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Abstract

During the past 40 years, the production of plastic has increased 25 times leading to
a growing concentration of plastic all over the planet. Recent studies have shown that
plastic debris can eventually decompose into smaller plastic pieces in the micro - and even
the nanometer scale. However, the amount of research on especially nanoplastic is still
relatively small, making an increased number of measurements necessary.

There are several types of plastics used for a large number of different applications such
as polypropylene (PP) commonly used for packaging products, low density polyethylene
(LDPE) commonly used for grocery bags and plastic bags or polyethylene terephthalate
(PET) commonly used for water bottles or fleece garment. This brings me to the main

question of my Master’s Thesis:

What are the particle number size distributions of polyethylene
terephthalate (PET) when heated at different temperatures and what are
the counting efficiencies of different devices when measuring PET

nanoplastic aerosols?

To answer this question, Polyethylene Terephthalate (PET) plastic pellets were heated in
a tube furnace and the concentration of the produced particles was measured.

The used devices were two Condensation Particle Counters (CPCs) with different working
fluids (water and n-butanol) and a Faraday Cup Electrometer (FCE). These are some of
the most important and common devices to measure particles in the nanometer (107 m)
range.

The results not only show that nanoplastic can be produced by heating clean pellets in a
controlled environment, but also that large concentrations in a broad size range (2 nm -
54 nm) can be found. Furthermore, the counting efficiency of the different CPCs reveal

important properties of the PET in terms of its polarity.
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Zusammenfassung

In den letzten 40 Jahren hat sich die Plastikproduktion um ein 25-faches gesteigert. Das
fiihrt zu einer wachsenden Ansammlung an Plastik auf dem ganzen Planeten. Neueste
Studien zeigen, dass Plastikstiicke in kleine Teilchen im Mikro - und sogar Nanometer-
bereich zerfallen konnen. Allerdings ist die Forschung auf dem Gebiet von Nanoplastik
noch relativ jung, was eine wachsende Anzahl an Messungen notwendig macht.

Das bringt mich zu der Hauptfrage meiner Masterarbeit:

Was sind die Groéfienverteilungen von Polyethylene Terephthalate (PET)
wenn man es auf verschiedene Temperaturen erhitzt und was sind die
Messeftizienzen von verschiedenen Geraten wenn sie PET

Nanoplastik-Aerosole messen?

Um diese Frage zu beantworten, wurden Polyethylene Terephthalate (PET) Pellets in
einem Ofen erhitzt und die dabei entstandene Konzentration der Partikel gemessen.

Die verwendeten Gerite waren zwei Condensation Particle Counters (CPCs) mit ver-
schiedenen Kondensationsfliissigkeiten (Wasser und n-Butanol) und ein Faraday Cup Elek-
trometer (FCE). Diese Gerite sind die mitunter wichtigsten um Partikel im Nanometer-
bereich (107 m) zu messen.

Die Ergebnisse zeigen nicht nur, dass Nanoplastik beim Erhitzen von sauberen Pellets in
einer kontrollierten Umgebung produziert werden kann, sondern auch, dass hohe Konzen-
trationen in einem breiten Grofenbereich (2 nm - 54 nm) detektiert werden konnen.
Aufserdem gibt die Messeffizienz der verschiedenen CPCs wichtige Eigenschaften beziiglich

der Polaritat von PET preis.



1 Introduction

In a very general way, aerosols are a suspension of solid or liquid particles in a carrier
gas. In most cases, this carrier gas is air. The particles can cover a very broad size range,
spanning from < 2 nm to over 100 pm [1].

Aerosols can be found all over the globe and can have different origins. They can also
have a big influence on our climate as well as the human body and its health. Studies have
shown that ultrafine particles (< 100 nm) can penetrate into the lung and reach other
organs like the heart or the brain due to their small size |2] [3]. Furthermore, aerosols can

travel large distances all around the world, making it a global problem [4].

One origin of aerosols is plastic. Plastics are heavily manifested in our everyday lives
and not one day goes by in which we don’t use or touch any product that is not made
of or at least contains plastics of any kind. Whether it is the Smartphone we use, the
clothes we wear or the bottle we drink our water out of, our lives would not be the same
without it.

However, a huge percentage of the produced plastic ends up in the environment [5]. Due
to chemical or biological degradation, it can become smaller over time and eventually
reach a size in the micro - or even nanometer range [6][7]. When these particles get car-
ried by a carrier gas, they become nanoplastic aerosols.

Even though the impact of plastics with such small diameters is not fully understood,
there has been an increasing number of publications on this topic. Studies have found
nanoplastics in regions far away from civilization, i.e. the antarctic [8], further emphasiz-
ing the aerosol characteristic nanoplastic can have.

The aim of this thesis is to further increase knowledge about nanoplastics, especially in
terms of plastic degradation and the production of nanoplastics when heated in a con-
trolled environment.

The measured particle number size distribution gives insight on how many nanoplastic

particles can be produced this way and what their diameters are.



2 Plastics

Per definition, plastics are a wide range of different of synthetic materials that have poly-
mers as a main ingredient. In general, a polymer consists of individual molecules, so called
‘monomers’ with the ability to covalently bond together into long chains [9].

In commercially available plastics, the polymer chains consist of 10* to 10* monomers [10].

Polymers can be divided into two different categories:

The first are thermoplastics with the ability to melt upon heating and harden upon
cooling. One of the main properties of thermoplastics is that these processes can be re-
versed and redone at will. When softened by heating, thermoplastics can be reshaped.
Some of the most common thermoplastics are polypropylen (PP), polyethylene (PE) and

polyethylene terephthalate (PET), which was used for the measurements in this thesis [9].

The second kind of polymers are called thermosets, whose heating and cooling processes
are not reversible since they undergo chemical reactions during those processes [9]. Ex-

amples for thermosets are polyurethane (PUR), vinyl esters or silicone [5].

2.1 PET

PET is probably best known for its use in water and other beverage bottles. Also, it is
used in clothing such as in fleece garments, where it is known under the name polyester
[10]. Some of the most important properties of polyethylene terephthalate for this thesis

are summarized in Table 1.

The PET plastic used in the following experiments were in pellet form and bought from
Sigma Aldrich. The product number of the pellets is 429252-250G.
Furthermore, they contain 30% glass particles as reinforcer [11].

Glass has a melting point of about 700°C - 800°C [14], with the exact value depending on



2.2 Nanoplastics

Table 1: Table of PET properties

Chemical Formula (C10HgO4),, [10]
Monomer Terephthalic acid, Ethylene glycol [10]
Density 1.68 g/cm? (at 25°C) [11]
Melting Temperature t,, 250-255°C [11]
Share in global plastic waste 7.9% 5]
relative dielectric constant e e =3.4112]

(a) Molecular structure of PET (b) Resin code of PET

Figure 1: The left figure (a) shows the molecular structure of PET. The grey dots represent
the carbon atoms, the white dots represent the hydrogen atoms and the red
dots represent the oxygen atoms. the 'n’ in the upper two pictures stand for the
iterations one monomer C;gHgO4 can have. One example of n = 4 can be seen
in the lower picture [10]. The right figure (b) depicts the resin code of PET [10].
This code identifies the plastic used for a specific product [13].

the glass type. Since the melting temperature of any glass is way beyond the temperatures
used in these experiments, it was not expected that the reinforcer glass particles started

to melt or create unwanted particles in the measured range, hence altering the results.

2.2 Nanoplastics

Since there is currently no universal definition of what a nanoplastic is, in this thesis the
definition proposed by Gigault et.al. (2018) [15] is used. Per this definition, a nanoplas-
tic is a plastic particle in the size range of 1 nm - 1000 nm. They also propose that a

nanoplastic is a particle originating from the degradation of larger plastic objects, which



2.2 Nanoplastics

is the case in this thesis.

This means that a clear distinction from nanomaterials has to be made, since according to
the International Standard Organization ISO, a manufactured nanomaterial is "intention-
ally produced for commercial purposes to have specific properties or specific composition"
[15][16].

In general, nanoplastic can be distinguished into two categories: primary and secondary
nanoplastics.

Primary nanoplastics are directly produced for a variety of products such as cosmetic and
cleaning products or tires [17]. A study has also shown the production of nanoparticles
coming from 3D-Printers [18].

Secondary nanoplastics are produced when larger polymers including microplastics de-
grade into smaller pieces due to i.e. UV-radiation or oxidation, as shown by Lambert
et.al.[6]. Microplastic has been found all around the world in places far away from civil-
isation such as the arctic [19], the antarctic [20] and in seafloor sediments [21], which
shows that plastic debris can travel large distances from its original place of disposal.
Due to the eventual degradation of said plastics, one can assume that plastic in the
nanometer range can be found in these places eventually.

Still, the research on nanoplastic is rather difficult to do, since it is hard to detect because
of the small size of the particles. Nonetheless, there has been a number of studies in recent
years such as by Lambert et.al.[6], Dawson et.al.[8] or Ter Halle et.al.[22], who character-
ized nanoplastics during the degradation of a PS coffee cup lid, turned microplastics into
nanoplastics through digestive fragmentation by Antarctic krill and found nanoplastic in
the North Atlantic Subtropical Gyre, respectively.

However, experiments that investigate the detection and characterization of aerosolized
nanoplastics has been missing. The intention of this thesis is to deliver a detailed look at

aerosol nanoparticles from PET.

10



2.3 Plastic Pollution

2.3 Plastic Pollution

The reasons for the wide use of plastics are not hard to find: it is cheap to produce, easy
to put in any shape or form and can be colored at will. Furthermore, the plastic industry
has a big economic influence. It gives employment to more than 1.56 million people in

over 55 000 Companies and has a turnover of more than 350 billion € (2019) in Europe [5].

The big disadvantages of plastic lay within its produced waste and the following pol-
lution. In 2019, global plastic production reached 386 millionen tonnes, which is a rise
from 359 million tonnes in 2018. Europe (EU28+NOR/CH) has produced 57.9 million
tonnes of plastic in 2019 which is a decline of 6.4% from 2018. The european demand of
plastic is 50.7 million tonnes, while the rest of the produced plastic is exported.
However, the collected plastic post-consumer waste has only been 29.1 Mt. 42.6% of that
is being used for energy recovery, 32.5% is recycled and the rest (24.0%) is used as landfill
[5].

That means that in Europe alone 36 Mt are either not collected or end up as landfill,

which means it will eventually find its way into the environment.

Plastic released into the environment can degrade into smaller and smaller pieces 23]
until it eventually reaches the nanometer scale [6][7].

The main issue with such small plastic particles is that it can possibly have a big impact
on the environment - especially on the marine environment and on the health of both

humans and animals.

