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1. Abstract

1.1. Abstract

The use of Inductively Coupled Plasma — Mass Spectrometry (ICP — MS) in the analysis of metal content, in a
wide range of different samples and matrices, is both widespread and well-known for decades. In cases of
suspensions containing relatively low particle concentrations (~10° particles/ml), single particles can be detected
as a result of the system’s capability for very short reading time per datapoint. This parameter is called dwell
time, and the technique is also known in the literature as single particle Inductively Coupled Plasma — Mass
Spectrometry (sp — ICP — MS).

The following thesis is a presentation of the further development of a method for studying the presence and fate
of metal — containing nanoparticles in seawater samples. This approach was subsequently applied on samples
acquired for the needs of two different studies: First, from a mesocosm experiment in 2019, as part of a larger
experiment taking place in Cretacosmos, the Greek branch of Aquacosm (EU network of mesocosms facilities).
And second, from Santorini island, as part of a program investigating the occurrence and nature of nanoparticles
in the proximity of islands (Nanolsland, ELIDEK) during different times throughout the year. For the needs of
these analyses, in addition to the inductively coupled plasma mass spectrometry system, and the application of
the single particle detection technique, an on-line dilution system was also incorporated.

For the mesocosm experiment two different types of samples have been investigated, spiked with low ppt
concentrations of Ag nanoparticles and ionic Ag respectively. Also, two different dwell times have been used,
and three different threshold criteria for the identification of particles have been applied. For the analysis of
samples from seawater tanks spiked with Ag nanoparticles, analyzed using 10 ms dwell time, the p + 3std
threshold criterion proved suitable. ’u’’ stands for the average intensity value and std for the standard deviation
of the dataset, after a process that is well documented in literature. For the analysis of samples from seawater
tanks spiked with Ag nanoparticles, analyzed using 75 ps dwell time, a different kind of threshold has been
proven more reliable. It is equal to u + 2.71 + 3.29 = +/u, where “’u’’ stands for the mean intensity of the
dataset, as it was mentioned before. For the analysis of samples from seawater tanks spiked with lonic Ag,
analyzed using 10 ms dwell time, both the p + 3std and p + 5std threshold criteria performed similarly well.
And finally, for the analysis of samples from seawater tanks spiked with lonic Ag, analyzed using 75 ps dwell
time, the p + 5std threshold proved sufficient. During the analysis of the samples from the ionic Ag spiked
tanks, pulse events usually associated with particles were observed, whose nature and origin are addressed.
Regarding the Nanolsland samples, an investigation of temporal and spatial variations has been conducted,
focusing on the occurrence and Cu content of Cu containing nanoparticles. The data processing of these samples
incorporated a developing, python — based coding script, specifically made for the needs of this project. The

processing revealed generally higher particle concentration in sites associated with boats activity during the
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summer period. Also, particles with higher Cu content were generally found in deeper waters, while there have
been indications about their precipitation, beginning around the same period as the high particle concentrations
observed.

Finally, the system itself also exhibited sufficient ruggedness and the capability of continuous analysis for more
than 10 hours of continuous operation, for a number of months, without significant equipment downtime, despite

the aggressive seawater matrix.

1.2. Mlepiinqyn

H ypnon g eacpotopetpiog palag emaywykd culevyuévov mhdopotog (Inductively Coupled Plasma — Mass
Spectrometry, ICP — MS) otnv avdivor petdhiov og detypota Tdons gOcems sivatl vpEms d1dedOUEVT], Kot
YVOoT] €d® Kol dekoetieg. Te MEPWMTMOGEIS OYETIKG oapatdv owpnuatov (~10° copotidw/ml), xou
EKUETOAAEVOUEVOL TNV OLVOTOTNTO TOAD HIKPOV YPOVOV KATAypaons, €lvar ouvatdov vo oviyvevfovdv
uepovopéve coupatidw (single particles). H teyvik avtf givar emiong yvwot) otn PipAoypagio og
eacportouetpio palog eraymyikd cvlevypévov TAdopuatog uepovopsvay couatidiov (single particle — ICP —
MS).

YV mapodoo EpYNcio KATAYPAPETOL 1| TEPAUTEP® aVATTUEN oG HeBOSOV PEAETNG TG TOPOLGIOG Kot KOTA
nepintmon tov yiyveshar couatidiov mov mepiéyovy uétaila o deiypato Bolacovod vepod. H mpocéyyion
VT 0KOAOVO®ME PapUOGTNKE GE deiyaTo Tov EAPONcay amd dVo dtupopeTikég ueréteg: [pmtov, amd éva
nelpopa pesokocumv 1o 2019, wg uépog evog peyaAdbtepov TEPALoTog Tov Adupave ydpo oto Cretacosmos,
T0 eAANVIKO TuAuo Tov Aguacosm (SikTvo eyKOTUOTAGEMV HECOKOGUMV TNG EVPOMOIKNG évaong). Kat
ogbtepoV, amo TN Zavtopivr, ©¢ UEPOG EVOC TPOYPAUUOTOC 7OV HEAETO TNV TOPOLGIO. KoL TN QOGN
vavoompotdiov kovid o viotd (Nanolsland, EATAEK), og d10popetikéc xpovikeg meptddovg. I'a tig avdykeg
TOV AVIADGEDV QVTAOV, TEPOV TOV GLCTNUATOG TNG PapaTopETpiag HAlog eTaywykd cuievyuévoy TAAGLOTOG
KO TNG EQPOPLOYNG TNG TEXVIKNG TNG OVIYVEVOTG LELOVOUEVOV COUATIOIWMV, XPTCLLOTOONKE KOl VO GOGTN A
gloaywyns apaimong evtdg pong (on — line dilution).

Kotd 1o meipapa tov pesokocuv, avoivdnkoay d0o dtapopetikol Tumot derypdtov, 6mov giye yivel mpoctnkn
YOUNAGDV ocvykevipdoewv (Ppt) vavocouatidiov apydpov, kot WOvieov apydpov ovtictoryo. EmumAéov,
ypnoonomonkay 0o drapopetikoi ypovor ava katoypaen (dwell times) kot epappoctnray Tpio SraPopeTiKd,
KPUTple. Yo, ToV Sloy®PIGHO KOl TNV TOLTOTOiNon onudteov o¢ vavocopatiow. o mv avdivon twov
detypdtov Bodiactvod vepol, and Tig defapevég Omov gixe mpootedel vavoo®UOTIOKOG Gpyvpog, Kot eixe
ypnoporondei 10 ms ypovog avé kataypar], To kpreipro p + 3std amodeiytnie kordAnio. To ’u’’ avtictoryet
oTn péon Tiun évraong kat to Std oty Tumikn andkAion Tov GLVOAOL TV BESOUEVMV, OTME TPOKVTTOVY UETA
amo eVPEC Yvmatn ot Piproypagia. o thv avdivon tov detypdtov Boiiactvod vepol, amod Tic de&apevig
omov elye mpootebel vavocsmuUATIOKOG Apyvpog, Kot gixe ypnowomombei 75 us ypodvog ovd Kotoypoon,
ypnoponotOnke éva S10popeTikd kpithplo, ico pe p + 2.71 4+ 3.29 = /i, 6mov ’p’” givor  uéon Tuny g

£VTOOTG TOV GLVOAOL TOV deOUEVOV, OTMG Kot Tpwv. [t TNV avaivon tov detypudtov Bailactvod vepov, ard
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T1G de&apevég Omov giyav mpootedel 10vTa apyvpov, Kot iye ypnoworomBel 10 ms ypdvog avd Kataypapy, To
kprripor p+ 3std wat p + 5std avraneEnAiOav e&icov kalkd oty meptypapn Tov dedouévav. Kot téhog, T v
avdAvon tov Selypatov BodAactvod vepov, amd Tig deSapevEG 6o glyav TpooTtedel 1OVTA apydPOV, Kot giye
ypnoporomOel 75 us ypovog ava Katoypoen, to Kpripto p + 3 std anodeiydnke enapkéc. Kotd v avilvon
TOV deIYPATOV Ao Tig deEapevég Omov eiye mpootedel LOVO 10VTIKOS APYVPOC, ELPAVIGTNKAY TOALOT Ol 070101
ocuwvnbmg cuovetilovtal pe TNV TePoLGio. COUATOIMVY, TV OTolMV TUAUDV 1 EUOT KOl TPOEAELOT] EMIOTG
egetdlovral.

Ocov agpopa ta deiypara tov Nanolsland,dievepynOnke o Tomik Kot xpoviky| LEAETN YOP® 0o TV TapovGio
KoL TO TEPLEYOLEVO GOUATIOIMV oV TIepteiyay xaAko. H eneepyacio tov amoTeLecUATOV OVTOV TOV JELYUATOV
Eywe PECH EVOG OVOTTLUGOOUEVOD KOUUOTION KMAtKe, Python, edikd @Tioypuévou yio TG ovayKeg anTHG TG
epyooiog. To amoteAéopoTo KATESEEAV YEVIKA UEYOADTEPN COUOTIOWKY] GLUYKEVIPMOY COUOTIOI®MV OV
TEPLEYOVV YOAKO OE TTEPLOYEG OV GYETICOVTOL Pe TN dpacTNPLOTNTA TAOIWOY, KATA TNV KOAOKOIPIVY TEPiodo.
EmumAéov, copatiow pe vynAdtepeg mocodTNTEG YoAKOV Ppébniay oe peyolvtepa Padn, evd vdpyovy evoeitels
v kafilnon tovg, n omoia delyver 611 Ba umopovoe va Eekvdel v idwa Tepiodo UE TNV TOPATHPNOT TOV
VYNADV COUATIOOKADY GUYKEVIPDCEMV.

Té\og, To GOGTNO PAVIKE VO EIVaL TKOVO Y10l GUVEXOUEVT] avdAvon dve Tov 10 wpdv, Tl GEPY VOV, XOPIg

a&loonueimtn eBopd tov e£omAMapov, Tapd TV cuVNOmG onuavTikd emlnue uRTpa Tov BoAaccIvod vEPOD.
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2. Introduction

2.1. Nanomaterials

Nanomaterials occupy a prominent position in modern society and industry due to their many, varied and
occasionally tuneable properties. This simple fact has understandably caused a rising interest in both their use,

and consequently the study of their properties and effects under different circumstances.

2.1.1. Definition of Nanomaterials

“’Nanomaterial’” seems like a self — explanatory term when it comes to everyday communication. However, in
scientific literature, there is a much higher need for precision. That has led to a wide range of different definitions
for “’nanomaterials’’. Some of these terms refer to their size as a whole, while others only examine one or more
of their dimensions. Other terms take into account weather the structure consists of discrete parts whose
dimensions fall into the nano scale, accepting aggregates and agglomerates of nanoscale moieties as
nanomaterial, regardless of their actual size. Moreover, the ’nanoscale’’ itself is not well-defined, as the limits
seem to change according to the needs of the study®. It is generally accepted, that any moiety that is 100 nm or
less in one or more dimensions can be identified as ‘’nanomaterial’’, while the lower limit is still somewhat
unclear (from atomic level to 2 nm). Kreyling et al. (2010)? summarized the widely accepted terms and limits
for nanomaterials, and even proposed a complementary definition based on volume specific surface area
(VSSA), to clarify the nano- or larger materials’ classification. As of 2011, the European Union has adopted the
definition of ‘’nanomaterial as “’a natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number
size distribution, one or more external dimensions is in the size range 1 nm -100 nm”’.

In this study, any moiety smaller than 1 um will be referred to as ’nano-°’. In different parts of the study, the
materials of interest will either be engineered (man — made, crafted for a specific purpose), incidental (their
formation was man — facilitated, but their occurrence in the environment is unintentional) or natural

(spontaneously formed through natural processes)?.

2.1.2. Applications of Nanomaterials

Due to the wide variety of their properties, and their occasional superiority against other forms or species, more
than one branches of modern life are incorporating, or even depend on, nanomaterials.
To start with, medicine, the cornerstone of human health and well — being, has benefitted greatly from advances

in nanomaterial science (Figure 1).
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Figure 1. Advantages of Nanoparticles in Medicine.*

Selenium nanoparticles, along with a wide range of different coatings to tune their properties, have been
thoroughly examined as chemotherapeutic agents.*® They have, on occasions, been found superior to other
selenium forms, or other known and widely used anticancer agents. They are also reported to prevent metastasis,
have fewer side effects®, and there are even reports that they can be co-administered with cis — platin to counter
some of its side effects (CIS — induced reproductive toxicity)*. Platinum complexes have also been under the
microscope, due to their known anticancer capabilities, and the nano-functionalization (nano-sized carriers for
the drugs) of platinum(I1) and platinum(IV) appears to have some very interesting prospects.® Some promising
steps have also been taken in the nanomaterial - facilitated cancer diagnostic detection, again through the use of
self -assembled selenium nanoparticles.

The contribution of nanomaterials to medicine does not, of course, stop with anticancer treatment and diagnosis.
Biosynthesized selenium nanoparticles have been reported as protective agents against DNA damage caused by
UV- radiation.!! Titanium dioxide particle interactions with specific proteins have been exploited to promote
burned tissue healing and regeneration'?, while silver-, gold-, and zinc- containing nanomaterials are being
explored for their antimicrobial and antibacterial properties****°. And as far as diagnostics go, the intrinsic
fluorescence of selenium — containing nanoparticles has been explored as a means for cellular imaging*®, while
other elements, such as gold, are also examined as potential molecular imaging agents®.

Beyond medicine, several fields have taken advantage of the nanomaterials’ properties. Gold nanoparticles have
been found to have catalytic properties the bulk material did not possesst’, while selenium (being robust direct

band — gap semiconductor) is also examined as a potential catalysts for the incarceration of mercury vapours,

5
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and more®. Some of the other, less known applications of selenium nanoparticles include the construction of
optical devices, and the functionalization of photovoltaic solar cells and photo — assisted direct methanol fuel
cells. It has also been incorporated in the making of selective and reliable chemical sensors.® And of course,
the food industry has taken advantage of advances in nanotechnology to improve the products’ processing and
packaging procedures, and increase their nutritional value and shelf-life®, while the cosmetics industry exhibits

an ever - rising interest in the nanotechnological applications?.

2.1.3. Nanomaterials in Environmental samples

Due to the fortunate rise of environmental concern, nanomaterial occurrence and properties in environmental
samples have also been put under the microscope. The interest usually revolves around the potential toxicity
they can induce on the flora and fauna of the ecosystems they are found in?-2%, while they can also play a major
role in the alteration of so0il?®-** and atmospheric®-3* systems as well. Their origin is also a point of interest, as
nanoparticles can be naturally occurring®=¢, incidental®*’ (unwilling by-products of anthropogenic activities),
or engineered (created on purpose by humans for a specific purpose)3=,

Due to the nature and objectives of this study, its focus will be on samples of marine ecosystems (seawater).
Nanoparticulate moieties interacting with the complex matrix of seawater can severely affect both on the
analytical process, and the physicochemical characteristics of the moieties themselves.*°There have been reports
regarding the effects of seawater (or its constituents) on particle stability*, the kinetics of their aggregation**-
4 or the alteration of their surface chemistry*4®. As far as the analytical process is concerned, seawater is a
challenging matrix at two different levels: On the first hand, the complex composition of the sample could lead
to signal interference. Different concentrations of dissolved organic matter and/or dissolved solids may in some
cases affect the nanoparticles’ transport efficiency and the sample’s flow rate. On the other hand, the usually
unavoidable salt residue pileup could be detrimental to the instrumentation, causing damage to the equipment

and hampering the analysis.*"4®

2.1.4. Detection and Characterization of Nanoparticles

While studying the occurrence of nanomaterials is a major field of interest, modern instrumentation and know
— how with great potential are still in development. The properties of the detected nanomaterials, their size,
composition, homogeneity of their population etc., can be studied at many different levels. Towards that end,
an incredible array of analytical methods and techniques have been applied.*®

Utilization of Scanning and Transmission Electron Microscopy (SEM/TEM)®%-%* and Dynamic Light Scattering
(DLS)***57 imaging allows for the nanoparticle shape and size (or hydrodynamic size) characterization.
Hydrodynamic size, in particular, has also been determined on occasion through Nanoparticle Tracking

Analysis (NTA)>. The study of their morphology allows for the statistical analysis of their populations’ size
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distribution, that could reveal possible polydispersity. In addition, transmission mode - Fourier Transform
InfraRed spectroscopy (FTIR) has been used to discern the biomolecular composition of their surface®. UV —
Vis and micro — Raman spectroscopic methods have also been applied in the detection and elemental
composition analysis of metalliferous particles®%¢%°, X-ray Diffraction (XRD/XEDS) enables the identification
of different material phases**%%* as well, and thusly the study of probable crystalline solids, while dispersive X
— ray spectroscopy (EDS) is used to determine the nanoparticle elemental composition®®. Even flow cytometry,
along with dark field microscopy, has been reported for indirect observation of the effects of TiO, nanoparticles
on ARPE-19 cells.*®

As far as the study of inorganic nanomaterials is concerned, atomic spectroscopy has provided the analytical
process with very efficient tools. Techniques like Electrothermal Atomic Absorption spectroscopy (ET — AAS),
Inductively Coupled Plasma — Optical Emission Spectrometry (ICP — OES) and — Mass Spectrometry (ICP —
MS) have been preferred due to their sensitivity, selectivity, low detection limits*® and their adaptability when
coupled with other techniques.

