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English abstract

In a report published in June 2022, the OECD (Organization for Economic
Co-operation and Development) predicts that world plastic production will
triple by 2060, increasing from the current 460 million tonnes to around 1321.
Specifically, the developing countries in Asia and Africa will be the major
contributors to this growth, which will also be reflected in greater anthropic
environmental pressure at the level of the various ecosystems. However, over
the past 80 years, the mass production and incorrect disposal of plastics have
already led to the accumulation of two new pollutants in the environment,
the microplastics (MPs) and nanoplastics (NPs).

By convention, MPs are defined as fragments of plastic material ranging from
1 pm to 5 mm in size, while NPs represent the size fraction smaller than 1
pm. They basically derive from the disintegration of plastic macro-objects in
the environment, caused by the action of the UV radiation from the sunlight,
meteorological phenomena, and mechanical friction against the surfaces. It
follows, therefore, that the generation of MPs and NPs has to be ascribed to
complex chemical-physical processes subject to a high number of environ-
mental and extra-environmental variables. The plastic particles deliberately
produced and used in numerous cosmetic and personal hygiene products
(e.g. toothpastes) for their exfoliating function also fall into the MP and NP
categories. It should also be considered that, once introduced into the envi-
ronment, MPs and NPs undergo a progressive aging and bio-compatibility
process which renders them chemically different from the original polymer.
Finally, MPs and NPs themselves can act as vectors for other micropollutants
(e.g. PCBs and heavy metals) and pathogens such as bacteria and viruses.
These peculiarities make MPs, and even more so NPs, complex analytes to
treat on a theoretical and practical level, which translates to the current ab-
sence of standard operational definitions and shared analysis protocols.

The present PhD study focuses on analytical methods capable of providing
new scientific knowledge about the presence of MPs and NPs in two envi-
ronmental matrices vital for human survival: drinking water and air. The
aim of the research is thus twofold: on the one hand, to study if the current
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English abstract

technical solutions for the treatment of drinking water are effective against
MPs down to 1 um and to what extent human activity contributes to indoor
airborne MP pollution ; on the other hand, to estimate the intake of MPs from
these two matrices as a consequence of contact with humans.

The MP filtration efficiency of a drinking water treatment plant was stud-
ied over a five-day period by comparing the MP concentration at the inlet
with that at the outlet. The chosen plant is located in Denmark and is fed
by an aquifer at a depth of about 90 m; the raw water is treated only with
sand filtration, as commonly happens in the rest of the country. The water
is pumped through poly-ethylene (PE) pipes inside the structure and, after
filtration, it remains for a few hours in two storage tanks before being sent
to the users. For each sample, about 1 m3 of water was filtered through 1
pm sintered steel filters by means of a device built at the Department of The
Built Environment of Aalborg University. It consists of four "arms", each
terminating with a filter holder, which is in turn connected to a flowmeter.
After a mild pre-treatment aimed at concentrating the particles retained on
the filter in a pre-filtered alcoholic matrix, the samples were first analyzed
by Raman micro-spectroscopy (nRaman) and then by Fourier-Transform IR
micro-spectroscopy (UFTIR).

The pRaman analysis was carried out quantitatively down to 1 pm and the
MPs were quantified according to the MP counts and estimated mass. Hence
it could be shown that MPs up to 5 pm were released in the section between
the inlet and outlet of the facility, with consequent enrichment of the treated
water destined to the public network. Nonetheless, the mean counts concen-
tration of MPs at the inlet (2.5 £ 2.0 counts/L) was lower than that of the
outlet (1.4 £ 1.3 counts/L), although the efficiency of the plant proved to
decrease with decreasing MP size. Furthermore, the fraction of NPs between
0.45 and 1 pm was qualitatively analysed, highlighting also in this case the
presence of plastic particles. Overall, it was estimated that an average con-
sumer could intake 1533 MPs/year from the studied drinking water.

The second study on pFTIR aimed at comparing this analytical technique
with pRaman when applied to the analysis of MPs in drinking water. Ap-
proximately 96% of the MPs analyzed by pRaman were not detected by
pFTIR as the rate of false negatives started increasing already below 50 um,
well above the nominal size limit of 6.6 pm. Furthermore, by combining
the morphological frequency data of the two studies, it was found that the
MP frequency in the analysed water samples decreases with increasing MP
length according to a third-power function. Consequently, the counts average
concentrations of MPs obtained with the uFTIR data were significantly lower
than those of the pRaman study (inlet 31.9 £ 17.2 counts/ m?3, outlet 5.0 +
2.1 counts/m?), although they were in line with previous works employing
pFTIR. This investigation, in addition to proposing for the first time a quan-
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titative comparison between the two most used spectroscopic techniques for
the analysis of MPs in drinking water, also highlighted how the estimates
of human exposure to MPs depend on the analytical technique used, which
necessarily provides only a partial photograph of a larger picture. Hence
the estimation of human MP intake from the uFTIR data was approximately
5 MPs/year, 332 times lower than the result from the pRaman analysis. In
both studies, the MP concentration was also quantified as mass per volume
of water by applying an ellipsoidal shape factor to the analysed particles.
Therefore, it was possible to determine the efficiency of the plant by apply-
ing the mass conservation law, which takes into account possible breaking
processes of the MPs in the inlet-outlet section.

The third study focuses on MP pollution in the atmosphere of two workplaces
and two private apartments. The sampling system employed consisted of a
vacuum pump with adjustable flow connected to a steel funnel, at the bot-
tom of which is placed a silicon filter with 1 pm pores. The sampling events
were carried out both during the working days and on weekends to account
for the different level of human activity in the selected locations. Further-
more, each sample was taken in two sampling sessions - with and without a
surgical facemask applied to the sampling system - to evaluate its efficiency
in retaining airborne MPs. No pre-treatment of the sample was performed,
in order to preserve the non-plastic particles and, at the same time, provide
an analytical protocol potentially applicable to the environmental monitor-
ing of indoor air. The pRaman analysis was directly carried out on the filters
used during the sampling on particles down to 1 pm, by adopting a semi-
randomized approach. Thus, it was also possible to quantify the fraction of
MP below 10 pm, which seems to be able to overcome the clearance mecha-
nisms of the upper airways and, if sized between 1 - 5 pm (breathable range),
penetrate the cellular tissue. The MP concentration of the investigated loca-
tions (58 - 684 counts/m?) was generally higher than that of previous works,
which didn’t consider the airborne MPs below 10 um. Specifically, the value
of MP concentration in the indoor environments depended on the level of
human activity and the MP composition on the location (i.e. the type of
human activity). Overall, the filtration efficiency of the surgical facemask
was approximately 85% for the indoor airborne MPs, however for the 1 - 5
pm fraction it dropped to 57%. Hence the samples taken with the surgical
facemask presented a higher fraction of 1 - 5 uym MPs than those taken with-
out the facemask. Overall, approximately 3415 MPs/day on average may
be intaken by a human in the investigated indoor locations, of which 1504
MPs/day between 1 - 5 nm. Wearing a surgical facemask like the one em-
ployed in the study may lower the total intake to around 283 MPs/day, of
which 201 MPs/day (71%) in the range 1 - 5 nym. Due to the current lack
of research on the toxicity of environmental airborne MPs in the breathable
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range, the usage of further preventive measures to prevent the related human
intake should be carefully evaluated.
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Dansk resumé

I en rapport offentliggjort i juni 2022 forudsiger OECD (Organisationen for
Jkonomisk Samarbejde og Udvikling), at verdens plastproduktion vil tre-
dobles i 2060 fra de nuveerende 460 millioner tons til omkring 1321. I seerde-
leshed vil de udviklingslande i Asia og Afrika veere de storste bidragydere til
denne veekst, der nedvendigvis ogsa vil reflekteres sig i en sterre antropisk
miljomaessigt pres pa de forskellige okosystemer. Alligevel har plastiks-
massproduktionen og den ukorrekt bortskaffels af plastik allerede bragt i de
sidste 80 ar til akkumuleringen af to nye forunende stoffer, de mikroplastiker
(MPs) og nanoplastiker (NPs).

MPs defineres konventionelt som plastik stykker med sterrelsen fra 1 pm til
5 mm, mens NPs repraesenterer den dimensionelle fraktion under 1 pm. De
udleder primeert fra oplesningen af plastik makro-objekter i miljeet, hvilket
forarsages af lysstrdlernes UV radiation, vejret, og mekanik aktionen pé over-
fladerne. MP og NP oprettelse skal altsa fordrsages af nogle komplekse
kemiske og fysiske processer, der kommer an pa et heijt tal af miljomaessige
og ekstra-miljemeessige variabler. Der findes ogsd i MP og NP kategori de
plastik partikler, der bevidst produceres og bruges i mange kosmetikker og
hygiejneprodukter pa grund af deres eksfolierende funktion. Der skal ogsa
overvejes, efter at MPs og NPs indferer sig i miljoet, at de lider en gradvis
eldnings- og biokompatibiliseringsproces, der gor dem kemisk anderledes
end den originelle polymer. Til sidste kan MPs og NPs selv virke som vek-
torer til andre forunende stoffer (f.eks. PCBs og metaller) og patogener som
virusser og bakterier. Disse karakteristikker gor MPs, og endnu mere NPs,
analytter komplekse til at behandle pa et teoretisk og praktisk niveau, hvilket
oversattes i den nuvaerende mangel af standard definitioner og feelles analy-
seprotokoller.

Denne PhD fokuserer om analysemetoder, der kan udstyre en ny videnskabe
omkring MPs and NPs tilstedeveerelse i to miljemessige matricer vitale til
menneskernes overlevelse: drikkevanden og luften. Sa forskningens mal er
dobbelt: péd en side at bedemme, om de nuveerende tekniske lgsninger for
drikkevandets behandling er effektive mod MPs indtil 1 pm, og i hvilket om-
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fang bidrager menneskelig aktiviteten til indenders luftbdrne MP forunenin-
gen, pad den anden side at estimere MP indtag fra disse to matricer som
konsekvens af kontakten med mennesket.

Filtreringseffektiviteten mod MPs af et drikkevandsanleeg blev studeret i fem
dage, og MP koncentration pa indtegten blev sammenlignet med den pa
udgangen. Det veelge drikkevandsanleg ligger i Danmark og neeres med
grundvanden i 90 m cirka dybde. Grundvandet behandles kun med sandfil-
treringen, hvilket ogsé er almindeligt i resten af landet. Vandet pumpes op
gennem nogle rore af poly-eetylen (PE) i strukturen, og efter filtreringen for-
bliver den i to bassiner for at blive afsendt til husstande. For hver prove blev
1 m? cirka vandet filtreret pa et filter af sintret metal pd 1 um ved hjelp af
et apparat bygget i det By, Byggeri, og Milje Institut af Aalborg Universitet.
Det bestar af fire "arme", og hver af dem afslutter med filterholderen, der
forbindes til en flowmeter. Efter en mild behandling for at koncentrere partik-
lerne pa filtrene i en pre-filtreret alkoholisk matrix, blev pregverne analyseret
for med Raman mikroskopi (u1Raman) og bagefter med Fourier-Transform IR
mikroskopi (uFTIR).

pRaman analysen blev kvantitavt feregdet indtil 1 pm, og MP blev kvantifi-
ceret ifolge de MP teeller og den estimerede masse. Derfor blev MP op til 5
pm frigjort i stregen mellem anleeggets indtegt og udgang med en folgende
berigning af det behandlede vand bestemt til husstande. Ikke desto mindre
blev MP gennemsnitlig nummerisk koncentration pa indtegten (2.5 £ 2.0
counts/L) fundet lavere end den pa udgangen (1.4 &+ 1.3 counts/L), selvom
anlaeggets effektivitet formindskede for mindre MPs. Den NP fraktion fra
0.45 til 1 pm blev ogsé kvalitativt analyseret, og tilstedeveerelsen af plastik
partikler blev fremheevet. Alt i alt blev det estimeret, at en gennemsnitsfor-
bruger kunne indtage 1533 MP/ér fra det undersegte drikkevand.

Det andet studie med pFTIR havde som maél at sammenligne denne analy-
seteknik med pRaman, nar de anvendes pa MP analyse i drikkevandet. 96%
cirka af MPs opdagede af pRaman blev ikke fundet af pFTIR, for antallet
af falske negativer steg allerede under 50 pm, meget over den nominelle
storrelsesgreense af 6.6 pm. Desuden blev data af morfologisk frekvens fra
de to studier forenet, og der blev fundet ud af, at MP frekvens i de anal-
yserede vandeprover aftager mod leengden ifelge en power funktion. Som
konsekvens er gennemsnitlige nummeriske koncentrationer, der blev fundet
med pFTIR, meget lavere end de opndede i det pRaman studie (indteegt 31.9
+ 17.2 counts/m>3, udgang 5.0 & 2.1 counts/ m3 ), selvom i overensstemmelse
med de andre studier brugende pFTIR. Denne undersogelse, der foreslar
for den forste gang en kvalitativ sammenligning imellem de to mest brugte
spektroskopiske tekniker for MP analyse i drikkevandet, fremheaevede ogsa,
at estimaterne af menneskernes udseettelse for MPs kommer an pé den val-
gte analyseteknik, der nedvendigvis kun giver en partiel billede af en bredre
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ramme. Derfor var det menneskelige MP indtag fra nFTIR datene 5 MP/ar
cirka, 332 gange lavere end resultaten fra den pRaman analyse.

I begge studier blev MP koncentrationer ogsa kvantificeret som masse ved
hjeelpen af en ellipsoidefaktor, der blev anvendt til de analyserede MPs. Det
tillod ogsa at bestemme anleeggets effektivitet med massefredningslovet, der
overvejer mulige brudprocesser af MPs i stregen integt-udgang.

Det tredje studie handler om MP forunening i atmosferen af to arbejd-
spladser og to boliger. Det brugte proveudtagningssystem bestar af en vaku-
umpumpe med et justebart flow forbundet til en tragt af stal, hvortil enden
et filter af silicium pa 1 yum ligger. Proveudtagninger blev lavet bade pa arbe-
jdsdage og i weekenden for at tage hensyn til det forskellige aktivitetsniveau
i de valgte omrader. Desuden blev hver preve udtaget dobbelt: uden og
med en kirurgisk mundbind anvendst til proveudtagningssystemet for at vur-
dere dens effektivitet til at holde tilbage de luftbdrne MPs. Der blev ikke
lavet nogen prevebehandling for at beskytte de ikke-plastik partikler og pa
den samme tid at udstyre en analyseprotokol for miljgovervagningen. Den
pRaman analyse blev straks lavet pa filtrene brugte for proveudtagningen
pa pértiklerne ned til 1 pm med en semi-randomiseret strategi. S& det var
ogsa muligt at kvantificere den MP fraktion under 10 pm, der synes at kunne
overgd hoje luftvejenes eliminationsmekanismer og, hvis mellem 1 - 5 pm
(dndbar reekkevidde), treenge ind i celleveevet. Den MP koncentration (58 -
684 counts/m?) var generalt hajere pa de undersegte omrader end i tidligere
underspgelser, der ikke overvejede de luftbdrne MPs under 10 pm. I seerde-
leshed kom den MP koncentrations veerdi i de indenders omrader an pa
graden af menneskelig aktiviteten og lokaliteten (dvs slags af menneskelig ak-
tivitet). I alt var filtreringseffektiviteten til kirurgisk mundbinden 85% cirka
for de indenders luftbarne MPs, alligevel faldt den ned til 57% for den 1 - 5
pm fraktion. De prover udtagne med den kirurgiske mundbind vist derfor en
hgjere fraktion af de 1 - 5 um MPs end de prover udtagne uden mundbinden.
Alt i alt kunne 3415 MP/dag cirka indtages af en person i de undersogte in-
denders omrader, og 1504 MP/dag kunne veere mellem 1 - 5 pm. At have en
kirurgisk mundbind pd som den brugte i studiet kunne reducere det totale
indtag til 283 MP/dag cirka, og 201 MP/dag (71%) kunne veere mellem 1 -
5 ym. P& grund af den nuverende mangel af forskningen om giftigheden
af de miljomeessige luftbdrne MPs i den andbére reekkevidde ber brugen af
yderligere forebyggende forholdsregel for at forhindre menneskeligt indtaget
vurderes forsigtigt.
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Riassunto italiano

In una relazione pubblicata nel giugno 2022, 'OECD (Organizzazione per la
Cooperazione e Sviluppo Economico) prospetta che la produzione mondiale
di plastica triplicherd entro il 2060, passando dalle attuali 460 milioni di ton-
nellate a circa 1321. Nello specifico, saranno i Paesi in via di sviluppo in Asia
e Africa i maggiori contributori a tale crescita, che si rifletterd necessaria-
mente anche in una maggiore pressione ambientale antropica a livello dei di-
versi ecosistemi. Tuttavia, la produzione di massa e lo scorretto smaltimento
della plastica ha gia portato, nel corso degli ultimi 80 anni, all’accumulo
nell’ambiente di due nuovi inquinanti, le microplastiche (MP) e nanoplas-
tiche (NP).

Per convenzione, le MP sono definite come frammenti di natura plastica di di-
mensioni comprese tra 1 pym e 5 mm, mentre le NP rappresentano la frazione
dimensionale inferiore a 1 pm. Esse derivano fondamentalmente dalla dis-
gregazione di macro-oggetti in plastica nell’ambiente, causata dall’azione
della radiazione UV dei raggi solari, dai fenomeni meteorologici e dall’azione
meccanica contro le superfici; ne deriva, percio, che la generazione di MP e
NP & da ascrivere a complessi processi chimico-fisici soggetti a un elevato
numero di variabili ambientali ed extra-ambientali. Rientrano nelle categorie
di MP e NP anche le particelle di plastica deliberatamente prodotte e impie-
gate in numerosi prodotti cosmetici e per l'igiene personale (e.g. dentifrici)
per la loro funzione esfoliante. Si consideri, inoltre, che una volta introdotte
nell’ambiente, le MP e NP subiscono un progressivo processo di invecchia-
mento e bio-compatibilizzazione che le rende chimicamente diverse rispetto
al polimero di partenza. Infine, le stesse MP e NP possono agire da vettori
per altri microinquinanti (e.g. PCB e metalli pesanti) e agenti patogeni quali
virus e batteri. Queste peculiarita rendono le MP, e a maggior ragione le
NP, analiti complessi da trattare a livello teorico e pratico, il che si traduce
nell’attuale assenza di definizioni operative standard e protocolli d’analisi
condivisi.

Il presente studio di dottorato si focalizza su metodi analitici in grado di
fornire nuove conoscenze scientifiche circa la presenza di MP e NP in due

Xvii



Riassunto italiano

matrici ambientali vitali per la sopravvivenza umana: l'acqua potabile e
l'aria. Lo scopo della ricerca e cosi duplice: da un lato, studiare se le at-
tuali soluzioni techniche per il trattamento dell’acqua potabile siano effi-
caci contro le MP fino a 1 pm e in che grado l'attivitd umana contribuisce
allinquinamento da MP nell’atmosfera di ambiente confinato; dall’altro, sti-
mare l'assunzione di MP da queste due matrici quale conseguenza del con-
tatto con 1'uomo.

L'efficienza di filtrazione delle MP di un impianto di trattamento dell’acqua
potabile e stata studiata per un periodo di cinque giorni, confrontando la
concentrazione di MP in entrata con quella in uscita. L'impianto scelto & lo-
calizzato in Danimarca ed & alimentato da una falda acquifera a circa 90 m
di profondita; I'acqua grezza viene sottosposta soltanto a filtrazione a sab-
bia, come comunemente accade nel resto del Paese. L'acqua viene pompata
attraverso condutture di polietilene (PE) all’interno della struttura e, dopo la
filtrazione, permane per alcune ore in due vasche di accumulo prima di es-
sere spedita all’'utenza. Per ogni campione, circa 1 m® d’acqua ¢ stato filtrato
su filtri in acciaio sinterizzato da 1 pm per mezzo di un dispositivo costru-
ito nel Dipartimento di Ingegneria Civile di Aalborg. Esso consta di quattro
"braccia", ciascuna terminante con l'alloggio per il filtro, che & a sua volta col-
legato con un flussimetro. Dopo un mite pretrattamento volto a concentrare
le particelle trattenute sul filtro in una matrice alcolica pre-filtrata, i campioni
sono stati analizzati dapprima tramite microscopia Raman (uRaman) e poi
con microscopia IR a Trasformata di Fourier (uFTIR).

L’analisi al pRaman é stata condotta quantitativamente fino a 1 ym e le MP
sono state quantificate in numero e massa. E stato cosi evidenziato il rilas-
cio di MP fino a 5 ym nel tratto tra l'entrata e l'uscita dell’'impianto, con
conseguente arricchimento dell’acqua trattata destinata alla rete pubblica.
Cio nonostante, la concentrazione numerica media di MP in entrata (2.5 +
2.0 counts/L) e risultata inferiore a quella in uscita (1.4 £ 1.3 counts/L),
sebbene l'efficienza dell’impianto diminuisse al decrescere della dimensione
delle MP. Inoltre, la frazione delle NP tra 0.45 e 1 pm ¢ stata analizzata qual-
itativamente, evidenziando anche in questo caso la presenza di particelle di
tipo plastico. Complessivamente, & stato stimato che un consumatore medio
potrebbe assumere 1533 MP/anno dall’acqua potabile analizzata.

Il secondo studio al pFTIR ha invece avuto come obiettivo il confronto di
questa tecnica analitica con il pRaman quando applicati all’analisi delle MP
nell’acqua potabile. Circa il 96% delle MP analizzate dal pRaman non sono
state identificate dal pFTIR in quanto il tasso di falsi negativi aumentava
gia al di sotto di 50 pm, ben al di sopra del limite nominale di risoluzione
spaziale di 6.6 pm. Inoltre, unendo i dati di frequenza morfologica dei due
studi, & stato appurato che la frequenza delle MP nei campioni d’acqua anal-
izzati decresce con la lunghezza secondo una potenza di terzo grado. Per
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conseguenza, le concentrazioni numeriche medie di MP ottenute con i dati
PFTIR sono risultate fortemente inferiori a quelle dello studio con il pRaman
(entrata 31.9 4 17.2 counts/m?3, uscita 5.0 + 2.1 counts/m?), benché in linea
con i lavori precedenti utilizzanti il pFTIR. Questa investigazione, oltre che
proporre per la prima volta un confronto quantitativo tra le due tecniche
spettroscopiche pitt utilizzate per I'analisi delle MP nelle acque potabili, ha
anche evidenziato come le stime di esposizione umana alle MP siano dipen-
denti dalla tecnica analitica utilizzata, che necessariamente fornisce solo una
fotografia parziale di un quadro piu vasto. Percio, la stima di assunzione
umana delle MP dai dati nFTIR é stata circa 5 MP/anno, 332 volte piti bassa
del risultato dell’analisi pRaman.

In entrambi gli studi, la concentrazione delle MP & stata quantificata anche
come massa applicando un fattore di forma ellissoidale alle particelle anal-
izzate. Cid ha permesso di determinare I'efficienza dell'impianto applicando
anche la legge di conservazione di massa, che tiene conto di eventuali pro-
cessi di rottura delle MP nel tratto entrata-uscita.

11 terzo studio verte sull'inquinamento da MP nell’atmosfera di due luoghi
di lavoro e due abitazioni private. Il sistema di campionamento utilizzato
consta di una pompa a vuoto a flusso regolabile collegata a un imbuto in
acciaio, sul cui fondo & posto un filtro in silicio con pori da 1 pm. I cam-
pionamenti sono stati effettuati sia durante la settimana lavorativa che nei
fine settimana per tenere conto del diverso livello di attivita umana nelle sedi
selezionate. Inoltre, ogni campione & stato preso in duplicato - con e senza
una mascherina chirurgica applicata al sistema di campionamento - per val-
utare l'efficacia della stessa a trattenere le MP aeree. Non si & ricorsi ad alcun
pre-trattamento del campione al fine di preservare anche le particelle non
plastiche e, al tempo stesso, fornire un protocollo d’analisi potenzialmente
applicabile a monitoraggi di aria in ambiente confinato. L'analisi al pRaman
e stata condotta direttamente sui filtri utilizzati in fase di campionamento su
particelle fino a 1 ym, adottando un approccio semi-randomizzato. E stato
cosi possibile quantificare anche la frazione di MP al di sotto di 10 um, che
sembrano essere in grado di superare i meccanismi di eliminazione delle vie
aeree superiori e, se comprese tra 1 - 5 pm (intervallo di respirabilita), pene-
trare nel tessuto cellulare. La concentrazione di MP negli ambienti investigati
(58 - 684 counts/m?) era generalmente maggiore che negli studi precedenti, i
quali non avevano considerato le MP aeree al di sotto di 10 pm. Nello speci-
fico, il valore della concentrazione delle MP negli ambienti interni & dipesa
dal grado di attivita umana e la composizione polimerica dal luogo (i.e. dal
tipo di attivita umana). Nel complesso, I'efficienza di filtrazione della masche-
rina chirurgica & stata circa 85% per le MP aeree, tuttavia per la frazione 1
- 5 pym calava a 57%. Quindi i campioni prelevati con la mascherina chirur-
gica presentavano una frazione piu elevata di MP 1 - 5 pm rispetto a quelli
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senza mascherina. Conseguentemente, circa 3415 MP/die potrebbere essere
assunte in media da un soggetto negli ambienti studiati, di cui 1504 MP/die
tra 1 - 5 pm. Indossare una mascherina chirurgica come quella impiegata
nello studio potrebbe diminuire 1’assunzione totale a circa 283 MP/die, di cui
201 MP/die (71%) nell’intervallo 1 - 5 pym. A causa dell’attuale mancanza di
ricerca sulla tossicita delle MP ambientali aeree nell’intervallo di respirabilita,
il ricorso a misure preventive addizionali per prevenirne l’assunzione umana
dovrebbe essere attentamente valutato.
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Chapter 1

Introduction

1 The plastic age and microplastic pollution

About 60 years ago, the mass production of plastic opened the so-called "plas-
tic age", which is still lasting nowadays (Thompson et al. 2009). Plastic has
indeed revolutionised the human society by offering cheap and ready-to-
use materials, which in turn led to several advantages in terms of health,
safety, energy saving, and material conservation (Andrady and Neal 2009).
However, the drawbacks of plastic mass consumption have also followed,
of which plastic pollution is undoubtedly a significant consequence (Horton
2022). The threat for the environment represented by mismanaged plastic is
essentially associated with one of the most celebrated quality of these mate-
rials: the durability over time and across different environmental conditions.
Research is also on the rise in order to comprehend how to tackle the multiple
risks associated with the uncontrolled release of plastic in the environment,
and scientists are increasingly asking for the attention of national and inter-
national bodies (Lanzarote Declaration MICRO 2022).