2.3.1 Effects on Health

Nanoplastic particles that entered the human body can be transported to secondary or-
gans via the bloodstream. Studies have shown that polystyrene (PS) nanoparticles can
penetrate into red blood cells. This allows these particles to increase their circulation

time in the body since it avoids a rapid clearence in the liver [24] [25].

11



2.3 Plastic Pollution

Yan et.al. demonstrated that PS particles with 20 nm diameter can surpass the blood-
brain barrier of rats [26]. Another study assessed the neurobehaviour of rats when exposed
to PS nanoparticles for 5 weeks. In the study no significant changes in behaviour were
observed [27|. Similar experiments on humans have not been conducted. Despite the un-
ambiguous results and lack of studies on humans it gives an impression of how dangerous
these particles can possibly be.

In vitro studies with human cell lines have shown that nanoplastic particles can activate
the innate immune system, induce inflammatory respones or mediate oxidative stress
[28]. However, there is a lack of long term studies and studies with nanoparticles com-
ing from PE, PET and PP. Since all these in vitro studies have been performed with
PS nanoparticles, an extrapolation to other plastics has to be treated with caution and

further experiments have to be done in order to make conclusions.

Nanoplastics can be taken up by the body via either oral inhalation, absorption by the
skin or ingestion, with the latter probably being the primary route to enter the body
[28]. The reason for this is that microplastics have been found in various food and drinks,
leading to human exposure. Some of these products include seafood like fish or shrimps,
salt, sugar and beer [29] [30] [31] [32] [33] [34]. In addition, microplastics have been found
in tap water and bottled water stemming from different sources around the world. The
study has shown that out of 159 tap water samples, 81% contained microplastic particles
[35]. Out of 259 water bottles from 11 different brands, 93% were contaminated with
microplastic with an average of 10.4 particles/liter. Most of the contamination came from
PP (54%) likely coming from the packaging or bottling process [36].

According to a study by Senathirajah et.al., a person consumes up to 5.5 grams of plastics
per week, coming from different sources with the biggest source being drinking water with
about 90% [37].

Even if these studies have been done with plastics in the micrometer range, a similar
contamination with nanoplastic is entirely possible.

A deep penetration by nanoplastics into the human skin seems rather unlikely according

12



2.3 Plastic Pollution

to a study by Alvarez-Roman et.al., who applied polystyrene (PS) particles with diam-
eters of 20 nm and 200 nm to a porcine skin model [38]. This result was confirmed by
another study which found that the PS particles only penetrated about 2-3 pm into the

skin surface [39].

Another dangerous source in connection with plastic are chemical additives coming from
the plastics [28]. These are added in order to manipulate the flexibility, stability or color
from the eventual plastic product. It is known that these chemicals leach out and affect
organisms [40]. Another toxic part coming from plastics are the monomers, which are the
building blocks to build the polymers. One notorious monomer is bisphenol A (BPA).
BPA can induce metabolic diseases or have a negative impact on reproductive effects and

the development of newborn babys [41] [42].

2.3.2 Effects on the Environment

Plastic is the main contributor for marine litter, with fractions varying between 60% -
80%, depending on the exact location where marine litter is researched [43]. It is esti-
mated that more than 13 000 plastic pieces per square kilometer are floating in the ocean
[44].

Most of that plastic is buoyant, but it can still sink to the bottom of the ocean by currents
or heavy fouling. Once at the bottom, plastic can change the workings of ecosystems. The
main sources of plastic pollution in the ocean are beach litter with 80 % and the fishing
industry with 18% [44].

A study has shown that at least 267 marine species suffer from entanglement and inges-
tion of plastic debris [45] often resulting in death by suffocation or starvation [46].

Some other studies focused on the potential effects of nanoplastics on sea animals and
plants. Since a nanoplastic particle is smaller than the average vegetal or animal’s cell

(10 - 30 um)[47], it is suspected that they can translocate to inner organs [48] [49].

Different studies suggest that nanoplastics have a significant impact on fish. For example,

13



2.3 Plastic Pollution

it has been shown that PS nanoparticles (d, = 24 nm) promote weight loss, change the
blood count of cholesterol and triglycerides and it took the fish more than twice as long
to consume 95% of the food [50].

The accumulation of PS nanoparticles in zebrafish has been studied and it was shown
that it can be found in the head, yolk sac, gall blader and several other different tissues in
the fish [51][52][53][54], leading to hypoactivity of the fish [55]. Pitt et.al. found that PS
NPs can be passed on the offspring of zebrafish but does not cause major physiological
disturbances [52|. Another study found that PS nanoplastic alone has only minor effects
on zebrafish embryos, however, in combination with gold ions it can have increased toxic
effects [56].

Studies on the effects of NPs on algae have shown different results. Some have shown
that nanoplastics were adsorbed on microalgae [57][58] but little to no increased mortal-
ity could be measured, some have observed reduction in algae growth [57][59]. Also, some
have shown no affection in growth or toxicity due to nanoplastics [60]|[61] and some have
shown different results for different algae under same exposure conditions [62].
Bhattachary et.al. have observed a decrease in photosynthesis which seemed to be caused
by the light blocking effect of the adsorbed PS particles (d, = 20 nm) [63].

An uptake of microplastics is unlikely since the particles are too big in size to penetrate
the plant cell wall [64], however an uptake of nanoplastics (d, = 20 - 40 nm) by plant
cells has already been observed in tobacco plants [65].

Another study showed that PS NPs are taken up by cucumber plants in the roots, where
they are eventually transported to the above ground parts of the plants like leaves and
fruits. It was observed that the NPs have a great influence on the nutritional values of
the cucumbers as the proteins increased and Fe, Mg and Ca decreased [66].

Another study with PS NPs found that in wheat (Triticum aestivum L.) growth param-

eters and chlorophyll content were increased but micronutrients were decreased [67].

14



3 Aerosol Physics Theory and Concepts Relevant for this Thesis

3.1 Saturation Ratio

In a volume with a mixture of gases, the partial pressure p, is the pressure one component
of the mixture would have if it would occupy the whole volume and no other gases or
vapors would be present [1].

The saturation vapor pressure ps(T) is the pressure of a vapor or gas when it is in equi-

librium with its condensed vapor [1]:

4060
ps(T) = exp (16.7 7 37) kPa (1)

The saturation ratio Sg is the ratio of the partial pressure and the saturation vapor

pressure [1]:

p'l)
O = ps(T) @)

If Sg < 1, which means that the partial pressure is smaller than the saturation pressure,
the system is undersaturated. In this case there is more evaporation than condensation
on the surface where vapor and its liquid phase meet.

If Sg > 1, then the system is supersaturated - there is more condensation than evapora-
tion on the surface.

If is Sg = 1, the system in saturated and there is no net mass transfer - the vapor and

the liquid phase are in equilibrium at the surface [1].

In most cases, supersaturation is achieved by cooling a saturated vapor. In this pro-
cess p, remains constant but p,(7") decreases with decreasing temperature.
One common way of cooling a vapor is by adiabatic expansion. This is done by a rapid

expansion of the gas. The adiabatic expansion follows the relationship:

T

T, (Z_;)K_l @)

15



3.2 Kelvin Radius

where T and v; are the initial temperature and volume of the gas, T, and v, the temper-

ature and volume after the expansion and & is the specific heat ratio [1].

3.2 Kelvin Radius

The Kelvin radius r* is the critical radius a particle needs to have in order to stay constant
in size. If a particle is lager than r* it grows by condensation. If it is smaller than r* it

evaporates [1].

The Kelvin radius r* is given by the Kelvin equation|[1]:

20
* - - 4
" nlk:BT 111<SR) ( )

o: surface tension of droplet

n;: number of molecules per unit volume in bulk liquid
kp: Boltzmann constant

T: Temperature in Kelvin

Sgk: Saturation ratio

It is apparent in Equation 4, that with increasing saturation ratio Sg, the Kelvin radius
decreases, making particle growth by condensation possible for smaller particles at higher

supersaturated conditions.

3.3 Nucleation

The phase transformation from vapor to liquid is called condensation and it is the primary
process of aerosol production and growth in nature [1]. This process can only occur in
supersaturated vapors.

Nucleation is the first step of any phase transformation, including condensation. In the

16



3.3 Nucleation

case of condensation, nucleation takes place when small liquid nuclei form when the com-
pound still is a vapor [68].

In principle, there are two different kinds of nucleation: The homogeneous nucleation and
the heterogeneous nucleation. Homogeneous nucleation is a rare process that also needs
very high supersaturation. On the other hand, heterogeneous nucleation needs a super-
saturation of only a few percent in order to happen. However, foreign nuclei on which
the nucleation can occur need to be present. This is also the nucleation process that is
observable the most in nature and is responsible for effects such as the formation of clouds
and rain [68].

The two different nucleation processes are described in more detail in the following sec-

tions:

3.3.1 Homogeneous Nucleation

When particles grow in size by themselves in a supersaturated vapor, meaning without
the presence of condensation nuclei, it is called homogeneous nucleation.

Forces such as the Van-Der-Waals force form molecular clusters, regardless of the satura-
tion ratio of the gas.

In an unsaturated vapor, these cluster are unstable and disintegrate. However, in a satu-
rated vapor, the cluster concentration increases since the particles collide more frequently.
Due to the high saturation, these clusters can become stable and grow. For this process
a supersaturation S > 2 is mandatory [1].

Every produced cluster with ¢ molecules is assigned a Gibbs potential AG;. For every

formation of a cluster, the energy necessary is calculated as such [68]:

AG; = (1 — ) i + 4mor? (5)
~——

—k‘BTll’lS
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3.3 Nucleation

Assuming spherically shaped clusters with radius r;, the surface area A; is defined as:

Ai = 47T7°Z-2
hence:

A,

T, = —_—

47

The energy for the nucleation and resulting formation of a cluster is given by [68]:

4
AGhom = 4mor? — Ty ln (S)r? (6)
N—— 3 _
ACT‘surface

~~
AGvolunle

n; is the number of molecules per unit volume, o is the surface tension of the liquid and
r; is the radius of the formed cluster.

The first term of the right hand side of Equation 6 is based on the surface of the cluster
and the second term is based on the volume of the cluster. Thus, the necessary energy
for AG strongly depends on the cluster radius [69].

By plugging in r* (s. Equation 4) into Equation 6, one gets the critical energy barrier

AG}
. 16w o3

hom =3 (nikpT In (S))? (7)

AG

Connecting Equation 6 with the saturation ratio (s. Equation 2), it delivers a description

of why clusters grow or evaporate [69]:

e if S < 1, a constant increase of energy is mandatory in order for the particle to

form. Therefore formed cluster are not stable and evaporate

e if S =1, then InS = 0 and the energy is only dependent of the surface term in
Equation 6. In this case nucleation is still hindered and the cluster decomposes.