Coupling the ICP — MS online to Reversed Phase High Performance Liquid Chromatography (RP HPLC) 56576
or Hydrodynamic Chromatography®, has been a common practice in the analysis of an array of samples,
including nanomaterials. Sedimentation and Asymmetrical Flow — Field Flow Fractionation (SedFFF and AF*)
have also successfully been coupled online with ICP — MS for the detection and characterization of inorganic
nanoparticles®®3¢4And lon Mobility Spectrometry (IMS) has been coupled on-% and offline®® with ICP — MS
for the determination of nanoparticle size and elemental composition. On occasion, Isotope Dilution Analysis
(IDA) has been used in addition to previously mentioned techniques, in order to counter interference effects

caused by the matrix and thus achieve acceptable analyte recoveries and limits of detection.%®®

2.1.5. Single Particle ICP — MS in the Analysis of Nanoparticles

Single particle ICP — MS (SP — ICP — MS) is one of the most widely used techniques for the study of
nanomaterials at low levels and in complex sample types. This comes as no surprise, as the development of the
technique focuses on the analysis of individual particles, and more specifically their detection and the
quantification of their metal content®®. It has been used for various purposes, like detecting semiconductor
contaminations, monitoring engineered nanoparticles in sunscreen products etc®®. The food industry has also
invested in SP — ICP — MS analysis, studying specific products uptake of nanoparticles®®, tracking the presence
of incidental® or engineered™ particles in products, or monitoring the composition of various dietary
supplements® 172 It can also be a powerful tool in the service of nanotoxicology’®, or generally the monitoring
of the occurrence and fate of different particles in human blood or tissue®. SP — ICP — MS has been applied in
the monitoring of biogenic nanomaterial as well®!. And of course, it has been used in the study of environmental
samples, either during quality control of drinking water®®, for the monitoring of the nanomaterial release into
the environment™, and their subsequent occurrence, fate and toxicity®® 7>, The technique is also quite useful

in the monitoring of nanoparticle effect on marine ecosystems’”=°,

7
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The principle of SP-ICP-MS operation (detecting single moieties, see section 2.2.3. Single Particle ICP — MS),
can also be applied for the analysis of single cells (Single Cell ICP — MS®), to count them and determine their
metal content®!, The uptake of various metal constituents by individual cells can also be determined this

way®® as well as the presence of different moieties on or within the cells®:84,

2.2. Objectives

Owing to the wide range of their potentially either useful or harmful properties, the study of nanomaterials has
never before been more important than in current years. Modern industry has been mass — producing and using
engineered nanomaterials, a huge part of which will, willingly or incidentally, end up in the earth’s crust, the
aquifer or the world’s reservoirs. More than a few of them are also able to alter the chemistry and behavior of
the atmosphere. It is therefore imperative to find new, ever — evolving and adaptable techniques to monitor the
occurrence of nanoparticles, and the interaction with their respective ecosystems, in order to be able to either
predict or even prevent emissions that would prove detrimental to the environment.

Within the current study, an array of previously known techniques is being used, combined and optimized, in
order to develop a method for seawater sample analysis that will allow for the detection and characterization of
metal nanoparticles in such environmental samples. For the limits of the developed method to be realized, and
pushed, different aspects of the ICP — MS instrumentation, introduction systems and analytical procedure are
tested. Furthermore, more than one data processing tools are incorporated in the data processing, some of them
less known, but more specialized. The objective is to provide the results, and any conclusions attained through
the process, with high accuracy.

Operating within the significant capabilities of the Inductively Coupled Plasma — Mass Spectrometry technique
(ICP — MS), two different dwell times (time per reading) in the ms or us range are used (single particle analysis),
in order for a comparative study to able to be conducted. Also, different thresholds for the identification of
particles are applied in both dwell time cases. The objective is to determine which dwell time is better suited in
each given situation, the differences between them, and which threshold application is better suited to examine
the resulting data.

In conclusion, the purpose of the presented experimental work is to develop and apply a rapid, robust and
reliable technique for the analysis of untreated seawater samples, for the study of the occurrence and fate of
metal nanoparticles. The protection of the instrumentation is a necessary concern as well, as the natural seawater
samples are usually detrimental to the system’s interface, due to salt residue built — up. Towards that end, the
on — line dilution sample introduction system is being evaluated. As an added element, new data processing
tools are being used, in order to cross — reference the obtained results, solidify the reached conclusions, and

evaluate their performance in terms of time and quality of outcome.
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2.2.1. Objectives of Investigating the Fate of Silver Nanoparticles and lonic Silver in Seawater Systems

(Mesocosm Tanks)

This part of the study was conducted as part of a larger experiment, under the title <> Addressing the impacts of
a low-dose addition of silver nanoparticles vs. silver ions in a coastal marine ecosystem”’. It was conducted in
“CRETACOSMOS’’, which is the Greek branch of >’ Aquacosm’’, a European network of mesocosm facilities.
The objective of the extended experiment was to investigate the impact of low and stepwise addition of silver,
in ionic or particulate form, in coastal marine ecosystems. Furthermore, a comparative study between the effects
of the two different species would be facilitated, as well as a comparison with a similar experiment previously
conducted in the same facility®. For that purpose, nine mesocosm tanks were incorporated, and treated as it is
explained in Section 3.3.1 of this study.

Regarding the part of that experiment conducted within this study, an on — line dilution introduction system was
incorporated in the analysis of seawater samples from the aforementioned mesocosms. Using SP — ICP — MS,
samples from the tanks that have been treated either with ionic or with particulate silver have been analysed on
a daily basis, in order to monitor the occurrence of silver nanoparticles, and potential changes in their population
and size (therefore, their fate in the seawater system).

Moreover, owing to the fact that the added silver amount in the system can be known at any given time, this
series of experiments is also used for the evaluation of the on — line dilution system, the comparative study of
two different dwell times, and the verification of the statistical significance of the application of different

thresholds for the identification of nanoparticles (see Section 3.3.2. Data Acquisition and Processing).

2.2.2 Obijectives of Investigating the Occurrence and Metal Content (Cu) of Copper — containing

Particles in Seawater Samples from the Proximity of the Island of Santorini

2.2.2.1 Objective of the Experiment

The on — line dilution introduction system has also been incorporated in the analysis of seawater samples from
the proximity of Santorini Island, for the detection of nanoparticles. The selection of this island was mainly the
result of three factors: To begin with, it is a very popular touristic summer destination, elevating the
anthropogenic factor for the nanoparticles’ occurrence. Secondly, it is considered an active volcano, a state that
has been closely associated with the formation of hydrothermal vents (see section 2.2.2.2. Hydrothermal vents).
And finally, the unique morphology of the seabed within the perimeter of the island is considered very likely to
“trap’’ particles of any origin.

Within the periphery of the island, different sampling sites have been selected due to a number of factors (higher
boat activity, proximity to known hydrothermal vent, deeper waters etc.). From those sites, samples were
acquired from different depths (~0 m, 5m, 50m, 250m), and from different periods of the year within the span

of two years. Due to this process, the temporal variability of the nanoparticles’ population and metal content
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can be determined, due to the presence or absence of touristic and/or boats’ activity, as well as the differences
from one sampling site to the other and the effect of the depth of the acquired sample. For the needs of the
analysis, five different elements have been investigated (Pb, V, Ni, Cu, Fe). The results presented within this
study will include the investigation of the occurrence and metal content of Cu nanoparticles.

2.2.2.2 Interest in Studying Hydrothermal Vents

Hydrothermal vents are naturally formed fissures found on the seafloor, from which geothermally heated water
is emitted. They are responsible for the formation of hydrothermal deposits, and they can promote the growth
of their surrounding area, due to the chemical composition of their emissions®. Depending on that composition,
they are usually categorized as either black smokers (higher sulphur content) or white smokers (higher barium,
calcium, silicon content).

Due to the unique conditions occurring in and around them, and their effect on the formation and fate of
particulate analytes, they are of considerable interest. Depending on their type, due to the different chemical
content, the hydrothermal vents can produce different types of nanoparticles. High sulfuric content, either due
to the vent or the sulfide content of seawater (52)¥, leads to the formation of various types of sulfide clusters
and nanoparticles.?-%38-91 QOther types of particles, such as graphite®?, copper-containing aggregates®, Barite,
Calcite etc. have also been reported.

The composition of those particles, as expected, is rarely pure, due to the complexity of the matrix. They usually
interact with other inorganic compounds or Natural Organic Matter (NOM) of various kinds?, acting as a

stabilization factor or a potential ligand®®,

2.3. Inductively Coupled Plasma Mass Spectrometry

2.3.1. ICP — MS Principle of Operation

The use of the Inductively Coupled Plasma ion source, coupled with a quadrupole mass analyzer, in the analysis
of trace elements, has been proposed since 1980 by R.S. Houk et at.% Despite several upgrades and occasional
targeted alterations, in order for the technique to adapt to the needs of each different analytical process, the
fundamental principles remain the same to this day. While, over the years, the technique has adapted to the
analysis of solids® and gases®, the samples are usually in liquid form®,

One of the most critical components of the ICP-MS s its sample introduction system, that essentially consists
of two parts, the nebulizer and the spray chamber®. The introduction system is responsible for the delivery of
the sample into the instrument in a suitable form. That includes the nebulizer turning the liquid sample into a
fine aerosol, and the spray chamber usually rejecting droplets of higher volume. There is an array of different
nebulizers and spray chambers available, depending on the needs of the analysis. For instance, some nebulizer
- spray chamber systems do not need to reject droplets, leading to a higher transport efficiency (detected

moieties to actual moieties in the sample ratio)%.
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After the sample has been properly transported into the instrument, it enters the inductively coupled plasma.
The ICP includes the torch and the RF coil that create and sustain the plasma. When the instrument is turned
on, the plasma region is filled with Ar gas, and then an electrical discharge ionizes the first Ar atoms. The RF
field generated by the RF coil provides the ionized atoms with more kinetic energy, so they collide with other
neutral atoms, ionizing them. The newly formed ions are then in turn accelerated by the RF field, creating more
ions and that is how, through the constant supply of Ar gas and the RF field, the plasma is sustained. Due to the
high energy of the Ar plasma (6000 — 10000 K), the sample is vaporized upon entering the chamber, the resulting
gas is atomized, and the resulting atoms are ionized (plasma ionization source)®. A system of sampling cones
(Interface), usually made from nickel, allows sufficient number of ions to go from the plasma region (~760
Torr), via an area of lower pressure (~2 Torr), into the high vacuum area (~108 Torr) of the ion focusing system
and the mass analyzer while conserving their integrity.1%2,

The ion focusing system consists of metallic cylinders or plates etc. that have voltages applied to them. Its
purpose is to focus the ion beam, and prevent it from spreading due to the high vacuum. Also, the ICP — MS
instrumentation usually suffers from matric effects, especially when the constituents of the matrix are heavier
than the analytes. The ion focusing system is responsible for the transfer of the maximum number of analyte
ions possible to the mass analyzer, while discarding as many of the matrix — related ions as possible.*%

The mass analyzer is one of the most critical parts of the ICP — MS instrumentation, as it is the part where the
selected ions are sorted out of the beam, in order to reach the detector, while the rest of the unwanted ions are
discarded.’®* The original Mass Analyzer paired with the Inductively Coupled Plasma lon source was the
Quadrupole Mass Analyzer, and it is considered, up to this day, a very popular, relatively low cost and
dependable choice. In principle, it consists of four, cylindrical or hyperbolic, parallel rods made of stainless
steel or molybdenum, sometimes coated against corrosion, crosswise paired. The (+) pole of a direct current
(dc) source is applying a dc field on one pair, and the (-) pole is applying a similar field on the other pair.
Variable radiofrequency current (rf) is also applied on both pairs, with 180° phase difference. The cumulative
effect of dc and rf fields only allows ions with specific mass to charge ratio to reach the other end of the
guadrupole (~15 — 20 cm), while the rest are rejected. Despite the universality of the quadrupole analyzer, there
are nowadays more commercially available analyzers, like the Double Focusing — Magnetic Sector Mass
Analyzer'®, the Time of Flight Mass Analyzer381% etc.

The ions that do make it out of the Mass Analyzer reach the detector. The detector’s role is to count the ions,
by transforming them into an electrical signal. The intensity of the signal corresponds to the detected number
of analyte ions. More than one types of detectors are of course available, including a Faraday Cup (essentially
a metal electrode) and the Channel Electron Multiplier (or Continuous Dynode Electron Multiplier,
semiconductor that generates multiple electrons upon the ions’ impinging on its surface). Due to its superior
dynamic range, the Discrete Dynode Electron Multiplier (DDEM) eventually dominated the field, operating
under the same principle as the Channel Electron Multiplier, but using multiple, discrete dynodes for the
amplification of the signal. Taking advantage of the flexibility of the discrete dynodes, the DDEM has the ability

to switch between two different circuitries for the counting of the ions (Dual Stage Discrete Dynode Detector).

11
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The analog circuitry measures the signal in the midpoint dynode, and, depending on whether it is above a certain
threshold or not, it is either measuring the analog signal right away (if the signal is higher than the threshold) or
allows the beam to keep cascading through the rest of the dynodes, and be measured as a pulse signal (if the
signal is lower than the threshold).*”

2.3.2. Collision / Reaction Cell

The Collision or Reaction Cell (CRC) is a multipole cell located after the ion focusing system and before the
mass analyzer. It provides an instrumental solution against isobaric and polyatomic interferences'®%, by
turning unwanted ions into something that the mass analyzer will eliminate immediately afterwards. It is usually
operated in two different modes, either the Kinetic energy Discrimination (KED), or the Dynamic Reaction Cell
(DRC) mode. The KED approach, using a non — reactive gas (i.e., He) eliminates polyatomic interferences by
taking advantage of their larger collision cross-section. The polyatomic ions collide more frequently than the
analytes due to their higher cross — section, and are therefore eliminated based on an appointed energy threshold.
The DRC approach, using a reactive gas (O2, NHs, CHa), eliminates isobaric interferences by taking advantage
of selective reactions. The cell gas either reacts with the interference, therefore changing its mass, and allowing
the detection of the analyte at its isotopic mass to charge ratio (on-mass approach), or reacts with the analyte,
therefore changing the analyte mass that will be analysed by the quadrupole (mass — shift approach)!°, The
same principle of operation has been later used in the development of a more efficient detection system,

incorporating more than one quadrupole (Triple Quadrupole — ICP — MS).%6:111-113

2.3.3. Single Particle — ICP — MS

As it was mentioned before, Single Particle ICP — MS is a very powerful tool for the analysis, or more precisely
for the screening, of individual nanoparticles.*#**> During the Conventional operating mode of the ICP - MS,
intensity readings are integrated over a time window (or dwell time), averaged and transformed through a
calibration function, to correspond to the analyte’s concentration. In SP-ICP — MS, shorter dwell times are used
per intensity reading, and are plotted individually as a function of time. As a result, the signal from the detection
of dissolved analytes will remain steady, as the dissolved constituents will still be homogenously distributed in
the solution, but will be significantly lower in intensity, since fewer ions will be detected per dwell time. In case
of a suspension though, the analyte’s atoms will not be homogeneously distributed in the sample due to the
presence of particles, that consist of thousands of atoms. So, in principle, when a nanoparticle enters the plasma,
its atoms will be ionized, creating a much more concentrated cluster of ions, that will move through the
instrument more or less as a whole. This is also what happens upon the entrance of a single cell in the plasma
chamber, that results in an ion cluster consisted of the metal atoms the cell contained. Upon reaching the

detector, the cluster will cause the detection of a much higher ions per dwell time ratio, that will lead to a
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detection “’spike’’, or “’event’’ %116

There are three important requirements for this technique to work: First, the sample should be dilute enough
(<10° particles/ml), in order to reduce the possibility of pulses overlapping (the signal of one particle coinciding
with the signal of another in the same detection window). Second, the dwell time should be adjusted, so that,
on the first hand, it is representative of the individual particles’ transient signal, and on the other hand, it is
sufficient to acceptably reduce the background, lowering the limit of detection for the particles’ size.'"1® And
third, the particles should be transported into the plasma as intact as possible, in order for their quantification to
be accurate. %120

Should the requirements be met, each individual event will correspond to the detection of a single particle, and
therefore, the frequency of the events will directly relate to the number concentration of the particles in the
sample. The size of each detected nanoparticle will also be proportionate to the event’s intensity (height or
area)'?!, allowing for the of study the particle population’s size distribution’*?2, It is possible, if the dwell time
is low enough (us range), for a particle to be detected over multiple datapoints, and therefore for its duration
profile to be acquired. In that case, a different approach should be used during the signal deconvolution, since
every single particle’s signal will stretch over more than one datapoint, therefore both the number and the size

of the detected particles will need to be differently calculated.

2.4. Particle lIdentification, Dwell Times and Detection Thresholds

Looking into the particle identification procedure, the pulses that corelate with the detection of particles are
essentially the outliers of a dataset, that is otherwise following a set of rules governed by statistics. So, in order
to discriminate the particles from the background (or dissolved analyte, depending on whether that is a
constituent of the sample or not), one has to realize the distribution of the background in a frequency versus
peak area histogram, and apply the appropriate statistical analysis that will indicate the datapoints that do not
follow the same behavior as the rest of the dataset. These datapoints are the ones that correspond to the detected
particles.

While working in the ms range (typical dwell times are 1-10 ms), the background level is usually revolving
around a mean value, closely resembling the Gaussian Distribution, or Normal Distribution. Per the Normal
Distribution’s statistics, 99.73% of the datapoints will be included within the (u - 30, p + 30) range, where p is
the mean value of the dataset, and o is standard deviation. Given the fact that, by the SP — ICP — MS principle,
the particle — related datapoints will have higher intensity than the background, it is reasonable to assume (in
fact, with 99.73% certainty), that any datapoints that have a peak area greater than the p + 3o threshold are very
likely caused by the detection of a particle. Increasing the number of standard deviations added to that threshold,
within reasonable boundaries, increases the confidence level, that the outliers are indeed particles. For instance,
an u + 5¢ threshold is providing the analysis with a 99.999% confidence level. It is though very possible, that
the addition of redundant standard deviations will lead to the exclusion of particle — related pulses.”™

As it was briefly mentioned before, lowering the dwell time (in the ps range, usually 50 to 200) leads to lower
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background and the acquisition of the particles’ time profiles.’? That becomes possible, when the dwell time is
lower than the time required for the ion cloud to be detected. However, lowering the background level can cause
the mean value of the dataset to creep closer to zero, and, since the lower detectable value for a datapoint is
zero, the shape of the background distribution begins to change. This particular shape resembles the Poisson
distribution, characterized by a very low mean value and high skewness. What’s interesting, is that a Poisson
Distribution with a higher mean value could adequately resemble a Gaussian Distribution (Figure 2, image from

X — The Analysis Factor, by Karen Grace — Martin).
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Figure 2. Poisson Distributions with gradually increasing mean values.

It becomes apparent, that when using lower dwell times, due to the lowering of the background signal per dwell
time, the Poisson Statistics are preferable for outlier detection. The threshold for the detection of nanoparticles
(Th), is in that case determined as the mean value of the dataset () plus the detection limit derived from the
Poisson statistics (Lpoisson)) 2.
Th=pu+271+329+/u

The Poisson statistics have proven to be a valuable tool, that is being used in the low dwell time SP — ICP —
MS more and more frequently.!1412°

Dwell times in the 200 ps to 1 ms range are generally avoided, because there is a risk that a pulse could be only

partially recorded. It is also recommended that dwell times lower than 50 us be avoided, because they lead to
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an incorrect recording of the signal, due to the very low number of ions reaching the detector during that time

window, which leads to very high uncertainty values for the measurements.!?