In 1993 Ryan and Moloney wrote a brief article (Ryan and Moloney 1993)
where they described how marine litter was increasing at an exponential
rate even in regions not inhabitated by humans, and 80% of these residu-
als were of plastic nature. Since then, especially after Thompson’s article on
plastic pollution in the North Sea (Thompson et al. 2004), plastic pollution
was addressed as a major environmental issue by environmental scientists.
The term microplastic (MP) was coined by Thompson himself to describe the
small plastic fragments he and his collaborators observed during their sam-
pling campaigns. Altough no standard definitions are currently available, it
is generally accepted to name microplastics the plastic debris between 1 pm
and 5 mm in size (Frias and Nash 2018). Plastic particles below 1 pm show a
colloidal behaviour and were consequently termed nanoplastics (NPs) as op-
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posed to larger plastic fragments (Gigault et al. 2018, Figure 1.1). Regardless
their size, it is customary to classify MPs and NPs in two categories accord-
ing to their origin (Cole et al. 2011a): primary and secondary. Primary MPs
are purposedly manufactured of microscopic size to be used in cosmetics
(Fendal and Sewell 2009), as drug vectors (Patel et al. 2009), and scrubbers to
remove rust and paint (Derraik 2002). Secondary MPs are the result of the
breakdown of larger plastic items in the environment due to multiple physi-
cal, chemical, and biological processes (Browne et al. 2007); in particular, the
UV radiation seems to be the main responsible for plastic oxidation, which
leads to the cleavage of chemical bonds (Moore 2008). The indirect sources
of secondary MPs are virtually infinite, spanning from wastewater treatment
plants (Chand ef al. 2021), stormwater runoff (Liu et al. 2019), washing ma-
chines (De Falco ef al. 2019), to ship paints (Gaylarde et al. 2021) and even
plastic cutting boards (Yadav et al. 2023) and disposable drink cups (Zhou et
al. 2023).

=" iR L
plast-llfpwe:sg L W LJ -'\.1-' !;" :' /
A W L I

1metre 2.5 centimetre 5 millimetre 1 micron

DEBRIS SIZE

Fig. 1.1: MP and NP classification according to the size (graphic slightly modified from Chatter-
jee and Sharma 2019).

The various plastic types are distinguished according to the chemical struc-
ture of the molecular chains, which leads to densities between 0.8 and >2
g/cm? for the pristine materials. However, since the environmental MPs and
NPs undergo a process of aging, their chemical and physical characteristics
can become quite different than the original ones (Zha et al. 2022). More-
over, environmental MPs can act as vectors for other micropollutants such
as heavy metals (Brennecke ef al. 2016), pesticides (Zhang et al. 2015), un-
reacted monomers and additives (Swan 2008) and serve as a substrate for
biopatogens (Bowley et al. 2021). It is also worth reporting that the MPs and
NPs found in environmental samples are usually covered with a bio-corona
mostly composed of proteins and lipids, which increases the cellular uptake
of these particles (Wright and Kelly 2017).

In summary, the MP/NP pollution issue is an eminently multi-disciplinary
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issue, involving the efforts of many environmental scientists with backgrounds
in biology, chemistry, physics, and engineering just to name a few. The cur-
rent lack of standardised and validated protocols for the MP sampling and
analysis does not facilitate the information sharing among these different dis-
ciplines, and the results in the literature should be contextualised according
to the experimental design. Recently, there has been some isolated attempts
to tackle this substantial lack of reproducibility (Schymanski et al. 2021a) by
employing multi-laboratorial approaches. However, general guidelines for
the MP and NP analysis in different environmental matrices and with differ-
ent analytical methods are yet far to come. This is even more problematic in
the light of the increased speed with which national and international bodies
are keen to address MP pollution: in this year 2023, for example, the new
Europen requirements for drinking water quality came into force, and they
explicitly state that MP levels have to be monitored besides those of other
well-known pollutants (Directive EU 2020/2184). The European Commission
also funded many research projects aiming at improving the state-of-the-art
of MP science through H2020, like the ITN MONPLAS 860775 to which this
PhD belongs.

The MP analysis of an environmental sample generally comprises the fol-
lowing three steps: sampling, sample preparation, and analysis. Sampling
and sample preparation are tailored to the matrix to be investigated, and the
number of the steps to be performed is directly proportional to the matrix
complexity (e.g. sludge, soils, biological samples). The goal of the sample
preparation is to render the sample ready to be analysed with the analytical
method of choice. Different analytical methods provide different information
on the MPs in the sample, which lastly affects the type of answer resulting
from the study. Currently, the MP science field is shifting its attention to
the study of the 1 - 10 pm MPs and NPs in various environmental systems,
hence the tendency is to employ analytical techniques capable of detecting
such small particles in a reliable way.
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2 Sampling techniques

When investigating a system for MP occurrence, the sampling strategy to be
adopted needs to address the two following critical points:

¢ It has to employ the appropriate equipment to sample the chosen matrix

* The amount of each sample and the number of samples for each loca-
tion (replicates) need to be enough to guarantee the representativity of
the results

Being the first step of any investigation targeting environmental samples, the
sampling is of pivotal importance. A poor sampling strategy can jeopardise
the entire investigation, since it affects the accuracy and representativity of
the final result. The sampling strategy also needs to take into account the
size of the MPs to be analysed, as this affects not only the equipment to be
utilised when taking the samples, but also the subsequent sample prepara-
tion and the choice of the analytical technique. Further, the time and costs
employed for the sampling have to optimised, especially in the case of rou-
tine monitoring. Unfortunately, these key aspects are still subject to either
the literature conventions or the operator’s expertise, since no standardised
sampling protocol is available for the MP analysis of environmental matrices.
The ISO/FDIS 24187 "Principles for the analysis of microplastics present in
the environment" is currently still under development, but, as stated in the
draft, it only aims at providing a "pool" of general recommendations.

The sampling methods applicable for the MP analysis can be grouped into
three main categories: selective sampling, volume-reduced sampling, and
bulk sampling (Hidalgo-Ruz et al. 2012). Selective sampling in situ consists
of manual extraction of items that are recognizable by the naked eye, for ex-
ample on the surface of sediments. This sampling strategy is obviously not
applicable to the MPs invisible to the naked eye, so approximately below 100
pm.

If the entire bulk sample is taken during the sampling with no further re-
duction during the operation, a bulk sampling is being performed. The bulk
sampling is the strategy of choice for solid matrices like soils and sediments,
although the amount of sample which can be taken is limited by the size of
the containers employed.

Finally, in the volume-reduced sampling, the volume of the bulk sample is
reduced during the procedure, and only the part containing the MPs is pre-
served. This strategy is usually employed for liquid matrices such as drink-
ing and marine water, but also for air. The majority of works employing this
strategy reports using filters or meshes to isolate the particles from the matrix
(Stock et al. 2019). However, it must be noticed that the mesh size employed
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during the sampling does not automatically represent the size limit of the
MPs found in the samples: it is quite common, indeed, that particles smaller
than the filter’s pores get stopped on the filter’s surface, thus ending in the
samples to be analysed. Nonetheless, for quantitative results, it is customary
not to consider particles below the filters mesh.

Contamination from the external environment occurs upon sampling and
handling the sample in the lab. The phenomenon is unavoidable, and, al-
though depending to a certain extent on the sampling protocol (Buteler et al.
2023), must be taken into account, otherwise overestimations will be made.
Apart from avoiding using plastic items during the sampling and sample
treatment, it is generally recommended to include procedural blanks in the
experimental design. Since the major source of MP contamination in environ-
mental samples is indoor air, air-blanks should be collected in parallel with
the field samples and handled with the same procedure. However, there is
no consensus whether the MPs detected in the blanks should be subtracted
from the results of the field blanks. As a general practice, whether or not
contamination is negligible relates to the concentration in the sample and not
to the specific matrix. Hence sometimes the contribution from the contami-
nation can be ignored, thus avoiding any correction (Molazadeh et al. 2023).

The sampling of environmental NPs poses a further challenge related to the
small size of these analytes, which also questions the feasibility of the sam-
ple preparation without excessive loss of the particles. The current tendency
of the scientific community is to avoid the analytical protocols adopted so
far for the MPs and try to develop more direct approaches. Surette et al.
(2023) employed a magnetic flow cell to extract metal-doped PAN NPs (poly-
acrylonitrile NPs) from synthetic aqueous matrices, by adding magnetic NPs
to facilitate the process. In general, the few works focusing on NP detection
utilize synthetic NPs with a metallic core to enable single-particle detection
with techniques such as SEM-EDX and ICP-MS (Mitrano et al. 2019).

2.1 Drinking water

Drinking water is usually sampled with volume-reduced sampling strategies.
This is due to the high volume of water needed for each sample to obtain sig-
nificative results afterwards (Koelmans et al. 2019). The MP abundance in
drinking water is generally low, despite increasing as smaller MPs are con-
sidered (Leusch et al. 2023). The investigation may focus either on tap water
(and, in turn, on the MP occurrence as a function of the water source and/or
the water treatment) or commercial bottled water (Elkhatib and Oyanedel-
Craver 2020).

Surface water can be sampled with trawls, bottles or buckets directly in situ
(Koelmans et al. 2019). However, in the majority of works, the drinking wa-
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ter source is sampled at the waterworks’ inlet by means of closed devices
equipped with filters (Mintenig et al. 2019, Kirstein et al. 2021, Gomiero et
al. 2021). Then, the MP contamination can also be investigated at the plant’s
outlet, at domestic taps connected to the chosen network, and during the var-
ious stages of the water treatment.

There is no standard classification of the apparati employed for drinking wa-
ter sampling or consensus on the filter mesh to be used. Weber ef al. (2021)
modified a stainless steel pressure filter housing to sample drinking water
with 10 um steel filters and connected it with silicone hoses at the taps (Fig-
ure 1.2).
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Fig. 1.2: The sampling apparatus adopted by Weber ef al. (2021).

Kirstein et al. (2021) made use of a closed four-lines device capable of sam-
pling replicates in parallel with 5 um steel filters (Figure 1.3). The apparatus
consisted of four modified filter holders connected by stainless steel pipes,
and each flow line was equipped with a flowmeter to check the sampled vol-
ume of drinking water. The inlet of the device was connected to the sampling
points with a flexible stell tube. Moreover, by connecting two filters in series
in the same flow line (i.e. a low-mesh glass fiber filter before the steel filter),
field blanks could also be obtained.
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Fig. 1.3: The sampling apparatus adopted by Kirstein ef al. (2021) (Credits: Luca Maurizi).

It can also be useful to separate the MPs in size fractions upon sampling,
so to have sub-samples destined to different analytical methods. Pittroff et
al. (2021) used a multi-stage filtration system equipped with three cartridges
of decreasing pore size (100, 20, and 5 nm) in series. A stopcock followed
by an over pressure valve was installed at the inlet of the apparatus and a
flowmeter at the outlet (Figure 1.4).

a pressure gauge

bypass i pressure valve 7
bar
flow meter

= > r=
tap or pump @' E

>100 um 20-100 um 5-20 pm

filter cartridge

Fig. 1.4: The sampling apparatus adopted by Pittroff et al. (2021).

MP analysis of bottled water requires much smaller volumes of sample, typ-
ically in the order of 10 L (Praveena and Laohaprapanon 2021). Before any
processing, bottled water should be stored dark at 4°C to prevent the forma-
tion of organic material and the photooxidation of MPs (Fan et al. 2014). After
collecting an adequate amount of commercial bottled water, this can be easily
filtered in the laboratory with vacuum-assisted filtering systems through the
chosen mesh. MPs can occurr in bottled water primarily due to the plastic
material of which bottles are composed, even though water distributed in
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glass bottles also showed the presence of MPs possibly from the production
process (Of8mann et al. 2018). Further, the mechanical stress exerted on the
bottle’s cap upon opening/sealing may also play a role in the MP release
(Winkler et al. 2019).

2.2 Airborne particulate

Sampling protocols for airborne particulate can be distinguished in two cate-
gories: passive and active sampling. Passive sampling is often used to inves-
tigate outdoor airborne pollution thank to its simplicity and low-cost, and,
in addition, it does not require electricity. These advantages render passive
sampling ideal for observations lasting weeks or months, even thoug weather
conditions can influence the particle collection (Chen et al. 2020). However,
with passive sampling protocols is not possible to quantify the concentration
of the collected particles, as the volume of the air sampled cannot be regis-
tered. The devices employed for passive sampling usually consist of a glass
container coupled with a steel funnel (dry passive sampling, Dris et al. 2016),
which can also be used to sample particles trapped in the rainfall (wet passive
sampling, Roblin et al. 2020) (Figure 1.5). The fallout of airborne particulate
can also be investigated by collecting outdoor or indoor dust with a vacuum
cleaner or similar tool (Zhu et al. 2022).

Funnel

Glass
bottle

Fig. 1.5: General schematic of a passive sampler (image slightly modified from Shao et al. 2022).

In the active sampling methods, pumping devices are employed. The par-
ticles are collected on a filter or substrate while the apparatus pumps air at
certain flowrate for a given period of time, enabling to quantify the parti-
cle concentration. The disadvantage of active sampling methods is the need
for electrical power, which hinders their applicability to remote or natural
locations. Nonetheless, active sampling is the preferred strategy for studies
focusing on human intake of airborne MPs. Li et al. (2020) sampled the air
in the vicinity of a Chinese campus at different heights, whilst Vianello et al.
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(2019) employed a thermal manikin simulating the average human breathing
rate to estimate the intake of airborne indoor MPs down to 10 um (Figure
1.6).

Fig. 1.6: The Breathing Thermal Manikin employed by Vianello et al. (2019).

11
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3 Sample preparation

The sample preparation stage is needed to extract the MPs from the matrix
for the subsequent analysis. Ideally, the sample preparation protocol should
completely eliminate the matrix without affecting the original status of the
MPs in the sample, and it should have a high recovery. The choice of the
preparation protocol also depends on the chosen analytical technique, since
some techniques can be more sensitive to (in)organic residuals than others.
Although of pivotal importance for the MP analysis of the overall sample,
there is no standardised protocol for the different environmental matrices
which can be investigated. Nonetheless, researchers agree on some bottom
lines regarding the treatments to perform to obtain representative samples.

For drinking water samples, the sample preparation may comprise vacuum
filtration, digestion, and density separation, in different combinations accord-
ing to the characteristics of the matrix (Pic6 et al. 2022). Generally, the filters
employed in the first step of the sample preparation are those employed dur-
ing the sampling (Kirstein et al. 2021, Dalmau-Soler et al. 2021). The particles
concentrated on the filters are extracted by rinsing with mQ or with a mild
incubation in a surfactant, and a particle-enriched suspension is obtained.
Then, either the same filters (Kirstein ef al. 2021) or smaller meshes can be
utilised for the next steps. Depending on the chosen analytical technique, the
particle-enriched filter may also directly be analysed as such (Figure 1.7).
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(@ (b)

() (d)

Fig. 1.7: Examples of filters used during the sample preparation: (a) 1 pm sintered steel filter
(@ 46 mm); (b) 1 pm Silicon filter (& 13 mm); (c) 0.8 pm gold-coated polycarbonate filter (& 13
mm); (d) 0.2 pm aluminum-oxide filter (& 25 mm) (Credits Luca Maurizi).

Rinsing of filtering apparati is usually performed with ethanol or the anionic
surfactant sodium dodecyl sulphate (SDS) to maximise the particle recovery
on the filter. The area of the filter onto which the particles are concentrated
depends on the diameter of the funnel employed during the filtration (Figure
1.8).
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Fig. 1.8: Filtration of an SDS suspension (Credits Luca Maurizi).

Inorganic content can be eliminated from the matrix by employing a solution
with a density higher than that of the plastic polymer to be recovered, and,
at the same time, lower than that of the particles to be discharged. As final
result, the sample is split into two phases, where the lower one contains
the inorganic content and the upper one the MPs. The operation is called
density separation and is performed inside separating funnels. The correct
density of the separating medium can be achieved by employing salts and
depends on the quantity of salt dissolved in the water matrix of the medium
(Stock et al. 2019). Since inorganic particles generally have densities higher
than 1.8 g/cm? (Tirkey et al. 2021), the density of the separating medium
should be around this value to maximise the recover of MPs while excluding
the undesidered components of the matrix. Table 1.1 lists some of the most
common salts utilised in the density separation stage (Stock et al. 2019, Tirkey
et al. 2021).
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Salt Max Density (g/cm?3) Disadvantages
NaCl 1.3 PVC, PET not separated
Nal 1.8 Costly, blackens filters
ZnCl, 1.8 Hazardous, corrosive
ZnBr; 1.7 Hazardous, expensive
Sodium polytungstate (SPT) 1.8 Costly, may crystallize

Table 1.1: The most commonly employed salts for density separation. The densities reported are
those most used for the separation of MPs.

The next step (if needed) is the oxidation of the organic matter in the MP-
enriched mixture (digestion), after filtering out the salt used for the density
separation. In the past, acidic and alkaline solutions were utilised to ox-
idise the organic components of the sample, however their efficiency was
quite low. Cole et al. (2014b) compared acidic, alkaline, and enzimatic diges-
tions at different conditions and demonstrated that the enzymatic treatment
was the most performing in preserving the MP while digesting the organic
residues. Nowadays, the digestion is normally performed with hydrogen
peroxide (H;O3) 30 - 50% or the Fenton’s reagent (Koelmans et al. 2019)
for not more than 48 hours (wet peroxidation), followed by an enzymatic
treatment. Air samples may also need to undergo sample preparation as de-
scribed for drinking water samples (Mbachu et al. 2020). The final outcome
of the sample preparation is to concentrate the MPs previously in the sample
onto a substrate or into a matrix of choice for the subsequent analysis and
quantification.
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4 Microplastic analysis and quantification

Table 1.2 shows the most common techniques employed for the visualisation,
analysis and quantification of the MPs in environmental samples. The choice
of the analytical method has to take into account the advantages and draw-
backs of each technique and the story to be drawn upon the analysis results.
Typically, several techniques are combined to fully characterise the MPs and
NPs of the sample.

Method Output
Visual spectroscopy Number, Morphology
Thermochemical methods Mass, Chemical ID
FTIR spectroscopy Number, Morphology, Chemical ID
Raman spectroscopy Number, Morphology, Chemical ID
Fluorescence spectroscopy Number, Chemical ID
O-PTIR spectroscopy Number, Chemical ID

Atomic Force Microscopy =~ Morphology, Surface physics/chemistry

Table 1.2: The analytical methods used for MP visualisation, analysis and quantification.

This PhD thesis focuses on the application of Raman and FTIR micro-spectroscopy
to the MP analysis of drinking water and indoor air, hence these two tech-
niques are discussed in detail in the following of this chapter.

4.1 Molecular spectroscopy

The analytical techniques based on molecular spectroscopy exploits the in-
teraction bewteen the electromagnetic radiation and matter to acquire infor-
mation on the chemical structure of the sample (Guo et al. 2022). The spec-
troscopic techniques are classified according to the radiation used to perform
the analysis, which, in the case of MP analysis, spans from the visible to the
IR (Figure 1.9).
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Fig. 1.9: The electromagnetic spectrum (UC Davis ChemWiki, CC-BY-NC-SA 3.0).

FTIR spectroscopy

Fourier-Transform InfraRed (FTIR) spectroscopy represents an evolution of
the previous dispersive IR spectrophotometers and is historically a major an-
alytical technique for several types of samples (Berthomieu and Hienerwadel
2009). The radiation employed by FTIR is midIR (1000 - 4000 cm~!), whose
energy is compatible with molecular vibrations along the chemical bonds
(stretching) and variations of the chemical bond angles (bending). In order
to be IR active, a vibration must cause a change in the dipole moment of
the molecule: hence, only either polar molecules (e.g. water) or asymmetric
vibrations of apolar molecules (e.g. the asymmetric stretching of the oxy-
gen atoms in the CO, molecule) can be detected during an IR analysis. The
energy associated with the molecular vibration depends on the mass of the
atoms involved and the strength of the chemical bond, thus double and triple
bonds vibrate at higher frequencies than single bonds. IR spectroscopy can
be employed for gas, liquid and solid samples, provided that the signal from
the H,O and CO; in the atmosphere is eliminated. The result of an IR anal-
ysis is represented by an IR spectrum, which shows either the Transmittance
(% of IR radiation passed through the sample) or the Absorbance (% of IR
radiation absorbed by the sample) against the frequency, normally expressed
as wavenumber (cm~!). Each peak in the spectrum corresponds to a molec-
ular vibration, hence each molecule is represented by a characteristic set of
signals (chemical fingerprint) easily recognizable with a reference library.

The usage of Fourier-Transform instruments permitted to strongly shorten
the acquisition time required to obtain an IR spectrum. Further, the advance
of computer technology allowed for computing an increasing amount of data
per analysis, leading to a wide application of FTIR to environmental analysis

17



Chapter 1. Introduction

(Simonescu 2012). The core of an FTIR spectrophotometer is the Michelson
interferometer (Figure 1.10).

Screen

Laser

Mirror 2 (M2)
2

Beam Splitter (BS)

Mirror 1 (M1)

Fig. 1.10: Schematic of a Michelson interferometer (Boeglin 2022).

The Michelson interferometer is fundamentally a device constituted of three
mirrors: a beam splitter at 45° normally in KBr, a static mirror (M2 in Fig-
ure 1.10) and a moving mirror (M1 in Figure 1.10). The IR radiation emitted
from the laser source is splitted by the beam splitter towards the two mir-
rors, and, in particular, the moving mirror travels at constant velocity back
and forth along L1. The IR radiation is reflected by the two mirrors and is
recombined by the beam splitter, which forwards it to the sample and, even-
tually, to the detector. When the IR beams recombine at the beam splitter,
they can interfere either constructively or destructively, depending on the
distance travelled by the beam reflected by M1. Thus, during the analysis,
all the wavelengths of the employed IR range can be covered and registered
by the detector. However, the outcome is not an IR spectrum, but an in-
terferogram, a diagram showing the frequency variation against time. The
conversion of the raw interferogram to an identifiable spectrum is performed
with a function called Fourier Transform, which is nowadays automatically
implemented in the software of these machines.

IR analyses are traditionally performed in transmission mode, which means
that the IR radiation absorbed by the sample is sourced. When coupled with
an IR microscope (FTIR microscopy or nFTIR) and a Focal-Plane-Array (FPA)
detector, it is possible to map quite extended areas with a spatial resolution of
approximately 10 pm (Figure 1.11). In this case, a chemical map of the sam-
ple is obtained, and each point cointains a single IR transmission spectrum.
The application of FPA-uFTIR to MP analysis dates back to 2004 and it has
so far been the most fruitful for the advancement of the field (Veerasingam
et al. 2021). The analysis can be run either on filters (Primpke et al. 2017a)
or windows transparent to midIR (Chand et al. 2021) on a wide range of en-
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vironmental matrices. ATR-FTIR is also largely employed in environmental
monitoring of MPs above 100 yum (Simon et al. 2021).

Fig. 1.11: An FPA-uFTIR (Credits Luca Maurizi).

FTIR-based methods can be employed only on perfectly dried samples, due
to the strong IR absorption characterising water. Moreover, the spatial reso-
lution limit of the technique does not allow to analyse MPs below 10 pm and
NPs, which somehow puts the method aside the most recent advancements
of the field. Finally, the amount of data produced in a single FPA-pFTIR
analysis is significative and requires ad-hoc technical solutions for the chemi-
cal identification of the spectral maps (Primpke ef al. 2020b).