AG follows a similar trajectory like in the case of S < 1.

e if S > 1, then the cluster has to overcome an energy barrier in order to get into a

18



3.3 Nucleation

stable state. This energy barrier is the critical Gibbs energy AG* and the particle

*

needs to have the corresponding critical Kelvin radius r*.

This effect is illustrated in Figure 2:

AG | /
/
/s<1
/
/
//
AGH — — — Vo
// | S>1
y |
J
i
| _
.r* fr

Figure 2: AG as a function of the particle radius r for both an unsaturated vapor S < 1
and a supersaturated vapor S > 1. [6§]

This form of nucleation is an ’all-or-nothing phenomenon’ and it is a steep function of S.

[1].

3.3.2 Heterogeneous Nucleation

In comparison, the heterogeneous nucleation needs condensation nuclei or ions in order to
occur. However, it can take place when the supersaturation is only a few percent - much
less than for the homogeneous nucleation.

The condensation nuclei offer their surface on which the condensation of a vapor can take
place [1].

There are multiple different cases of heterogeneous nucleation:

The first case is nucleation on insoluble nucles.

At supersaturation, an insoluble nucleus has an adsorbed layer of vapor molecules on its
surface.

The critical free energy AGj,, for a cluster to form by heterogeneous nucleation on a flat

19



3.3 Nucleation

surface is:

AGltet = ACr;wm ’ f(m) (8)
m is called contact parameter and is the cosine of the contact angle 6 (s. Figure 3):

__0gv — O05L (9)

o is the surface tension and the respective indices stand for boundaries of the phases as
seen in Figure 3.
f(m) is given by:

2+m)-(1-m)?

flm) = ;

(10)

f(m) takes on values between 0 and 1. When f(m) = 0, then § = 0° and m = 1, the
wettability of the surface is maximal and the nucleation begins as soon as the vapor is
supersaturated, meaning AG* = 0.

The other extreme case is when f(m) = 1, then # = 180°and m = 0. In this case, the
wettability of the surface is minimal and homogeneous nucleation is more likely than het-
erogeneous nucleation [68] [69].

The process of a cluster formation on a flat surface can be seen in Figure 3.

S

Figure 3: Schematic of heterogeneous nucleation on a flat surface. V indicates the vapor
phase, L the liquid phase and S the solid phase. € indicates the contact angle
(based on [68]| and [69])

Nucleation on a curved surface is described in similar way, however, the situation is

more complex. In this case, not only the contact angle 6 is relevant, but also the radius
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3.3 Nucleation

of both the seed particle Rp and the critical radius r* [68]:

AGZet,curv = AC;;kzom ’ f<m7 .27) (11)
with
1 1—max\® 3 T —m T —m o [T —m
f(m,x) == |1+ +a2°|2-3 + +3ma” | —— —1
2 g g g g
(12)
where
g=V1+a2%2-2mx (13)
and
Rp
T =—
r

The Kelvin equation for the critical radius r* (s. Equation 4) also holds for heterogeneous

nucleation [68].

A schematic of this process can be seen in Figure 4.

Seed

Figure 4: Heterogeneous nucleation on a curved surface. V, S and L represent the vapor,
solid and liquid phase, respectively. Rp denotes the radius of the seed particle,
r* indicates the critical embryo radius and 6 indicates the contact angle between
the two particles (based on [68] and [69])
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3.4 Coagulation

Another case of heterogeneous nucleation is on soluble nuclei:

The most common soluble nuclei in water come from sodium chloride (salt), originating
from the ocean water. These nuclei are the main source of water droplets in the atmo-
sphere because they allow particle growth at a supersaturation of a few percent. This
is also the reason why supersaturation in nature hardly exceeds those few percent, since

these nuclei consume all the excess vapor and therefore prevent higher supersaturations [1].

The effect of nucleation, especially the case of nucleation on a curved surface of insol-
uble nuclei is very important for this thesis. Since the measured particles are in a size
range where they cannot be detected optically, the particles grow by condensation inside

of the used devises, allowing them to be detected optically.

3.4 Coagulation

The process of aerosol particles colliding with each other is called coagulation. This results
in the formation of larger particles and a decrease in total number concentration. When
the motion of the particles is brownian, the coagulation is called thermal coagulation. This
spontaneous phenomenon is present in every aerosol measurement.

An exact description is very complicated, especially for polydisperse aerosols like in this
experiment. However, in most cases a simplified model is used to estimate the effect.

For monodisperse coagulation the following relations are important:

dN

— = —KyN? 14
- =Ko (14)

The rate of change of the number concentration with time d/N/dt can be seen in Equa-
tion 14. This equation is true for particles with d, > 100 nm K, is the coagulation
coefficient [m3s™!| and increases with decreasing particle size.

For particles smaller that 400 nm, K, has to be adjusted with a correction factor 5. The
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3.4 Coagulation

adjusted coagulation coefficient is then:
K = Kof8 (15)

The correction factor approaches 1 for particles > 400 nm and decreases with the particle
size [1].

Since this rate in Equation 14 is proportional to N2, the coagulation is faster for larger
concentrations and decreases for smaller concentrations.

Also, the particle concentration N(t) changes at any point in time and is described as:

No

N(t) = 1T NKL (16)

where Ny is the initial concentration and ¢ is the time passed. This equation is useful for
describing simple monodisperse coagulation with a constant K [1].

The particles grow in size according to the following equation [1]:

() "

This equation holds for liquid particles but is approximately correct for solid particles [1].

By plugging in Equation 16, one gets:
d(t
% = (14 NoKt)'/? (18)

0

where d(t) is the particle diameter after a time ¢ and dj is the initial particle diameter.

As already mentioned, the description of polydisperse coagulation is more complicated.

In the case of bidisperse aerosol, the coagulation coefficient K 5 is described as:
KLQ = W(dlDl -+ d1D2 -+ dQDl + dQDQ) (19)

where dy, dy are two different particle diameters and D7, Dy are their respective diffusion
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3.5 Diffusion in Sampling Lines

coefficients.

If dy and ds vary in size, K, 5 increases. This is because big particles have a large surface
and slow diffusion and small particles have a small surface and fast diffusion. This com-
bination allows the coagulation to happen more rapidly the bigger the difference in size
of the particles is.

Hence, coagulation happens much faster for polydisperse aerosols than for monodisperse
aerosols [1].

Even tough Equation 16 and Equation 17 are originally derived from the description of

monodisperse aerosols, it is often used for polydisperse aerosols as well [1].

Coagulation is an effect that can be observed in the results of the following measure-

ments.

3.5 Diffusion in Sampling Lines

Due to the Brownian motion, particles diffuse from areas with high concentration to
areas with low concentration. Since the aerosol concentration close to the tube walls
approaches 0, particles diffuse towards these walls, resulting in a lower measured particle

concentration. The diffusive particle efficiency 7 ,4iff can be calculated as:

Ntube,dif f = eXp(_f : Sh) (20)
0.2672
here: =3. 21
where: Sh = 3.66 + €4 0.10079 - €173 (21)
wDL
£ = o (22)
37r77airdp

Sh is called the Sherwood number, D is the particle diffusion coefficient, L is the tube
length of the respective device, @ is the flow rate through the tube, and 7,;, is the viscosity
of air [70].

Due to the settings in these measurements, nupeqaif¢ is only a factor for small particles, as
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3.6 Size Distribution Function

it approaches 1 for d, > 5 nm. Graphically, this can be seen in Figure 5:

Diffusion Efficiency nepe, qifr

1.0 A
0.8+ Tube Length = 28.5 cm
> Flow Rate = 1.43 Ipm
C
< 0.6
2
w
c
2 0.4+
2
£
0.2 4
0.04 —— Diffusion Efficiency

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
Diameter [nm]

Figure 5: Diffusion Efficiency 7upe difs for the settings in these measurements

3.6 Size Distribution Function

The absolute aerosol concentration N; for a size interval 7 can be written as:

where n; is the value of the aerosol distribution and Ad, ; is the size range of the particle
diameter bin.
However, since these particle size intervals usually vary for each device, a direct compar-
ison of size distributions is rather difficult and complicated to do.
To make things clearer while maintaining all information about the aerosol distribution,
one can minimize the size bins to an infinitesimal size (Ad, — 0), resulting in Ad, = d(d,).
This results in:

n; n; dN

= = 25
Adp,i dp,i+1 - dp,i d(dp) ( )

In this case, the number size distribution becomes a continuous function of d, and is no

longer a discrete function [68].
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3.7 Differential Mobility Analyzer (DMA)

A very common way in aerosol physics to describe the particle distribution as a func-
tion of log(d,) instead of d,. Since mathematically one cannot use the logarithm of a

variable with a dimension, the following step has to be made [71]:

dp
dlog(d,) = log(d,.) — log(d,,;) = log (dp’ ) (26)

Dl

where d,,, is the upper limit of the bin and d,; is the lower limit of the bin.
Using this method, the units cancel out.

This results in the following particle size distribution ny(log(d,)) [68]:

dN

ny(log(d,)) = W(dp)

(27)

which was used in this thesis.

3.7 Differential Mobility Analyzer (DMA)

The differential mobility analyzer (DMA) allows the classification of particles with a spe-
cific size from an aerosol with a broad spectrum of particle sizes. Thus, it serves as a
source of monodisperse aerosol particles and makes the measurements of particle size dis-
tributions possible [72].

The DMA consists of two metal electrodes: one inner and one outer electrode. On the
inner electrode a negative voltage between 0 V and -10° V is applied by a high-voltage
module, creating an electric field in between the electrodes.

A schematic cross section of the used DMA can be seen in Figure 6. On one end, filtered
particle-free sheath air (Qy, and the charged aerosol sample (), enter the DMA and flow
in between the two electrodes. In this step it is important that the two laminar flows do
not mix [73|. The particles with the selected electric mobility Z’ reach the other end of
the DMA where they exit via ()5 as a monodisperse aerosol into a particle counter. The
remaining aerosol particles exit the DMA with the particle-free air via Q... After being

filtered, the air is pumped back into the DMA via ), which means that this construction
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3.7 Differential Mobility Analyzer (DMA)

Figure 6: Vienna-type DMA cross-section schematic (by Dr. Gerhard Steiner [72], slightly
modified for this thesis)

is a closed-loop arrangement. By varying the applied voltage in discrete steps the particle
size distribution of the aerosol can be measured [74].