3. Experimental Part

3.1. Materials

3.1.1. Materials used for Investigating the Fate of Silver Nanoparticles and lonic Silver in Seawater

Systems (Mesocosm Tanks)

For the spiking of the Ag nanoparticle treated tanks, and the determination of the transport efficiency of the
system, the BioPure Silver Nanospheres material was used (hanoComposix, Branched PolyEthylenlimine
coating, 60 nm diameter, 1 mg/ml in water concentration, product code: AGBB60-1M). The dissolved silver
treated tanks were spiked with silver standard for ICP (TraceCert 10.000 mg/L Ag in 5% nitric acid, product
code: 91543). Deionized water used throughout the experiment was provided by the Elga PureLab Ultra Genetic
Water Purification System, and had a resistivity value of 18.2 MQ-cm. Regarding the seawater used throughout
the experiment, both for the mesocosm tanks and for the preparation of any necessary standard solutions, it was
sampled from open water in the proximity of Gournes, Heraklion (Crete, Greece).

3.1.2. Material used for Investigating the Occurrence and Metal Content (Cu) of Copper — containing
Particles in Seawater Samples from the Proximity of the Island of Santorini

For the determination of the transport efficiency, the aforementioned reference material was used
(nanoComposix, Branched PolyEthylenimine coating, 60 nm diameter, 1mg/ml in water concentration, product
code: AGBB60-1M). The deionized water that was used was also the same as the one mentioned in section
3.1.1., provided by the Elga PureLab Ultra Genetic Water Purification System, and had a resistivity value of
18.2 MQ-cm. For the dissolved Cu standard preparation, a 3% NaCl solution was prepared each day (Sodium
Chloride by Fluka, BioChemica, 71378). The Cu dissolved standard was from CPI International, Peak
Performance certified reference material, Single — Element Copper standard (10.000 + 30 pug/ml Copper in 4%
HNO).
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3.2. Instrumentation

3.2.1. Experimental Set — Up

The analysis was carried out using a NexION 300X® (upgraded to 350X) ICP-MS*?, from Perkin Elmer, whose
operating conditions are summarized in Table 1. The introduction system that was used during the analyses is

shown in Figure 3. and it is similar to the introduction system previously used by Toncelli et al*?’.

Table 1. ICP — MS Instrument Conditions
Description Value
Nebulizer Gas Flow 0.88 — 0.91 I/min
Makeup Gas Flow 0.00 I/min
Auxiliary Gas Flow 1.50 I/min
Plasma Gas Flow 15.00 I/min
Deflector Voltage -10.75
ICP — PF Power 1400.00
Analog Stage Voltage -2350.00
Pulse Stage Voltage 1550.00
Quadrupole Rode Offset STD 0.00
Cell Rod Offset STD -8.00
Discriminator Threshold 10.00
Cell Entrance/Exit Voltage -4.00
20ul/min Fusedsilica capillary —7= ——
Infuse L
— L,}—_I-—LT = -
e g - oA
I
[&@ ] 800 ul/min I 3-5 mm
Ar gas dilution zone

O di water

Figure 3. The introduction system used in the analysis of both experiments' samples'?,

A syringe pump (Cole — Palmer Single Syringe Infusion Pump, Cat.Number:78-9100C, 010A, 250V) introduces
the sample into a fused silica capillary, though which it is transferred to the tip of the nebulizer (dilution zone),
at a rate of 20 ul/min. It is met at this point by a make — up flow of ~800 ul/min of deionized water, introduced
by a peristaltic pump, resulting in a ~40 fold dilution, thus eliminating the need for sample dilution prior to its
analysis. As a result, not only is the analysis time reduced, but also the physicochemical characteristics of the
analytes (especially particles) are mostly preserved, since their microenvironment and the ionic strength of the

solution are only altered for a very small fraction of time (100-200 ms).
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The nebulizer is a concentric, pneumatic, glass model from Meinhard Type CO0.5, while a glass Cyclonic spray

chamber from PerkinElmer was attached to it.

3.2.2. Data Acquisition and Processing

3.2.2.1. Data Acquisition and Processing for Investigating the Fate of Silver Nanoparticles and lonic Silver in

Seawater Systems (Mesocosm Tanks)

For the data acquisition, the PerkinEImer Syngistix™ software and its Nano Application software module were
used. Two different dwell times, 75 us and 10 ms have been used during the analysis of the Mesocosm Samples.
There is usually a time period between two consecutive datapoint acquisitions, during which no signal is
detected (dead time). Due to a firmware upgrade, this instrument is able to operate without this limitation.

The data analysis incorporated the Nano module results, as well as some post analysis handling by OriginPro
and Microsoft Excel. GEOCHEM — EZ'? was also incorporated for the simulated calculation of the silver
species in the complex matrix of seawater. The nanoparticle detection thresholds that have been incorporated
on occasion, in accordance with everything that was mentioned in Section 2.4., are 1) Th = p + 3o (hereafter
referred to as the 3o threshold), 2) Th = p + 50 (hereafter referred to as the 5o threshold), and 3) Th = p +
2.71 + 3.29 = +/u, (hereafter referred to as PG threshold).

3.2.2.2. Data Acquisition and Processing for Investigating the Occurrence and Metal Content (Cu) of Copper —

containing Particles in Seawater Samples from the Proximity of the Island of Santorini

For the data acquisition, the PerkinElmer Syngistix™ software has been used, with a dwell time of 10ms. Due
to severe polyatomic interferences'®, the CRC was also incorporated in KED mode, Using 3.75 ml/min of He
flow.

The data analysis was carried out using the JupyterLab™® Python notebook interface. The code that was
developed for the need of this project is presented and explained in the Supplementary section of this Thesis
(SSection 2.2). For the identification of particles, the 5¢ threshold was used, in the same manner as it was

explained before.

3.3. Experimental Procedure

3.3.1. Experimental procedure for Investigating the Fate of Silver Nanoparticles and lonic Silver in

Seawater Systems (Mesocosm Tanks)

3.3.1.1. Sample Collection and Preparation

Sampling took place daily at the Hellenic Center for Marine Research (HCMR), where the Mesocosm project

was conducted. Starting from Day 0, the samples were collected in sterilized containers, using silicon tubes,
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that are permanently put in each of the mesocosm tanks (a total of nine) prior to the spiking. Subsequently, three

of those tanks were spiked with 50 ppt of silver nanoparticles (AgNP treated tanks) and three of them were

spiked with 50 ppt of ionic silver (Ag treated tanks), while three were control tanks. Each of the tanks was then

lightly stirred with a dedicated paddle, in order for the spiked analytes to be dispersed. The procedure was

repeated each day up to Day 11. Two hours after the first spiking, an extra set of samples was collected (DO +

2H), in order to monitor the standard’s interaction with the system.

3.3.1.2. Analvtical Protocol for the Determination of Ag in Seawater

Prior to the samples’ arrival the analytical laboratory (the HCMR is located 30 to 40 minutes away by car), the

instrumentation was prepared:

The instrument’s performance check and optimization were conducted: A multielement solu-
tion (containing 1 ppb of each element) was used to monitor the instrumentation’s response to
Be, In, U, Ce, CeO/Ce ratio (oxides), Ce™/Ce (double charged ions ratio) and Background
(noise) at m/z 220. When the response values were within acceptable ranges, meaning the in-
strument was in good working condition, the “’Tune’’ file was saved. In the case of any irreg-
ularity in the performance check, the instrument’s response optimization would usually include
the realignment of the torch, or the slight alteration of the nebulizer’s gas flow. Rarely was any
other intervention necessary, that would include changing of the peristaltic pump’s tubing, or
cleaning the nickel cones etc.

After the performance check and optimization, the transport efficiency check and optimization
were conducted. If the transport efficiency was within the acceptable range (>1.5%, the exper-
iment was conducted with 1.70% — 2.94% efficiency), the procedure would resume. If not, the
position of the fused silica capillary tip was re-adjusted, until an acceptable value was reached.
Rarely was the capillary change necessary, either due to its clogging, or due to any residues
from previous analysis, as there were no such cases reported.

Following the optimization of the transport efficiency, the system’s calibration was conducted,
for both dwell times (75 ps and 10 ms), using standard solutions containing 0.5, 1.0 and 5.0
ppb of Ag, in seawater (from the control tanks).

The calibration was then followed by a long (15 — 20 min) monitored cleaning step with 2%
HNOs solution, until any residue of the standard solutions was eliminated from the system.

Mesocosm samples were analyzed as soon as they were delivered to the analytical laboratory at the University
of Crete:

Each sample was then analysed two times for 3 min each, using a 75 ps dwell time, and once
for 6 min, using a 10 ms dwell time, through the previously described on-line dilution intro-
duction system.

Prior to each sample’s first run, the syringe was washed with deionized water (18.2 MQ) for
30 seconds, and then the system was conditioned (using the sample itself) for another 90 sec-
onds.

At the end of each sample analysis, the instrument’s performance was checked again, and the
whole system was rigorously washed with 2% HNO3 solution (~25 min), while monitoring the
washout signal with the ICP-MS.

This experimental procedure, as well as some of this study’s results have been published in an application note,

18



Chronakis Michail loannis Master’s Degree Thesis

in collaboration with PerkinElmer, Inct?.

3.3.2. Experimental Procedure for Investigating the Occurrence and Metal Content (Cu) of Copper —

containing Particles in Seawater Samples from the Proximity of the Island of Santorini

3.3.2.1. Sample Collection

Seawater samples were collected from around Santorini Island, over the span of two years. A total of five sample
batches were collected, on July 2019, October 2019, January 2020, June 2020, and August 2020. After each
sampling process, the samples were transferred to the analysis laboratory as soon as possible, where they were
stored in a cold room (~4°C) until analysis. The sampling procedure was carried out using a Niskin Bottle (~3
), suspended by grappling hooks and / or pulleys. Each sample was filtered through 10 pum filters, with the aid
of a portable vacuum pump. A small portion of the filtered sample was used to rinse the container of the sample,

and then the container was filler with the filtered sample (~250 ml).

3.3.2.2. Analytical Protocol for Detecting Cu-containing Particles in Seawater

The protocol that was followed for their analysis each day was the following:
e The samples were taken out of the fridge and left at room temperature for about one hour.

o While waiting for the samples to reach room temperature, the instrument’s performance check
and optimization was conducted, in the same manner that was previously mentioned.

e Each bottle was then stirred and gently shaken, so that the potential nanoparticles’ suspension
is homogenised, and then a small portion of the solution (~5 ml) was poured into a new steri-
lized container.

o After the performance check and optimization, the transport efficiency check and optimization
were conducted, in the same manner that was previously mentioned.

e Following the optimization of the transport efficiency, the analyte’s calibration was conducted,
using standard solutions with concentrations of 1.0, 5.0, 10.0 and 50.0 ppb in 3% NaCl, unless
otherwise stated.

e The calibration was then followed by a long (15 — 20 min) monitored cleaning step with 2%
HNOs solution, until any residue of the standard solutions was eliminated from the system.

e Each sample was then analysed three times for 5 minutes each, using a 10 ms dwell time,
through the on-line dilution introduction system. The He KED flow was 3.75 ml/min. Prior to
each sample’s first run, the syringe was washed with deionized water (18.2 MQ) for 30 sec-
onds, and then the system was conditioned (using the sample itself) for another 90 seconds.

e At the end of the sample’s analysis, the instrument’s performance was again checked, and the
whole system was rigorously washed with 2% HNO3 solution (~25 min), while being moni-
tored.
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4. Results and Discussion

4.1. Results and Discussion for Investigating the Fate of Silver Nanoparticles

and lonic Silver in Seawater Systems (Mesocosm Tanks)

As it was previously mentioned in section 3.2.2 Data Acquisition and Processing, the dwell times of 75 ps and
10 ms were used for the analysis of samples collected from the ionic silver (Ag*) and silver nanoparticle (AgNP)
treated seawater tanks. The use of 10 ms dwell time is well-documented in the literature for the analysis of
nanoparticle-containing samples.%In this acquisition mode, the nanoparticle signal can be captured within a
single dwell time, provided that the suspension is sufficiently dilute. The much shorter 75 ps dwell time is
documented to produce lower background levels, and allows for the acquisition of the time profiles of the
detected particles. The data acquired with 75 us and 10 ms were processed using the commercial software, Nano
Syngistix™ (Perkin Elmer) by applying 3 detection thresholds referred to as 3o, 50, PG.

Through the use of the Nano Syngistix™ software, an array of metrics can be extracted for each sample. This
includes the mean intensity, which is the average intensity of the pulse signals detected throughout the sample
acquisition. Mean intensity is turned into mean size, i.e., the average diameter of nanoparticles in the sample,
by using the mass calibration equation obtained through the aspiration of a nanoparticle reference material. The
most frequent size, which is the most frequently observed nanoparticle diameter, can be determined through the
use of (Gaussian, Log-Normal, Max Intensity) fitted to the obtained nanoparticle size distribution. The number
of peaks, the total number of signal pulses obtained throughout the data acquisition for each sample, can be
automatically converted into particle concentration by taking into account the transport efficiency of the ICP-
MS introduction system. As is the case for mass calibration, the transport efficiency can be determined upon
aspiration of a nanoparticle reference material of known NP number concentration. The software also provides
the intensity of the dissolved Ag, which is the average intensity of the background after the pulse signals are
separated and excluded from the original sample dataset. While the default procedure for the dissolved intensity
calculation is carried out according to Pace et al (insert ref)'1¢, the software allows for the application of different
threshold values and thus recalculation of the Dissolved Intensity. By performing a dissolved calibration,

dissolved intensity is turned into Dissolved Ag concentration.

4.1.1. AgNP treated seawater tanks, analyzed using 10 ms dwell time detection

4.1.1.1. Ag mass balances for AgNP treated seawater tanks as determined using 10 ms dwell time detection

The following charts (Fig. 4-6) summarize the quantity of Ag detected, both as dissolved ionic Ag, as well as
Ag nanoparticles (AgNPs), for each of the three thresholds applied. Each data point represents an average value

that has resulted from the analysis of the three seawater tanks. The “’spiked’’ values (yellow line) refer to the
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cumulative amount of silver (Ag) added to each tank as AgNPs, i.e., 50 parts per trillion (ppt) Ag daily in the

form of AgNPs. The trendline (red line) is a fit to the experimental data, whereas each numerical value given in
the figures corresponds to an average value from the three tanks.
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Figure 4. Mass balance for the AgNP treated seawater tanks, 10 ms dwell time, 3o threshold.
0.6
0.5 0418
386
04
0.3
0.2 y=0.0333x-0.0313
' R?=0.9345
0.1
0.000 | 0,00
0 -
DO DO+2H D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 Dil
Time (Days)
10 ms Spiked Trendline
Figure 5. Mass balance for the AgNP treated seawater tanks, 10 ms dwell time, 5o threshold.
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Figure 6. Mass balance for the AgNP treated seawater tanks, 10 ms dwell time, PG threshold.
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Regarding the observed mass balances (sum of dissolved Ag and AgNP concentrations compared to the spiked
concentrations of Ag NPs), there is little difference when using each of the three thresholds. This can probably
be explained by the fact that the 10 ms dwell time is generally acceptable both for the quantitation of the element
present in the form of nanoparticles and in a dissolved state, a fact validated by the high recovery values (3¢ =
97.9%, +66.6% standard deviation, 5c = 81.7% + 20.9% standard deviation, and PG = 82.2% + 24.0 standard
deviation). This means that any Ag amount not detected as a particle, is accounted for in its dissolved state. The
3o obtained results are characterized by a significantly higher recovery value (97.9%). However, these results
are also the least consistent among the three, as evidenced by their obviously larger uncertainty and the standard
deviation of the percent recovery (66,6%), as well as the R? value (less good linear fitting). It is worth noticing
that the difference between the PG and 5¢ in terms of recovery, deviation of the recovery and uncertainty of the
datapoints is insignificant. Despite them not being identical, their recovery values and respective uncertainties
suggest that all three threshold criteria perform equally well in terms of determining Ag mass balances. The
application of a different threshold, does not really change the dataset itself. It only affects the characterization
of pulses as part of the dissolve, or as an outlier, (a pulse event). Therefore, the fact that the three different
threshold criteria perform equally well, could be an indication that the difference between them is not significant
enough to cause a substantial change in the discrimination of the Ag particles from the dissolved Ag. That may
be suggesting that the detection of particles of a higher size, cannot be affected by a higher threshold. In the
meantime, the lower threshold (3c) might be suffering from the effects of false positive signals, that would
falsely contribute to the overall mass balance. The case that those signals indeed correspond to smaller particles
is also possible. s

Overall, , , all three of the applied thresholds seem to be performing equally well, depicting the expected increase
in the total Ag amount, with time (both dissolved ionic Ag and AgNPs). That is evidenced by the recovery
values, that is the ratio of the detected Ag amount in both forms, to the known cumulative spiked amount of Ag,
in the form of AgNPs.

4.1.1.2. AgNP particle concentrations for AgNP treated seawater tanks as determined using 10 ms dwell time

detection

Looking deeper into the nature of the Ag species in the seawater samples, the determined Ag particle
concentration is shown in Figures 7-9, obtained using different threshold criteria. The actual numbers of
detected peaks have also been presented in charts and can be found in SS 1.1.1, Figures 1-3 of the present thesis.
The results represent an average value that has resulted from the data obtained from all three tanks. The
“’spiked’’ values refer to the cumulative amount of silver (Ag) added as AgNPs daily at 50 parts per trillion

(ppt) corresponding to 42125 particles per mL of seawater sample.
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Figure 7. Particle concentration for the AgNP treated seawater tanks, 10 ms dwell time, 3o threshold.
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Figure 8. Particle concentration for the AgQNP treated seawater tanks, 10 ms dwell time, 5o threshold.
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Figure 9. Particle concentration for the AgNP treated seawater tanks, 10 ms dwell time, PG threshold.
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The effect of the different thresholds becomes more pronounced in these charts, where it is quite clear that the
higher the threshold value (PG > 56 > 30), the fewer the particles detected. This comes as no surprise, as it is
expected that smaller particles (resulting from the extensive AgNP dissolution) may not be detected when
applying higher threshold value.

What is worth noticing, is the dramatic decrease the application of 5¢ and PG criterion has on the determined
particle concentration compared to the 3¢ threshold. That is supporting the initial suggestion -, according to
which larger particles are identified by any threshold while the nature of lower — intensity signals is unclear.
However, the trendline fitting is apparently much better in the 3o case (higher R? value), suggesting a more
consistent result over time.

Overall, the trend is more or less clear on all the different thresholds, exhibiting an increase (less of it, the higher
the threshold) over time, as one could expect due to the daily addition of particles. It is clear that some of the
signals are intense enough to be identified as particles using the 3¢ threshold, but are eliminated when higher
threshold criteria are applied. That could suggest the removal of portions from bigger particles, that could cause

a significant pulse themselves, detectable by the lower 3o threshold, but eliminated by higher threshold criteria.