Raman spectroscopy

Raman spectroscopy is an analytical method probing the radiation scattered
by the sample when it is irradiated with a monochromatic source (Smith
and Dent 2019). When interacting with matter, radiation can scatter either
elastically (Rayleigh scattering) or anelastically (Raman scattering), besides
other phenomena such as absorption (on which IR spectroscopy is based).
In particular, the radiation anelastically scattered by the sample can have
a frequency (energy) either higher than the incident light, which is called
anti-Stokes scattering, or lower (Stokes scattering). The probability of the
anti-Stokes scattering is much lower than that of the Stokes scattering, since
anti-Stokes involves the release of energy from the first excited molecular
vibrational state. On the contrary, when Stokes occurs, it is the incident
light to pass energy to the ground vibrational state, which is more populated
at room temperature (Figure 1.12). Hence, Raman spectroscopy focuses on
the detection of Raman Stokes signals. However, it must be noticed that
Raman scattering is generally a weak spectroscopic phenomenon involving
one photon per 10° - 10”7 Rayleigh scattered photons.
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Fig. 1.12: Jabloski plot of light scattering (Smith and Dent 2019).

The electric field of the incident ligth polarizes the electronic cloud surrond-
ing the atomic nuclei of the molecule and "electronic virtual states" are gen-
erated. As already said, the radiation is normally elastically scattered, al-
though, when nuclear motion also occurs, a change in the polarizability of
the molecule may happen. The polarizability is a parameter indicating how
easily the distribution of the electronic cloud can be distorted by an electro-
magnetic radiation: hence, if the two atoms involved do not differ very much
in electronegativity, the polarizability of the molecular system is high. On
the contrary, if the delta in electronegativity is significant, the polarizabil-
ity is low, because the electronic cloud cannot be distorted much more than
it already is. Consequently, the most active molecular vibrations in Raman
spectroscopy do not involve a change in the dipolar moment, as opposed to
what happens in IR spectroscopy (indeed, it is often said that IR and Raman
spectroscopy are two complementary techniques). For instance, water is a
weak Raman scatterer, whilst the symmetric vibration of the oxygen atoms in
the CO; molecule has a clear Raman signal. A Raman spectrum summarizes
the Raman fingerprint of the sample by showing the counts of Stokes pho-
tons against the Raman shift (energy of the incident radiation minus energy
of the emitted radiation) in cm™!.

Raman microscopy (uRaman) is the hyphenation of a confocal optic micro-
scope with a Raman spectrophotometer. There are two important differences
between pRaman and pFTIR:

1. The microscope of a ptRaman system mounts optic objectives because it
employs visible radiation, as opposed to the Cassegrain objectives of a
pFTIR. Hence, the quality of the visible image is higher with pRaman;

2. pRaman systems normally have a dispersive geometry, Fourier-Transform
pRaman (FT-pRaman) still being a technology under development.
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Figure 1.13 shows the internal optics of a dispersive pRaman system.

Fig. 1.13: The internal optics of a dispersive pRaman (Credits Luca Maurizi).

The radiation sources of a pRaman emit in the visible region, and normally
the system is equipped with three laser sources (once helium sources, nowa-
days solid-state) emitting at around 530, 630 and 785 nm. The chosen laser
impinges on the sample through the microscope’s objective, and the scat-
tered radiation is recollected by the microscope and sent to the optics of the
spectrophotometer. First of all, the Rayleigh radiation is filtered out, then
the Raman Stokes scattering is decomposed in its constituting wavelengths
by the gratings. The gratings are reflective substrates with a given groove
density (expressed in lines per mm, 1l/mm) and they can be selected upon
starting the analysis. Finally, the Raman scattering is registered by the de-
tector, typically a Charge-Coupled Device (CCD) cooled at -60°C through
Peltier effect. The laser-specific lens set shown in Figure 1.13 has to be man-
ually changed upon setting the laser wavelenght, however modern pRaman
systems are fully automatised. Despite some works reporting the manual
selection of MPs to be analysed with pRaman (Lenz ef al. 2015), the current
approach involves a "point and shoot" automatic mapping. Briefly, the sam-
ple is concentrated onto a filter or substrate and a visible picture (montage)
of the area is taken. The visible montage is then analysed by a dedicated
function of the software, which can locate single items of the montage by
constrast and calculate their morphological features. Next, the laser is auto-
matically driven onto each item and its Raman spectrum is aquired. In most
of the studies, the pRaman mapping is performed onto selected sub-areas of
the sample, and the total MP abundance is calculated by assuming the MPs
to be homogeneously distributed (Schymanski ef al. 2018b, Offimann et al.
2018).

The spatial resolution limit of a pRaman system is below 1 ym and can po-
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tentially reach 100 nm, enabling to analyse NPs (Sobhani et al. 2020) despite
with a decreased spectral quality. Thus, ptRaman systems are being coupled
with Atomic Force microscopes (AFM) to obtain a system capable of perform-
ing Tip-Enhanced Raman Spectroscopy (TERS, Figure 1.14). Briefly, in TERS
the laser is focused onto a tip of nanometric size, which enhances the elec-
tric field of the radiation by several orders of magnitude (Bailo and Deckert
2008). This allows to acquire high-quality Raman spectra of nanometric items
even though smaller than the spot size of the original laser. However, it must
be noticed that TERS is a demanding technique in terms of know-how and
costs, and at the moment it does not seem applicable for routine monitoring
of MP pollution.

Fig. 1.14: An AFM-Raman (Credits Luca Maurizi).

To summarise, ptRaman appears a promising technique for the analysis of
small MPs and NPs, however it is not exempt from drawbacks. Running a
pRaman analysis generally requires more experience than pFTIR: setting a
too long aquisition time can provoke the burning of the sample under the
laser, and the analysis is typically hampered by fluorescence, which is a com-
petitive phenomenon to Raman scattering.

5 MP pollution in drinking water

In 2019 the World Health Organization (WHO 2019) issued a report address-
ing MP pollution in fresh and drinking water, as well as the possible sources
of contamination and the MP removal performance of drinking water plants.
The overall conclusion of the study was that more data were needed to de-
velop a comprehensive overview of MP occurrence and fate in drinking wa-
ter. Further, the WHO advocated for an effort to standardise the analytical
procedures, given the scarce comparability of the published studies and, con-
sequently, of the results.

In most cases, the raw drinking water is supplied by freshwater, whilst the us-
age of seawater is still hampered by the high cost associated with desalination
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(Shen et al. 2020). Freshwater sources comprise rivers, lakes, water reservoirs,
and groundwater, with the vast majority of works investigating the MP oc-
currence in surface-water derived drinking water. Freshwater environments
are reportedly affected by MP pollution, which is generally influenced by
the location, vicinity to human activity, and weather conditions. In particu-
lar, surface waters prove to be particularly exposed to the phenomenon, as
a consequence of wastewater disharges (Hartline et al. 2016), environmental
decomposition of macroplastics (Lambert et al. 2014), and atmospheric de-
position (Free et al. 2014). Despite being a more isolated environment, in
the case of groundwaters, MP contamination is associated with the down-
wards transport through the soil pores (Bladsing and Amelung 2018). The
MP tranportation dynamics towards the groundwater reeservoirs is mostly
influenced by the soil granularity and fracture network (Zhu 2020), dry/wet
cycles (O’Connor et al. 2019), and the aging of MPs (Ren ef al. 2021). How-
ever, surface waters generally present higher MP loads than groundwaters,
especially in the case of non-Karst aquifers (Oladoja and Unuabonah et al.
2021).

Despite the majority of studies indicating that 1 - 100 pm MPs are efficiently
removed from the raw water during the water treatment (Xue et al. 2022),
only three studies (Pivokonsky et al. 2018a, Pivokonsky et al. 2020b, Wang ef
al. 2020) investigated the MP removal performance down to 1 ym and found
values above 80%. However, the MP abundance in the treated water was in
the order of thousands per liter, with the majority of MPs being sized 1-10
pm. It must also be noticed that the sampling volume in Pivokonsky et al.
2018a, Pivokonsky et al. 2020b and Wang et al. was as low as 1 L and the
investigated plants operated different types of water treatment. In general,
the MP removal efficieny is expected to increase if more treatment steps are
performed: thus, a conventional waterworks (train coagulation-flocculation,
sand filtration, and disinfection) is likely less efficient than advanced facil-
ities equipped with Active Aarbon (AC) or membrane filtration (Xue et al.
2022). Nonetheless, the increased complexity of advanced treatment trains
can lead to the release of additional MPs in the treated water sent to the net-
work. Dalmau-Soler ef al. (2021) detected poly-tetrafluorethylene (PTFE) and
epoxy resins after the treatment, and Wang et al. (2020) demonstrated that
the coagulant aid PAM could be traced in drinking water. On the other hand,
the usage of ozonation did not prove to provide any additional benefits to
the MP removal (Pivokonsky et al. 2018a, Pivokonsky et al. 2020b, Wang et
al. 2020, Dalmau-Soler et al. 2021). Furthermore, the MP shape also seems
to play a role, as shown by Wang et al. (2020), who quantified the removal
of MP fibres by GAC as 45% against the 82% of MP spheres. As can be
seen, drinking water plants can contribute to the MP occurrence in the envi-
ronment and MP human intake by inefficiently retaining the MPs (especially
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the 1 - 10 pm fraction) from the water source and possibly releasing addi-
tional particles during the treatment (Mintenig et al. 2019). Overall, there is
a pressing need to deepen the understanding of the MP removal efficiency
of drinking water plants under different conditions and to what extent these
facilities may contribute to the MP occurrence during the various stages of
the water treatment. As already discussed throughout this chapter, the lack
of standardization in the MP research field hinders the comparison among
the different studies. Hence it proves difficult to draw a coherent picture
of the state-of-the-art of MP occurrence in drinking water. This deficiency
of well-established rules also applies to the choice of the analytical method,
whose technical characteristics determine the outcome of the investigation.
The two main analytical techniques so far employed for the MP analysis in
drinking water are pFTIR and pRaman (Nirmala et al. 2023), nonetheless a
quantitative comparison between these two methods is still lacking. Assess-
ing to what extent the outcomes from these two methods differ, would be
useful to put into perspective the current knowledge on MP occurrence in
drinking water.

NP analysis in drinking water is still an open challenge (Mortensen et al.
2021), whilst there is no direct knowledge of the removal rate for NPs during
the water treatment. Devi et al. (2022) hypothesized that current technologies
for nanoparticle remediation in drinking water may apply to NPs as well,
despite recognizing that much more studies are needed to (at least) indicate
suitable analytical methods for NP detection. As of today, there exist a few
studies reporting on the NP characterization in drinking water (e.g. Huang
et al. 2022, Li et al. 2022, Zhang et al. 2023), but they employ complex
and expensive methods such as TD-GC/MS, FTIR-AFM, and SERS. Hence it
would be a step forward to find a technique not too demanding in terms of
required know-how and cost and capable of detecting plastic particles in the
sub-micron range with minor intervention from the operator.

Drinking water is potentially the most important pathway for MP human di-
etary intake (Sdnchez et al. 2022), according to the estimations by Cox et al.
(2019). Assuming that tap water presents a concentration of 4.23 MP/L, the
daily intake for an adult male would be 16 MPs/day (corresponding to 6000
MPs/year). It is although difficult to put in perspective these values, due to
poor knowledge on MP absorption and excretion rates in vivo, the lack of re-
search on NP occurrence in drinking water, and the occasionality in protocols
focusing on MP and NP toxicity (Zhang et al. 2022).

6 Airborne MP pollution

Atmospheric diffusion is one of the most important route through which
MPs could spread in different environments over great distances (Sridharan
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et al. 2022). Indeed, MPs could also be found in isolated regions such as the
high Himalayas and the Poles (Bergmann et al. 2019). Investigating airborne
MP diffusion is a matter of particular concern also due to the possible impli-
cations for human health related to the MP intake vig breathing in outdoor
(Abbasi et al. 2019) and indoor environments (Wright et al. 2019). According
to Shao et al. (2022), airborne MPs can lead to the "fiber paradigm" (increased
bioreactivity due to a fibrous shape) and constitute a not negligible fraction
of PM; 5, the breathable particulate.

Airborne MPs may predominantly have a fibre shape (Moreno et al. 2014),
hence clothing textile can be considered a major source of airborne MP fibres
in indoor environments. Nonetheless, the composition of indoor atmosphere
is also affected by the antropogenic activity occurring outdoor, such as in-
dustrial emissions, landfills, traffic and waste incineration (Shao et al. 2022).
It is also worth noting that the majority of MPs detected in the atmosphere
were not primary, suggesting that MPs generated from plastic macro-objects
can diffuse through different habitats (Auta et al. 2017). The human intake
of airborne MPs down to 10 pm can be as high as 272 MPs per day (Vianello
et al. 2019), however information on the occurrence of smaller airborne MPs
(so called "breathable MPs") in indoor environments is almost not present
in the literature. Hence investigating the occurrence of small airborne MPs
in indoor environments and seeking the link with human activity would be
extremely helpful to estimate the related human intake. Further, it may also
be necessary to explore possible ways to tackle human exposure to breth-
able MPs, given their higher risk to affect human health. Alexander et al.
(2016) indeed demonstrated that 0.1 - 10 uym MPs were able to translocate
from the lungs into organs and could cross the blood-brain barrier, poten-
tially resulting in inflammation, cellular necrosis and tissue tearing (Enyoh et
al. 2019). Besides these inherent toxic effects, MPs below 10 um can cause ox-
idative stress in human cells by facilitating the production of Reactive Oxygen
Species (ROS) (Schirinzi et al. 2017), and desorbing pollutants such as poly-
cyclic aromatic hydrocarbons (PAHs) (Akhbarizadeh et al. 2021) and heavy
metals (Wang et al. 2020) from their porous surface.
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Aim and objectives of the
study

The research described in this thesis focuses on analytical methods applica-
ble to the microplastic and nanoplastic quantification in drinking water and
indoor air to estimate the human intake from these two matrices. There is a
lack of scientific knowledge regarding the fate and occurrence of small MPs
(1 - 10 pm) and NPs in drinking water, how water treatment affects them, on
their occurrence in indoor air, and how the latter depends on the type and
degree of human activity. Hence, the main aim of this PhD is to develop new
analytical protocols for the quantification of the smallest fraction of MPs and
NPs, given their supposedly higher bio-toxicity.

To address this aim, the study was divided into three main research ques-
tions, and each was addressed to complete the relevant objective.

Research question 1: How efficient is a conventional drinking water plant to retain
microplastics down to 1 uym? Is it possible to employ Raman micro-spectroscopy to
analyse NPs in drinking water?

To answer this, a conventional drinking water plant was studied over a pe-
riod of five days with regard to the fate and occurrence of the MPs in the
facility’s inlet and outlet, in order to evaluate the MP retainment efficiency.
An analytical protocol was also developed for the NP analysis of the related
drinking water samples.

Research question 2: How does the choice of a certain spectroscopic technique in-
fluence the MP quantification in drinking water and the subsequent estimation of
MP human intake?

To address this, the drinking water samples studied to answer RQ1 were
analysed with puFTIR, and the results obtained were compared with those of
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pRaman.

Research question 3: Do the type and degree of human activity in indoor envi-
ronments influence the fate and occurrence of small airborne MPs? Is it possible to
reduce the related human exposure somehow?

To answer this, the atmosphere of four indoor locations was sampled during
workdays and weekends, and the filtering efficiency of a commercial type of
surgical facemask was investigated.
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Methodology

This PhD study was carried out focusing on the topics addressed by the 3
research questions outlined in Chapter 2:

1. Occurrence, formation and fate of microplastics above 1 pm in a Danish
conventional drinking water plant during routine activity

2. Comparison of the outcomes from Raman micro-spectroscopy and FTIR
micro-spectroscopy applied to the analysis of the same set of drinking
water samples

3. Influence of location and human activity on the occurrence of indoor
airborne MPs above 1 um and effect of a commercial type of surgical
facemask on the potential human intake of indoor airborne MPs

The three topics were addressed adopting matrix-specific protocols and cus-
tomised sampling devices, as described in the following of Chapter 3. The
sample preparation procedures and the analytical techniques employed were
consistent with the state-of-the-art of the field at the time the experiments
were conducted and also represent the methodological developments of the
field itself.
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1 Occurrence, formation and fate of microplastics
above 1 pm in a Danish conventional drinking
water plant during routine activity

This study investigated the occurrence of MPs down to 1 pm in the raw and
treated drinking water produced by a Danish conventional waterworks over
a period of five days. The MP concentration in the samples was quantified
according to the MP number (counts) and the MP mass to take into account
possible breaking processes involving the MPs during the treatment process.
Hence, the MP removal efficiency was calculated, and the time variation of
each identified polymer was investigated. Finally, based on the outcome of
the study, the yearly MP human intake from the studied drinking water was
estimated. The research aimed at studying to what extent a conventional
drinking water plant can retain MPs above 1 um, the possible source of con-
tamination of the threated water sent to the network, and how the previous
two findings can affect the human consumption of MPs from drinking water.
In addition, a qualitative proof-of-concept for the analysis of environmental
NPs was presented. The study was organised following the methodological
steps described in Chapter 1 (sampling, sample preparation and analysis).

1.1 Sampling

The drinking water samples were collected over a period of five days (Mon-
day - Friday, September - October 2021) at the inlet and outlet of a conven-
tional drinking water plant located in Denmark. A simplified scheme of the
plant is shown in Figure 3.1.
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Fig. 3.1: Simplified scheme of the investigated drinking water plant (Maurizi et al. 2023).

The waterworks was fed with groundwater from a limestone aquifer 92 m
deep. The groundwater underwent sand filtration and was stored in two
storage tanks placed ahead of the outlet before being sent to the distribution
network. The samples were taken in triplicate in parallel by means of two
custom-made devices, and approximately 1 m® of water was filtered through
a 1 pm sintered steel filter for each triplicate. The sampling procedure and
preparation of the recovery samples are described in detail in Paper I.

1.2 Sample preparation

After the sampling, the 1 um sintered steel filters were stored in Petri dishes.
Each filter was incubated at 50°C for 24 hours in 5% SDS, then the incubation
medium was filtered through the filter with a vacuum filtration system. The
particles on the filter were recovered in 1 mL of ~99.5% ethanol into a 10
mL vial, then 25 puL. were deposited on 10x 10 mm Silicon substrates through
a funnel of 2 mm in diameter. After drying each deposited sample at 55°C
overnight, the particles were concentrated into a circular area of approxi-
mately 2 mm in diameter. A detailed description of the sample preparation
protocol is available in Paper I.

1.3 Sample analysis

The sample analysis was conducted at Renishaw plc UK (New Mills, UK) be-
tween November 2021 and February 2022 with an InVia Raman microspectro-
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scope (Renishaw plc UK). For each sample, the analytical protocol depicted
in Figure 3.2 was followed.

MPs — Field blanks & drinking Recovery samples NPs — Drinking water
water samples samples
* Three 200200 um (4 -
« Entire circular area (3.14 - « Entire circular area (3.14 - 10*um?) sub-areas in the top-
10°um?) 10°um?) left, center, and bottom-right of
* Objective: 50x LD (NA0.75) |« Objective: 50x LD (NA 0.75) each deposed area

* Objective: 100x LD (NA 0.90)

 All particles with Length and « All particles with Length and  All particles with Length and
Width > 1 pm Width> 1 pm Width <1 pm

« Laser power: 50% (50 mW) « Laser power: 50% (50 mW) « Laser power: 50% (50 mW)

« Objective: 100x LD (NA 0.90) | « Objective: 50x LD (NA 0.75) « Objective: 100x LD (NA 0.90)

* 0.4 s x 10 accumulations per * 1's x 5 accumulations per « 0.8 s x 15 accumulations per
particle particle particle

Fig. 3.2: The analytical protocol of the pRaman analysis (Maurizi et al. 2023).

In brief, a visible montage of the circular area was acquired in Dark Field
(DF) with a long-distance 50x objective (Leica, Germany) before the anal-
ysis of the recovery samples and drinking water samples and with a 100x
objective (Leica, Germany) before analysing the NPs. For the NP qualitative
analysis, three 200x200 pm sub-areas were selected at the top-left, centre,
and bottom-right of the circular area, whilst for the MPs the entire area was
considered. The visible montages were analysed with the software "Particle
Analysis" (Renishaw plc UK) to extract the position and morphological pa-
rameters of each item shown in the pictures, then the objects were virtually
filtered setting proper values of "Length" and "Width" in the software. Specif-
ically, all the MPs with length and width above 1 ym in the circular area were
considered for the analysis, whilst in the three sub-areas only the objects hav-
ing length and width below 1 pm were selected. The ntRaman analysis of the
selected objects automatically followed with the parameters shown in Figure
3.2. The spectral recognition was performed in "Particle Analysis" by com-
paring the experimental spectra with Renishaw Polymer library version 2.2.
Further, the MP mass was estimated by modeling the particles as ellipsoids,
the morphological parameters being given by the visible image analysis and
the density being assigned according to the chemical identification from the
pRaman analysis. A more comprehensive description of the sample analysis
can be found in Paper I.
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2 Comparison of the outcomes from Raman micro-
spectroscopy and FTIR micro-spectroscopy ap-
plied to the analysis of the same set of drinking
water samples

The outcome from Paper I was compared with the results provided by pnFTIR
on the same set of drinking water samples. The aim of the study was to fill
a knowledge gap of the field by putting in perspective the findings of the
previous works based on pFTIR, as analytical techniques with finer spatial
resolution such as pRaman are gaining popularity. Further, by merging the
datasets from the two methods, a formal description of the frequency vari-
ation across the different MP length ranges was proposed. The work also
contributed to clarify how the human MP intake estimations generally de-
pend on the technique chosen for the MP analysis. The study was organised
in two steps: sample preparation and sample analysis.

21 Sampling

The samples from Paper I were employed, so no further sampling was nec-
essary (see also Paper II).

2.2 Sample preparation

After the pRaman analysis, the samples were dried under gentle nitrogen
flow in a water bath at 55°C and reconstituted with 5 mL of ~50% ethanol.
For each sample, 1000 pL were deposited onto 2 mm tick Zinc Selenide (ZnSe)
windows of 13 mm diameter by means of a compression cell. The deposited
sample was dried at 55°C overnight, producing an area of approximately 10
mm in diameter on the window. Further details are available in Paper II.

2.3 Sample analysis

A Focal Plane Array (FPA) — FTIR was utilised to analyse the enriched ZnSe
windows in transmission mode. The system was equipped with a Cary 620
FTIR microscope hyphenated with a Cary 670 IR spectroscope (Agilent Tech-
nologies, USA). Specifically, a 25x Cassegrain objective was mounted on the
microscope, producing a resolution of 3.3 um pixels on a 128x128 mercury
cadmium telluride (MCT) FPA detector. The detector was constantly cooled
at 80K by means of liquid nitrogen, which was automatically pumped into
the FPA dewar (Norhof, The Netherlands). A spectral range of 3750 — 850
cm~! at 8 cm~! resolution was selected for all scans, and 30 co-added scans
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were applied for the enriched ZnSe windows. Before each sample’s analy-
sis, a background tile was collected from a clean ZnSe window by co-adding
120 scans and it was automatically subtracted during the sample’s scan. A
chemical image of the sample’s active area was thus obtained, where each
pixel contained an IR background-corrected spectrum. The spectral recog-
nition was performed with the software siMPle, which compared the raw
and first derivative of the experimental spectra with a custom-made library
of pFTIR polymer references (Figure 3.3). In Paper II the description of the
entire procedure can be found.

!

M -
(I

i Ei

Fig. 3.3: Example of application of the siMPle software on an experimental chemical map. The
particle shown was identified as PVC.
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3 Occurrence of indoor breathable microplastics and
filtering efficiency of a commercial surgical face-
mask

In this study, the indoor atmosphere of four locations in Aalborg (Denmark)
was sampled during workdays and weekends to investigate the effect of hu-
man activity on the occurrence and formation of airborne MPs down to 1
pm. In addition, replicates of the samples were taken by mounting a type
IIR surgical facemask on the sampling setup to quantify the MP retainment
operated by this medical device. The goal of this work was to propose a
straightforward analytical protocol employing 1tRaman for the monitoring of
MP pollution in indoor air, as well as estimate the human MP intake of small
airborne MPs when everyday tasks are performed. The study was organised
in two main methodological steps, sampling and sample analysis.

3.1 Sampling

The locations selected were a workshop, a meeting room, an apartment lo-
cated in the Northern part of Aalborg in a renewed building of the late XIX
century (first floor), and an apartment in a building from 2014 (eighth floor)
located in the city centre. For each sampling session, a vacuum pump (Lab
Logistics Group GmbH, Germany) was connected to a metallic funnel (EMD
Millipore Corporation, USA) hosting a 1 um Silicon filter at its bottom, and
the air flow was adjusted to 2 L/min by means of the pump’s flowmeter.
The sampling events took 24 hours each at an average breathing height of
1.60 m during workdays and weekends, and each sample was taken in two
sampling sessions: without facemask, and putting a surgical facemask at the
inlet of the funnel. Since a PTFE o-ring of 10 mm diameter was put on top
of the filter to protect it from the metallic funnel, the airborne particles were
concentrated onto the area delimited by the inner perimeter of the o-ring (ap-
proximately 10 mm in diameter). Figure 3.4 shows the sampling setup in the
four investigated locations.
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(b)

(d)

Fig. 3.4: The four investigated locations: (a) workshop; (b) meeting room; (c) apartment in the
XIX century building; (d) apartment in the building from 2014.

