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Abstract

Anti-icing solutions and coatings have been in great demand in applications which stimulated
scientific studies to develop new material systems having anti-icing functionality and to
understand their anti-icing mechanisms. Water soluble polymers are effective anti-icing
agents for aqueous solutions. Nanoparticle/polymer composite coatings are good candidates
for effective anti-icing functionality provided that they are hydrophobic and have surface

roughness at different length scales.

We investigated the freezing and melting behavior of aqueous solutions of poly (ethylene
glycol) (PEG) and poly (2-ethyl-2-oxazoline) (PEOx) by differential scanning calorimetry.
The effect of polymer concentration (1-80 g/L) and molecular weight (2,000 — 400,000 g/mol)
on the freezing/melting of aqueous solutions was reported. The melting of bound water was
observed at ~ — 11 °C in PEG solutions. Higher molecular weight PEG samples were more
effective in decreasing the onset temperature of melting of ice at 0 °C and in forming more
frozen bound-water that melted around ~ — 8 °C. Bound water was also present in aqueous
PEOX solutions, but did not freeze down to — 60 °C. A glass transition was observed at ~ — 26
°C in aqueous PEOx solutions which confirmed that bound water was not frozen. The strong
amide dipoles of PEOx and the resulting strong hydrogen bonds between water molecules and

PEOX are expected to be responsible for the observed phenomena.

In the second part of the thesis, hydrophobic silica nanoparticle/styrene-butadiene-styrene
(SBS) block copolymer composites were prepared and the anti-icing functionality of their
coatings was tested as a function of nanoparticle concentration. Nanoparticles caused surface
morphology and surface wettability of SBS coatings to change gradually up to ~ 43% by mass
above which the morphology and wettability were rather constant. The water droplets showed
the longest freezing times on composite coatings whose composition was close ~ 43%,
corresponding to the transition in surface morphology and wettability. The coating containing
43 % by mass nanoparticle showed the longest freezing delay of 3718 s and 980 s at
— 4 °C and — 8 °C surface temperatures, respectively. The composite material was added into
bitumen to give anti-icing functionality to bitumen. Modified bitumen coatings containing
20-30% nanoparticles also showed delayed freezing of water droplets on them at surface
temperatures of — 8 °C and — 10 °C. The laboratory results are promising for obtaining
modified bitumen that has anti-icing functionality and better mechanical properties.



Ozet

Buzlanmay1 engelleyen ¢ozeltiler ve kaplamalar, yeni malzemelerin gelistirilmesini tesvik
eden ve bilimsel galismalarca beslenen uygulamalarda ¢ok onemli bir yer tutmaktadir. Suda
coziinen polimerler etkili buzlanmayr engelleyen ajanlardir. Nanopargacik/polimer
kompozitler hidrofobik ve piiriizlii olmalar1 sayesinde buzlanmay1 engelleyici kaplamalar igin

uygun adaylardir.

Suda ¢oziinen polimerlerden polietilen glikol (PEG) ile poli (2-etil-2-oksazolin)’in (PEOX)
suyun donma ve buzun erime davranisina olan etkisi diferansiyel taramali kalorimetre (DSC)
ile incelenmistir. Polimer derisimi (1-80 g/L) ile molekil agirliginin (2,000 — 400,000
g/Lmol) etkisi rapor edilmistir. Polimere bagli olan suyun erime sicakligi yaklagik — 11 C’de
gozlenmistir. Yiiksek molekiil agirlikli PEG c¢ozeltilerinin buzun donma noktasini geriye
¢cekmede etkili olduklar1 ve de daha ¢ok su tarafindan baglandiklar1 ve boylece yaklasik — 8
°C’de erime piki gosterdikleri gozlemlenmistir. PEOx’un sulu ¢ozeltilerinde de bagl suya
rastlanmistir. Ancak — 60 °C’ye kadar bagl suyun donmasi goriilmemistir. — 26 °C’deki
cams1 gecis sicakliginin varligi bagli suyun donmadigina isaret etmektedir. PEOx’da bulunan
kuvvetli amit dipoliiniin ve su molekiilleri ile PEOx arasindaki kuvvetli hidrojen baglarmin

varliginin gézlenen bu durumun kaynagi oldugu diisiiniilmektedir.

Tezin ikinci boliimiinde hidrofobik silika nanopargacik/stiren-biitadien-stiren (SBS) ticlii blok
kopolimer kompozitler hazirlandi ve bu kaplamalarin buzlanmayi engelleyici 6zellikleri
nanoparcacik konsantrasyonunun bir fonksiyonu olarak incelendi. Nanopargacik eklenmesi,
kaplamalarin ylizey morfolojilerini ve 1slanabilirliklerini % 43 nanoparcgacik oranmna kadar
degistirdi. Bu nanoparcacik yiizdesinden sonra ylizey morfolojisi ve 1slanabilirlik kismen
degisti. Damlatilan su damlaciklari, nanoparcacik yiizdesi agirlikca % 43 olan yiizey iizerinde
en ge¢ dondu. Donma siireleri — 4 ve — 8 °C ylizey sicakliginda 3718 saniye ve 980 saniyedir.
Daha sonra kompozit malzeme bitiimen icine katilarak modifiye bitumen ylizeyler hazirland:
ve buzlanmay1 geciktirici 6zellikleri incelendi. % 20-30 nanopargacik igeren modifiye
bitlimen yiizeylerde de donma gecikmesi — 8 °C ve — 10 °C yiizey sicakliklarinda goriildii. Bu
laboratuar sonuclar1 buzlanmay1 engelleyen ve daha iyi mekanik 6zelliklere sahip modifiye

bitiimen i¢in umut vericidir.

Vi
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CHAPTER I

INTRODUCTION

1.1 Motivation and Objectives

Anti-icing coating is the term that is used for coatings capable of delaying and/or
preventing ice formation on solid surfaces. Superhydrophobic surfaces have recently been
proposed as anti-icing coatings [1], [2], [3], [4], [5], [6], [7]. These coatings have extremely
high water repellency and this leads to rolling off water droplets on tilted surfaces. Since
water cannot stay on the surface, ice cannot form easily at sub-zero temperatures. There is
controversy on the relation between superhydrophobicity and icephobicity of coatings [8],
[9]. Therefore, elucidating the factors such as humidity, surface and air temperature that affect
icing on surfaces and finding the surface morphology-icing relation is of great importance to

combat ice formation.

Inhibition of ice crystallization on surfaces is a recently proposed and passive method. There
are more effective anti-icing mechanisms for aqueous solutions. In 1960°s it was found that
some proteins in Antarctic fishes’ blood inhibit the growth of ice nucleation [10], [11]. Since
that time other natural polymers have been found, analyzed [12], [13] and also the protein-like
polymers have been synthesized [14], [15], [16]. However, the effect of synthetic polymers on
the melting and freezing behavior of water is a rather new research area. Thus, elucidation of
the effect of polymer addition on the freezing and melting behavior of water is of great

importance to understand the icing mechanism.
In the light of these factors, the objectives of this project are

e To prepare polymer/nanoparticle composite coatings and characterize their anti-icing
property,
e To develop test routes that are applicable for possible anti-icing coatings,

e To apply the coating to bitumen, main ingredient of road pavement,



e To study the melting and freezing behavior of water for two model systems such as

aqueous solutions of PEG and PEOX.

1.2 Scope of the thesis

In Chapter 2, relevant literature will be reviewed. In Chapter 3, the materials, sample
preparation methods and instruments will be described. In Chapter 4, the DSC investigation of
aqueous solutions of PEG and PEOX, two model systems, in regard to their effect on melting
and freezing will be discussed. The polymer/nanoparticle composites with and without
bitumen inclusion and their anti-icing effect will be reported in Chapter 5. The conclusions of

the thesis results will be presented in Chapter 6.



CHAPTER II

LITERATURE REVIEW

2.1 Anti-icing in Water

Ice formation is inhibited and/or delayed in water with various ways. The most
traditional method is using salts and small molecules as freezing point depression agents.
These agents decrease the freezing point by decreasing the chemical potential of water. The
more solutes that are present in the liquid phase the more chemical potential of liquid
decreases. As a result, lower temperatures are required to equate the chemical potential of the
liquid and solid phases. The properties which do not depend on the identity of solute but the

amount are called colligative properties.

