals that were extensively utilized in
construction and industry due to their ability to withstand high temperatures and provide insulation. These
minerals exhibit durability and cost-effective, but they represent potential health risks when inhaled as airborne
particles!. Inhalation of asbestos fibres can lead to respiratory illnesses, including asbestosis, lung cancer, and
Mesothelioma malignum?. The presence of asbestos in older structures has been identified as a continuing cause
for concern®. Asbestos pollution has profound ramifications for environmental wellbeing, especially in soil and
water ecosystems.

Asbestos has been shown to significantly affect environmental health, particularly regarding soil and water
quality.

The release of asbestos fibres into the environment can contaminate the soil, thereby jeopardizing land-
based ecological systems. Soil contamination can contribute to the spread of asbestos through wind erosion or
surface runoff, leading to the dispersal of fibres into new areas*~®. The enduring nature and resilience of asbestos
in the surrounding areas require comprehensive supervision, correction, and precautionary actions to reduce

additional environmental and public health consequences’.
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Asbestos cement products, especially roofing materials, are a major source of asbestos contamination in
the environment due to their gradual deterioration. Asbestos cement products, particularly asbestos cement
roofing, were widely used due to their durability and resistance to fire and weather. These products consist
of a mixture of cement and asbestos fibres, providing structural strength. However, over time, these roofs
become increasingly vulnerable to erosion and degradation, leading to the release of asbestos fibres into the
environment. Factors such as age, weather conditions, and physical damage can exacerbate this erosion®. The
deterioration and wearing away of asbestos cement roof materials result in the release of sizable amounts of
harmful asbestos fibres into the nearby surroundings. These fibres can endure for extended periods due to
their strong resistance to natural degradation processes’. Weathering mechanisms like freeze-thaw cycles, acid
rain, and ultraviolet radiation expedite the decomposition of these substances, leading to a higher rate of fibre
release!®-12. These fibrous materials can be transported by the wind and distributed in soil or adjacent water
sources'®. Deteriorating roofing can release asbestos fibres, which may contaminate the nearby soil and water,
thereby posing serious health risks to human and animal populations'*'>. Rainwater collected from these roofs
has the risk of being contaminated with asbestos fibres, making it unsuitable for drinking or irrigation and
possibly causing pollution in local groundwater sources!®-'%. Additionally, the asbestos fibres may settle on
plants and vegetation, potentially being incorporated into the food web if these plants are consumed by livestock
or wildlife'®.

Chrysotile asbestos, a component of cement roofing, can be released into water as fibres when the cement
materials deteriorate. This release is mainly caused by weathering and erosion processes, during which rainwater
or surface runoff carries the asbestos fibres away from their original location!”. In water, chrysotile asbestos
is less durable than other forms, but it can still persist and remain suspended for significant periods due to its
fibrous nature®. Asbestos fibres that are released into the environment not only present risks to human health
and soil quality, but also have direct and indirect impacts on plant physiology and growth.

Investigations into the impacts of asbestos on plants, especially those cultivated for gardens and agriculture,
have uncovered multiple effects. Exposure to asbestos fibres can inhibit seed germination, likely due to the
abrasive nature of the fibres disrupting seed coats and impeding water uptake!”. Plants that do germinate may
display stunted shoot and root growth because of fibrous asbestos inhibiting the development of root systems,
affecting nutrient and water absorption®. The number of leaves a plant produces may also be reduced, likely due
to impaired photosynthesis and overall vitality?®. Biochemical factors of plants, such as the level of proteins,
may be negatively impacted by exposure to asbestos. The abrasive properties of asbestos fibres along with their
chemical reactions can disturb regular metabolic activities. When plant tissues are exposed to soil contaminated
with asbestos, the protein content frequently diminishes due to the inhibition of crucial nutrient uptake by
the fibres, leading to physiological strain!. The presence of asbestos fibres in soil also correlates with reduced
chlorophyll content, which can impair photosynthesis and lead to reduced plant vigor and yield?’. Furthermore,
root development can be significantly impacted, as fibres physically obstruct root elongation or chemically disrupt
normal root function??. Additionally, oxidative stress caused by asbestos exposure can lead to the generation
of reactive oxygen species (abbreviation: ROS), which can damage cellular components, further reducing
biochemical functions like protein synthesis and leaf growth?*. Exposure to asbestos poses a distinct challenge to
plant life, emerging as a novel environmental element in modern times. The gritty and fibrous quality of asbestos
has the potential to disturb cellular arrangements, leading to physical harm in root and leaf tissues. This dual
impact results in decreased nutrient absorption, compromised protein production, and overall inhibited growth,
culminating in a comprehensive reaction to this stressor?!. Runoff from deteriorating asbestos cement products
can mobilize fibres into collected rainwater, making it a potential hazard when used for irrigation or other
purposes'”. Thus, understanding and mitigating the impact of asbestos on plant stress responses is critical for
safeguarding agricultural productivity and ecosystem health in a changing climate. Given these environmental
and biological impacts, it is crucial to further investigate how asbestos contamination influences plant stress
responses and broader ecological dynamics.

Table 1 presents a comprehensive summary of the relevant literature necessary for establishing the research
background of this paper. This summary aims to delineate the existing body of knowledge regarding the effects
of chrysotile asbestos on vegetation, thereby clarifying the novelty of the current research. By consolidating
previous studies, this overview identifies gaps in the literature and emphasizes the significance of the present
investigation. Such an approach ensures that the findings of this research are situated within the broader
academic discourse, illustrating how it contributes to advancing the understanding of the relationships between
environmental contaminants and plant life. Ultimately, this summary underscores the innovative aspects of the
paper, positioning it as an important contribution to the field.

The novelty and gap-filling nature of this research can be emphasized by noting that previous literature
has typically focused on either the contamination of soil samples taken from polluted sites or analysed aquatic
environments. This research integrates these two approaches by examining the various aspects of chrysotile
asbestos presence in precipitation and its effects on the soil-plant system. The novelty of this research lies in its
comprehensive evaluation of plant stress responses to asbestos cement contamination in irrigation water during
the early vegetation phases, an area with limited established global practices and standards. Additionally, there
is a notable international gap in that most studies concentrate solely on pure asbestos fibres, overlooking the
fact that chrysotile’s high surface tension and charge can lead to the formation of complex associations. A key
recognition of this paper is that plants do not encounter pure chrysotile but rather chemically and physically
altered complexes or composite formations, which influence their bioavailability and toxic effects. Furthermore,
in cases of heavy metal contamination, synergistic effects may occur, which are often disregarded. This paper
differs from previous work by employing a multi-faceted approach, integrating lab-based germination and
growth experiments with advanced analytical techniques to assess asbestos effects on plants. While earlier studies
focused on free asbestos fibres in soil and water, this research examines the impact of asbestos cement particles
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Author(s)
(year) Title Findings Reference
Environmental
Trivedi contamination The paper was conducted to assess the toxicity of chrysotile asbestos, a type of asbestos, on Lemna gibba, a water-loving aquatic
A.K, of chrysotile plant. The research found that asbestos concentrations were present in water, sediment, and aquatic plant samples near an asbestos
Musthapa | asbestos and cement plant. In laboratory experiments, L. gibba plants were exposed to two concentrations of chrysotile asbestos twice weekly for
A.M.S, its toxic effects 28 days. The paper evaluated the effects of this exposure on various growth, physiological, and biochemical parameters. The results 19
Ansari on growth and showed that chrysotile asbestos exposure had inhibitory effects on shoot number, root length, and biomass of the plants. Additionally,
g ¥ P! Y g P Y,
EA, physiological it led to changes in chlorophyll, carotenoids, total free sugars, starch, and protein content. On the other hand, electrolyte efflux,
Rahman Q. | and biochemical | lipid peroxidation, cellular hydrogen peroxide, catalase, and superoxide dismutase activity increased in a dose- and time-dependent
(2004) arameters of manner. The findings indicate that chrysotile asbestos causes oxidative stress and phytotoxicity.
I3 ) Y P Y
Lemna gibba
Environmental The paper was conducted to evaluate the toxicity of chrysotile asbestos on duckweed plants. Asbestos was found in plant samples
Trivedi contamination near an asbestos cement factory, and laboratory experiments were carried out using different concentrations of chrysotile asbestos
A K, of chrysotile to assess changes in antioxidant systems in the plants. The paper measured the levels of glutathione and ascorbate, which are known
Musthapa | asbestos and its biomarkers of chrysotile contamination. The results showed that exposure to chrysotile asbestos led to a decrease in total and 2
A.M.S, toxic effects on reduced glutathione, and an increase in oxidized glutathione and reduced/oxidized glutathione ratios. Additionally, there was an
Ansari E. antioxidative increase in the size of the ascorbate pool and in the levels of reduced and oxidized ascorbate, along with a decrease in the reduced/
A. (2007) system of Lemna | oxidized ascorbate ratio. These changes in antioxidant levels can be considered as indicators of exposure to unsafe environments, as
gibba glutathione and ascorbate play a crucial role in combating oxidative stress caused by environmental factors.
Effects of The paper reports on the impact of the growing vegetation near an asbestoscement factory on chrysotile asbestos. Soil samples
Chrysotile collected from locations close to the factory exhibited higher concentrations of asbestos fibres compared to those taken from more
Trivedi A. Aststos distant sites. However, other soil characteristics, such as organic carbon, nitrogen, phosphorus, potassium, electrical conductivity, and
K., Ahmad Contaminated pH, were similar across all samples. The food crops used in the experiment, including wheat, peas, and mustard, displayed significant | 2!
L. (2011) Soil on Cro germination issues in soil contaminated with chrysotile asbestos fibres. The height of the exposed plants, root length, biomass, as
Plants P well as chlorophyll and protein content were also reduced. This paper highlights the detrimental effects of chrysotile asbestos on the
surrounding vegetation.
Impact of The toxic effects of asbestos on humans are well documented, but little information is available on its effects on plants. In this
chrp sotile paper, asbestos contamination was monitored in soil around a cement factory at different distances from the factory. More asbestos
Trivedi A. ¥ contamination was found in the soil near the factory. These soils were analysed for different parameters (organic carbon, EC, pH,
asbestos Y Y P 5 p
K., Ahmad . .1 | macro- and microelements). As the asbestos contamination increased, the levels of magnesium, iron and manganese showed a slight | 2
contaminated soil & 8 &
L. (2013 . - increase, which was accompanied by a decrease in the availability of other nutrients. Wheat, pea and mustard seeds were planted
on foliar nutrient P Y P p
status of plants in asbestos-contaminated and control soils. Reduced nutrient content was observed in the leaves of plants grown in asbestos-
P contaminated soil. The paper reports on the effect of the foliar nutrient status of plants grown near an asbestos cement plant.
The genotoxic and mutagenic effects of chrysotile asbestos on animals and humans are well-documented, but little is known about its
Genotoxicit impact on plants. To address this, researchers conducted a paper using Allium cepa L. bulbs exposed to different concentrations of
Y i3 P pap! g P P
Trivedi A of chrysotile chrysotile asbestos. They observed changes in cytogenetic parameters over a period of 96 h. The paper found that the progression of
*. | asbestos on the prophase stage in exposed plants was slower compared to control plants. The number of cells in metaphase increased in exposed | 56
K., Ahmad prop g 3 p p P p P
" Allium cepa L. lants, while it decreased in control plants. Furthermore, the number of cells in anaphase and telophase stages decreased in exposed
L. (2013) P 13 p 3 3 8 P!
: meristematic root | plants over time. The mitotic index also decreased in a time- and concentration-dependent manner in exposed plants. Additionally,
tip cells exposed plants showed an increase in interphase nuclei, spindle abnormalities, chromosome sticking, and micronucleus formation.
These findings suggest that chrysotile asbestos exhibits genotoxicity in plants.
Saleem K.,
lt\/fggar g?;z:toot ;ljn duced | this paper, the hazardous effects of asbestos on the growth and development of switchgrass and timothy grass were investigated,
Saiee.r’n M. | Damage in with the aim of finding ways to mitigate its toxicity. Asbestos-contaminated soil samples were collected near a cement factory, and
H. Raza ’ Panic ugm vireatum it was found that these soils had increased uptake of heavy metals, such as chromium, manganese, vanadium, arsenic, and barium,
A" Kocs and Phleumg which led to reduced plant growth. To counteract this, antioxidant enzymes were activated to maintain redox balance. The soil closest | »;
Gl baly retense Species to the cement plant was found to be the most toxic. However, the addition of compost as a biofertilizer significantly reduced the toxic
N‘) zilli B ‘Z nd Tts Alfeviation effect of asbestos fibres and reduced metal uptake, improving overall plant growth and development. It was also observed that heavy
Aii)eshr M by Oreanic-Soil metal accumulation was higher in the roots of the grass species. In summary, this paper suggests that the investigated grass species
E. Bhat E : A};nengdment can be negatively affected by asbestos contamination, but the addition of compost can help mitigate these effects.
A. (2022)

Table 1. Summary of the literature background on the effects of Chrysotile asbestos on vegetation.

in irrigation water, simulating real-world contamination. The experimental design uses precise dose-response
analyses to evaluate physiological and biochemical stress indicators in plants, while statistical modelling enhances
the reliability of findings by quantifying the relationship between asbestos exposure and plant responses. The
other novelty of the research lies in the fact that it investigates the combined effect of asbestos-cement matrix,
a topic that has been studied only minimally in the literature. Moreover, existing research does not adequately
address the involvement of horticulture, further highlighting the significance of the current paper. Thus, this
research not only sheds new light on the effects of chrysotile asbestos but also provides a more comprehensive
understanding of its impacts on soil-plant systems, particularly focusing on horticulture and the complexities
of environmental interactions. Despite the scarcity of such studies, this research provides new insights into the
environmental risks posed by asbestos contamination, advances methodological approaches, and offers valuable
situational analysis for professionals in environmental plant protection and analytical fields.

Materials and methods

The paper analysed the germination parameters and diversity of three varieties of Trifolium pretense (Salino,
Rozeta, Altaswede), Medicago sativa (Emiliana, Gea, Algonquin) and Solanum lycopersicum (Mand, Kecskeméti
549, Mobil). It also evaluated their variability to validate the adverse effects of asbestos cement contaminated
irrigation water on plant growth in a controlled experiment using distilled water. The Trifolium pratense and
Medicago sativa seeds were procured from Pannon-Mag-Agrar Kft., whereas the Solanum lycopersicum seeds were
acquired from Garafarm Trade Kft. The results indicated a significant reduction in both the rate and percentage
of germination across all Trifolium pratense, Medicago sativa and Solanum lycopersicum varieties. The selected
plant species - Solanum lycopersicum, Trifolium pratense, and Medicago sativa - have relevance beyond their
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agricultural importance, as they can serve as models to address critical environmental and water management
concerns. Solanum lycopersicum was chosen due to its significance in horticulture and its potential to accumulate
contaminants when irrigated with water from aging asbestos cement channels, which poses risks to food safety.
Trifolium pratense is particularly pertinent in the context of urban green spaces, where the use of greywater for
irrigation is an emerging practice, necessitating further assessment of plant resilience and contaminant uptake.
Medicago sativa, widely cultivated in arable farming, is crucial for evaluating the risks associated with irrigation
infrastructure constructed from asbestos cement materials, which may contribute to pollutant exposure. These
plant species, therefore, serve as valuable models for understanding the implications of alternative water sources
and irrigation systems on both agricultural and ecological sustainability.

Conditions and arrangement for germination experiment

Three different varieties of Trifolium pratense, Medicago sativa and Solanum lycopersicum were investigated to
assess the effects of stress induced by varying doses. The seeds were sterilized on the surface using 2.0% NaOCl
for a duration of 2 min, followed by three rinses with sterile distilled water. Subsequently, batches consisting of
10 seeds each were placed in individual sterile Petri dishes containing a moistened cotton disc. Each treatment
dose was represented by five petri dishes for analysis (N= 5x 10). There are a total of 350 test items for each
type (N=7x 50). The germination experiment was conducted under controlled laboratory conditions to ensure
reproducibility. The Petri dishes housing the seeds were maintained at a consistent temperature of 22 +1 °C,
monitored using a digital temperature controller. The system utilized built-in LED illumination optimized for
plant growth, providing a full-spectrum light source. The LED setup, powered via an adjustable USB-A to USB-C
connection, enabled programmable light cycles with seven-step dimmable intensity settings. The photon flux
density at plant level was maintained at a maximum of 50 Im. The ventilation system was designed to ensure
appropriate airflow regulation.

Preparation of sample solutions

During this analysis, asbestos cement products were examined that commonly utilized in Hungary, which
contained chrysotile asbestos with an average composition ranging from 8.00 to 10.0%, and a cement content
of 90.0-92.0%. It was essential to simultaneously investigate these specific characteristics due to their combined
effects on the erosion and deterioration of the product matrix. Solutions at various concentrations (1.00 mg/l,
2.00 mg/l, 5.00 mg/l, 10.0 mg/l, 25.0 mg/l, and 50.0 mg/l) were prepared using doubly distilled water in a
laboratory setting for analysis purposes. To prepare the extract, asbestos cement samples were first mechanically
ground into fine particles. The resulting powder was then suspended in doubly distilled water at predetermined
concentrations and incubated for 24 h at ambient temperature. After the extraction process, the suspensions
were filtered through a 0.45 pm filter to remove larger particles while retaining the asbestos fibres and colloidal
components. The resulting solutions were stored in sterile glass containers under dark conditions at 4 °C until
needed for further analysis. The control group underwent treatment with double-distilled water. Seeds were
subjected to their assigned dosage and treatment method during the experiment.

Germination assessment

Throughout the analysis, we consistently monitored the germination rate, germination time, and the root
length and shoot height of plants. Root length was measured from the point of contact with the cotton disc’s
surface to the tip of the primary root, while shoot height measurements were taken on day 31 for each sample.
These parameters were assessed utilizing a Burg-Wachter Precise PS-72,150 digital caliper (0 mm to 150 mm
range) to ensure precise data on development. Each treatment was replicated multiple times, and our findings
are reported as mean values + standard error. The obtained data was examined in terms of percentages. The
statistical significance of the results was evaluated using ANOVA analysis performed in Excel, with a significance
level threshold of 0.05 to determine if the findings were statistically significant.

Results

Results of Trifolium pratense analysis

The control germination rate is 88.0% for Salino, 86.0% for Rozeta and 90.0% for Altaswede. Germination of
Trifolium pratense seeds at 25.0 °C under light and dark conditions averaged 88.0 +2.00%. The tested samples
showed that already at a dose concentration of 1 mg/l the germination rate was reduced to 82.0% in the case
of the Salino, 80.0% for Rozeta and 84.0% for Altaswede. This was reduced to 48.0% (Salino), 46.0% (Rozeta)
and 58.0% (Altaswede) at the 50 mg/l dose, and to 54.5% (Salino), 53.5% (Rozeta) and 64.4% (Altaswede) as a
percentage of the control group. The average value for the whole group is 93.2 £0.16% for 1.00 mg/l and 57.5
+6.04% for 50 mg/l at the percentage of control group. The average difference in the effect of the two dose
concentrations is —35.7 + 5.90%. The coeflicient of determination of Salino is 0.9840, while 0.9974 for Rozeta
and 0.9313 for Altaswede. The dose effect of 1 mg/l resulted in a reduction to 95.2% in root length compared
to the control group in Salino (Fig. 1). This rate was 95.7% for Rozeta and 95.5% for Altaswede. The values as a
percentage of the control group because of the 50 mg/l dose effect was 47.6% for Salino, 47.8% for Rozeta, and
54.5% for Altaswede. This represented an average of 95.4 +0.21% (1.00 mg/l) and 50.0 +3.94% (50.0 mg/1). The
coefficient of determination of Salino is 0.9791, while 0.9941 for Rozeta and 0.9611 for Altaswede.

The dose effect of 1 mg/l resulted in a reduction to 91.3% in height of the shoot compared to the control group
in Salino (Fig. 2). This value was 90.5% for Rozeta and 93.2% for Altaswede. The average value as a percentage
of the control group because of the 50 mg/1 dose effect was 41.3% for Salino, 45.2% for Rozeta, and 45.5% for
Altaswede. The average of 1.00 mg/l dose affect is 91.7 +1.39% and for 50.0 mg/1 is 44.0 +2.34%. The coefficient
of determination of Salino is 0.9439, while 0.9662 for Rozeta and 0.9828 for Altaswede.
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Fig. 1. Comparative examination of root length in Trifolium pratense cultivars (Salino, Rozeta, and Altaswede)
exposed to asbestos-contaminated irrigation water. Significant reductions in root length were observed at both
1 mg/l and 50 mg/1 concentrations (p < 0.05), with greater inhibition at higher doses. The reduction was most
prominent in the 50 mg/1 dose, where root length was reduced to 47.6% (Salino), 47.8% (Rozeta), and 54.5%
(Altaswede) compared to the control group.
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Fig. 2. Comparative examination of shoot height in Trifolium pratense cultivars (Salino, Rozeta, and
Altaswede) exposed to asbestos-contaminated irrigation water. Significant reductions in shoot height were
observed at both 1 mg/l and 50 mg/l concentrations (p < 0.05), with greater inhibition at higher doses. The
reduction was most prominent in the 50 mg/1 dose, where shoot height was reduced to 41.3% (Salino), 45.2%
(Rozeta), and 45.5% (Altaswede) compared to the control group.
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Fig. 3. Comparative examination of root length in Medicago sativa cultivars (Emiliana, Gea, and Algonquin)
exposed to asbestos-contaminated irrigation water. Significant reductions in root length were observed at both
1 mg/l and 50 mg/1 concentrations (p < 0.05), with greater inhibition at higher doses. The reduction was most
prominent in the 50 mg/1 dose, where root length was reduced to 59.7% (Emiliana), 60.3% (Gea), and 57.1%
(Algonquin) compared to the control group.

Results of Medicago sativa analysis
The control germination rate is 92.0% for Emiliana, 94.0% for Gea and 90.0% for Algonquin. Germination of
Medicago sativa seeds at 25.0 °C under light and dark conditions averaged 92.0 £2.00%. The tested samples
showed that already at a dose concentration of 1 mg/l the germination rate was reduced to 88.0% in the case of
the Emiliana and Gea, while it was 86.0% for Algonquin. This was reduced to 54.0% (Emiliana), 50.0% (Gea)
and 52.0% (Algonquin) at the 50 mg/l dose, and to 58.7% (Emiliana), 53.2% (Gea) and 57.8% (Algonquin)
as a percentage of the control group. The average value for the whole group is 94.9 £1.15% for 1.00 mg/l and
56.6 +2.95% for 50 mg/l at the percentage of control group. The average difference in the effect of the two dose
concentrations is —38.4+ 1.81%. The coefficient of determination of Emiliana is 0.9827, while 0.9842 for Gea
and 0.9754 for Algonquin. The dose effect of 1 mg/l resulted in a reduction to 97.2% in root length compared
to the control group in Emiliana (Fig. 3). This rate was 97.1% for Gea and 91.4% for Algonquin. The values as a
percentage of the control group because of the 50 mg/1 dose effect was 59.7% for Emiliana, 60.3% for Gea, and
57.1% for Algonquin. This represented an average of 95.2 +3.30% (1.00 mg/l) and 59.1 +1.68% (50.0 mg/1). The
coefficient of determination of Emiliana is 0.9781, while 0.9788 for Gea and 0.9844 for Algonquin.

The dose effect of 1 mg/l resulted in a reduction to 98.8% in height of the shoot compared to the control group
in Emiliana (Fig. 4). This value was 96.3% for Gea and 96.4% for Algonquin. The average value as a percentage
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Fig. 4. Comparative examination of shoot height in Medicago sativa cultivars (Emiliana, Gea, and Algonquin)
exposed to asbestos-contaminated irrigation water. Significant reductions in shoot height were observed at
both 1 mg/l and 50 mg/l concentrations (p < 0.05), with greater inhibition at higher doses. The reduction was
most prominent in the 50 mg/l dose, where shoot height was reduced to 65.9% (Emiliana), 69.1% (Gea), and
69.9% (Algonquin) compared to the control group.
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Fig. 5. Comparative examination of root length in Solanum lycopersicum cultivars (Mano, Kecskeméti 549,
and Mobil) exposed to asbestos-contaminated irrigation water. Significant reductions in root length were
observed at both 1 mg/l and 50 mg/l concentrations (p < 0.05), with greater inhibition at higher doses. The
reduction was most prominent in the 50 mg/1 dose, where root length was reduced to 55.4% (Mano), 59.7%
(Kecskeméti 549), and 52.6% (Mobil) compared to the control group.

of the control group because of the 50 mg/l dose effect was 65.9% for Emiliana, 69.1% for Gea, and 69.9% for
Algonquin. The average of 1.00 mg/l dose affect is 97.2 +1.41% and for 50.0 mg/l is 68.3 + 2.14%. The coefficient
of determination of Emiliana is 0.9818, while 0.9604 for Gea and 0.9429 for Algonquin.