After the sampling, the filters were stored in closed glass Petri dishes until the
pRaman analysis was performed (Paper III reports in detail on the sampling
procedure).

3.2 Sample analysis

The analysis of the air samples was conducted with an XPlora Nano Raman
microscope (Horiba Sas, France). The system was equipped with a Peltier-
cooled CCD detector and three solid-state laser sources emitting at 532, 638,
and 785 nm. Briefly, each filter was analysed according to a semi-randomised
approach: all the particles in the active area with a diameter above 10 pm
were scanned, while 10% of the particles with a diameter between 1 and 10
pm were randomly selected on the whole area with the dedicated function
of the instrument’s software. The 638 nm laser was employed for both size
fractions at 100% power (40.2 mW, grating 600 1I/mm), and the analysis was
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performed at 50x magnification with a short-distance objective (Olympus,
Japan) in the spectral range 0 - 3500 cm~!. The spectral recognition was
performed with the siMPle software as described in Paper III, which also
reports in detail on the analysis protocol. The composition of the surgical
facemasks was checked with FTIR-ATR (Cary 630 FTIR ATR, Agilent, USA)
in the spectral range 600 - 4000 cm~! by comparing the experimental spectra

with Agilent Polymer Handheld ATR library (as described in Paper III).
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Chapter 4

Research outcomes

This PhD study represents a collection of three distinct studies, having as a
common goal to advance the state-of-the-art of the MP science field by pro-
viding new insights on the occurrence, formation, and fate of small MPs and
NPs in drinking water and indoor air. The research carried out during the
PhD underlined the pivotal role of spectroscopic methods in the MP analysis
of environmental matrices, and three scientific papers were produced based
on the outcomes described in the following of this chapter.

1 Occurrence, formation and fate of microplastics
above 1 pm in a Danish conventional drinking
water plant during routine activity

The study provided new insights on the influence of the MP size on the
retainment performance of a conventional drinking water plant. In addition,
it showed the application of the mass conservation law to small MPs from
Raman spectroscopic data. Hence the MP concentration at the plant’s inlet
and outlet was calculated according to two complementary parameters: the
MP counts per liter (N/L) and MP mass in picograms per liter (pg/L) (Figure
4.1).
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Fig. 4.1: MP abundance in counts per liter (N/L) and estimated mass per liter (pg/L) at the
plant’s inlet and outlet over the five investigated days (Maurizi ef al. 2023).

The mean values of MP concentration found at the two sampling points (inlet:
25 +20N/L, 16.0 + 8.5 pg/L; outlet: 1.4 + 1.3 N/L, 4.0 £ 2.7 pg/L) were
generally higher than in previous works if the MP counts are considered
(Pitroff et al. 2022, Mintenig et al. 2019). However, it must also be considered
that most of the works published so far relied on spectroscopic techniques
with a coarser spatial resolution (typically nFTIR), which does not allow for
efficiently detecting MPs below 10 pm. The overall MP retainment efficiency
of the plant was obtained by cumulating the MP abundance at the inlet and
outlet for each investigated day, and it was 43.2 + 45.9% in terms of MP counts
and 75.1 + 28.2% in terms of MP mass. These values of MP removal were
comparable with those found in the literature for more advanced facilities
(Enfrin et al. 2019, Cherniak ef al. 2022) and, in the case of the current study,
were associated to the release of 1 - 5 ym MPs from the plastic elements of
the facility. On day 2 of the investigated period, the MP counts at the outlet
(3.9 £ 5.6 N/L) were approximately 4 times higher than at the inlet (1.0 + 0.6
N/L), and for the remaining three days the MP counts at the outlet showed
close values regardless of the MP counts at the inlet (Figure 4.1). This was
not the case for the MP mass concentration, which proved to be lower at
the outlet on all investigated days. Hence it was hypothesized that a release
of small-sized MPs occurred during the water treatment between inlet and
outlet, as they did not hold a large mass altogether.

The study of the polymer composition suggested that the released MPs were
mostly poly-amide (PA), this being the most common polymer according to
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the MP counts and the second most frequent according to the MP mass. The
retainment efficiency was also calculated according to the MP size, which
showed that the 1 - 5 pm MPs were the least retained during the treatment
(41.1%), as opposed to the larger MPs (above 70%). This finding was in
good accordance with previous works modeling the dynamics of deep bed
filtration (e.g. Zamani et al. 2009), which is characterised by a drop in the
performance for particles roughly sized 1 ym. Based on these outcomes,
an intake of 1533 N/(year-capita) (4.4 ng/(year-capita)) was estimated for a
male subject drinking the water treated by the investigated plant. Despite this
estimation being still lower than those from other pathways such as food (1.42
- 1.54-10° N/ (year-capita), Bai et al. 2022) and air (2.38-10° N/ (year-capita),
Vianello et al. 2019), it was nonetheless several orders of magnitude higher
than that of Kirstein ef al. (2021).

The qualitative exploration of the NP fraction in the drinking water samples
provided 621 plastic-like Raman spectra for the particles sized 0.45 - 1 pm
(Figure 4.2). This proof-of-concept demonstrated the applicability of ptRaman
to the analysis of environmental NPs, which is a topic of concern increasingly
attracting specialised research. Further details are available in Paper 1.
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Fig. 4.2: Width vs Length for the analysed nanoparticles. The blue dotted line indicates the size
limit above which the chemical identification was possible (Maurizi et al. 2023).
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2 Comparison of the outcomes from Raman micro-
spectroscopy and FTIR micro-spectroscopy ap-
plied to the analysis of the same set of drinking
water samples

The results obtained in Paper I were compared to the outcomes from the
pFTIR analysis of the same set of drinking water samples. The study aimed
at putting in perspective the current state-of-the-art, which has mostly relied
on pFTIR, thus neglecting the contribution of small-sized MPs. Overall, the
coarser spatial resolution of pFTIR compared to pRaman could justify the
outcome from Paper II: no MPs below 13.3 pm could be identified in the
samples, and the rate of false negatives unexpectedly started increasing al-
ready below 50 um, which led to the loss of roughly 95% of the entire MP
population of the samples. The MP diameter datasets from the two tech-
niques were merged to extrapolate the total MP population in the range 1 -
1865.9 um (the largest MP identified by pFTIR), and it was showed that the
MP frequency could be described by a third-power function against the MP
size (Kooi and Koelmans 2018). 86% of the MPs was shown bewteen 1 and 5
pum and 9.7% between 5 and 10 pm, hence the total distribution was skewed
to the smaller size values (Figure 4.3).
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Fig. 4.3: MP frequency by length range in the analysed drinking water samples. For the range 1

- 50 pm, the data from the pRaman analysis were considered, while for the 50 - 1865.9 um range
the results from the pFTIR analysis were employed (Paper II).

Consequently, the mean MP counts concentration proved to be significantly
lower at the sampling points (inlet 31.9 + 17.2 N/m?, outlet 5.0 + 2.1 N/m?)
than the values from the pRaman analysis (Figure 4.4), as opposed to the
mean MP mass concentration (inlet 76.3 + 106.3 pg/m3, outlet 2.8 + 2.8
pg/m3), which was approximately 103 higher (Figure 4.5). Only on day 3 the
MP mass concentration at the outlet (8.1 + 16.0 ng/m?>) was higher than at the
inlet (0.3 + 0.5 pg/m?), hence the MP removal efficiency proved to be higher
than that calculated from the pRaman data (MP counts 78.1 + 49.7%, MP
mass 98.7 = 11.1%). Importantly, these values of MP removal were in good
accordance with the outcome from Paper I for the 10+ pm MPs. The esti-
mated MP human intake was 5 N/(year-capita) (1.9 png/(year-capita)), which
was roughly 332 times lower than the outcome from pRaman, although in
line with the result of Kirstein et al. (2021). For further details, see Paper II.
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Fig. 4.4: MP counts abundance according to nFTIR and uRaman at the plant’s inlet and outlet
over the five investigated days (Paper II).
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Fig. 4.5: MP estimated mass abundance according to nFTIR and pRaman at the plant’s inlet and
outlet over the five investigated days (Paper II).
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3 Occurrence of indoor breathable microplastics and
filtering efficiency of a commercial surgical face-
mask

The study addressed the source and occurrence of indoor airborne MPs sized
1 - 10 pum, which are suspected to cause more adverse health effects on hu-
mans due to their higher translocation rate (Wieland et al. 2022). In addition,
the potential use of surgical facemasks to limit the human intake of airborne
indoor MPs was investigated in locations where different human activities
were performed. Regarding the samples taken without the surgical facemask,
the median MP concentration (counts of MPs per cubic metre, N/m?) was 212
+ 233 N/m?, proving to be higher than that in previous works (Vianello et al.
2019, Perera et al. 2022). To explain the difference between the MP concentra-
tion in the investigated locations on workdays and weekends, the type and
degree of human activity had to be considered, as well as the building char-
acteristics of the indoor environments. In general, the MP concentration was
expected to be higher in the high-activity periods (workdays for the work-
places and weekends for the apartments). However, the meeting room and
the apartment in the XIX century building presented an inverted tendency,
which could be explained by considering that air currents occurred in these
locations when humans were active. The MP concentrations obtained from
the samples taken with the facemask were generally lower (4 - 196 N/m?),
showing that a filtering effect occurred (Figure 4.6).
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Fig. 4.6: Mean MP concentration with and without the surgical facemask in the investigated
indoor locations (Paper III).

The analysed MPs were classified into two morphotypes, fragments and fi-
bres, according to their Diameter/Width ratio as previously done by Vianello
et al. (2019). Specifically, the MPs with a Diameter/Width ratio below 3 were
considered fragments, otherwise fibres. Fragments represented the majority
(99%) of the analysed MPs, which conflicted with the common observation
of prevailing presence of fibres in indoor atmosphere (Jenner et al. 2021, Choi
et al. 2022). The polymer composition of the samples was mostly affected
by the location (i.e. type of human activity), and PA was the most common
polymer detected during the pRaman analysis.

The samples taken with the surgical facemask showed a higher frequency
of the 1 - 5 pm MPs (74.1%) than the samples taken without the facemask
(45.2%, Figure 4.7). Although the overall filtering efficiency for the MPs > 1
pm was 85.4 + 3.9%, the 1 - 5 ym fraction (breathable MPs) was the least re-
tained (57.6%), whilst for the larger MPs values above 80% were found. This
outcome matched well with the study of Tcharkhtchi et al. (2021), who calcu-
lated for commercial surgical facemasks a filtering efficiency around 50% for
airborne particles below 5 pm.
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Fig. 4.7: MP diameter frequency with and without the surgical facemask (Paper III).

The human exposure to indoor airborne MPs was estimated for the four
locations during the high-activity periods. A mean value of 3415 + 2881
N/(day-capita) was obtained for a male subject not wearing the surgical face-
mask and 283 + 317 N/(day-capita) for one with the facemask on. The es-
timated intake for an unprotected subject was dramatically higher than in
previous works (Cox et al. 2019, Soltani et al. 2021), since this study was
the first one ever performed on indoor airborne MPs down to 1 pm with an
automatised analytical protocol. Although the usage of a surgical facemask
would decrease the intake by roughly 10 times, the persisting prevalence of 1
- 5 um MPs in the filtered particulate questions the utility of such a hygienic
measure in the everyday life.
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Chapter 5

Conclusions

This PhD study was divided into the following three research questions,
which were addressed following the established objectives. The conclusions
drawn for each question are hence reported.

Research question 1: How efficient is a conventional drinking water plant to retain
microplastics down to 1 ym? Is it possible to employ Raman micro-spectroscopy to
analyse NPs in drinking water?

The retainment efficiency of a conventional drinking water plant depends on
the MP size taken into consideration. The smaller the MPs, the lower the
efficiency of the plant in removing them from the raw water, the 1 - 5 pm
range being the most critical one. In addition, a drinking water plant can be
a hotspot for MP release per se, due to the ageing process undergone by the
plastic elements of the facility. This further hinders the MP retainment, as
additional plastic particles are added during the drinking water treatment.
Hence the smaller fraction of MPs should be extensively monitored to obtain
more accurate values of MP retainment and human exposure, while a deeper
knowledge on the risk associated to the human intake of small MPs should
be achieved.

Raman micro-spectroscopy proved to be a useful tool to analyse NPs in drink-
ing water, which is important as NPs are likely much more numerous than
MPs in the environment. Hence conventional drinking water plants may
prove less efficient in retaining NPs, given their small size and abundance.
Finally, NPs may also be released by aged plastic components of a water-
works in a similar fashion to MPs, hence posing further questions on the
related human exposure.

Research question 2: How does the choice of a certain spectroscopic technique in-
fluence the MP quantification in drinking water and the subsequent estimation of
MP human intake?
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The coarser the spatial resolution of the technique employed, the fewer the
MPs that can be identified. This is due to the major abundance of small-sized
MPs (below 10 pm) when compared to larger MPs in the environment, here
included drinking water sources and treated drinking water. Importantly, be-
sides the nominal size resolution of a spectroscopic technique, there is also an
experimental size resolution limit, which can be obtained by comparing two
complementary methods such as pRaman and pFTIR. With this approach, it
can be seen that the experimental size resolution of uFTIR is higher than the
nominal one, hence much more MPs than expected are missed with this tech-
nique. By comparing pFTIR and pRaman, it clearly emerged that small sized
MPs carry most of the information of a sample and they must necessarily be
included in the quantification process to obtain a more accurate picture of
the studied system.

Research question 3: Do the type and degree of human activity in indoor envi-
ronments influence the fate and occurrence of small airborne MPs? Is it possible to
reduce the related human exposure somehow?

When humans operate in indoor environments, they produce airborne MPs,
most of which fall in the breathable range. Hence, as seen for drinking water,
the smaller, the more abundant MPs are, and proper analytical protocols have
to be employed to quantify them. Being a kind of airborne particulate, indoor
airborne MPs may also be subjected to the same diffusion dynamics, which
depend on the degree of air exchange and the architectural characteristics of
the investigated locations. Reducing the human exposure to breathable MPs
(without reducing the time spent indoors) by means of respirators would be
impractical (or useless in the case of surgical facemasks). However, more re-
search on the toxicological effects of breathable MPs should be conducted to
decide on the appropriateness of preventive hygienic measures.
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Main contributions to the
science field and future
perspectives

Microplastic pollution has increasingly gained the attention of scientists and
public opinion due to its pervasivity in natural and anthropogenic environ-
ments. The multi-disciplinary approach requested to perform the microplas-
tic analysis of environmental matrices boosted the development of technical
solutions ad hoc and the collaboration among several specialists with differ-
ent backgrounds, often not limited to the hard sciences. Providing reliable
and reproducible results is the only way to understand the extent of the mi-
croplastic threat to ecosystems and humans, and this requires awareness of
the advantages and drawbacks associated with the analytical techniques em-
ployed in the microplastic science field. Further, pushing the limits of the
instrumental apparati shows how much research is still needed to address
the next level of the plastic pollution challenge, the nanoplastics.

This PhD study addressed these aspects, putting into perspective the current
state-of-the-art on MP pollution in drinking water and indoor air with the
provision of new knowledge based on scientifically accurate data. The re-
sults reported do not aim to be definitive, but they rather demonstrate how
much effort should be devoted to compose a more complete picture of the mi-
croplastic problem. Overall, the main aim of this PhD was to advance the MP
science field by proposing novel strategies to characterise small microplastics
and nanoplastics in environmental systems associated with human exposure.
Hence this study fully embodies the transition currently occurring in the mi-
croplastic science field, where research focusing on small microplastics and
nanoplastics is increasingly growing.
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The result from Paper I demonstrated the multi-faceted nature of microplas-
tic pollution in drinking water, which depends both on the particulate dy-
namics involving microplastics during the drinking water treatment and the
ageing process of the plastic elements of waterworks. The study represented
a successful application of the mass conservation to small-sized microplastics
from purely spectroscopic data, thus overcoming the sensitivity of classical
thermochemical methods. The not negligible presence of small microplas-
tics in the treated water led to a more realistic intake estimation than those
of previous studies, which were affected by the technical limitations of the
methods employed. Further, for the first time, the nanoplastic fraction found
in the samples was qualitatively explored, which represented an important
step forward to address the nanoplastic issue with an already existing tech-
nology.

Paper II experimentally showed how the choice of the analytical method in-
fluences the results provided by the same samples, hence the message told
by the study can radically change. Results of past works should be put into
perspective in the light of the new technological advances in the field of
spectroscopy, where novel radiation sources and system geometries are be-
ing developed. Paper II is the first one to address this issue in these terms for
the microplastic analysis of drinking water. This especially applies to small
microplastics and nanoplastics, whose reliable quantification has already be-
come a pressing need and cannot be ignored anymore.

Paper III is a first-time investigation on indoor airborne microplastics in the
breathable range. It also shows the flexibility of the current commercial spec-
troscopic systems, which can be applied to quite different matrices and still
provide accurate data on microplastic occurrence and fate. This work will
hopefully initiate further effort to improve the state-of-the-art of the topic,
creating more data relevant for assessing human health impacts.
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ARTICLE INFO ABSTRACT

Keywords: The retainment of microplastics (MPs) down to 1 pm by a Danish drinking water plant fed with
Microplastics groundwater was quantified using Raman micro-spectroscopy (pRaman). The inlet and outlet
Nanoplastics

were sampled in parallel triplicates over five consecutive days of normal activity. For each
triplicate, approximately 1 m® of drinking water was filtered with a custom-made device
employing 1 pm steel filters. The MP abundance was expressed as MP counts per liter (N/L) and
MP mass per liter (pg/L), the latter being estimated from the morphological parameters provided
by the pRaman analysis. Hence the treated water held on average 1.4 MP counts/L, corresponding
to 4 pg/L. The raw water entering the sand filters held a higher MP abundance, and the overall
efficiency of the treatment was 43.2% in terms of MP counts and 75.1% in terms of MP mass. The
reason for the difference between count-based and mass-based efficiencies was that 1-5 pm MP
were retained to a significantly lower degree than larger ones. Above 10 pm, 79.6% of all MPs
were retained by the filters, while the efficiency was only 41.1% below 5 pm. The MP retainment
was highly variable between measurements, showing an overall decreasing tendency over the
investigated period. Therefore, the plastic elements of the plant (valves, sealing components, etc.)
likely released small-sized MPs due to the mechanical stress experienced during the treatment.
The sub-micron fraction (0.45-1 pm) of the samples was also qualitatively explored, showing that
nanoplastics (NPs) were present and that at least part hereof could be detected by pRaman.

Raman micro-spectroscopy
Drinking water

Water quality

Plastic pollution

1. Introduction

Humans are exposed to microplastics (MPs) and nanoplastics (NPs) with consequences still unclear [1]. Contact with MPs and NPs
may happen via pathways such as air [2], water [3], and food [4]. Consequently, the human organism is continuously subjected to
plastic fragments below the millimetric size [5], which, for example, has been confirmed by analyzing human stool and placentas ([6,
7D.

By implicit yet unofficial convention, plastic particles smaller than 1 pm have been termed nanoplastics [8], while microplastics span
between 1 pm and 5 mm in size. This categorization was also followed in the present paper. The MP category may be further divided
into “large microplastics” (above 1 mm) and “small microplastics” (below 1 mm) [9], as well as “primary microplastics” (purposely
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added to cosmetics and personal-care products) and “secondary microplastics™ (produced by plastic objects breaking down in the
environment) [10].

A report published by the World Health Organization (WHO) in 2019 claimed that there is no evidence that MPs in drinking water
could be harmful to humans [11]. However, the same report stressed the lack of a comprehensive overview of MP and NP occurrence in
drinking water plants and urban water networks. At the same time, a growing number of studies have pointed out that MPs and NPs can
have a wide range of biological effects [12] on plants [13] and animals [14] in their habitats. Although most of the studies published so
far address marine species as models for MP and NP toxicity, a cautionary approach would suggest also studying the exposure of
humans [15]. In general, MPs and NPs are believed to increase their toxicity as they get smaller ([16,17]), probably due to trans-
location across biological membranes such as intestines and accumulation in tissue [18]. Different exposure routes for humans are
possible, drinking water being one of them [19]. As a response to this, the European Union has recently put microplastics on their
watch list for the quality of water intended for human consumption [20].

Drinking water can be distinguished according to its source, namely groundwater and surface water [21]. The MP analysis may be
conducted either on the raw water ([22-24]), after the water treatment, or at the inlet and outlet of a waterworks ([25-27]). The latter
also enables estimating the plant’s removal efficiency for MPs within a certain size range. Generally implementing more treatment
steps improves the MP removal [28], hence drinking water plants equipped only with coagulation-flocculation-sedimentation (CFS)
and sand filtration tend to show rather low MP retainment efficiency (~40%) [28]. In contrast, more advanced waterworks with
CFS-sand filtration-ozonation-granular active carbon (GAC) filtration can reach ~80% of MP removal [28]. The performance of each
treatment step seems influenced by the size, shape, polymer type, surface electric charge of the MPs in the raw water, and, additionally,
by the chemicals employed in the treatment. For CFS, the choice of polyaluminium chloride (PACI) as coagulant has led to higher MP
removal than ferric chloride (FeCl3-6H,0) in laboratory-scale tests [29], probably thanks to stronger electrostatic interactions between
the MPs and coagulant flocs. While fibres are reportedly better retained than fragments in CFS [30], the role of MP size is still under
debate, as the literature provides contrasting findings. After CFS, media filtration is normally performed, however, the MP retainment
reached in this step depends on the media employed. [31] saw that 5-10 pm MP can elude sand filters, therefore additional treatments
should be implemented after sand filtration. GAC seems a valid complement to sand filtration and has been shown to remove up to 61%
of the residual MPs in the water, despite losing efficiency for fibrous shapes [32]. Transport, attachment, and detachment are the main
mechanisms involved in media filtration of particles [33], and, according to granular media filtration theories, particles close to 1 pm
exhibit the minimum net transport efficiency [34]. However, dedicated studies on the effect of different porous media filtration
conditions on MP removal lack, hence only indirect insights can be drawn from past works. Besides CFS and porous media filtration,
the impact of ozonation on MP removal was also investigated [32]. After the ozonation step, the MP concentration slightly increased,
possibly because of the breakdown of larger MPs into smaller particles.

The most widely employed spectroscopic methods for environmental MP analysis are Fourier-Transform Infrared micro-
spectroscopy (PFTIR) and Raman micro-spectroscopy (pRaman). Schymanski et al. [35] underlined the urgent need for improving
harmonization and reproducibility among the protocols based on these techniques. A plea similar to that of [35] was expressed by
Kirstein et al. [36], regarding MP toxicology assessment and MP quantification in drinking water.

The aim of this work is to assess whether and to what extent a drinking water plant fed by groundwater can retain MPs down to 1
pm, preventing them to reach the distribution network. Despite being a more protected environment than surface waters, groundwater
sources can indeed also be affected by MP pollution [37]. The study assesses the MP retainment by comparing two MP parameters:
counts and mass, the latter being estimated from the morphological data provided by the pRaman analysis. Currently, mass estimation
of MPs and NPs is mostly performed with Pyr-GC/MS [38], which provides quantitatively accurate results. However, it does not
provide information about particle size distribution and morphology. In addition, its quantification limit is roughly in the order of 1 pg
per sample and polymer type, of course depending on the polymer to be quantified and the instrumentation used. The mass of small
(<10 pm) MPs and NPs in a drinking water sample may however be orders of magnitude below such a detection limit. There is
therefore a need for an analytical method capable of providing more information on small MPs and NPs, their chemical identity, size,
abundance as well as mass in a reasonable time and within one analytical run.

2. Materials and methods
2.1. Drinking water sampling

The investigated plant produces approximately 500,000 m®/year of drinking water and it is located in North Jutland. The raw
water is extracted from a limestone aquifer (4 wells with screens 72-92 m below ground) using submersible pumps and treated through
aeration and rapid sand filtration (see also Supplementary Information, Fig. S1). The closed environment of the aquifer is not affected
by seasonal variations, having an age of many years. From the wells, the water is conveyed approximately 800 m in high-density poly-
ethylene (HDPE) pipes to the waterworks, whereafter it is transported in steel pipes between the individual process steps of the facility.
Before being sent to the water distribution network, the treated water is stored in two stainless steel tanks of 110 m® each (daytime
retention time 2-3 h).

Two custom made devices were employed on Series 1 of the facility, which operates symmetrically. Each device had 4 parallel flow
lines holding 1 pm sintered steel filters (Mesh Masters, The Netherlands) of 46 mm diameter. One device was placed at the inlet before
the sand filters and one at the outlet after the storage tanks. The sampling devices were connected at the sampling points by flexible
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steel pipes and the plant was sampled daily between the 27th of September and the 1st of October 2021 (9 a.m.—-2 p.m.). Approx. 1 m®
of drinking water was filtered on each of the parallel operated filters along the first three flow lines of the two devices [39]. Inlet and
outlet were sampled in parallel, resulting in a total of 5 inlet and 5 outlet samples collected in triplicate (n = 30). A flowmeter mounted
at the outlet of each flow line measured the filtered volume for each filter. At the beginning of each sampling, the flow per line was
adjusted to approximately 3 L/min.