In nature, animals and plants have developed ways to combat cold environments. Some
specified serum proteins in Antarctic fishes’ blood have been found to inhibit ice
crystallization [10], [11], [17], [18], [19], [20], [21]. These proteins named as antifreeze
proteins, AFPs, and antifreeze glycoproteins, AFP(G)s, depending on the chemical structure
differences. Figure 2.1.1 shows the secondary structures of four types of AFPs and the
primary structure of AFGP. As a primary protein structure of AF(G)Ps, the backbone is
composed of an alanyl-alanyl-threonyl sequence with a disaccharide moiety attached to each
threonyl residue [22]. On the other hand, AFPs can be divided into four groups; Type I, Type
I, Type Il and Type IV. Type | is an alanine-rich, a-helix protein: Type Il has disulfide
bridges and Type 11l does not have any distinguishing features of secondary structure or
amino acid sequence. For Type IV, the elucidation of the structure has not been completed

yet; however, it is almost certainly predicted to be a helix-bundle [23].

The mechanism of action of AFPs differs from freezing point depression caused by
small molecules. AF(G)Ps specifically binds to the prism planes of ice and inhibits the growth
of ice crystals whereas the addition of small molecules in water delays ice formation by
decreasing the chemical potential of water. Figure 2.1.2 shows two mechanisms that have
been proposed to elucidate binding to ice surface. They both have energy considerations but

3



differ in geometrical details. The step pinning model has been proposed by Raymond and
Devries [19]. In this model AFPs bind across the ice surface. However in the Mattress model
proposed by Knight and Devries [17], AFPs pin to ice surface perpendicularly and therefore
inhibit the growth normal to the surface [17]. No matter how the pinning of AF(G)Ps on ice
surfaces occurs, the depression of the freezing point of water is explained by the Kelvin
effect. Because of the adsorption of AF(G)Ps on ice surfaces, the formation of ice is forced to
grow between adsorbed AF(G)Ps. Increased curvature causes a higher ice/water interface area
and consequently, increased interfacial tension determines lower cooling temperature than
equilibrium freezing temperature. Since the AF(G)Ps do not affect the internal disintegration
of ice, the melting point of ice stays unchanged (T.). The difference between the melting
point of ice (Ty,) and the freezing point of water (Ty) is called as thermal hysteresis and is the
primary manifestation of non-colligative freezing point depression [24]. Figure 2.1.3 shows
the difference in colligative and non-colligative freezing point depression mechanism. Black
line shows the melting and freezing temperatures in pure water. They are same and at 0 °C.
Purple line shows colligative freezing point depression. The melting and freezing
temperatures are again same however lower than 0 °C. Green line shows non-colligative
freezing point depression. Because of AF(G)Ps’ mechanism of action, the freezing point
temperature decreases. However, the melting temperature is not affected. The gap between the
melting and freezing temperatures are known as thermal hysteresis and shown as shaded area.
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Figure 2.1.1 a) Primary protein structure of fish antifreeze proteins. AF(G)Ps [25] ,b) Type | AFP, ¢) Type Il
AFP, d) Type 11l AFP [13] and e) Type IV. Molscript illustrations were taken from [23].
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Figure 2.1.2 The mechanism of action of AF(G)Ps. a) Step pinning model and b) Matress model [17].
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Figure 2.1.3 The melting point of ice and freezing point of water is same in water. Addition of small molecules
decrease freezing and melting point temperature of water whereas AF(G)Ps only affect freezing point of water.

Shaded area shows thermal hysteresis gap.



Although AF(G)Ps are very effective in terms of inhibiting the propagation of ice
crystallization, purification and large scale preparation limit the possible application areas.
Therefore synthetic water soluble polymers have been in use as synthetic ice blocking agents
in cryopreservation, frozen foods and biological tissues [26][27]. On the contrary to salt
mechanism to action, these polymers are thought to interact with water in a non-colligative
manner as AFPs do. Succeeding titles will introduce the previous works on anti-icing property

of water soluble polymers.

2.1.1 Aqueous solutions of synthetic polymers

Polyethylene glycol (PEG) is a water soluble, nonirritating, biocompatible and
biodegradable polymer with low toxicity. Interaction of PEG with water at low temperatures
has attracted great interest because of possible application areas such as food industry and
pharmaceutics [28][29]. Anti-ice nucleation property of PEG has been recently reported only
by one group [30].

O _H
H O

n

Figure 2.1.1.1 Chemical structure of polyethylene glycol

Huang et al. [31] investigated PEG-water interaction by differential scanning calorimetry,
DSC, and compared solution properties of different molecular weight PEGs such as 400,
1540 and 70K . Samples were cooled to -120 °C and heated to 60 °C with 1 min/°C ramp
time. At heating cycle step like deviation is observed for all molecular weights and attributed
to glass transition. They have found that the peak temperature of melting endotherm is
independent of system composition. They concluded that for the aqueous solutions of low
molecular weight of PEG secondary endotherm is seen at much lower temperatures such as —
120 °C. Hydration number for EG units have been found as 1.6, 2.4 and 3.3 for samples with
molecular weights of 400, 1540 and 70K, respectively. The reason of forming not stable
PEG-water complex is that 1.6 water molecules per EG unit is smaller than the minimum

hydration number of 2 for forming strong steric constraints.



In aqueous solutions of medium molecular weights of PEG it is assumed that helical structure
of PEG is retained and it helps to form PEG-water complex. For the high molecular weights
of PEG, most of the ordered crystalline structures are preserved and therefore PEG-water

complex becomes stronger.

PEG is believed to decrease the nucleation temperature of ice because of its effect on
diffusional motion of water [32]. In order to understand this Hilgren et al. [28] studied the
aqueous solutions of PEG-6K at concentrations having 0.05-160 g/L by DSC. It has been
found that moderate cooling rate and slow heating rate at DSC experiments revealed the most
stable PEG-water complex. It also has been found that enthalpy of PEG-water complex at —
15 °C is dependent on the heating rate but not the cooling rate. They also calculated the
amount of bound water for PEG-6K having > 10 g/L concentrations. It has been found that
1.7-2.7 water molecules bind to polymer at concentrations > 10 g/L. The melting temperatures
of PEG-water complex have been found to decrease with increasing polymer concentration on

the contrary to findings of Huang et al.

Vringer et al. [33] studied the aqueous solutions of PEG 1550 by DSC. The samples were
cooled down to — 60 °C from 25 °C with 5 °C/min cooling rate and subsequently heated to 90
°C with 5 °C/min. For the PEG 1550 aqueous solutions the secondary melting endotherm was
seen around — 16 °C. They concluded that two water molecules per ethylene glycol unit do

not freeze until — 60 °C because they are bounded to etheric oxygen via hydrogen bonds.

2.2 Anti-icing on Surfaces

The development of the coatings which can impede or delay ice accretion on surfaces
has been a challenge since ice affected human activity. It has been thought that water repellent
coatings might be the solution to this problem. However, surface topography and the
chemistry of these coatings differ from each other significantly and this leads to different
mechanisms to impede ice formation and ice adhesion. In other words, these coatings show
different behaviors in case of frost/ice formation and ice adhesion. While some papers
separate frost from ice and evaluate the problem in this way, others merge these two terms
and use “anti-ice/frost” to describe the properties of desired coating. Since people approach
the icing problem from different perspectives it is appropriate to classify the cases into two
groups. Those approaches mainly aim to impede frost/ ice formation and ice adhesion. In
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succeeding titles we will point out the contradictions between findings and highlight pivotal

experimental conditions.
2.2.1 Frost formation and droplet freezing

Frost is a form of ice that is formed when water vapor from saturated air deposit onto solid
surfaces which have temperatures below the freezing point of water. Liu et al. [34] compare
paraffin coated copper plate and bare copper plate. Static water contact angles of these
surfaces are 133° and 63°, respectively. The researchers investigated different air, surface
temperatures and relative humidity conditions. While large water droplets occur on
hydrophilic surface, the first observable water droplets on hydrophobic surface are small.
When room and surface temperature is 24 °C and -8 °C and the air relative humidity is 62%,
water droplets on a hydrophobic surface become smaller and droplets freeze 60 s later than on
a plain copper surface. When only the surface temperature is decreased, the freezing time of
droplets decreases to 35 s from 60 s. Explanation for this phenomenon is that critical nucleate
radius of ice will be smaller when the surface temperature is lower. This will lead to small

potential barrier to exceed.