Results of Solanum lycopersicum analysis

The control germination rate is 92.0% for Mané6 and 90.0% for Kecskeméti 549 and Mobil. Germination of
Solanum lycopersicum seeds at 25.0 °C under light and dark conditions averaged 90.7 +1.15%. The tested samples
showed that already at a dose concentration of 1 mg/l the germination rate was reduced to 88.0% in the case of
the Mané and Kecskeméti 549, while 86.0% for Mobil. This was reduced to 58.0% (Mand), 60.0% (Kecskeméti
549) and 56.0% (Mobil) at the 50 mg/1 dose, and to 63.0% (Mano), 66.7% (Kecskeméti 549) and 62.2% (Mobil)
as a percentage of the control group. The average value for the whole group is 96.3 +1.26% for 1.00 mg/] and
64.0 £2.36% for 50 mg/l at the percentage of control group. The average difference in the effect of the two dose
concentrations is —32.4 + 1.13%. The coefficient of determination of Mand is 0.9909, while 0.9823 for Kecskeméti
549 and 0.9916 for Mobil. The dose effect of 1 mg/] resulted in a reduction to 91.9% in root length compared to
the control group in Mané (Fig. 5). This rate was 87.5% for Kecskeméti 549 and 80.3% for Mobil. The values as
a percentage of the control group because of the 50 mg/l dose effect was 55.4% for Mand, 59.7% for Kecskeméti
549, and 52.6% for Mobil. This represented an average of 86.6 +5.87% (1.00 mg/1) and 55.9 +3.57% (50.0 mg/1).
The coefficient of determination of Mand is 0.9961, while 0.9710 for Kecskeméti 549 and 0.9908 for Mobil.

The dose effect of 1 mg/l resulted in a reduction to 95.6% in height of the shoot compared to the control
group in Mané (Fig. 6). This value was 95,5% for Kecskeméti 549 and 95,6% for Mobil. The average value as a
percentage of the control group because of the 50 mg/l dose effect was 56.0% for Mand, 59.6% for Kecskeméti
549 and 57.8% for Mobil. The average of 1.00 mg/I dose affect is 95.6 +0.05% and for 50.0 mg/l is 57.8 +1.75%.
The coeflicient of determination of Mano is 0.9916, 0.9863 for Kecskeméti 549 and 0.9941 for Mobil.

Discussion
Previous research?®has shown that leguminous plants respond to chemical stressors in a dose-dependent
manner’*. Our findings confirm this trend, as Trifolium pratense exhibited significantly lower germination
rates at higher doses.

This sensitivity is critical to understanding the ecological implications of chemical exposure, as legumes play
a vital role in soil health and fertility due to their ability to fix atmospheric nitrogen®"*%. The low germination
rates at higher doses indicate that Trifolium pratense has a relatively low chemical tolerance. This may negatively
impact its population dynamics and the stability of the surrounding ecosystem.
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Fig. 6. Comparative examination of shoot height in Solanum lycopersicum cultivars (Mano, Kecskeméti 549,
and Mobil) exposed to asbestos-contaminated irrigation water. Significant reductions in shoot height were
observed at both 1 mg/l and 50 mg/l concentrations (p < 0.05), with greater inhibition at higher doses. The
reduction was most prominent in the 50 mg/1 dose, where shoot height was reduced to 56.0% (Mano), 59.6%
(Kecskeméti 549), and 57.8% (Mobil) compared to the control group.

Many studies have shown that leguminous plants suffer reduced growth and reproductive success when
exposed to pollutants®*34. Our findings support this, highlighting the potential risks to their ecological role and
agricultural importance. The results are not only striking in the case of Trifolium pratense, but also evident in the
two other receptors, which similarly responded to the effects of chemical stressors. Throughout the studies, we
observed a significant decrease in germination rates for the other two receptors as well, reinforcing the notion
that chemical pollution has widespread effects on various plant species. These findings suggest that the examined
chemical substances exert influence not only on specific plants but also on surrounding ecosystems. The diversity
of reactions triggered by chemical stressors may yield important insights into maintaining ecological balance
and underscores the necessity for further research to achieve a deeper understanding of this phenomenon.

It is crucial to consider that the observed effects may be influenced by the concurrent action of multiple
stressors present in the environment. For instance, the leaching of other toxic substances, such as heavy metals
or construction-related contaminants, from polluted sites could also contribute to the observed responses.
Investigating these interactions and isolating the effects of a single chemical stressor would necessitate further
research into the potential cumulative impacts of various pollutants.

Asbestos exposure can disrupt key biological processes in plants. This disruption can lead to abnormal
growth patterns, especially in the root and shoot systems®. Additionally, asbestos exposure may impair nutrient
uptake by damaging root membranes or inducing oxidative stress, which compromises cellular transport
proteins involved in nutrient absorption®¢-3. These cellular disturbances contribute to significant reductions
in germination rates, root growth, and shoot height observed in the study, as plants exposed to high asbestos
concentrations exhibit stunted development and decreased ability to absorb essential nutrients*+.

The effects of asbestos on plant growth can also be linked to oxidative stress pathways. When exposed to toxic
substances like asbestos, plants often experience an increase in reactive oxygen species, which can damage lipid
membranes, proteins, and DNA*!2. This oxidative stress disrupts normal cell functioning, leading to impaired
metabolic processes and growth inhibition. Specifically, asbestos exposure may trigger an imbalance between
antioxidants and ROS, overwhelming the plant’s defense systems. As a result, plants may exhibit stunted growth,
reduced germination rates, and inhibited root elongation, as observed in our study*’. These effects align with
previous research indicating that oxidative stress is a major factor in plant response to chemical pollutants,
as ROS accumulation can interfere with nutrient uptake and cellular respiration*4. Therefore, oxidative stress
pathways may play a central role in the plant’s inability to tolerate high concentrations of asbestos, contributing
to the observed toxic effects on plant development.

Similarly, the significant reduction in root growth at 50 mg/1 aligns with other research*>showing inhibition
of root elongation by comparable phytotoxin concentrations?¢~*8. The decrease in shoot height under higher
dose conditions is supported by findings*’documenting growth inhibition under stressful environmental toxin
conditions, involving hormonal imbalances and nutritional uptake disruptions®®!. These dose-dependent
inhibitory effects are consistent with broader plant toxicology results*>where higher doses impact plant
physiological and metabolic processes®~>".

In light of these complexities, it is essential to consider potential confounding factors, such as variations
in nutrient availability, water quality, or climatic conditions, which may further complicate the interpretation
of dose-response relationships. These factors could independently influence plant health, irrespective of the
chemical stressors under investigation. Therefore, it is recommended that future studies either control for these
variables or conduct research in a more controlled experimental setup to more accurately isolate the effects of
the pollutants.

These findings suggest important implications for environmental policies and strategies to mitigate pollution.
The observed phytotoxic effects emphasize the necessity of regulating contaminant levels in agricultural and
natural environments to safeguard plant biodiversity and ecosystem stability>®>?. Implementing more stringent
guidelines on permissible pollutant concentrations in irrigation water and soil can help minimize the adverse
impacts of chemical stressors®. Additionally, the results highlight the importance of adopting sustainable
agricultural practices, such as phytoremediation and buffer zone management, to alleviate the impact of
contaminants on vegetation®-2, These approaches align with broader environmental policies focused on
enhancing soil health, maintaining biodiversity, and ensuring food security®.
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Such findings highlight the importance of considering dose-response relationships in assessing the risks
posed by chemical stressors, particularly in environments where these species are cultivated or naturally occur.
Further research is warranted to explore the mechanisms behind this sensitivity and to evaluate the long-term
implications for plant communities and agricultural practices. The wider environmental ramifications of these
findings also highlight the need for more robust mitigation strategies and policy interventions®*%. Given the
demonstrable adverse impacts of chemical contamination, including asbestos pollution, on plant growth and
ecosystem resilience, regulatory frameworks should prioritize monitoring and remediation initiatives®. This
underscores the imperative of integrating scientific evidence into policy development to mitigate environmental
degradation and safeguard biodiversity’. The findings highlight the need to address the real-world challenges
for farming in areas with asbestos contamination. The negative impacts on plant growth and germination show
the risks to crops grown in polluted soils or irrigated with asbestos-tainted water®”. Farmers and land managers
in affected regions should explore alternative water sources, soil remediation methods, and more resilient plant
species®®. This is especially crucial for sustainable agriculture in historically industrial or asbestos-exposed
areas'. Further research should focus on practical ways to mitigate these impacts while maintaining agricultural
productivity and food safety.

Conclusions

The paper’s results indicate a relationship between the dosage and its effect on seed germination, root length, and
shoot height in Trifolium pratense, Medicago sativa, and Solanum lycopersicum. At 1 mg/l concentration, there was
minimal impact on germination and growth similar to the control conditions. However, at the higher dosage of
50 mg/l, all parameters showed significant decreases. This significant decrease demonstrates how vulnerable seed
germination and seedling development are to increased chemical exposure. The high determination coefficients
for germination, root length, and shoot height underline the strong connection between higher dosages leading
to negative effects. Despite consistent patterns observed across different cultivars indicates that inherent genetic
factors affect resilience. These findings stress the need to understand specific responses of each species or cultivar
for better agricultural management aiming at protecting crop yield as well as environmental health. There is also
a necessity for further research into identifying both physiological and molecular mechanisms behind these
responses which will help enhance crop resilience strategies.

Data availability
The datasets generated during and analysed during the current paper are not publicly available but are available
from the corresponding author on reasonable request.
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Abstract

Rainwater harvesting is increasingly recognized as a sustainable solution for water management, especially in areas affected
by water scarcity. However, the potential pollution risks linked to asbestos cement roofing materials, widely used in residen-
tial areas, have not been thoroughly explored. This paper addresses this gap by assessing the effects of asbestos cement roof
degradation on the quality of harvested rainwater, focusing on its suitability for irrigation. The research combines controlled
laboratory experiments and field-based sampling of rainwater in contact with asbestos cement surfaces. Significant changes
in water quality were observed, notably, the analysis highlights a substantial increase in heavy metal contamination, includ-
ing a 75.4% rise in mercury concentration and a dramatic 127.3% increase in lead levels. The findings underscore the need
for extensive investigations into the impact of asbestos cement roofs on water quality in Hungary, considering the varying
characteristics and contamination levels of asbestos cement products across countries as well as the limited existing scholar-
ship on the subject in Hungary. This research is novel in its pioneering examination of the effects of asbestos cement roofing
on harvested rainwater quality in Hungary, with a particular focus on heavy metal contamination (e.g., lead, mercury, zinc),
which poses significant environmental and health risks.

Keywords Asbestos cement - Irrigation water - Harvested rainwater - Water quality - Water contamination

Introduction most commonly used and flexible alternative water sources,

which can be employed in agricultural, horticultural, and

Irrigated agriculture, despite occupying only 17% of the total
cultivated land, constitutes 40% of global food and agricul-
tural output, highlighting its substantial impact on world-
wide food security (Chen et al. 2017). However, the critical
role of irrigated agriculture in mitigating food shortages
driven by economic and population expansion is eclipsed by
its growing water and energy demands, presenting a serious
challenge to regional water security and accelerating global
climate change (Conway et al. 2015). Rainwater is one of the
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particularly residential settings.

Rainwater harvesting systems allow communities to
access abundant rainwater, reducing pressure on public
water supplies and overall water needs (Imteaz et al. 2013).
This strategy enhances water security by enabling residen-
tial water collection (Abdulla and Al-Shareef 2009). Up to
33% of urban gardens can achieve irrigation water neutrality
by collecting rainwater from building rooftops. Addition-
ally, the remaining gardens could fulfill 44% of their water
needs through high-efficiency irrigation (Lupia et al. 2017).
Rainwater collection is especially recommended to enhance
water supply reliability for watering small gardens where
traditional irrigation is not viable (Bates et al. 2008). Rain-
water harvesting encompasses various methods of gathering,
storing, and distributing water to communities from natural
and human-made surfaces in rural and urban settings (Pach-
pute et al. 2009); however, the materials or contamination
of these storage mediums are not always a top priority due
to infrastructure limitations or cost concerns. Nevertheless,
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the roofing or storage material can impact the quality of col-
lected rainwater (Mendez et al. 2011).

Asbestos cement (abbreviation: AC) roofs, in particular,
are a common roofing material in many developing regions,
but their impact on rainwater quality remains an underex-
plored area (Kim et al. 2005).

AC roofing was widely used globally in the mid-to-late
twentieth century due to its durability and fire-resistant prop-
erties (Martinez et al. 2024). However, the health risks asso-
ciated with asbestos exposure led to strict regulations and a
subsequent decline in its use across many countries (Kamp
2009). Despite this initial durability, these roofs gradually
degrade over time, becoming less durable and more sus-
ceptible to damage after approximately 30—40 years of use.
According to Spurny (1989) and Suzuki et al. (2005), a cor-
rugated sheet made of AC might release several grams of
asbestos annually from its matrix structure. These released
asbestos fibers and matrix materials from AC have the
potential to contaminate rainwater, leading to water pollu-
tion, soil contamination, and harmful effects on plant life
(Malinconico et al. 2022). The composition and physical
state of the roofing material directly influence its interaction
with rainwater, which can consequently impact the chemical
characteristics of the water and the presence of contaminants
(Sanjeeva and Puttaswamaiah 2018). However, comprehen-
sive data on the water quality from different roofing materi-
als remains scarce (Enedoh 2023). As not only asbestos but
also other substances such as metal compounds may leach
from aged, deteriorated roofing materials, a comprehensive
understanding of these interactions is crucial (Chang et al.
2004).

Although AC roofing materials often contain heavy
metal additives and potential contaminants, there is a lack
of research examining their impacts (Favero-Longo et al.
2009). Asbestos fibers may also be released due to the gen-
eral deterioration and damage of asbestos-containing mate-
rials, as well as in the event of disasters or environmental
extremes caused by climate change (Saba et al. 2024). While
the health risks associated with inhaling airborne asbestos
are well-documented, less is known about the potential haz-
ards posed by asbestos fibers suspended in water, which
represents an important environmental exposure pathway
(Magherini et al. 2023). Areas with widespread use of
AC roofs and rainwater harvesting face heightened risks
of water contamination (Ghosh and Ahmed 2022; Gwenzi
et al. 2015; Lye 2002). This can harm human health and
environmental systems, as prolonged exposure to the pol-
luted water may disrupt soil microbial communities and the
overall water—soil-plant system (Gopishankar et al. 2022;
Goutam Mukherjee et al. 2022; Rashid et al. 2023). There-
fore, it is crucial to phase out and properly dispose of AC
construction materials, while also ensuring proper filtration
and maintenance of rainwater harvesting systems to address
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this issue (Pefia-Castro et al. 2023). Additionally, it is essen-
tial to strengthen water quality regulations and intensify
monitoring of pollutants to minimize the risks associated
with asbestos-induced water contamination (Kadadou et al.
2024). However, AC roofing remains widespread in areas
with less rigorous regulations or where the removal and
replacement of existing asbestos materials poses significant
financial challenges (Martinez et al. 2024).

This paper aims to address this research gap by evaluat-
ing the water quality of rainwater harvested from AC roofs
and determining its suitability for irrigation purposes. While
previous studies (Y. Kim et al. 2017; Nicholson et al. 2010;
Oyilieze Akanwa 2020) have examined rainwater harvest-
ing and its water quality implications, this paper uniquely
explores the impacts of a commonly used but understud-
ied roofing material—asbestos cement. These studies have
identified issues like heavy metal leaching, bacterial con-
tamination, and other water quality concerns. However, the
water quality of rainwater harvested from AC roofs remains
an underexplored area. The unique properties of AC roofs
and their potential to affect rainwater quality have not been
adequately addressed. To fill this research gap, this study
provides a comprehensive analysis of the water quality char-
acteristics of rainwater harvested from AC roofs and its suit-
ability for irrigation, which can inform decision-making and
water management strategies in regions where AC roofs are
prevalent.

Materials and methods

This paper employs a mixed-methods approach, incorporat-
ing both field-based data collection and laboratory analy-
sis. The assessment focuses on AC roofing material, which,
despite the ban on its new usage, is still widely used in Hun-
gary due to the ongoing presence of previously installed
products. The specific roofing product under examination
is the corrugated AC, which was extensively employed for
residential and ancillary buildings constructed during the
1980s. The composition primarily includes chrysotile asbes-
tos, constituting approximately 8—10% of the total material,
with the remaining being cement and other binders (Té6th
and Weiszburg 2011).

Sample collection points

Precipitation samples were gathered at 10-10 different loca-
tions in Gy6r. In Gy®r, as in several other cities in Hungary,
a significant number of buildings still feature AC roofs, com-
monly found in residential and other structures constructed
during the 1980s. Gyor was historically characterized by a
high prevalence of residential buildings featuring asbestos
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materials, primarily due to a local factory that manufactured
asbestos-containing insulation and construction panels.

At the initial 10 sites, rainwater was collected while in
direct contact with AC roofing, flowing over it before being
gathered. In contrast, at the subsequent 10 points, rainwa-
ter was collected directly without any surface contamina-
tion or contact. The collection of samples took place using
10-L glass containers. The selection of sampling dates was
determined by the weather conditions and the air quality
indicators that preceded them. The collected samples were
not exposed to any other materials such as galvanized tin or
other substances that could alter the water chemistry param-
eters (Fig. 1).

The examined roofing materials represented varying ages
and degrees of erosion. Although detailed mineralogical and
surface characterization was not available, visual features
of the samples were documented. All examined sheets dis-
played significantly weathered surfaces, visible cracking,
and discoloration. Samples used in the distilled water simu-
lation were collected from the same rooftops. During sample
collection, the intensity and duration of precipitation events
were also recorded. Field conditions closely resembled the
simulated scenario, with an average rainfall intensity of
approximately 10 mm per 5 min and typical event durations
ranging from 15 to 20 min. From each rainfall event, only
the first 5 L were collected to focus on the initial runoff
phase, which is expected to contain the highest concentra-
tions of pollutants due to the wash-off effect.

Simulated samples

Simultaneously with gathering the precipitation samples,
artificial samples were generated using distilled water. The

distilled water was polluted through a leaching process on
a weathered AC sheet with corrugated features and proper-
ties resembling those of roofing materials. This approach
provided insights into how the chemical characteristics of
the artificially created sample might be influenced by distort-
ing factors and variable elements when compared to pure
distilled water with established parameters.

During the distilled water simulation, 1 L of water was
poured across the AC sheet within 300 s. This time frame
was selected to simulate a moderate rainfall scenario, cor-
responding to an average precipitation rate of approximately
10 mm per 5 min in the study area. The aim was to repli-
cate the intensity of natural precipitation within a controlled
experimental environment.

The need for artificial samples also arose from the fact
that precipitation naturally exhibits a specific water quality
influenced by weather conditions and air pollution levels,
which could potentially distort data from other sampling
locations, possibly in different regions. By creating simu-
lated samples, the study aimed to investigate the possibility
of contamination resulting from direct, initial contact with
the material. It specifically focused on examining the impact
of weathered, degraded corrugated AC roofing material on a
medium under normalized conditions, highlighting how such
a material might affect the water’s chemical composition.
This approach allowed for a clearer understanding of how
the eroded, degraded nature of AC roofing materials could
contribute to contamination in rainwater.

Laboratory analysis

The collected precipitation samples underwent laboratory
analyses to evaluate various water quality characteristics.

Examination of precipitation water
characteristic distortion due to AC-contact

10 sampling points in Gyor
(buildings with corrugated
asbestos cement roofing)

Collection of

Laboratory evaluation
MSZ EN I1SO
MSZ EN 27888:1998
MSZ 12750-6:1971

precipitation
samples

10 sampling points in Gyor
(no buildings, nomal
precipitation sample)

Simulated samples
preparation
(distilled water,

continuous flow method)

Detection of subtle variations using neutral
medium

MSZ 448-21:1986
MSZ EN 1484:1998
MSZ 12750-21:1971

MSZ EN 1899-2:2000

Results processing,
statistical
evaluation

Detection of heavy
metal contamination
(mercury, lead, zinc)

Fig.1 Schematic diagram of setup process and sampling points. AC =asbestos cement
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The selection of quality parameters was based on recom-
mendations from previous research (Mendez et al. 2011;
Tengan and Akoto 2022). Rainwater samples were ana-
lyzed for a range of water quality parameters, including
pH, turbidity, electrical conductivity, oxygen demand,
total dissolved solids, and heavy metals (such as mercury,
lead, and zinc). These water quality parameters are com-
monly used to assess the suitability of water for irrigation
purposes, as they can provide insights into the chemical,
physical, and biological characteristics of the water (Kim
et al. 2005; Nicholson et al. 2010; Oyilieze Akanwa 2020).
This is particularly applicable when considering water
collection and utilization in urban settings, where water
quality monitoring also includes the measurement of these
parameters. These parameters were chosen to provide a
comprehensive understanding of the water quality charac-
teristics and potential suitability for irrigation purposes.
The laboratory analysis will follow standard methods for
water quality testing, as outlined by relevant national and
international guidelines.

The pH was determined according to MSZ EN ISO
10523:2012, providing insight into the water’s acidity or
alkalinity. Electrical conductivity measured using MSZ EN
27888:1998, served as an indicator of the water’s ionic con-
tent and overall purity. Total suspended solids were quanti-
fied in compliance with MSZ 12750-6:1971, offering infor-
mation on water clarity. The water’s hardness, reflecting the
concentration of multivalent cations such as calcium and
magnesium, was assessed according to MSZ 448-21:1986.
The total organic carbon content was measured based on
MSZ EN 1484:1998, providing insights into the presence
of organic compounds, while chemical oxygen demand and
biological oxygen demand were evaluated following MSZ
12750-21:1971 and MSZ EN 1899-2:2000, respectively, to
assess the oxygen-depleting potential and levels of organic
pollutants in the water.

The research also examined the presence of heavy metals,
such as mercury, lead, and zinc, to identify potential toxic
contaminants. The inclusion of these metals is warranted due
to their significant environmental and health risks. Mercury
is highly toxic and can bioaccumulate in aquatic food chains,
posing serious health hazards even at low concentrations.
Lead, a prevalent historical contaminant in both industrial
and residential environments, remains a significant concern
due to its persistent presence in the environment and its
harmful effects on neurological development, particularly in
children. Zinc, though less toxic, is examined because of its
widespread presence in industrial runoff and its potential to
cause aquatic toxicity at elevated concentrations. The analy-
sis of these metals offers a comprehensive understanding of
the pollution profile and helps assess the risks associated
with water contamination by these commonly encountered
heavy metals.
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Results

Water quality characteristics of asbestos cement
contacted and normal rainwater samples

The research found notable differences in water quality
between normal rainwater and rainwater that had been
in contact with AC roofs. The pH of water from the AC
surfaces was significantly higher, averaging 7.09 +0.162
compared to 5.73 +0.265 for normal rainwater, a 23.8%
increase. This suggests the roofing material has an alka-
line effect, likely due to the leaching of substances like
calcium compounds. The altered pH could impact the
solubility and mobility of other contaminants. Similarly,
the electrical conductivity, reflecting total ionic content,
was higher in the AC samples, averaging 49.8 +6.00 uS/
cm versus 31.4 +8.88 uS/cm in normal rainwater. This
indicates the roofing material contributes additional dis-
solved ions, probably from the release of minerals and
other substances. Analysis of total suspended solids indi-
cated a small increase in samples from AC roofs, aver-
aging 6.40+ 1.51 mg/l compared to 6.00 +0.94 mg/l in
regular precipitation. This 6.67% change suggests the
roofing material does not significantly contribute particu-
lates. However, even a small rise in TSS can impact water
quality by transporting other pollutants like heavy met-
als. The research found a significant increase of 92.6%
in water hardness for samples from AC surfaces com-
pared to normal precipitation. The average hardness was
32.4+9.75 CaO mg/L for the AC samples, compared to
16.8 +£5.35 CaO mg/L in normal rain (Fig. 2). This sub-
stantial rise in hardness is likely due to the dissolution of
calcium and magnesium compounds from the AC, which
contribute to water hardness. Elevated water hardness can
lead to scaling in pipes and reduced effectiveness of soaps
and detergents.