The DMA used in this experiment is a Vienna-type nano-DMA designed for diameters
from 1 nm to ~ 50 nm. The exact diameter range the DMA measures can be specified

by adjusting the flows @), and Qgp, Qe

3.7.1 Electrical Mobility

The relation between the dimensions of the DMA and the characteristic electrical mobility
Z is as follows [72]:
Z

_ Qsh+Qex 1 ] (R2>
= . n

2 oLV \ R, (28)

were (D, is the sheath flow, Q.. the exhaust flow, R; and Ry are the respective radii of

the inner and the outer electrode, L is the electrode length and V' is the applied voltage.
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3.7 Differential Mobility Analyzer (DMA)

For a fixed voltage, the electrical mobility Z’ can be calculated by the flow rates [72]:

7 — Qsh + Qem 1 1 (RQ) (29)

2 oLV T\ R,
N—_——— -— ,
const.

Zl
2LV
hl(RQ /R1 )
t

with 27/ = w (31)

=7'=7 (30)

A outer electrode |

R,

inner electrode

center axis <

L

Figure 7: Trajectories of particles with a high mobility (blue line) and low mobility (red
line) in a DMA [72]

In Figure 7, the trajectories of particles with different electrical mobilities can be seen
when they pass through the DMA. For a set voltage, the particles with the highest mobility
that can be transferred from the inlet (), to the outlet (), follow the blue line from point
A to point B. The particles with the lowest mobilities that still reach the outlet follow
the red trajectory from C to D [72].

Consequently, the maximum mobility is:

A
Zvlna:c = / 2m -1 U<T) cdr = Qon + Qo = Qex + Qs (32>

B

This means that particles with a Z’ > Z/  cannot reach the sample outlet since they

max
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3.7 Differential Mobility Analyzer (DMA)

have a steeper trajectory than the blue one visible in Figure 7 and will be selected out by
the DMA.

The minimum mobility is:

C
Z;nm = / 2 U<T) dr = Qsh - QS = Qez - Qa (33)

D

Likewise, particles with a mobility Z’ < Z’ . and a flatter trajectory than the one from

C to D cannot reach the sample outlet and will not be detected [72].

Hence, the mobility range that can be measured is:

CQsh - Qs S Z/ Z Qsh + Qa (34>

Another way of expressing the mobility range is by [70]:

Z-ANZ<Z'>2+A2 (35)

where: AZ =Zp (36)

B is the resolution of the DMA and is calculated as:

_ Qs+ Qa

5 B Qsh + Qex

(37)

This implies that for a selected electrical mobility Z’ the classified aerosol spans a range
of different mobilities and therefore particle diameters as described in Equation 34 and
Equation 35.

For the Vienna-type nano-DMA used in this experiment a resolution f = 0.15 was chosen.

The particle diameter is related to the electrical mobility via the Stokes” Law |74]:

B neC,(d,)
dp = 3mnZ (38)
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3.8 Aerosol Charger

where n is the number of elementary charge units, e is the elementary charge, C, is the

Cunningham slip correction factor and 7 is the viscosity of air (18.2 pPa-s).

The Cunningham slip correction factor C, is needed in order to calculate the drag on
smaller particles (d, < 100 nm) or high Knudsen numbers, respectively. A good approxi-

mation for C,, which was also used throughout this thesis, is the following |72]:

d
Cu(dy) = 1.0+ 2420 2 +0.84- 2> - oxp (—0.43 : —p> (39)
d, d, A

where \ is the mean free path of air molecules (=~ 67 nm)

3.8 Aerosol Charger

In order for an aerosol particle to be classified and reach the sample outlet of a DMA, it
needs to have an electric charge (s. Equation 38).

This is achieved by sending the irregularly charged aerosol through an aerosol charger
(also called aerosol neutralizer), which leaves the aerosol with a well-defined steady state
charge distribution, regardless of the initial charging state of the aerosol |75].

The charger used for these measurements was the TSI Advanced Aerosol Neutralizer 3088.
With this charger, the charge distribution is achieved via bipolar diffusion. Ions of both
positive and negative polarity are produced, and via diffusion, particles and ions interact
and exchange charges.

This charger uses soft X-Ray radiation with an energy of <9.5 keV in order to produce

these ions [76].

3.8.1 Charge Distribution

The charge distribution can be described by the Fuchs charge distribution model (1963)
[77]. This effect comes from the collision of particles and ions, neutralizing initially charged

particles and charging initially neutral particles [72].
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3.9 Condensation Particle Counter (CPC)
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Figure 8: Charging probabilities for negatively charged aerosols with charging states i=1
to 5 according to the Fuchs’ law [72]

In Figure 8, one can see the charging probabilities of negatively charged aerosol particles
in a bipolar ionic atmosphere with charging states ¢ ranging from 1 to 5, according to
Fuchs’ law. The illustration shows that the larger the particles are, the bigger the chance
is for the particle to be multiply charged.

For the following experiments, the upper limit for the detection of particles was 54.6 nm,
which means the charging probability for a doubly charged particle at the upper limit
is about 0.01 and the probability for 3 or more charges is approaching 0. Therefore, no
charge correction has been made, since for the most part only singly charged particles
were expected. In addition to that, the majority of the detected particles were below 30

nm in diameter, which means that a charge of ¢ > 2 is virtually 0%.

3.9 Condensation Particle Counter (CPC)

Ultrafine particles, which include those in the nanometer range, cannot be detected opti-
cally. By supersaturation of a working fluid and the following heterogeneous nucleation,

those particles grow until they reach a size in the micrometer range (with the exact size
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3.9 Condensation Particle Counter (CPC)

depending on the used device) until they can be detected optically. The final size of
the particle is very uniform and almost independent of the initial size while the particle
concentration remains the same.

In modern CPCs, the counting of the particles is done using light-scattering techniques.
A light source hits the aerosol particles and the light waves get scattered in the process.
The photodetector detects the scattered light and its intensity yields information about

the particle concentration [1] [70].

For this thesis two different CPCs were used. The first one is the TSI Model 3776 with
n-butanol as the working fluid and the second one is the T'ST Model 3788 with water as

the working fluid.

3.9.1 Butanol-based CPC

In the TSI 3776, the aerosol sample is drawn into a heated saturator where the aerosol
particles are saturated with butanol. In the next step, the aerosol passes the condenser,
in which the temperature is substantially lower than in the saturator. During this cooling
procedure, ps(7T) decreases faster than p, and supersaturation of the aerosol stream is
achieved (s. Equation 2). The supersaturated butanol condenses on the aerosol particles
which serve as the condensation nuclei [69] [70] .

Once the condensed particles reach the Kelvin radius (s. Equation 4), they grow in size.
An illustration of this process can be seen in Figure 9.

For the detection, they pass an optical detector where the scattered light is measured [78|.
The TSI 3776 has a saturator temperature of 39°C and a condenser temperature of 10°C
[79]. The schematic of the T'SI 3776 is visible in Figure 10.
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3.9 Condensation Particle Counter (CPC)
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Figure 9: Schematic of the growth of particles inside a butanol CPC (based on P. Wlasits
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Figure 10: Schematic of the TSI Model 3776. An internal pump draws the aerosol sample
into the CPC. The flow can be adjusted to either 1.5 Ipm (high-flow mode) or
0.3 Ipm (low-flow mode). The high-flow mode was used in the following mea-
surement as it improves the response time of the CPC and minimizes particle
transport loss. In either flow mode, 0.3 lpm of the inlet flow passes through
the saturator and condenser, since in high-flow mode 1.2 lpm is diverted as a
bypass flow. The particles then grow in size as described in section 3.9.1 in
order to be detected optically [78].

3.9.2 Water-based CPC

The water-based CPC used in these experiments was the TSI 3788. The function principle
is different than the one in the butanol CPC. Reason for this is that water has a higher

mass diffusivity than butanol. So if one would simply change the working fluid from bu-
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Figure 11: Schematic of the TSI Model 3788 [80]

tanol to water in the TSI 3776, the water vapor would diffuse to the walls of the condenser.

However, if a cold aerosol saturated with water vapor reaches a warm growth tube, the
water vapor diffuses to the center of the tube at a faster rate than the heat that is trans-
ferred from the walls. That is because the water vapor has a higher thermal diffusivity
than air [70].

The TSI 3788 is working on that principle. The aerosol probe is drawn through the inlet
via the internal pump, operating at ~ 1.5 lpm. Then, the sample reaches the cooling
region where it is saturated with water vapor. The sample then passes the heated growth
tube where the aerosol particles act as nuclei for heterogeneous condensation and the

particles grow in size. An illustration of this process can be seen in Figure 12.
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3.10 Faraday Cup Electrometer (FCE)

For the detection, the particles are passing the laser where the scattered light is measured
[80]. The temperature of the cooling region is 15°C and the temperature of the growth
tube is 75°C [81].

The whole schematic of the TSI 3788 can be seen in Figure 11.

Saturator Growth Tube

- + .
Aerosol T T 2899
[ ] . .

Water
Fill

Figure 12: Schematic of the growth of particles inside a water CPC (based on [80])

3.10 Faraday Cup Electrometer (FCE)

Another way of measuring aerosol number concentration in the nanometer size range is via
the Faraday Cup Electrometer (FCE). Unlike a CPC, the FCE can only measure charged
particles. Since the aerosol stream passes a charger and a DMA the particles produced
in this experiment can also be measured this way.
The charged aerosol is drawn into the FCE and an electrically isolated, high efficiency
conductive filter inside a Faraday cup collects the particles. The cup then produces
an induced charge equal to the one carried by the charged particles on the filter. The
electrometer measures the resulting current 1.
The current [ is very small and in the magnitude of femtoamperes, hence this sort of
particle detection is very sensitive and any minor exposure to an outside electric field can
alter the results [70] [82].
When the current I is known, the resulting particle concentration can be calculated with
the following equation [82]:

I

N = e Oren (40)

where N is the aerosol particle concentration, I is the measured electrometer current, n

is the number of charges per particle, e is the elementary unit of charge and Q rcg is flow

rate of the FCE.
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3.11 Cutoff Diameter

The FCE used for this thesis was a TSI Aerosol Electrometer Model 3068B. 1t has a
sensitivity of +1 fA at 1 second averaging time (as in the following measurements) and

covers a particle size range of 2 nm - 5 ym [82].

The schematic of the TSI 3068B can be seen in Figure 13
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Proportional ~ ;r====mtnmmmmmseemmesemee
Model 4140 Solenoid
Flowmeter Valve
: — Exhaust
(C) ' U
Shield Signal
Hou5{ng Feed-through
Signal
Sample Inlet Processor
0.3t010L/min
Signal

—_—>

Output

—_———

Ground
/ Inner

Filter ~ Housing Insulator

Insulator

Faraday Cup

Figure 13: Schematic of the TSI 3068B. The aerosol sample is drawn into the FCE via
the sample inlet. Then, the insulated filter collects the charged particles. This
filter, together with the inner housing form the Faraday cup. The electrometer
measures the electrical current I draining from the filter. The data for the
measured concentration the reaches the signal processor. In the last step, the
aerosol reaches the exhaust and its flow is regulated with a flowmeter and
pumped through with an external vacuum pump [82].