Field blanks were collected in parallel with the drinking water samples by equipping the fourth flow line of each device with two
filter holders coupled in series. The first held a muffled 0.7 pm glass fibre membrane (Th. Geyer GmbH, Germany), and the second a 1
pm sintered steel filter. The glass-fibre membrane served as a pre-filter to sample the drinking water matrix while excluding the MPs
above 0.7 pm [39]. For each field blank, the filtered volume was recorded by a flowmeter at the outlet of the flowline, and the average
flow was adjusted to 3 L/min. Contamination occurs during the preparation stage of the filters and during the analysis, but not during
the sampling itself, where the filter is isolated from the surroundings. Consequently, the degree of contamination of a field blank is
independent of the sampled volume, and it was chosen to filter approx. 20 L for each field blank (n = 10). After the sampling, the steel
filters of the drinking water samples and the field blanks were stored in Petri dishes prior to the sample preparation. Further details on
the sampling device are given in Supplementary Information.

2.2. Preparation of recovery samples

Standard plastic fragments (poly-ethylene 45-100 pm, poly-styrene 10-40 pm, and poly-ethylene terephthalate 10-40 pm,
GoodFellow Corp., USA) were chosen to provide a recovery assessment comparable with data commonly reported in the literature. The
particles were added to three clean beakers with 5 mL Milli-Q water (Type 1 ultrapure water, 18.2 MQ cm) (Purelab Ultra Elga, UK)
and counted with a FlowCam (Yokogawa Fluid Imaging Technologies, Inc., USA). The three suspensions with a known amount of each
MP standard were filtered through a 1 pm sintered steel filter each with a vacuum filtration system. The so-enriched filters were placed
in one of the sampling devices used at the waterworks. Similar to what was done with the field blanks, a filter holder with a muffled 0.7
pm glass fibre membrane was placed before each enriched steel filter and 1 m® of tap water was filtered through each flow line. The
purpose of this procedure was to reproduce the sampling conditions without adding further MP above 0.7 pm to the recovery samples.
The flow was adjusted to approximately 3 L/min per flow line. Finally, the enriched steel filters were stored in Petri dishes prior to
sample preparation.

2.3. Contamination prevention

The steel filters were sonicated in Milli-Q water (18.2 MQ cm), dried at 50 °C in an oven, and stored in muffled Petri dishes in a
laminar flow bench before use. All chemicals were filtered through muffled 0.7 pm glass fibre membranes. All glassware was muffled at
500 °C for 4 h, and metallic labware was thoroughly rinsed with Milli-Q water. All sample preparation took place in a laminar flow
bench, which was regularly cleaned with 50% EtOH. Pure cotton lab coats were worn during the entire sample preparation.

2.4. Sample preparation and analysis

All samples (drinking water samples, field blanks, and recovery samples) were processed following a protocol similar to that
employed by Ref. [39]. In brief: each filter was incubated for 24 h in 5% SDS at 50 °C, upon which the particles were transferred to the
SDS solution by ultrasonication. The particle-enriched mixture was then filtered through the same filter on which the sample originally
was collected. Hereafter the particles were sonicated from the filter into 50% EtOH, and the filtration procedure repeated with the
ethanolic particle-enriched solution. Finally, the filter was immersed in 99.5% EtOH, ultrasonicated, and scratched with a metallic
spatula to collect all particles. The ethanolic mixture was poured into a 10 mL vial and evaporated under nitrogen flow until
exhaustion.

Sample reconstitution, deposition, and analysis took place at Renishaw plc UK (Wotton-under-Edge, UK). Samples were recon-
stituted with 1.0 mL of >99.5% EtOH in a flow bench. Upon reconstitution, neither sedimentation nor flotation of particles could be
observed, and the mixtures were quite clear. Immediately before the deposition, the ethanolic mixture was homogenized with a vortex
mixer (VWR, Denmark) for 30 s. Then, 25.0 pL from each vial were deposed on a 10 x 10 mm single-crystal silicon (Si) substrate
(SmartMembranes GmbH, Germany), using a manual micropipette mounting a 25.0 pL glass tip (Brand GmbH, Germany). The
deposition was restricted to a circular area of 2 mm diameter by a custom-made device, obtaining an active area of approximately
3.14.10° pm2 for each sample. Finally, the samples were dried at 55 °C overnight on a heating plate (W10 VWR, Denmark). Depositing
the 2.5% of each sample allowed for obtaining active areas with no particles covering each other and with an average number of MPs
analyzable without employing any sort of sub-mapping, i.e., the full area was analyzed by the Raman microscope in one session.

The employed Raman microscope was a Renishaw InVia equipped with a 1024 x 256 pixel CCD detector cooled at —70 °C and a
532 nm Nd: YAG solid-state laser source (Renishaw plc UK, UK). The software module “Particle Analysis” (Renishaw plc UK, UK) was
used to perform the analysis of the visible image, the pRaman analysis, and the spectral processing and recognition. For the pRaman
analysis, a grating density of 1800 1I/mm and two LD (long distance) objectives (Leica, Germany) 50 x (NA 0.75) and 100 x (NA 0.90)
were chosen, and the spectral range was set to 3002000 cm ™. The system was previously calibrated by zero-order correction on the
first-order Raman emission of single-crystal Silicon at 519.5 + 0.5 cm ™. Fig. 1 shows the analysis process followed for the samples.
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Fig. 1. Scheme of the analysis protocol followed for the field blanks, drinking water samples, and recovery samples.

Briefly: after the acquisition of the visible image (montage), the software calculated the morphological parameters of the particles in
the montage and saved their XY coordinates. The particles were virtually selected according to their size, and the laser was auto-
matically driven onto each particle to obtain its Raman spectrum.

The environmental particles in the analyzed active areas looked transparent, and no fluorescence was encountered during the
spectral acquisition. The pRaman spectra were baseline-corrected and compared with the Renishaw Polymer Library, and only spectra
with hit quality (HQ, quality of the fit result between the experimental spectrum and the model composed by a linear combination of
reference spectra from the library) of at least 80% were considered for the MP quantification [35]. Accordingly, the particles not
fulfilling this criterium were considered non-plastic. For the recovery samples, the HQ threshold could be reached at a lower
magnification objective during the spectral acquisition, given the larger mean size of the fragments employed for the recovery test in
comparison with the mean size of the MPs found in the field blanks and drinking water samples. For the qualitative analysis of the NPs,
a HQ above 50% was considered sufficient. Figs. 2 and 3 are examples of experimental spectra from an MP and NP, respectively.

Further details, pictures, and examples of spectra are given in Supplementary Information.
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Fig. 2. Raman spectrum of Nylon 11 MP (category PA), also showing a peak belonging to bicarbonate (~1000 cm-1) (HQ 0.82).
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Fig. 3. Raman spectrum of PE nanoparticle (HQ 0.51).
2.5. Post-processing of the yRaman data

The MP mass from the drinking water samples and field blanks was estimated from the morphological parameters of the particles in
the active areas. The analysis of the visible montage yielded the area of the 2D projection and the length (L) of each particle. Then, the
width of the equivalent ellipse (Weq) was calculated from the area and the length, and it was assumed that the third diameter
(perpendicular to the remaining two) was 60% of the Weq [40]. Hence the volume (V) of each particle was calculated according to
equation (1):

V=(4/3)-m-(L/2)-(We/2) (0.6 Weq/2) (€]

Next, each plastic particle was assigned a pure polymer density according to its spectral identification from the pRaman analysis,
which allowed for the particle mass in picograms (pg, 1072 g) to be estimated.

The plant’s removal efficiency R was calculated by comparing the cumulated MP counts or estimated mass of the inlet with that of
the outlet (equation (2)):

R= — (([MPsoytet]— [MPSintet]) / [MPSinier]) - 100% @

Where [MPsinlet] and [MPsoutlet] respectively indicate the cumulated MP abundance in either counts (N/L) or mass (pg/L) at the
plant’s inlet and outlet. The cumulated MP abundance was calculated by adding the MP abundance of each investigated day at the
plant’s inlet or outlet.

LOD (Limit of Detection) and LOQ (Limit of Quantification) were calculated from the field blanks. They were calculated for total
MP abundance and each identified polymer in the blanks, both for the MP counts and mass estimation. Equations (3) and (4) were
applied [35]:

LOD = meanjuks + 3 * Smean (€)]

LOQ = meanyjanks + 10 * Smean “

Where meanblanks is the mean count or mass of each polymer found in the 10 field blanks and smean the corresponding standard
deviation. The mean blank value of each polymer was subtracted from the corresponding value determined in the sample, which was
considered only if above the LOQ after the correction.

The recovery rate Q for each positive control was calculated as follows (equation (5)):

Q= (Nuceoerd / Nusa) 100% ®)

Where Nrecovered is the count of standard fragments recovered and normalized to the fraction of volume deposited, and Ninitial is
the count of standard fragments initially added.

Uncertainty was calculated by selecting a coverage factor k = 2 (P = 95%) and considering only the A-type (statistical) contri-
bution. Statistical tests were performed with Rstudio v. 2022.02.1. ANOVA test was conducted for significance assessment (x = 0.05)
and Tukey-test for pair-wise factor comparison. Normality was assessed with the Shapiro-Wilk test. The samples were labeled as Dxy,
where D means “Day”, x is the sampling day (1-5), and y is either i for inlet or o for outlet.

3. Results and discussion
3.1. Field blanks, LOD, LOQ, and recovery

Although great care was exercised to avoid contamination from the environment, MPs were present in the blanks. The polymers
identified in the blanks were common and widely used in laboratory items [25]. To relate the LOD and LOQ to a sampled volume, the



L. Maurizi et al. Heliyon 9 (2023) e17113

LOD and LOQ per sample were divided by the volume filtered (approx. 1 m®). Hence LOD = 0.255 N/L and LOQ = 2.559 N/L for the
abundance measured as counts, and LOD = 0.645 pg/L and LOQ = 1.957 pg/L for the abundance measured as mass.

The mean recovery rate for the MP counts was 91.7 &+ 12.3% for the length range 10-120 pm, which is comparable with the value
obtained by Weber et al. [41] (53 + 14% for the 22-27 pm range and 89 =+ 28% for the 45-53 pm range). Further details on LOD, LOQ,
and MP recovery are given in section 4 of the Supplementary Information.

3.2. Removal at the plant

Fig. 4 shows the overall MP abundance at the inlet and outlet as counts per liter and pg per liter. The average inlet abundance was
2.5 N/L, corresponding to 16.0 pg/L, while the average outlet abundance was 1.4 N/L (4.0 pg/L). In terms of MP counts, the outlet on
D1 (0.1 £ 0.1 N/L) was substantially below that of the inlet (6.3 & 11.7 N/L), while it on D2 was approx. three times above that of the
inlet (1.0 £ 0.6 N/L versus 3.9 & 5.6 N/L). In terms of mass, MPs were retained on D2 (inlet 14.9 + 29.5 pg/L, outlet 2.2 + 1.7 pg/L),
albeit to a lower degree than on D1 (inlet 31.8 + 56.3 pg/L, outlet 0.6 & 0.6 pg/L). Hence the counts showed a production of total MP
over the treatment works, while the mass showed a retainment. Similarly, on D5 there was no net retainment in terms of counts (inlet
0.8 + 0.4 N/L, outlet 0.8 + 0.5 N/L), but there was a net retainment in terms of mass (inlet 6.5 + 7.9 N/L, outlet 2.6 + 1.5 N/L).
Therefore, on those two days, the MPs in the outlet tended to hold less mass altogether than in the inlet, meaning that they were
generally small-sized. In particular, the pre-aeration step before the sand filtration may have led to a first breakdown of the MPs in the
raw groundwater, which may have been followed by a secondary degradation in the sand filters due to the friction between MPs, non-
plastic particles, and the granular medium. In addition, the generally low retainment efficiency for MPs <10 pm characterizing sand
filters, may have further enhanced the enrichment in small-sized MPs of the treated water. This hypothesis is also backed by the general
overview of the effect of the different treatment steps on MP retainment provided in section 1. On D3 and D4 the MP abundance at the
outlet proved to be quite stable for both MP counts (D3: 1.2 + 1.1 N/L, D4: 1.1 + 0.6 N/L) and mass (D3: 6.7 + 2.6 pg/L, D4: 7.8 + 4.5
pg/L), but also comparable with that of D5 in terms of MP counts. Hence the release of MPs that occurred on D2 likely also involved the
three following investigated days, whose MP counts abundance at the outlet was “sustained” with additional MPs. Since the MP mass
abundance at the outlet on D3 and D4 was the highest recorded over the investigated period, some of the MPs were likely characterized
by a larger size than on D2 (see also section 3.4).

Because of the persisting presence of MPs after the treatment, no significative difference (p > 0.05) could be seen for the MP counts
and mass abundances between the inlet and outlet or among the investigated days. Note that Fig. 4 takes into account the overall MP
abundances without distinguishing among the different polymeric types, hence the variation between MP counts and estimated mass
should be considered indicative only.

The water retention time in the treatment works, including its storage tanks, was overall short, hence each sampling day was
considered independently. Consequently, the retention time in the sand filters, despite being unknown, was assumed shorter than 24 h,
provided that the plant operated continually.

A daily mean MP removal efficiency could hence be calculated from equation (2). The production of MPs on some days suggested
that a release of a significant number of MPs may have occurred between the inlet and outlet. Overall, the accumulated efficiency at the
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Fig. 4. Overall MP abundance in a) counts per liter and b) estimated mass per liter at the plant’s inlet and outlet for each investigated day. The error
bars indicate the standard deviation for each day.
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treatment plant was 43.2 + 45.9% in terms of counts, and 75.1 + 28.2% in terms of mass, indicating that while retainment fluctuated
from day to day, with some days even seeing a release of MPs, the drinking water treatment plant on average retained MPs. The
difference between the two MP retainment efficiencies might be related to the breaking process involving the larger MPs from the inlet
at the sand filtration step, which will cause the MP counts retainment to decrease, as opposed to the MP mass retainment. The
treatment efficiency was furthermore comparable to those reported by previous studies [3].

The variabilities around means depicted in Fig. 4 were found from the three replicates which are behind each mean value.
However, although the three replicates were taken in parallel from the same water, the MP distribution in the water flow may not have
been homogeneous, hence a different number of particles may have reached the filter surfaces.

Further, a contributing factor to the variability can be the subsampling for the Raman analysis, where 25 out of 1000 pL were
subsampled per replicate. When subsampling, it was assumed that MPs were homogeneously distributed in the liquid matrix of the
treated samples and the MP abundance was calculated by way of proportions. However, MPs might not have been homogeneously
distributed even though the sample was thoroughly mixed before collecting a subsample for deposition. For the MP mass estimation,
further uncertainty may come from the assumption of an ellipsoid shape and the way the volume of a particle was calculated, as this
approach generally ignores shape variations (despite the scarce presence of elongated morphotypes in the analyzed samples, see
section 3.4). The standard deviation seemed generally related to the MP abundance value, hence D1 showed the highest MP counts and
estimated mass as well as the largest error. Finally, it should be considered that Fig. 4 includes the identified MPs altogether, hence part
of the standard deviation derived from the error associated with the abundance of the different polymer types over the investigated
period.

Non-plastics were quantified for comparison: many of these would have been natural organic and inorganic particles, however,
their materials were not identified (hence mass could not be calculated as non-plastics were not assigned a chemical ID). The removal
efficiency of the non-plastic particles was 32.8 + 0.9% based on particle counts. Since the removal efficiency of MPs was above that of
non-plastics, one could expect the MP to non-plastic ratio at the plant’s outlet to be lower than that of the inlet. However, this was not
the case, suggesting again that MPs were created in the treatment works at least during some days. How this happened was not
investigated but could be due to mechanical stress on plastic elements within the facility (e.g. valves, o-rings, sealing components,
compressors, etc.) or the breakdown of larger MPs in the sand filter (further details are given in Supplementary Information).

Albeit there are many studies on MPs in drinking water in general, only one study on MPs in Danish drinking water has so far been
published [42]. The authors sampled tap water in households and workplaces, analyzed particles down to 10 pm with pFTIR, and
found an average abundance of 0.2 N/L for the 10-100 pm size range. The lower abundances found by Ref. [42] may have been due to
the MP size limit of their study, which did not address the contribution of the 1-10 um particles. Indeed, the spectral resolution limit of
WFTIR does not make it suitable to analyze items much below 10 pm, as opposed to pRaman, which can go into the sub-micron size
range. If the abundance at the outlet of a waterworks remains unchanged until the water reaches the tap, the abundance found in the
present study was, apart from D1, higher than those found by Ref. [42].

Pitroff et al. [43] investigated the MP occurrence in drinking water produced from groundwater by two plants in Germany down to
5 um using pRaman, finding 66 + 76 N/m® at the outlet. The authors employed a cascade filtration apparatus to sample particles down
to 5 pm and calculated the LOQ of the method from field blanks with equation (4). However, they found no significant difference
between their drinking water samples and their blanks. Bauerlein et al. [44] studied two drinking water plants fed from underground
aquifers in the Netherlands and two household taps connected to the same network. LDIR (Laser Direct InfraRed) was employed to
identify particles down to 20 pm, and in one of the plants the MP abundance at the inlet was 2223 N/m?. At one of the investigated
taps, high levels of PA were detected, which the authors could not explain. Mintenig et al. [25] investigated 5 drinking water plants and
related households in a German region served by treated groundwater. After sampling at different points in each facility (300-1000 L
per sample) and at the taps (1200-2500 L per sample), pFTIR was employed for the MP analysis down to 20 um. The overall average
MP counts were 0.7 N/m>, and the authors speculated that abrasion of plastic equipment during the water treatment could be a source
of MP. These examples of other studies show that direct comparison among studies can be challenging. Nevertheless, they also indicate
that MPs occur in drinking water at roughly comparable concentrations as in the present studies, especially when allowing for lower
size detection limits.

3.3. Polymer composition

The polymer composition of the MPs might give further hints at how additional MPs were formed in the plant (Figs. 5 and 6). In
terms of counts, poly (amide) (PA) MPs dominated in 3 out of 5 inlet samples (mean 39%) and all outlet samples (mean 78%) (p <
0.05). The category “Other”, a mix of many different polymer types occurring in small numbers, dominated in the inlet on D1 (78%),
while poly-acrylics dominated on D3 (96%). With respect to the mass estimate (Fig. 6), PA was the most abundant polymer in the inlet
on D1 (77%), while it was only present at low concentrations on the other days. Instead, PS prevailed on D2 (67%) and D5 (93%), while
poly-acrylics dominated on D3 and D4 (D3: 97%, D4: 96%). The outlet, on the other hand, showed a quite stable polymer composition,
with poly-acrylics mass accounting for 55-72% (mean 65%) on all days, followed by PA with 27-42% (mean 34%). The origin of the
MPs measured in inlet and outlet cannot be traced back, but there may well be plastic parts upstream of the sampling points consisting
of PA and poly-acrylics, for example sealings in valves and fittings (notice the pure oxygen compressors before the inlet sampling point
in Fig. S1). Here it should be kept in mind that the overall abundance in terms of MP mass was quite low, namely around 16 pg/L on
average in the inlet to the sand filters (corresponding to 8 mg/year of plastic), hence a quite small amount of what totally could be
present as part of the plant’s construction. Further details are given in Supplementary Materials.
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Fig. 5. MP counts abundance as polymer frequency over time at the plant’s inlet and outlet.
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Fig. 6. MP mass abundance as polymer frequency over time at the plant’s inlet and outlet.

PA and poly-acrylics dominated the outlet, but were of different relative sizes, with MPs of PA being smaller than MPs of poly-
acrylic. There was furthermore an overall retainment of all MPs, probably in the sand filters of the plant (Fig. S1). It seems reason-
able to assume that the sand filters smoothed out the MP load, retaining preferentially the larger ones, but also releasing the smaller
ones.

3.4. Microplastic morphological analysis

The data behind the morphological analysis were not blank corrected. The largest MP particle found in the samples was 204.6 pm
long and the MP median length was 2.4 pm. Fig. 7 shows MPs divided into five size classes: 1-5 pm, 5-10 pm, 10-20 pm, 20-50 pm, and
50+ pm in length. In all samples, the most populated size class was 1-5 pm (mean inlet 83.3%, mean outlet 92.7%, p < 0.05), followed
by the 5-10 pm class (mean inlet 11.9%, mean outlet 5.7%). The frequencies of the larger size classes were far lower than the 1-5 pm
and 5-10 pm ones. The 10-20 pm class held 3.6% and 1.0% of the mean inlet and outlet, respectively, while the 20-50 ym class held
even less (mean inlet 0.9%, mean outlet 0.6%), and the 50+ pm class held the least number of MPs (mean inlet 0.3%, mean outlet
<0.1%). Interestingly, on D3 and D4 the 10-20 pm frequency at the outlet was higher than on D2 and D5 (0.94 and 1.09% respec-
tively), which could explain the related higher MP mass abundance in Fig. 4. Similarly, the 20-50 pm frequency showed a slight
increase on D3 and D4 at the outlet if compared with D2, and it was comparable with that of D5. The abundance of the 1-5 pm particles
in the inlet was 28.56 N/L while the outlet held 16.83 N/L, i.e., only 41.1% of this size class was on average retained. For 5-10 pm MP,
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Fig. 7. MP length ranges frequency over Days 1-5 at the plant’s inlet and outlet.

the abundance was 4.06 N/L and 1.03 N/L, respectively, i.e., 74.6% were on average retained. For MPs >10 pm, numbers were
significantly lower, but retainment was significantly higher, namely 0.55 N/L in the inlet, 0.099 N/L in the outlet, and hence 81.3%
retainment. Therefore, the sand filters seemed to preferentially retain the MPs above roughly 5-10 pm [45], possibly breaking the
larger MPs into smaller particles Also, larger MPs may have been retained by sedimentation in the storage tanks before the treated
water was sampled, which is a process mostly depending on particle size, roughness, and density [46]. Consequently, the frequency of
the 1-5 pm MP at the outlet overall increased.

The findings confirmed the common observation that there tend to be more small MPs than large ones, for example [47,48], who
also employed pRaman in their studies. Ref. [39] however found that only 32% of MPs were smaller than 20 pm compared to 98.8%
(inlet) and 99.4% (outlet) found in the present study. This might well be due to differences in analytical techniques, as they used pnFTIR
in transmission mode, where the absorption signal decreases with the particle thickness. This problem does not occur for pRaman,
which is a surface analysis technique. Classifying MPs with a ratio between length (Feret maximum diameter) and width (Feret
minimum diameter) >3 as fibres and the rest as fragments [2] showed that fibre counts in the inlet were higher than in the outlet on
D1, D4, and D5, while it was the other way around on D2 and D3. Hence there was no systematic trend to fibres being more or less
retained compared to fragments when measured as MP counts. Overall, fragments were the most common shape, accounting for more
than 98% of the MPs. This stands in contrast to what Kanganike and Babel [49] found in their study on MPs in drinking water during
the rainy and dry seasons in Thailand. Their study focused on a drinking water plant fed by a river and applying clarification, dual
filtration with sand and anthracite coal, and chlorination. The authors speculated that the prevalence of fibres in the samples (30-40%)
was due to the relatively high MP abundance in the river used to feed the investigated waterworks, and to the inherent ability of the
fibres to escape filter pores.

3.5. Nanoplastic qualitative exploration

While analyzing the drinking water samples, several sub-micron particles were observed in the visible images taken in dark field, i.
e., particles of smaller size than the nominal pore size of the filter employed in the sampling and sample preparation. A subset of these
was analyzed after filtering out particles above 1 pm in length and width (Fig. 1). Three sub-areas of 200 x 200 pm were selected from
each deposition area and analyzed, yielding a total of 621 sub-micron particles with plastic-like Raman spectra. As previously stated, a
poorer HQ (50%) was accepted for the NP evaluation compared to the MP analysis (80%), yielding lower confidence in the NP versus
MP material assignment. Only NPs having both dimensions above 0.45 pm could be considered, as the HQ for smaller particles was
below 50% when compared to the library references (area delimited by the blue dotted line in Fig. 8). Furthermore, analyzing single
items below 0.45 pm would be technically demanding due to the Airy diffraction limit, which is ~0.36 pm with a 532 nm laser and a
100 x objective.

No quantitative results could be drawn from the NP evaluation since the filters used for sampling and sample preparation had a
nominal pore size of 1 pm and the field blanks were not analyzed for the NPs. However, this evaluation illustrates the potential and
limitations of pRaman for NP analysis of environmental samples and shows that the development of reliable analytical protocols for
these analytes deserves further research. In comparison with other known categories of nanopollutants, NP quantification and
interaction with living organisms are still considered an open challenge [50], and pRaman seems able to push the analysis for plastic
particles into the nanoscale. The work of Sobhani et al. [51] showed that characteristic Raman signals of environmental particles down
to 100 nm can be experimentally obtained, even though with decreasing spectral quality as smaller particles were considered.
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Moreover, Frehland et al. [52] demonstrated that the removal rates of the NPs (66.5%) and MP fibres were correlated to that of the
total suspended solids in a pilot wastewater treatment plant. As suggested by the outcomes of the present study regarding MPs in a
drinking water plant, contributions from plastic parts within such a plant may occur, and the sand filters typically applied probably
will be only partly effective to retain NPs.