The analysis of total organic carbon and oxygen demand
in the precipitation samples provides further insights into
how AC roofing affects water quality. The TOC values
show a significant 40.9% increase in samples exposed
to AC roofing, averaging 5.10 +1.08 mg/l compared to
3.62 +0.57 mg/l in normal precipitation. This substan-
tial rise in TOC indicates more organic matter is present
in water that has contacted the roofing material, likely
due to leaching of organic compounds or accumulation
of organic particles on the roof. Elevated TOC levels are
often linked to increased microbial activity, which could
impact water quality, especially in storage or distribution
systems. The biochemical oxygen demand values, which
measure the amount of oxygen required by microorgan-
isms to break down organic matter, showed a slight 4.92%
increase in samples that contacted AC. The average BODj
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Fig.2 Comparative analysis of water samples for pH, conductivity, TSS, and hardness

for these samples was 4.05 +0.88 mg/L, slightly higher
than the 3.86 +0.25 mg/L observed in normal precipita-
tion samples. Though modest, this increase suggests the
organic matter in AC-exposed water may be more bio-
available or have a marginally higher microbial load,
which could affect the water’s suitability for irrigation or
potable use. The most pronounced change was observed
in the chemical oxygen demand, where the COD values
for samples in contact with AC roofing were significantly
higher than those in normal precipitation samples. This
increase indicates a greater presence of oxidizable organic
and inorganic matter in the water, likely originating from
the roofing material or deposited pollutants. High COD
levels suggest potential contamination and can negatively
impact aquatic ecosystems if the water is discharged with-
out proper treatment (Fig. 3).

Heavy metal pollution of asbestos cement
contacted and normal rainwater samples

The analysis of metal concentrations in rainwater reveals
notable differences between normal samples and those

that contacted AC roofing. Zinc, lead, and mercury levels
increased substantially in samples exposed to AC, indicat-
ing the roofing material serves as a source of these heavy
metal contaminants. Normal rainwater contained very low
total zinc, averaging 0.0024 + 0.0005 mg/L, near the detec-
tion limit. This suggests that without contact with metal
surfaces, zinc in rainwater is minimal, primarily from air
pollution. However, rainwater that contacted AC roof-
ing had a dramatic zinc increase to 0.155+0.012 mg/L.
This sharp rise is attributed to zinc within the AC mate-
rial, either from manufacturing or atmospheric pollution
accumulation on the roof. The substantial zinc elevation
highlights AC roofing’s potential to contribute significant
metal contamination to harvested rainwater, risking envi-
ronmental and health impacts if the water is used without
adequate treatment. The analysis found that AC roofing sig-
nificantly increased the levels of lead and mercury in har-
vested rainwater (Fig. 4). The lead concentration rose by
127.3%, from 0.00133 +0.0004 mg/I in normal samples to
0.003 +0.002 mg/l in AC-contacted samples. Lead is a toxic
metal, especially for children, and its presence in water is
closely regulated. The increased lead levels suggest the AC
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material may contain lead, either as an impurity or from
environmental contamination. This highlights the need to
monitor and manage lead in rainwater collected from such
surfaces, especially where the water is for domestic use.
Similarly, mercury concentrations increased by 75.4% in
AC-contacted samples, from 0.0011 +0.0003 mg/1 in normal
precipitation to 0.002 +0.0004 mg/1.

Water quality characteristics of simulated asbestos
cement contacted samples

The simulated water sample analysis provided insights into
how AC roofing affects water quality parameters, compared
to neutral and slightly acidic precipitation. The pH of the
simulated samples was 7.21 +0.154, consistent with the
trend of increased pH in AC-contacted samples. This sug-
gests the alkaline AC material has a significant neutralizing
effect, especially in slightly acidic environments. However,
the pH shift was minimal in neutral starting conditions, indi-
cating the AC impact is more pronounced in initially acidic
water. Conductivity of the simulated samples increased to
6.80+ 1.55 pS/cm, compared to near-zero for distilled water.

This increase indicates the AC roofing contributes additional
dissolved ions, likely from leaching of minerals or other sol-
uble substances. This can affect the water’s ionic balance
and suitability for use. The average total suspended solids in
the simulated samples were 5.30 +0.48 mg/l, comparable to
precipitation samples contacted with AC roofing. This con-
sistency suggests AC roofing is a source of particulate mat-
ter, which could carry contaminants or impact water clarity
and quality (Fig. 5).

The measured total hardness of the simulated water sam-
ples was 17.7+2.67 CaO mg/l, within the range of normal
precipitation. This indicates that the AC roofing material can
increase water hardness, likely by dissolving calcium com-
pounds. Elevated hardness can affect water’s interactions
with plumbing, detergents, and other processes, an important
factor in assessing AC roofs’ impact on water quality. The
analysis of simulated and precipitation samples exposed to
AC roofing provides insights into the material’s influence
on organic content and oxygen demand. The total organic
carbon in simulated samples was 3.82 +0.14 mg/l, lower
than the 5.10+1.08 mg/1 average in precipitation samples
exposed to AC (Fig. 6). This difference suggests AC roofing
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contributes additional organic matter, potentially through
leaching or pollutant accumulation. The lower TOC in simu-
lated samples, not exposed to the full range of environmental
conditions, supports the idea that pollutants deposited on AC
roofs play a significant role in elevating TOC.

The simulated rainwater samples had an average bio-
chemical oxygen demand of 3.44 +0.42 mg/L, slightly lower
than normal precipitation and AC-exposed samples. The
slight increase in AC-exposed samples suggests the organic
matter is more biologically available or there is a higher
microbial load, likely due to the organic content from the
roofing material. The BODj of the simulated samples, being
close to normal precipitation, indicates that without exter-
nal organic inputs, the biological oxygen demand remains
relatively stable, highlighting the contribution of AC roofs
to increased organic pollution. The chemical oxygen demand
for simulated samples was 3.43 +0.41 mg/L, nearly identical

to normal precipitation. However, the COD in AC-exposed
samples was significantly higher at 6.71 +1.78 mg/L. This
substantial increase indicates a higher presence of oxidiz-
able organic and inorganic matter, likely originating from
the AC material and environmental contaminants on the roof
surface. The relatively low COD in the simulated samples
suggests that, without external pollutants, the AC material
itself may not significantly increase the COD, but when
combined with environmental factors, it can contribute to a
rise in oxidizable content.

Heavy metal pollution of simulated asbestos
cement contacted samples

The analysis of heavy metal concentrations in simulated
water samples, compared to those in contact with AC roof-
ing and normal precipitation samples, reveals important
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insights into the impact of AC materials on water quality
(Fig. 7). The simulated samples showed an average total
zinc concentration of 0.0361 +0.002 mg/1, which is mark-
edly higher than typical zinc levels in precipitation. Fur-
thermore, the zinc concentration in AC-contacted samples
was significantly elevated, averaging 0.155+0.012 mg/I.
This substantial increase suggests that the AC roofing
material is a major source of zinc contamination, likely
due to zinc leaching from the AC matrix or zinc-containing
additives used in manufacturing. The elevated zinc levels
in the simulated samples, though not as high as the AC-
contacted samples, indicate that the AC material can release
zinc into the water even without environmental pollutants.
This highlights the potential for AC roofing to substantially
contribute to zinc contamination in harvested rainwater,
which could have environmental and human health impli-
cations if the water is used without proper treatment. The
simulated samples showed an average lead concentration
of 0.0021 +£0.0017 mg/l, slightly higher than in normal pre-
cipitation but lower than in AC-contacted samples. This sug-
gests the AC material may contribute to lead, but to a modest
extent compared to zinc. The slight increase in simulated
samples indicates some lead may leach from the AC mate-
rial, but the larger rise in AC-contacted samples is likely
due to additional environmental lead accumulating on the
roof surface. This underscores the importance of consider-
ing both material composition and environmental exposure
when assessing potential lead contamination in rainwater
from AC roofing. The total mercury concentration in simu-
lated samples was 0.0063 +0.009 mg/1, notably higher than
typical levels in normal precipitation. This elevated mer-
cury suggests it may be present in the AC material or have
potential to be released under certain conditions. The high
variability indicates further investigation is needed to fully
understand mercury sources and behavior related to AC
roofing.

Discussion

The quality of harvested rainwater can be influenced by vari-
ous factors, including the type of roofing material used to
collect the water (Mendez et al. 2011). The literature sug-
gests that the quality of rainwater gathered at the start of
the rainfall varies from that measured after the initial runoff
period (Zdeb et al. 2020). The type of roofing materials is
known to affect the chemical composition of runoff due to
the leaching of substances and the interaction between pre-
cipitation and surface coatings (Bandow et al. 2018; Clark
et al. 2008; De Buyck et al. 2021). According to Zdeb et al.
(2020), rainwater that exposed to roof surfaces typically
experiences deterioration in physical, chemical, and micro-
biological quality. Given that urban areas are increasingly
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covered with impervious surfaces, the choice of roofing
material plays a crucial role in determining the characteris-
tics of runoff water (Kdiv-Vainik et al. 2022; Oztiirk et al.
2024).

The study found that roofing materials significantly affect
stormwater quality, with variations in key water chemistry.
The pH of the runoff differed based on the roofing material,
as seen in the pH increase from contact with AC. These pH
changes are crucial, as they can impact the solubility and
mobility of pollutants in aquatic environments. Maintain-
ing a neutral pH is vital to prevent harm to aquatic life and
the availability of heavy metals (Kumar Dewangan et al.
2007). In parallel, conductivity serves as an indicator of dis-
solved ion content, and elevated values often correspond to
increased pollutant loads (Kumar Dewangan et al. 2007). As
expected, roofing materials with metal contamination, such
as heavy metals, contributed to the presence of these metals
in the runoff, raising concerns about their long-term accu-
mulation in water bodies (Lye 2009). TSS concentrations
were elevated in runoff from deteriorating roofing materials,
where particulate matter was easily dislodged. This suggests
that surface texture and material degradation play a crucial
role in the mobilization of suspended particles (Kumar et al.
2021). Higher TSS levels can lead to increased turbidity,
reducing light penetration and affecting aquatic ecosystems.
Furthermore, suspended solids often act as carriers for other
pollutants, such as heavy metals and organic contaminants,
amplifying their impact on water quality (Matos et al. 2024).
Hardness levels were predominantly affected by mineral-
based materials, such as concrete and slate, which contrib-
uted to elevated calcium and magnesium concentrations
(Miiller et al. 2020). Elevated hardness in rainwater may
influence its interactions with metal contaminants, poten-
tially reducing the bioavailability of toxic metals through
precipitation reactions. TOC levels demonstrated variabil-
ity among exposed and normal samples, AC contributing
higher TOC concentrations. The presence of organic matter
in rainwater runoff has implications for microbial activity
and nutrient cycling, which may influence downstream water
quality (Wardinski et al. 2024). BOD and COD analyses
revealed that roofing materials with organic components
or coatings contributed to increased oxygen demand, likely
due to the leaching of biodegradable substances or organic
additives. Higher BOD and COD values indicate greater
potential for oxygen depletion in receiving water bodies,
which can lead to hypoxic conditions harmful to aquatic
life (Mocuba 2010). The results of the analysis indicate that
roofing materials significantly influence rainwater qual-
ity, particularly through the release of heavy metals such
as zinc, lead, and mercury. Accumulated dust and airborne
pollutants on roof surfaces may also impact on the metal
concentrations detected in the collected rainwater (Ayenimo
et al. 2006). Since these materials are not separated from the
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roofing substrate during runoff, the measured concentrations
likely represent a combination of leaching from the roofing
material and the wash off of deposited atmospheric con-
taminants (Hafera 2006). Future research could benefit from
a separate examination of roof dust composition to better
differentiate between these sources (Nicholson et al. 2010).

Roofing surfaces act as sources of contaminants, affect-
ing runoff composition and posing environmental and health
risks (Ibe and Ibe 2016). The weathering of AC and other
metal-containing roofing materials contributes to the leach-
ing of these pollutants into rainwater systems (Miiller 2016).
AC roofs release zinc, lead, and mercury over time, with
potential consequences for ecosystems and human health
(Gualtieri et al. 2022; Kottek and Yuen 2022). Zinc, often
found in galvanized roofing, can disrupt aquatic organisms
by affecting enzymatic functions and ecosystem stability
(Briffa et al. 2020; Lidman et al. 2020). Lead, a known neu-
rotoxin, can accumulate in the environment, affecting both
human populations and wildlife (Assi et al. 2016). Mercury,
though less common, is a persistent toxin that bioaccumu-
lates, leading to severe ecological consequences (Pavithra
et al. 2023). Stormwater contaminated with these heavy met-
als poses risks when used for irrigation. Elevated zinc, lead,
and mercury concentrations can hinder plant growth, reduce
agricultural yields, and lead to bioaccumulation in edible
crops, potentially entering the human food chain. Beyond
direct toxicity, heavy metals degrade water quality and bio-
accumulate in aquatic organisms, affecting entire ecosystems
(Saravanan et al. 2024). A shift in contamination levels has
been detected even after a single exposure, particularly in a
medium regarded as neutral. The persistence of these sub-
stances in aquatic ecosystems emphasizes the necessity for
continuous monitoring and mitigation measures to address
public and environmental health risks. Additionally, the sig-
nificance of a holistic and integrated approach to water man-
agement and policy is reinforced to guarantee the sustainable
governance of water resources.

Conclusions

This paper shows that rainwater collected from AC roofs
has different chemical properties compared to normal rain.
The key finding is that rainwater from AC roofs has higher
pH levels, likely due to the roofing materials leaching
calcium compounds. This change in pH can impact how
other contaminants dissolve and move, which could affect
water treatment and the environment. The water samples
exposed to AC had higher electrical conductivity, sug-
gesting the AC material contributed more dissolved ions.
While total suspended solids only modestly increased,
small amounts of particulates can carry other pollutants
like heavy metals, potentially degrading water quality.

Notably, water hardness nearly doubled in AC-exposed
samples compared to normal rainwater. Additionally, total
organic carbon concentrations were significantly higher
in AC-exposed water, indicating the leaching of organic
compounds from the roofing material. This could increase
microbial activity and elevate the biochemical oxygen
demand, further affecting the quality of stored rainwater.
The chemical oxygen demand was also notably higher in
AC-exposed samples, implying an increased presence of
oxidizable organic and inorganic matter, likely from the
roofing material or deposited pollutants.

The paper also identifies a considerable increase in
heavy metal contamination, particularly zinc, lead, and
mercury, in rainwater exposed to AC roofs. These metals
pose significant environmental and health risks, especially
if the water is used for irrigation or potable purposes. The
increased concentrations of zinc, lead, and mercury in AC-
exposed samples highlight the potential for these materials
to serve as sources of heavy metal pollution. Zinc was
found to be significantly elevated in both AC-exposed and
simulated samples, indicating the potential for AC roofing
to contribute substantial metal contamination to harvested
rainwater. Owing to the considerable specific surface area
and surface tension of asbestos fibers, these heavy met-
als form complexes that markedly enhance each other’s
effects. The results of simulated samples regarding general
water chemistry parameters may not exhibit conspicuous
changes; however, concerning heavy metals, they vividly
illustrate the straightforward manifestation of pollution.

Overall, the findings underscore the critical role of
roofing materials in determining the quality of harvested
rainwater. The observed changes in pH, conductivity,
hardness, organic content, and heavy metal concentra-
tions emphasize the need for further investigation and
monitoring of water quality in areas utilizing AC roofs
for rainwater collection. These results suggest that the use
of AC roofing materials can lead to significant alterations
in water quality, with implications for water treatment,
ecosystem health, and public safety. Thus, it is essential
to consider these factors in the management of rainwater
harvesting systems, particularly in urban areas, to ensure
safe and sustainable water use practices. These findings
underscore the importance of conditions when assessing
the environmental impact of roofing materials on water
quality. Further research is warranted to elucidate the
mechanisms driving these observed differences and to
devise effective strategies for mitigating potential envi-
ronmental risks associated with AC roofing.
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landscapes, to the underexplored area of asbestos-free urban transitions. The
concept of an “asbestos-free city”is introduced in this paper as a novel analytical
lens to describe urban transitions aiming to eliminate asbestos-related risks through
systemic, sustainable interventions. The review was conducted through a structured
qualitative analysis of peer-reviewed academic literature, guided by predefined
thematic criteria and relevance to urban asbestos-related transitions. The review
highlights the factors that enable or hinder the adoption of asbestos-free and strong
sustainable solutions, as well as the role of various actors, such as policymakers,
industry, and civil society, in driving these transitions. Despite the growing body of
work on sustainability transitions, the integration of MLP into asbestos-related urban
transformation remains limited. This paper fills that gap by offering a structured
synthesis and proposing a roadmap for future research and practice. Our findings
provide actionable insights for actors across policy, civil society, and industry seeking
to accelerate transitions toward asbestos-free and sustainable cities.

Keywords Sustainability transitions, Multi-level perspective, Asbestos-free cities,
Strong sustainability, Urban development

1 Introduction

With increasing global concerns about public health risks and environmental sustain-
ability, the transition towards asbestos-free urban environments has gained significant
attention [1]. Asbestos, historically used in construction and industrial applications due
to its durability and fire resistance, has been identified as a severe health hazard, leading
to diseases such as asbestosis, lung cancer, and mesothelioma [2-5]. In the 20th century,
approximately 125 million tons of asbestos were used worldwide, with its use peaking
in the 1970s [6, 7]. The extensive legacy of asbestos use, particularly in building con-
struction, water infrastructure, and a wide array of manufactured goods, has led to a
ubiquitous environmental and public health challenge due to its carcinogenic properties
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and potential for long-term exposure [8, 9]. Notwithstanding the extensive awareness
of asbestos-related risks and the implementation of usage bans in more than 50 coun-
tries, the global consumption of asbestos persists at an estimated 2 million tons per year
[10-12].

Consequently, numerous nations have enacted regulations to eliminate asbestos-con-
taining products and encourage the adoption of sustainable alternatives in urban set-
tings [13, 14]. Nevertheless, realizing a comprehensive transition necessitates a thorough
comprehension of the multilayered factors shaping policy execution, industry adapta-
tion, and public acceptance [15, 16]. Traditionally, the construction and urban plan-
ning industries have emphasized cost-effectiveness and material durability, often to
the detriment of environmental and public health considerations [17-20]. However, as
sustainability goals and public health awareness have advanced, cities are increasingly
implementing policies to enable asbestos-free development while integrating broader
sustainability principles [21]. The transition to asbestos-free cities is not merely a regu-
latory challenge, but also a strategic approach to enhancing long-term urban resilience
and sustainability [1, 22]. This paper introduces the concept of an “asbestos-free city”
as a novel analytical lens to describe and analyse integrated urban transitions aimed at
eliminating asbestos-related risks through sustainable, multi-actor interventions. Elimi-
nating asbestos-containing materials is a vital step in reducing public health risks and
ensuring safer urban environments [23]. Furthermore, this aligns with global sustainabil-
ity initiatives by promoting environmentally friendly construction materials and circular
economy principles [1, 24]. According to the Ellen MacArthur Foundation [25], the cir-
cular economy model focuses on optimizing resource management by minimizing waste
and pollution, maximizing the utilization of products and materials, and fostering the
regeneration of natural ecosystems. These tenets are critical in the context of sustain-
ably eliminating asbestos and transitioning to alternative materials. Multifaceted factors,
encompassing government policies, industrial characteristics, and societal engagement,
play a pivotal role in this transitional process [26]. Regulatory frameworks establish the
legal and compliance requirements for the removal of asbestos and its replacement with
sustainable alternatives [27]. Concurrently, industrial determinants, such as techno-
logical progress, market incentives, and competitive dynamics within the construction
industry, shape the effective adoption of asbestos-free practices [13, 28—30]. Addition-
ally, public consciousness and societal backing are crucial in stimulating the demand for
safe and sustainable urban development [31]. Despite the increasing acknowledgment of
the necessity for asbestos-free urban environments, the efficacy of transition strategies
continues to be an active area of research [13, 26]. While regulatory frameworks offer a
foundation, their impact fluctuates based on industry-specific challenges and regional
socioeconomic conditions [32]. The cost implications associated with asbestos removal
and substitution can be substantial, and without sufficient financial and technological
support, certain industries may face difficulties in compliance [30, 33, 34]. To address
these financial challenges, innovative business models can play a crucial role in facilitat-
ing the transition. Green financing initiatives, including government-backed subsidies
and ESG (Environmental, Social, and Governance) investments, can help mitigate the
financial burden on construction firms [35]. Additionally, public-private partnerships
(abbreviation: PPPs) may encourage cooperation between government entities and pri-
vate companies to fund large-scale asbestos removal projects [36]. Furthermore, circular
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economy business models—such as recycling and repurposing materials from asbestos-
containing buildings—can create economic value while supporting sustainability efforts
[37].

Sustainable business models encompass mechanisms of value creation, delivery, and
retention that are not only economically viable but also generate positive environmental
and social impacts [38]. According to [39], such models challenge conventional logics
of value creation and offer alternative pathways that promote long-term ecological and
social sustainability. In the practical application of sustainability, a critical distinction
must be made between initiatives that genuinely foster sustainable outcomes (namely,
circular economy principles, resource efficiency, and the mitigation of social inequali-
ties) and those that are superficial attempts at appearing eco-friendly, often driven by
marketing objectives [40]. In addition to definitional clarity, attention should also be
paid to the degree to which different sustainable business models are embedded in the
prevailing structures of consumer society [41, 42]. As [38] emphasize, models based on
digitalization, sharing, and resource efficiency tend to exhibit stronger rebound effects,
cause a return to previous, often environmentally harmful, consumption patterns. In
contrast, sufficiency- and stewardship-oriented models appeared less susceptible to such
effects and more clearly reflected the long-term goals of sustainability [43]. This under-
standing supports the notion that the term ‘sustainable business model’ is an overarch-
ing concept that necessitates differentiating between genuinely transformative models
and those more deeply embedded within existing consumerist frameworks [44].

Additionally, stakeholders, including policymakers, construction firms, and urban
planners, must comprehend the long-term value of sustainable transitions beyond
immediate fiscal concerns [45-47].

The integration of “sustainability-as-a-service” business models can facilitate the tran-
sition to asbestos-free and sustainable construction. In this approach, companies offer
asbestos remediation and sustainable construction services on a subscription or pay-
per-use basis [48]. This model enables property owners to transition gradually while
spreading the associated costs over time. Additionally, market-based incentives, such
as tax benefits for companies that utilize asbestos-free and sustainable materials, could
accelerate the shift toward safer and more environmentally-friendly urban environments
[49].

A comprehensive review of the factors influencing asbestos-free and sustainable
urban transitions is essential to connect policies with practical implementation [50].
The paper adopts the Multi-Level Perspective (abbreviation: MLP) framework [51-53],
which conceptualizes sustainability transitions as interactions across three levels: niche
innovations, socio-technical regimes, and the broader socio-technical landscape. This
approach allows for a systemic assessment of how diverse factors shape the pace and
direction of asbestos-free urban transitions [54]. The external context, including indus-
try, economics, and regulations, directly impacts how cities manage this transition
[16]. Without considering these contextual factors, policy recommendations may lack
the adaptability and practicality needed for effective implementation [55]. By aligning
business strategies with policy and market forces at different levels of the MLP model,
the transition to asbestos-free and sustainable construction can be facilitated [56]. For
instance, at the niche level, startups developing environmentally-friendly construction
materials may benefit from government incentives. At the regime level, established firms
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can adopt sustainable supply chain practices and circular economy principles. Concur-
rently, at the broader landscape level, global sustainability commitments can catalyse
large-scale industrial transformations [57]. Leveraging these market-driven approaches
is crucial, as policy recommendations alone may lack the adaptability and practical feasi-
bility required for effective implementation.