4.1.1.3. AgNP mean size for AgNP treated seawater tanks as determined using 10 ms dwell time detection

The following charts (Fig. 10-12) are devoted to the study of the detected particle Mean Size. They resulted
from the conversion of the corresponding Mean Intensity by using the mass calibration equation. Charts of the
Mean Intensity can be found in the supplementary section (Supplementary Section 1.1.3, Fig.7-9 ). They should
provide an insight on the Ag nanoparticle - seawater system dynamics. Same as before, the results represent an
average value of all three tanks. Similar charts regarding the Most Frequent size can be found in the
supplementary (SS 1.1.2 Fig. 4-6), as they exhibit similar behavior and they do not include any additional

information.
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What is expected for this system (based on the literature®®), is a decrease of the mean particle size, due to particle
dissolution under the effect of the seawater matrix. Both the 5¢ and the PG thresholds exhibit a significantly
smaller decrease in mean size compared to that observed for the 3¢ criterion. These observations further
strengthen the validity for why the 3o criterion has been so widely used for the analysis of nanoparticles, when
it comes to ms dwell time detection. It is possible that the spiked nanoparticles indeed do not decrease in size
as much as the 3o threshold criterion chart suggests, but previous studies® support the 3c results over the 5c or
PG results in this case.

Regardless of the threshold criterion applied, the overall trend of the mean size, though slight, is declining,
which is, as mentioned before, consistent with the expectations from this specific setting. The seemingly low
dissolving rate could be attributed either to the daily addition of more particles of specific dimensions (60 nm),
or to the degradation of some particles up to the point that they would no longer be detected by the system. In
the first case, the freshly added nanoparticles will not have dissolved as much as the preexisting particles in the
tanks. Therefore, they will contribute their higher size (a little less than 60 nm) to the overall mean value, raising
it, and therefore somehow ‘’masking’’ the overall dissolving of the preexisting particles. In the second case,
preexisting particles might be extremely dissolved, leading them lower than the detection limit. In such a case,
they will not contribute their lower size value to the overall mean size value, and the mean size will be raised,
since it is only calculated by the sizes of bigger (more recently added) particles. Both of the above-mentioned
phenomena are probable, and their effect is supported by the fact that higher threshold criteria exhibit smaller
rates of degradation. That means that there are more lower intensity signals (i.e., smaller particles) to be

eliminated.

4.1.1.4. Dissolved Ag concentrations for AgNP treated seawater tanks as determined using 10 ms dwell time

detection

In order to complete the study of the fate of the Ag particles, the dissolved Ag concentration is required, and it
is shown in Figures 13-15 for the different threshold criteria. As mentioned before, whatever degradation the
particles are subjected to it should also be reflected in the dissolved Ag concentration. Same as before, the
results represent an average value of all three tanks, and the Ag concentration values have been automatically
converted from the dissolved intensity values, also presented in this thesis’ supplementary information (SS 1.1.4,

Fig 10-12).
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Figure 13. Dissolved Ag Concentration for the AgNP treated seawater tanks, 10 ms dwell time, 3o threshold.
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Unsurprisingly, the trend is clear no matter the applied threshold criterion, and it shows that the dissolved Ag
concentration within the mesocosm system is increasing over time. This clearly shows that AgNP dissolution is
occurring over the course of the experiment.

The different threshold values once again result in Ag values very close to one another, while the 3c is somehow
lower. This comes as no surprise, since some lower intensity signals are considered particles, when applying

the 3o threshold, while they are attributed to dissolved after the application of a higher threshold value.

4.1.1.5. Conclusions for the behavior of Ag in AgNP treated seawater tanks as investigated using 10 ms dwell

time detection

As far as the 10 ms dwell time is concerned, the system in general yields very high Ag recovery values. What
is also very important, is that it remained robust and reliable, meaning that the on — line dilution introduction
system sufficiently protected the instrumentation from damage due to the usually detrimental seawater matrix,
and its performance was more or less equally sufficient throughout the experiment. While the use of higher
thresholds (5s and PG) has provided useful information on the dissolving of the detected particles, the 3¢
threshold proved reliable, yielding higher recovery values. It also exhibited higher consistency regarding the
study of nanoparticles’ size, leading to more reasonable conclusions. Therefore, it is safe to conclude, that for
the analysis of suspensions as concentrated as the ones mentioned above (>10° particles/ml), using 10 ms dwell
time detection, the 3o threshold criterion is better suited, and rightfully used as widely as it currently does.
Furthermore, the on — line dilution system proved to be suitable for this kind of analysis of seawater samples,

both in terms of results’ validity, and protections of the instrumentation.

4.1.2. AgNP treated seawater tanks, analyzed using 75 us dwell time detection

4.1.2.1. Ag mass balances for AgNP treated seawater tanks as determined using 75 us dwell time detection

The following charts (Fig. 16-18) summarize the quantity of Ag detected, both as dissolved ionic Ag, as well
as AgNP, for each of the three thresholds applied. Each data point represents an average value that has resulted
from the analysis of the three seawater tanks. The ‘’spiked’’ values (yellow line) refer to the cumulative amount
of silver (Ag) added to each tank as AgNPs, i.e., 50 parts per trillion (ppt) Ag daily in the form of AgNP. The
trendline (red line) is a fit to the experimental data, whereas each numerical value given in the figures

corresponds to an average value from the three tanks.
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Figure 18. Mass balance for the AgNP treated seawater tanks, 75 us dwell time, PG threshold.
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Right from the very start, it is quite obvious by the presented uncertainties and the unrealistically high and
highly inconsistent recovery value (345.2%, £294.4% standard deviation, while the R? value is also very low),
that the 3o threshold is entirely unsuitable for the analysis when using pus dwell time detection. Both of the other
thresholds are characterized by reasonable recovery values (5¢ = 115.9%, +39.5% standard deviation, and PG
= 79.0%, +26.1% standard deviation), and clear trends, while their R? values indicate an acceptable fitting of
the data (>0.9 for the both of them) so the most suitable among them will have to be determined after a more in
— depth analysis of the data. Despite the obvious miscalculation, quite possibly due to the detection of false
positive pulses (pulses falsely attributed to particles), even the 3o threshold exhibits an increasing trend of Ag
recovery over the days. However, both the 56 and the PG thresholds exhibit very similar increasing trends, as

expected, taking into account the daily addition of the 50 ppt of Ag nanoparticles.

4.1.2.2. AgNP particle concentrations for AgNP treated seawater tanks as determined using 75 us dwell time

detection

Looking deeper into the nature of the Ag species in the seawater samples, the determined Ag particle
concentration is shown in Figures 19-21, obtained using different threshold criteria. The actual numbers of
detected peaks have also been presented in charts and can be found in the supplementary section of the present
thesis (SS 1.2.1, Figures 13-15). The results represent an average value that has resulted from the data obtained
from all three tanks. The “’spiked’’ values refer to the cumulative amount of silver (Ag) added as AgNPs daily

at 50 parts per trillion (ppt) corresponding to 42125 particles per mL of seawater sample.
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Figure 19. Particle concentration for the AgNP treated seawater tanks, 75 us dwell time, 3o threshold.
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Figure 20. Particle concentration for the AgNP treated seawater tanks, 75 us dwell time, 5o threshold.
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As mentioned before, the 3o threshold is way off when it comes to using a dwell time as low as 75 ps, probably
due to the mean value of the dataset significantly approaching zero, following a non - normal background
distribution (Poisson — Gaussian*117:15.131) ' Apparently, the application of a higher threshold that incorporates
a higher number of standard deviations (5c) results in the correction of that miscalculation by a significant
factor, leading to much more realistic particle detection numbers. The arising doubt from the observation of
these data though stems from the fact that, despite the addition of intact nanoparticles every day, there should
be an observed degradation of the nanoparticles already existing in the solution from previous days. On the
other hand, the PG thresholds seems to be detecting a not only low, but also more or less fixed number of
nanoparticles, while the lower uncertainty suggests that the PG measurements are more reliable. Given the fact
that there is a substantial difference in the detected nanoparticles between the two different thresholds (5¢ and
PG) and taking into account that the particles’ degradation is certain, there are two distinct possibilities regarding
the system’s dynamics: In the first case, the particles have overnight degraded, up to the point that they are small
enough to be falsely identified as part of the dissolved analyte by the unnecessarily higher PG threshold. In that
case, the 5o will still be able to detect them. In the second case, the particles have indeed, through the course of
a day, dissolved, so the PG threshold detects mainly the newly added particles. As a result, the 5¢ threshold also
falsely identifies more signals as particles, due to the difference in the background distribution.

Taking into account that the 10ms data clearly show the detection of an increasing number of nanoparticles per
mL, it is considered a little more likely that the PG threshold is unnecessarily high, leading to the exclusion of
signals that actually correspond to particles. There is also the possibility, due to the detection of every particle
over multiple datapoints, that the overall signal of smaller particles would be so stretched (meaning their overall
profile peak would be “’flattened’’), that no datapoint would be intense enough to overcome the PG threshold.
Given the fact though, that both of their recovery values are realistic, despite the fact that the PG threshold is
more consistent (lower standard deviation), there are, up to this point, not enough data to decide which one is
more suitable for this specific analysis.

Overall, regardless of their differences, all three of the applied thresholds exhibit the same behavior, following
an increasing trend over the course of the experiment, as one should expect due to the daily addition of the

nanoparticulate analyte.

4.1.2.3. AgNP mean size for AgNP treated seawater tanks as determined using 75 us dwell time detection

The following charts (Fig. 22-24) are devoted to the study of the detected particle Mean Size. They resulted
from the conversion of the corresponding Mean Intensity by using the mass calibration equation. Charts of the
Mean Intensity can be found in the supplementary section (SS 1.2.3, Fig. 19-21). They should provide an insight
on the Ag nanoparticle - seawater system dynamics. Same as before, the results represent an average value of
all three tanks. Similar charts regarding the Most Frequent size can be found in the supplementary (SS 1.2.2,

Fig. 16-18), as they exhibit similar behavior and they do not include any additional information.
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Figure 22. Detected particle mean size for the AgNP treated seawater tanks, 75 us dwell time, 3o threshold.
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Figure 23. Detected particle mean size for the AgNP treated seawater tanks, 75 us dwell time, 5o threshold.
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Figure 24. Detected particle mean size for the AgNP treated seawater tanks, 75 us dwell time, PG threshold.
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Observing the uncertainties of all three of the Mean Size charts, it is clear that the 3c results are quite a bit more
inconsistent. It is, no doubt, affected by the sum of the nanoparticles bordering the detection limit, due to slight
differences in the conditions every day. The 5c results exhibit a more consistent and predictable behavior, as
the mean size is expected to gradually drop with every passing day, due to the contribution of the smaller -size
particles that have resulted because of the observed AgNPs dissolution. The newly added particles should also
affect the mean size, but due to their number being lower than the preexisting ones’, their cumulative result
should probably lead to a decrease of the overall observed mean size. The PG threshold chart though exhibits a
constant mean size for the detected nanoparticles as a function of time. That observation, taking into account
the almost fixed number of particles detected per day (40000 — 50000 per ml) and the known size of the reference
material used (60 nm), would suggest that the PG threshold is mainly detecting the particles that have been
added the day prior to the analysis (50 ppt corresponds to around 42000 particles per ml). Whether that means
that the particles have indeed dissolved to a size lower than the detection limit, or that the PG threshold is
unnecessarily high, cannot be extracted as a conclusion by the data that have been presented so far.

Excluding the PG threshold, the 3o and 56 thresholds both suggest a lowering of the particle mean size over the
course of the experiment, a conclusion consistent with the expectations of the study. The following comparative
figure (Figure 25) presents the size distributions of the individual experimental days, for both of the technical
replicates (summed up) of the 1% nanoparticle treated tank alone. This in an attempt to look deeper into the PG
threshold’s results. So far, the results indicate that both the 5¢ and the PG thresholds could yield valuable results.
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time, PG threshold.
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Due to variations of the transport efficiency from day to day, the sum of the detected peaks might differ from
day to day (i.e, the sum of the frequencies in each day). It is quite clear though, that the PG threshold accurately
depicted the first day’s results (AgBPEI reference material: 60 + 5 nm diameter). Moreover, the distribution
expectedly widened over the next few days, and its peak is clearly shifted (up to, maybe, D3). From then on, a
second peak appears to be forming at lower size values (Around 45 nm), that becomes quite prominent on D5
and D6, indicating the expected nanoparticles’ degradation. Finally, by the end of the experiment (D10 and
D11), not only are the two peaks distinct enough to be clearly separated from one another, but the lower sizes
peak is more prominent than the, also expected (due to the newly added particles) ~ 60 nm peak. Overall, the

results are promising regarding the PG threshold, as the results are quite close to what was expected.

4.1.2.4. Dissolve Ag concentrations for AgNP treated seawater tanks as determined using 75 us dwell time

detection

In order to complete the study of the fate of the Ag particles, the Dissolved Ag Concentration is required, and
is shown in Figures 26-28. As mentioned before, whatever degradation the particles are subjected to it should
also be reflected in the dissolved Ag concentration. Same as before, the results represent an average value of all
three tanks, and the Ag concentration values have been automatically converted from the Dissolved Intensity

values, also presented in this thesis’ supplementary information (SS 1.2.4, Figures 22-2).

36



Chronakis Michail loannis Master’s Degree Thesis

0.45
0.4
0.35 0.3p64 0.3p13
0.3
0.25
0.2
0.15
0.1
0.05

y =0.0266x - 0.0219
R*=0.8696

0.0460

Concentration (ppb)

-0.05
D0 DO+2H D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11

Time (Days)

Figure 26. Dissolved Ag Concentration for the AgNP treated seawater tanks, 75 us dwell time, 3o threshold.
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Figure 27. Dissolved Ag Concentration for the AgNP treated seawater tanks, 75 us dwell time, 5o threshold.
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Figure 28. Dissolved Ag Concentration for the AgNP treated seawater fanks, 75 ps dwell time, PG threshold.
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Contrary to the expected increase on the detected dissolved Ag after the application of a higher threshold, the
concentration of the detected dissolved Ag remains more or less constant, taking into account the associated
uncertainties. In addition, not all of the points follow the same behavior, as some of them (D9, D10, etc.) are
actually when processed through the PG threshold, while others are lower (D4, D5, etc.). Due to the severe
elimination of background (the primary reason for using a lower dwell time), it comes as no surprise that the
results on the dissolved analyte, after the 75 ps analysis are somewhat difficult to interpret. Because the vendor’s
software algorithm for data processing is not entirely understood, it is quite difficult to produce a convincing
argument to explain this unexpected behavior. Since the mass calibration procedure does not include the
application of any threshold though, it is possible that a significant difference between the threshold of the
calibration and the threshold of the sample (or even the ratio of the threshold to the detected dissolved intensity)

could cause some unintended miscalculation.

4.1.2.5. Conclusions for the behavior of Ag in AgNP treated seawater tanks as investigated using 75 us dwell

time detection

Taking all the above-mentioned information into consideration, as far as the 75 us dwell time is concerned, the
system in general yields very high Ag recovery values, while remaining robust and reliable, as mentioned before
(Section 4.1.1.5.). It is clear that the 3c threshold is no longer providing reliable results as the Ag mass balance
is not maintained. The source of such an error may be the immense contribution of false positives signals to the
detected Ag mass due to the non-normal distribution of the background, and therefore the inaccurate normal
distribution statistics used to discriminate the nanoparticle signals from the background. There is a high chance
that the shape of the background distribution plays a significant role in these miscalculations, but the application
of the 5¢ threshold overall provided results of similar value to those of the PG threshold. That fact is suggesting
that the correction needed could be provided by the study of the gaussian statistics, by adding a case —
appropriate number of standard deviations to the determined threshold value™. If a single conclusion had to be
drawn for all the above-mentioned results, based on the more realistic and more consistent mass balance values
of the PG threshold, the slight overestimation of the particle concentration by the 5¢ threshold, and the size
distributions that exhibited an expected particle dissolution it seems that the PG threshold application might be

a better fit for the 75 pus analysis protocol.

4.1.3. lonic Ag treated seawater tanks, analyzed using 10 ms dwell time detection

4.1.3.1. Ag mass balance for ionic Ag treated seawater tanks as determined using 10 ms dwell time detection

The following charts (Fig. 29-31) summarize the quantity of Ag detected, both as dissolved ionic Ag, as well
as AgNP, for each of the three thresholds applied. Each data point represents an average value that has resulted
from the analysis of the three seawater tanks. The ’spiked’’ values (yellow line) refer to the cumulative amount

of silver (Ag) added to each tank as ionic Ag, i.e., 50 parts per trillion (ppt) Ag daily in the form of ionic Ag.
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The trendline (red line) is a fit to the experimental data, whereas each numerical value given in the figures
corresponds to an average value from the three tanks.

0.600
0.500
2
0.344
2 0400 0310
c
£ 0.300
s
S 0.200
§ y = 0.0283x - 0.0378
0.100 NokY. R?=0.8587
O 0.000 0.020 0.024_-0 Y.
0.000 =
-0.100
DO DO+2H D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D1l
Time (Days)
10 ms Spiked Trendline
Figure 29. Mass balance for the Ag treated seawater tanks, 10 ms dwell time, 3o threshold.
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Figure 30. Mass balance for the Ag treated seawater tanks, 10 ms dwell time, 5o threshold.
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Figure 31. Mass balance for the Ag treated seawater tanks, 10 ms dwell time, PG threshold.
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The difference when using a different threshold criterion appears to be nearly insignificant, meaning they are
all performing similarly well on this specific setting. All three seem to be in agreement, regarding the expected
detected cumulative quantities of dissolved and particulate Ag, as their respective recovery values are 61.1%
+22.3% standard deviation for the 3o, 64.7% +21.2% standard deviation for the 5c, and 65.4% +21.7% standard
deviation. As a first estimation, that high level of agreement could be attributed to the fact that the total Ag
guantity in these samples is mostly in ionic form. The dissolved Ag concentration calculation is extracted by
averaging the non — particle signals of the whole run, meaning that there are essentially a lot more datapoints,
which of course benefits the statistical analysis. So, if the dissolved intensity is well — defined from the
beginning, the application of a different threshold will hardly cause any changes, because there are not enough
particles detected to severely affect the results. The lower recovery values (even lower on later days) could be
an indication of the formation of Ag containing moieties: They could be small enough to not be identified as
particles, but would also be “’lost’” in the analysis of the dissolved as well. In that case, they would only appear
as slightly more intense pulses, essentially “’diluted’” among all the other lower intensity signals, due to their
significantly smaller number.

All three of them exhibit the same behavior over time, being in acceptable agreement with the expected values,
as previously discussed, taking into account the daily addition of the 50 ppt of ionic Ag.