3.6. Human microplastic intake

The WHO Guidelines for Drinking — water quality (WHO 2009) [53] recommended an average adult drinking water consumption of
3 L/(day-capita). Applying this intake and the average MP abundance in the outlet of the treatment plant (1.4 N/L of MPs >1 pm), an
annual adult MP intake via tap water can be estimated as 1533 N (4.4 ng/(year-capita)). The MP count abundance is several orders of
magnitudes above the estimation by Ref. [39], and the main reason for the difference is that the present study achieved a lower size
quantification limit. To make a comparison with other major exposure pathways, the review of Bai et al. [4] reported a total dietary
intake of 1.42-1.54 -10° N/(year-capita), while [2] calculated an average inhaled intake of 272 N/h for a male individual (2.38-10°
N/(year-capita)). Hence drinking water produced from a protected groundwater source would account for only a small part of the
potential total MP intake by humans. However, human MP intake estimations should generally be taken with care, as much uncertainty
is still associated with MP exposure routes, absorption, and excretion rates, and finally, toxicity [54].

4. Conclusions

The studied drinking water plant was able to retain MPs (i.e., plastic particles >1 pm), although to a different extent depending on
the MP size. The water in its outlet held 1.4 N/L, corresponding to an estimated MP mass of 4 pg/L. It achieved an average removal over
5 days of 43.2% in terms of MP counts. The efficiency was best for the larger MPs, deteriorating as particles became smaller than
approx. 5-10 pm. Below 5 pm the efficiency was as low as 41.1%, while it increased to 74.6% for the 5-10 pm range, and to 81.3% for
MPs >10 pm. The efficiency for MP mass retainment was higher, accounting for 75.1%. Extrapolating measured MP masses to a full
year of operation showed that approx. 8 mg/year of plastic entered the sand filters, which is sufficiently low to allow the assumption
that the MPs could have originated from the aging of plastic parts upstream of the filters.

The retainment efficiency of the facility was highly variable over the investigated period. This dynamic behavior means that
substantial uncertainty is related to single measurements and assessing the operation of such a plant hence requires intensive
monitoring. The preferential retainment of larger MPs compared to the smaller ones furthermore show that a measured retainment
efficiency will depend heavily on the lower size quantification limit, and hence the analytical approach. This also impacts the
interpretation of human exposure from the intake of MPs from drinking water. Finally, the study showed that NPs were present in the
analyzed drinking water samples, and that pRaman was able to characterize at least the larger ones.
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Abstract: The water treatment for microplastics (MP) at a Danish groundwater-based waterworks was
assessed by Fourier-Transform micro-spectroscopy (ULFTIR) (nominal size limit 6.6 um) and compared to
results from Raman micro-spectroscopy (LRaman) (nominal size limit 1.0 pm) on the same sample set. The
MP abundance at the waterworks' inlet and outlet was quantified as MP counts per cubic metre (N/m?) and
estimated MP mass per cubic metre (ug/m?). The waterworks' MP removal efficiency was found to be higher
when analysing by pFTIR (counts: 78.14 + 49.70%, mass: 98.73 + 11.10%) and less fluctuating than when
using pRaman (counts: 43.2%, mass: 75.1%). However, both techniques pointed to a value of ~80% for the
counts' removal efficiency of MPs > 6.6 um. Contrarily to what was shown by pRaman, no systematic
leaking of MPs from the plastic elements of the facility could be identified for the uFTIR dataset, either from
the counts (inlet 31.86 + 17.17 N/m®, outlet 4.98 + 2.09 N/m?) or mass estimate (inlet 76.30 + 106.30 pg/m®,
outlet 2.81 + 2.78 pug/mq). The estimation of human MP intake from drinking water calculated from the
MUFTIR data (5 N/(year-capita)) proved to be approximately 332 times lower than that calculated from the
pRaman dataset, although in line with previous studies employing uFTIR. By merging the MP length

datasets from the two techniques, it could be shown that false negatives became prevalent in the uFTIR



dataset already below 50 um. Further, by fitting the overall frequency of the MP length ranges with a power
function, it could be shown that UFTIR missed approximately 95.7% of the extrapolated MP population (1 —
1865.9 um). Consequently, relying on only uFTIR may have led to underestimating the MP content of the

investigated drinking water, as most of the 1 — 50 um MPs would have been missed.

Keywords: microplastics; Raman micro-spectroscopy; FTIR micro-spectroscopy; drinking water

1. Introduction

Since the beginning of the century, when it was first demonstrated that microscopic plastic fragments and
fibres accumulate in the marine environment [1], the study of microplastic pollution has evolved into a
mature research field. Following the findings of Ref. [1], a debate arose around the origin of these small
plastic fragments and how they could be classified. Regarding the latter, a standard definition of the term
"microplastic” (and its close relative "nanoplastic") is still lacking, but plastic debris smaller than 1 um is
generally called nanoplastics (NPs), while microplastics commonly are associated with particles between 5
mm and 1 um [2]. Furthermore, plastic particles with a size between 1 and 5 mm are sometimes called "large
microplastics” [3]. In the present paper, these conventions were also followed.

Regarding the origin of the plastics, intentionally produced microplastics, such as microbeads added to
cosmetic and personal care products are one source of MPs [4], commonly called "primary microplastics”. A
more common type is "secondary microplastics”, that is, MPs created by fragmentation of everyday plastic
objects [5]. The main parameter by which MPs are classified is the "size", which commonly is defined as the
major dimension of its 2D projection [6]. Size is important, as the toxic impact of MPs among others
depends on particle size, where small MPs and NPs are believed to exert higher toxicity than larger ones [7].
For example, 1 — 10 um poly-styrene (PS) MPs have been shown to cause necroptosis and inflammation in
mice [8], and enhanced cellular uptake was observed in three human cell lines exposed to ~1 um PS and 400

nm poly-methylmethacrylate (PMMA) NPs [9]. Therefore, the accurate quantification of small sized MPs



and NPs is an important topic due to the potential effects on human health as a consequence of daily
exposure [10].

Human intake of MPs can occur via three major pathways, inhalation, dermal contact, and through the
ingestion of food and beverages [11]. Also drinking water represents a source of MP intake by humans [12],
with bottled water generally showing higher abundance than tap water [13]. Nonetheless, tap water can be an
important contributor to human MP exposure. Tap water is produced by purifying a raw water source, and
understanding MP occurrence before and after the treatment in the waterworks can provide useful insights
into the efficiency of the facility in removing the MPs [14]. Typically, advanced drinking water plants

employing a series of treatment steps show higher MP removal efficiency than simpler facilities [15].

For measuring MPs in drinking water, spectroscopic techniques have often been the method of choice [16],
although no standardized protocols are yet agreed on for the analysis of drinking water [17]. Among the
spectroscopic methods, Fourier-Transform InfraRed micro-spectroscopy (UFTIR) is by far the most widely
used technique. It allows for analysing particles and fibres on an active area either on filters [18] or windows
[19]. Today, many of these instruments are equipped with a Focal Plane Array (FPA) detector enabling them
to take extensive chemical images in a relatively short time, even if complex analytes such as fibres are

present [20].

Raman micro-spectroscopy (itRaman) is considered an alternative or complementary analytical technique to
MUFTIR. It is characterized by a finer spatial resolution in the XY plane than puFTIR [21]. Therefore, it is
generally utilized for the smallest particle fraction down to around 0.4 um, depending on the chosen
analytical parameters. For particles above 10 um, uFTIR is generally the preferred technique [21]. pRaman
analysis is typically performed directly on the filters where the samples were previously deposited.
Generally, a so-called "point and shoot™ approach is followed: the instrument's laser is automatically driven
to each particle, identified from the visible image's background by contrast [22]. Consequently, the analysis
time of a pRaman investigation depends on the number of items to be analysed, the spectral acquisition time,
and the number of spectral accumulations selected. Thus, pRaman is generally a more time-consuming

method than pFTIR [23].



Up to now, there have been limited attempts to compare the outcome of these two techniques concerning the
analysis of MPs in environmental samples. Marine water from the North Sea was analysed [24], and the
results from UFTIR and uRaman were compared. The authors showed that the MP abundance in the same
size ranges from pRaman data was higher than that estimated from pFTIR. The difference was due to the
inherently better ability of pRaman to detect MPs below 10 um, which were found to be the most abundant
size fraction in the samples. More recently, atmosphere pollution from MPs has been studied. Ref. [25]
published a study where MPs from indoor and outdoor air were analysed with uFTIR and piRaman. In this
case, the two techniques found different polymers in the samples for the size range 20 — 8961 um: uFTIR
data showed a prevalence of poly-styrene (PS), while pRaman indicated poly-vinyl chloride (PVC) as the
most common plastic type. This discrepancy may be due to the different spectral identification methods used

by the authors for the two techniques.

In the present work, we applied UFTIR to quantify the MP content of drinking water samples from a Danish
waterworks and compared the result with that of tRaman, which we described in Ref. [26]. Although these
two spectroscopic techniques have so far been the most widely employed for MP analysis in drinking water
[27], a systematic experimental comparison between the two methods is still lacking for this environmental
compartment. Hence, we believe that such a study is imperative to put the current state-of-the-art into

perspective, in light of the upcoming requirement of the European regulation on MP monitoring in drinking

water [28].

2. Materials and methods

2.1. Sampling of drinking water and field blanks
The waterwork structure and sampling process were described in Ref. [26]. In short, the investigated
waterworks produces around 500000 m3/year of drinking water from groundwater, utilizing a simple
treatment process consisting only of oxidation and rapid sand filtration. The groundwater is extracted from a
limestone aquifer at a depth of 72 — 92 m. A network of pumps and pipes transfers the raw water from the

wells to the waterworks. After the treatment, the water is retained in two tanks with a storage capacity of 110



m? each, corresponding to a retention time of approximately 2 — 3 hours during daytime. From here, the

water is pumped into the distribution network.

The sampling campaign took place between the 28™ of September and the 1% of October 2021. Both the
waterworks' inlet and outlet were sampled for five consecutive days, from 9 a.m. to 2 p.m. with two custom-
made sampling devices. Each sampling device consisted of four flow lines hosting one or two filter holders
and terminating with a flowmeter to quantify the sampled volume. The inlet of the devices was connected to
the sampling points by a flexible steel tube. Approximately 1 m?® of drinking water was filtered on each of the
filters (1 um sintered steel filters (Mesh Masters, The Netherlands)) along the first three flow lines of the two
sampling devices (3 L/min). Inlet and outlet were sampled in parallel, resulting therefore in a total of 5 inlet
and 5 outlet samples collected in triplicates (n = 30).
For the field blanks, the fourth flow line of the two sampling devices was equipped with two filter holders in
series. The first one hosted a muffled 0.7 um glass fibre membrane (Th. Geyer GmbH, Germany), whilst the
second one held a 1 um sintered steel filter. Approximately 20 L of drinking water were pre-filtered through
the glass fibre membrane onto the sintered steel filter for each field blank. Two field blanks were sampled in
parallel on each day, thus obtaining 10 replicates in total. The volume sampled for the field blanks was lower
than that of the drinking water samples since blank contamination mainly occurs during sample preparation
at the laboratory and is not related to the amount of sampled water. The 1 um sintered steel filters were
stored in Petri dishes before sample preparation. Further information on the waterworks and the sampling is
available in the Supplementary Information.

2.2. Contamination prevention
All chemicals were filtered through muffled glass fibre membranes to remove any particles and fibres above
0.7 um. The glassware was muffled at 500°C for 4 hours, and metallic labware was thoroughly rinsed with
particle-free water before use. Moreover, the filters were stored in muffled Petri dishes inside a laminar flow
bench until treatment. Pure cotton lab coats were worn during the entire sample preparation, and the usage of
plastic gloves was avoided during sample preparation. All sample preparation was done in a laminar flow

bench, which was regularly cleaned with 50% EtOH.



2.3. Sample preparation and deposition
The sample preparation protocol for the pRaman analysis was presented in Ref. [26] (see also
Supplementary Information, section 2 and Figure S3). In short: after the sampling, the 1 um sintered steel
filters were incubated in 5% SDS (Sodium Dodecylsulphate, Th. Geyer GmbH, Germany) at 50°C for 24 h,
and, after 5 minutes of ultrasonication, the particle-enriched SDS mixture was filtered through the same filter
with a vacuum filtering system. After a further round of ultrasonication in 50% EtOH (EtOH for HPLC, Th.
Geyer GmbH, Germany) and vacuum filtration, the particles on each filter were recovered in 50% EtOH and
the ethanolic mixture was poured into a 10 mL vial. Finally, the mixture was dried at 55°C under gentle
nitrogen flux in a water bath (TurboVap Biotage, Sweden) and reconstituted with 1000 pL of ~99.5% EtOH.

The pRaman analysis was performed on the active area of each sample obtained by deposition.

For the UFTIR analysis, the same samples were dried under gentle nitrogen flow in a water bath at 55°C and
reconstituted with 2000 pL of 50% EtOH. The deposition was performed by means of compression cells
onto 13 mm diameter Zinc Selenide (ZnSe, Crystran Ltd., UK) windows of 2 mm thickness with a manual
pipette equipped with 200 pL glass tips (Brand GmbH, Germany). 1000 pL were deposed for the drinking
water samples, and 600 pL for the field blanks. The samples were dried at 55°C on a heating plate (W10
VWR, Denmark) overnight, which produced an active area of approx. 10 mm in diameter. Sample

reconstitution, deposition, and analysis took place in March — September 2022.

2.4. pFTIR analysis and spectral recognition
Analysis was conducted with a Focal Plane Array (FPA) — uFTIR. A Cary 620 FTIR microscope coupled
with a Cary 670 IR spectroscope (Agilent Technologies, USA) was used to scan the active area of the
enriched ZnSe transmission windows. The microscope was equipped with a 25x Cassegrain objective,
producing 3.3 um pixel resolution on a 128x128 mercury cadmium telluride (MCT) FPA detector. The
detector was cooled down to the operative temperature of 80K with liquid nitrogen continuously pumped
into the FPA dewar from a holding tank (Norhof, The Netherlands). All scans were carried out in
transmission mode with a spectral range of 3750 — 850 cm™ at 8 cm* resolution applying 30 co-added scans

in transmission mode. A background tile was collected before each sample's scan, using the same



parameters, but co-adding 120 scans instead of 30. A chemical image of the sample's active area was
obtained, where each pixel contained an IR background-corrected spectrum.

The UFTIR chemical images were analysed with the software siMPle [29] v. 1.3.1p. It can automatically
detect the particles in a UFTIR spectral image, determine their morphological parameters, and estimate their
volume and mass. Specifically, the volume of a particle was estimated from its 2-dimensional projection by
first calculating its equivalent ellipse where the major diameter equals its longest Feret diameter, then
calculating an equivalent ellipsoid where the third diameter equals 0.6 times the second diameter of the
equivalent ellipse. The mass was then found by multiplying the volume of the ellipsoid by the density of the
identified polymer ([6], [30]).

Each pixel containing an IR spectrum was compared with the built-in software's library, which led to an
estimation of the Pearson correlation coefficient. Both the original spectrum and the first derivative were
compared with the library's references (Supplementary Information, section 5 for examples of experimental
UFTIR spectra) after an automatic removal of the CO, peaks. Moreover, spectral matches from the software
were manually checked to further assess their reliability.

Considering the filters' pore size (1 um), the nominal pixel size of the pFTIR at 25x magnification (3.3 um),
and the observation that objects represented by only one pixel on the FPA image sometimes were false
positives, it was decided to include only objects occupying at least 3 pixels, corresponding to a triangular
shape, i.e. particles of a minimum length of 6.6 um (Kirstein et al. 2021) [30]. Cellulose and protein particles
could also be successfully identified in the samples as done with the MPs, and they represented the non-
plastic fraction in the MPs/non-plastic ratio quantification.

The pRaman analysis of the blanks and drinking water samples was conducted as reported in Ref. [26].
Briefly: a visible montage of the sample's active area was taken at 50%, and the spectral acquisition was
automatically performed at 100x with a 532 nm laser (power 50 mW, grating 1200 Il/mm) onto each particle
above 1 um in the visible picture. The spectral recognition was conducted with the commercial library
associated with the software of the plRaman system, and the particle mass was estimated as done for the

MUFTIR data.



2.5. Post-processing of the uFTIR data
For each drinking water sample replicate, the MP counts and estimated mass was calculated as the sum of the
counts or estimated mass of each identified polymer. The values of MP abundance were corrected by
subtracting the corresponding blank mean. Then, the values for the three replicates were averaged and
normalized to 1 m?, thus leading to the MP counts in N/m? and estimated MP mass in pg/mé,
The waterworks' removal efficiency R was calculated as the cumulated efficiency over the five investigated
days. Hence the sum of the MP counts or mass abundance at the inlet ([MPsine]) Wwas compared with that of
the outlet ([MPsquet]) according to equation (1):
R = - ([MPSoutiet] — [MPSiniet])/[MPSiniec])-100% )
Uncertainty was calculated by selecting a coverage factor k = 2 (P = 95%) and considering only the A-type
(statistical) contribution. The statistical tests and non-linear regression of the MP length frequency were
performed with RStudio v. 2022.02.1+461. Normality was assessed with the Shapiro-Wilk test. ANOVA
was conducted for significance assessment (o = 0.05) and Tukey-test for pair-wise factor comparison. The
samples were labeled as Dxy, where D means "Day", x is the sampling day (1 —5), and y is either i or o (i =
inlet, o = outlet).
The MP quantification from the pRaman analysis was described in Ref. [26]. Briefly: for each polymer in
the replicates, the MP counts and estimated mass were corrected by subtracting the blank mean, and the
value obtained was considered only if above the corresponding LOQ. The MP counts and estimated mass for
each replicate were obtained as the sum of the polymers above the LOQ, and then the three replicates were
averaged. Equation (1) was finally applied to calculate the MP removal efficiency over the investigated

period and also according to the MP size ranges 1 — 10 um, 10 — 20 yum, 20 — 50 pm, and 50+ pm.

3. Results and discussion

3.1. Microplastic morphological analysis
The morphological data from the pFTIR analysis were not blank-corrected. The MPs were grouped into five
length ranges (6.6 — 50 pm, 50 — 100 pum, 100 — 200 pm, 200 — 500 pum, and 500+ um), and their frequency

was calculated for each investigated day for both inlet and outlet (Figure 1).
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Figure 1. Barplots of the MP length ranges frequency over Days 1 — 5 at the waterworks' inlet and outlet. Values not corrected for

blank contamination (UFTIR analysis).

In the inlet samples, the majority of MPs belonged to the 6.6 — 50 um length range (mean 40.1%), followed
by those sized between 50 and 100 pum (mean 36.6%). The remaining three length ranges accounted for
approximately 23% of the entire inlet MP population. In the outlet samples, the 50 — 100 pm length range
was the most populated (mean 36.6%), whilst the 6.6 — 50 um and the 100 — 200 um length ranges were
equally represented (mean 26.7%). The MPs above 200 um accounted for approximately 10% (p < 0.05).
According to [24] and [31], the MP size frequency increases with decreasing MP size according to a power
law. However, Figure 1 suggests that this was not the case for the MP size data from the uFTIR analysis
reported in this work, where the 6.6 — 50 um MP frequency was generally comparable with that of 50 — 100
pm MPs. Hence pFTIR may have missed some of the MPs below 50 um during the analysis, thus leading to
an MP size frequency differing from what was expected (see also section 3.3). Ref.s [32] and [33], who
investigated the MP occurrence down to 20 um in drinking water plants in respectively Korea and Spain

with UFTIR, also reported that the frequency of >200 um MPs decreased after the water treatment.



The largest analysed MP was 1865.9 um long and the median length was highest in the outlet samples (65.3
versus 60.5 um at the inlet). The smallest detected MP was 13.3 um long, approximately twice the
theoretical size limit considered acceptable with the employed FPA detector (see section 2.4). This may
likely be due to the recognition thresholds chosen in the siMPle software upon the spectral matching, which
may have caused the dismissal of potential MPs due to a low hit quality. The spectral quality of an IR
transmission analysis is strongly affected by the thickness of the sample [34], and it rapidly deteriorates if
thin samples, like MPs < 20 um, are analysed. Therefore, setting the quality thresholds was subject to a
compromise between reducing the false positives and recovering as many MPs as possible from the IR maps
of the samples.
The MP shape was investigated by defining those with a length/width ratio greater or equal to 3 as fibres,
otherwise as fragments [35]. For both morphotypes, the inlet samples presented higher counts of items than
the outlet samples except for D1, where six fibres were found in the inlet samples and 8 in those of the outlet.
Overall, the fragments accounted for 79.3% of the analysed MPs, the rest being fibres.
These findings were strongly different from what was found in the pRaman investigation [26], where the
MPs longer than 50 um represented the least populated fraction, and the largest item was 204.6 um long
(median length inlet and outlet 2.4 um). In addition, the fibres represented less than 2% of the total MP
population in the pRaman dataset, which suggested the fibre-like morphotype to be increasingly rare as
smaller size ranges are considered. This observation is supported by Ref. [36] who employed UFTIR to
analyse MPs in Danish drinking water above 100 um and found that the majority had a fibre shape.

3.2. Microplastic quantification with uFTIR

3.2.1. Microplastics in the field blanks

Despite great care being exercised when preparing the samples, MPs were found in the field blanks. The
mean counts estimate was 13.4 + 12.0 N/m?, with the following polymeric frequency: PVC 31.9%, poly-ester
(PET) 25.5%, poly-propylene (PP) 25.5%, poly-vinyl dichloride (PVDC) 12.8%, and alkyd 4.2%. The mean
mass estimate was 2.0 + 2.3 ug/m?, with the following polymeric composition: PET 60.9%, PVC 21.2%, PP

13.5%, alkyd 3.2%, and PVDC 1.2%. All inlet samples presented a mean MP abundance above the blank
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mean, whilst the MP abundance of the outlet samples was lower (with the exception of D1 and D3 for the
estimated mass). Since in the drinking water samples there were also different polymers from those in the

blanks, the mean MP counts of the blanks have to be considered indicative.

3.2.2. Microplastic abundance in the drinking water samples

Combining the data from pFTIR and Raman, Figure 2 shows the MP abundance according to the counts and
mass estimates for both sampling locations on each investigated day. The source of the error for the pFTIR
data might come from a true variability between the triplicates, or it might be an artefact of the deposition
procedure, as only half of the sample extract was deposited and analysed. That is, the MPs might have been
inhomogeneously distributed inside the vials while the deposition took place. For the MP mass estimate, the
usage of the ellipsoid model is an additional source of uncertainty, as it cannot fully cover the variety of MP
morphotypes. Furthermore, the data in Figure 2 show the sum of all polymers, hence the error also depends

on the variation associated with the single polymers.
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Figure 2. MP counts and estimated mass over the investigated period according to the uFTIR and pRaman analysis.

The outcome of the uFTIR analysis was not in line with that of the uRaman study. According to the uFTIR

data, none of the five days had MP counts at the inlet higher than that at the outlet. Consequently, the

ANOVA and Tukey test showed a significant difference (p < 0.05) between "inlet" and "outlet”, which

meant the waterworks removed MPs. The pRaman investigation on the other hand showed that the MP

counts at the outlet on D2 were higher (3900 N/m?) than that at the inlet (1000 N/m?®). The MP mass estimate

provided by UFTIR was approximately 23 times higher at the outlet (8.07 + 16.05 ug/m?) than at the inlet

(0.34 + 0.49 pg/mq) on D3, whilst on the remaining four days it was always lower at the outlet. The single

event that occurred on D3 did not influence the outlet values on D4 and D5, which showed a strong

retainment by the waterworks. Scrutinizing the data, it became clear that a few but large-sized MPs were
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released on D3, which accounted for the mass at the outlet being larger than at the inlet. On average, the
UFTIR analysis yielded 31.86 + 17.17 N/m? at the inlet and 6.96 + 2.27 N/m? at the outlet, whilst the mean
MP mass estimate was 221.21 + 320.04 pg/m? at the inlet and 2.81 + 2.78 pg/m? at the outlet (Figure 2). The
mean MP counts provided by the pRaman analysis [26] were markedly higher (inlet: 2500 + 2000 N/m?,
outlet: 1400 + 1300 N/m?), whilst the mean MP mass was approximately 107 times lower (inlet: 16.0 + 8.5
ng/m3, outlet: 4.0 + 2.7 ng/m®). Ref. [24] also found that uRaman led to far higher MP counts than uFTIR
(39 — 2621 N/m3and 22 — 228 N/m?, respectively) when applied to the MP analysis of marine water. The
authors addressed the higher degree of automatization of itRaman as the main reason why this method
proved to be more efficient in recognizing the 10 — 500 pm MPs. In the case of this work, the pFTIR system
performed automatized FPA mapping, so the bias was minimal, and no manual selection of particles was
necessary. Hence the discrepancy between uFTIR and pRaman regarding the MP abundance in the analysed
drinking water samples should mainly be associated with the different spatial resolution of the two methods,
which for UFTIR seems larger than expected (sections 3.1 and 3.3). Comparing the outcomes of the two
methods, it is evident that the usage of only pFTIR would have led to a ~150 times underestimation of the
MP counts abundance in the analysed drinking water. Ref. [25] also reported that UFTIR underestimated the
MP counts abundance of air samples if compared with pRaman by approx. 10 times and by manually

selecting the particles to be analysed.