Even if there might be a difference in the freezing delay of droplets, once the frost formation
begins and covers the whole surface, there is no difference between hydrophobic and
hydrophilic surfaces. The surface chemistry is limited to initial period of frost formation.
These findings are reasonable since homogenous nucleation theory says crystal will grow

when its size is greater than critical radius. Potential barrier that must exceed is given as [34]

_ 4mrd,skT,,
30,In (pi)

vs

AGc,vs = + 47Trc2,svo-vs f (9)

Where

f(8) = (2 —3cos8 + cos30)/4 And 0 is contact angle between vapor and solid phases, Gys
is interfacial energy between vapor and solid phases, s is volume of a single molecule, r¢ s IS
the critical radius , k is Boltzmann’s constant, T\, is the wall temperature, p is the vapor

pressure and pys is saturated vapor pressure corresponding to Tw. It is seen that water contact



angle determines the critical radius. However, it does not guarantee the complete prevention

of frost on surfaces.

Liu et al. [35] investigate injected droplet behavior on superhydrophobic (obtained by
fluorinated process of CF4 plasma) and on plain copper surfaces. Contact angles of these
surfaces are 162° and 72°, respectively. They perform same task as they did in [34] but now
they study frost formation in detail. They observe 55 minutes freezing delay of water droplets
on superhydrophobic surface. However, they are concerned mostly on formation direction of
frost crystals. They found that the way that frost crystals begin to freeze is different than on a
plain copper surface. Most of the frost crystals grow along the horizontal direction (dendritic
grow) on a superhydrophobic surface instead of the normal vertical direction (normal to the
surface) as those on the plain copper surface. The explanation for this dendritic grow is
thawing of frost crystals on the upper part of the droplet. Because they can easily affect from
air perturbations, frost crystals on upper part of droplets thaw. Additionally, these thawed
crystals fall on lower parts and later these crystals can connect with each other and result in
dendritic growth. Another proposed explanation for this peculiar growth is it may be related to
the fact that water molecules are of strong polarity and the electric charge distribution is non-
uniform on an isolated conductor surface. In their previous work, Lie et al. investigate the
frost formation of condensed droplets. However, in this study they look at frost formation on
droplets and on the surface.

Wang et al. [36] focus on the frost formation on the surfaces with different hydrophobicity.
CaCOs is modified with FAS-17. These nano CaCO; aggregates form micro roughness on
polyacrylate, the binding agent, and FAS-17 provides hydrophobicity. The water contact
angle of plain copper surface is 64° and of superhydrophobic surface is 155°. Initial frost on
this surface is observed after 50 s whereas a longer time is required for forming the initial
frosts on a more hydrophobic surface. When the position of coating is tilted, water droplets
cannot condense on the surface and this leads to better anti-frost performance. The researchers
conclude that, due to this performance, superhydrophobic coatings are suitable for anti-frost
purposes. However, they point out that the plain copper surface is covered completely by
irregular small dots whereas the hydrophobic surface (water contact angle is 120°), which
they prepared separately from the superhydrophobic surface, is covered by large sized
droplets. This observation is contradictory to the Liu et al. observations in which large

droplets occur on the hydrophilic surface.
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He et al. [37] find a correlation between oscillation of wettability and frost formation on
superhydrophobic and hydrophobic films. The samples are superhydrophobic and
hydrophobic i-PP films and static water contact angles are 155.3° and 98.1°, respectively.
Freezing experiments are carried out at temperature of -10 °C and a relative humidity of 50%.
They observed that due to the merging process of droplets, the droplet size increases more
than those on hydrophobic surface. Additionally, the condensed droplets on the
superhydrophobic surface freeze later. The authors point out that, the water contact angle
decreases steadily with the growth of the condensed droplet on the hydrophobic surface
whereas oscillatory behavior shows on superhydrophobic surfaces. Since both films are made
of i-PP, this peculiar behavior cannot be explained by surface chemistry. The hydrophobic
film has a flat surface. When the temperature is -10 °C, beside large condensed droplets,
many micro droplets are formed on the surface as seen in Figure 2.2.1.1. These micro droplets
can coalescence with condensed drop. As this coalescence continues the volume of the

coalesced droplet cannot be large enough to keep its constant CA.

al b1 0]
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coalesce (" drop 0,
flat su e rough substrate
a2 b2 0,
condensed
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flat subsm‘r‘e rough substrate
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coalesce 4 condensed { 4
condensed LT drop
'ﬂal s(::;:n?e} rough substrate

Figure 2.2.1.1 Coalescence behavior of hydrophobic and superhydrophobic films. [37]
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Since superhydrophobic film has surface composed of micro and nano asperities micro
droplets cannot coalescence with condensed drop until it becomes large enough to meet them.
The process from bl to b3 in Figure 2.2.1.1 results in oscillation in the water contact angle.
The three phase line which also affects contact angle hysteresis of surfaces are different from
each other. The hydrophobic surface has an unstable three phase line whereas the three phase

line of superhydrophobic surface is metastable which leads to freezing delay.

He et al. [3] prepare ZnO nanorod arrays and investigate both macro and micro sized droplets
on these surfaces below freezing point. Most superhydrophobic surfaces lose their ability
when the temperature is below the freezing point due to water condensation. Condensed water
layers formed on tops of asperities and some liquid penetrates into air gaps among
nanostructures. As a result, the increment of the contact area between the measuring droplets
and condensed water causes the preexisting solid-gas substrate to be converted to a solid—gas—
liquid substrate, leading to a loss of super-hydrophobicity. Therefore it is important to test the
surfaces at low temperatures. In this study, the growth time of ZnO nanorods determines their
size. As the growth time of ZnO nanorods increase, the size of nanorods increases. With
increasing size, surface area of nanorods also increase (Figure 2.2.1.2). Droplets maintaining
the liquid state increase with the decrease of the growth time of ZnO nanorods. Since less
growth time provides a small surface area and therefore more trapped air between asperities,

trapped air can behave like a heat insulator.

= 200nm
et

tem

Figure 2.2.1.2 From left to right growth time increases. Surface area of nanorods increases with growth time.

Static water contact angles are 170.9°, 166.1°, and 165.8°, respectively. [3]
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The authors conclude that superhydrophobic surfaces can delay frost/ice formation and there
is a correlation between surface wettability (i.e. water contact angle) and frost formation.
Moreover, the researches prepare a superhydrophobic coating which does not lose its property

at low temperatures.

Cao et al. [38] investigate the effect of roughness on anti-icing and find that there is a critical
particle diameter which is necessary to impede ice formation. They prepare nanoparticle-
polymer composites with different particle sizes ranging from 20 nm to 20 pum. Although
composites made with particles up to 10 pm in diameter are all superhydrophobic, the anti-
icing capabilities of these coatings are completely different. Ice does not form on coatings
with 20 and 50 nm particles. The critical radius of nucleating crystal is found to be 21.6 nm
under experimental conditions. After these particle diameters, the icing probability increases.
As a result, the authors draw attention to the importance of particle size for anti-icing

properties.