3.11 Cutoff Diameter

In order to characterize a CPC, it is common to determine its detection efficiency 7.

n gives insight on how well particles, especially small particles, are detected by the CPC.
The detection efficiency depends on many factors, including the particle size, the particle
material or on the used CPC.

This efficiency is determined by measuring the aerosol concentration N simultaneously

with the CPC and the FCE and comparing the measured concentrations by calculating
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3.11 Cutoff Diameter

the ratio:
_ Nepe

— 41
NrcE (41)

The detection performance of a CPC is commonly described by the 50%-cutoff diameter

dp50. This is the corresponding diameter where 1 = 0.5.

dp750 = dp(n = 05)

Hence, a lower cutoff diameter yields a better detection performance.

Below dy, 50, the efficiency decreases to 0, above d, 59 the efficiency increases until it even-
tually reaches a plateau of 1 for larger particles, meaning the CPC and the FCE measure
the same concentration from a certain diameter on.

Previous studies have shown that the cutoff-diameter depends on various factors such as
the surface tension of the working fluid of the CPC [83], the charging state of the seed
particle [84] or similarities between the seed particle and the working fluid in terms of
polarity [85].

Consequently, the detection efficiency 1 has to be determined individually for each seeding

particle material and working fluid under controlled laboratory conditions.
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Figure 14: Typical counting efficiency curves for CPCs. The results of these particular
curves come from sucrose particles and have been taken from the manuals of
the respective CPCs. In the left plot, the differently colored symbols represent
the data measured with three different TSI 3776’s. [78][80]
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3.11 Cutoff Diameter

3.11.1 Chemical Properties of the used materials

(a) Butanol C4;HyOH (b) Water H,O

Figure 15: Chemical properties of the two working fluids butanol and water. The graphics
have been drawn using Avogadro [86]. The dark grey dots represent the carbon
atoms, the light grey dots represent the hydrogen atoms and the red dots
represent the oxygen atoms

The chemical properties of the used working fluids can be seen in Figure 15. An essential
difference between these two fluids that is important for this thesis is their respective
polarity.

In general, a polar molecule is a molecule with a permanent dipole moment. These
molecules are formed by differences in the electronegativity of atoms in the molecule [87].
The polarity is measured by the electric dipole moment p or the relative dielectric constant
e |69]. The properties in terms of polarity (at standard conditions) of the working fluids

used in this experiment can be seen in Table 2.

Table 2: Properties of polarity of the working fluids [8§]

Fluid el] | p-10730 [Cm]
n-butanol 17.51 5.8
Water 78.36 6.2

From Table 2 it can be seen that water is a very polar fluid with a high relative dielectric
constant and butanol features comparatively weak polarity.

PET has a relative dielectric constant of e = 3.4 [12].

Previous studies by Wlasits et.al. (|69] [85]) have shown a strong dependency of the

detection efficiency of a CPC and chemical similarities in terms of polarity between the
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3.11 Cutoff Diameter

working fluid and the seed particles.

According to the authors, nonpolar fluids interact better with nonpolar seed particles,
resulting in an increase of the detection efficiency.

Same thing with polar working fluids - they interact better with polar seed particles.
Therefore the detection efficiency of a CPC with a polar fluid such as water increases

when measuring polar seed particles.
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4 Methodology and Setup

The aim of this thesis is to see under which conditions nanoplastics from PET pellets are

created and how they vary in size and concentration, depending on three factors:
1. Temperature in the tube furnace
2. Air flow through the tube furnace
3. Time of the plastic in the tube furnace
The chosen temperatures inside the furnace were:
1. 180 °C
2. 190 °C
3. 200 °C

The reason why these temperatures were chosen was that prior to the measurements, an
initial temperature had to be guessed and tried. Fortunately, a temperature where a lot
of particles were produced was found rather quickly. The temperature of 180°C was the
first temperature tried and particles in the magnitude of 105 p/cm?® were produced after
the PET pellets were in the tube furnace for 60 minutes (s. Figure 18). The temperature
was then increased in 10°C steps in order to get three temperatures for each flow. Even
though the selected temperatures are below the melting temperature t,, of the PET pel-
lets (250°C - 255°C), a sufficiently high particle concentration was achieved and increasing
the steps above the t,, was not considered as necessary.

Another reason for temperatures below t,, was that the pellets were put straight into a
quartz glass spoon without any kind of protective layer between the spoon and the pellets.
After the measurements were done, the pellets were in the spoon for over 100 minutes and
have slightly burned into the spoon. The lower the temperature, the lower this effect was,
resulting in temperatures that were chosen to be as low as possible while a sufficiently
high nanpoparticle concentration was produced.

Initially, aluminum foil was used as a protective layer between the PET and the spoon,
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4.1 Preparation for Measurement

but unfortunately this foil produced a high concentration of unwanted particles, eliminat-
ing this approach rather quickly.

The created particles were measured alternatively with the TSI 3788 and the TSI 3776.
The nanoplastic particles were selected in size by their electric mobility with a Vienna-
type nano-DMA. The dimensions and flow properties of the DMA can be seen in Table 3.

These settings allow a selection of particles in the range of 0 nm - 54.6 nm.

Table 3: Dimensions and flows of the used Vienna-type DMA

Ry 17.5 mm
R, 24.1 mm
L 15 mm

Q. | (145 £0.2) Ipm
Qee | (14.6 £ 0.2) Ipm

However, the lower range limit 0 nm is more of a theoretical limit. Realistically, the lower
detection limit is about 1 nm.

The DMA was operated in analyzer mode, in which the particle sizes were measured in
97 channels, ranging from 10 000 V to 0 V. One voltage/channel lasted for 7 seconds.
The voltages were set by the EMS-10 Control Center Operating Software EMSCC 1.4.
One EMS run corresponds to the variation of the Voltages from 10 000 V to 0 V in 97
steps or channels and the particle concentration in the respective channel is measured.
The nanoplastic particles were then recorded via a laptop and the AIM (Aerosol Instru-

ment Manager) software.

4.1 Preparation for Measurement

The schematic of the setup can be seen in Figure 16.

In the beginning of every day, the flows Qr and (Qp, which are filtered particle free air,
were adjusted with rotameters and measured with a gasmeter. This air acts as the carrier
gas of the nanoplastic aerosol.

As discussed in section 3.7.1, the sum of Qr and Qp (= Q4) was chosen in order to get
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4.1 Preparation for Measurement

a DMA resolution of 5 = 0.15, resulting in the following three constellation of flows:

Table 4: Constellation of flows within this experiment with their respective uncertainties
Qr [lpm| | @Qp [lpm] || Qa [lpm]
0.8+0.1 | 1.5£0.1 23£03
1.0+0.1 | 1.3+0.1 23+03
1.2+01 | 1.1+0.1 23+03
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Module
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Tube j
Charger
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- critical Control Panel
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< > I
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Figure 16: Schematic of the Experiment. The pellets are inserted in the tube furnace and
get heated up. The produced nanoparticles then reach the cooler, which is set
to 10°C. In the following stage the aerosol particles pass the x-ray charger, in
order to be selected by their size in the DMA as a next step. The monodisperse
aerosol then reaches the CPC. Before the CPC there is an exhaust flow as a
precaution if any excess air is in the setup, which could damage the CPC.
The flows @), and )., are set by the critical orifice.

After that, a background measurement of the used CPC was made to see if there are some
unwanted particles somewhere in the setup.

The cooler in this experiment was a water based cooler made out of glass. The aerosol
flows through a channel inside and is surrounded by water that is constantly pumped
through the cooler and can be set to any desired temperature above 0°C. In this case the
temperature was set to 10°C. Higher temperatures caused the plastic tubes to heat up
and potentially produce unwanted particles.

When the cooler and the tube furnace have reached the desired temperature, the PET
pellets were inserted into the middle of the furnace. The onset time ¢, that the plastic

heated up before a measurement was chosen to be 60 minutes. The reason for ¢, being
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4.1 Preparation for Measurement

60 minutes was that the longer the pellets were in the tube furnace, the more stabilized
the produced particle concentration was (s. Figure 18).
Since every single pellet varies in mass, 3 pellets were weighed 10 times, resulting in an

average mass for 3 PET pellets of:

Mpeliets = (8.15 £ 0.64) - 10~g

The pellets were evenly distributed in the middle of a glass spoon and inserted into the
tube furnace. The tube furnace used in these experiments was the Carbolite EHA 12/150B
with a maximum heating zone of 1.50 cm [89] in the middle of the furnace tube. Hence,
the spoon was put inside this zone to maximize the heating process. The schematic of
the furnace and the placement of the pellets can be seen in Figure 17.

The right placement was checked by measuring the length of the stuck out part of the
spoon.

After an eventual adjustment of the placement was made, the pellets were then heated

up for tg = 60 minutes.

compressed air

quartz glass

tube \( ;
> plast’i/ci\fellets <_heating
Y | zone aerosol
glass spoon ; flow

QUL

heating coils

Figure 17: Schematic of the tube furnace and the heating process of the pellets

After ¢ty has passed, the HV-module and the charger were turned on and 3 EMS-runs
were recorded, lasting for about 40 minutes in total. After the measurement the pellets
were put out of the furnace and a picture was taken. Since some rest particles were still

in the spoon, the spoon was heated out at 350°C for about 20 minutes in order to fully
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4.2 Data Collection

evaporate these particles.
After the furnace cooled down to the desired temperature for the next measurement,
another 3 pellets were inserted into the spoon and the whole process started all over.

In total, 18 measurements were made, 9 for each CPC.

4.2 Data Collection

When ¢, has passed, the aerosol was sent into the DMA, the HV module was turned on
and the EMS program was started. The particle concentrations were then recorded with
the AIM software.

The number size distribution by the AIM was saved as a .csv file. The particle concen-
tration for each channel was then averaged over the time period of one channel. For the
number size distribution one channel lasted for 7 seconds, for the cutoff measurements
the length was increased to 30 seconds.

In order to determine the exact particle diameters of each channel, the voltage in the DMA
was used and converted to the particle diameter d, via Equation 28 and Equation 38. The

voltages were read out by the EMS software.

4.3 Uncertainty Estimations

Since the flows QQr and ()p were measured with a gasmeter, the smallest increment was
taken as the uncertainty. This results in an uncertainty of the measured flows QQr and
@p of £ 0.1 Ipm. The uncertainty of )4 was then determined by Gaussian propagation

of uncertainty. These flows and their respective uncertainties can be seen in Table 4.