As municipalities develop more sustainable practices, comprehending the relation-
ships among regulations, industry operations, and community involvement is essential
[29]. Examining the influence of multifaceted elements on the transition to asbestos-free
environments can bolster urban resilience and advance worldwide sustainability goals
[58]. This paper systematically reviews the existing literature and empirical evidence
to identify the principal enablers and barriers, and to provide insights into successfully
implementing a sustainable, asbestos-free urban model. The research’s novelty lies in its
systemic approach to the multilevel drivers of sustainable urban development, linking
regulatory, industrial, and social aspects. The research gap stems from the fact that exist-
ing studies often focus on a single factor, whereas this paper adopts a holistic approach,
enabling a deeper understanding of complex interrelations and interactions.

While several studies have addressed aspects of asbestos removal and sustainable
urban development [48, 59, 60], a comprehensive synthesis integrating the Multi-Level
Perspective (MLP) framework into asbestos-free urban transitions remains absent.
Existing reviews often focus narrowly on policy, technological innovation, or social
acceptance independently, overlooking the systemic interactions across niche, regime,
and landscape levels that the MLP framework captures. This gap limits our understand-
ing of the multi-dimensional challenges and opportunities in asbestos-free urban trans-
formations. To address this gap, the paper is guided by the following research questions:

Q1 What are the main enabling factors and barriers across niche, regime, and landscape
levels influencing the adoption of asbestos-free and sustainable urban solutions?

Q2 What roles do different actors (policymakers, industry, and civil society) play within
these multi-level interactions to accelerate or hinder the transition?

Q3 How can the Multi-Level Perspective framework elucidate the complex dynamics
shaping asbestos-free urban transitions?

By answering these questions, the paper aims to provide a structured synthesis that
not only fills the existing literature gap but also offers actionable insights for advancing
asbestos-free sustainable cities.

2 Theoretical background

2.1 Is an asbestos-contaminated community capable of achieving sustainability?

The discourse surrounding sustainability has expanded significantly over recent decades,
encompassing not only environmental concerns but also considerations of social justice,
economic viability, and intergenerational equity [61-63]. While the concept of weak
sustainability posits that natural capital can be substituted with human-made capital,
proponents of strong sustainability argue that certain environmental assets, particularly
those crucial for health and ecosystem stability, are irreplaceable [64, 65]. The case of
asbestos-contaminated communities illustrates the profound challenges associated with
achieving sustainability in the presence of persistent environmental hazards [66]. Asbes-

tos, a recognized carcinogen, does not degrade over time like many other pollutants,
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and its health consequences, including asbestosis, lung cancer, and mesothelioma, may
not manifest until decades after exposure [3]. This latency period creates a disconnect
between immediate mitigation efforts and long-term health outcomes, thereby com-
plicating the implementation of sustainability principles in affected areas [50]. From a
strong sustainability standpoint, an asbestos-contaminated environment represents
a fundamental contradiction [67]. Robust sustainability necessitates safeguarding eco-
logical integrity, maintaining essential life-supporting systems, and preventing irrevers-
ible environmental damage [61]. However, asbestos contamination directly undermines
these objectives, as exposure to airborne fibres poses an ongoing threat to human health
and natural ecosystems [68]. Unlike pollutants that can be effectively neutralized or
biologically degraded, asbestos remains persistent once released into the environment
[3]. Even when abatement measures, such as encapsulation or controlled removal, are
implemented, the residual risks remain significant, particularly in aging infrastructure
and inadequately regulated disposal sites [32]. The mere presence of asbestos-containing
materials in built environments, even if undisturbed, conflicts with the precautionary
principle—a cornerstone of sustainable development—due to the potential for future
exposure incidents [69].

Intergenerational equity, a core tenet of sustainability [70], is severely compromised in
asbestos-contaminated communities. The prolonged latency period of asbestos-related
illnesses means that current exposure disproportionately burdens future generations,
contradicting the fundamental objective of sustainability: ensuring a safe and liveable
environment for succeeding populations [69]. Additionally, the economic and social
expenditures associated with asbestos remediation and related healthcare services divert
financial and institutional resources from other sustainability initiatives [71]. In many
instances, the remediation process itself generates further environmental and social
challenges, as the safe removal, transportation, and disposal of asbestos materials neces-
sitates extensive regulatory oversight and technological infrastructure [72]. Furthermore,
the socioeconomic disparities that often characterize asbestos-exposed populations
exacerbate the issue, as lower-income communities may lack the political influence or
financial capacity to advocate for comprehensive remediation efforts [50, 68]. The sys-
temic nature of asbestos-related risks underscores the challenges of reconciling sus-
tainability with scenarios where environmental degradation is effectively irreversible
without large-scale intervention. While certain sustainability aspects, such as economic
resilience or community engagement [73], may be promoted in asbestos-affected areas,
the fundamental principles of strong sustainability remain difficult to achieve as long as
asbestos contamination persists [74]. This raises broader ethical and policy questions
about the extent to which sustainability can be realized in compromised environments
[75], and whether the presence of hazardous, non-degradable pollutants constitutes an
absolute barrier to sustainability. Consequently, in any effort to integrate sustainability
strategies into asbestos-contaminated communities [76], the primary focus must be on
the complete elimination of exposure risks as a prerequisite for broader environmental
and social progress.

2.2 Challenges of asbestos-free transition
Conceptualizing social transitions is a complex endeavour that frequently encompasses
both qualitative and quantitative dimensions [77, 78]. The shift towards an asbestos-free
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environment encounters various challenges, including the multi-level and regulatory
aspects of transforming industrial and construction systems [79], the interplay between
stability and the emergence of new solutions within existing economic and social struc-
tures [80], and the integrated management of social, economic, and technological trans-
formations [81].

The pervasive utilization of asbestos in industrial and construction settings has
engendered long-term reliance [22]. Transitioning to an asbestos-free environment
necessitates substantial financial and infrastructural investments, encompassing
the replacement or modification of existing buildings and equipment, as well as the
implementation of appropriate safety measures [49]. The success of asbestos elimina-
tion is intrinsically linked to cooperation between the public and private sectors [70],
as mitigating health and environmental risks requires a long-term strategic approach.
Furthermore, as this transition remains in its nascent stages in numerous countries, a
comprehensive assessment is indispensable, considering the safety, cost-effectiveness,
and environmental impact of alternative materials [82]. Collaboration between nations
and stakeholders plays a pivotal role in realizing this transition, as long-term partner-
ships provide opportunities to foster innovation, facilitate knowledge sharing, and opti-
mize the allocation of financial resources [83, 84].

The evaluation of methods for facilitating asbestos-free transitions can be divided into
qualitative and quantitative approaches [85, 86]. Qualitative methods enable in-depth
theoretical and conceptual investigation of transition processes [87, 88]. Complementing
these, qualitative models or analytical frameworks help organize and interpret the com-
plex findings arising from qualitative data. Quantitative approaches, by contrast, provide
measurable and precise results but may be limited in their capacity to incorporate fac-
tors that cannot be readily translated into mathematical expressions [38, 89]. As such,
developing a comprehensive qualitative framework alongside a validated quantitative
model is essential for establishing effective strategies for asbestos elimination [90].

2.3 Application of the MLP in asbestos-free and sustainable urban transitions

The MLP constitutes a salient analytical framework for investigating the dynamics
underpinning socio-technical transitions [78, 82, 91]. Its utility is noteworthy when con-
sidering the promotion of asbestos-free and sustainable transitions in urban environ-
ments. This approach delineates three interacting levels - the landscape, the regime, and
the niche - each of which plays a pivotal role in shaping the trajectories of such transi-
tions [92, 93].

The landscape level encompasses overarching contextual factors such as macroeco-
nomic conditions, regulatory frameworks, and societal values [70, 94]. In the case of
asbestos-free transitions, this landscape is characterized by global concerns regarding
health and the environment, the implementation of more stringent regulations on haz-
ardous materials, and growing public consciousness about the long-term risks associ-
ated with asbestos exposure. These broad, systemic trends exert gradual yet significant
pressure on existing urban systems, compelling them to adapt accordingly over time
[95].

The regime level is characterized by the prevailing infrastructure, policies, and institu-
tional norms that shape urban planning, construction practices, and environmental poli-
cies [96]. The continued presence of asbestos in older buildings, coupled with regulatory
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and economic constraints, generates significant lock-in effects that impede rapid tran-
sitions [49]. Existing regulatory frameworks may either facilitate or hinder the phasing
out of asbestos, depending on factors like enforcement mechanisms, available financial
incentives, and industry resistance [97, 98]. Nonetheless, external pressures such as legal
mandates, advocacy campaigns, and public demand for healthier urban environments
can challenge the stability of this regime, opening up avenues for systemic change [99].

From a business perspective, financial mechanisms such as green bonds, impact
investing, and sustainability-linked loans can play a pivotal role in mitigating the eco-
nomic challenges associated with asbestos remediation [100]. Collaborative efforts
between governments and private sector stakeholders through public-private part-
nerships can help fund large-scale asbestos abatement projects. Additionally, circular
economy frameworks can facilitate the creation of value from recycled construction
materials [32]. Furthermore, performance-based contracting models have the potential
to incentivize innovation by linking financial rewards to successful asbestos removal and
sustainable urban development outcomes [101]. At the niche level, innovative solutions
and alternative approaches arise, frequently driven by pioneering stakeholders such as
sustainable construction companies, research organizations, and policy innovators [78].
These niche-level actors explore and experiment with asbestos-free building materials,
novel decontamination methods, and circular economy strategies for waste manage-
ment [102]. Entrepreneurial business models, such as leasing arrangements for sustain-
able construction materials and performance-based contracts for asbestos remediation,
can offer scalable solutions that reconcile economic incentives with sustainability objec-
tives [103]. By nurturing entrepreneurship in the asbestos-free building industry and
supporting startup accelerators focused on green construction innovations, actors at the
niche level can catalyse systemic transformation [104]. As these innovations develop and
gather momentum, they can shape and influence the broader regime, thereby accelerat-
ing the transition towards more sustainable urban systems [105]. Extant research has
applied the MLP framework to examine urban sustainability transitions, highlighting the
significance of niche innovations in disrupting established socio-technical regimes [106].
For instance, studies on sustainable urban development have shown that grassroots ini-
tiatives focused on green architecture, circular construction methods, and policy-driven
incentives play a vital role in transforming urban environments [107-110]. Similarly, the
adoption of asbestos-free construction techniques in pioneering cities offers valuable
insights into overcoming institutional and economic barriers to change. The application
of the MLP to the transition towards asbestos-free urban environments underscores the
necessity for a comprehensive and strategic approach [78]. Successful transitions require
not only regulatory interventions and technological advancements, but also active pub-
lic engagement and cross-sectoral collaboration. By harnessing the synergies across the
landscape, regime, and niche levels, cities can systematically phase out asbestos while
cultivating healthier and more sustainable built environments [111].

Asbestos phase-out processes are deeply embedded in social and institutional con-
texts, which fundamentally shape the direction, pace, and depth of sustainability transi-
tions. These transitions are not merely technological or regulatory in nature; they also
involve complex processes of social learning, trust-building, and justice-oriented gover-
nance. Identifying both barriers and enabling factors across different levels—individual,
organizational, and systemic—provides valuable insights into critical leverage points
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where targeted interventions can enhance the effectiveness and equity of the transition.
Table 1 presents these multilevel challenges and enablers in a structured format, high-
lighting how individual mindsets, institutional dynamics, and systemic conditions inter-
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act to either hinder or foster transformative change.

The examples provided are particularly relevant in high-risk contexts, where asbestos
exposure is compounded by social vulnerability and institutional underrepresentation,
factors that collectively obstruct the implementation of just and sustainable remediation

pathways.

Table 1 Multilevel challenges and enabling factors in transformative sustainability transitions

Level Type Description Examples / Notes
Individual Challenge  Limited understanding of systemic Sustainability literacy gaps among
sustainability concepts (e.g. strong citizens or professionals in high-risk
sustainability, social metabolism) environments
Challenge  Cognitive and emotional resistance to  “Not in my backyard” (NIMBY) attitudes
change; psychological distance from  towards remediation or infrastructure
long-term risks change
Challenge  Low sense of agency in high-uncer- ~ Demotivation in asbestos-affected
tainty or post-contamination contexts populations due to long-term neglect
Enabler Sustainability-oriented value systems  Environmental ethics education, story-
and intergenerational thinking telling, local heritage revitalization
Enabler Empowerment through citizen sci- Community mapping of contaminated
ence and participatory monitoring zones; involvement in risk assessment
processes
Enabler Psychological ownership of solutions;  Community gardening on remediated
emotional connection to place land; local circular economy pilots
Organizational ~ Challenge Institutional lock-ins, rigid hierarchies  Traditional remediation agencies
resistant to horizontal collaboration focused on compliance rather than
co-creation
Challenge  Misalignment between sustainability  Health and safety policies disconnect-
goals and operational mandates ed from environmental or innovation
strategies
Challenge  Lack of diversity in decision-making Marginalized or vulnerable groups
processes excluded from asbestos phase-out
planning
Enabler Mission-driven innovation aligned Organizations integrating public health,
with strong sustainability principles environmental justice, and innovation
Enabler Use of transdisciplinary and inclusive  Co-design workshops, shared gover-
methods in program design and nance structures
implementation
Enabler Institutional learning and reflexivity After-action reviews, embedded moni-
mechanisms toring and learning systems
Systemic Challenge  Fragmented governance systems and Environmental, public health, and in-
incoherent policy mixes novation policies operating in silos
Challenge  Path dependency and lack of disrup-  Continued preference for cost-min-
tive innovation incentives imization over long-term social and
ecological gains
Challenge  Unequal access to information, fund-  Under-resourced municipalities, urban-
ing, or remediation infrastructure rural divide in environmental health
interventions
Enabler Adaptive regulatory environments Green public procurement, incentives
that reward sustainability co-benefits  for nature-based remediation
Enabler Integration of science-policy-practice  Dedicated knowledge brokers, sustain-
interfaces ability transition hubs
Enabler Long-term investment in justice- Strategic remediation programs

oriented sustainability infrastructure

addressing both contamination and
socio-economic disparities

Page 8 of 28
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2.4 The MLP and strong sustainability

The integration of the MLP with strong sustainability offers a robust analytical frame-
work [112] to comprehend and enable asbestos-free transitions in urban settings. Strong
sustainability underscores the imperative of maintaining ecological integrity and ensur-
ing intergenerational equity, principles that align with the systemic and multi-scalar
nature of the MLP [113, 114]. By examining the interplay between landscape, regime,
and niche levels, it becomes feasible to identify both obstacles and prospects for pro-
gressing towards asbestos-free, sustainable cities [115]. At the landscape level, sustain-
ability influences economic trends, policies, and public awareness of asbestos risks [116].
Stricter regulations, health guidelines, and demand for sustainable materials put pres-
sure on existing systems. The shift toward circular economy further supports eliminating
hazardous materials like asbestos and promoting safer alternatives [117]. The established
policies, industry standards, and economic structures governing construction, waste
management, and urban planning make up the regime level [118]. Despite increased
awareness of asbestos dangers, many urban areas still rely on infrastructure containing
asbestos-based materials. Institutional inertia, economic constraints, and path depen-
dency hinder systemic change [119]. However, regulations, technology, and incentives
can disrupt current practices and enable a transition to sustainable, asbestos-free urban
systems. At the niche level, emerging innovations drive change. Researchers, policymak-
ers, and industry pioneers develop alternative materials, remediation techniques, and
policy frameworks aligned with sustainability principles [52, 120]. Pilot projects and
small-scale initiatives serve as incubators, providing proof-of-concept models that can
be scaled up and integrated into mainstream urban development [107]. Collaboration
among stakeholders at this level is crucial for exchanging knowledge, reducing barriers,
and accelerating the adoption of sustainable practices [121, 122]. The MLP provides a
valuable framework for policymakers and planners to devise comprehensive strategies
addressing the structural and behavioural transformations required for sustainable and
asbestos-free urban transitions [51]. Integrating regulations, incentives, and participa-
tory governance approaches is critical to overcoming resistance and ensuring an equi-
table transition [115].

3 Research hypotheses and design

3.1 Research hypothesis development

The transition to asbestos-free urban environments is a multifaceted process influenced
by various factors, including regulatory policies, technological innovations, stakeholder
involvement, and socioeconomic conditions [78]. The research addresses multiple fac-
tors, among which the analysis of regulatory frameworks receives particular focus, as
it plays a pivotal role in shaping asbestos-free and sustainable urban transformations.
This analytical perspective is closely linked to other key aspects, such as the manage-
ment of health risks, the inclusion of societal actors, and the pace and implementation
of interventions. The centrality of regulatory frameworks lies not only in establishing
legal boundaries, but also in their direct impact on societal acceptance, the mitigation
of health-related risks, and the timing and effectiveness of policy implementation. The
MLP offers a comprehensive framework for examining how interactions among differ-
ent levels of governance, industry, and societal influences either enable or impede this
transition [81, 123]. Mitigating the presence of asbestos in urban areas is essential for
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safeguarding public wellbeing and facilitating sustainable city transitions [124]. Asbes-
tos-containing older buildings and infrastructure pose considerable threats to inhabit-
ants and workers, necessitating coordinated policies and strategic actions to confront
this critical concern [125, 126]. Drawing on transition theory, we propose the following
hypothesis:

Hypothesis (H1) The resistance of legacy industries and path dependencies in construc-
tion and infrastructure sectors hinder the effectiveness of asbestos-free policies, neces-
sitating targeted interventions.

We hypothesize that the success of transitioning to asbestos-free practices is shaped by
the degree of regulatory oversight and institutional backing. Stringent national bans,
local ordinances, and international accords significantly influence the pace and breadth
of asbestos removal initiatives. In jurisdictions with robust regulations, municipali-
ties and industries are more inclined to implement proactive asbestos-free measures,
whereas weak enforcement allows the persistent presence of asbestos to remain a major
obstacle. Consequently, we propose the following hypothesis:

Hypothesis (H2) The stringency of regulatory frameworks moderates the relationship
between asbestos-free policies and urban sustainability outcomes.

The role of industry and technological innovation is vital in enabling the transition.
Novel asbestos-free materials, safer demolition methods, and improved waste man-
agement solutions help mitigate exposure risks. Highly innovative industries, with the
availability of alternatives and adherence to best practices, can expedite asbestos-free
transitions. Conversely, industries resistant to change may experience slower transitions
due to economic and structural impediments. Based on these observations, we propose
the following hypothesis:

Hypothesis (H3) Technological innovations and industrial advancements influence the
connection between policies promoting asbestos-free materials and transitions towards
sustainable urban development.

Adopting a MLP is crucial for understanding how the interplay of policy, technological
advancements, and societal engagement facilitates asbestos-free transitions. The paper
examines transformation processes through the lens of the MLP, with particular atten-
tion to the interactions among the niche (innovation), regime (systemic), and landscape
(macro-environmental) levels. A detailed analysis of these levels is presented in Chap. 4.
While this paper is grounded in transition theory, it incorporates empirical insights
from the reviewed literature to illustrate how theoretical constructs manifest in real-
world contexts. Future work may benefit from a more structured quantitative synthesis
to further validate the observed patterns across studies.

3.2 Pathways of the strong sustainability transitions

Analyses of strong sustainability transition processes often examine the interactions
among various levels, facilitating an understanding of how social and technological
changes shape these transition dynamics [127]. The MLP framework utilizes pathway
descriptions to outline transition pathways, offering a comprehensive and nuanced
analysis of sociotechnical transformations [128]. These descriptions provide a holistic
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understanding of different levels, ranging from niche innovations to the transformation
of established systems, and capture their intricate interactions [78]. Pathway character-
izations provide a comprehensive understanding that takes into account the intricate
interrelationships between social dynamics and technological advancements across
societal, economic, and environmental domains [129]. The characterization of resilient
sustainability transition pathways involves classifying the developmental process of a
system, functioning as a practice-oriented and policy-driven research methodology for
exploring socio-technical complexity [123, 130]. Within this approach, the MLP frame-
work emphasizes the interactions between different levels—innovative niches, the domi-
nant regime, and macro-environmental pressures—thereby enabling a comprehensive
interpretation of the evolutionary dynamics of social phenomena and technological
transformations [131]. Pathway descriptions allow for the identification of pivotal junc-
tures where experimental, radical innovations interact with stable yet adaptable systemic
structures, while macro-environmental challenges—such as ecological crises and shifts
in societal values—also play a decisive role in system transformation [132, 133]. This
holistic viewpoint highlights that the success of resilient sustainability transitions is not
merely the result of technological or economic factors but is fundamentally contingent
on profound social, cultural, and institutional changes [134]. These changes integrate the
protection of natural capital and adherence to ecological limits into the functioning of
society [135]. Thus, pathway descriptions also serve as strategic guidelines for policy-
makers, assisting them in identifying critical intervention points that can facilitate the
transition towards a sustainable future [136].

3.3 The conceptualisation and application of MLP

This research model adopts a hierarchical perspective to examine urban transitions. At
the first level, the focus is on niche innovations and socio-technical experiments that
drive the development of asbestos-free and sustainable cities. The second level encom-
passes the regime dynamics, including regulatory frameworks, economic structures, and
social norms that influence the persistence or transformation of existing urban practices.
The third level represents the broader landscape factors, such as global sustainability
trends, climate policies, and public health imperatives, which shape the overall condi-
tions for transition. The analysis employs a MLP framework to investigate the inter-
actions between these levels and their role in enabling or impeding sustainable urban
transitions. The research model applied in this paper is illustrated in Fig. 1. The MLP is
a methodology that facilitates the assessment of how interactions across diverse levels
shape transition pathways.

It is particularly advantageous for analysing intricate socio-technical systems, wherein
lower-level niche innovations interact with deeply entrenched regime structures, subject
to the influence of external landscape pressures. Examining transitions using single-level
analytical tools risks overlooking the interdependencies between these levels, leading to
incomplete or misleading interpretations of transition dynamics. This could culminate
in a reductionist approach that fails to account for the systemic barriers and enablers
of sustainable change. By employing MLP, this paper systematically evaluates the role
of various factors in asbestos-free urban transitions, ensuring a comprehensive under-

standing of the conditions required for sustainability-oriented urban transformation.
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Fig. 1 MLP on the transition to strong sustainability for asbestos-free settlements

4 Conceptualisation and operationalization of MLP elements

4.1 Niches

Niche innovations catalyse interdependent transformations involving emerging technol-
ogies, practices, stakeholder configurations, values, networks, and policies [86]. Niches
represent new technological, regulatory, organizational, or conceptual developments
[137]. In the context of transitioning cities to be asbestos-free, niche innovations encom-
pass novel asbestos-free construction materials, alternative demolition and waste man-
agement approaches, and policy-driven urban renewal initiatives [138, 139]. According
to the multi-level perspective framework, the transition to asbestos-free cities requires
niche-level innovations. These include new technologies, policy changes, and stake-
holder-led advocacy to eliminate asbestos in urban areas [49]. Achieving this transition
requires the adoption of new material alternatives, the implementation of stricter reg-
ulatory frameworks, and the transformation of construction and demolition practices
[62]. Research indicates that successful transitions are contingent upon the presence of
robust and well-supported niche innovations that can challenge the prevailing socio-
technical regime [78, 140-142]. Niches are initiatives where alternative practices and
rules emerge within networks of actors [143—145]. The niche concept is analogous to
alternative urban renewal strategies, but it extends beyond just these networks. Instead,
it originates from evolutionary economics, which examines technological progress and
how alternative networks facilitate the adoption of new technologies [146]. Examples
of niches in urban sustainability include green building certifications, circular economy
projects, and sustainable urban planning frameworks [147]. The promotion of non-toxic
materials and sustainable construction policies can be considered niche-level innova-
tions [147-149]. However, alternative approaches do not always lead to major changes
[150—152]. Therefore, it is crucial to clearly define the niche being studied and its dis-
tinctiveness from the existing system [153].