Yin et al. [39] prepare superhydrophilic, hydrophilic, critical, hydrophobic and
superhydrophobic films and investigate the correlation between wettability of surface and ice
formation. Because of condensed water between asperities, static water contact angle of
superhydrophobic surfaces decrease when temperature decrease to freezing point and below.
In this study same phenomenon is observed. Static water contact angle values of the
superhydrophobic surface are ca. 165° at 20 °C but they fall to 155.9 + 1.7° and then to 145.8
+ 3.2° when the surface temperature decreased to 10 °C and to — 10 °C, demonstrating
increment of wettability of the surface at low temperatures. Water condensation also affects
the hydrophobic surface, on which the static water contact angle fall from 114.0 + 4.9° to
104.1 + 2.2° when the surface temperature went down from 10 °C to — 10 °C. However, the
influence of condensed water is weaker comparing to superhydrophobic surface since there
exists only microstructures on the surface. Authors conclude that surfaces with static water
contact angle is smaller than 90° is not affected by the change of surface temperature in
arrange between —10 °C and 40 °C under relative humidity larger than 80%. Another
important conclusion of this article is that ice formation (kinetics of ice) mostly depends on
surface topography rather than surface wettability. Similar conclusion was made by Cao et al.
[38] as they propose critical particle diameter to prevent ice nucleation. Superhydrophobic
surfaces have advantage in terms of rolling of the droplet at the initial stages of freezing. If
water droplet can be rolled before freezing completes, superhydrophobic surfaces can be
solution of icing/frosting problem.
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So changing of static water contact angle near freezing point temperatures needs to be
elucidated since superhydrophobic surfaces lose their ability around this temperature region.
In this purpose Karmouch et al. [40] prepare polished silicon, polished aluminum, roughened
silicon, gold, high density polyethylene, PTFE (polytetrafluoroethylene), and PMMA samples
and investigate possibilities that may affect water contact angle decrease. Roughness effect is
investigated with rough and flat silicon surfaces and no contact angle hysteresis is found.
Later, oxidation effect is investigated and Al,O3 is compared to Au film. Again no contact
angle hysteresis is found. Polyethylene and Polytetrafluoroethylene is compared and no
contact angle hysteresis is found even if the initial static water contact angle values are
different from each other. Lastly, nanostructured PTFE, nanostructured PMMA and HIREC-
100 which is super water-repellent coating blended with TiO, is compared and contact angle
hysteresis is found. Humidity in air is condensed on the asperities in these nanostructured
samples when the temperature drops down to 0 °C. As a result, if superhydrophobic coatings
are desired not to lose their property near freezing point, formation of primary water vapor
condensation should be avoided.

Alizadeh et al. [41] has been investigated ice nucleation and delayed freezing on
superhydrophobic surfaces recently. As samples, Silicon-PEG, Si-Fluorine and single, double
textured are used. Room temperature droplets are impinged on —20 °C substrates. Different
from other papers, they use IR thermometry to observe phase transition of water droplet. As
seen in previous papers, authors also observe later freezing of droplet on fluorinated silicon
than PEGylated silicon. They suggest, as already been explained by others [7], that air trapped
between protrusions behave like heat insulators and ice nucleation rate on the
superhydrophobic surfaces is also affected due to a reduction of water—substrate interfacial
area and increase in the free energy barrier to forming a critical nucleus at the interface. This
explanation, however, is suggested by Cao et al. As superiority, they use high-speed
photography to determine interfacial areas. It is seen that, delayed freezing is observed when
interfacial area decreases (figure 3). Since water-substrate interfacial area is a function of
temperature, at lower temperatures of substrate, water-substrate interfacial area does not play
a role in terms of delayed freezing. In conclusion, ice nucleation under low humidity
conditions can be delayed through control of surface chemistry and texture. As opposed of
Yin et al., this paper addresses the importance of both surface texture and surface chemistry to

prevent ice nucleation at low humidity conditions.
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Figure 2.2.1.3 Freezing delay time increases with decreasing interfacial area [41].

Suzuki et al. [42] observed the freezing behavior of supercooled water on self assembled
monolayers  (SAMs) of various silanes such as 1H, 1H, 2H, 2H-
Perfluorodecyltrimethoxysilane (FAS-17), trifluoropropyltrimethoxysilane (FAS-3) and,
octadecyltrimethoxysilane (ODS) with high speed camera. Later, freezing temperatures of
supercooled droplets were investigated by differential scanning calorimetry (DSC) and found
-22 .7 °C, -22.4 °C and, -19.9 °C for FAS-17, FAS-3 and ODS, respectively. Interestingly
they have found that, although contact angle of FAS-3 surface is lower than that of ODS,
FAS-3 exhibits lower freezing temperatures. The explanation for this observation is related to
chain freedom of alkyl groups of ODS and FAS-3. Since ODS has longer alkyl chains that
FAS-3, water molecules on ODS surfaces can have more freedom. Freedom of water
molecules leads to quick rearrangement compared to water molecules on FAS-3 and leads to

faster nucleation.

Zheng et al. [43] functionalized SWCNTSs with acetone to attain low surface energy. Obtained
SWCNT films both had surface roughness due to the intrinsic property of CNTs to form
bundles and low surface energy as a result of functionalized with acetone. Supercooled water

droplets with temperature of — 8 °C were impinged on these 30° tilted films (substrate
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temperature is — 8 °C) and observed whether the droplets stick on surface or not. On the
contrary to unfunctionalized SWCNT films and bare substrates, droplets bounce off from the
surface. Nonstick nature of acetone-functionalized SWCNT films might be a solution for

combating ice on surfaces.

Since there are multiple voices on the effect of wettability on ice nucleation and delayed
freezing, a recently published paper [9] says that surfaces with nanometer scale roughness and
higher wettability display unexpectedly long freezing than typical superhydrophobic surfaces
with larger hierarchical roughness and low wettability. Hydrophobic surfaces display higher
resistance to icing than rough hydrophilic surfaces whereas hydrophilic surfaces with
roughness values close to the critical nucleating radius display higher icephobicity. In contrast
to previous papers, neither surface chemistry nor surface topography impedes ice/frost
formation by itself. There should be optimum design of these two competing influences.

This desired optimum design can be found in nature. Mei et al. [44] discover multi-level
micro-/nanostructures of the wing of Morpho nestira butterfly. These butterfly wings consist
of oriented step arrangements in arrays of stripes and overlapping scales. Unusual orientation
of steps effectively retard wetting, and achieve water repellency at low temperature and at
changeable humidity conditions. Until now, all superhydrophobic coatings have failed at wide
range of humidity conditions. They were mostly active at low humidity conditions. Thus this

novel orientation can be successful for preparing anti-icing coatings.
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Figure 2.2.1.4 Multi-level micro-/nanostructure of Morpho nestira butterfly. [44]

Inspired from novel natural design of Morpho nestira butterfly wings, Guo et al. [45] prepare
mechanically worked ZnO nanohairs with ratchet arrays. MN-surfaces, N-surfaces, M-
surfaces and S-surfaces can be achieved (MN indicates micro-nano, M and N indicates micro
and nano, respectively. S is smooth surface). Contact angle hysteresis of MN surface is very
low at -10 °C comparing to other surfaces. Again at -10 °C delay time of MN-surface is 7220

s whereas 1740 s of N-surface, 1260 s of S-surface and 30.5 s of M-surface.

17



Ao, LT R S

Figure 2.2.1.5 Illustration of anti-icing/ice-phobic properties on MN-, N-, M-, S-surface. [46]

Drops can be suspended up by the micro-/nanostructure due to discontinuous three
phase contact line on MN-surface and high trapped air appears on MN-surface. As for N-
surface, it generates the more solid contact than MN-surface. The M-surface increases the
solid-liquid contact more than S-surface and the contact line of M-surface can be longer than

S-surface.

2.2.2 Ice adhesion strength

Another approach to the icing problem is decreasing the adhesion strength of ice on
surfaces. Basically, this solution requires small contact area between water and substrate. In
this purpose Meuler et al. [47] prepare surfaces with relatively low average roughness of
polymer coatings. They find that ice adhesion strength correlates more strongly with rolling
angle or/and practical work of adhesion strength of water rather than static water contact
angle. Good correlation between water wettability and low ice adhesion is found. Authors
conclude that icephobicity of smooth surfaces can be predicted by measuring receding contact
angle of droplets rather than static water contact angle. However, Dotan et al. [48] finds
correlation between static contact angle of water and low adhesion of ice. They do not
investigate roughness levels of coatings in this study.