The reason why the relative uncertainties of )4, and )., in Table 3 and Table 13 are lower
than in Table 4 is because Qr and (Qp were measured with a Gilibrator - 2 flowmeter
and not the gasmeter. This flowmeter has an uncertainty of + 1% [90], which is lower
than the uncertainty of the gasmeter. For both (), and Q.. a series of 12 measurements

have been made and the uncertainties were calculated by the Gaussian propagation of
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uncertainty.

All the other uncertainties are summarized in Table 5:

Table 5: Uncertainty estimations of all the significant terms in this measurement

ATrurnace + 5°C

Aty + 2 min
ANrgrgrss | £ 10% [80]
ANrsi g6 | £ 10% (78]
ANpon | + 1fA [82]

Ad, + 15%

The uncertainty estimations for the particle concentrations of the used devices were taken
from the respective user manual. At is a simple estimation because there often were
deviations of how much time ¢y has passed. Reason for this is that sometimes the settings
in the control software had to be adjusted or the HV-module was not switched on during
the first seconds of a measurement, making a restart of the recording necessary. These
are some of the reasons for slightly different onset times .

The uncertainty of the actual temperature Tgymace inside of the tube furnace is not stated
in any manual so the 5% uncertainty is a rough estimation of the fluctuation of the tem-
perature.

Ad, = 15% is due to the fact that § = 15%, which is also the uncertainty of a particle

diameter reaching the DMA outlet.

5 Results

The behavior of the particle concentration right after the PET pellets got put in the
tube furnace can be seen in Figure 18. The onset time ¢y was chosen to be 60 minutes
since the goal was to have a concentration that was as stable as possible without ¢y being

exorbitantly long.
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Figure 18: Particle concentrations from evaporated PET until ¢, has been reached for all
3 temperatures, measured with the TSI 3776 (Qr = 1.0 Ipm, Qp = 1.3 lpm)

The curves seen in Figure 18 were recorded with the TSI 3776. Similar measurements
with the TSI 3788 and other flows were foregone, since it would have potentially over-
worked the CPCs when measuring concentrations over 10° p/cm? for an hour for all 18
measurements.

Interestingly, the maximum concentration is reached in a matter of a few minutes and
then starts to decline albeit way slower than the prior increase.

It is apparent that the initial surge in concentration is very similar for all temperatures.
However, the peak and the eventually stabilized concentrations are increasing with the
temperature, which is in unison with the expectations and the following results.

After waiting for ¢y to pass, the EMS and the HV-module were started and the recording
of the number size distributions began. For every measurement 3 EMS runs were made,
resulting in a recording time of approximately 40 minutes for every constellation.

In total, 18 measurements were made: 3 different flow constellations for each of the 3
temperatures and with both CPCs.

Since it wasn’t clear right from the beginning if cutoff measurements were possible, mean-

ing that a sufficiently high concentration (> 10® p/cm?®) at low diameters (d, ~ 2.5 nm)
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1

Number Size Distributions

could be detected, the first measurements made were the ones for the number size distri-

butions (NSDs).

The reason for this diameter for the cutoff measurements is that in the manual of both

CPCs, the cutoff diameter was specified as d, 50 = 2.5 nm (for sucrose particles) [78] [80].

5.1 Number Size Distributions

All 18 measurements for the particle number size distributions can be seen in Figure 19,

Figure 20 and Figure 21. The purple curves represent the concentrations measured with

the TSI 3776 and the blue curves represent the concentrations measured with the TSI

3788. For every temperature, all 3 EMS runs are represented in the same plot.

In order to improve readability of the following figures, the error bars for the concentration

and the diameters are not plotted. An estimation of the respective uncertainties can be

seen in Table 5.

5.1.1 Flow 1: Qr = 0.8 Ipm, Qp = 1.5 Ipm
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Figure 19: Number size distributions for all temperatures at Qr = 0.8 lpm, Qp=1.5 Ipm
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5.1

Number Size Distributions

Table 6: Maximum concentrations and according mode diameters d,, ,, measured with the
TSI 3788 for each temperature and run, Qr = 0.8 Ipm, Qp = 1.5 Ipm. The
maximum concentrations are the calculated concentrations dN/dlog(d,).

TSI 3788 | 1st Run 2nd Run 3rd Run
dpm [nm| | max. [em™3] || dp,n [nm] | max. [em ™3] || dp,n [nm] | max. [em ™3
180°C 10.48 1.60 -108 10.48 1.51 -108 10.03 1.22 -10°
190°C 10.48 2.26 -10° 10.03 2.09 -10° 9.61 1.88 -10°
200°C 10.03 2.36 -10° 9.61 2.13 -10° 9.61 1.99 -10°

Table 7: Maximum concentrations and according mode diameters d,, ,,, measured with the
TSI 3776 for each temperature and run, Qr = 0.8 Ipm, @p = 1.5 Ipm. The
maximum concentrations are the calculated concentrations d/N/dlog(d,).

TSI 3776 | 1st Run 2nd Run 3rd Run
dpm [nm| | max. [em™3| || dp,n [nm| | max. [em ™3] || dp,n [nm] | max. [em™?
180°C 6.73 4.62 -10° 5.63 4.58 -10° 6.17 3.68 -10°
190°C 10.03 2.26 -10° 9.61 2.09 -10° 8.79 1.96 -10°
200°C 14.93 4.75 108 14.28 4.42 -10° 13.07 4.12 -10°

When comparing the graphs in Figure 19, it is noticeable that the concentrations measured
with the TSI 3788 (blue graphs) seem to be rather constant for all runs and temperatures.
This is further emphasized in Table 6, where not only the maximum concentrations but
also the according mode diameters dp,,,, which is the diameter with the maximum con-
centration, do not change significantly with the temperature and run.

The opposite can be stated for the concentrations measured with the TSI 3776 (purple
graphs). In this case, the maximum concentrations and the mode diameters increase with
every temperature. This can be seen in Table 7.

For the TSI 3776, the mode diameters d), ,, even double or triple from 180°C to 200°C.
Another thing that stands out is that the spike, which is the point where the concen-
tration starts to increase, starts at smaller diameters when measured with the TSI 3776,
compared to the TSI 3788. This implies that smaller particles are measured at a higher

concentration with the TSI 3776.
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5.1 Number Size Distributions

Furthermore, one can see the broadening of the curves measured with the TSI 3776 with

increasing temperatures. This implies that higher concentrations are measured at every

diameter.

5.1.2 Flow 2: Qr = 1.0 Ipm, Qp = 1.3 Ipm
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Figure 20: Number size distributions for all temperatures at QQr = 1.0 lpm, @p=1.3 Ipm

Table 8: Maximum concentrations and according mode diameters d,, ,, measured with the
TSI 3788 for each temperature and run, Qr = 1.0 Ipm, @p = 1.3 Ipm. The
maximum concentrations are the calculated concentrations dN/dlog(d,).

TSI 3788 | 1st Run 2nd Run 3rd Run
dpm [nm| | max. [em™3] || dp,n [nm| | max. [em ™3] || dp,n [nm] | max. [em ™3
180°C 5.42 2.07 -10* 0.42 1.11 -10% 0.17 8.10 -103
190°C 6.16 7.03 -10° 6.17 6.16 -10° 6.17 5.30 -10°
200°C 8.79 1.53 -10° 7.35 1.32 -10° 7.35 1.22 -10°

For this flow constellation, it is obvious that the concentrations are lower at every diameter

than with the flow constellation from section 5.1.1 (Qr = 0.8 Ipm, Qp = 1.5 Ipm).

Here, the maximum concentrations and the mode diameters increase with the temperature

49



5.1 Number Size Distributions

Table 9: Maximum concentrations and according mode diameters d,, ,, measured with the
TSI 3776 for each temperature and run, Qr = 1.0 Ipm, @p = 1.3 Ipm. The
maximum concentrations are the calculated concentrations dN/dlog(d,).

TSI 3776 | 1st Run 2nd Run 3rd Run
dpm [nm| | max. [em™3] || dp,, [nm] | max. [em ™3] || dp,n [nm] | max. [em ™3
180°C 5.92 1.08 -10° 5.67 9.78 -10* 4.72 7.84 -10*
190°C 8.79 1.57 -10° 8.79 1.40 -10° 7.35 1.25 -10°
200°C 10.03 3.07 -10° 10.03 2.86 -10° 10.03 2.65 -10°

for both the TSI 3788 and TSI 3776. This can also be seen in Table 8 and Table 9.
However, the maxima and respective mode diameters are bigger at every temperature
when measured with the TSI 3776. Also, the increase of d,,, with the temperature is
higher when measured with the TSI 3776.

In addition to that, the spike of the curves start at smaller diameters when measured with
the TSI 3776, which is in agreement with the results from section 5.1.1.

Furthermore, a broadening of the curves when increasing the temperature can be seen as
well, this time for both CPCs in similar fashion.

In general, it can be stated that the blue curves measured with the TSI 3788 lay within
the purple curves measured with the TSI 3776, which means that the TSI 3776 detects a

higher concentration than the TSI 3788 at every particle diameter.

5.1.3 Flow 3: Qr = 1.2 Ipm, Qp = 1.1 Ipm

Table 10: Maximum concentrations and according mode diameters d,,,, measured with
the TSI 3788 for each temperature and run, Qr = 1.2 lpm, Qp = 1.1 Ipm. The

maximum concentrations are the calculated concentrations dN/dlog(d,).

TSI 3788 | 1st Run 2nd Run 3rd Run
dpm [nm| | max. [em™3] || dp,n [nm| | max. [em ™3] || dp,n [nm] | max. [em™?
180°C 6.16 5.56 -10% 2.67 4.80 -10* 2.67 3.99 -104
190°C 5.67 4.75 -10* 5.17 3.18 -10* 5.41 2.37 -10*
200°C 8.79 4.61 -10° 8.41 4.25 -10° 8.04 3.69 -10°
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Figure 21: Number size distributions for all temperatures at Qr = 1.2 lpm, @p=1.1 Ipm
Table 11: Maximum concentrations and according mode diameters d,,,, measured with

the TSI 3776 for each temperature and run, Qr = 1.2 lpm, Qp = 1.1 Ipm. The
maximum concentrations are the calculated concentrations dN/dlog(d,).

TSI 3776 | 1st Run 2nd Run 3rd Run
dpm [nm| | max. [em™3| || dp,n [nm| | max. [em ™3] || dp,n [nm] | max. [em ™3
180°C 6.17 2.59 -10* 2.92 2.77 104 0.41 2.35 -104
190°C 6.17 4.22 -10° 6.17 3.74 -10° 6.17 2.79 -10°
200°C 7.35 1.63 -10° 7.35 1.47-10° 7.35 1.42 -10°

At this flow, it is further observable that the concentrations decrease at every point when
comparing them to the results for lower Qr’s (s. section 5.1.1 and section 5.1.2).
Unsurprisingly, the concentrations increase at every diameter when increasing the tem-
perature, which is also in agreement with the prior results.