The MLP framework originally conceptualized niches as protective environments
fostering innovation [51, 78, 131]. However, in the context of asbestos-free urban tran-
sitions, scholars commonly use the niche concept to describe emerging regulatory poli-
cies, alternative building materials, and industry best practices [154—156]. The degree to
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which niche innovations disrupt the dominant socio-technical system depends on their
maturity and capacity for upscaling [157, 158]. The internal niche processes of forma-
tion, development, and actor-network configurations are crucial for enabling sustainable
transitions [159]. From a business model perspective, niche innovations necessitate sus-
tainable financing mechanisms, viable revenue streams, and market demand to achieve
successful scaling. The widespread adoption of asbestos-free alternatives relies not only
on regulatory pressures but also on the ability of firms to integrate cost-effective pro-
duction, distribution, and value propositions that appeal to industry stakeholders. For
instance, firms developing asbestos-free materials must ensure competitive pricing,
secure supply chain partnerships, and effectively communicate the long-term economic
benefits of their products. Furthermore, innovative business models, such as product-
service systems, can facilitate niche expansion by enabling companies to offer integrated
demolition and asbestos-free reconstruction services, rather than merely selling materi-
als [160, 161].

The scaling-up of asbestos-free niche innovations, however, presents challenges [32].
As niche solutions become more widespread, they risk dilution or partial compromise
of their original sustainability attributes. For instance, while regulatory frameworks
encourage asbestos-free materials, economic and logistical constraints may result in
partial compliance rather than complete adoption. The “paradox of mainstreaming” in
sustainability transitions, describing how the upscaling of niche innovations often leads
to trade-offs between extensive diffusion and adherence to core sustainability principles
[123, 162-165]. The diversity among niche actors further complicates the dynamics of
transitioning to asbestos-free environments [82]. These niche actors often hold a range
of motivations, backgrounds, and strategic visions, which can lead to fragmentation
within efforts to transition away from asbestos [166]. Differing normative perspectives
on public health and environmental safety shape the trajectories of these transitions,
with actors’ views on asbestos regulation influencing whether they pursue gradual
reforms or advocate for more radical transformations, regardless of their alignment with
the existing regime or niche positions [32, 50, 166, 167]. Furthermore, niche actors must
navigate the interactions with the established regime, balancing their engagement with
the mainstream construction and demolition sectors while simultaneously advocating
for systemic change [168, 169].

Business model innovation is vital for addressing these challenges. Leveraging new
funding sources like green bonds, public-private partnerships, and circular economy
models can help niche players create more stable financial conditions for asbestos-
free transitions [170]. Startups focused on sustainable construction can benefit from
impact investment funds and carbon credit schemes that incentivize non-toxic build-
ing practices. Additionally, business models incorporating lifecycle cost assessments
can demonstrate the long-term financial benefits of asbestos-free materials, reducing
adoption barriers for construction firms and real estate developers [171]. The sustain-
able construction movement leverages market mechanisms to amplify its influence
while challenging traditional industry practices [172, 173]. Similarly, in transitioning
to asbestos-free environments, regulatory authorities, industry leaders, and grassroots
groups must work together to advance niche innovations while mitigating the risk of
co-option. The dynamic interplay between niche actors and the broader socio-techni-

cal system underscores the complexity of shifting towards asbestos-free urban settings,



Macher and Szigeti Discover Sustainability (2025) 6:960 Page 14 of 28

emphasizing the need for strategic interventions that reinforce niche resilience and
enable systemic transformation [167].

4.2 Regimes

Within the broader field of transition research, studies on asbestos-free and sustain-
able urban transitions frequently focus on the dynamics and management of transitions
rather than explicitly defining the underlying regime structures [106, 123]. In the context
of asbestos-related transitions, the dominant urban regime primarily encompasses the
entrenched construction and infrastructure sectors, which are governed by established
regulations, industry norms, economic structures, and socio-political arrangements that
have historically facilitated the continued use of asbestos-based materials [49, 174—176].
This regime spans multiple dimensions, including regulatory policies, economic inter-
ests, technological standards, and professional practices, all of which shape the persis-
tence or transformation of asbestos-related urban practices [32].

The asbestos-related regime is characterized by institutionalized regulations, long-
standing industry practices, material supply chains, and socioeconomic interdependen-
cies that sustain conventional construction methods [32, 49]. The built environment
sector is defined by deeply embedded regulatory frameworks governing the demoli-
tion, renovation, and disposal of asbestos-containing materials, often leading to gradual
changes rather than transformative shifts towards sustainable alternatives [177-179].
Modern construction and urban management approaches are highly standardized, with
extensive rules regulating materials, labour safety protocols, and waste management
systems [102]. The regime encompasses key governmental agencies, regulatory bodies,
industry actors, and professional associations that shape the prevailing discourse on
urban safety, environmental sustainability, and public health regarding asbestos removal
and mitigation [62, 180]. A comprehensive understanding of the urban regime should
extend beyond policy and industry dynamics to incorporate social and economic dimen-
sions, including public perceptions, risk awareness, and the economic interests of stake-
holders within the urban development sector [181-183].

Despite increasing recognition of the hazards posed by asbestos, the prevailing sys-
tem resists change due to the entrenched interests of industry stakeholders, institutional
inertia, and regulatory complexities [50]. In many urban areas, legacy infrastructure
containing asbestos presents significant challenges, as comprehensive removal and
replacement necessitate substantial financial resources, technological innovations, and
coordinated policy efforts [184, 185]. Moreover, research indicates that the dominant
regulatory discourse tends to be technocratic, prioritizing incremental risk mitigation
and compliance with existing safety standards, rather than advocating for fundamental
shifts towards sustainable urban materials and construction practices [186, 187]. Simi-
larly, scholars have argued that the construction and demolition sectors are largely con-
trolled by major industry players and regulatory institutions, reinforcing established
practices and hindering the pace of transformation [168]. Existing research on asbestos-
free transitions predominantly concentrates on the regulatory aspects of socio-technical
regimes, possibly due to their tangible and enforceable nature, while the normative and
cognitive dimensions are less frequently considered [82, 188]. However, the cultural and

cognitive dimensions play a pivotal role in shaping resistance to change, as public and
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industry perceptions regarding asbestos safety measures and alternative materials sig-
nificantly influence the adoption of new practices [167, 189].

The asbestos-related regime faces significant barriers to transformation, including
‘lock-in" and ‘path dependency’ issues that underlie the structural and institutional resis-
tance to change within urban construction and infrastructure systems [49]. For instance,
regulatory lock-ins in many cities manifest as bureaucratic obstacles and legal ambi-
guities concerning liability for asbestos removal, while economic path dependencies
stem from the high costs of replacing asbestos-laden infrastructure [190]. Additionally,
research indicates that socio-technical regimes persist despite evident contradictions
due to the well-established routines, financial incentives, and risk-averse nature of insti-
tutional decision-making processes [191]. Nevertheless, scholars have observed that
all socio-technical regimes exhibit inherent contradictions, which create prospects for
gradual shifts and system reconfigurations [141, 192].

From a business model perspective, the persistence of asbestos-based systems is heav-
ily influenced by financial feasibility and market incentives. The economic self-interests
of construction firms, material suppliers, and waste management companies shape the
pace of transition toward asbestos-free alternatives [167]. Business models leverag-
ing cost-effective yet sustainable materials, circular economy approaches, and finan-
cial incentives for compliance with asbestos-free regulations could play a pivotal role
in accelerating this shift. However, the transition also entails economic risks, such as
elevated costs of asbestos abatement and alternative materials, which may discourage
industry actors from proactively embracing change [48].

Recent academic works underscore the need for heightened focus on lateral interac-
tions between established regimes and emerging niches, highlighting the significance of
multi-regime and multi-niche dynamics in urban sustainability transitions [78]. Some
scholarly investigations examine the intersections between asbestos-related transitions
and broader sustainability initiatives, encompassing green building programs, circular
economy models, and public health policies [193]. The integration of innovative business
models that incorporate sustainability certifications, environmentally-friendly financing
mechanisms, and extended producer responsibility frameworks can aid in bridging the
divide between niche innovations and entrenched industry structures, thereby facilitat-
ing a more economically feasible transition toward asbestos-free urban environments
[32, 48, 194]. Concurrently, the shift towards asbestos-free cities as an exemplar of
multi-regime interactions, where the realignment of construction, waste management,
and environmental health regimes is necessary to achieve meaningful systemic transfor-
mation [193]. Defining distinct system boundaries remains a persistent obstacle in stud-
ies of asbestos-related transitions. The delineation of ‘the regime’ to be investigated and
potentially managed is not inherently predetermined, but rather a matter of framing and
deliberation - a challenge that continues to shape contemporary research on asbestos-
free and sustainable urban transformations [167]. Given the interdependencies among
regulatory frameworks, industry structures, and societal behaviours, future inquiries
must adopt a comprehensive perspective that considers both the systemic impediments
and facilitating conditions for asbestos-free urban transitions [195].
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4.3 Landscape

Research on sustainability transitions often overlooks the landscape level, including
transitions to asbestos-free cities. While some scholars say they don’t examine land-
scape dynamics in depth to stay focused, most studies simply leave out the landscape
level without explanation [196, 197]. This suggests the landscape category is sometimes
seen as a ‘catch-all’ for factors that don't fit neatly into the niche or regime levels. How-
ever, external trends and outside factors play a key role in shaping asbestos-free urban
transitions, showing the need to better incorporate the landscape level in these anal-
yses [198, 199]. Key landscape pressures that facilitate asbestos-free urban transitions
encompass global health regulations, technological advancements in safer construction
materials and demolition practices, economic factors including global trade policies and
fluctuations in the cost of alternative materials, as well as socio-political changes such
as growing public awareness and advocacy against hazardous substances. Landscape-
level pressures can not only destabilize existing regimes but also generate opportuni-
ties for niche innovations. Likewise, increased international investment in sustainable
urban development projects and more stringent environmental regulations can accel-
erate asbestos-free transitions by incentivizing alternative construction techniques and
supporting innovative industries in this domain [102, 150]. Additionally, disruptive
occurrences such as natural disasters and urban renewal initiatives can serve as pivotal
moments where momentum builds for asbestos removal. From a business model per-
spective, these disruptions present opportunities for new market participants to intro-
duce asbestos-free construction offerings, granting a competitive edge to firms that
emphasize sustainability and regulatory adherence [200].

The landscape protects new practices from dominant industry approaches. Poli-
cies can shield emerging niches; for asbestos-free transitions, government support and
legal frameworks can protect innovative, asbestos-free construction from conventional,
asbestos-reliant methods [32, 201]. Evolving consumer preferences and corporate com-
mitments to sustainability compel construction firms to adopt more environmentally-
friendly business models, thereby shaping investment patterns and strategic choices in
the industry [101]. Asbestos bans and urban renewal can create parallel opportunities
for green building, circular construction, and environmental health monitoring. The
leveraging of financial instruments like green bonds, impact investment funds, and col-
laborative public-private initiatives can play a crucial role in facilitating the scaling of
asbestos-free urban innovations. Regulatory interventions at the landscape level alter
legal frameworks and reshape urban practices and socioeconomic interactions [105].
The literature on the MLP suggests that landscape pressures can both destabilize and
reinforce the status quo. The landscape analysis should consider stabilizing forces, which
are relevant in phasing out asbestos in cities where factors like weak enforcement or
industry inertia can delay or block progress [202]. In this context, financial incentives,
tax incentives, and sustainability-focused financing instruments can help mitigate eco-
nomic barriers to transitional efforts, thereby supporting the long-term sustainability of
businesses engaged in asbestos-free construction.
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5 Discussion

5.1 Understanding of MLP and sustainable asbestos-free transition pathways

The MLP framework conceptualizes sustainability transitions as the product of dynamic
interplays among niche, regime, and landscape levels [106]. In the context of asbestos-
free transitions in urban settings, these multilevel interactions determine the breadth,
pace, and magnitude of change. Nevertheless, a key limitation is the inadequate exami-
nation of how these distinct levels interrelate and mutually shape one another [69, 91,
113]. This limitation pertains to the MLP framework itself, which tends to emphasize
the individual levels rather than thoroughly analyzing the dynamic and reciprocal inter-
actions between them [158, 203]. Existing research on sustainability transitions often
focuses on how dominant sociotechnical regimes resist alternative solutions, or how
niche innovations challenge incumbent systems [123]. In the context of transitioning to
asbestos-free settlements, a key challenge for niche initiatives is their limited influence
over broader regulatory and market-driven dynamics [167]. The success of such tran-
sitions hinges on whether niche-regime interactions catalyse systemic shifts, thereby
enabling asbestos-free alternatives to be integrated into mainstream construction and
urban planning practices. The timing and sequencing of the transition are critical fac-
tors, as the phased implementation of policies prohibiting asbestos permits a gradual
adaptation by industries, regulatory bodies, and communities, thereby mitigating eco-
nomic disruptions and ensuring long-term sustainability (Table 2).

The dynamics of transition in asbestos-free transitions depend on whether niche
actors work within the existing regime or actively challenge and reshape it. Niche devel-
opment is essential but not always enough to trigger a full regime shift [78]. These
transitions involve interactions across legislation, financial incentives, technology, and
public awareness, including lobbying, negotiation, and knowledge-sharing [204]. Cru-
cial to these transitions is the exchange of expertise and institutional support, which
can facilitate the adoption of safer alternatives. However, entrenched practices, eco-
nomic dependencies, and lack of incentives often obstruct these processes [205]. Suc-
cessful asbestos-free transitions depend on aligning networks of actors, social dynamics,
and strategic alliances. Building connections between niche and regime actors can cre-
ate opportunities for policy, funding, and institutional support [87, 206]. Engagement
with regime actors can help niches gain legitimacy and sustainability, particularly where
regulatory frameworks dictate the transition. Balancing challenging dominant norms
and aligning with existing structures ensures a smooth transition, though the outcome
depends on context-specific factors [207].

Business model innovation is vital for scaling up asbestos-free alternatives. Sustain-
able construction firms can make niche solutions economically feasible and competi-
tive. Financial incentives and circular economy models can further drive the adoption
of these alternatives by aligning market dynamics with sustainability objectives [208].
Despite its widespread application in transition studies, the MLP framework has faced
various critiques, particularly regarding its capacity to account for agency, power
dynamics, and structural rigidity within transition processes. A key criticism is that MLP
often assumes a relatively linear and structured transition trajectory, potentially under-
estimating the complexity and unpredictability inherent in real-world change dynam-
ics. Furthermore, the framework has been faulted for inadequately addressing power
struggles, vested interests, and institutional resistance, all of which are highly salient
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Table 2 Phases of asbestos-free transition

Transition
phase

Key processes

Major risks and
barriers

Key stakeholders and
their roles

Intervention strategies
and instruments

Preparation
(0-5 years)

Early
transition
(5-10 years)

Accelerated
transition
(10-20
years)

Stabilization
(20+years)

Mapping asbestos
presence and collect-
ing data

Legislative prepara-
tion and international
benchmarking

Pilot programs and
local test projects
Introduction of regula-
tions and financial
incentives

Support for the transi-
tion of construction
industry players
Expansion of waste
management
capacities
Mainstreaming
recycling and circular
economy solutions

Workforce train-
ing programs and
industrial capacity
expansion

Complete removal of
asbestos from urban
environments

Green building stan-
dards becoming the
norm

Full establishment
of waste processing
infrastructure

Incomplete da-
tabases and lack
of asbestos loca-
tion knowledge
Uncertainty in
legislation and
financing

Market resis-
tance to new
regulations
High initial in-
vestment costs

Challenges in
infrastructure
adaptation (ma-
chinery, waste
processing)
Shortage

of skilled

labour for new
technologies

Persistence of
illegal asbestos
use in certain
segments
Social justice
issues (afford-
able housing
concerns)

Government (legislation,
funding programs)

Local authorities (local
regulations, pilot projects)

Research institutions
(technological solutions)
Construction companies
(transition to asbestos-free
materials)

Waste management
entities (new recycling
technologies)

Financial institu-

tions (green financing
mechanisms)

Companies (development
of sustainable business
models)

Educational institutions
(vocational training for
new technologies)

Technology providers
(innovation in processing
and materials)

Civil society organizations
(awareness, monitoring)

Local communities
(participatory governance,
oversight)

International organiza-
tions (WHO, UNEP -
global standardization)

Analysis of international
and EU directives

Development of
GlS-based asbestos
databases

R&D funding and sup-
port for pilot initiatives
Tax incentives and
subsidies to facilitate the
transition

Awareness campaigns
for industry stakeholders

Cost-benefit analyses
to highlight long-term
advantages

Green public procure-
ment and mandatory
sustainability standards

EU and national funding
for industrial investments

Implementation of ex-
tended producer respon-
sibility (EPR) schemes
Strict enforcement
against illegal asbestos
trade

Social housing programs
to ensure a just transition

Adoption of international
sustainability frameworks

in asbestos-free transitions where industry

stakeholders may actively resist regulatory

changes. These limitations suggest that while MLP offers a useful conceptual tool for

understanding asbestos-free transitions, its explanatory power would benefit from being

complemented by other perspectives that more effectively capture the socio-political

dimensions of change.

5.2 Assessment of strong sustainable asbestos-free transition

Aligning networks of diverse stakeholders, navigating social complexities, and forging

strategic alliances are crucial for successful asbestos-free transitions. Bridging the gap

between niche innovators and established regime actors can unlock opportunities for

policy interventions, funding streams, and institutional backing [70, 201]. Sustainabil-

ity transitions research grapples with the tension between the inherent uncertainty of
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Table 3 Business model strategies for the transition to asbestos-free urban environments

MLP level

Business model
components

Market and finan-
cial mechanisms

Regulatory and insti-
tutional frameworks

Social and environ-
mental impacts

Niche

Regime

Landscape

Gradual replacement

of asbestos-containing
materials with existing
alternatives, development
of renovation and demoli-
tion services, utilization of
recycling opportunities,
circular economy-based
strategic planning.

Transition of existing
construction and waste
management companies
to asbestos-free materi-
als, integration of circular
economy principles into
corporate operations,
development of green
employment strategies.

Global trends in construc-
tion sustainability and
health protection, long-
term goals for green build-
ing and circular economy
adaptation, promotion of
shared economy models.

Municipal support
for demolition and
renovation projects,
R&D incentives for
recycling technol-
ogy development,
financing for circular
economy initiatives.

National and EU
funding for renova-
tion and demolition
projects, tax incen-
tives for circular
economy practices,
financial instruments
supporting green
procurement.

International finan-
cial mechanisms
(e.g., EU cohesion
funds, sustainability
investments), ESG
requirements for
construction com-
panies, economic in-
centives for circular
production.

Pilot programs and
experimental regula-
tions at the local level,
cooperation with
research institutions,
involvement of profes-
sional organizations,
development of a mu-
nicipal “value inventory”
for circular economy
integration.

Strengthened building
and waste manage-
ment regulations,
mandatory asbestos
removal in public
buildings, regulatory
frameworks support-
ing circular business
models.

Tightening of EU and
global regulations,
recommendations
from WHO and other
international organiza-
tions, sustainable
urban development
strategies.

Community engage-
ment, awareness-
raising on asbestos
risks, implementa-
tion of circular
economy-based
community services,
waste-to-resource
conversion.

Reduction of
asbestos exposure in
urban environments,
improvement of
public health indica-
tors, enhancement
of living conditions
through sustain-
able construction
practices.

Long-term public
health benefits,
sustainable urban
development, reduc-
tion of construction
waste and material
recirculation, knowl-
edge management,
and awareness-
building on circular
economy potential.

transition processes and the normative objective of sustainability [123]. This challenge is
especially salient in asbestos-free transitions, where the impact of change must be evalu-
ated not only in terms of regulatory adherence, but also with respect to public health,
environmental safety, and long-term socioeconomic implications [209, 210]. Successful
asbestos-free transitions address the key challenges of health risks, high costs, limited
disposal options, and industry resistance. Transition initiatives should aim to reduce
asbestos-related illnesses, develop safe replacement materials, and establish regulatory
frameworks that prevent future asbestos contamination [32]. Table 3 provides a sum-
mary of the key business models, regulatory mechanisms, and market incentives that
drive the sustainable transition to asbestos-free urban environments across the three
levels of the transition framework—niche, regime, and landscape.

These models must generate sustainable value by enhancing public well-being and
environmental protection, while ensuring the economic viability of asbestos-free alter-
natives through scalable and cost-effective solutions [48]. Research on sustainability
transitions often focuses on the change process, with fewer studies providing detailed,
quantitative assessments of actual impacts. This is particularly true for asbestos-free
transitions, where key indicators like reduced asbestos-related diseases, improved
air quality, or construction sector changes are often underdeveloped or inconsistently
applied [49, 50]. Despite challenges in measuring systemic influence, specific indica-
tors can offer insights into transition progress, such as adoption rates of asbestos-free
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materials, industry practice changes, and shifts in public perception and policy. Impor-
tantly, the normative aspects of asbestos-free transitions raise equity questions about
who benefits, who bears costs, and whether solutions are equitable and sustainable long-
term [26, 30]. These considerations highlight the need for a comprehensive approach
that goes beyond technical substitution to include social, economic, and political dimen-
sions [211].

A key concern is the potential risk of prioritizing transition processes without rigor-
ously evaluating their outcomes. Simply substituting asbestos with alternative materi-
als does not necessarily ensure a sustainable transition, particularly if those alternatives
present their own environmental or health-related drawbacks [185]. Accordingly, an
assessment of the transition should not only measure progress but also undertake a criti-
cal examination of whether new practices align with broader sustainability objectives.
This is crucial to ensure that asbestos-free transitions contribute to the development of
safer, healthier, and more resilient urban environments [82].

Moreover, a critical examination of the validity of transition pathways is necessary,
given that the MLP tends to emphasize the structural aspects of change while overlook-
ing the role of conflicts, political contestation, and the agency of specific actors. In the
case of transitioning away from asbestos, various stakeholders, ranging from regula-
tory bodies to construction industry actors, may have competing interests, leading to
a fragmented and uneven adoption of alternative materials. The limitations of MLP in
accounting for these diverging interests suggest that additional analytical approaches,
such as institutional theory or political economy perspectives, could provide a more
comprehensive understanding of the challenges associated with transitions and their
broader societal implications.

This paper is subject to several limitations that should be acknowledged. First,
although the analysis is grounded in transition theory and supported by selected empiri-
cal examples, the synthesis remains largely conceptual. The inclusion of more systematic
empirical data, such as comparative case studies or quantitative meta-analyses, would
enhance the robustness of the findings and allow for stronger generalizability across
contexts. Second, while the review identifies key drivers and barriers of asbestos-free
urban transitions, it does not provide a comprehensive geographic analysis. Differ-
ences in regulatory stringency, implementation capacity, and transition progress across
countries or regions are not systematically addressed. Future research should map these
spatial variations to better understand the enabling or hindering conditions in diverse
national and local settings. Third, although business models are frequently referenced
as potential enablers of sustainable transitions, empirical data on their practical imple-
mentation and effectiveness are limited. This paper primarily discusses their theoreti-
cal significance; however, evaluating their real-world performance remains an important
direction for further investigation. These limitations open up promising avenues for
future research, particularly the need for geographically differentiated studies, quantita-
tive synthesis of policy impacts, and empirical assessments of organizational innovation

in transition contexts.
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6 Conclusions

This research leveraged the MLP approach to examine the transition towards asbestos-
free built environments, underscoring the complex interplay between policy, industry
dynamics, and societal influences. The findings suggest that while the availability of
novel asbestos-free materials, more stringent regulations, and enhanced waste manage-
ment practices have enabled progress, deeply entrenched industry norms and institu-
tional path dependencies persist as significant obstacles.

The research findings elucidate the systemic obstacles that obstruct asbestos-free
transitions. Resistance from established industries, economic interdependencies, and
regulatory sluggishness frequently hinder the enactment of asbestos-free policies. None-
theless, external forces, such as evolving global sustainability priorities and technological
innovations, generate avenues for change, motivating local governments and industries
to embrace safer substitutes. Regulatory frameworks are fundamental in determining
the success of initiatives aimed at eliminating asbestos. Regions with robust enforce-
ment mechanisms are more likely to realize effective policy implementation, while lax
oversight allows asbestos-containing materials to remain prevalent in urban areas. This
highlights the necessity for coordinated, multi-level governance approaches that harmo-
nize national policies with local enforcement capacities. Technological advancements
and industrial adaptability are also essential for expediting the transition to asbestos-free
alternatives. The accessibility of cost-effective substitutes, progress in demolition safety
techniques, and enhanced waste management solutions all contribute to the practicabil-
ity of phasing out asbestos usage. However, realizing widespread adoption necessitates
both regulatory backing and industry commitment to invest in sustainable practices.
The MLP framework provides valuable insights into the interactions between various
levels of governance and industry in shaping sustainability transitions.