Other groups [49] cannot find correlation between static contact angle of water with ice
adhesion too. They use same surface chemistry with different surface roughness coatings.
Contact angle hysteresis is highly dependent on substrate-water contact area. Therefore low
contact angle hysteresis rather than static water contact angle is required to low ice adhesion.

Mishchenko et al. [50] study the dynamic wetting of supercooled water droplets and ice
accretion by combining high speed imaging with modeling of nucleation, heat transfer, and

wetting dynamics. The high speed imaging reveals that water droplets dropped from a height
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of 10 cm completely retracts from tested superhydrophobic surfaces when the substrate
temperature is greater than 20 °C. Colder surface leads to freezing of the impinging water
during retraction processes. Furthermore, the authors note that, when water freezes on the
superhydrophobic substrates, the adhesion of the accreted ice was lower than it was on
chemically equivalent smooth surfaces. This findings are consistent with [48]. However, Cao
et al. [6] have reported that there is a critical radius of crystal is 21.6 nm which is significantly
different from Mishchenko et al. [50] have used.

Many other groups show correlation between superhydrophobicity (surface chemistry and
surface roughness) and low ice adhesion [5], [51], [52]. Varanasi et al. [53] discuss both frost
formation and its effect on ice adhesion strength. From ESEM images it is seen that frost
forms indiscriminately all over the superhydrophobic surface texture including post tops,
sidewalls, and valleys without any particular preference. This leads to increased ice-surface

contact area so increased ice adhesion strength.

Some other scientists also discuss the durability of superhydrophobic surfaces [54], [55]
.These coatings are tested icing/de-icing cycles and seen whether they lose their property.
Kulinich et al. [54] show that superhydrophobic surfaces lose anti-icing properties since the
asperities are distorted during icing/de-icing circles. Also they investigate these coatings at

high humidity conditions and conclude that adhesion strength of ice is increasing.
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CHAPTER Il

MATERIALS, METHODS AND TECHNIQUES

There are two main sections in this chapter. The first section will introduce the
materials and methods in the study of interaction of hydrophilic polymers with water/ice at
subzero temperatures. The second part will introduce the materials and methods that we used

to prepare polymer/nanoparticle composite films as possible anti-icing coatings.

3.1 Interaction of Hydrophilic Polymers with Water/lce at Subzero

Temperatures

3.1.1 Materials

Hydrophilic polymers that were used in this study are tabulated with their chemical
structure and molecular weight (Table 3.1.1.1). We have chosen Polyethylene glycol, PEG
because polyglycols have been proved to display anti-freeze property. Moreover, glycols such
as ethylene and triethylene glycol have been used as anti-freeze agents in cars, air
conditioners and radiators. Secondly, we have chosen Poly(2-ethyl-2-oxazoline), PEOXx. As
described in Chapter 2, some specified polymers in Antarctic fishes’ blood inhibit ice
crystallization. Because of its structural similarity to anti-freeze proteins, PEOx may show the

same characteristics.

The diverse selection of these water soluble polymers was made in order to understand how

different chemical structures influence the anti-freeze property and interaction with water/ice.
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Table 3.1.1.1 Water soluble polymers that are used in this study with their specifications

Weight average
Polymer molecular weight Chemical structure Company
(Mw)

2K
10K
PEG 100K H{O\/\}O/H Merck

200K "
400K

5K Alfa Aesar
N

PEOXx
CH
50K 02\/ 3

Aldrich
n

3.1.2 Sample Preparation

All polymer aqueous solutions were prepared in glass vials. Glass vials were used after
rinsing with distilled water. Solution concentrations were changed between 1-80 mg/mL.
After preparing polymer solutions, they were left in the shaker at least one night in order to

mix well and reach thermodynamic equilibrium.
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3.1.3 Characterization

3.1.3.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurements were performed on TA instruments
Q200 under continuous nitrogen atmosphere. Calibration was done with water and indium.
Samples were taken from glass vials via syringe and dropped in hermetic aluminum pans.
Sample amounts varied between 5-20 mg. Later, pans were sealed and put in a DSC cell. Each
sample was first equilibrated at 20 °C. The temperature was decreased to subzero
temperatures with various ramp times and samples were kept isothermally at these
temperatures. We studied the effect of ramp time and isothermal treatment time on interaction

of hydrophilic polymers with water.

Polyethylene glycol solutions were cooled to -30 °C and heated to 20 °C with 5 °C/min.
Samples were kept at -30 °C isothermally for 3 minutes. Poly(2-ethyl-2-oxazoline) solutions
were cooled to -35 °C and heated to 20 °C with 5, 2.5, 0.5 °C/min. Samples were kept at -35
°C isothermally for 3 minutes. To stay on the safe side, we changed the isothermal treatment

temperature because we observed a glass transition at — 28 °C.
3.2 Polymer/Nanoparticle Composites for Anti-icing Applications

3.2.1 Materials

Styrene-butadiene-styrene (SBS) triblock copolymer with number average molecular
weight of 140,000 g/mol was kindly supplied by Arcelik company, SBS (A) and D1101 linear
SBS block copolymer with 30% polystyrene content was bought from Kraton, SBS (K).
Hydrophobic silica nanoparticles with different hydrophilicity were supplied by Degussa. The
codes of the nanoparticles used in this study are R974 and R816 which are hydrophobic and
semi-hydrophilic, respectively. Hydrophobic nanoparticles have methyl groups attached to
silica core whereas semi-hydrophilic nanoparticles also have hydroxyl groups. Bitumen 50/70
grade was kindly supplied by Turkish Petroleum Refineries Co.
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3.2.2 Sample Preparation
3.2.2.1 SBS with hydrophobic silica nanoparticle (R974) inclusions

SBS (A) was dissolved in chloroform and 1 % (w/v) stock solutions were prepared.
Hydrophobic silica nanoparticles (R974) were weighted to make 10-66 % (w/w) nanoparticles
in a polymer solution. After SBS completely dissolved in the chloroform, 10 mL of polymer
solution was added to falcon tubes filled with weighted nanoparticles. Each falcon tube was
left in the shaker at 200 rpm for 30 minutes. Immediately after, tubes were sonicated using
Ultrasons-H, SELECTA for one hour at 10 °C to avoid solvent evaporation due to extreme
heating. Obtained dispersions were homogenous and clear. Later, to see the effect of polymer
concentration 2 % (w/v) SBS (A) solution was prepared in chloroform. Nanoparticle fraction
varied from 5 to 43 % (w/w). Thin films from these dispersions were prepared by the spin-
coating method. For solvent cast films, SBS (A) dissolved in chloroform to prepare 2 % (w/v)
polymer solution. Hydrophobic silica nanoparticle fraction varied from 5 to 43 % (w/w). The
dispersion procedure was applied as same as described above for both spin and solvent cast

films.
3.2.2.3 Thin film preparation

Thin films of SBS alone, SBS (A)/hydrophobic silica, SBS (A)/semi-hydrophilic silica
and SBS (K)/hydrophobic silica nanoparticles were prepared by the spin coating and solvent
casting method. Spin-casting method is done by dispensing an appropriate amount (depending
on substrate size) of polymer solution/dispersion on flat substrate and rotating the substrate at
specified time [56]. Undoped silicon wafers were cut as 0.5 x 0.5 inch? and 2 x 2 cm?
depending on the experiments they were used. For 0.5 x 0.5 inch? substrates 200-250 uL and
for 2 x 2 cm? substrates 300-350 pL liquids were dispensed on these surfaces. Substrates were
rotated at 2000 rpm for one minute. For SBS (A)/hydrophobic silica nanoparticles,
homogenously dispersed thin films were obtained. However, semi-hydrophilic silica
nanoparticles were not uniformly dispersed on the surface. Figure 3.2.2.4.2 shows
photographs of SBS (A)/hydrophobic silica nanoparticle.

We dispensed polymer solutions on 2 x 2 cm?silicon wafers and waited in oven at 70 °C for

30 minutes to obtain solvent cast films.
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Figure 3.2.2.3.1 Photographs of SBS (A)/hydrophobic silica nanoparticle thin films. a) From left to right; bare
Si wafer, 10, 20, 33, 50, 66 % (w/w) nanoparticles and 1 % (w/v) SBS thin films.