4.1.3.2. Dissolved Ag concentrations in ionic Aqg treated seawater tanks as determined using 10 ms dwell time

detection

The following charts (Figures 32-34) represent the detected dissolved intensity, as well as the cumulative
guantity of the daily added dissolved Ag. Same as before, the results represent an average value, resulted from
the data processing of all three tanks. The values are acquired after automated conversion, through the mass
calibration, from the detected Dissolved Intensity. Those charts are available in this thesis’ supplementary

information (SS 1.3.4, Figures 34-36).
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Figure 32. Dissolved Ag Concentration for the Ag treated seawater fanks, 10 ms dwell time, 3o threshold.
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Figure 33. Dissolved Ag Concentration for the Ag treated seawater tanks, 10 ms dwell time, 5¢ threshold.
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Figure 34. Dissolved Ag Concentration for the Ag treated seawater tanks, 10 ms dwell time, PG threshold.
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The application of a higher threshold seems to be leading to the overall rising of the detected dissolved Ag
concentrations. Such a change can be expected, taking into account the fact that the higher the threshold is, the
less the pulses identified as particles will be, leaving more pulses of higher than the average value to contribute
to the dissolved quantity determination.

The trend is clear no matter the applied threshold value, and it shows that the dissolved Ag concentration within
the mesocosm system is increasing as a function of time. This observation is in agreement with the expected
results, taking into account the daily addition of ionic silver (50 ppt per day). Overall, there is no significant

difference when using a different threshold.

4.1.3.3. Particulate Ag in ionic Aqg treated seawater tanks as determined using 10 ms dwell time detection

Looking deeper into the nature of the Ag species in the samples, the determined Ag particle concentration is
shown in Figures 35-37, obtained using different threshold criteria. The actual numbers of detected peaks have
also been presented in charts and can be found in the supplementary section of the present thesis (SS 1.3.1,
Figures 25-27). The results represent an average value that has resulted from the data obtained from all three
tanks. It is worth noting, that the detection of pulses that would indicate the formation of any kind of particles,
aggregates, or in any way a confinement of high quantities of analyte within defined spatial compartments, was
unexpected, since the dynamics of the system are still being documented. Therefore, no assumptions,
conclusions or explanations on the nature of the moieties that are responsible for these pulses will be made at
this stage of the study, and the ‘’particle concentration’’ titles used in the following charts are used for

convenience reasons. Regarding the nature and origin of the detected single moieties, see Section 4.1.5.
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Figure 35. Particle concentration for the Ag treated seawater tanks, 10 ms dwell time, 3¢ threshold.
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Figure 36. Particle concentration for the Ag treated seawater tanks, 10 ms dwell time, 5¢ threshold.
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Figure 37. Particle concentration for the Ag treated seawater tanks, 10 ms dwell time, PG threshold.
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As expected, the application of higher threshold values leads to the elimination of more spike signals. It is quite
interesting, that the difference between the 50 and the PG threshold is approximately half in comparison to the
difference between the 3o and the 5c. That is providing an indication that a significant amount of the moieties
detected and identified as particles by the 3o threshold are quite small or are just signal noise.

Overall, all three of the thresholds depict quite clearly the gradually increasing number of some Ag — containing
species, regardless of the nature or origin of the detected moieties. That conclusion is suggested by the increasing
number of event pulses over the course of the experiment, which means that, regardless of the nature of the
detected moieties, there is undeniably a confinement of a significant number of Ag atoms within very small

spatial compartments.

4.1.3.4. Aqg particle mean size in ionic Ag treated seawater tanks as determined using 10 ms dwell time detection

In an attempt to further investigate the occurrence and nature of the detected moieties, the following charts (Fig
38-40) are devoted to the study of their size variations over the course of the experiment. The “’mean size”
titles are used for convenience reasons, in order for the charts to be able to be examined in comparison to the
respective charts of the AgNP treated tanks’ study. The calculation of the “’size’’ values is supposing a spherical
shape for nanoparticles, and a composition of pure elemental Ag. Therefore, the equivalent size that is depicted
in the following charts corresponds to the size these moieties would have, if they were spherical particles of
pure Ag. As previously mentioned, it is resulting from an automated conversion, through the standard mass
calibration, of the corresponding Mean Intensity (SS 1.3.3, Figures 31-33). Those charts can also be found in
the supplementary section. Same as before, the results represent an average value, resulted from the data
processing of all three tanks. Similar charts regarding the Most Frequent size can be found in the supplementary

(1.3.2, Figures 28-30), as they exhibit the same behavior and they do not include any additional information.
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Figure 38. Detected particle mean size for the Ag treated seawater tanks, 10 ms dwell time, 3¢ threshold.
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Figure 40. Detected particle mean size for the Ag treated seawater tanks, 10 ms dwell time, PG threshold.
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As a first observation, there is a substantial increase across the dataset when swapping from the 5¢ threshold
application to the PG, and an even bigger one when going from the 3¢ to the 5¢. Taking into account the
observed similar tendency in the particle concentration data, that is an indication that the eliminated signals
correspond to fairly small particles. It is therefore normal, that their elimination would affect the mean size data
in such a significant manner. Apart from a couple of points (D1 and D5), all the rest seem to have reasonable
uncertainty, indicating consistency and therefore, probably a predictable behavior for the system, not a random
occurrence.

The 3o and 5c threshold applications suggest an increasing size for the detected “’particles’” over time, while
the PG threshold has a slight declining trend. A possible assessment would be that the moieties are indeed
formed over time within the solution, which means that they accumulate a greater amount of Ag as the days
pass. That would indicate the formation of moieties that have been too small to be detected by the PG threshold
during the first days, but have been gradually growing. As a result, they eventually overcome the detection
threshold, and are detected during the later days. Within this paradigm, while only the bigger particles contribute
to the size determination during the first days, smaller particles would eventually be detected, slightly lowering

the overall mean size.

4.1.3.5. Conclusions for the behavior of Ag in ionic Ag treated seawater tanks as investigated using 10 ms dwell

time detection

Whether the above — mentioned assessment is correct or not, is appears that the PG threshold is a little less
suitable for the analysis of these samples with this dwell time than the 5c, since either there are “’particles’” that
are small enough for it to miss them, or there is a different reason for the miscalculation that leads to the different
trend than the other two thresholds. There is always the chance that the PG threshold leads to the correct results
while the others don’t. However, the slightly higher uncertainty it exhibits, along with the lack (currently) of a
plausible explanation on the formation of larger moieties during the first days, that eventually either disappear
(dissolve) or they were falsely detected in the first place, do not make for a convincing case.

In any case, the actual detected event peaks are not enough to draw a robust statistical conclusion from their
analysis, especially in the early days, and the application of the higher PG threshold only makes things even
harder. Both of the other two thresholds appear to have a reasonable behavior, quite possibly due to the addition
of the ionic analyte. That causes a raise of the dissolved signal, which would allow for the shape of the

background distribution to better approach a Gaussian shape.

4.1.4. lonic Ag treated seawater tanks, analyzed using 75 us dwell time detection

4.1.4.1. Ag mass balance for ionic Ag treated seawater tanks as determined using 75 us dwell time detection

The following charts (Fig. 41, 42 and 44) summarize the quantity of Ag detected, both as dissolved ionic Ag,

as well as AgNP, for each of the three thresholds applied. Each data point represents an average value that has
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resulted from the analysis of the three seawater tanks. The “’spiked’’ values (yellow line) refer to the cumulative
amount of silver (Ag) added to each tank as ionic Ag, i.e., 50 parts per trillion (ppt) Ag daily in the form of ionic
Ag. The trendline (red line) is a fit to the experimental data, whereas each numerical value given in the figures
corresponds to an average value from the three tanks. Due to an anomaly detected before D2, Figures 43, 45
show the system’s mass balance for the 5¢ and PG threshold criteria respectively, after D1.
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Figure 41. Mass balance for the Ag treated seawater tanks, 75 us dwell time, 3o threshold.
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Figure 42. Mass balance for the Ag treated seawater tanks, 75 us dwell time, 5o threshold.
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Figure 43. Mass balance for the Ag treated seawater tanks, 75 us dwell time, 5o threshold, after D1.
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Figure 44. Mass balance for the Ag treated seawater ranks, 75 us dwell time, PG threshold.
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Figure 45. Mass balance for the Ag treated seawater tanks, 75 us dwell time, PG threshold, after D1.

To start with, it is quite obvious that the 3o threshold is, once again, not suitable for this kind of analysis, a fact

demonstrated by the significant uncertainty and the unrealistic mean recovery value (290.4% +249.0% standard

deviation). It is unclear, despite the similar conclusion drawn by the analysis of the AgNP treated tanks’ data,

why the 3o

threshold so wildly overestimates the system’s mass balance, but the fact that it can’t be used for

the us dwell time range analysis cannot be argued.

Both of the

other dwell times demonstrate a more or less expected behavior for the system, although the 5¢
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exhibits an anomaly in the first two days of the experiment (DO + 2H and D1). Quite probably due to the very
low background, a result of the low dwell time, it is possible that a big part of this signal comes from falsely
identified particles, that have been contributing their overestimated mass to the balance. That phenomenon,
should this be the case, ceases to affect the results after D1. That probably happens due to the raising of the
background level enough, so that the 5¢ statistics would suffice to explain the data, as it seems by the plotting
of the data after D1. The respective recovery values are 142.3% +180.1% standard deviation, for the full dataset,
and 71.1% +27.2% standard deviation for the results after D1, further strengthening the conclusion of an
unfortunate miscalculation on those two days.

Regarding the PG threshold, no useful information has been obtained for D2, but is seems that, in general, it is
exhibiting an acceptable level of agreement with the expected results, with very reasonable uncertainty, and a
recovery of 58.9% +24.4% standard deviation. The chart depicting the data excluding those prior to D2 has been
added mainly for the easier comparison between the two thresholds. It is interesting though, that the recovery
of the reduced dataset for the PG threshold is higher than that of the full dataset (63.0% +16.6% standard
deviation). It is obvious that the higher threshold value eliminated the falsely identified particles during those
days, and due to its inherent incompetence in the analysis of dissolved material, some part of the dissolved Ag
has gone undetected. Therefore, the mass balance value dropped. It is a fair assumption, that the exhibited
inadequacy in the determination of dissolved analytes (and therefore of the lower recovery values, compared to
more particle — rich samples) stems from the lowering of the dwell time. The small detection window would
lead to the cumulatively acquired signals per datapoint not being enough to generate a detectable pulse.

4.1.4.2. Dissolved Ag concentrations in ionic Ag treated seawater tanks as determined using 75 us dwell time

detection

The following charts (Figures 46-48) represent the detected dissolved intensity, as well as the cumulative
guantity of the daily added dissolved Ag. Same as before, the results represent an average value, resulted from
the data processing of all three tanks. The values are acquired after automated conversion, through the mass
calibration, from the detected Dissolved Intensity. Those charts are available in this thesis’ supplementary
information (SS 1.4.4, Figures 50-52). In service of a better understanding of the overall image composed by
all the available data, from this point forward, both the 5¢ and the PG thresholds’ charts will be presented with
and without the data before D2.
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Figure 46. Dissolved Ag Concentration for the Ag treated seawater tanks, 75 us dwell time, 3¢ threshold.
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Figure 47. Dissolved Ag Concentration for the Ag treated seawater tanks, 75 us dwell time, 50 threshold.
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Figure 48. Dissolved Ag Concentration for the Ag treated seawater tanks, 75 us dwell time, PG threshold.
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Contrary to the expected increase on the detected dissolved Ag after the application of a higher threshold, the
charts show a decrease overall of the measured dissolved Ag concentration from 3c to 5¢ and then to PG. It
might, though, provide an explanation on the lowering of the overall mass balance, as it is apparent that the
application of higher thresholds eliminates, for some reason, part of the detected dissolved. This behavior,
though troublesome to interpret at this point, is actually in agreement with the previous results of the 75 ps dwell
time, used in the analysis of the AgNP treated tanks. That creates a pattern of dissolved Ag concentration being
lowered by the application of higher thresholds. As mentioned before, owing to the obscurity of the internal
logic with which the software applies the new thresholds, when they are manually inserted, it is quite difficult
to produce a convincing argument to explain this unexpected behavior. Since the mass calibration procedure
does not include the application of any threshold though, it is possible that a significant difference between the
threshold of the calibration and the threshold of the sample (or even the ratio of the threshold to the detected
dissolved intensity) could cause some unintended miscalculation.

Interestingly enough, also, there is no significant difference when using each of the three different thresholds,
certainly not one of the magnitude their mass balance charts exhibit. The 3o is characterized by a bit higher
uncertainty, but overall, they exhibit the same trend, and they are all in tentative agreement with the expected
results of the dissolved Ag quantity being higher with each passing day, due to the daily addition of ionic Ag.

4.1.4.3. Particulate Ag in ionic Ag treated seawater tanks as determined using 75 us dwell time detection

Looking deeper into the nature of the Ag species in the samples, the determined Ag particle concentration is
shown in Figures 49 - 53, obtained using different threshold criteria. The actual numbers of detected peaks have
also been presented in charts and can be found in the supplementary section of the present thesis (SS 1.4.1,
Figures 37-41). The results represent an average value that has resulted from the data obtained from all three
tanks. It is worth noting, that the detection of pulses that would indicate the formation of any kind of particles,
aggregates, or in any way a confinement of high quantities of analyte within defined spatial compartments, was
unexpected, since the dynamics of the system are still being documented. Therefore, no assumptions,
conclusions or explanations on the nature of the moieties that are responsible for these pulses will be made at
this stage of the study, and the ‘’particle concentration’’ titles used in the following charts are used for

convenience reasons.
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Figure 49. Particle concentration for the Ag treated seawater tanks, 75 s dwell time, 3¢ threshold.
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Figure 50. Particle concentration for the Ag treated seawater tanks, 75 us dwell time, 5o threshold.
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Figure 51. Particle concentration for the Ag treated seawater tanks, 75 us dwell time, 50 threshold, after D1.
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Figure 52. Particle concentration for the Ag treated seawater tanks, 75 us dwell time, PG threshold.
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Figure 53. Particle concentration for the Ag treated seawater tanks, 75 us dwell time, PG threshold, after D1.
Looking at the 3o chart, there seems to be a trend concerning the inconsistency, as the earlier days seem to have
way higher uncertainty than the later ones. Also, the overall trend of the chart shows a decreasing number of
particles detected over the course of the experiment. That behavior that can hardly be logically explained by
accepting that those signals are indeed formed moieties of any nature, as is would not make much sense for
them to be suddenly formed in the early days, and then either shrink or disappear on later days. A much more
plausible explanation could be, that by increasing the dissolved Ag quantity within the system, the background
was raised high enough to hide part or all of the signals that have been falsely identified as particles. That would
also provide an explanation for the ever — shrinking uncertainty, as the number of actual event pulses should be
quite a bit more consistent than the number of false positive signals.
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The complete 5c dataset representation obviously suffers from the same problem as the respective mass balance
data representation (or is the cause of it). There is an unrealistically high number of particles per ml detected on
D0 + 2H and D1, that could be attributed to the very low background during these days, and therefore to the
existence of a great number of false positive signals. Closer investigation of the raw data from those days
(Figures 54-56) indeed indicates that the signals identified as particles are quite close to the dissolved signals,
and probably are a part of it. Under the effects of the low dwell time, it is quite clear that the background has
moved very close to zero, leading the system to falsely identify as particles, pulses that are no higher than 5
counts (or peak area). On the other hand, after eliminating those two points from the dataset, the trend of the
chart indicated a gradual increase in the number of particles detected (despite the poor fitting of the linear

approximation), an observation that can be verified by the previous data collected with 10 ms dwell time.
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Figure 54. Peak Area Histogram for the first Ag treated seawater tank, 75 us dwell time, DO.
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Figure 55. Peak Area Histogram for the first Ag treated seawater tank, 75 us dwell time, DO+2H.
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Figure 56. Peak Area Histogram for the first Ag treated seawater tank, 75 us dwell time, D1.
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Regarding the PG threshold, things are more straightforward, as the trend depicted is quite clear with or without
the exclusion of the early days (with an acceptable linear fitting). Once again it is suggested that the irregularity
in the data is caused by signals of relatively low intensity.

Overall, and by disregarding the 3o threshold and the data before D2 for the 5c threshold, after due and
thoroughly explained consideration, all remaining data exhibit the same trends. There are clear indications for
the formation of growing Ag — containing moieties in the system, an observation in agreement with the

assumptions of the 10ms data.

4.1.4.4. Aqg particle mean size in ionic Ag treated seawater tanks as determined using 10 ms dwell time detection

In an attempt to further investigate the occurrence and nature of the detected moieties, the following charts (Fig
57-61) are devoted to the study of their size variations over the course of the experiment. The “’mean size”’
titles are used for convenience reasons, in order for the charts to be able to be examined in comparison to the
respective charts of the AgNP treated tanks’ study. The calculation of the “’size’’ values is supposing a spherical
shape for nanoparticles, and a composition of pure elemental Ag. Therefore, the equivalent size that is depicted
in the following charts corresponds to the size these moieties would have, if they were spherical particles of
pure Ag. As previously mentioned, it is resulting from an automated conversion, through the standard mass
calibration, of the corresponding Mean Intensity. Those charts can also be found in the supplementary section
(SS 1.4.3, Figures 47-49).Same as before, the results represent an average value, resulted from the data
processing of all three tanks. Similar charts regarding the Most Frequent size can be found in the supplementary

(SS 1.4.2, Figures 42-46), as they exhibit the same behavior and they do not include any additional information.
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Figure 57: Detected particle mean size for the Ag treated seawater tanks, 75 us dwell time, 3o threshold.
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Figure 58: Detected particle mean size for the Ag treated seawater tanks, 75 us dwell time, 5o threshold.
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Figure 59: Detected particle mean size for the Ag treated seawater tanks, 75 us dwell time, 5o threshold, after D1.
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Figure 60: Detected particle mean size for the Ag treated seawater tanks, 75 us dwell time, PG threshold.
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Figure 61: Detected particle mean size for the Ag treated seawater tanks, 75 us dwell time, PG threshold, after D1.
Studying the difference of the mean size across the different thresholds, it is quite clear that there is an increasing
tendency when the threshold gets higher, which of course comes as no surprise, as the higher thresholds
eliminate the lower — intensity signals. Of the three, the PG threshold seems to have the biggest outliers (DO +
2H and D1) and it also exhibits the least increasing trend. The cause of this is probably the fact that it only
identifies the higher intensity signals as particles, therefore, from the beginning, the lower intensity signals
would not be identified as particles. With or without the exclusion of the earlier days, the 5c threshold exhibits
more or less the same increasing trend, as does the 3o, despite the fact that the respective mean size value is

clearly quite lower.
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4.1.4.5. Conclusions for the behavior of Ag in ionic Ag treated seawater tanks as investigated using 10 ms dwell

time detection

All the presented data considered, it has become quite clear that the 3o threshold is not suitable for the analysis
of samples using dwell times in the us range, an observation in agreement with the conclusion reached after the
analysis of the AgNP treated tanks data as well. It is also clear, after observing the same occurrence twice out
of two experiments, that the 75 s dwell time is not well suited for the analysis of dissolved analyte, as evidenced
by the unexpected behavior it exhibits in dissolved Ag concentration charts, in both Ag and AgNP treated tanks.
The possibly undetected dissolved Ag concentration probably accounts for the decrease of the recovery value
when swapping from 5¢ to PG threshold as well.