Existing research using the MLP framework suggests limitations in addressing the
socio-political complexities of transitioning to asbestos-free construction. To gain a
more nuanced understanding, future studies should incorporate alternative analytical
approaches. Examining power dynamics, institutional resistance, and stakeholder strate-
gies will be crucial in assessing the feasibility and long-term impacts of transition poli-
cies. By integrating complementary theoretical perspectives, researchers can provide a
more comprehensive view of how sustainability transitions unfold in highly contested
and regulated domains, such as asbestos-free construction.

Future research should focus on quantitative evaluations of the outcomes of asbestos-
free policies, assessments of the long-term implications of alternative materials, and
investigations into the role of public engagement in driving change. A comprehensive
approach that integrates policy interventions, technological advancements, and cross-
sector collaboration will be crucial for ensuring a successful and sustainable transition to
asbestos-free urban environments.
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Abstract: The environmental pollution potential of asbestos products is a worldwide health
issue, but their dissemination through the water—soil continuum is often an overlooked
aspect. Similarly, the behavior of asbestos fibers released from the products is still not fully
understood, although our knowledge is based on studies concerning their mineralogical
characteristics, health effects, and waste disposal. It has been claimed and contradicted
that asbestos harm is only found in air and humans. Asbestos fibers are found not only in
industrial settings but also through the industrial use of asbestos cement products, which
has contributed to asbestos emissions and its movement in water and soil. Asbestos fibers
are diverse in their physicochemical properties, and this diversity has a significant influence
on their behavior in the environment. Recent research has confirmed that asbestos can
be transported by water and spread to other parts of the environment. However, the
mechanisms underlying this, such as the settling of fibers, their attachment to soil particles,
or their movement in groundwater, as well as the environmental and health implications,
require further investigation. This paper examines the process and impact of asbestos
contamination in the interconnected water, soil, and plant environmental sectors, providing
a systematic review of the latest literature.

Keywords: asbestos; chrysotile; asbestos mobility; asbestos toxicity; soil pollution; water
pollution

1. Introduction

Asbestos is a naturally occurring mineral fiber with a complex and often contentious
history [1,2]. While it was widely used for its heat-resistant, durable nature and insu-
lating properties throughout the 20th century in various industrial and commercial ap-
plications [3,4], its environmental mobility remains a critical concern. Asbestos can be
transported through soil and water, affecting a wide range of ecosystems and human
health [5]. The widespread presence of asbestos in various environmental media, including
construction materials and other industrial products, has led to significant occupational and
environmental exposures [6], contributing to far-reaching health consequences. Asbestos
is a collective term referring to specific naturally occurring fibrous silicate minerals [7,8].
Specifically, the term encompasses two types of silicates with a fibrous structure [9,10]:
serpentines and amphiboles. Six varieties of minerals are considered fibrous asbestos.
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These are chrysotile, a member of the serpentine group [11], and actinolite, crocidolite,
anthophyllite, grunerite, and tremolite, all members of the amphibole group [12,13]. All
these minerals have different physical and chemical properties, which vary with their
hazard and the manner of formation. The World Health Organization defines a regular
asbestos fiber as a particle with a length greater than 5 pm, a diameter less than 3 um [14],
and an aspect ratio exceeding 3:1 [7,15]. Given their size, these minuscule fibers can easily
be inhaled and can permeate through regions of the respiratory system (such as the alveoli
of the lungs) [16]. When inhaled, the fibers can become lodged in lung tissue, resulting in a
number of serious health problems over time [17]. Long-term exposure to asbestos has been
shown to lead to asbestosis, lung cancer, and mesothelioma, a rare but aggressive cancer
that develops in the lining of the lungs, chest, or abdomen [18]. Asbestos exposure is linked
to serious health risks, particularly through airborne pathways, leading to strict regulations
and bans in many countries. However, asbestos also remains a threat in older buildings and
consumer products, where it can be transported through soil and water, posing additional
environmental and public health risks. This exposure route, often overlooked, must be
addressed in environmental regulations and health assessments [19,20]. Despite asbestos
having been a widely utilized material, its legacy persists, posing an ongoing significant
public health concern that necessitates sustained efforts to manage and remediate its pres-
ence in the environment. The widespread use of asbestos has had a significant impact on
public health, with a well-established link between asbestos exposure and the development
of various respiratory diseases, including asbestosis, lung cancer, and malignant mesothe-
lioma [21,22]. Asbestos exposure can occur through both occupational and environmental
sources, with construction workers, shipbuilding personnel, and individuals living in prox-
imity to asbestos-containing materials (ACM) being at particularly high risk [23-25]. The
health risks associated with asbestos exposure have led to the implementation of various
regulatory measures aimed at mitigating its impact [26].

In the United States, the Occupational Safety and Health Administration (OSHA)
has established permissible exposure limits for asbestos in the workplace [16], while the
Environmental Protection Agency (EPA) regulates the removal and disposal of asbestos-
containing materials. However, there are significant regulatory gaps when it comes to the
presence of asbestos in soil and water, and current environmental regulations fail to address
the risks associated with non-airborne asbestos exposure. These gaps highlight the need
for more comprehensive environmental policies and research on asbestos contamination in
these media [10,27,28].

Chrysotile, commonly referred to as white asbestos, is the most extensively utilized
form of asbestos and is considered carcinogenic [29,30]. This type of asbestos exhibits
distinct characteristics compared to other asbestos varieties, with a structural composi-
tion comprising octahedral magnesium and tetrahedral silicon layers, and an outermost
magnesium hydroxide layer [31-33]. In the pH range found in soil, the outer magnesium
layer dissolves rapidly, followed by the dissolution of the silicon layers, which becomes
the rate-limiting step in this process [31,34,35]. Chrysotile demonstrates high solubility in
moderately acidic pH conditions [31,36,37] but incongruent dissolution patterns in more
acidic and neutral environments [34,35]. This indicates that the rate of white asbestos disso-
lution is largely influenced by the acidity of the surrounding medium [35,38]. Additionally,
certain asbestos minerals, including chrysotile, exhibit a net positive surface charge in water
around neutral pH, attributable to their outer brucite-like layer [39]. This surface charge
behavior impacts the interaction of chrysotile fibers with environmental and biological
systems, influencing their mobility and bioavailability [40-42]. However, crucial questions
remain regarding the fate of chrysotile in soil, particularly concerning its long-term stability
and potential for leaching into groundwater [33,43].
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The global usage of asbestos experienced a significant rise between the 1940s and
1980s until it reached its peak [44,45]. This surge in usage was driven by the material’s
favorable properties and widespread industrial applications [46,47]. However, this trend
shifted when reports emerged of adverse health consequences [48] related to environmental
exposure to asbestos in various European countries, including the Netherlands, Poland,
and Italy [49-51]. These reports highlighted the serious health risks posed by asbestos,
particularly in occupational settings where exposure levels were high. The detrimental
effects of asbestos and asbestos-containing products were not fully recognized until the
latter half of the 20th century, despite earlier warnings from researchers [52-54]. This
delayed recognition of the health hazards associated with asbestos led to widespread occu-
pational diseases [20], including asbestosis, lung cancer, and mesothelioma. In response to
mounting evidence of its carcinogenicity, the International Agency for Research on Cancer
(IARC) classified all forms of asbestos as Group 1 carcinogens in 1977 [55,56]. Despite these
findings, the 1980s marked the highest point of asbestos-containing product utilization in
numerous nations, such as Hungary, where asbestos was extensively used in construction
and manufacturing [57]. The primary risks associated with asbestos are attributed to the
inhalation of its fibers [58].

Lifetime cancer risk estimates are primarily based on the concentrations of asbestos
contamination and exposure [5,59,60]. Consequently, air has been the primary medium
of investigation for asbestos, with the unit of concentration being the number of asbestos
fibers per volume of air [8]. Monitoring airborne asbestos levels remains a critical aspect of
occupational health and safety regulations aimed at minimizing exposure and protecting
public health [8].

2. Asbestos Cement Products and Their Environmental Risks

Over 90% of the global asbestos usage has been directed towards the production of
asbestos cement sheets and pipes, which continues in certain regions today [61,62]. As-
bestos cement is a composite material consisting of asbestos fibers embedded within a
cement matrix, comprising cement binder and water reaction products [63]. Asbestos fibers
have been extensively utilized as reinforcement in cement-asbestos composites, enhancing
their tensile strength and thermal resistance [64-66]. Asbestos cement products represent
high-binder content applications, commonly in the form of flat sheets, corrugated sheets,
and pipes, where asbestos accounts for up to 8-10% of the composition, combined with 90—
92% cement binder [7]. As noted, the same physicochemical properties that made asbestos
useful in various engineering applications are also responsible for its environmental persis-
tence and remediation challenges [67]. For instance, asbestos is resistant to the chemical,
biological, and thermal treatments commonly employed for organic pollutants [68]. For
these asbestos-containing products, a well-documented alteration process is fragmentation,
cracking, and spalling, which can occur due to exogenous or anthropogenic factors [69,70].
This can lead to the release of asbestos fibers into the environment, posing significant
health risks [71]. Given the hazards associated with asbestos exposure, the demolition and
reclamation of asbestos-containing materials from construction and demolition waste [72]
has become a major concern [71]. Several studies have explored the potential for recycling
and repurposing asbestos-containing waste in a safe and environmentally responsible
manner [71,73,74].

According to Téth and Weiszburg [7], higher binder content significantly reduces
the likelihood of asbestos fibers being released into the air, although the rate of spalling
increases when the product is damaged. This protective effect of higher binder content
is crucial in mitigating airborne asbestos exposure, particularly in construction materials
where wear and tear are common [75]. However, elevated asbestos concentrations in the



Int. J. Environ. Res. Public Health 2025, 22, 505 4 0f 20

air surrounding dilapidated sheet-roofed buildings have been found to be detrimental to
human health [76]. The degradation of these materials over time leads to the release of
asbestos fibers, posing significant health risks to nearby residents and workers [77-79].
Asbestos cement materials, commonly used in various building applications, can release
hazardous asbestos fibers into surrounding environments [80]. Climatic factors, including
severe weather events and increased precipitation associated with climate change, exacer-
bate this issue by accelerating the deterioration of asbestos-containing materials [81]. These
environmental conditions, including precipitation, water movement, evaporation, erosion,
ablation, and solar radiation, as well as human activities like vehicle transport, land dis-
placement, earthmoving, and agriculture, can facilitate the mobilization and dissemination
of asbestos fibers. This contamination can impact the quality of water, air, and soil, and
specifically, these processes play a crucial role in the movement of asbestos fibers through
the soil profile and water systems. For instance, erosion caused by rainfall or wind can dis-
lodge asbestos fibers from the surface of contaminated materials, such as asbestos-cement
products, and transport them across the land [82]. Precipitation acts as a natural transport
mechanism, washing the fibers into water bodies or deeper soil layers, especially during
heavy rainfalls. Water transport further enhances the dispersal, with rivers and streams
acting as conduits, carrying asbestos particles to new locations [8]. Evaporation can lead
to the concentration of fibers in certain areas, and solar radiation can alter the physical
properties of asbestos fibers, making them more prone to dispersal [83]. Human activi-
ties, such as vehicle transportation, can stir up dust containing asbestos fibers, facilitating
their dissemination in the environment. Similarly, land displacement and earthmoving
associated with construction, mining, or road building can release asbestos from buried
materials, causing it to become airborne or mobilized in the soil [84]. Agricultural practices,
including irrigation, plowing, and fertilizer application, can disturb contaminated soil,
enabling asbestos fibers to spread more extensively. Consequently, these factors contribute
to the movement of asbestos fibers into the air, water, and soil, where they can contaminate
water supplies, infiltrate food chains, and pose long-term health risks to humans and
wildlife [85,86]. Zhang et al. [87] identify one of the key challenges with the proposed
solution, namely that the removal and disposal of asbestos cement sheets is a long-term
undertaking, given the widespread use of these materials in buildings and the high costs
associated with their proper removal and disposal [88]. Asbestos-containing products are
typically landfilled, where they are buried in soil to prevent erosion and scattering [89].
However, wear and damage during transport or storage can lead to the formation of small
asbestos fibers, which have a greater potential for water transport than bulk asbestos and
can also infiltrate groundwater [8].

Furthermore, the public’s improper disposal of these hazardous asbestos cement prod-
ucts exacerbates the issue, as such actions can result in the unchecked erosion and release
of asbestos fibers into the soil [23,25,67]. Asbestos emission from building materials, partic-
ularly in older structures, is a significant concern due to the potential health risks posed
by asbestos fibers [8,20]. Several studies have found that the weathering and deterioration
of asbestos-containing materials, such as cement sheets and roofing felts, can lead to the
release of asbestos fibers into the air [23]. The risk is particularly heightened in urban
areas with a prevalence of older buildings and infrastructure, where the fibers can become
airborne and increase the likelihood of exposure among the general population [90]. The
natural release of asbestos from shale can also indicate the amount of asbestos released due
to the aging and weathering of the shale surface [87]. The release of asbestos fibers from
naturally occurring sources adds another layer of complexity to managing environmental
contamination. In a study conducted by Cely-Garcia [91] in Colombia, activity-based
sampling was used to evaluate the release of asbestos fibers from various contaminated soil
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samples, revealing a relatively low asbestos risk. This finding suggests that, under certain
conditions, the risk of asbestos fiber release from soil may be manageable [92]. However,
contrasting findings from Bornemann and Hildebrandt [81] reported that older sheet roofs
or those with damaged surfaces can emit asbestos fibers into the air at average annual
concentrations of several grams [93]. This substantial release poses significant health risks,
particularly in urban areas with older infrastructure [94]. Additionally [76], previously
documented that the surface of asbestos cement sheets undergoes weathering-induced
corrosion at a rate of approximately 0.01-0.024 mm per year [76,87]. This gradual degra-
dation process continuously releases asbestos fibers into the environment, contributing to
long-term contamination and health risks [20]. The ongoing weathering and deterioration
of asbestos-containing materials, combined with improper disposal practices, highlight the
critical need for effective asbestos management and remediation strategies to protect public
health and the environment [95,96].

Asbestos fibers are known to be highly durable and can remain suspended in the air
for long periods, posing a persistent threat to respiratory health [97]. The latency period for
these diseases can be several decades, meaning that the health effects of asbestos exposure
may not become apparent until many years after the initial exposure [98]. This underscores
the importance of proactive measures to minimize asbestos release and exposure. Moreover,
the challenge of managing asbestos contamination is compounded by the variability in
the types of asbestos fibers and their differing toxicological properties [8,26]. Chrysotile,
amosite, and crocidolite are among the most common types, each with unique charac-
teristics and health risks [38]. Effective asbestos management requires a comprehensive
understanding of these differences and the implementation of tailored strategies to ad-
dress the specific risks associated with each type [99,100]. The emission of asbestos fibers
from both building materials and natural sources represents a multifaceted environmental
health challenge [96]. Urban areas with aging infrastructure are particularly vulnerable,
and the continuous weathering of asbestos-containing materials further exacerbates the
risk [20]. Studies have shown varying levels of risk associated with asbestos release from
different sources, highlighting the need for ongoing research and adaptive management
strategies [101]. To protect public health, it is imperative to develop and enforce stringent
regulations on asbestos use, ensure proper disposal practices, and invest in the remediation
of contaminated sites [26]. Public awareness campaigns and education on the dangers of
asbestos exposure are also crucial components of a comprehensive asbestos management
plan [26].

3. Soil Contamination by Asbestos Complexes and Its Risks

Asbestos, a naturally occurring mineral, can become a significant environmental pol-
lutant when released into the soil [102]. The terrestrial environment can be contaminated
with asbestos through natural [103-105] or human-induced processes [33]. Naturally oc-
curring asbestos in rocks is transferred to the soil through geological phenomena [106],
resulting in the soil inheriting the mineralogical and geochemical properties of the under-
lying bedrock [69,107]. Natural asbestos deposits are discontinuous, highly tectonized,
and fragile and can break down under minimal mechanical stress [108], transforming into
incoherent material that can be easily incorporated into the soil. Asbestos fibers can be
easily incorporated into soil through natural weathering processes or human activities,
such as the degradation of asbestos-containing construction materials [82,102,104].

Asbestos may enter soils and sediments through natural processes but primarily
through release from anthropogenic sources [109,110]. Nonetheless, naturally occurring
asbestos fibers in rocks and soils can also pose an environmental risk by becoming airborne.
Previously, soil was considered a layer that effectively insulated asbestos in environmental
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waste [106,111]. Recent studies suggest that organic acids commonly found in soils can en-
hance the leaching of small asbestos fibers [76]. Although the transport rate of these fibers is
not rapid, they can become a source of respirable dust in the air due to various mechanical
factors [112,113]. Dry conditions, strong winds, and mechanical disturbances—such as
excavation, construction activities, or heavy machinery movement—can further contribute
to fiber resuspension, increasing the likelihood of airborne asbestos exposure [114]. Ad-
ditionally, seasonal variations in soil moisture levels may influence fiber stability, with
prolonged droughts exacerbating dust generation and fiber dispersal [115]. Without proper
mitigation measures, these processes can lead to long-term contamination risks, affecting
both agricultural workers and nearby populations.

Once present in the soil, asbestos can alter its physical, chemical, and biological
properties in multiple ways, thereby influencing soil quality and ecosystem health [116].
Physically, asbestos fibers can modify soil texture and porosity, potentially affecting water
retention and infiltration rates. These changes may lead to altered soil aeration, influencing
root growth and microbial activity [89]. Chemically, asbestos minerals can interact with soil
components, affecting pH levels and the availability of essential nutrients. Some studies
suggest that asbestos-containing minerals can release magnesium, iron, and silica into the
soil, which may alter nutrient cycling and plant uptake dynamics [117-119]. Biologically,
asbestos contamination can impact microbial communities by disrupting their composition
and metabolic functions. Certain fungi and bacteria capable of interacting with silicate
minerals may play a role in asbestos weathering, but the overall ecological consequences
remain poorly understood [120-122]. The mechanisms of asbestos entry into the soil profile
include atmospheric deposition, industrial waste disposal, and weathering of asbestos-
containing rocks. Once in the soil, fibers can adsorb onto mineral surfaces or organic
matter, influencing their mobility. While asbestos is relatively immobile under neutral to
alkaline conditions, acidic environments, and organic acids can facilitate fiber desorption
and leaching. Additionally, surface runoff and erosion can transport asbestos particles into
aquatic systems, where they may pose further environmental and health risks [100].

The mobility of asbestos fibers in soil is influenced by various factors, including
fiber characteristics, soil properties, and environmental conditions [82,102,123]. Asbestos
concentrations in soil can lead to partial displacement, including re-entrainment into
the air, as well as changes in the electrical charge of asbestos fibers that can affect the
organic soil layer and facilitate fiber migration [124]. In natural settings, asbestos can
occur in large deposits, with chrysotile being the most commonly found form, as its fibers
are present in serpentine rock formations [106]. The primary anthropogenic sources are
asbestos cement sheets, tiles, and panels used in construction, which predominantly contain
chrysotile [67]. Environmental concentrations can vary widely due to human activities,
land use, and natural factors, as the aging of asbestos cement products is the main cause of
fiber release in urban environments, depending on the source type, degradation level, and
treatment/manipulation [8,89,106].

The limited research on the mobility of asbestos fibers in porous media restrains our
understanding of the environmental factors influencing the transport of fibers in soil [76].
The previously established relationship between fiber concentration and measured soil
concentration, first demonstrated by Addison et al. [125] and expanded upon by the RIVM
National Institute for Public Health and the Environment, can be leveraged to quantify
asbestos levels in soil [60,112]. However, the risks of asbestos in soil remain uncertain,
necessitating further research to evaluate the relationship between fiber release and health
impacts [126,127]. The mobility of asbestos fibers in soil can be estimated based on studies
of the transport of mineral colloids in water [128].



Int. J. Environ. Res. Public Health 2025, 22, 505 7 of 20

The distinctive physical and surface chemical characteristics of asbestos fibers, includ-
ing their high aspect ratio and lengths of up to 100 um [129], significantly influence their
mobility, retention, and persistence in soil environments [67,112,130]. Unlike spherical
colloids, asbestos fibers exhibit complex transport dynamics due to their elongated struc-
ture, which affects their interaction with soil particles, water flow pathways, and biological
components. According to [89], the transport and removal of colloids in soil are influenced
by both physical and chemical factors. Among the physical factors, particle size [131],
shape [132], and soil pore size distribution [133] determine the extent to which asbestos
fibers migrate or become immobilized. Larger fibers, particularly those exceeding the
typical pore sizes in fine-textured soils such as clay and silt, are more likely to be trapped
by mechanical filtration or straining. Conversely, smaller fibers may be transported more
easily through macropores, preferential flow pathways, and fractures in structured soils.
The fibrous nature of asbestos also allows for entanglement with organic matter and root
systems, which can further restrict mobility.

Chemical factors significantly modulate asbestos fiber stability and movement within
the soil matrix. The pH of the soil [134] plays a crucial role in determining the surface
charge of asbestos minerals, which in turn affects their adhesion to soil particles. Under
acidic conditions, the positive surface charge of asbestos fibers may enhance their inter-
action with negatively charged clay minerals and organic matter, leading to increased
retention. In contrast, alkaline conditions can promote dispersion, enhancing mobility
in groundwater and surface runoff. The ionic strength [135] of the soil solution further
influences fiber behavior. High ionic strength environments, often associated with saline
or contaminated soils, can lead to particle aggregation and flocculation, reducing the like-
lihood of fiber transport. Conversely, lower ionic strength may promote fiber dispersion,
increasing the potential for groundwater contamination. The presence of phosphates and
other solutes [136] can also impact asbestos mobility by altering electrostatic interactions,
either stabilizing fibers in suspension or enhancing their adsorption onto mineral sur-
faces [113]. In addition to these factors, soil organic matter content plays a dual role in
asbestos transport. Organic compounds, including humic and fulvic acids [137], can bind
to asbestos surfaces, enhancing their retention in the soil profile. However, under certain
conditions, organic ligands may also facilitate fiber mobilization by altering surface charge
characteristics and promoting desorption [138]. Furthermore, microbial activity within the
soil can influence asbestos weathering processes, potentially leading to fiber fragmentation
or dissolution, which may modify their environmental impact [89]. Colloids are transported
through the soil by infiltrating water and deposited on soil particles through sedimentation,
absorption/adsorption, and diffusion, as predicted by colloid filtration theory [89,139].
Previous research on asbestos in soils has primarily focused on former asbestos mining
areas [113], but there is also a need to assess other impacted regions and determine their
level of exposure.

Moreover, agricultural activities can cause asbestos particles in the soil to decompose
and become airborne [113,140,141], rendering the agricultural sector particularly vulnerable
despite the paucity of studies in this domain [89,125,142]. The disturbance of soil through
plowing, irrigation, and other farming practices can enhance the risk of asbestos fiber
release, posing health risks to farmers and surrounding communities [8]. Additionally, irri-
gation can facilitate fiber transport through water movement, while plowing and soil tillage
may increase fiber resuspension and bioavailability [143]. Fertilizer application, especially
when combined with organic amendments, could further influence fiber interactions in the
soil matrix, potentially altering their persistence and uptake by crops [144].

Additionally, remediation of asbestos-contaminated soils presents unique challenges.
Traditional soil remediation techniques may not be effective for asbestos fibers due to their
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size, durability, and tendency to become airborne [67]. Innovative approaches such as
phytoremediation, where certain plants are used to stabilize and contain asbestos fibers,
and in situ stabilization, where chemical agents are added to soil to bind fibers and reduce
mobility, are being explored [145]. These methods aim to mitigate the release of asbestos
fibers and reduce the associated health risks [120].