3.2.3. Removal efficiency of the waterworks
The MP counts removal efficiency calculated from the uFTIR analysis was higher (78.1 + 49.7%) than that
calculated from the pRaman dataset (43.2 + 45.9%). Moreover, the counts removal efficiency as per the
MFTIR exhibited an increasing tendency over the investigated five days, contrary to the decreasing tendency
shown by pRaman. Nonetheless, the MP counts removal efficiency provided by pFTIR was in line not only
with previous studies from the literature ([37], [38]) but also with the value obtained for the 6.6+ um MPs
from the pRaman dataset (81.3%). However, the uRaman analysis also showed that the removal efficiency
of the 1 — 6.6 um MPs was approx. 40%, a finding not provided by UFTIR (due to differences in nominal

size limits) and which could explain the overall lower value of MP counts retainment as per pRaman.
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A similar picture emerged from the MP mass removal efficiency. In this case, the LWFTIR analysis provided a
mean value of 98.7 + 11.1% versus 75.1 £ 28.2% from pRaman. Although the MPs sized 1 — 6.6 pm approx.
represented the majority in terms of MP counts in the pRaman dataset, they did not account for a large mass
altogether, which was in the order of ng/m3. On the contrary, the MPs identified by UFTIR, being larger, held
amass in the order of pg/mé. Hence the influence of the smaller MPs on the mass balance was not decisive
and close values of MP mass removal efficiency could be obtained with the two techniques. Overall, these
findings indicated that larger MPs could be more efficiently retained than smaller ones, which is in
accordance with previous studies on deep bed filtration in granular media ([39], [40], [41], [42]).
UFTIR also allowed for the identification of non-plastic particles, namely cellulose and proteic polymers
[25], whilst during the pRaman analysis the non-plastic particles could not be identified [26]. Overall, the
MPs/non-plastic ratio provided by uFTIR was generally higher (inlet 30.0 — 468.7%, outlet 7.6 — 79.5%)
than that of uRaman (inlet 0.9 — 29.0%, outlet 0.3 — 21.5%). Therefore, uRaman may have been less efficient
in detecting the MPs (i.e. false negatives showing a not recognizable Raman spectrum due to fluorescence
and low scattering), which led to a smaller fraction of the MPs in the active area being identified. In this
regard, the MPs/non-plastic ratio may also be considered an efficiency parameter of the analytical device
employed. However, it should be considered that the quality thresholds set in the software siMPle also
played a role in determining the MP counts calculated in the drinking water samples as per the uFTIR
analysis, as well as the spectral hit quality criteria chosen in the pRaman study.

3.2.4. MP composition of the drinking water samples
The polymer frequency (as determined by pFTIR) in the outlet samples was characterized by an increase in
PET in both the MP counts and estimated mass, as shown in Figures 3 and 4. According to the counts
estimate (Figure 3), the most abundant polymeric category at the inlet was PV(D)C (7.0% — 54.0%),
followed by acrylic (0 — 60.4%) and PE (0 — 42.5%). At the outlet, PV/(D)C was again the most abundant
plastic (0 — 84.7%), but PET immediately followed (0.0 — 70.8%). No enrichment in PA at the outlet could

be seen in this case, contrary to what was shown by pRaman (mean inlet 39%, mean outlet 78%). This was
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not surprising, considering that the majority of the PA particles were sized 1 —5 pum, so they could not be

analysed by pFTIR.
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Figure 3. MP frequency at the inlet and outlet over the investigated period according to the pFTIR analysis (counts).

The mass estimate showed a different picture (Figure 4). At the inlet, PET was indeed the most common
polymer (mean 97.9%), followed by PV(D)C (mean 1.45%). At the outlet, PET accounted for 88.7% on
average (0 — 99.2%), resulting in the most abundant polymer of the mass estimate. Therefore, the higher MP
mass abundance at the outlet on D3 as per the uFTIR analysis may have been caused by a temporary leaking
of PET particles sized above 6.6 pm. On the other hand, PA (mean inlet 37%, mean outlet 34%) and poly-
acrylics (mean inlet 19%, mean outlet 65%) were the most frequent polymers in the mass estimate provided
by pRaman. Overall, the significance test could not associate any of the polymer groups identified by pFTIR
with a contribution in terms of a persistent release of MPs during the treatment. On the contrary, a

significative and systematic presence of PA particles at the outlet was identified by pRaman.
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3.3. Overall comparison between uFTIR and pRaman

Figure 5 graphically emphasizes the two distinct "MP size domains" of uFTIR and pRaman, by plotting the
width vs length of all the analysed MPs in Ref. [26] and the current study in a logio graph. As can be seen,
between 1 and 2 of the log(Length) (10 — 100 um), UFTIR started missing the smaller MPs, and data from
pRaman became prevalent. Hence the experimental size quantification limit for pFTIR (at the applied
analysis conditions) proved to be approx. in the centre of this range (50 um), well above the nominal one
(6.6 um at 25x). Accordingly, in section 3.1 it was observed that the frequency of 6.6 — 50 pm MPs was
lower than expected from the literature. This does not mean that uFTIR cannot analyze MPs below 50 pm
(the smallest MP identified in the present study by UFTIR was indeed 13.3 um long), but rather, that the
false negatives risk overcoming the true positives. Therefore, the pFTIR data associated with the 6.6 — 50 pm

range should be considered indicative not only in the present study, but also in the previous works based on
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MUFTIR reported in the literature. Consequently, tRaman should be employed to efficiently target MPs below

50 pm.
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Figure 5. Width vs length graph for all the analysed MPs in the two datasets (the axes scale is in logio). On the left: detail of the

small-sized MP distribution. Values not corrected for blank contamination.

The MP length datasets from the inlet and outlet provided by the two techniques were merged to extrapolate
the MP population from 1 (size limit of pRaman [26]) to 1865.9 um (largest MP identified by uFTIR in the
present study) and quantify the percentage of MPs missed by pFTIR. For the 1 — 50 yum interval (1 -5,5 -
10, 10 — 20, and 20 — 50 pm), the pRaman dataset was employed, while the uFTIR data was used for the 50+
pm interval (50 — 100, 100 — 200, 200 — 500, and 500+ pum). The outcome of this investigation is illustrated

in Figure 6.
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Figure 6. Frequency distribution of 1 — 1865.9 um MPs in the analysed drinking water samples. Values not corrected for blank

contamination. The blue dashed line divides the length ranges according to the relevant spectroscopic dataset.
86.0% of the identified MPs had a length between 1 and 5 um. The other length categories accounted
increasingly less with increasing MP size (5— 10 um 9.7%, 10 — 20 pum 2.7%, 20 — 500+ pm 1.3%).
Therefore, the MP length distribution was skewed towards the left (i.e. the smallest values of MP length),
and UFTIR missed approx. 95.7% of the extrapolated MP population. Specifically, the frequency values

could be fitted against the overall MP length range of 1 — 1865.9 um according to a power function (Eg. 2):
Frequency (%) = 133.88-Length®%*® (R2=0.99) (2)

matrices.

Eqg. 2 was obtained by a non-linear regression using the package nlraa of R and presented in the same form as
the theorical power function developed by [31] for the MP size distribution from various environmental
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MUFTIR and pRaman clearly performed differently during the analysis of the drinking water samples, omitting
the fact that uFTIR could not analyse the MPs between 1 and 6.6 um. The first reason for this outcome is
associated with the finer spatial resolution of the uRaman, which is usually addressed as the main advantage
of the technique over UFTIR [43]. Therefore, the pRaman dataset was mostly populated by the smaller
particles since they were the most abundant in the samples. The second reason may be due to the different
sample deposition methods employed: for the pRaman, 25 L over 1000 uL were deposed (2.5% of the total
volume), while for uFTIR 1000 pL over 2000 pL (50% of the total volume). This meant the probability to
deposit larger particles was higher in the uFTIR protocol, given their scarce frequency in comparison with
the smaller size fractions. Since the stage is moved according to the coordinates of each particle to be excited
with a laser of choice, the analysis time with pRaman can sometimes be prohibitive and semi-quantitative
strategies may have to be adopted (e.g. choice of sub-areas and quantification of the total counts of particles
afterwards). FPA-UFTIR, on the other hand, was used by taking advantage of its ability to map quite
extended surfaces relatively quickly, despite its lower spatial resolution. The third reason, as already
mentioned, may be represented by the settings employed in the software siMPle for the uFTIR data post-
processing, and, in particular, the decision to ignore MPs smaller than 3 pixels on the chemical map. In
general, relying only on UFTIR could have led to a severe underestimation of the MP abundance, or
alternatively to an acceptance of a higher ratio of false positives, as discussed in section 3.2 and by Ref. [24].
The "frequency of appearance" of the identified polymer groups in the pFTIR and pRaman datasets also
proved to be different (Figure 7). Since blank correction was performed separately for the MP counts and
mass estimation, some plastic groups present in the counts investigation could not lead to values higher than
the blanks” mean, so they were excluded. pRaman could identify more plastic groups than uFTIR (the
"Other" category represents 9 distinct minor polymers in the tRaman dataset and 8 in that of uFTIR). In the
plastic groups recognized by both methods, the frequencies did not prove to be comparable for PA, acrylic,
and PP. In the case of PA, most of the particles were sized 1 — 5 pum, so they could exclusively be analysed
with the pRaman. The opposite applied to acrylic, which was less abundant in the piRaman dataset because
of its lower counts when compared to the smaller MPs. Most of the plastic mass in the uFTIR dataset was

represented by PET which could not be quantified by the pRaman analysis.
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Figure 7. "Frequency of appearance"” of the polymers identified by uFTIR and pRaman according to the MP counts and estimated

mass.

3.4. Estimations of human MP intake from drinking water: a method-related issue

By adopting the same approach outlined in the pRaman study, it was possible to estimate the MP intake for
an average drinking water consumer also from the uFTIR data. Specifically, the 6.6 — 150 um MPs, which
are more likely to translocate to the gut epitelium according to [44], represented 90.9% of the analysed MPs
in the outlet samples. Therefore, assuming a mean water consumption of 2 L/(day-capita) [45] with an MP
counts equal to the waterworks' outlet mean (6.96 N/m?3), the final result was (4):

Intake = 6.96 N/m? x 2 L/(day-capita) x 90.9% x 365 day/year = 5 N/(year-capita) 4
Corresponding to 1.86 pg/(year-capita) if the mean outlet MP mass (2.81 pug/m?) is used in equation (4). The
outcome was consistent with the findings of Ref. [30] and Ref. [46] (27 N/(year-capita)), who employed
MFTIR down to respectively 6.6 and 20 um. However, it was also decidedly lower (~332 times) than the
estimation provided by the pRaman analysis (1533 N/(year-capita)). The strongly different estimations for

the human MP intake from drinking water obtained with pFTIR and pRaman clearly represent a method-
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related issue, as also discussed in sections 3.2 and 3.3 for the MP quantification and morphology. This is a
point to be considered especially by those regulatory bodies involved in the monitoring of MPs in drinking
water, such as [28], [47], and [48]. Hence future regulations on MPs should be based on a comprehensive
background taking into account the pros and cons of the analytical methods usually employed for the MP
analysis, thus clarifying the perimeter of applicability of the legal requirements.

4. Conclusion

Mainly because of their spatial resolution limit, UFTIR and pRaman provided different outcomes for the MP
amount in the investigated drinking water samples, and, consequently, on the MP occurrence between the
waterworks' inlet and outlet. By merging the two datasets, it was possible to demonstrate that the
experimental size quantification limit for uFTIR was approx. 50 pm, in contrast to the nominal one of 6.6
pum at 25x. Below 50 pum, the rate of false positives associated with uFTIR makes pRaman the method of
choice for MP analysis in drinking water. Further, the MP frequency in the range 1 — 1865.9 um could be
fitted vs. the MP length with a power function, showing that the 1 — 10 um MPs represented the majority of
the MP population in the drinking water samples. These outcomes seem to suggest that previous
investigations relying only on uFTIR could have underestimated the MP abundance in drinking water.
Overall, uFTIR provided lower (~150 times) values of MP counts in the investigated drinking water samples
than pRaman. The estimated MP mass, on the other hand, was approximately 10° times higher in the uFTIR
dataset due to the larger size characterizing the identified MPs. Remarkably, the counts removal efficiency
for the MPs above 6.6 um calculated with pFTIR data proved to be close to that of pRaman (~80%). Hence
the investigated waterworks poorly retained the MPs sized approx. 1 — 10 um and proved to be highly
efficient for the larger ones. The estimation of the human MP intake provided by pFTIR as MP counts was
also decidedly lower (~332 times) than that obtained from the pRaman analysis. This study is an important
step forward in understanding the cons and the pros characterising UFTIR and pRaman as premiere
techniques for the MP analysis of drinking water, as well as their complementarity and pivotal role in the MP

science field.
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Abstract: Raman micro-spectroscopy (Raman) was employed to assess the concentration of indoor
airborne MPs > 1 um in four indoor locations (a meeting room, a workshop, and two apartments of different
ages) on workdays and weekends. Further, the filtration performance of a commercial surgical facemask was
assessed in the same environments with duplicates taken via a pumping sampling system (24 hours each).
The indoor airborne MP concentration spanned between 58 and 684 MP counts per cubic meter (N/m?3)
(median 212 + 233 N/m?, MPs/non-plastic ratio 0 — 1.6%), depending not only on the type and level of
human activity but also on the extension and air circulation of the investigated locations. Overall, the
surgical facemasks could retain 85.4 + 3.9% of the MPs; however, only 57.6% of the 1 — 5 um MPs could be
filtered out. Hence the frequency of the breathable MPs increased in the samples taken with the surgical
facemask. We estimated a human MP intake by indoor air of 3415 + 2881 N/day (mostly poly-amide MPs),

which could be decreased to 283 + 317 N/day using the surgical facemask.
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1. Introduction

Since the 1950s, everyday life has been dominated by plastic materials (Andrady and Neal 2009), which are
praised for their durability and adaptability to different purposes. However, many years of waste
mismanagement have led to the accumulation of plastic waste in the natural environment, as already reported
in the late 1980s by Ryan and Moloney (1990). The authors coined the term microplastic (MP) to indicate
the small plastic debris found on South African beaches. In the following years, size-based definitions of MP
were proposed (Arthur et al. 2009), and that of Gigault et al. (2018) (1 — 5000 pum) has been frequently

adopted by unofficial convention in the literature.

MP pollution has been reported ubiquitously in natural and anthropogenic environments (Karbalaei et al.
2018), including the atmosphere (Fan et al. 2022). In this regard, the understanding of atmospheric
circulation's role in MP dispersion is emerging. Recent studies reported the recirculation and re-suspension
of MPs induced by precipitation and dry deposition, hereby corroborating that these pollutants can be
transported over long distances (Brahney et al. 2020), ultimately reaching remote areas (Allen et al. 2019).
Even the climate may potentially be affected by the presence of airborne MPs in the lower atmosphere due to
the scattering capacity of plastic particles towards solar radiation (Revell et al. 2021). The presence of
airborne MPs was also reported in indoor environments such as households (Vianello et al. 2019, Xumiao et
al. 2021), offices and educational institutes (Yao et al. 2022), and surgical environments (Field et al. 2022).
Sources of indoor airborne MPs can be synthetic clothes and textiles (Dris et al. 2015a), tearing and
weathering of building materials, abrasions from plastic products, landfilling, and waste incineration
(Rahman A. et al. 2021). Despite only a few studies focusing on indoor airborne plastic pollution, the MP
abundance and composition in indoor environments are likely influenced by the type of human activity

performed in the chosen location and its surroundings (Kacprzak and Tijing 2022).

Investigating the sources and fate of indoor airborne MPs is of pivotal importance since we spend up to 90%
of our lifetime in indoor locations (Sarigiannis et al. 2019), meaning an almost constant exposure to airborne
MPs via inhalation. Indeed, inhalation may represent humans' primary source of MP intake (Zhang et al.

2020a), overcoming ingestion and dermal contact (Wu et al. 2022). The penetration of airborne particles in



the airways is driven by the Aerodynamic Equivalent Diameter (AED). The so-called Particulate Matter
(PM) classification is based on the AED of the particles (Wieland et al. 2022) and, specifically, the PM1o
(AED < 10 pm) and PM,5 (AED < 2.5 um) have been intensely studied due to their ability to overcome the
mucociliary clearance in the upper airways (Vianello et al. 2019, Warheit et al. 2001). Indeed, PMy, can
penetrate the low respiratory tract (Wieland et al. 2022), and PM 5 can reach the alveoli (Prata 2018a). In
this context, larger particles (>5 um) subject to mucociliary clearance are also called inhalable particulates.
Oppositely, the breathable (or respirable) particulates are represented by smaller particles (<5 um; EN 1993).
Finer particulate is potentially more prone to cellular uptake, leading to stronger responses at exposure sites
due to the large surface-to-volume ratio (Schmid and Stoeger 2016). In this regard, Wieland et al. (2022)
tentatively compared the toxicity properties of known airborne particle types with that of MPs, concluding
that the potential biotoxicity of airborne MPs could be driven not only by the size but also by the shape and
surface charge (Silva et al. 2014). Accordingly, Shao et al. (2022) elaborated that airborne MP fibres might
lead to the "fibre paradigm" (i.e. increased bioreactivity due to the fibre shape). Further, airborne MPs
exhibit an increased cellular internalisation due to a biopolymeric layer generated by environmental exposure
(Ramsperger et al. 2020). Airborne MPs can also be vectors for other micropollutants (Wang J. et al. 2016)
and pathogens (Kirstein et al. 2016) by surface absorption. Finally, depending on the polymer type
composing the MP, additives, dyes, and pigments may also be present and cause adverse health effects
(Gasperi et al. 2018). Proportionately to their complex bioreactivity, airborne MPs may potentially lead to
several adverse health effects in humans, e.g. pneumoconiosis (Studnicka et al. 1995), chronic bronchitis

(Miller et al. 1975), and interstitial lung disease (Eschenbacher et al. 1999).

Still, little is known about airborne MP occurrence, distribution, composition, and potential effects, also
because the techniques used for collecting, isolating, and analyzing these particles are biased by
technological and methodological limitations, leading to hardly comparable and reliable data. Vethaak and
Legler (2021) consequently claimed the need for improved analytical methods targeting the 1 — 10 pm MPs,
previously overlooked due to the limitations of the sampling protocols and analytical methods employed.

Nonetheless, analysing the breathable fraction of indoor airborne MPs remains challenging. To our



knowledge, only two works focused on breathable MPs in indoor air by employing pRaman (Rahman L. et
al. 2021, Xie et al. 2022). Hence there is a pressing need for advancing the state-of-the-art and gaining a
deeper understanding of the sources, occurrence, and fate of indoor breathable MPs, to provide reliable
insights on the current human exposure and potential health effects.
The present study focuses on the potential human exposure to airborne MPs in indoor environments,
emphasising the breathable size fraction. In particular, the objectives were 1) to develop an analytical
protocol to quantify MPs down to 1 um in air samples; 2) to compare the potential human exposure in
different indoor environments and during distinct periods. Furthermore, we examined how MP exposure may
be prevented by using surgical facemasks under the same conditions. Four indoor locations with diverse
potential MP sources were selected, and samples were collected under two distinct levels of human activity.
The active sampling filtration described in this study permits avoiding sample preparation, thus minimising
particle loss and contamination. The state-of-the-art analytical method based on pRaman following a semi-
random approach for choosing a particle subset allows particle detection and characterisation in an unbiased
and reproducible mode.
2. Materials and methods

2.1. Indoor locations and sampling technique
The indoor air sampling was conducted in four indoor locations in Aalborg (Denmark) during October and
November 2022 (see also Supplementary Information, Figure S1). The activities and characteristics were
different across locations; however, they were selected to represent the daily exposure to MPs within

common environments. Briefly, the locations:

1. The workshop (hereafter "Workshop") of the Department of the Built Environment, Aalborg
University. Various materials (e.g. wood, concrete, metal, plastic, and electronic components) are
stored, handled, and crafted by ten technicians as part of their daily job. During the weekend, no
activities are carried on. The workshop covers 256.8 m2.

2. A meeting room (hereafter "Meeting Room") in the same Department with an extension of 8.1 m?.

The room is furnished with three chairs, a table, a conference system connected to a TV, and a



whiteboard. The room is actively ventilated by the building's ventilation system (G4 filter for
particulates larger than 10 um, BS EN779). Besides, during workdays, the room's door is open,
whilst it is kept closed during weekends.

3. Anapartment located on the 1% floor of a building built in the late XIX century (hereafter "Old flat™).
It has an area of 92 m? and consists of a studio, a kitchen, a living room, a bath, and a bedroom. The
floor is parquet and the apartment is naturally ventilated, equipped with a wall heater per room. The
only occupier leaves the flat every workday to go to the workplace whilst spending most of the
weekend inside.

4. An apartment on the 8" floor of a building from 2019 (hereafter "New flat"). It has an area of around
65 m? and consists of a bathroom, an open-plan kitchen/living room, a bedroom, and a studio. The
apartment is equipped with a manually controlled air ventilation system (G4 filter for particulates
larger than 10 um, BS EN779) and floor heating (installed beneath a wooden floor). The two
occupiers leave the flat every workday to go to the workplace whilst spending most of the weekend

inside.

In the present study, a weekday is one day between Monday morning at 8:00 am to Friday afternoon at 4:00
pm included, while the weekend consists of either Saturday or Sunday. The people occupying the
investigated indoor environments were asked to act normally while the sampling was performed. For each
sample, the sampling was conducted in active mode for 24 hours (EN 12341:2014) using a stainless steel
funnel/filtration device (EMD Millipore Corporation, USA) placed at the average adult breathing height of
1.60 m by means of a laboratory stand (see also Supplementary Information, Figure S3) and connected to a
laboratory pump (Lab Logistics Group GmbH, Germany) with a flexible plastic hose. The airflow was
adjusted to 2 L/min using the pump's flowmeter (RS Components A/S, Denmark) and was directed inwards
from the indoor atmosphere to the centre of the funnel, where a 13 mm x 200 um Silicon (Si) filter (Smart
Membranes GmbH, Germany) of 1 um pore size was hosted. A poly-tetrafluoroethylene (PTFE) o-ring
(approx. 10 mm inner diameter) was placed on the filter's surface to avoid breaking it while sealing the upper

part of the funnel. Consequently, the active area of each filter (~314 mm?) was defined by the diameter of the



PTFE o-ring. Two air samples were taken in each location on workdays and weekends: without the facemask
(n = 8) and with a surgical facemask (n = 8, type IIR). The surgical facemask was mounted onto the inlet of
the sampling funnel by means of elastic rubber bands, which kept the mask tight over the funnel's inlet. After
the sampling, the Si filters were carefully removed from the holder and stored in pre-cleaned Petri dishes
until they were analysed.

2.2 Contamination prevention
The funnel's components, Si filters, metallic labware, and facemasks were flushed in a flow bench with pre-
filtered nitrogen gas (1.5 Bar) before use to remove potential contamination from the external environment.
All the laboratory glassware employed was previously muffled at 500°C for 4 hours. After the sampling, the
filters were carefully removed from the metallic funnel in a flow bench, and 100% cotton lab coats were
worn during the entire operation. In addition, to account for potential contamination, three clean 1 um
Silicon filters were flushed with pre-filtered nitrogen gas (1.5 Bar) and directly analysed as procedural
blanks. During data processing, particles identified as PTFE MPs were not considered when calculating the
MP concentration due to the potential contamination from the sampling set-up.

2.3 uRaman analysis and spectral identification

The enriched filters were directly analyzed with a Nano Xplora Plus confocal Raman microscope equipped
with a Peltier-cooled 2048 x 70 pixel CCD Syncerity detector, three solid-state laser sources (Horiba SAS,
France), and a 50x objective of numerical aperture (NA) 0.75 (Olympus, Japan). The system was previously
calibrated on the Si first-order Raman emission (520.7 cm™) by zero-order correction with a single-crystal Si
wafer. For the spectral acquisition, slit 100 um, hole 300 pm, 638 nm laser, and grating 600 IlI/mm (spectral
range 0 — 3500 cm®) were chosen. The software LabSpec6 (Horiba SAS, France) was employed to set the
analysis parameters, whilst the visible image analysis was performed by the module Particle Finder (Horiba

SAS, France). Figure 1 shows the workflow followed for the pRaman analysis of the indoor air samples.



Exclusion of all particles with diameter < 1 pm

638 nm, 100% power (40.2 mW), 1 s, 6 acc.s

638 nm, 100% power (40.2 mW), 4 s, 2 acc.s
Figure 1. Workflow for the pRaman analysis of the indoor air samples.