3.2.2.4 Sample preparation for Rheology measurements

Bitumen and 5 % by weight SBS were mixed by IRA 20 RW high shear mixture.
Bitumen and SBS mixture was heated up to 100 °C and mixed at 1000 rpm for two hours.

After the samples were cooled down, rheology measurements were conducted.
3.2.3 Characterization

3.2.3.1 Ellipsometer

Ellipsometer is one of the techniques used in surface science to analyze film thickness
ranging from 1 nm up to several microns. In this technique, monochromatic light is polarized
and directed onto the surface. Light polarized parallel and perpendicular to the surface is
reflected differently [57]. Amplitude and phase change differently at the interface. Film
thickness is determined by measuring the phase shift of the incident and the reflected beam

(A) and the amplitude ratio of parallel and perpendicular polarized light (V).

Light source
& Detector

Quarter wave
plate

Analyzer

A N

Figure 3.2.3.1.1 The configuration of ellipsometry [57]

Polarizer
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We used EL X-01R high precision ellipsometer from Micro Photonics Inc. to analyze film
thicknesses of polymer films. The wavelength of Helium-neon laser was 632.8 nm. The
thickness of the films was measured by averaging the thicknesses from five different points.
The refractive index of SBS (A) was taken as 1.5.

3.2.3.2 Optical microscopy

Surface morphology analysis of obtained coatings was carried out by using DAS

Mikroskop Leica DM LM model with lowest 10x and highest 50x magnification.

3.2.3.3 Water contact angle measurements

We used OCA 20 optical contact angle measuring device from DataPhysics to analyze
wettability of coatings. In room temperature measurements, plate temperature was held
constant at 22 °C and droplets with 3 pL volumes were placed onto substrates. We used the
average values of 3 and 4 droplets’ contact angle degree for 0.5 x 0.5 inch? and 2 x 2 cm?

substrates, respectively to obtain statistically meaningful values.

89+0.71° 146 £1.94 °
a) b)
Figure 3.2.3.3.1 Water contact angles on solvent cast films of a) 2 % (w/v) SBS coating, b) SBS

(A)/hydrophobic silica nanoparticle coating with 43 % (w/w) nanoparticle content. Addition of hydrophobic

silica nanoparticles increase water contact angle.

We studied the effect of temperature on the wettability of coatings with the same device. All

samples were put in a device cell at the same time to avoid cell temperature differences. The
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procedure in Figure 3.2.3.3.2 was applied to measure the water contact angles of all samples
at different plate temperatures at once. At first, the plate temperature was decreased to 15 °C
from 20 °C. Substrates were placed in the cell and left at 15 °C for five minutes. At the end of
the fifth minute, droplets were dispensed on substrates and water contact angles were
measured. Impinging of droplets and measuring water contact angles took ten minutes at
every step. Substrates were taken out from the cell and dried with nitrogen gas after
measuring the water contact angles. Drying with nitrogen gas before every step is crucial
because otherwise the remaining condensed water from the previous measurement can

adversely affect the measurement.
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Figure 3.2.3.3.2 Procedure to investigate effect of temperature change on water contact angle of coatings. Plate
temperature was decreased to 15 °C from 20 °C and stayed there for five minutes. Droplets were dispensed at
the end of fifth minute and water contact angles were measured. Substrates were taken out from the cell after

measurement and dried with nitrogen gas. Same procedure was followed till the end of experiment.

3.2.3.4 Freezing Experiments

We carried out freezing experiments in two different instruments. Figure 3.2.3.4.1
shows the procedure followed in OCA 20 optical contact angle measuring device from
DataPhysics. We tested anti-icing property of coatings at two different temperatures,

separately. The plate temperatures were decreased to -4 and -8 °C from 20 °C in five minutes.
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We placed samples in the cell at the end of fifth minute and then left in the cell for ten
minutes. We dispensed water droplets at the end of ten minutes and recorded the time that is
required for freezing. Air temperature and relative humidity were roughly controlled by

pumping nitrogen gas in the cell.
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Figure 3.2.3.4.1 Freezing experiment at -4 °C and -8 plate temperature. First, plate temperature was decreased
to -4 °C from 20 °C in five minutes. Samples were placed in cell at fifth minute and stayed for ten minutes to

ensure to avoid temperature difference between plate and sample. Required time for freezing was recorded.

Secondly, we used temperature and humidity control cell manufactured by Teknofil Co. In
this instrument, the samples were placed in the cell at room temperature. The temperature and
relative humidity were decreased to the desired values. The time was recorded when the plate

temperature reached the desired value.

3.2.3.5 Rheometer

DHR hybrid rheometer by TA instruments was used to analyze the effect of composite

on mechanical properties of bitumen.
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CHAPTER IV

ANTI-ICING EFFECT OF AQUEOUS POLYMER
SOLUTIONS

Interactions of hydrophilic polymers with water change freezing and melting behavior
of water. In this chapter, we investigated aqueous solutions of polyethylene glycol (PEG) and
poly(2-ethyl-2-oxazoline) (PEOX) in terms of their anti-icing effect by differential scanning
calorimetry. It is known that addition of solute particles depress the freezing point of water
which is a colligative effect independent of the type of solute particles [58]. In addition to
colligative effect, polymers with specific backbone and side chain groups can further lower
freezing point due to specific interactions with water. We chose polyethylene glycol because
of its flexible backbone that helps it to undergo conformational changes [59] and etheric
oxygen that is able to make hydrogen bonds with water. Poly(2-ethyl-2-oxazoline), on the
other hand, has C-C-N backbone and strong amide dipole that are able to interact with water
[60]. These two polymers, because of their molecular structures, are good model systems to
study the freezing phenomenon of water and interpret it at molecular basis. Moreover, these
polymers can be included in a hydrophobic matrix and let diffuse into water to act as a
freezing point depressant. In conclusion, the knowledge gained from these studies will be
helpful in understanding the requirements for anti-icing effect and preparing novel anti-icing

coatings.
4.1 Overview of DSC experiments

Differential scanning calorimetry (DSC) is a useful tool to monitor thermal changes in
materials. Since it detects the heat capacity associated with a phase transition water
freezing/melting behavior can be probed. Figure 4.1.1 shows typical DSC heating and cooling
curves of pure water and 40 g/L PEOx-5K aqueous solution. Two transitions are seen in the
thermograms. The exothermic peak at lower temperature refers to crystallization of
supercooled water whereas the endothermic one at higher temperature shows the melting peak
of ice. It is seen that crystallization peak of the water shows irregular shape. When
supercooled water crystallizes suddenly, a large amount of heat is given off and temperature
of the DSC cell begins to increase. Since cooling run continues and instrument tries to

decrease the cell temperature, crystallization peaks become irregular in shape.
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Figure 4.1.1 DSC curves of double distilled water and 40 g/L PEOx-5K. Exothermic peak refers to
crystallization of supercooled water. Endothermic peak indicates the melting of ice. Heating and cooling rates
are 0.5 °C/min. a) Complete view of DSC curves, b) Melting peaks were magnified.

The interesting point in the graph b) is the difference in melting points of ice and aqueous
PEOx-5K solution. Addition of 4 % (w/v) PEOX-5K resulted in the depression of melting
point of ice. It also decreased freezing point of supercooled water. In succeeding sections, the

concentration and molecular weight effects on melting points of ice will be discussed.
4.1.1 Effect of heating and cooling rates on peak temperatures of transitions

In order to obtain the most reasonable results, we studied the effect of heating and
cooling rates of water and PEOx-5K aqueous solutions. The importance of heating and
cooling rates on baseline correction in aqueous solutions was reported before [61] but the
effect on peak temperatures was not discussed. Figure 4.1.2 shows the DSC result of distilled
water with heating and cooling rate of 5.0 °C/min (orange line) and 0.5 °C/min (black line). In
graph a) it is seen that the crystallization peak was shifted to higher temperatures at 0.5
°C/min. Furthermore in graph b) it is seen that melting temperature of ice is 2.7 °C when the
heating and cooling rate are 5 °C/min and decrease to 0.08 °C when the rates are 0.5 °C/min.
Furthermore, the baseline was not affected in case of low heating and cooling rates whereas

high rates resulted in a change of the baseline slope.
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cooling and heating cycles. There are two peaks seen in thermogram. Exothermic peak refers to crystallization of
supercooled water. Endothermic peak indicates the melting of ice. b) Melting peaks were magnified in order to

see melting temperatures for both cases.