The presence of asbestos in soil is a complex issue with significant implications for
environmental and public health [106]. The mobility of asbestos fibers in soil, influenced
by various physical and chemical factors, underscores the need for comprehensive research
and targeted remediation strategies [89]. Understanding the interaction of asbestos fibers
with soil and developing effective management practices are crucial steps in mitigating the
risks associated with asbestos contamination [26]. Further studies are essential to evaluate
the long-term impact of asbestos in soil and to develop innovative solutions to protect
human health and the environment [100].

4. Water Contamination by Asbestos Complexes and Its Risks

In stark contrast, the potential dangers of waterborne exposure to ingested asbestos
have received considerably less scrutiny despite studies indicating an elevated risk of
stomach cancer from such exposure [146]. This discrepancy in research focus is notable,
given the substantial health implications. Asbestos-containing materials primarily pose
a hazard when their fibers are released into the air, creating an inhalation risk. How-
ever, the pathogenicity of ingested asbestos fibers remains a critical and ongoing area of
investigation. Studies have explored various aspects of this issue, including early exam-
inations by [147-149] and more recent work by [150]. Despite these efforts, the body of
literature remains less extensive compared to airborne asbestos risks [57]. Furthermore,
very few studies have delved into the potential risks arising from airborne asbestos and
asbestos-forming minerals that are released during water mobilization or evaporation pro-
cesses [151]. This gap in research is significant, as it suggests that there could be overlooked
pathways for asbestos exposure [152]. Previous research had suggested that environmental
exposure to asbestos fibers through water or soil was negligible because the fibers were
assumed to adhere to soil particles and be filtered out during infiltration [153]. However,
this assumption has been challenged by more recent studies reporting the presence of
asbestos fibers in deep underground aquifers [105,154,155]. These findings indicate the
emergence of an alternative transport pathway for asbestos exposure through shallow
groundwater systems [5,89,156].

The transport of asbestos fibers from soil to surface water is highly dependent on a
range of site-specific factors, including precipitation patterns, soil and rock degradabil-
ity, slope morphology, vegetation cover, and the degree of anthropogenic influence [157].
This complex interplay of factors means that understanding the environmental conditions
that enhance the mobility of asbestos fibers between contaminated soil and groundwater
is of utmost importance [89]. This knowledge is crucial for developing effective strate-
gies to mitigate the health risks associated with both airborne and waterborne asbestos
exposure, ensuring better public health outcomes in areas affected by asbestos contamina-
tion [26]. Asbestos fibers can infiltrate groundwater sources through the natural weathering
of asbestos-containing rocks and improper disposal of asbestos-containing waste [158].
Previous research [157] has concentrated primarily on surface water contamination by
asbestos, while groundwater studies remain in the experimental phase. In general, asbestos
pollution in water is attributable to both anthropogenic and natural factors [8]. Studies
have shown that chrysotile asbestos can be present in groundwater near mining sites,
contributing to potential health risks. The persistence of asbestos fibers in groundwater is
largely due to their resistance to chemical and biological degradation [159]. Groundwater
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contamination by asbestos is a concern near industrial sites where asbestos was historically
used or disposed of. Asbestos fibers in groundwater can be transported over long distances,
posing risks to distant populations [8,120].

Of particular note is the fact that the impact of asbestos fibers on aquatic ecosystems
is largely unknown, and very few studies have been conducted to elucidate the various
mechanisms of action [160]. In countries where industrial asbestos use is prohibited or
strictly regulated, anthropogenic sources include the disposal of asbestos-contaminated
water from mines and quarries [8]. Another anthropogenic source of emissions is the
erosion of asbestos cement pipes used in drinking water and wastewater networks, which
can also release asbestos fibers [161]. Additionally, water flowing through improperly
disposed asbestos-contaminated waste can become a source of pollution [89]. Although
extensive research has been conducted on the health hazards [162] associated with the
inhalation of airborne asbestos and analogous asbestos-like minerals [151], there remains a
paucity of information regarding the potential health risks posed by asbestos fibers sus-
pended in water, which represents one of the most concerning mobilization pathways in
the environment [25,163]. Caramuscio et al. [164] investigated the presence of asbestos
contamination in groundwater and surface water near an asbestos mine. Their findings
revealed that the asbestos content of stream water near the mine ranged from 1.00 to
3.60 mg/L, while groundwater levels were between 1.00 and 4.10 mg/L. Previous stud-
ies [155,165,166], as reported [167], have demonstrated that asbestos pollutants from mining
activities can lead to metal contamination and increased asbestos levels in surface waters
and sediments [168-170], particularly in areas surrounding active and inactive asbestos
mines [155,171,172]. The asbestos fibers detected were predominantly short, measuring
less than 5 um in length, but the potential for asbestos dispersion from stream water to
air was not examined [83,173,174]. Despite the recognized health risks, European Union
regulations on water quality still do not specify limit values or guideline values for asbestos
in drinking water [175,176], nor for natural surface and groundwater. This regulatory gap
presents significant challenges in assessing and mitigating exposure risks, particularly in
regions where aging asbestos cement pipelines, industrial effluents, or natural geological
sources contribute to fiber release [8,177].

The absence of harmonized standards for asbestos monitoring in water bodies im-
pedes the development of risk-based management strategies and hinders cross-border
comparability of exposure data. Moreover, the lack of legally binding thresholds limits
enforcement mechanisms, potentially delaying preventive interventions even in areas with
documented contamination. Given the growing body of evidence on the potential car-
cinogenicity of ingested asbestos fibers, the absence of EU-wide regulations may result
in insufficient protection of public health, particularly for vulnerable populations relying
on untreated or minimally treated water sources [178]. Without targeted epidemiological
studies and toxicological assessments, the long-term implications of chronic low-dose
asbestos ingestion remain uncertain, reinforcing the need for regulatory advancements and
precautionary policy measures at both national and supranational levels [179,180].

The World Health Organization (WHO) has yet to establish a safe concentration level
for asbestos in water, a notable omission given the organization’s global influence on health
standards [181]. In contrast, the United States Environmental Protection Agency (US-EPA)
has set a maximum contaminant level for asbestos in drinking water at 7 x 10° asbestos
fibers per liter, primarily addressing fibers longer than 10 um [182,183]. This standard
reflects a more proactive approach to managing the risks associated with asbestos in water.
Several studies have focused on monitoring and determining the background levels of as-
bestos in drinking water, with some of the highest values measured exceeding 107 asbestos
fibers per liter in the USA [184-186] and 108 asbestos fibers per liter in Canada [187]. These
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findings underscore the variability and potential for high concentrations of asbestos in
water sources. Further complicating the issue [186] demonstrated a correlation between
airborne and waterborne asbestos in buildings where asbestos [chrysotile and amphibole]
was detected in tap water [8]. They reported that 2.4 x 107 asbestos fibers per liter of water
could result in air concentrations as high as 120 asbestos fibers per liter. This correlation
suggests that asbestos fibers in water can become airborne, thereby increasing the risk of
inhalation and the associated health impacts [151]. Consequently, potential emergency
situations should not be overlooked, as the concentration of asbestos in surface waters and
drinking water can dramatically increase during natural disasters [188]. Natural disasters
can disrupt and mobilize asbestos fibers, leading to sudden spikes in contamination lev-
els that pose immediate health risks [189]. From an agricultural and water management
perspective, special attention should be given to the use of contaminated groundwater
for irrigation [113] and indoor water usage [190]. Using contaminated water for irrigation
can introduce asbestos fibers into the food chain, while indoor water use can increase the
risk of asbestos inhalation as fibers become aerosolized during household activities [89].
Despite these concerns, there is a lack of research on the extent to which asbestos fibers
bioaccumulate in plants and how they are transferred through trophic levels. The mech-
anisms of fiber uptake by plant roots, potential translocation within plant tissues, and
the implications for human and animal consumption remain largely unexplored. Addi-
tionally, the physicochemical properties of asbestos may influence its interaction with
soil microbiota and plant exudates, potentially altering bioavailability and accumulation
patterns [42,121]. These knowledge gaps highlight the urgent need for targeted studies on
asbestos behavior in agricultural systems to better inform risk assessments and regulatory
frameworks. These scenarios elevate human exposure levels and underscore the need for
comprehensive monitoring and regulation to mitigate the risks associated with asbestos
in water. Addressing these issues requires coordinated efforts at the policy, research, and
community levels to ensure that water quality standards are robust and protective of public
health [191,192].

5. Conclusions

In our research, we have meticulously elucidated that the issues stemming from
asbestos and various asbestos-containing products have long constituted a critical en-
vironmental domain, one that fundamentally transcends the traditional boundaries of
waste management concerns. This study underscores the importance of re-evaluating
our understanding of asbestos-related environmental hazards, particularly in light of re-
cent developments in international scholarly discourse. The prevailing assumption that
asbestos fibers remain immobile in soil and that water, as a transmission medium, has
only a minimal role in the mobilization of these fibers has been robustly challenged by
contemporary research findings. Table 1 presents a comprehensive critical analysis of the
impacts on soil and water, as well as the identified gaps in the current body of research.
These findings suggest a significantly higher potential for asbestos fiber dispersion, thereby
elevating the risks of human exposure and associated health hazards. Despite the ongoing
experimental nature of research in this field, a significant gap persists in the availability of
standardized analytical methods and procedures. These methods are crucial for providing
concrete guidelines for assessing the contamination levels in various water and soil types.
The absence of such standardized protocols hampers the ability to accurately quantify and
address the extent of asbestos contamination in different environmental media.
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Table 1. Impacts on the water—soil system and associated research gaps.

Aspect

Effects on Water

Effects on Soil

Gaps and Research Needs

Physical characteristics

Asbestos fibers can remain
suspended in water and settle
slowly [8].

Persist in soil for extended
periods without natural
degradation [82].

Lack of precise data on
sedimentation and
transport dynamics.

Type-dependent, but

Stable structure, slow

Limited data on long-term

Chemical stability gve;za[gz]does not degrade in weathering [193]. transformations and interactions.
Contaminant Can adsorb heavy metals and l\rr/f:li,igmglgr);(llc)isoligztiéligglee&to Unclear which contaminants
adsorption organic pollutants [194]. & can accumulate.

plants [195].

Biological effects

Not a food source but can
enter the food chain [86].

Potentially toxic to
microorganisms and
plants [196].

Insufficient research on
ecosystem-level impacts.

Drinking water

Asbestos fibers can be present

Can leach from soil into

Unclear relationship between

contamination in drinking water [8]. groundwater [8]. exposure and health risks.

Toxicit Potentially carcinogenic if Long-term presence may pose Further studies needed on effects
y inhaled [197]. risks to living organisms [198].  on soil-dwelling organisms.
Degradation and oDr?leer;?rt::agI;?e dti?jiu;?uy’ Remains in soil unless Development of effective removal

removal y & mechanically disturbed [119]. techniques required.

physical filtration [199].

Entry into surface
waters

Introduced via rainfall and
industrial discharge [67].

Transported by wind erosion
and precipitation [200].

Transport mechanisms are not
fully understood.

Ecological impact

May clog filter-feeding
aquatic organisms [199].

Can alter soil microbial activity
and reduce biodiversity [113].

Limited experimental data on
ecological damage.

Sedimentation rate

Slow sedimentation, but
turbulence can enhance
dispersion [151].

Movement varies across
different soil types [200].

Poorly understood mobility in
various soil compositions.

Water treatment

Difficult to remove with
standard filtration

Soil remediation is complex and

Need for innovative methods for

challenges methods [201]. costly [119]. effective removal.
Groundwater Can infiltrate deeper layers Mobility depends on soil pH Limited data on movement and
contamination via precipitation [151]. and organic matter content [67].  concentrations in groundwater.

Temperature effects

Temperature variations may
influence sedimentation [201].

Freeze-thaw cycles could alter
distribution [202].

Insufficient knowledge of the
impact of extreme
climate conditions.

Impact on plants

Can be absorbed by plants
through water uptake [198].

Toxic effects on root systems
and plant growth [198].

Limited research on cellular
effects in plants.

Interactions with

May accumulate in

Functions as a temporary
reservoir, releasing fibers back

Further research needed to
understand storage and

sediments sediments [67]. into the environment over e . .
. mobilization in sediments.
time [20].
Hydrodynamic Flow conditions affect Behavior varies in soils with Limited modeling data on flow
influence distribution [199]. different porosity levels [67]. velocity impacts.

Human exposure

Inhalation or ingestion
possible through drinking and
bathing [8].

Can be inhaled or ingested as
soil dust [113].

Need for epidemiological studies
to assess exposure risks.

Long-term

environmental impact

May persist in aquatic
environments for
decades [199].

Can remain unchanged in soil
for centuries [67].

Lack of long-term data on
degradation or
transformation potential.

Previous investigations have typically reported very low concentrations of asbestos,

predominantly consisting of fibrous chrysotile asbestos.
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However, these findings should not be misconstrued as indicative of a negligible
risk. Rather, they highlight the necessity for more nuanced and comprehensive analytical
approaches. Furthermore, the methodology for assessing water contamination due to
asbestos remains rudimentary and parallels the approaches used for air quality assessments.
This underscores the urgent need for developing more sophisticated procedures that can
accurately quantify asbestos contamination in water bodies on a volumetric basis. The
current reliance on air-based assessment models for water contamination is inadequate and
does not capture the complexity of asbestos dispersion in aqueous environments.

Given these insights, it becomes evident that future research and policy frameworks
must adopt a holistic approach to addressing the asbestos problem. This involves a thor-
ough and integrated examination of air, soil, and water as interconnected environmental
spheres and transmission media. Such a comprehensive approach will enable a more
accurate assessment of the environmental and health risks posed by asbestos, thereby
facilitating the development of more effective mitigation and management strategies. In
conclusion, our research advocates for a paradigm shift in the way asbestos-related envi-
ronmental hazards are understood and addressed, emphasizing the need for integrated,
multidisciplinary investigations and interventions.
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The aim of this paper is to examine the environmental resistance and chrysotile content of different asbestos
cement products and to prove the relationship between these two factors by analytical results. The paper
includes Fourier-transform infrared (FT-IR) spectroscopic analysis of asbestos cement pipes and asbestos
cement products with corrugated and flat characteristics. The methodology of the study is based on FT-IR
spectroscopy and general statistical approaches, and the results obtained are compared using correlation
analysis. The background to the topic is that asbestos cement products are still widely used today despite their
harmful effects on health, contrary to European Union asbestos-free targets. A damaged and eroded asbestos
cement product loses several grams of asbestos and cement per year from its matrix structure, which is
exacerbated by exposure to various environmental influences. The match rate of the chrysotile spectrum for
analysed samples has been over 50 % in each case. In the number of measurements, the chrysotile detection
rate was 7.64 % higher for degraded and eroded samples. In addition, in the samples exposed to environmental
factors, the percentage variance was approximately 10 % or higher, with the exception of asbestos cement
pipes. The results provide a basis for situational awareness options. Analytic practitioners, material science
researchers, and analysts can use them.

1. Introduction

Asbestos minerals are naturally occurring fibrous silicate minerals that have been used in a variety of insulating,
refractory (Mahini, 2005), and construction materials because of their durable fibres and ability to withstand high
temperatures. Asbestos is a collective term used to describe a group of naturally found fibrous minerals, either
serpentine (chrysotile) or amphibole (actinolite, amosite, anthophyllite, crocidolite and tremolite) in nature
(Mahini, 2005).

Chrysotile comprises approximately 95 % of naturally occurring asbestos and is the most widely used industrially
(Zholobenko et al., 2021). It also constitutes over 90 % of asbestos in water samples. All asbestos types,
including chrysotile and amphiboles (crocidolite, amosite, tremolite), are recognised as carcinogenic to human
lungs, although chrysotile may exhibit lower carcinogenic potency (Boffetta, 2018). In Europe, asbestos fibres
are defined as those longer than 5 um, wider than 3 um, and with an aspect ratio greater than 3:1 (Dichicco et
al., 2017).

A defining trait of the relevant type is that when chrysotile fibres are disrupted, such as through grinding,
crushing, or exposure to water, the structure of the chrysaotile fibre disintegrates, and individual fibres are created
(Bernstein and Hoskins, 2006). Chrysotile asbestos consists of a fibrous Mgs(Si2Os)(OH)4 arranged in a 1:1
ratio, with interconnected silica tetrahedra attached to a brucite-like trioctahedral sheet. This structural
arrangement results in curvature, giving rise to the fibrous nature of chrysotile (Mendelovici et al., 2001).

The worldwide industrial use of ashestos has expanded quickly over the past 150 y due to its valued properties,
such as conductivity, fire resistance, and reinforcement in construction and manufacturing (Furuya et al., 2018).
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Asbestos is currently prohibited in over 50 countries globally, but it continues to be extracted and utilised in
numerous nations. The primary asbestos producers encompass the Russian Federation, China, Kazakhstan,
Brazil, Canada, Zimbabwe, and Colombia (Frassy et al., 2014). Presently, it is estimated that illnesses related
to asbestos exposure (Castiblanco et al., 2020) cause approximately 255,000 deaths annually (Furuya et al.,
2018). Despite the considerable knowledge of the risks linked to asbestos, this hazardous material continues to
pose a significant health risk on a global scale, leading to numerous annual fatalities and making a substantial
contribution to cancer-related deaths. However, there is ongoing and increasing worry regarding the potential
public health hazard presented by still-in-use asbestos-containing materials (abbreviation: ACM) and their
possible influence on future cases of asbestos-related illnesses.

Asbestos-containing materials include flat and corrugated sheets for roofing and compressed panels for
cladding and facades in residential structures (Krowczynska et al., 2014). Asbestos cement (abbreviation: AC)
slates are made by mixing 10-20 % chrysotile with 80-90 % cement (Jeong et al., 2013). While asbestos cement
sheets are used for roofing and cladding, they are inherently brittle and prone to cracking from minor impacts,
repetitive stress, or faulty fastenings (Bassani et al., 2007).

Exposure to asbestos remains a significant concern during the natural weathering, repair, or demolition of
buildings with asbestos shingles. The deterioration of these materials releases asbestos fibres into the air and
water runoff, leading to indirect soil contamination (Hikuwai et al., 2023). A study by Suzuki et al. (2005) indicates
that a corrugated asbestos cement sheet can release several grams of asbestos annually from its matrix
structure.

Standard techniques for identifying asbestos currently include using polarised light microscopy for analysing
bulk samples and phase-contrast microscopy for examining airborne fibres (Zholobenko et al., 2021). In
addition, optical microscopy, scanning electron microscopy, transmission electron microscopy, and scanning
transmission electron microscopy are frequently utilised for identifying asbestos fibres in environmental and
human samples (Janik and Wrona, 2005). Infrared spectroscopy is also a valuable technique for swiftly
identifying various kinds of clay minerals (Farro et al., 2023), as well as detecting asbestos contamination and
assessing its qualitative parameters (Wu et al., 2021), the Fourier-transform infrared (abbreviation: FT-IR)
method has also been utilised for the characterisation of asbestos fibres by analysing their distinct silicate
vibrational bands in the range of 900-1,200 cm™™.

Analysing asbestos content using FT-IR spectroscopy is not a new approach. Previous studies have employed
this technique to determine the presence (Giacobbe et al., 2010) and identify different types of asbestos
(Zholobenko et al., 2021). However, the role of environmental factors in the detectability of asbestos content
beyond its release has received limited attention. Our research aims to address this gap, providing a valuable
contribution to the field.

2. Materials and methods

The paper seeks to explore the detectability of chrysotile and the environmental durability of asbestos cement
products using FT-IR spectroscopy. This section outlines the principal research methods and parameters that
were required for this paper.

2.1 Experimental materials and samples

Three categories of asbestos-containing materials samples were utilised: asbestos cement slates with
corrugated characteristics, AC-flat slates, and AC pipes. Two subgroups were formed within each category: one
was exposed to environmental elements (rain, wind, temperature, sunshine) with five samples, and one was
shielded from these factors with another five samples. Measurements were repeatedly conducted on each
sample to determine conformity with chrysotile spectra. The success of these matches was recorded, and a
statistical analysis was performed based on the top 10 matches. This methodology facilitated the evaluation of
how environmental exposure affects the integrity of these products compared to their preserved counterparts.
The environmentally exposed samples were actual products obtained from demolition and usage, sourced from
various sites in Gydr. The separated samples were obtained from the same area, specifically from locations
where unused asbestos cement products had been stored. The collected samples were hermetically stored until
the commencement of the experiments. The investigation of environmental factors is theoretical, as the
experiment does not employ a stress or pressure chamber. The research is predicated on the assumption that
the samples in use have been continuously exposed to environmental influences, including ageing, damage,
sunlight, and rain, among others.

The initial batch of samples consists of undulating AC-corrugated sheets. These samples, approximately 30-
40y old, displayed visible signs of erosion and degradation due to environmental exposure alongside various
deposits. The samples' labelling exposed to environmental influences ranged from AC-S-E-1 to AC-S-E-5, with
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the mean value being labelled as AC-S-E-A. The labelling of separated samples ranged from AC-S-S-1 to AC-
S-S-5, with the mean value being labelled as AC-S-S-A.

The second set comprises flat AC sheets with similar ageing (approximately 40 y), which exhibited comparable
effects from environmental influences. The samples' labelling exposed to environmental influences ranged from
AC-F-E-1 to AC-F-E-5, with the mean value being labelled as AC-F-E-A. The labelling of separated samples
ranged from AC-F-S-1 to AC-F-S-5, with the mean value being labelled as AC-F-S-A.

Lastly, the third group includes AC pipes with characteristics consistent with those mentioned earlier. The
samples' labelling exposed to environmental influences ranged from AC-P-E-1 to AC-P-E-5, with the mean value
being labelled as AC-P-E-A. The labelling of separated samples ranged from AC-P-S-1 to AC-P-S-5, with the
mean value being labelled as AC-P-S-A.

Before conducting the analysis, all three sets of samples were meticulously cleaned with distilled water and
isopropyl alcohol to remove any possible impurities that could impact the findings. Following this step, they were
then cut into consistent sizes before being encased in a multi-component epoxy resin.

2.2 Sample preparation

The specimens underwent a cleaning process using distilled water, which may have affected the investigation
of environmental influences. Epoxy resin was poured into a mould according to specified dimensions to create
discs measuring 30 x 5 mm. These discs were then ground with a grinder to achieve the desired size and
subsequently placed on an instrument slide for examination. A 0.3-mm diamond crystal facing downwards
allowed for the scanning of specific areas in the sample with infrared rays, resulting in the generation of an
absorption map showing different spectra marked by varying colours. These coloured spectra corresponded to
materials in the spectrum library, facilitating component identification.

2.3 Analysis of chrysotile asbestos by FT-IR spectroscopy

All types of asbestos display strong absorption in the 1,200-900 cm™ and 600-300 cm™ ranges. Qualitative
identification of the asbestos type can be achieved by analysing the spectrum up to 200 cm. Chrysotile exhibits
distinct differences from amphiboles, as it demonstrates significant double hydroxyl groups at 3,693 cm™ and
3,648 cm™, which are created between layers of hydroxyl groups situated within the primary silicate layers of
the lattice.

2.4 Used instrument: PerkinElmer Spectrum 400

The PerkinElmer Spectrum 400 instrument from PerkinElmer, MA, U.S. was utilized for conducting
measurements. The samples taken from fractured sections of asbestos cement products and collected scrap
samples from the matrix material were analysed for their composition, particularly to identify any additives
present. Following this step, these materials were placed on the object table of the spectroscope with a 0.3-mm
diamond crystal facing upwards and secured in place with a force approximately equivalent to 100 N for analysis.
These tests were sensitive to moisture and carbon dioxide. Thus, prior to each measurement, it was necessary
to record the spectrum of the environmental background first in order for the instrument to differentiate between
the true sample spectrum and background interference.