10% of the particles with a Feret diameter of 1 — 10 um were randomly selected on the entire active area of
the filter by choosing the "Random" analysis mode of Particle Finder. This function allows the analysis of a
chosen number of particles in the area represented in the visible montage, the total number of particles being
already known from the morphological analysis of the visible picture (first step in Figure 1). The spectra
were automatically baseline-corrected upon acquisition by selecting the FLAT option of LabSpec6. The
choice of considering 10% of the 1 — 10 um particles represented a compromise between the analytical
representability of the sub-sample and analytical time. For the procedural blanks, 100% of the particles in
both size fractions (Figure 1) were analysed with the same analysis parameters as for the air samples, given
the relatively low number of particles on the blank filters. See also Supplementary Information for further
details on the pRaman analysis process.

The spectral identification of the pRaman spectra was conducted with the software siMPle (Primpke et al.
2020) v. 1.3.1B. Upon spectral matching, the signals from the Si filter (~519 and ~990 cm™*) were
automatically removed, and the corrected spectra were compared with the references of a custom-built
library (Munno et al. 2020) comprising 406 Raman spectra of synthetic polymers, pigments, and non-
synthetic materials. In brief, siMPle performs spectral matching considering the Raman spectrum and the
first-order derivative of the experimental spectrum and library references. The spectral quality match with
the references is calculated as a Pearson correlation coefficient (Supplementary Information, section 5 for
some examples of experimental Raman spectra from the air samples). The spectra presenting a matching

quality above 0.50 were considered for further expert manual validation to assess the reliability of the



identification. Particles displaying a lower spectral quality match were classified as unidentified. For
simplicity, in the discussion, the identified polymers were grouped into the following clusters: Other
(cellulose acetate, EVOH, poly-carbonate, poly-methyl-methacrylate, poly-formaldehyde, poly-urethane,
silicone, and styrene — isoprene (SIS) rubber), PA (poly-amide), PE (poly-ethylene, poly-ethylene chloride,
poly-ethylene-co-propylene), PEST (poly-butylene-terephthalate, poly-ethylene-terephthalate), PP (poly-
propylene), PS (acrylonitrile-butadiene-styrene, poly-styrene), and PV (poly-vinyl acetate, poly-vinyl
butyral, poly-vinyl chloride, poly-vinyl alcohol, poly-vinyl pyrrolidone). The group "Other" gathers the
synthetic polymers occurring with low frequency, whilst the other clusters are based on the chemical group
characterizing the monomer.

2.4 FTIR — ATR analysis of the surgical facemask
The surgical facemasks used for the air sampling were analysed by Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy (ATR — FTIR, Cary 630 FTIR, Agilent, USA) equipped with a single
bounce diamond crystal and a DTGS detector. Sixty — four scans were collected for the background and the
sample at 4 cm resolution in the spectral range 600 — 4000 cm™*. The raw spectra of the facemasks were
automatically corrected (apodization) by the instrument's software (MicroLab PC, Agilent, USA) and
compared with the Agilent Polymer Handheld ATR library, being identified as PP (Supplementary
Information, section 5).

2.5 Data analysis
The data of MP concentration were not blank-corrected and were expressed as counts of MPs per cubic
meter (N/m?). The human exposure to airborne MPs per day (HEgsy) Was calculated with equation (1):
HEgy = [MPS] x I x T 1
Where [MPs] is the MP concentration in N/m?, | the inhalation rate equal to 16 m%/day for an adult male
(Stifelman 2007), and T the exposure time in hours/day (8/24=0.3 for the two workplaces during workdays
and 24/24=1 for the two flats in the weekend).
The filtration efficiency (F) of the surgical facemask was calculated according to equation (2):

F (%) = (- ([ParticleS]mask — [Particles]nomask)/[Particles]nomask) X 100% 2



Where [Particles]mask is the total particle concentration in N/m? obtained from the samples taken with the
surgical facemask, and [Particles]nomesk iS the corresponding total particle concentration from the samples
taken without the facemask.
The statistical software R v. 4.2.1 was used to analyse the experimental datasets and perform the statistical
tests. The Shapiro-Wilk test was employed to assess the normality of the data. Kruskal-Wallis test was
performed to assess the significance of MP concentration, MP size, and the estimated human exposure, and
Dunn test was employed for pair-wise comparison (o= 0.05). For the MP diameter frequency and polymeric
composition, a generalized linear model (GLM) was used to assess the significance of the data and for the
pair-wise comparison among the crossed factors "Location" (Meeting room, New flat, Old flat, and
Workshop), "Activity" (High, Low), and "Facemask" (Without Facemask, Surgical Facemask). The p-value
of the GLM test was calculated from the corresponding Wald z value and was considered significant if <
0.05. A Principal Component Analysis (PCA) was conducted on the MP Feret diameter distribution
frequency data to explore how the use of the facemask influences the size distribution of MPs. The results in
section 3 were expressed as median or mean + one standard deviation (SD) as specified in the discussion.
3. Results and discussion

3.1 Blank contamination
Despite all the procedures employed to minimise MP contamination throughout the analytical workflow, an
average of 22 + 14 N was found in the procedural blanks, corresponding to 8.1 + 5.5% of the average MP
counts in the samples (414 + 344 N). The median Feret diameter of the MPs found in the blanks was 1.5 pm
(min. —max. 1.0 — 17.0 um). The main polymeric composition of these particles was PUR 73.8%, PA
10.8%, PP 7.7%, PS 4.6%, and PE 3.1%. Even if all materials, including the Si membranes, were thoroughly
flushed with pre-filtered nitrogen before use, the predominance of PUR was probably caused by remaining
traces from the packaging material of the Si filters, made of a PUR foam layer. The rest of the polymers were

more common and could have been introduced onto the Si filters during sample handling.



3.2 Microplastics versus non-plastic materials
The MPs/non-plastic ratio spanned between 0 — 1.6%, with the surgical facemask samples registering a
higher mean value than the samples taken without the facemask (0.6 £ 0.6% and 0.2 £ 0.1%, respectively).
Among the non-plastic particles, most of them were cotton (52.2%) and cellulose (47.8%), but small
amounts of calcium sulfate (CaSO4, <0.1%) were also present. These MPs/non-plastic ratio values were
lower than those reported by Vianello et al. (2019, 4%), whose dataset included only organic particles, and
Torres-Agullo et al. (2022, 16%) with uFTIR. Nonetheless, they are in accordance with the general
consensus that MPs represent a small fraction of the total airborne particulates, yet still more abundant than
that of other matrices like soil (Wright et al. 2019, Wang X. et al. 2022). The MP/non-plastic ratio reported
in our study may depend on the randomised strategy chosen to analyse the filters, which may have
underestimated the 1 — 10 um MP fraction, despite avoiding the bias associated with the manual selection of
particles. Also, the spectral library employed (which also contains cellulose- and protein — based materials)
and the quality threshold set in the siMPle to identify the experimental spectra may have led to false
negatives, thus further decreasing the MPs/non-plastic ratio.

3.3 Microplastics in indoor environments
The presence of MPs in indoor environments has been documented in field studies worldwide (Yao et al.
2022, Uddin et al. 2022, Zhai et al. 2023), and it is suspected to be a significant pathway for human exposure
to this emerging pollutant (Zhao et al. 2023). Our results showed an almost ubiquitous presence of MPs in
the air of the investigated sites. Seven out of eight samples contained MPs, with concentrations ranging from
58 N/m® to 684 N/m?, depending on the location and the level of human activity (Figure 2). Overall, the
median MP concentration increased on average from 85 + 317 at low activity levels to 335 + 149 N/m? under

high activity conditions.
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Figure 2. Indoor MP concentration (N/m?) in the four locations according to the level of human activity.
The highest MP concentrations were recorded in the two private apartments. The "old-flat" household had an
average (mean of high and low activity levels) concentration of 548 + 192 N/m?, while the "new-flat"
showed 185 + 180 N/m?2. The university workshop had a comparable average concentration of 179 N/m?,
whereas the lowest concentration of 92 N/m3was recorded in the meeting room. Significant variability was
found between the replicates collected under different activity levels (Kruskal — Wallis p = 0.03), but not
with respect to the location (Kruskal — Wallis p = 1). Interestingly, the workshop showed high MP
concentration (358 N/m?) during high activity levels, while no MPs were found in the sample collected under
low activity conditions. The activity in the workshop stops during weekends, with consequent low to no
emission of airborne particulate (Mglgaard et al. 2015). This, along with the large area of the workshop
(256.8 m?, section 2.1) and the height of the ceiling (3.5 m), implies a potential dilution effect of the residual
airborne MPs (Memarzadeh and Jiang 2004). Additionally, due to the sampling device's restricted active
filtration area (314 mm?, section 2.1), the sampling volume might not have been sufficiently representative to

collect such a diluted particulate concentration in this location.



Generally, variations in indoor ventilation patterns must also be considered when investigating particulate
occurrence in indoor air (Liu S. et al. 2022). Specifically, opening doors and windows can lead to higher air
change rates, thus depleting the concentration of indoor particulates (Hussein 2017), whilst more confined
indoor environments with scarce ventilation usually show higher particulate concentrations (Liu S. et al.
2022). Hence the outcomes from the meeting room and the "old flat" can be explained in terms of particulate
exchange with the outdoor environment. As for the meeting room, the door was kept slightly open during the
workdays to simulate human activities (thus generating more air change) and closed on the weekend, which
may have concentrated the indoor particulate inside the room. Similarly, the tenant of the "old flat" regularly
keeps the windows open while doing housework during the weekend, enhancing the air change with the
outdoor environment and, therefore, momentarily diluting the indoor airborne particle concentration. Further,
the MP concentration measured in the old flat during low activity (684 N/m?) was approximately ten times
that found in the new flat (58 N/m?), which is equipped with an active mechanical ventilation system. Stabile
et al. (2019) reported that mechanical systems are more efficient than natural ventilation in providing air
exchange and avoiding the accumulation of different pollutants, including submicron particulate. Hence the
absence of such a ventilation system in the old flat and the consequent poor degree of air exchange may well
have been a sink for airborne MPs (Chen Y. et al. 2022). On the contrary, human activity was the major
source of indoor airborne MPs in the "new flat". Similar findings were reported for mechanically ventilated
apartments in Sweden (Isaxon et al. 2015).

The indoor MP concentrations in the current study (58 — 684 N/m®) are higher than those previously reported
for residential environments in Denmark (2 — 16 N/m?; Vianello et al. 2019), Portugal (0.7 — 1.6 N/m?;
Xumiao et al. 2021), and Sri Lanka (0.1 — 0.9 N/m?; Perera et al. 2022). Past investigations have attributed
the differences to income level, living standards, and the wide range of potential sources of MPs found in
various indoor environments (Perera et al. 2022). However, comparison among studies proves challenging
due to the lack of standardised protocols for sampling and analysing airborne MPs (Kacprzak and Tijing
2022). Indeed, Xie et al. (2022) used similar analytics to our study to investigate the occurrence of airborne
MPs > 1 um in outdoor and indoor locations in Shangai (China) but reported indoor concentrations ranging

from 16 to 93 N/m3. When addressing particles in the breathable range (< 5 um), state-of-the-art analytical



approaches become crucial. A clear example is the comparison between the study of Xumiao et al. (2021),
who used Nile Red staining on particles down to 2 um and found only 0.1 to 0.93 N/m?, and the study of Xie
et al. (2022), analysing MPs down to 1 um with pRaman and reporting an MP concentration approx. 100
times higher. Our findings are in agreement with the latter study but show even higher concentrations (58 —
684 N/m®). The difference might be explained by the low frequency of the 1 — 10 um MPs detected by Xie et
al. (2022), who visually pre-screened particles > 1 pm to submit to chemical characterisation. As previously
documented (Primpke et al. 2020), this approach is prone to underestimate the smaller particles. Our method
overcomes the drawbacks of the studies of Xie et al. (2022) by employing a completely automatised strategy,
where the random selection of particles involves the entire active area of the sample and is operated by the
instrument's software. Accordingly, Schymanski et al. (2021) appreciated that randomised strategies applied
to pRaman ensure the minimisation of bias and analytical time. Therefore, the analytical protocol of this
study may be suitable for the routine chemical analysis of indoor breathable MPs (Duarte et al. 2022). As
reported by the WHO (WHO 2021), PMy, and PM s are generally associated with asthma, pulmonary
diseases, and even an increase in the mortality rate for long-term exposure. Further investigations need to
expand the use of pRaman analysis to include also other organic and inorganic micro- and nanoparticles,
such as coatings (Bouchard et al. 2009), asbestos fibers (Rinaudo et al. 2010), and titan dioxide (Mamedov
2020), which also pose a hazard to human health.

3.4 Microplastic composition and morphology of the indoor air

3.4.1 Polymeric composition
A total of 15 polymers were identified in the analysed samples (Figure 3), with PA clearly dominating the
polymer composition (mean 21%), followed by PV (mean 18%), PE (mean 16%), PS (mean 11%), and
PEST (mean 8%). The specific sampling locations played a significant role in the MP composition (GLM p
=7-10%), while the level of human activity did not significantly influence the polymers present in indoor air
(GLM p = 0.49).
PA is one of the most common polymers measured in indoor air, together with PE, PEST, and PS (Habibi et

al. 2022). The sources of airborne MPs in indoor environments can be various and depend on the activities



performed in the considered locations: for PA and PEST, mainly used in synthetic fabrics (Periyasamy et al.
2020a), washing machines and tumble dryers are generally considered important emission hotspots
(Periyasamy et al. 2022b, Karkkainen et al. 2021). Accordingly, when the activity level increased in the flats
(i.e. weekend), where tumble dryers were used, PEST also showed higher frequency values ("new flat":
7.0%, "old flat": 20.7%), as opposed to workdays, when human activity is lower (“new flat": 0%, "old flat":
7.6%). Similarly, a higher PA concentration was recorded in the "old flat" during high activity (35.3% vs
10.8% in the low activity period). PS was mainly recorded in the meeting room (mean 13.5%) and two
residential locations ("new flat" mean: 12.4%; "old flat" mean: 9.7%), while its presence was scarcer in the
workshop (mean 4%). PS is widely utilised in the packaging industry (Block et al. 2017) and is an additive in
concrete formulations to enhance thermal insulation (Dixit et al. 2019). The category "Other" accounted for
36.7% of the polymers identified in the workshop in the workday (i.e. high activity level), a higher
percentage compared to the "old flat" (8.2%) and the meeting room (13.7%), but lower than that of the "new
flat" (49.9%). Within this polymer cluster, it is worth mentioning PUR (mean 14.5%), EVOH (mean 4.0%),
and cellulose acetate (mean 2.9%). PUR is a polymer of choice for several applications in the building,
automotive, and furniture industries in the form of coater and sealant (Zia et al. 2007), whilst EVOH is
employed in heating and cooling piping (Feng et al. 2018), and cellulose acetate in textile and yarns (Law
2004). In particular, several polyurethanes used in furniture are also treated with flame retardants, of which
almost all are considered harmful (U.S. EPA 2015). As for the other plastic additives of common usage (e.g.
organophosphates, phthalates, and bisphenols), these chemicals are released into the surrounding
environment due to plastic ageing and have also been detected in the atmosphere (Liu X. et al. 2021), which

may pose an additional risk to human health alongside airborne MPs (Ageel et al. 2022).
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Figure 3. Polymer relative frequency in the investigated indoor locations according to human activity.

3.4.2 Microplastic morphology
The MPs with a length/width ratio > 3 were classified as fibres, while those with a length/width ratio <3
were classified as fragments (Vianello et al. 2019). Length and width for each particle in the visible montage
were previously provided by Particle Finder after the morphological analysis. The detected MPs were mainly
characterized by irregular fragments (99.4%), with the fibres representing only 0.6% of the total MPs (see
also Supplementary Information). These findings contrast most studies investigating MPs in the atmospheric
compartment, where fibrous-shaped particles were commonly predominant (Dris et al. 2015a, Dris et al.
2017b, Jenner et al. 2021, Perera et al. 2022). Nevertheless, most of these investigations relied on visual and
manual pre-sorting of putative MPs, then submitted to chemical identification. These procedures are prone to
unavoidable human bias due to the relative ease of recognizing fibers compared to small MP fragments
(Song et al. 2015).
Airborne MPs ranged in size from 1 to 67.5 um, with a median of 6.2 um. When accounting only for

particles > 10 um, the median diameter was 13.6 um, while the breathable and inhalable fraction (1 — 10



pum), showed a median diameter of 3.2 um. Most of the MPs were smaller than 10 um (72.6 %), with the size
fraction 1 — 5 pm being predominant (mean 45.2%). In contrast, MPs > 50 um were very scarce (0.1%) in
the indoor samples, most likely because larger MPs may settle to a greater extent than the smaller ones
(Zhang et al. 2020b). The level of activity significantly influenced the MP size in the indoor air (Kruskal-
Wallis p = 0.03); the frequency of inhalable MPs was indeed higher (74.6%) under high activity conditions
than during low activity (70.4%). Therefore, the occurrence of inhalable MPs seems inevitable and generally
associated with human activity, as already described in previous studies targeting larger airborne MPs (Prata
et al. 2021b). A comparison of MP size among the different locations also showed a significant difference
(Kruskal — Wallis p = 7.5 - 101%), specifically between the two flats (Dunn p = 4.1 - 10%) and the "new flat"
and workshop (Dunn p = 7.1 -10°%). The main source of difference among the locations was probably
represented by the type of human activity performed, hence the result for the pair "new flat" — workshop.
Regarding the pair "old flat" — "new flat", another source of difference may be the ventilation system adopted

in these locations (section 3.3).

The 1 — 10 pum MPs fall in the inhalable and breathable range of indoor particulate (Wang T. et al. 2021),
being able to reach the respiratory tract (PMo) and enter the bloodstream through the lung tissue if smaller
than 2.5 pum (PMg5s). Larger fibrous MPs can instead accumulate in the lungs (Pauly et al. 1997) and
eventually cause cancer as a result of long-term exposure, especially in the workers of industrial fields
producing synthetic textiles (Wang T. et al. 2021). Despite the lack of specialised research on the
toxicological effects of inhalable MPs, they are expected to share some common traits with other well-
known PMs with carbonaceous composition (Prata 2018a). For instance, Deng et al. (2017) demonstrated
that oral administration of 20 and 5 um PS MPs in mice eventually led to accumulation in the liver, kidney,
and intestine, probably due to the hydrophobic properties of the particles. However, as Amato-Lourenco et
al. (2020a) highlighted, most of the toxicological studies published so far employed standard MPs, whose
physical and chemical characteristics can be quite different from those of environmental MPs. The usage of
standard MPs is justified by the complexity of artificially replicating the processes leading to the generation

of secondary MPs in the environment. Hence the risks associated with secondary airborne MPs can be



indirectly inferred from a few studies of occupational medicine (Soutar et al. 1980, Pimentel et al. 1975),
which reported decreased pulmonary function, inflammation, granulomas, and interstitial fibrosis in exposed
textile workers. To the best of our knowledge, only Amato-Lourengo et al. (2021b) reported the presence of
MP fragments between 1.6 — 5.6 um in human lung tissue using ptRaman. Hence our findings on the major
frequency of 1 —5 um MPs in indoor air are in good accordance with the observations of Amato-Lourengo
and co-authors, which indirectly demonstrate the ability of small airborne MPs to overcome the mucociliary
clearance mechanisms. Considering the multi-faceted nature of MPs as both pollutants per se and vectors for
sorbed co-pollutants (transition metals, organic compounds, and pathogenic microorganisms), Rochman et
al. (2019) proposed to reclassify MPs as a new class of potentially toxic particles needing a multi-
disciplinary approach.
3.5 Surgical facemask — reducing the overall exposure but increasing the breathable fraction

Applying a surgical facemask to the inlet of the sampling device led to significantly lower MP
concentrations (Kruskal-Wallis p = 0.03), ranging from 4 to 196 N/m®. Figure 4 shows the mean MP

concentration (i.e. average of low and high human activity) in the investigated locations for the samples

taken without and with the surgical facemask.
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Figure 4. Mean MP concentration (N/m®) in the investigated indoor locations collected with surgical facemask (blue) and without

(grey). The error bars indicate the standard deviation.

Despite the presence of the surgical facemask, MPs were still present. In fact, the surgical facemask reduced
the total amount of indoor airborne MPs by selectively filtering out the MP fractions > 5 um (Figure 5a).
This observation is supported by examining the size distributions and comparing the relative frequencies of
the lower size classes in the samples collected with and without surgical facemask, respectively (Figure 5a).
The median diameter of the MPs found in the indoor air samples (without the facemask) was larger than
when the facemask was applied for both the fraction larger than 10 pm (13.6 um vs 12.7 um, Kruskal-Wallis
p = 3.48-10%) and the one between 1 and 10 pm (3.2 um vs 2.2 um, Kruskal-Wallis p = 1.34-10°).
Moreover, the PCA (Figure 5b) showed that the 1 — 5 um MP diameter range mostly described the variance
of the samples taken with the surgical facemask. This size range was also significantly different when the
samples taken without the facemask were compared to those taken with the facemask with regard to the MP
diameter (GLM p = 6.11 -10'*%). These outcomes indicate that the surgical facemask lacked efficiency
towards the 1 — 5 pum MPs, which are suspected to be more threatening to human health (Wieland et al.

2022).
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Figure 5. a) MP relative frequency per diameter range in the investigated samples; b) Principal Component Analysis (PCA) of the
MP diameter frequency (scores plot).

Hence the mean MP filtration efficiency of the surgical mask could be estimated for each size range: the
lowest value (57.6%) was indeed obtained for the 1 — 5 um category, whilst for the larger MPs values above
80% were found (5 — 10 um: 85.4%, 10 — 20 um: 89.0%, 20 — 50 um: 94.9%, 50+ um: 100%). The overall
filtration efficiency of the surgical facemask for the indoor airborne MPs was 85.4 + 3.9%. These results
indicate that surgical facemasks can help reduce the exposure to inhalable MPs down to 5 pm, but do not
prevent the exposure to breathable MPs (1 — 5 pm MPs). This finding well agrees with the work of
Tcharkhtchi et al. (2021), who compared the filtration performance of various types of facemasks towards
airborne particulate in the micro- and nanometric range and observed that commercially available surgical
facemasks limit the penetration of aerosols down to 5 um, while for smaller particles the efficiency drops to

approx. 50%.



3.6 Estimation of the MP human intake from indoor air
The potential MP human intake was estimated for the periods with high activity (i.e. workdays for the
meeting room and workshop and weekends for the two flats). Table 1 summarizes the results of MP intake

estimation for the overall MP population and the breathable fraction 1 — 5 pm.

HEuay to breathable MPs (1 -5
HEday to indoor MPs (N/day)
pum; N/day)
Location
Without Surgical Without Surgical
facemask facemask facemask facemask
Meeting room 352 123 150 67
New flat 4991 753 1915 632
Old flat 6600 67 3222 56
Workshop 1717 190 730 50
Mean + SD 3415 + 2881 283 + 317 1504 + 1360 201 + 287

Table 1. Daily human exposure to airborne indoor MPs in the four investigated locations without the facemask and with the surgical

facemask (high activity periods).

The values of HEq.y obtained from the samples without the facemask are significantly higher than those
obtained with the surgical mask (Kruskal-Wallis p = 0.04), and previously reported in the literature. Vianello
et al. (2019) estimated HEgay up to 272 N/day. Similarly, Cox et al. (2020), through a meta-analysis,
estimated that the MP human intake from indoor air in the USA was 170 N/day. Soltani et al. (2021)
reported that approx. 35.3 N/day were inhaled by the inhabitants of Australian flats, which is in agreement
with the mean estimation of Torres-Agullo et al. (2022) for urban indoor microenvironments (37 N/day). In
all these studies, the size limit of the analysed MPs was above 10 pm, hampering the direct comparison with
our results. To date, only the work of Xie et al. (2022) reported on the human intake of airborne indoor MPs
between 1 — 10 um, obtaining values between 19.6 and 891.6 N/day. Our results provide new insights into
human exposure to breathable MPs in indoor environments. We estimated that, on average, a human may

intake more than 1500 breathable MPs per day. The use of surgical facemasks in indoor environments, a



routine practice during the COVID-19 pandemic, reduces the overall potential intake (3415 N/day vs 283
N/day). Yet, it showed limitations in removing the breathable fraction of airborne MPs (201 N/day, ~71% of
the overall potential intake with the surgical facemask).

4. Conclusions

This work expands the current knowledge on indoor airborne MP occurrence by providing novel insights
into the breathable fraction of this synthetic particulate. The concentration of indoor airborne MPs down to 1
pum was assessed in four locations (two workplaces and two private apartments) during low and high-activity
periods, indicating human activity as a major source of MP pollution in indoor environments. When
comparing the activity levels, the median MP concentration increased from 85 + 317 under low activity
conditions to 335 + 149 N/m? at high activity levels, showing that humans are prone to an intake of 3415 +
2881 N/day during high-activity periods. Further, a simple experiment to test the reduction of MP human
exposure using a surgical facemask showed an overall filtration efficiency of 85.4 + 3.9% for the MPs > 1
pum. However, the MPs in the breathable range of 1 — 5 um were only partially filtered (57.6%). These
additional findings indicate that wearing surgical facemasks indoors would only partially reduce the potential

exposure to MPs, considering the limited efficiency in the breathable fraction.
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