The TSI 3776 measures a higher concentration at every diameter, resulting in a spike at
smaller diameters with the TSI 3776.

Sole exception is the left graph in Figure 21 (180°C). Nonetheless, the concentration peak

for both CPCs at 180°C are equal within the uncertainties, yet the spike also starts at
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5.1 Number Size Distributions

lower d,’s with the TSI 3776.
Like in section 5.1.2, the blue curves measured with the TSI 3788 are within the purple
curves measured with the TSI 3776 in most cases, further emphasizing that the TSI 3776

measures higher concentrations at every diameter.

5.1.4 Discussion of Number Size Distribution Results

When comparing the graphs, it is clear that with increasing temperature, the concen-
tration gets higher at every diameter. This matches with the expectations prior to the
measurements.

A likely explanation is that the higher the temperature is the faster the PET evaporates
resulting in a higher production of particles.

That effect is visible in every plot. However, it is not constant for every flow constella-
tion. The lower the initial concentration at the lowest temperature 180°C is, the more

the particle concentration increases with the temperature.

Another factor when it comes to the particle concentration is the flow QQr through the
furnace. Although it might not be initially obvious, the lower the Qr’s, the higher the
concentration gets. When comparing the lowest Qr = 0.8 Ipm (Figure 19) with the high-
est Qr = 1.2 lpm (Figure 21), it is apparent that the concentration is higher at every
diameter when QQr = 0.8 Ipm. A possible explanation for that is since the aerosol flow
has a higher velocity at Qr = 1.2 Ipm, it cannot reach the set temperature due to the
cooling effect on the aerosol.

This cooling effect is further emphasized by the broadening of the curves. The higher the
temperatures and the lower the flow @), the broader the curves are.

Hence, the broadest curves for each flow constellation are visible at the maximum tem-
peratures of 200°C and the lowest Qr = 0.8 Ipm (Figure 19).

The dilution flow ()p was chosen in order to get the respective flows to 2.3 Ipm in total
to get a DMA resolution 8 = 15%. During the measurements it was quickly found out

that a rather big change of ()p did not change the measured concentration significantly.
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Interestingly, a decrease in ()p leads to a decrease in particle concentration. This effect,

however, originates primarily from the increase in (Jr and the resulting decrease in dilu-

tion QD.

In addition to that, it is observable that the higher the total particle concentrations
become, the larger the mode diameters d,,,, become. The results of the mode diameters
can be seen in the respective tables from the prior results.

However, a relatively significant particle growth due to coagulation during a single mea-
surement was only observed at Qr = 0.8 lpm, 200°C and when measured with the TSI
3776 - the constellation of flows and temperature that yielded the highest total particle
concentration.

Assuming that the total length of tubing was about 1 m with a tube diameter of 0.56 cm,
the aerosol took about 1.79 seconds at a flow of Qr = 0.8 Ipm and about 1.43 seconds at
a flow of Qr = 1.0 Ipm to get from the furnace to the DMA.

In only three measurements the coagulation had a noticeable influence on the total mea-
sured concentration and on the mode diameter d,,,. All of these measurements were
made with the TSI 3776. The results can be seen in Table 12:

Table 12: Measurements where the effect of coagulation was noticeable. The total particle

concentrations Ny and N (t) are the sum of the concentrations in all 97 channels
and are the calculated concentrations dN/dlog(d,,).

Qr [lpm| | Temp. [°C] No [em™3] | N(t) [em™3] | do [nm] | d(¢) [nm]

0.8 200 1.16 - 108 9.7-107 14.06 14.93
0.8 190 4.36 - 107 4.06 - 107 9.79 10.03
1.0 200 6.57 - 107 6.03 - 107 9.74 10.03

The results were calculated using Equation 16 and Equation 17.

Unsurprisingly, these 3 measurements are also the ones with the highest total concentra-
tion and the highest mode diameters.

With all other measurements, the change in particle size and total concentration was not

significant and was within the uncertainties, mostly because the total concentration was
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5.1 Number Size Distributions

not as high as in the aforementioned constellations and the mode diameters d,,,, were
smaller, which are two of the most important parameters for coagulation. Furthermore,
at higher flows the time the aerosol takes to get from the furnace to the DMA decreased,
so in addition to the already lower produced particle concentration and smaller produced
particles, the time in which coagulation could occur decreased, making coagulation even
less likely.

Therefore, one can assume that coagulation is not the reason why the mode diameters
d,,, grow with the temperature in the furnace. A more likely reason is simply that by
increasing the temperature in the furnace and decreasing the flow Q) r, larger particles are
produced in higher concentration. These particles eventually grow slightly by coagulation,

but this effect cannot explain these vast increases in diameter.

In general, with the TSI 3776 one can observe a higher concentration for lower parti-
cles, the concentration peak is higher and larger particles are also measured in higher
concentrations. Sole exception for this seems to be at Qr = 0.8 Ipm, Qp = 1.5 Ipm and
180 °C (Figure 19, left plot), where larger particles are measured in a higher concentration
with the TSI 3788. However, smaller particles (d, < 4 nm) are still better detected with
the TSI 3776, which is in agreement with all the other measurements.

This leads to the conclusion that PET particles are activated and measured better with

the TSI 3776 having butanol as the working fluid.

Another plot that is not consistent with the others is Qr = 1.2 lpm, Qp = 1.1 Ipm
and 180°C (Figure 21, left plot), where the TSI 3788 measures a slightly higher concen-
tration around the peak at d, =~ 6 nm than the TSI 3776. However, the two curves match
each other within the uncertainties of the respective CPCs. Yet again, smaller particles
are detected better with the butanol CPC.

Contrary to the other results the maximum concentration is slightly declining when rais-
ing the temperature from 180 °C to 190 °C at this flow . A possible explanation could be

that the PET pellets inside the spoon were in a position that did not allow them to heat
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5.1 Number Size Distributions

up like they could in the other measurements. It is likely that they moved around inside
the spoon when inserted into the tube furnace - an effect that was very hard to control
and prevent. Furthermore the glass spoon itself could have been in a position that was
slightly outside the heating zone, consequently the pellets could not heat up as desired.
Another likely explanation is that the pellets varied in mass, resulting in a lower particle
concentration.

However, this irregularity is rather small and can only be observed once out of all the

measurements.

Furthermore, it is also visible that the maximum concentration is the highest in every
single 1st run and decreases in the following runs. This is also in agreement with Fig-
ure 18 and Figure 22, where one can see that the total concentration and the maximum
decrease with time, respectively. The decrease seems to be constant for all temperatures
and flows. This is further proven by the mode diameters, which get smaller at every run,

albeit this effect is rather small.

Looking at the total concentration in Figure 18, one can see that for the lowest tem-
perature of T = 180°C, the concentration stabilizes rather fast compared to the highest
temperature of T' = 200°C. In the latter case, the concentration seems to stabilize at some
point after t; = 60 minutes. This becomes very interesting when comparing it with the
particle number size distributions. There, the concentration of particles in the upper end
of the measured spectrum seem to be less stable at the lowest temperature of 180°C.

This can be explained by the signal to noise ratio. The higher the measured concentra-
tion is, the higher the signal to noise ratio becomes, eliminating the impact of any "noise"
particles the CPC might measure. Since the concentration of large particles has a lower
magnitude at lower temperatures, this ratio becomes small and alters the measurements,
resulting in a higher fluctuation of measured concentrations at this end of the diameter

spectrum.
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5.2 Decline of total concentration

5.2 Decline of total concentration

In order to further investigate the decline of produced particles, 16 EMS runs were
recorded with flows of Qp = 1.0 lpm and Qr = 1.3 Ipm and at a temperature of 190°C.
The aim of this measurement was to check whether there was a time when the concentra-
tion would become constant and stabilize and when that time would arrive. The result

can be seen in Figure 22.
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Figure 22: Recording of 16 Runs at a temperature of 190 °C, Qr=1.0 lpm, Qp=1.3 lpm
with both the TSI 3776 and the TSI 3788

In total, the sample was in the tube furnace for 200 minutes. It is apparent that the peak
of the concentrations didn’t stabilize and the decline of the peaks continued during the
recording time of 200 minutes.

Therefore, there is reason to believe that there is no point in time when the peak con-
centrations become constant run for run and if there is, it would extend the necessary
measurements exorbitantly long.

Additionally, it is observable that with the exception of the first 2 runs, the TSI 3776
measures higher concentrations. This is also in agreement with the results above.

A possible reason why the first two runs show a higher concentration when measured with

the TSI 3788 is because the PET pellets had different positions in the spoon and in the
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5.2 Decline of total concentration

tube furnace, they could take on the temperature of the furnace quicker, resulting in an
initially higher particle production when measured with the TSI 3788. Also, the used
PET pellets likely differed slightly in mass, which could also have an effect on the initial
particle production.

It should be noted that the recording of the concentrations began right away and the
onset time ¢ty = 60 min was not waited out.

These results further point out the importance of a certain onset time in which the parti-
cles heat up in the tube furnace prior to the actual recordings. It makes the measurements
more reproducible, as the particle production stabilizes and uncontrollable factors such

as exact pellet placements can be constrained.
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5.3 Clutoff Diameters

5.3 Cutoff Diameters
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Figure 23: PET Particle Concentration at a DMA voltage of 36.5 V = 2.5 nm over a time
frame of 105 minutes, measured with the TSI 3776. The onset time t, was
not awaited and recording began right after the pellets were inserted into the
furnace.

Interestingly, even though the total concentration and the maxima decline with time (Fig-
ure 18, Figure 22), the concentration of smaller particles seem to increase in the same
time frame. In Figure 23, it is observable that the concentration of particles with d, ~ 2.5
nm increase from 0 to over 10® within 105 minutes. This measurement was achieved by
setting the HV-module connected to the DMA to 36.5 V which corresponds to approxi-
mately 2.5 nm. An exact calculation and setting of the correct voltage equal to 2.5 nm
was foregone, since this measurement was just to get a general overview of how particles
with diameters in the magnitude of where d, 50 could be expected, behave with time.

This increase in particles made cutoff measurements possible, since a concentration of at
least 10® p/cm? in the vicinity of 2.5 nm had to be achieved in order to minimize the

signal to noise ratio of the devices, especially of the FCE, and get satisfying results.
Since both CPS and the FCE have an inlet flow of about 1.5 Ipm, changes in the flows had

to be made in order to get (), over the necessary 3 lpm. However, the DMA resolution

still had to remain S = 0.15. This was achieved by increasing the dilution flow Qp by 1
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5.3 Clutoff Diameters

Ipm for every constellation and changing the critical orifice of the DMA to get a new flow
for both Q,, and Q...