As far as the two other thresholds are concerned, if the irregularity of the earlier days of the experiment can be
disregarded for the 5o, it seems like it could be the appropriate threshold for this kind of analysis. Once again,
it seems that it can only start functioning the expected way, when the background has risen enough so that its
distribution can approach normality. Up until that point, the PG threshold seems to be the suitable one for this
kind of analysis, no doubt due to the background distribution being too shifted towards the zeros’ side, much

more resembling a Poisson — Gaussian distribution.

4.1.5. Nature of Event Pulses Detected in the lonic Ag Treated Seawater Experiments

It has been observed, that during the ionic silver treated tanks analysis, event pulses have appeared, with
increasing frequency and intensity. They have been examined by the above — presented data, using two different
dwell times and three different thresholds. However, the nature of those detected moieties is unknown, and can,
at this point, only be speculated.

It is highly unlikely that, in a matrix as complex as seawater, and at concentrations as low as 50 to 500 ppt, pure
Ag nanoparticles could have formed. There are, however, some possible alternatives. The fact that cannot be
denied, after the observations made up until this point, is that there is a confinement of increasing quantity of
Ag within small spatial compartments. Moreover, these build-ups are sufficient to generate pulses high enough
to be identified as particles even by the higher thresholds. On average the detected pulse intensity corresponds
to a mean of ~1.5x10° Ag atoms per pulse event.

Single cell organisms that have accumulated increasing amounts of silver during the experiment have been
proposed. It is, however, considered unlikely that any single cells could accumulate to the calculated number of
silver atoms within the low — concentration solution. Despite the fact that pure Ag particles are unlikely under
these conditions, there have been numerous reports about the formation of Ag or Ag — containing particles in
similar systems, under the effect of Natural Organic Matter (NOM)?332 and/or fulvic acid'®2133, Other relative
conditions include interaction with sunlight®134 the presence of precursor Ag compounds, such as Ag,S'¥,
while the implication of iron ions is also suggested™*>**. The important difference with the system in question,

however, is that all of these references study systems that contain much higher Ag concentrations (from high
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ppb to ppm).

Considering how stable the Ag.S is, after its formation (Ks, = 8 x 10°%), it was investigated for its formation
under the existing mesocosm conditions. Since the experiment has already been conducted, the only alternative
was a simulated experiment, at least to obtain a general idea of the interaction between silver ions and the sulfide
ions. For this purpose, a widely used, simulated chemical speciation program was used (GEOCHEM — EZ)*?°,
using known constituents of seawater*®, and a reported mean concentration for sulfide ions'*’. Figure 62 shows

the program’s interface and the input values for the seawater constituents.
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Figure 62. GEOCHEM - EZ interface, showing the input values for the seawater constituents.
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Figure 63. GEOCHEM - EZ output, exhibiting the percentage interactions of every constituent with one another.
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Figure 63 shows the percentages for the outcomes of the interactions between each of the constituents with one
another. Under the conditions used, the simulation shows that more than 50% of the silver quantity is interacting
with sulfide ions, with 47.13% being in solid form (e.g., particles). It is also clear, that there is a substantial
interaction with iodide ions, which overtakes the total silver quantity at lower sulfide concentrations.

In order to better understand the dynamics of the silver — sulfide ions interaction, the whole of the mesocosm
experiment was essentially simulated. Keeping concentrations of the rest of the known constituents fixed, and
removing the iodide factor, the systems behavior was monitored during the dissolved Ag concentration increase,

for 5 different sulfide concentrations (Figure 64).
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Figure 64. GEOCHEM - EZ interface, showing the input values for the silver sulphide study.
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Figure 65. Percentage of the silver interactions in seawater media, in the presence of 1nM and 2 nM sulfides.

As it appears in Figure 65a, (1 nM sulfide concentration), the whole of the Ag quantity is bound by the sulfide
ions up to 200 ppt of Ag. Similar behavior is observed in Figure 65b (2 nM sulfide concentration), for Ag
concentrations up to 400 ppt. Keeping in mind that 100 ppt of Ag corresponds to around 1nM (Arag ~ 107.87

Da), the result is consistent with the formation stoichiometry of Ag.S. So, it seems that Ag only interacts with
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the remaining ions after the sulfide supply has been depleted, indicating a very high preference towards the
formation of the Ag.S particles. All three of the following Figures (66-68) indicate the same thing: in the
presence of sulfide ions, and absence of iodide ions, the whole of the Ag amount will be bound by the sulfide
ions, and an extremely high percentage of it will be forming solids. Similar studies regarding interactions with
fulvic ligands showed no significant effect on the system.
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Figure 66.Percentage of the silver interactions in seawater media, in the presence of 3 nM sulfides.
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Figure 67. Percentage of the silver interactions in seawater media, in the presence of 5 nM sulfides.
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Figure 68. Percentage of the silver interactions in seawater media, in the presence of 10 nM sulfides.

Taking all the above inquiries into consideration, the formation of silver — containing particles from dissolved

silver in ppt concentrations is tentatively suggested.
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4.2. Results and Discussion for Investigating the Occurrence and Metal
Content (Cu) of Copper — containing Particles in Seawater Samples from the

Proximity of the Island of Santorini

The on - line dilution introduction system has been proven able to adequately protect the ICP — MS
instrumentation, and proved reliable. Therefore, it was incorporated in the analysis of seawater samples acquired
from the proximity of Santorini Island, in order to study the occurrence of metal — containing nanomaterials in
these waters, under project Nanolsland (ELIDEK, Title of Proposal: Detection of engineered, incidental, and
natural nanoparticles in marine waters, in the proximity of islands).

During this program, as it was mentioned before, a number of samples have been acquired from several sampling
sites, mainly within the volcanic caldera (the remnant of the magma chamber of a volcano, after all the magma
has withdrawn). Samples have also been acquired from different depths of the same sampling site, and different
time periods. In total, during the program, as many as 17 sampling sites have been evaluated for their importance
and relevant differentiations (their tags bring the abbreviations SO1 — S17). Samples have been acquired from
the water surface, and on occasion, from the depth of 5, 50 and 250 meters (bringing the abbreviations D000 —
D250). There have been five different samplings, spread over two years, as evenly as the circumstances allowed
for: July 2019 (abbr. JL19), October 2019 (abbr. OC19), January 2020 (abbr. JA20), June 2020 (JN20) and
August 2020 (abbr. AU20). The tag for each sample is composed as follows: ( (Sampling)_(Sampling
site) (Depth) F10. F10 stands for “’filtered through 10 pum filters’’, and the tag is sometimes followed by an
abbreviation of the sampling site, like f.e. NB for ‘’North Basin’’!. So, the sample °OC19_S08_D000_F10
NB’’ is the tag of a sample that has been sampled in October 2019, from the surface (D000) of the 8" sampling
site, that happens to be North Basin, and has been filtered through 10 um filters. ’FLT’’ stands for “’filtered”’
and ’BLK”’ stands for “’blank’’, while ’P’’ samples are acquired from the port of Piraeus (2 is from a neutral
area, while 4 is from the trail left by a ship). D1 or D2 stand for “’Day 1°” and “’Day 2’’ respectively, indicating
that two samples have been acquired on consecutive days.

Samples have been selectively acquired through the experiment, eliminating sampling sites in the process, either
due to lack of interest in their produced data, or due to proven similarity with other sampling sites. Some might

have also been added. The samples’ list can be found in Table 2.

1 See Supplementary Section 4.1 for a map of the locations and their abbreviations.
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Table 2. Samples acquired through the Nanolsland Project

JN20_S03_D000_F10 Pagos D1

July 2019 October 2019 January 2020 June 2020 August 2020
JL19_S01_DO000_F10 OC19 FLT BLK 2 JA20_FLT2_BLK JIN20_FLT_BLK1MQ AU20_FLT_BLK2_F10
JL19_S01_DOO0S_F10 0C19 P2 JA20_S03_D000_F10 Pag IN20_FLT BLK2 NISK AU20_S03_D000_F10 DI
JL19_S02_D000_F10 0C19 P4 JA20_S03_D005_F10 Pag AU20_S03_D005_F10 D1

JL19_S02_D005_F10

0C19_S02_D000_F10 SeaD

JA20_S03_D050_F10 Pag

JN20_S03_D000_F10 Pag D2

AU20_S03_D050_F10 D1

JL19_S02_D050_F10

0C19_S02_D005_F10 SeaD

JA20_S10_DO000_F10 NPK

JN20_S03_D005_F10 Pagos D1

AU20_S03_D005_F10 D2

JL19_S03_D000_F10

0C19_S02_DO050_F10 SeaD

JA20_S10_D005_F10 NPK

JN20_S03_D005_F10 Pag D2

AU20_S03_DO050_F10 D2

JL19_S03_D005_F10

0C19_S03_D000_F10 Pag

JA20_S13_D005_F10 SB

JN20_S03_DO050_F10 Pagos D1

AU20_S10_D000_F10

JL19_S03_D050_F10

0C19_S03_D005_F10 Pag

JA20_S13_D050_F10 SB

JN20_S03_D050_F10 Pag D2

AU20_S$10_D005_F10

JL19_S08_D000_F10

0C19_S03_D050_F10 Pag

JA20_S13_D250_F10 SB

JN20_S10_D000_F10 NPK D1

AU20_S$13_D000_F10

JL19_S08_D005_F10

0C19_S08_D000_F10 NB

JA20_S14_D000_F10 Vly

JN20_S10_D005_F10 NPK D1

AU20_S13_D005_F10

JL19_S08_D050_F10

0C19_S08_D005_F10 NB

JA20_S14_D005_F10 Vly

JN20_S13_D000_F10 SB

AU20_S13_D050_F10

JL19_S08_D250_F10

0C19_S08_D050_F10 NB

JA20_S17_DO000_F10 AgRef

JN20_S13_D005_F10 SB

AU20_S13_D250_F10

JL19_S09_D000_F10

0C19_S08_D250_F10 NB

JA20_S17_D005_F10 AgRef

JN20_S13_D050_F10 SB

AU20_S14_D000_F10 D1

JL19_S09_D005_F10

0C19_S09_DO000_F10 WB

JN20_S13 D250 F10SB

AU20_S14_D000_F10 D2

JL19_S09_D050_F10

0C19_S09_D005_F10 WB

JN20_S14_D000_F10 Vly

AU20_S17_D000_F10

JL19_S09_D250_F10

0C19_S09_DO050_F10 WB

JN20_S14_D005_F10 Vly

AU20_S17_D005_F10

JL19_S10_D005_F10

0C19_S09_D250_F10 WB

JN20_S16_D000_F10 AgRef

AU20_S17_D050_F10

JL19_S12_D000_F10

0C19_$10_D005_F10 NPK

JN20_S16_D005_F10 AgRef

JL19_S12_D005_F10

0C19_S12_D000_F10 Akrotiri

JN20_S16_D050_F10 AgRef

JL19_S12_D050_F10

0C19_S12_D005_F10 Akro

JL19_S13_DO000_F10

0C19_S12_D050_F10 Akro

JL19_S13_D005_F10

0C19_S13_D000_F10 SB

JL19_S13_D050_F10

0C19_S13_D005_F10 SB

JL19_S13_D250_F10

0C19_S13_D050_F10 SB

JL19_S14_D000_F10

0C19_S13_D250_F10 SB

JL19_S14_D005_F10

0C19_S14_D000_F10

JL19_S15_D005_F10

FLT BLK_1

FLT BLK_2

The sampling sites can be grouped, based on the aspect of their interest:
S08, S09, S13 — Deep water group, sites with relatively deeper waters.
S10 — Hydrothermal Vent.

S12 — Hotels or waste, sites where higher anthropogenic contribution is expected.

S01, S02, S03, S14, P4 — Boats’ impact group, sites where higher contribution from the frequency of ships and
boats is expected.

P2, S16, S17 — Reference, samples taken in relatively open waters.

Samples have already been analyzed for five different elements (Pb, V, Ni, Cu, Fe) and they are expected to be
analyzed for five more (Ti, As, Ce, Zn, Zr). Each of these elements has been chosen after consideration of their
environmental impact, the extent of their use from the human industry, and the possibility of their detection
(based on literature, or the SEM analysis of the 10 um filters). In this study, the data from the analysis of Cu are
to be presented, a choice justified by all the aforementioned perspectives. Cu has been incorporated in various
aspects of modern industry with increasing rate, with Cu nanoparticles finding applications in pesticides?, or
antifouling paints?>**® and other major parts of human activities, like electrical equipment, construction
materials, antimicrobial agents etc.*® It has been reported, that engineered Cu based nanoparticles can rapidly
aggregate up to diameters more than 1 um wide in natural waters, without necessarily precipitate afterwards.*

Also, there have been reports for the formation of Cu containing nanoparticles under the effect of hydrothermal
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vents, which is a strong motivation for the study of Cu in this specific setting.%®%Moreover, the toxicity of Cu
and Cu containing nanoparticles has been reported, in fish**® and invertebrate organisms!#°, while is has been
proposed that it can cause DNA damage in plasmids and affect enzymes relevant to embryos hatching for aquatic
and terrestrial organisms?.

In natural samples, it is reported quite often complexed with natural organic ligands'*, various types of colloidal
species'#?, or other inorganic material®®, which is the reason that the composition of the detected Cu containing

nanoparticles is not speculated in this study. Instead, the equivalent Cu mass is investigated.

4.2.1. Cu containing particles’ concentration in seawater samples in the proximity of Santorini

Tables 3-6 contain information and the results acquired through the use of the JupyterLab Python Notebook,
regarding the particle concentration of the samples analyzed for Cu, for 4 different samplings. For the
identification of particle pulses, the 5c threshold criterion has been applied in most case. Following the process
described by Tuoriniemi et al’®, in samples that exhibited, after visual evaluation, significantly low pulses,
higher thresholds have occasionally been applied (higher number of standard deviations added). As mentioned
before, each sample was analyzed 3 times, for five minutes each, leading to 3 technical replicates. In cases that
it seemed obvious that the sample didn’t contain enough particles to be detected by the system (after visual
evaluation of the real time data acquisition), less than three acquisitions have been obtained. In such cases, the
corresponding cell in the table appears empty, which it not the same with the cells containing dashes (°*’-*"), in

which case the acquisition has been obtained, but the data process did not reveal any event pulses.
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Table 3. Cu containing particles’ concentration of samples analyzed for Cu from October 2019 Sampling
Sample Tag Sam. Site Depth (m) Group Replicate 1 Replicate 2 | Replicate 3 | Average Std
CuOC19 FLT BLK 2 - - Blank 0 0 0 0 0
Cu OC19 P2 Piraeus Surf Reference 0 0
Cu OC19 P4 Piraeus Surf Boats 8266 6199 6199 6888 1193
Sea
Cu OC19_S02_D000_F10 SeaD . Surf Boats 517 517 517 517 0
Diamond
Sea
Cu OC19_S02_D005_F10 SeaD X 5 Boats 517 1550 517 861 596
Diamond
Sea
Cu OC19_S02_D050_F10 Seab . 50 Boats 0 0 0 0 0
Diamond
Cu OC19_S03_D000_F10 Pag Pagos Surf Boats 0 2066 517 861 1075
Cu OC19_S03_D005_F10 Pag Pagos 5 Boats 3616 517 517 1550 1789
Cu OC19_S03_D050_F10 Pag Pagos 50 Boats 2583 2066 517 1722 1075
Cu OC19_S08_D000_F10 NB North Basin Surf Deep Water 11365 9815 9815 10332 895
Cu OC19_S08_D005_F10 NB North Basin 5 Deep Water 4649 3100 1550 3100 1550
Cu OC19_S08_D050_F10 NB North Basin 50 Deep Water 2583 1550 2067 730
Cu OC19_S08_D250_F10 NB North Basin 250 Deep Water 517 3100 1809 1826
Cu OC19_S09_D000_F10 WB West Basin Surf Deep Water 1033 2066 1550 730
Cu OC19_S09_D005_F10 WB West Basin 5 Deep Water 1033 1033
Cu OC19_S09_D050_F10 WB West Basin 50 Deep Water 3100 2583 0 1894 1661
Cu OC19_S09_D250_F10 WB West Basin 250 Deep Water 3616 0 517 1378 1956
Cu OC19_S10_D005_F10 NPK NPK 5 H. Vent 1033 1550 2066 1550 517
Cu OC19_S12_D000_F10 Hotels'
. Akrotiri Surf 1550 1033 2066 1550 517
Akrotiri Waste
Hotels'
Cu OC19_S12_D005_F10 Akro Akrotiri 5 4649 2066 3100 3272 1300
Waste
Hotels'
Cu 0OC19_S12_D050_F10 Akro Akrotiri 50 0 0
Waste
Cu OC19_S13_D000_F10 SB South Basin Surf Deep Water 1033 2066 1550 1550 517
Cu OC19_S13_D005_F10 SB South Basin 5 Deep Water 1033 2066 2066 1722 596
Cu OC19_S13_D050_F10 SB South Basin 50 Deep Water 1033 517 0 517 517
Cu OC19_S13_D250_F10 SB South Basin 250 Deep Water 0 0
Cu OC19_S14_D000_F10 Vlychada Surf Boats 0 0
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Table 4. Cu containing particles’ concentration of samples analyzed for Cu from January 2020 Sampling

Sample Sam. Site | Depth (m) Group Replicate 1 Replicate 2 Replicate 3 Average Std
CuJA20_FLT2_BLK - - Blank 962 481 722 340
Cu JA20_S03_D000_F10 Pag Pagos 0 Boats 0 0
Cu JA20_S03_DO005_F10 Pag Pagos 5 Boats 4330 962 1443 2245 1822
Cu JA20_S03_D050_F10 Pag Pagos 50 Boats 3368 3849 1924 3047 1002
Cu JA20_S10_D000_F10 NPK NPK 0 H.Vent 481 481 1443 802 555
Cu JA20_S10_D005_F10 NPK NPK 5 H.Vent 962 481 0 481 481
South Deep
Cu JA20_S13_DO005_F10 SB 5 3368 1924 2887 2726 735
Basin Water
South Deep
Cu JA20_S13_DO050_F10 SB i 50 962 3368 2405 2245 1211
Basin Water
South Deep
Cu JA20_S13_D250_F10 SB i 250 1443 481 0 641 735
Basin Water
Cu JA20_S14_DO000_F10 Vly Vlychada 0 Boats 962 1443 1924 1443 481
Cu JA20_S14_D005_F10 Vly Vlychada 5 Boats 1443 481 481 802 555
Cu JA20_S17_D000_F10 AgRef Aegean 0 Reference 481 0 241 340
Cu JA20_S17_D005_F10 AgRef Aegean 5 Reference 962 962 481 802 278