In order to examine whether the heating and cooling rates also affect

aqueous solutions of

polymers, we analyzed three different rates for the aqueous solutions of PEOx-5K. Figure

4.1.3 shows the DSC curves of 0.5 °C/min, 2.5 °C/min and 5.0 °C/min heating and cooling
rates for the 40 g/L aqueous solution of PEOx-5K. The graphs show that heating rate has

effect on ice melting temperatures. With increasing heating rates melting peaks shifted to

higher temperatures.
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Figure 4.1.3 Heating and cooling rate effects on the melting point of ice. Aqueous solutions of PEOx-5K show

gradual decrease with heating and cooling rate. a) Complete view of DSC curves of 40 g/L PEOx-5K for the

heating and cooling rates of 0.5 °C/min, 2.5 °C/min and 5.0 °C/min. b) Magnified melting peaks. Melting

temperatures are 0.1 °C, 1.8 °C and 3.5 °C for 0.5 °C/min, 2.5 °C/min and 5.0 °C/min, respectively.
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In the light of these findings, the heating and cooling rates were decreased where needed to

minimize kinetic effects and therefore melting peaks of pure ice approached to 0 °C.

4.2 Aqueous polyethylene glycol (PEG) solutions

In this section we have investigated the anti-icing effect of two different molecular
weights of PEG namely PEG-2K and PEG-10K and its concentration dependence. It is known
that chain entanglement increases with the molecular weight and this prohibits rapid
dissolution of the polymer [62]. Since these polymers are potential anti-icing agents we chose

low molecular weights to overcome the slow dissolution problem.

Figure 4.2.1 shows heating curves of PEG-10K aqueous solutions with 5 °C/min heating rate.
Two endotherms are seen in DSC curves of PEG-10K. The one closer to 0 °C is attributed to
the melting peak of ice formed by the freezing of bulk water. The melting temperatures of ice
are seen to range between 3.7 °C and 5.25 °C. The peak temperatures of low-T endotherms
are between — 10.7 °C and — 11.2 °C and do not change reasonably with the polymer
concentration. In order to analyze further, low-T endotherms were magnified. Figure 4.2.2
shows the magnified versions of low-T endotherms for PEG-10K aqueous solutions. It is seen
that there is a lower limit in polymer concentration for second endotherms to appear. The
lower limit for PEG-10K is 10 g/L which equals to 1 % (w/v) polymer solution. The low-T
endotherms are thought to be the melting of ice in hydrated polymers, that is water molecules
bound to polymer chains [63][64]. In order to see whether smaller polymer can affect the
freezing behavior of water, aqueous solutions of PEG-2K were analyzed. Figure 4.2.3 shows
heating curves of PEG-2K aqueous solutions with heating rate of 5 °C/min. The melting
temperatures of ice ranged between 2.9 °C and 5.5 °C for the solutions of PEG-2K.
Magnification of Figure 4.2.3 also revealed low-T endotherms. Figure 4.2.4 shows other very
weak endothermic peaks at around — 16.5 °C for PEG-2K solutions. For the case of PEG-2K
solutions the lower limit for hydration of polymer chains is 15 g/L which is 1.5 % (w/v).
Table 4.1 summarizes the melting temperatures of ice and low-T endotherms for aqueous
solutions of PEG-2K and PEG-10K.
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Figure 4.2.1 DSC heating curves of PEG-10K aqueous solutions. Heating rate is 5 °C/min.
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Figure 4.2.2 Magnified version of DSC heating curves of PEG-10K. Heating rate is 5 °C/min. Low-T
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endotherms are thought to be the melting of hydrated polymers resulting from bound water.
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Figure 4.2.3 DSC heating curves of PEG-2K aqueous solutions. Heating rate is 5 °C/min.
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Figure 4.2.4 DSC heating curves of PEG-2K. Low-T endothermic peaks are seen at concentrations from 15 g/L

to 70 g/L.
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Table 4.1 Melting peaks of ice (T,,) and lower-T endotherms (T,,) for PEG-2K and PEG-10K molecular

weights. Heating and cooling rate is 5 °C/min.

PEG -2K PEG -10K
Tm (°C) Tm2 (°C) Tm(°C) Tm2 (°C)

1g/L 4.10 - 377 -
3g/L 4.10 - 3.70 -
5g/L 2.90 - 4 -
10 g/L 4.32 - 4 11
15 g/L 455 -16.8 3.70 112
20 g/L 4.20 - 412 -10.8
30 g/L 5.50 -16.7 5.25 -10.7
40 g/L 4.90 -16.7 431 -10.8
50 g/L 3.37 -16.7 4.10 -10.8
60 g/L 5.50 -16.6 3.84 -10.7
70 g/L 4.10 -16.7 3.65 -10.7

4.2.1 Molecular weight dependence of low-T endotherms

Two different molecular weights of PEG showed that the low-T endotherm depended
on the molecular weight. In order to see molecular weight dependence clearly, three other
molecular weights of PEG were also analyzed by DSC. Figure 4.2.1.1 shows the molecular
weight dependence of lower-T endotherms for PEG-2K, PEG-10K, PEG-100K, PEG-200K
and PEG-400K. Table 4.2 shows the melting temperatures of low-T endotherm for the
aqueous PEG solutions. It is seen that with increasing molecular weight of PEG melting
temperature of low-T endotherm shifts to higher temperatures. In previous works of Hilgren
et al. [28] low-T endotherm of PEG-6K was found between — 11 °C and — 16 °C depending
on the concentration. However, the concentration dependence of low-T endotherms is not
pronounced in our case. The increasing molecular weight might be responsible for the
increasing number of hydrogen bonds and therefore higher temperatures are needed to melt

the polymer-water complex.
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Figure 4.2.1.1 Molecular weight dependence of second endotherms. As molecular weight of PEG decreases

peak temperature appears to be at lower temperatures with exception of PEG-10K.

Table 4.2 The melting temperatures of low-T endotherm for five different molecular weights of PEG.

PEG-2K PEG-10K PEG-100K | PEG-200K | PEG-400K
Tm2 (°C) -16.6 -11.1 -11.6 -10.6 - 8.03

4.2.2 Refreezing experiments of aqueous solutions of PEG: Understanding

melting/crystallization behavior in detail

In order to understand ice-polymer interactions we have designed a DSC procedure.
In this procedure, after temperature was decreased to — 35 °C with the cooling rate of 1
°C/min, samples were heated to — 1 °C with 0.5 °C/min scan rate. By selecting very slow

heating and cooling rates, we were able to eliminate kinetic effects and time-temperature lag.
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After that, samples were waited at — 1 °C where ice and water coexists to allow PEG to
interact with ice nucleus. After 20 minutes, samples were cooled to — 35 °C with the 1.0
°C/min rate. Heating from — 35 °C to room temperature gave as expected endothermic peaks
of ice close to 0 °C. Figure 4.2.2.1 shows the exothermic peaks of the crystallization of
water after keeping PEG-10K samples at — 1 °C for 20 minutes isothermally and the
endothermic peaks at the end of the experiment. It is seen from the graph a) that peak
temperatures of exotherms follow the concentration dependence of PEG-10K. The peak
temperatures shifted to lower temperatures with the PEG-10K concentration. This delay of
crystallization may point out the adsorption ability of PEG-10K onto ice surfaces that was
previously reported for some natural polymers [65][10]. In graph b) the endothermic peaks of
ice melting is seen. The peak temperatures scattered however the enthalpy change due to the
melting of ice significantly changed with the concentration of PEG-10K. The calculation of

the peak area will be given in discussion section below.
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Figure 4.2.2.1 Graphs of refreezing experiments for the PEG-10K. a) Exothermic peaks of ice at the end of

kept at — 1 °C for 20 minutes isothermally. b) Endothermic peaks of ice at the end of the experiment.