3. Results
3.1 Detection of chrysotile asbestos from asbestos cement corrugated sheets

The asbestos cement corrugated sheet samples have shown an average chrysotile asbestos detection rate of
0.747193 (1) under environmental exposure (Figure 1). The most significant match (0.810265 (1)) was recorded
at the fourth measuring point for sample AC-S-E-5, while the lowest detection value (0.689985 (1)) was identified
at the sixth measuring point for sample AC-S-E-4. Among the samples, the highest chrysotile detection average
value (0.754616 (1)) was observed in the case of AC-S-E-2, whereas the lowest (0.742706 (1)) was found in
AC-S-E-4. The asbestos cement corrugated sheet samples have shown an average chrysotile asbestos
detection rate of 0.645437 (1) according to separated samples. The most significant match (0.701221 (1)) was
recorded at the fourth measuring point for sample AC-S-S-4, while the lowest detection value (0.569845 (1))
was identified at the eighth measuring point for sample AC-S-S-5. Among the samples, the highest chrysotile
detection average value (0.678396 (1)) was observed in the case of AC-S-S-1, whereas the lowest (0.605309
(1)) was found in AC-S-S-5. The overall rate of comparison within the entire sample series is 115.8 %. The
average deviation from the mean is 0.00634 (1) for the exposed samples. In contrast, for the separated samples,
this value is 0.00429 (1). Asbestos cement corrugated sheet samples exhibit a noticeable difference in spectral
matching for chrysotile exposed to the environment (E), displaying higher values with an average of
approximately 0.75 (1). Conversely, samples separated from environmental influence (S) demonstrate greater
variability in values, with a central tendency around 0.65 (1). The analysed samples are based on an asbestos-
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cement matrix. Therefore, a wide peak was detected at 1,400 cm™ in the spectra. This can be attributed to the
presence of calcium silicate hydrate, calcium sulphate, and calcium carbonate found in the cement mixture,
specifically related to the stretching vibrations of C-O bonds. Similar to the findings in Foresti et al. (2003), there
are two specific regions of the spectrum that are noteworthy: the O-H stretching vibrations contribute to the
3,700-3,500 cm! region, while various lattice vibrations account for the bands observed in the 1,200-500 cm™!

region.
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Figure 1: Comparative analysis
cement corrugated sheets)

of chrysotile detection for exposed (E) and separated (S) samples (asbestos

Asbestos cement corrugated sheet samples exhibit a noticeable difference in spectral matching for chrysotile
exposed to the environment (E), displaying higher values with an average of approximately 0.75 (1). Conversely,
samples separated from environmental influence (S) demonstrate greater variability in values, with a central
tendency around 0.65 (1). The analysed samples are based on an asbestos-cement matrix. Therefore, a wide
peak was detected at 1,400 cm in the spectra. This can be attributed to the presence of calcium silicate hydrate,
calcium sulphate, and calcium carbonate found in the cement mixture, specifically related to the stretching
vibrations of C-O bonds.

3.2 Detection of chrysotile asbestos from asbestos cement flat sheets

The asbestos cement flat sheet samples have shown an average chrysotile asbestos detection rate of 0.753552
(1) under environmental exposure. The most significant match (0.820001 (1)) was recorded at the tenth
measuring point for sample AC-F-E-3, while the lowest detection value (0.694962 (1)) was identified at the
second measuring point for sample AC-F-E-1. Among the samples, the highest chrysotile detection average
value (0.773262 (1)) was observed in the case of AC-F-E-4, and the lowest (0.723031 (1)) was found in AC-F-
E-1. Figure 2 illustrates a contrast in the chrysotile detection results for asbestos cement flat sheets according
to the exposed or separated character.

Samples
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Figure 2: Comparative analysis of chrysotile detection for exposed (E) and separated (S) samples (asbestos
cement flat sheets)

The asbestos cement flat sheet samples have shown an average chrysotile asbestos detection rate of 0.632309
(1) according to separated samples. The most significant match (0.698857 (1)) was recorded at the fifth
measuring point for sample AC-F-S-4, while the lowest detection value (0.548113 (1)) was identified at the fourth
measuring point for sample AC-F-S-1. Among the samples, the highest chrysotile detection average value
(0.660611 (1)) was observed in the case of AC-F-S-4, whereas the lowest (0.602867 (1)) was found in AC-F-S-
1. The overall rate of comparison within the entire sample series is 119.2 %. The average deviation from the
mean is 0.00540 (1) for the exposed samples. In contrast, for the separated samples, this value is 0.00801 (1).
The environmentally exposed (E) asbestos cement flat sheet samples exhibit a more noticeable difference in
spectral matching for chrysotile. Chrysotile was more readily identifiable and had a higher agreement rate in the
samples that were exposed to environmental effects. Conversely, samples separated from environmental
influence (S) demonstrate greater variability in values, with a central tendency of less than 0.65 (1).
Characteristic peaks of the chrysotile were identified at 3,700-3,500 cm™ and 1,200-500 cm ranges. The
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analysed samples are based on an asbhestos-cement matrix; therefore, a wide peak was detected at 1,400 cm-
1in the spectra, similar to the asbestos cement corrugated sheets.

3.3 Detection of chrysotile asbestos from asbestos cement pipes

The asbestos cement pipe samples have shown an average chrysotile asbestos detection rate of 0.800607 (1)
under environmental exposure. The most significant match (0.888831 (1)) was recorded at the fifth measuring
point for sample AC-P-E-4, while the lowest detection value (0.742121 (1)) was identified at the eighth
measuring point for sample AC-P-E-2. Among the samples, the highest chrysotile detection average value
(0.811325 (1)) was observed in the case of AC-P-E-3, and the lowest (0.793972 (1)) was found in AC-P-E-4.
Figure 3 illustrates a contrast in the chrysotile detection results for ashestos cement pipes according to the
exposed or separated character. The asbestos cement pipe samples have shown an average chrysotile
asbestos detection rate of 0.794369 (1) according to separated samples. The most significant match (0.865548
(1)) was recorded at the seventh measuring point for sample AC-P-S-2, while the lowest detection value
(0.724580 (1)) was identified at the ninth measuring point for sample AC-P-S-3. Among the samples, the highest
chrysotile detection average value (0.808812 (1)) was observed in the case of AC-P-S-2, whereas the lowest
(0.775610 (1)) was found in AC-P-S-4. The overall rate of comparison within the entire sample series is 100.8 %.
The average deviation from the mean is 0.00617 (1) for the exposed samples. In contrast, for the separated
samples, this value is 0.00438 (1).
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Figure 3: Comparative analysis of chrysotile detection for exposed (E) and separated (S) samples (asbestos
cement pipes)

The environmentally exposed (E) asbestos cement pipe samples exhibit a more noticeable uniformity in spectral
matching for chrysotile. Chrysotile was more easily detected and showed higher consistency in samples
exposed to environmental conditions. The trend revolved around 0.80 (1) for the exposed samples (E) and about
0.79 (1) for the separated samples (S). The chrysotile displayed distinctive peaks at wavelengths of 3,700-
3,500 cmt and 1,200-500 cm™. As the analysed samples are composed of an asbestos cement mixture, a broad
peak was observed at 1,400 cm™ in the spectra.

4. Conclusions

The research aims to assess the environmental impact and detectability of chrysotile asbestos in various
asbestos cement products, such as flat and corrugated sheets and pipes, particularly focusing on samples
shielded from environmental factors. It demonstrates that FT-IR spectroscopy is effective for identifying
chrysotile asbestos by pinpointing characteristic spectral features. This method could become a standard for
detecting chrysotile, given its accuracy and practicality. However, the presence of both chrysotile and the
cement matrix complicates qualitative analysis. Notable variations were found between exposed (E) and
separated (S) samples in corrugated and flat sheets, though less so in pipes.

The main findings of the research include: 1) FT-IR spectroscopy can be used for chrysotile detection and should
be standardised in the future; 2) Chrysotile was more detectable in samples exposed to environmental
conditions, with matching coefficients consistently around or above 0.75 (1); 3) Environmental impacts like
erosion, degradation, product ageing, and corrosion contribute to the easier release and detectability of
chrysotile asbestos.

The paper suggests that environmental conditions and ageing play a significant role in the release and
detectability of chrysotile asbestos from asbestos cement products. Understanding these factors is essential for
evaluating the environmental impact and health hazards linked to asbestos cement products and should be
considered in forthcoming assessments. Continuing and expanding this analysis in the future is crucial, and its
findings can benefit environmental and analytical researchers.
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Nomenclature

FT-IR spectroscopy — Fourier-transform infrared spectroscopy
ACM - asbestos containing materials
AC — asbestos cement
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Nowadays, more information is available regarding the health problems and waste management challenges
caused by asbestos, and the research directions that focus on alternative agents, transport processes and
mobilization routes of asbestos have gained ground. Only in recent years has the published research on the
subject begun to deal more intensively with the development of evaluation methods that would ensure the
consistent numerical qualification of individual territorial units. This paper examines the exposure of certain
regions of Hungary along the lines of asbestos-related waste management and health aspects. After that, the
individual relationships were identified and explored based on the specific patterns of the formed groups. The
methodology of this paper is the calculation of an internationally applied integral index, the advantage of which
is that it enables the comparison of numerical values with different dimensions. The focus of research is not the
development of a new scientific methodology, but rather an exploration of the situation and regional
comparability of asbestos exposure that is much more multidisciplinary, complex and multidimensional than the
previous viewpoints. The value of the calculated integral index was 0.310+0.155 in 2005, while 0.339+0.170 in
2020. The rate of change in the value of the asbestos involvement and exposure integral index shows an
increase of +28.5 % between 2005 and 2020. Based on the results, there are significant differences between
the individual regions of Hungary along the values of the calculated multidimensional integral indices.

1. Introduction

How does the asbestos prevalence of a settlement, a region or a country, the population's exposure to asbestos
over time, affect the risk ratio of malignant tumors and the opportunities for the waste hierarchy and the circular
economy to gain ground? The approach to the problem cannot be defined only along the lines of waste
management, environmental monitoring and epidemiological data, a complex, interdisciplinary approach to
these aspects is important. At the same time, asbestos is an area of environmental protection for which there is
neither environmental monitoring, nor permanent background pollution testing, nor public risk assessment (Gray
et al., 2016). The problem is a given, the risks are known, but at the same time, asbestos contamination can
still be considered a not analyzed environmental protection topic. Asbestos is a hydrated silicate of magnesium,
iron, calcium and sodium, divided into two fiber groups, serpentines (chrysotile) and amphiboles (amosite,
crocidolite, tremolite, anthophyllite and actinolite (Castro et al., 2003). The characteristic properties of asbestos
are high fire resistance and low temperature and microbiological resistance to contact with bacteria or fungi
(Kusiorowski et al., 2023). Important advantages of asbestos fibers include high tensile strength, abrasion
resistance (lwaszko et al., 2018), and resistance to acids and alkalis (Malinconico et al., 2022). Good thermal
insulation, sound absorption (Park et al., 2012), and high electrical they are characterized by resistance
(Santana et al., 2023). Most asbestos minerals also have high mechanical strength (Virta, 2005). Only three of
the asbestos minerals are widely used commercially, especially in the construction industry. These include
chrysotile (white asbestos), crocidolite (blue asbestos) and amosite (brown asbestos). Chrysotile accounts for
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90-95% of asbestos mined in the world (L. Frank and Joshi, 2014). Asbestos and asbestos cement products
now have a historical legacy (Bolan et al., 2023) in the built environment worldwide (Obminski, 2021). Their use
has been typical since the era of industrialization (Janela and Pereira, 2016). More widely, these products have
been used in the construction industry throughout history, mainly as insulators and as structural stabilizers for
various materials such as various cement or plastic products (Virta, 2005), hence today more than 3,000
different commercial products contain or may contain asbestos in varying concentrations. (Harris and Kahwa,
2003). More than 50.0 % of asbestos sold worldwide was used in Europe between 1920 and 2000 (Paglietti et
al., 2016). According to Ramazzini (2010), more than 90.0 % of the asbestos used was used in the form of
various asbestos cement products, sheets, roofing materials and pipes. The first asbestos-related health cases
were reported in the 1950s, mainly among miners and factory workers dealing with asbestos (Jung et al., 2021).
A study conducted in the 1960s identified asbestos as a carcinogen and stated that the health diseases caused
by it cause malignant mesothelioma and lung cancer with a latency period of approximately 20-50 years
(Mossman et al., 1996). As a result of these health effects, the use of asbestos has gradually declined since the
1970s, and some countries have banned or restricted its use by law since the 1990s (Bahk et al., 2013). The
greatest danger and risk are fibers penetrating the alveoli of the lower respiratory tract. These are so-called
respirable fibers, fibers with a diameter of less than 3 ym and a length of more than 5 um (WHO, 1986).

In Hungary, the new use of asbestos has been prohibited since 2005, but the regulation does not cover the
prohibition, restriction or regulation of the further use of previously installed products. Pursuant to the European
directive (148/2009), the maximum permissible level of asbestos in the air at workplaces is 100 f/I (fibers/liter)
(WHO, 1986). According to Li et al. (2014), all asbestos in use in the world today is chrysotile, also known as
white asbestos. As the main health risk, scattered asbestos insulation came into focus, for which an exemption
and removal program was launched several times. At the same time, the asbestos cement products used in
buildings, on the other hand, were not considered to be directly harmful to health (Bornemann and Hildebrandt,
1986), since the asbestos fibers are bound by a strong layer of cement, but at the same time, as a result of
weather conditions and erosion and degradation over time, asbestos fibers are released into the surrounding
atmosphere, which can reach up to 3.00-5.00 g/m? can be (Brown, 1987). At the same time, asbestos fibers can
also be released directly as a result of much occupational safety (Gyenes and Wood, 2016) and household
accidents (pipe breaks). The verification of the presence of asbestos should be conducted, where discovered
its presence, there should be a clearance, or, in the best of conditions, continuous monitoring (Cecchini et al.,
2017). Consequently, the environmental and health problems associated with asbestos cement in these
buildings are potentially strongly associated with asbestos cement roofing (Zhang et al., 2022). Malignant
mesothelioma has been diagnosed in several cases in residents of properties using asbestos cement roofing
(Jung et al., 2006). A survey on the use of asbestos-cement roofing in areas with poor living conditions is
therefore essential to manage the associated risks (Zhang et al., 2022). At the same time, such a series of
surveys is extremely expensive, given their widespread use.

Several methods can be used to determine asbestos exposure and involvement, which also have different
advantages and disadvantages. The first is conducting on-site field visits and surveys in order to count the
number of properties and buildings with asbestos-cement roofing (Kim et al., 2010), thus establishing the
involvement of a given area (Zhang et al., 2022). At the same time, this process is extremely time- and human-
resource-intensive. The second option is modeling (Kim et al., 2016); based on the type (Zhang et al., 2016)
and area data on roofing found in the building register (Zhang et al., 2022). At the same time, the data in the
register is not public, and in many cases, the data in the register does not reflect reality. Monitoring can also be
done using drones, which are based on the first method (Lee et al., 2016), also requiring high resources. In
recent years, situational studies have also been published that established the involvement of a given area or
settlement through satellite images, with particular regard to the state of erosion of individual asbestos cement
sheets. Management and risk assessment tools can also be applied, which infer the involvement of certain
territorial units through the continuously collected secondary data. Such data may include waste generation,
waste management, health and discharge data. At the same time, this process is greatly influenced by the
quality and quantity parameters of individual input data, as well as their actual existence. For this reason, in this
study, the impact assessment of Hungary's NUTS-2 regions was chosen as a basis. The purpose of this
research is to use an alternative indexing method that relies on currently available indicators directly related to
asbestos. The results may provide insight into an alternative asbestos involvement assessment approach based
on the applied health and waste generation values.

2. Materials and methods

The aim of the research is to calculate an alternative index value to determine the asbestos involvement of
Hungarian regions (NUTS-2). The used taxonomic index formation method is a procedure suitable for the
uniform handling of multidimensional data, which results in a dimensionless value between 0.00 and 1.00.
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During the calculation, indicators were used that are directly related to the topic of asbestos and asbestos
cement. However, it must be emphasized that the amount of public, directly accessible data in this regard is
minimal, and extremely insignificant. The range of indicators used consisted of the following: mesothelioma
(Mesothelioma malignum) incidence values collected and treated by the Hungarian Cancer Registry (2023); the
data of the Waste Management System Module of the National Environmental Protection Information System
(2023) regarding regional waste generation along the waste types 170605 - asbestos-containing construction
material and 170601 - asbestos-containing insulation material. During the analysis, waste disposal data were
not used, due to the regional differences in distribution and waste management. The examined period is
between 2005 and 2020, and the examined years are 2005, 2010, 2015 and 2020. The elements of the
taxonomic assessment used to determine the integral index of asbestos involvement were the same as Oliinyk
et al. (2023) with the method used.
Eq(1) Standardization of initial data with different units and dimensions in order to reduce them to a single metric
scale, using the following formula: Eq(1), where: Zj is the standardized value of the i-th indicator of the j-th
NUTS-2 region (i = 1,n; j = 1, m); x;j the arithmetic mean value of the i-th indicator of the j-th NUTS-2 region;
oi is the standard deviation value of the i-th indicator.

Xij—Xjj
Zjj = UTiU' (1)
Eq(2) Creation of reference point Zoi (Zo1,Z02,...Zm), which means comparing the values of the NUTS-2 regions
to the maximum value of the given value series.

Zo; = maxzj;i €], (2)

Where: | is the set of indicators.
Eq(3) Determination of the Euclidean distance, which shows the distance of the indicators relative to a given
reference point, where: doi is the Euclidean distance of the indicator value from the reference point.

nm
do; = Z (Zij=Zo)?, (3)

ij=1

Eq(4) Calculation of the taxonomic index of the asbestos involvement integral index, which reflects the
alternative measure of asbestos involvement of the Hungarian NUTS-2 regions (Ki) with formula (Eq(4)), where:
Kiis the picture of the given level of asbestos involvement in each Hungarian NUTS-2 region; d,, is the arithmetic
mean of the corresponding Euclidean distance; g, is the standard deviation of the corresponding Euclidean
distance.

Ki=1- %. do = do+2 09,00 = f—Z(do‘;d“)z, )
0

3. Results

There is no uniform methodology available for the interdisciplinary assessment of asbestos involvement, so the
analysis summarized in this paper was also based on a pre-selected group of indicators. After sorting the data,
it was categorized and standardized. Through the data formed into a unified system, the Euclidean distance
values were also determined which was followed by the calculation of the alternative, dimensionless asbestos
involvement index values (Table 1). According to the primary and secondary data obtained by the taxonomic
analysis, the Hungarian NUTS-2 regions were characterized by a varied but at the same time stable situation
during the four relevant years of the examined period. During the analysis, the value of the calculated index
between 2005 and 2020 was a significant increase. The average value of the calculated index value was 0.3098
in 2005, 0.2377 in 2010, 0.2612 in 2015, and 0.3389 in 2020, which represents a low level at the national level,
but at the same time, it should be emphasized that a growth rate was experienced in the examined period. The
reason for this is the fluctuating but ever-increasing tendentious increase in the incidence of mesothelioma, as
well as the increased amount of asbestos-containing waste generated in certain regions. The average rate of
change between 2005 and 2020 was a +28.5 % increase, which in the first third of the examined period (between
2005 and 2010) was a -18.0 % decrease, in the second third (between 2010 and 2015) +24.5 % increase, while
in the last third (between 2015 and 2020) there was already a +33.2 % increase.
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Table 1: Results of Euclidean distance and integral index calculation

Euclidean Euclidean Euclidean Euclidean

Code NUTS-2 distance: distance: distance: distance: Ki Ki Ki Ki
2005 2010 2015 2020 2005 2010 2015 2020
HU11 Budapest 2.72 3.46 2,77 1.84 0.512 0.395 0.474 0.615
HU12 Pest 3.97 3.74 4.46 3.74 0.286 0.346 0.153 0.218
HU21 Central Transdanubia 2.61 4.06 2.92 2.45 0.530 0.289 0.446 0.487
HU22 Western Transdanubia 4.93 5.20 4.21 3.24 0.114 0.090 0.200 0.322
HU23  Southern Transdanubia 4.44 5.01 4.52 3.68 0.202 0.123 0.140 0.231
HU31 Northern Hungary 4.47 4.90 4.02 3.96 0.197 0.143 0.235 0.172
HU32 Northern Great Plain 4.28 3.75 3.82 2.44 0.231 0.344 0.274 0.489
HU33 Southern Great Plain 3.31 4.74 4.38 3.93 0.406 0.171 0.167 0.177

Data from: own calculated, own edited

The results of the analysis showed that, based on the trend between 2005 and 2020, there are significant
regional differences between the individual Hungarian NUTS-2. During the entire study period, Western
Transdanubia (HU22) showed the largest increase (+182.9 %). Similarly, the Northern Great Plain (HU32)
region showed an increase of over 100.0 % (+111.5 %). In contrast, the biggest decline (-56.3 %) was
experienced in the case of the Southern Great Plain (HU33). An increase in four of the eight regions (Budapest-
HU11, Western Transdanubia-HU22, Southern Transdanubia-HU23, Northern Great Plain-HU32), in four (Pest-
HU12, Central Transdanubia-HU21, Northern Hungary-HU31, Southern Great Plain-HU33) and a reduction was
experienced. In the first third of the examined period (2005-2010), the largest increase could be detected in the
case of the Northern Great Plain (+48.7 %), while the largest decrease was observed in the examination of the
Southern Great Plain (-57.9 %). In the second third (2010-2015), Western Transdanubia (+122.2 %) showed
the largest increase. The largest decline was experienced in Pest (-55.9 %). Against all this, in the last third
(2015-2020), Northern Great Plain (+78.6 %) and Northern Hungary -27.0 % were the two endpoints of the
change interval.

001
[J Budapest 001
Pest 001
B Central Transdanubia 001
Western Transdanubia % 001
< 001
Southern Transdanubia £
000
Northern Hungary 000 T
W Northern Great Plain 000 \ D
T Ee
O Index 000
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Figure 1: Comparison of calculated asbestos involvement index values in NUTS-2 regions. Data from: own
calculated, own edited

Based on the obtained results, it can be concluded that the involvement of asbestos can also be characterized
by multidimensional analysis, and the phenomenon can be quantified along the existing indicators. At the same
time, itis important to emphasize that if the range of available indicators expands, the values can be continuously
refined. If the above results and the inequalities of their territorial distribution were taken into account, Hungary
could be classified as moderately affected. The diagram in Figure 1 compares the index values characteristic of
each region through the quartiles for the period between 2005 and 2020. It can be concluded that a wide interval
was experienced in some regions, with significantly higher index values (Budapest, Central Transdanubia,
Northern Great Plain). On the other hand, this is not fulfilled in the case of two regions, the index value showed
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a low variation spectrum, typically with low values below 0.30 (Southern Transdanubia, Northern Hungary). Pest
and Western Transdanubia had a low, but at the same time significantly variable index value.

4. Conclusions

This paper examines the situational picture of asbestos involvement along different indicators in order to
highlight regional disparities in mesothelioma incidence and asbestos-containing waste generation. Asbestos
involvement can be approached in many ways, but at the same time, there is no uniform, large-scale risk
assessment or situational assessment procedure available. The simplest way of assessment is to perform an
analysis based on indicators that are directly related to the topic of asbestos. The problem is that the scope of
such data and indicators is extremely narrow, and in many cases incomplete. This data can also be health or
waste management data. Mesothelioma malignum, as a malignant neoplastic disease, is the primary cause of
persistent, long-term involvement with asbestos, and its incubation period can be 10-40 years. The other two
investigated indicators are the amount of waste generated by the different asbestos cement products and the
dusting, dispersed asbestos insulation. During the analysis, a taxonomic method was used whose decisive part
element is the number and quality of the indicators used. Based on the results, it can be confirmed that asbestos
involvement is indeed a detectable phenomenon following an increasing trend in the NUTS-2 regions of Hungary
during the period under review. The results show that there are significant differences between the individual
regions, while in some regions the level of asbestos involvement is high, while in others it is typically low. During
the entire study period, Western Transdanubia (HU22) showed the largest increase (+182.9 %) in the value of
the complex index, while in contrast, the biggest decline (-56.3 %) was experienced in the case of the Southern
Great Plain (HU33). The average value of the calculated integral index was 0.310+0.155 at the national level in
2005. In contrast, this value was 0.238+0.119 in 2010, 0.261+0.131 in 2015 and 0.339+0.170 in 2020. The rate
of change in the value of the integral index shows an increase of +28.5 % between 2005 and 2020, based on
the average of regional values. The research should be continued, the exploration of the asbestos involvement
situation is a gap-filling, current topic, which unfortunately depends to a large extent on the quality, quantity and
availability of the collected indicators and data. The current results are applicable to environmental scientists
and can serve as a starting point for future research.
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