Table 5. Cu containing particles’ concentration of samples analyzed for Cu from June 2020 Sampling

Sample Sam. Site Depth (m) Group Replicate 1 | Replicate 2 | Replicate 3 | Average Std
CuJN20_FLT_BLK1 MQ - - Blank 0 0
CuJN20_FLT_BLK2 NISK - - Blank 1533 1533 1533 0
Cu JN20_S03_D000_F10 Pagos D1 Pagos 0 Boats 1022 0 511 511 511
Cu JN20_S03_D000_F10 Pag D2 Pagos 0 Boats 1022 0 511 723
Cu JN20_S03_D005_F10 Pagos D1 Pagos 5 Boats 0 0 0 0
Cu JN20_S03_D005_F10 Pag D2 Pagos 5 Boats 0 0 0 0
Cu JN20_S03_D050_F10 Pagos D1 Pagos 50 Boats 0 2044 1022 1022 1022
Cu JN20_S03_D050_F10 Pag D2 Pagos 50 Boats 0 0 0 0 0
Cu JN20_S10_DO000_F10 NPK D1 NPK 0 H.Vent 2044 3577 0 1874 1795
Cu JN20_S10_DO005_F10 NPK D1 NPK 5 H.Vent 3577 1533 1022 2044 1352
Cu JN20_S13 D000_F10 SB South Basin 0 Deep Water 511 511
Cu JN20_S13_D005_F10 SB South Basin 5 Deep Water 1022 511 767 361
Cu JN20_S13 D050_F10 SB South Basin 50 Deep Water 0 0
Cu JN20_S13 D250_F10 SB South Basin 250 Deep Water 511 2555 511 1192 1180
Cu JN20_S14 DO000_F10 Vly Vlychada 0 Boats 2044 0 1022 1022 1022
Cu JN20_S14_D005_F10 Vly Vlychada ~2 Boats 0 511 511 341 295
Cu JN20_S16_DO000_F10 AgRef Aegean 0 Reference 0 0
Cu JN20_S16_DO005_F10 AgRef Aegean 5 Reference 511 0 256 361
Cu JN20_S16_DO050_F10 AgRef Aegean 50 Reference 511 511 511 0
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Table 6. Cu containing particles’ concentration of samples analyzed for Cu from August 2020 Sampling
Sample Sam. Site Depth (m) Group Replicate 1 Replicate 2 Replicate 3 Average Std
Cu AU20_FLT_BLK2_F10 - - Blank 1094 0 0 365 632
Cu AU20_S03_D000_F10 D1 Pagos Surf Boats 3281 1641 1641 2188 947
Cu AU20_S03_D005_F10 D1 Pagos 5 Boats 1094 1094
Cu AU20_S03_D050_F10 D1 Pagos 50 Boats 1094 547 1641 1094 547
Cu AU20_S03_D005_F10 D2 Pagos 5 Boats 547 2188 1641 1459 836
Cu AU20_S03_D050_F10 D2 Pagos 50 Boats 3828 2188 2188 2735 947
Cu AU20_S10_DO000_F10 N.P.K. Surf H. Vent 0 2734 1094 1276 1376
Cu AU20_S10_D005_F10 N.P.K. Surf H. Vent 547 547 1094 729 316
Cu AU20_S13 D000_F10 SB Surf Deep Water 547 547 1641 912 632
Cu AU20_S13_D005_F10 SB 5 Deep Water 8750 4922 1641 5104 3558
Cu AU20_S13_D050_F10 SB 50 Deep Water 0 547 547 365 316
Cu AU20_S13 D250_F10 SB 250 Deep Water 1094 0 547 774
Cu AU20_S14_D000_F10 D1 Vly 0 Boats 0 0
Cu AU20_S14_D000_F10 D2 Vly 0 Boats 1094 0 547 774
Cu AU20_S17_DO000_F10 AgRef 0 Reference 2188 1641 1641 1823 316
Cu AU20_S17_D005_F10 AgRef 5 Reference 547 2734 1641 | 1546
Cu AU20_S17_DO050_F10 AgRef 50 Reference 5469 547 0 2005 3012

4.2.1.1. General trends concerning Cu containing particles’ concentration

Operating under the assumption, that the study of any sample belonging to one of the aforementioned groups
can provide information concerning the group in its whole, and taking into account the limited number of
samples analyzed from the January 2020 sampling, a choice of samples has been made to depict the trends
concerning the particle concentration (Figure 69). “’Reference’’ refers to samples not acquired within the
caldera:
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Figure 69. Cu particle Concentration for the different sample groups, from different samplings.

To begin with, August and January are characterized by significantly higher particle concentration values
overall, apparently due to SO3 and S13 (also a region frequently used by ships, as it leads to the main touristic
port of the island).
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Interestingly, the sampling site exhibiting the maximum particle concentration in each different time of the year
is not the same for all of them. It would appear, that the hydrothermal vent site (S10) exhibits the highest particle
concentration among the three different sites in June, while it is actually lower, overall, than both of the other
sites in January and August. June appears to be the period of minimum particle concentration, for both the
Boats’ Impact and the Deep Waters group. That could be attributed to some random environmental factors (like
currents) that lead the particles to be gathered in the NPK sampling site during that period. Another scenario
would include a combination of lower anthropogenic contribution impact during June, and a hydrothermal vent
related release event. Moreover, the available data from October show a more or less homogeneous distribution
of nanoparticles across the different sites, indicating that the detected nanoparticles might have been released in
the environment before that sampling, long enough, so that they have actually dispersed within the caldera.
Regarding the Boats’ Impact group, represented by the S03 (Pagos, a busy crossing for ships and boats) sample,
different depths exhibit similar behavior regardless the time period of the sampling. With the exception of D000,
it appears that the particle concentration increases from October to January, when it has the maximum value,
then decreases in June, and is once again increased In August. On the other hand, the D000 sample reaches its
maximum value in August, instead of January, and exhibits zero detected particle concentration in January. That
is an indication, that particles released in that site (quite possibly due to boats), do not remain in the surface,
rather disperse to lower depths. Supposing this hypothesis is correct, according to the data, and assuming the
observed behavior is representative for this site, particles would be released during August (higher particle
concentration in D000). Over October and January disperse to lower depths (D005 higher that D000, and D050
higher than D005 in both cases), and would finally be found mainly in lower depths during June (D050 is higher
than D000 and D005). The fact that the total particle concentration is lower in June than any other sampling for
the SO3 is also supporting this hypothesis, as it is highly likely that the particles would have dispersed lower
than this depth by that time, or have precipitated. An additional observation that supports the hypothesis, is that
October, January and August exhibit an increase in particle concentration as a function of depth, while the exact
opposite trend is observed in August. In addition, the assumption that the release of particles in the sites heavily
affected by boats’ presence mainly happens in a period like August is very reasonable, taking into account that
it is the peak of the tourist season.

Turning to the Hydrothermal Vent group, represented by the S10 (NPK) sample, it is worth noting, that not only
is June the only time period that this site exhibits higher particle concentration than the other sites, it is also the
period that it exhibits the highest concentration among other time periods, in the same site. This observation
supports the aforementioned assumptions of some natural release of particles from the hydrothermal vent during
that time, or that environmental factors caused the available particles to be gathered in this specific site. Taking
into account that this sampling site is actually within a small bay, where particles could be “’trapped’’, under
certain circumstances.

Finally, the Deep Waters group is represented by the S13 (South Basin, SB) sample. As it was mentioned before,
it is also a very busy crossing for boats, compared to the other sites, due to the fact that is leads from the south

“’entrance’’ of the caldera to the touristic port of the Santorini (Fira). Like the Boats’ Impact group, this site too
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exhibits higher concentrations of particles in January and August, and lower in June. In this case the additional
sample from the lower depth allows for a better understanding of the downward dispersion of the particles. The
maximum particle concentration is observed in D005 in October, January and August, and in 250 in June.
October and January exhibit the same trend, with the particle concentration increasing from D000 to D005, and
decreasing from D005 to D050, and then to D250. June and August also exhibit the same trend between them,
as the concentration is increased from D000 to D005, then decreases from D005 to D050, and finally increases
again from D050 to D250. Despite these regions being affected by ships, like the Boats’ Impact group, the ratio
of larger to smaller boats crossing it is much higher. Due to these regions’ lower depth, bigger ships prefer to
sail through them, whose draft (part of the ship that is underwater while sailing) can be bigger 10m. As a result,
during touristic high season, it is expected that the D000 and D005 will be heavily affected, which could be
cause of the much higher particle concentration in D005 than D000 in August. Taking that into account, the
particles seem to be gathered close to the surface in August and October, while the maximum particle
concentration is moved towards D005 and D050 in January, and finally towards D250 in June. This observation
is in agreement with the aforementioned hypothesis, that the detected particles are being released sometime
close (prior) to August, as the Deep Waters group exhibits the same trend in the relation between their
downwards dispersion and time period as the Boats’ Impact group.

The comparison of the different sample groups versus the time period of their acquisition, was aiming at
observing the temporal variations of the samples. A more in-depth study of each individual sample group should
provide some insight on the effect of the different depths on the same site, as well as justify the grouping of the
samples. In order to eliminate the time parameter, and given the larger number of samples acquired, October
2020 sampling was chosen. An exception was made for the hydrothermal vent group, because the D000 sample
from the October 2020 was not available. The June 2020 data are presented instead.

4.2.1.2. Cu particle concentration trends concerning the Boats’ Impact Group, in October 2019

Figure 70 is a representation of the Cu — containing particles’ concentration for the Boats Impact sample group,

acquired during October 2019.
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Figure 70. Cu particle Concentration of the Boats' Impact group samples, from OC19.

The P4 (0 depth) sample was only acquired once, from the trail of a ship in the port of Piraeus, so despite the
fact that it can be compared to the other samples, the significantly higher particle concentration was not
unexpected. S02 and S03 are relatively close to each other (see Supplementary Section 2.1), while S14 is in the
opposite side of the island, which probably explains the significant difference in their results. S14 was acquired
from the surface of the site (a docking site for smaller boats, mainly fishing boats), in order to be evaluated as
a sampling site for the future (and is was indeed included in later samplings), but did not show any signs of Cu-
containing particles. The S02 sampling site is in the proximity of the Sea Diamond shipwreck, while the S03
sample site is a busy crossing for ships that approach the island’s port from the north. S02 and S03 behavior
regarding the depth changes is similar, as the particle concentration increases from D000 to D005. For some
reason, the SO3 concentration is increased from D005 to D050, while the respective value for the D050 of the
S02 sampling site is zero. The discriminating factor in this case could be one of many, including higher boats
activity on S03 than on S02, that also includes higher number of larger ships. Also, S02 is closer to the shore,
and a little less deep, which could affect the way the existing particles are distributed between the two sites, and
among all others within the caldera of course. Although the particle concentrations of the samples S02 and S03
(essentially, the two samples that are to be monitored) is not identical, their results exhibit similar behavior, and
in the same order of magnitude, so the representation of the Boats’ Impact group by the S03 sampling site seems

to be reasonable.

4.2.1.3. Cu particle concentration trends concerning the Deep Waters Group, in October 2019

Figure 71 is a representation of the Cu — containing particles’ concentration for the Deep Waters sample group,
acquired during October 2019.
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Figure 71. Cu particle Concentration of the Deep Waters group samples, from OC109.

The S09 (West Basin), S08 (North Basin) and S13 (South Basin) sites are the deepest parts of the seabed within
Santorini. For this reason, they are usually proffered when picking a route for a larger ship, for safer travelling.
S13 and S09 do not appear to have any clear trend, as they exhibit their maximum particle concentration in 5
and 50 meters respectively. The S08 sampling site though exhibits a clear trend regarding its particle
concentration, decreasing as a function of depth. It is unclear whether the significantly higher concentration for
the D000 of the S08 is a result of a one-time event (the presence or passing of a ship) or it should be expected
to form a pattern over time. The choice of the S13 sampling site as representative of the group does not seem
ideal, it was though the only one that was acquired in all following samplings. The difference between them can
always be attributed to the vastness of the region they all represent, as the three basins combined cover more
than 80% of the total seabed within the caldera.

4.2.1.4. Cu particle concentration trends concerning the Hotels and Waste Group, in October 2019

Figure 72 is a representation of the Cu — containing particles’ concentration for the Hotels and Wastes sample
group, acquired during October 2019.
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Figure 72. Cu particle Concentration of the Hotels and Wastes group samples, from OC19.

The S12 (Akrotiri) is the last remaining sampling site from the Hotels and Wastes group, after the evaluation of
the preliminary data. The particle concentration of D005 is double the concentration of the D000, while the
D050 did not yield any particles during the analysis. This behavior might be suggesting the release of Cu
nanoparticles around August, as mentioned before, meaning they would be dispersing downwards, but not as
far as 50 meters, duo to the limited time frame. However, the data of this chart are not sufficient on their own
to support that hypothesis.

4.2.1.5. Cu particle concentration trends concerning the Hydrothermal Vent Group, in October 2019

Figure 73 is a representation of the Cu — containing particles’ concentration for the hydrothermal vent sample
group, acquired during October 2019.
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Figure 73. Cu particle Concentration of the Hydrothermal Vent group samples, from OC19.
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In a similar case as mentioned right above, the S10 (North Palea Kameni) is the last remaining sampling site
from the Hydrothermal Vent samples group. The difference between the two depths is not as striking as the one
observed in S12 (~20%), but the trend is the same, exhibiting a higher value for the D005. Like before, this
additional information does seem to strengthen the argument over the release of particles around August, but it
is not on its own sufficient evidence. As it was mentioned before, the highest particle concentration for S10 has

been observed in June 2020, which was also the highest concentration detected among the samples of that batch.

4.2.2. Cu containing particles’ mean Cu mass in seawater samples in the proximity of Santorini

Tables 7-10 contain information and the results acquired through the use of the JupyterLab Python Notebook,
regarding the mean mass of the detected particles from the samples analyzed for Cu, for 4 different samplings.
For the identification of particle pulses, the 5c threshold criterion has been applied in most cases. Following the
process described by Tuoriniemi et al”, in samples that exhibited, after visual evaluation, significantly low
pulses and low background level (i.e, low “’u’’ value), higher thresholds have occasionally been applied (higher
number of standard deviations added). As mentioned before, each sample was analyzed 3 times, for five minutes
each, leading to 3 technical replicates. In cases when it seemed obvious that the sample didn’t contain enough
particles to be detected by the system (after visual evaluation of the real time data acquisition), less than three
acquisitions have been obtained. In such cases, the corresponding cell in the table appears empty, which it not

29 ¢

the same with the cells containing dashes (*’-°”), in which case the acquisition has been obtained, but the data
process did not reveal any event pulses.

any event pulses.
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Table 7. Mean Cu mass for the detected nanoparticles of samples analyzed for Cu from October 2019 Sampling

Sample Tag Sam. Site Depth (m) Group Replicate 1 Replicate 2 | Replicate 3 | Average Std
CuOC19 FLT BLK 2 - - Blank - - -
Cu OC19 P2 Piraeus Surf Reference -
Cu OC19 P4 Piraeus Surf Boats 2.061 1.834 2.447 2114 0.310
Cu OC19_S02_D000_F10 SeaD Sea Diamond Surf Boats 1.676 1.794 4.049 2.506 1.337
Cu OC19_S02_D005_F10 SeaD Sea Diamond 5 Boats 0.727 1.478 0.727 0.977 0.434
Cu OC19_S02_D050_F10 SeaD Sea Diamond 50 Boats - - -
Cu OC19_S03_D000_F10 Pag Pagos Surf Boats - 2.407 1.913 2.160 0.349
Cu OC19_S03_D005_F10 Pag Pagos 5 Boats 1.049 1.083 1.438 1.190 0.215
Cu OC19_S03_D050_F10 Pag Pagos 50 Boats 1.652 1.676 1.083 1.470 0.336
Cu OC19_S08_D000_F10 NB North Basin Surf Deep Water 5.705 6.116 5.604 5.808 0.271
Cu OC19_S08_D005_F10 NB North Basin 5 Deep Water 1.438 1.438 7.334 3.403 3.404
Cu OC19_S08_D050_F10 NB North Basin 50 Deep Water 1.035 0.924 0.980 0.078
Cu OC19_S08_D250_F10 NB North Basin 250 Deep Water 1.201 1.003 1.102 0.140
Cu OC19_S09_D000_F10 WB West Basin Surf Deep Water 1.498 1.142 1.320 0.252
Cu OC19_S09_D005_F10 WB West Basin 5 Deep Water 1.083 1.083
Cu OC19_S09_D050_F10 WB West Basin 50 Deep Water 1.181 2.15 - 1.666 0.685
Cu OC19_S09_D250_F10 WB West Basin 250 Deep Water 1.388 - 2.032 1.710 0.455
Cu OC19_S10_D005_F10 NPK NPK 5 H. Vent 1.26 3.139 3.248 2.549 1.118
Cu OC19_S12_DO000_F10 Hotels'
;\krot_iri - Akrotiri Surf Waste 1.913 2.862 1.053 1.943 0.905
Cu OC19_S12_D005_F10 Akro Akrotiri 5 Hotel' 2.243 1.794 2.645 2.227 0.426
Waste
Cu OC19_S12_D050_F10 Akro Akrotiri 50 Hotels -
Waste
Cu OC19_S13_D000_F10 SB South Basin Surf Deep Water 221 2121 3.495 2.609 0.769
Cu OC19_S13_D005_F10 SB South Basin 5 Deep Water 2.648 2.951 1.705 2.435 0.650
Cu OC19_S13_DO050_F10 SB South Basin 50 Deep Water 1.201 1.794 - 1.498 0.419
Cu OC19_S13_D250_F10 SB South Basin 250 Deep Water -
Cu OC19_S14_D000_F10 Vlychada Surf Boats -

Table 8. Mean Cu mass for the detected nanoparticles of samples analyzed for Cu from January 2020 Sampling