The cutoff measurements were made with only one constellation of temperature and flows.
This constellation was chosen based on the obtained results from the number size distri-
butions in section 5.1, where the most particles of smaller diameters were measured. The

constellation of flow and temperature for the cutoff measurements can be seen in Table 13.

Table 13: Flows and Temperature for the cutoff measurements

Temperature (200 £+ 5) °C
Qr (1.0 £ 0.1) lpm
Qp (2.3 £0.1) Ipm
Q4 (3.3 £ 0.4) Ipm
Qun (21.8 £ 0.4) lpm
Qs (21.7 + 0.4) lpm

In principle, the process and the preparations prior to the actual measurements were
similar to the measurements for the number size distribution.

The only differences were that the monodisperse aerosol flow from the DMA was now
split into two different measurement devices instead of only one CPC and the resulting

new flows. The new setup can be seen in Figure 24:

Exhaust
High Voltage HEPA
Thermostate Module
10°C
DMA

Cooler

Tube Charger i 4]
Furnace {Soft x-ray)

o Qo] Qsh Qex FCE

Dryer HEPA

seritical
Toriﬁce

Pump

Compressed Air

Figure 24: Schematic of the cutoff measurements. The working principle is the same as in
Figure 16, except the aerosol is split into the CPC and the FCE that measure
the concentration of size selected particles simultaneously
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5.3 Clutoff Diameters

5.3.1 Results of the Cutoff Measurements
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Counting efficiency curve measured with the TSI 3776. The data was fit with
an empirical fit function

Table 14: Cutoff Diameters d, 50 and uncertainty Ad,, 5o for both CPCs

CPC dp750 Adp750

TSI 3788 4.41 nm 0.66 nm
TSI 3776 2.62 nm 0.39 nm
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5.3 Clutoff Diameters

The data was fit with the Wiedensohler Fit function [91] for the T'SI 3788 and an empirical
fit function [69] for the TSI 3776.

Wiedensohler fit function:

a—>
= 42
Y 14 exp (%) (42)
Empirical fit function:
y=a-e" exp(—k(z—x0)) | (1 . e—x-n) (43)

with the following parameters:

Table 15: Parameters of the empirical fit function [69]

Parameter Definition Value
a Position of Plateu 0.8
k Curvature 6
T Offset 2
n nth root function 0.39

The parameters were chosen by trying different values and seeing what values fit the curve
the best.
The reason why two different fit functions were used was that the Wiedensohler fit did

not match the data for the TSI 3766. However, for the TSI 3788, the fit matched the data

very good.

The uncertainty of the cutoff diameter was set as 15%. The reason for this can be seen
in Equation 36.
The resulting error bars of the diameters d,, in Figure 25 and Figure 26 were not plotted

to increase visibility since + 15% is the uncertainty for every single diameter.

5.3.2 Discussion of Cutoff Measurements

Figure 23 clearly shows that the longer the pellets are in the tube furnace, the smaller

the produced particles become.
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5.3 Clutoff Diameters

This proves that the longer the pellets are heated, the more they degrade into smaller
and smaller pieces.

This is not initially obvious, since the total concentration decreases, which could lead to
the assumption that the particles become bigger due to i.e. coagulation.

A possible explanation might be that they eventually degrade into particles with such a

small diameter (d, < 2 nm) that they might not be able to be detected by the CPC.

When comparing the two counting efficiency curves measured with the TSI 3788 (Fig-
ure 25) and the TSI 3776 (Figure 26) it becomes immediately clear that smaller particles
are detected better with the TSI 3776. This is further emphasized by the 50% - cutoff
diameters d, 59 as seen in Table 14.

Consequently, PET particles are activated better when measured with butanol CPCs.
This is also in agreement with the results from section 5.1, which show that the TSI 3776
detected a higher concentration at almost any particle diameter, especially lower diame-
ters, than the TSI 3788, independently of the flows and temperature.

The lower cutoff diameter measured with the TSI 3776 is another proof of what was stated
in section 3.11.1 and is also in agreement with Wlasits et.al [85]. The presented results
show that the rather nonpolar PET seed particles interact better with butanol, a rather

nonpolar fluid than with water, a highly polar fluid.

Another thing that stands out is the plateau of the curves at higher diameters. Ide-
ally, the counting efficiency should increase for particles with d,, > d,, 5o until it reaches a
plateau of 1, meaning an efficiency of 100%. This is not the case for both curves. Here,
the plateau is around 0.8 for the TSI 3788 and around 0.75 for the TSI 3776.

A possible explanation for the plateau being below 1 is particle diffusion, as explained in
section 3.5. Since the tube length inside of the CPCs are longer (approx. 28.5 cm) than
the distance the particles travel inside the FCE, these tubes are a source of diffusion on
to its tube walls. This effect results in an inevitable loss of particles right before their

detection, possibly explaining the discrepancy of 20% and 25% in maximum detection
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5.3 Clutoff Diameters

efficiency, respectively.

The tube length of a TSI 3788 was determined by unscrewing an old defunct model and
estimating the length. Since no defunct TSI 3776 was available, the tube was assumed to
be as long as in the TSI 3788.

Of course, this estimation was a vague way of determining the tube length, but unfortu-
nately, a more precise way was not feasible. Additionally, in the manual of either CPC
the length of the tubes was not noted.

A determination of said distance in the FCE could not be done because unscrewing and

opening this device was deemed too risky and no defunct model was available.

In addition to that, the inlet flow of the TSI 3788 is marginally higher than the one
of the TSI 3776, which might explain why the plateau of the TSI 3788 is slightly higher
than the plateau of the TSI 3776. The inlet flows ();,, can be seen in Table 16.

Table 16: Inlet flows @;, of the devices used in the experiments

Device Qin [lpm| | AQi, [lpm]

TSI 3788 1.57 0.02
TSI 3776 1.43 0.01
FCE 1.50 0.01

The flow rates (;, were measured with the Gilibrator - 2 flowmeter. For every @Q;, a
series of 10 measurements were made and the error was determined by propagation of
uncertainty.

Since these flow rates are fixed for all devices and cannot be adjusted manually in small

steps, these minor discrepancies in the flow could not be changed.

Interestingly, the PET counting efficiency curve measured with the TSI 3776 (s. Fig-
ure 26) and the counting efficiency curves for different materials measured by Wlasits et.
al. (|69]) share some similarities.

The curves for C15H4Ox, (NH4)2SO,4 and Ag all have similar shapes compared to PET.

63



5.4 Aftermath of a measurement

The counting efficiency increases rather fast at smaller diameters but a plateu seems to
be reached rather slow and never stabilizes at a value of around 1 in both cases, even
after the upper limit of measurement at 10 nm and 11 nm, respectively.

Additionally, the cutoff-diameters for all aforementioned materials have comparable val-
ues (s. Table 17) and lay within their respective uncertainties. Therefore, the counting
efficiency curve and the cutoff-diameter of the TSI 3776 when measuring PET have been

found for other materials in a resembling form .

Table 17: TSI 3776 cutoff-diameters d,, 5 for different materials according to Wlasits et.

al. [69]
Material dpso [nm| | Ad, 50 [nm]
C15H240x 2.8 0.3
(NH,)»S04 3.1 0.4
Ag 3.0 0.3
PET 2.6 0.4

5.4 Aftermath of a measurement

Figure 27: PET pellets prior and after a measurement

In Figure 27 the comparison of unused and used pellets after a measurement is observable.
This particular picture was made after a measurement at 200°C and flows of Qr = 0.8

Ipm, Qp = 1.5 Ipm.
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5.4 Aftermath of a measurement

Unsurprisingly, the pellets have not melted. They have gotten a bit of a brownish hue,
however. This hue arose in all measurements, regardless of temperature and flow.

The pellets did not stick into the spoon after any measurement and fell out at the slightest
push.

Nonetheless, there seemed to be some rest particles not visible to the eye that remained in
the spoon, since the empty spoon produced particles after put back into the tube furnace.
In order to prevent these rest particles to interfere with the upcoming measurements, the
spoon was heated out in the furnace by setting the temperature to 350°C and leaving
the spoon in for about 20 minutes. When the furnace has cooled off to the desired
temperature for the next measurements, the concentration was measured again and if the

CPC detected no particles, new pellets were inserted and new measurements began.

65



6 Conclusion

This experiment was one of the first to produce nanoplastic particles that originate from
larger plastic pellets in a controlled laboratory environment. By alternating different pa-
rameters, namely the temperature the polymers are heated up to and the flow rates of the
aerosol and by creating monodisperse aerosol with the DMA, these measurements give
insight on the diameters nanoplastic can have when heated.

The produced particles have a wide range of diameters between 2 nm and 54,6 nm and

the diameters are lognormal distributed with a clear visible peak in concentration.

The results demonstrate that PET is activated better when measured with the TSI 3776
with butanol as the working fluid compared to the TSI 3788 with water as the working
fluid. Not only are the concentrations over the whole measured diameter spectrum higher,
but the cutoft diameter d, 59 is also significantly lower when measured with the TSI 3776.
These results give insight on the polarity of PET and further prove what was stated by
Wiastits et.al. (2020) [85]: Seed particles are better activated and detected when it has
chemical similarities in terms of polarity with the working fluid.

Therefore, a nonpolar working fluid such as butanol should be used to measure nanoplas-
tic particles originating from PET.

It also underlines that the cutoff diameter d, 59 has to be measured individually for every
material and every CPC in a controlled environment.

It is demonstrated that nanoplastics coming from PET are being produced far below the
melting points of the polymer. This leads to the conclusion that PET nanoparticles can
emerge without melting the plastic and therefore can be produced at lower temperatures
than one might assume initially.

In addition to that, a very high concentration of particles can be observed almost imme-
diately after heating the plastic. This production of high concentrations of nanoplastics
does not require a high initial mass of the heated plastic, as the mass of the PET plastic
did not exceed a few percents of a gram. This could very well mean that such nanoplastic

particles can be generated by anybody and anywhere, especially at home in the kitchen
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for example, where temperatures as high as in these experiments occur on a daily basis.

7 Future Research

In order to further address this new and rather unexplored topic of research, it would be
very interesting to see what diameters the produced particles have when the PET pellets
are heated above their melting temperature. The results in this thesis show that with
increasing temperature the particle concentrations also increase. However, one cannot say
with 100% certainty that this effect holds for temperatures above 225°C, since these tem-
peratures were not covered during these measurements. It is also possible that particles
with a diameter way below 2 nm can be produced that way.

Of course, these high temperatures would mean that a new approach has to be found in
terms of how the pellets are inserted into the tube furnace, since burning the pellets into
the glass spoon is inevitable. One would have to put a protective layer in between the
glass and the pellets that is easily accessible, moldable, and - most importantly - does not
produce any particles that change the outcome of the measurements when heated at high

temperatures.
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