Sample Sam. Site | Depth (m) Group Replicate 1 Replicate 2 Replicate 3 Average Std
CuJA20_FLT2_BLK - - Blank 2.15 1.091 1.621 0.749
Cu JA20_S03_D000_F10 Pag Pagos 0 Boats -
Cu JA20_S03_D005_F10 Pag Pagos 5 Boats 1.86 2.15 5.329 3.113 1.925
Cu JA20_S03_D050_F10 Pag Pagos 50 Boats 3.492 19.683 2.433 8.536 9.668
Cu JA20_S10_DO000_F10 NPK NPK 0 H.Vent 6.035 3.775 2.833 4.214 1.646
Cu JA20_S10_DO005_F10 NPK NPK 5 H.Vent 5.47 2.927 - 4.199 1.798
South Deep
Cu JA20_S13_D005_F10 SB 5 10.814 8.567
Basin Water 20.678 6.53 5.235
South Deep
Cu JA20_S13_D050_F10 SB i 50 4.024 2.731
Basin Water 2221 2.685 7.167
South Deep
Cu JA20_S13_D250_F10 SB . 250 18.644 21.560
Basin Water 3.398 33.889 -
Cu JA20_S14_D000_F10 Vly Vlychada 0 Boats 4.481 10.89 4.305 6.559 3.752
Cu JA20_S14 DO005_F10 Vly Vlychada 5 Boats 4811 7.872 6.6 6.428 1.538
Cu JA20_S17_DO000_F10 AgRef Aegean 0 Reference 2.503 - 2.503
Cu JA20_S17_D005_F10 AgRef Aegean 5 Reference 6.813 1.656 1514 3.328 3.019
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Table 9. Mean Cu mass for the detected nanoparticles of samples analyzed for Cu from June 2020 Sampling
Sample Sam. Site Depth (m) Group Replicate 1 | Replicate 2 | Replicate 3 | Average Std
CuJN20_FLT BLK1MQ - - Blank -
Cu JN20_FLT_BLK2 NISK - - Blank 0.878 1.198 1.038 0.226
Cu JN20_S03_D000_F10 Pagos D1 Pagos 0 Boats 0.699 - 1.717 1.208 0.720
Cu JN20_S03_D000_F10 Pag D2 Pagos 0 Boats 2.197 - 2.197
Cu JN20_S03_D005_F10 Pagos D1 Pagos 5 Boats - -
Cu JN20_S03_D005_F10 Pag D2 Pagos 5 Boats - -
Cu JN20_S03_D050_F10 Pagos D1 Pagos 50 Boats - 2.197 4,174 3.186 1.398
Cu JN20_S03_D050_F10 Pag D2 Pagos 50 Boats - - -
Cu JN20_S10_DO000_F10 NPK D1 NPK 0 H.Vent 0.759 0.827 - 0.793 0.048
Cu JN20_S10_DO005_F10 NPK D1 NPK 5 H.Vent 0.981 1.238 2.077 1.432 0.573
Cu JN20_S13_D000_F10 SB South Basin 0 Deep Water 1.238 1.238
Cu JN20_S13 D005_F10 SB South Basin 5 Deep Water 2.376 2.197 2.287 0.127
Cu JN20_S13 D050_F10 SB South Basin 50 Deep Water -
Cu JN20_S13 D250_F10 SB South Basin 250 Deep Water 2.316 3.515 3.395 3.075 0.660
Cu JN20_S14 DO000_F10 Vly Vlychada 0 Boats 4.204 5.312 4.758 0.783
37.10
Cu IN20_S14_D005_F10 Vly Vlychada ~2 Boats 11.905 64.38 38.143 5
Cu JN20_S16_DO000_F10 AgRef Aegean 0 Reference
Cu JN20_S16_DO005_F10 AgRef Aegean 5 Reference 2.796 2.796
Cu JN20_S16_DO050_F10 AgRef Aegean 50 Reference 2.796 4.953 3.875 1.525

Table 10. Mean Cu mass for the detected nanoparticles of samples analyzed for Cu from August 2020 Sampling
Sample Sam. Site Depth (m) Group Replicate 1 Replicate 2 Replicate 3 | Average Std

Cu AU20_FLT_BLK2_F10 - - Blank 13.924 13.924

Cu AU20_S03_D000_F10 D1 Pagos Surf Boats 4.898 3.78 6.916 5.198 1.589

Cu AU20_S03_D005_F10 D1 Pagos 5 Boats 1.159 1.159

Cu AU20_S03_D050_F10 D1 Pagos 50 Boats 1.506 1.775 2.392 1.891 0.454

Cu AU20_S03_D005_F10 D2 Pagos 5 Boats 15.812 3.876 5.579 8.422 6.456

Cu AU20_S03_D050_F10 D2 Pagos 50 Boats 34.924 3.414 9.988 16.109 | 16.623
Cu AU20_S10_D000_F10 N.P.K. Surf H. Vent 10.416 3.356 6.886 4.992
Cu AU20_S10_D005_F10 N.P.K. Surf H. Vent 14.423 2.932 4551 7.302 6.220
Cu AU20_S13_D000_F10 SB Surf Deep Water 1.467 1.544 1.93 1.647 0.248
Cu AU20_S13_D005_F10 SB 5 Deep Water 1.66 3.232 4.165 3.019 1.266
Cu AU20_S13_D050_F10 SB 50 Deep Water 2.315 2.7 2.508 0.272
Cu AU20_S13_D250_F10 SB 250 Deep Water 2.315 2.315

Cu AU20_S14_D000_F10 D1 Viy 0 Boats

Cu AU20_S14_D000_F10 D2 Vly 0 Boats 2122 2.122
Cu AU20_S17_D000_F10 AgRef 0 Reference 5.013 7.044 3.96 5.339 1.568
Cu AU20_S17_D005_F10 AgRef 5 Reference 0.928 0.712 0.820 0.153
Cu AU20_S17_DO050_F10 AgRef 50 Reference 0.627 4.705 2.666 2.884

4.2.2.1. General trends concerning Cu containing particles’ mean mass

For the same reasons mentioned in the previous section, a choice of samples has been made, in order to show
the general trend that is depicted in Figure 74 (they are correspondent to the ones mentioned in Section 4.2.1).

As a reference, 1fg of Cu corresponds to ~2x107 Cu atoms:
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Figure 74. Mean Mass of Cu - containing particles for the different sample groups, from different samplings.

To begin with, it is obvious that the metal content of the particles detected in January and August was overall
much higher. Supposing that the detected particles have the same composition in all different time periods, their
metal content should be directly proportional to their size. Engineered Cu containing nanomaterial have been
reported to rapidly aggregate when in seawater matrix (within minutes), in significant sizes (>1um).*Therefore,
it is reasonable to expect that, should the particle concentration is sufficient, the particles detected be larger,
rather than numerous.

Not unlike the particle concentration shown in Figire 69, the maximum value for the mean mass of the particles
seems to not be in the same site for every time period. What is worth noting, also, is that the maximum of the
mean mass of a sampling is not corresponding to the maximum of the particle concentration of the same
sampling. Larger particles seem to be preferably gathered in S13 in January, where the largest particles overall
are also observed. June and October exhibit a more or less homogeneous distribution, regarding the size of the
particles they contain, while the maximum of August is at the site of the hydrothermal vent.

Regarding the Boats Impact sample group, represented by the S03 (Pagos) sampling site, there is no clear trend
shared among the different depths of the site. However, the maximum mean size is in D000 in August and
October (although slightly), while it has moved to lower depths in January, and apparently even lower in June.
Once again supposing, that this behavior is representative of a repeating yearlong behaviour of the system, the
precipitation of the larger Cu particles seems to be suggested, an observation in agreement with previous relative
studies on engineered nanoparticles*. Should this be the case, taking into account their expected rapid
aggregation, the hypothesis regarding the release of the Cu particles in August is supported, as the largest
particles are detected on the surface in August, and their sedimentation is observed over time, until June. The
relatively lower mean mass for the detected particles in DO00 and D005 during June, along with the D050 mean
mass being lower than the respective value of January, is an indication for the ongoing sedimentation of larger

(heavier) particles in the Boats’ Impact group.
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Turning to the Hydrothermal Vent sample group, represented by the S10 (North Palea Kameni) sampling site,
the maximum mean mass of the detected particles appears in August, while the minimum appears in June.
Taking into account the particle concentration chart (Fig.69), a very high particle concentration of small
particles appears in June, while a slightly lower particle concentration of much larger particles is observed in
August. Since this behaviour seems to be opposite to the one the Boats’ Impact group exhibit, either the origin
of the particles is different in the two sites (maybe a natural release from the hydrothermal vent, opposed to the
anthropogenic factor), or the same phenomena (like currents) affect the two sites in the opposite manner.
Finally, the Deep Waters sample group, represented by the S13 (South Basin) sampling site, exhibits the overall
maximum mean mass, in the depth of 250 m in January (> 18fg / particle, i.e, > 3,7x10® Cu atoms/particle).
D250 exhibits the maximum observed mean mass in January and June, and the minimum in October. D005 and
D050 exhibit the same behavior across the different time periods, meaning the mean mass increases from
October to January, decreases from January to June, and then increases again in August. Taking the overall
distribution of the mean masses observed, it seems that larger particles are found more commonly closer to the
surface in August and October, and in lower depths in January and June. It is also likely, as it was mentioned
before, that larger particles might have precipitated lower than the 250 m mark in June, which would also explain
the overall lower particle concentration observed in Figure 69 as well.

The comparison of the different sample groups versus the time period of their acquisition, was aiming at
observing the temporal variations of the samples. A more in-depth study of each individual sample group should
provide some insight on the effect of the different depths on the same site, as well as justify the grouping of the
samples. The samples chosen are corresponding to the ones studied for their particle concentration in section
4.2.1.

4.2.2.2. Cu mean mass trends concerning the Boats’ Impact Group, in October 2019

Figure 75 is a representation of the Cu — containing particles’ concentration for the Boats Impact sample group,

acquired during October 2019.
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Figure 75. Mean mass of Cu — containing particles for the Boats' Impact group samples, from OC19.

As it was mentioned before, the P4 (Piraeus) sample was only acquired once, to be compared with the samples
taken from Santorini. Also, the S14 (Vlychada) sample was only evaluated during this sampling. What is worth
noting, is that, In October, all sampling sites (S14 is not included in the comparison duo to the lack of data)
exhibit the maximum of their observed mean mass on the surface. In addition, the particles detected in S02 and
S03 are apparently larger than the ones detected in the P4 sample. Compared with Figure 70, that shows the
respective particle concentrations, it becomes apparent that the particles on the surface of S02 and S03 are fewer,
but larger, while they shrink but multiply as a function of depth. This is an indication that larger particles
released close (prior) to October tend to remain close to the surface. S02 and S02 exhibit similar behavior
regarding their particles” mean mass, with the exception of D050, which can be attributed to factors mentioned
in section 4.2.1. Those include higher boats activity on S03 than on S02, that also includes higher number of

larger ships, S02 being closer to the shore, and of course the presence of the Sea Diamond shipwreck.

4.2.2.3. Cu mean mass trends concerning the Deep Waters Group, in October 2019

Figure 76 is a representation of the Cu — containing particles’ concentration for the Deep Waters sample group,
acquired during October 2019.
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Figure 76. Mean mass of Cu — containing particles for the Deep waters group samples, from OC19.

The maximum mean mass for the Deep Waters group also seems to be closer to the surface in October and June,
like the Boats Impact Group, while S09 exhibits a more or less homogeneous distribution of observed mean
mass values across the different depths. What is worth noting, is that comparing this chart with Figure 71,
concerning the particle concentration of the same samples, they both exhibit more or less the same trends
between the mean mass and particle concentration. For example, the D000 of the S08 sampling site exhibits
both the larger mean mass for its detected particles, as well as the highest number concentration among the
different depths. Both of those metrics exhibit similar trends for the rest of the samples in the site, decreasing
as a function of depth. The exact same observation can be made for the samples concerning the S13 sampling
site. S09 exhibits an opposite trend to the other two sampling sites, but the same trend as the corresponding

chart regarding the particle concentration in the site Figure 71.

4.2.2.4. Cu mean mass trends concerning the Hotels and Wastes Group, in October 2019

Figure 77 is a representation of the Cu — containing particles’ concentration for the Hotels and Wastes sample
group, acquired during October 2019.
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Figure 77. Mean mass of Cu — containing particles for the Hotels and Wastes group samples, from OC19.

Both of the samples where particles have been detected (D000 and D0O05) for the Hotels and Wastes sample
group exhibit relatively low mean mass for the detected particles. Comparing this chart with Figure 72,
concerning the same samples mean size, they exhibit the same trend between them, meaning that D005 contains

both larger, and more particles per ml of sample.

4.2.2.5. Cu mean mass trends concerning the Hydrothermal Vent Group, in October 2019

Figure 78 is a representation of the Cu — containing particles’ concentration for the Hydrothermal Vent sample

group, acquired during October 2019.
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Figure 78. Mean mass of Cu — containing particles for the Hydrothermal Vent group samples, from OC19.

Finally, both of the samples from the hydrothermal vent site exhibit relatively low mean mass for the detected
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particles. Comparing this chart with Figure 73 concerning the same samples mean size, they exhibit the same

trend between them, meaning that D005 contains both larger, and more particles per ml of sample.

5. Conclusions

The use of the on — line dilution system for the analysis of seawater samples has been revisited, and evaluated
for the analysis of particle suspensions and dissolved analyte solutions. The system exhibited remarkable
robustness and continuous analysis capability for more than 10 hours, for a number of months, without

significant damage to the equipment (mainly the interface).

5.1. Conclusions for Investigating the Fate of Silver Nanoparticles and lonic

Silver is Seawater Systems (Mesocosm Tanks)

The on — line dilution system has been successfully incorporated in the analysis of seawater samples from
mesocosm tanks, spiked with low ppt concentrations of either particulate or ionic Ag, in a collaboration project
with the Hellenic Center for Marine Research (HCMR). Overall, the system exhibited high recovery values and
robustness, and the results were consistent with the expectations from the literature.

Taking advantage of the known concentrations of particulate and ionic Ag in the AgNP and lonic Ag treated
tanks respectively, the system’s capabilities regarding a low dwell time (75 ps per datapoint) have been
evaluated, and compared with results from a widely used dwell time (10 ms per datapoint). Also, three different
threshold criteria have been applied for the identification of event pulses as single moieties. Two of them are,
u + 3std (30) and p + 5std (56), where <’u’’ stands for the average intensity value and std for the standard
deviation of the dataset, after a process that is proposed by Pace et al*!® and widely accepted in the single particle
analysis. And the third is equal to u + 2.71 + 3.29 * \/u, (PG) where “’u’’ stands for the mean intensity of the
dataset, as it was mentioned before, a threshold based on the Poisson Statistics. After a comparative study of all
the different thresholds versus the different dwell times, both for the ionic Ag and the AgNP treated tanks, the
optimal conditions for each analysis where determined: For the analysis of samples from seawater tanks spiked
with Ag nanoparticles, analyzed using 10 ms dwell time, the p + 3std threshold criterion proved suitable,
yielding a recovery value of 97.9% + 66.6%, closely followed by the p + 5std threshold criterion, with 81.7% +
20.9%. For the analysis of samples from seawater tanks spiked with Ag nanoparticles, analyzed using 75 us
dwell time, u + 2.71 + 3.29 = /i, was proven more reliable, yielding a recovery value of 79.0% + 26.1%. For
the analysis of samples from seawater tanks spiked with lonic Ag, analyzed using 10 ms dwell time, both the p
+ 3std and p + 5std threshold criteria performed similarly well, with recovery values of 61.1% + 22.3% and
64.7% + 21.2% respectively. And finally, for the analysis of samples from seawater tanks spiked with lonic Ag,
analyzed using 75 ps dwell time, the p + 5std threshold proved sufficient, with a recovery value of 71.2% +

27.2, after excluding the datapoints before D2. Close examination of the data regarding the excluded datapoints
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revealed the obvious miscalculation, since the recovery value for the dataset was 142.3% + 180.1%. Moreover,
this miscalculation was not an issue for the PG threshold criterion when it was applied on the same data. That
means, that the origin of the anomaly was signals of very low intensity, falsely identified as particles.

During the analysis of the samples from the ionic Ag spiked tanks, pulse events usually associated with particles
were observed, whose nature and origin have been examined. Cross-referencing of the related observations
during the experiment with literature, in addition to a simulation using GEOCHEM — EZ, led to the tentative
conclusion that the pulse events were caused by the detection of particles formed, despite the very low silver
concentrations. The nature of the detected particles is still under investigation, but the initial results suggest

moieties of Ag complexed with Natural Organic Matter, Ag.S particles, or a combination of both.

5.2. Conclusions for Investigating the Occurrence and metal content (Cu) of
Copper — containing particles in seawater samples in the proximity of the

Island of Santorini

After the initial evaluation of the technigue during the mesocosm experiment, the on — line dilution system has
been incorporated in the analysis of seawater samples in the proximity of islands, and more specifically,
Santorini, under the ongoing Nanolsland program (ELIDEK). Santorini has been chosen as an ideal site for the
study of engineered, incidental and naturally occurring particles, as it is a very popular touristic destination
during the summer, and is essentially a still active volcanic site. Samples have been acquired from sites all over
the caldera, over a period of two years, so the temporal and spatial variations of the particles occurrence and
metal content could be studied. After due consideration of the elements environmental impact, and the
probability of their occurrence, a list of 10 elements has been drafted, of which 5 have already been analyzed
(Pb, V, Ni, Cu, Fe). For the processing of the acquired data, a python-based script has been developed, using
the JupyterLab notebook interface. Of the chosen elements, the results regarding the Cu containing particles
have been presented, and their particle concentration and mean mass have been studied. The processing revealed
generally higher particle concentration in sites associated with boats activity during the summer period. Also,
particles with higher Cu content were generally found in deeper waters, while there have been indications about
their precipitation, beginning around the same period as the high particle concentrations observed. Based on the
afore mentioned observations, the period of their release was tentatively suggested to be in summer. The
correlation with the sites associated with higher boats activity, led to the tentative conclusion that their origin

was, at least for the most part, anthropogenic.

6. Future Goals

The present thesis has set the basis for thorough analysis of nanomaterials in natural seawater samples, which

is a major concern in modern society, due to the ever-growing use and release of nanomaterial in the

85



Chronakis Michail loannis Master’s Degree Thesis

environment. Future aspirations stemming from this work include:
o Further processing of the data concerning the particle — related signals during the analysis of seawater

mesocosm tanks spiked with low ppt concentrations, so that their nature can be verified.

e Processing and presentation of the data concerning the rest of the analyzed elements from the
Nanolsland program, along with the analysis of the rest of the elements on the list (Ti, As, Ce, Zn, Zr).

e A comparative study could subsequently be conducted, leading to correlations between elements, and

revealing information about the detected particles origin and composition.

o Further development of the python — based script, so that it can be used universally in the analysis of
samples containing single moieties, as an independent program (graphic user interface). The final
program should be able to analyze data from analysis with different dwell time, regardless of the use of
CRC (Collision/Reaction Cell), and apply the appropriate thresholds for the extraction of case —
specific results.
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