4.2.3 Discussion

All PEG solutions with different molecular weight have secondary melting peaks at
subzero temperatures. Secondary melting peak for PEG solutions is thought to be the melting
of PEG-water complex. In some articles this complex is called as PEG hydrate or bound water
to PEG [28], [29], [31], [66]. Three states of water is found in some water soluble polymers
and polymeric membranes [28], [29], [31], [66], [67], [68], [69], [70], [71], [72], [73], [74].
First state is free water. The physical properties of free water do not differ from bulk water.
Second state is unfrozen bound water. These water molecules are either confined by polymer
chains or strong interactions between water and polymer makes them bound. Unfrozen water
molecules do not crystallize even at - 100 °C [69]. Third and last state of water in hydrophilic
polymers is frozen bound water. These water molecules makes bond with polymer chains and
also interact with free water [66], [67], [69]. As a result, these water molecules do not display
physical properties of bulk water. Figure 4.2.3.1 shows illustration of three different states of

water and their interaction with PEG. Purple water molecules represent unfrozen bound water.
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These water molecules locate in the first neighboring shell of PEG chains and therefore do not
interact with other water molecules. Reds are free water molecules. They display the same
physical properties as bulk water. Greens are frozen bound water molecules. These are

thought to make bond with both etheric oxygen of PEG and also with other water molecules.
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Figure 4.2.3.1 Illustration of three different states of water and their interaction with PEG. Purple water

molecules represent unfrozen bound water, greens are frozen bound water and reds are free water molecules.
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Figure 4.2.3.2 Change of melting enthalpies with molality of polymer solutions. PEG-10K addition decreases
melting enthalpy of ice more dramatically than PEG-2K.
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The lower-T endotherms seen at lower temperatures belong to the melting of frozen bound
water molecules. Since some of the free water molecules become bound water, the amount of
the free water molecules decreases. Lower amount of the free water molecules transform into
lower amount of pure ice and this leads to decrease in melting enthalpies of ice at 0 °C. Figure
4.2.3.2 shows the change of the melting enthalpies of pure ice in PEG-10K and PEG-2K
solutions with molality of solution. Both polymer solutions decrease enthalpy of melting with

increasing molalities.

The proportion of the free water converted into ice during freezing can be calculated by the

following formula

AH
Wy, —| Sw + P, +< m/AHW>

% ice = W x 100

Where W,, is the weight of water, S,, is the weight of sample; P, is the weight of the polymer,
AHp, is the melting enthalpy of sample and AH,, is the melting enthalpy of I, phase (most
abundant phase) of ice which is 334 J/g. Calculation of % ice values are shown in Figure
4.2.3.3. It is seen that PEG-10K is more effective in terms of reducing ice formation
compared to PEG-2K when it is investigated as a function of number of monomer unit. For
PEG-10K, more free water molecules are able to make hydrogen bonds with PEG-10K units
and therefore become bound water molecules. However, for the case of PEG-2K, less free
water molecules make hydrogen bonds with etheric oxygen of PEG monomers. This leads to
increment in amount of free water molecules in the polymer solution. Figure 4.2.3.4 shows
the dependence of ice formation percentage on the number of polymer units. In the graph, it is
seen that ice formation is not depended on the molecular weight i.e. number of monomers but

the concentration of polymers.
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Figure 4.2.3.3 Decrease in ice formation with increasing molality of PEG. Conversion from free water to ice
decreased faster in case of PEG -10K.
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Figure 4.2.3.4 Decrease in ice formation with increasing molality of PEG. Ice formation is independent of

molecular weight of PEG.
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The melting of frozen bound water appears as secondary melting peaks in the thermograms.
Figure 4.2.3.5 shows change in enthalpy of secondary melting peaks with molality. Addition
of PEG into water increases melting enthalpy of secondary peaks. This means more free water
molecules bound to polymer with addition of PEG and form a PEG-water complex as noted
before [31]. Hydration possibility of polymer chain increases with molecular weight.
Comparison of two different molecular weight PEG shows that PEG-10K has higher
hydration possibility. Thus, even small amount of PEG addition increases melting enthalpy of
PEG-water complex. Melting enthalpies of second peaks for the case of PEG-2K do not
display sharp increase because of low hydration possibility. Figure 4.2.3.6 shows the
concentration dependence of low-T endotherms. It is seen that with increasing polymer
concentration the low-T endotherm increases for PEG-10K and PEG-2K. But, as we can see

in Figure 4.2.3.5, the increase is more pronounced in PEG-10K aqueous solutions.
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Figure 4.2.3.5 Change in melting enthalpies of secondary peaks with molality of polymer solutions. The
melting enthalpies increase with molality of solutions. Increment is more dramatic for PEG -10K. Lines are

guide to the eye.
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Figure 4.2.3.6 Change in melting enthalpies of secondary peaks with polymer concentration. The melting

enthalpies increase with polymer concentrations for both PEG-10K and PEG-2K. Increment is more dramatic

for PEG-10K.

Melting temperatures of secondary peaks differ depending on the molecular weight. Figure

4.2.3.7 shows the effect of molecular weight on melting temperatures of second endotherm.

With increasing molecular weight, melting temperatures of PEG-water complex increase to

higher temperatures. Previously [31] it has been calculated that PEG with molecular weights

of 400, 1540 and 70K have hydration numbers of 1.6, 2.4 and 3.3, respectively. So, hydration

possibility increases with molecular weight. More free water becomes frozen bound water

with longer polymer chains i.e. molecular weight. With increasing hydration degree, complex

becomes more stable and higher melting temperatures are required.
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PEG-2K and PEG-10K solutions did not show a decrease of melting temperatures of pure ice.
As we pointed out previously, this is the result of high heating rate. We analyzed the onset
points of melting rather than the peak points of melting to overcome this problem. Figure
4.2.3.8 shows the change in onset points of melting with molality for PEG-2K and PEG-10K
solutions. Another problem we faced was baseline deviations in heat flow vs. temperature
graphs. To avoid confusion and to obtain reproducible results we analyzed onset points of
melting from temperature vs. time graphs. We took onset point of melting as the point where
deviation from baseline starts. PEG-10K solutions decrease the onset point of melting
dramatically whereas PEG-2K solutions display same temperatures at higher molalities. It

means that polymer-ice or polymer-water interactions are stronger for PEG-10K solutions.
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Figure 4.2.3.9 The melting and refreezing enthalpies of PEG-10K. Melting enthalpies decrease with PEG

concentration whereas refreezing enthalpies increase.

Refreezing experiments of PEG-10K solutions showed that isothermal treatment at — 1 °C
reveals exothermic peaks. Figure 4.2.3.9 shows the comparison of melting and refreezing
enthalpies. Melting enthalpies resulted from the melting event of free water and the refreezing
enthalpies resulted from isothermal treatment at — 1 °C for 20 minutes. Blue squares are
melting enthalpies of free water and green dots are refreezing enthalpies of partially frozen

44



water. As pointed out earlier, melting enthalpies of free water decrease with polymer
concentration. Enthalpy of freezing, on the other hand, increases with polymer concentration.
It indicates that lesser amount of ice formed with decreasing polymer concentration. The most
plausible explanation is that larger amount of ice did not melt at — 1 °C for the case of low
polymer concentrations. So, refreezing of partially melted water did not give much energy and
resulted in low refreezing enthalpy. However, for the case of 80 g/L PEG -10K solution,
almost all ice melted at — 1 °C. So, refreezing of just melted ice gave nearly same amount of

heat as melting event.
4.3 Aqueous poly (2-ethyl-2-oxazoline) (PEOXx) Solutions

We investigated the molecular weight and concentration effects of aqueous PEOX
solutions on ice melting behavior. Two different molecular weights namely PEOx-5K and
PEOx-50K were studied. Figure 4.3.1 shows the endothermic peaks of ice melting taken at
5.0 C/min heating rate. DSC curves did not reveal low-T endotherm for PEOx-5K and PEOx-
50K contrary to aqueous PEG solutions. Only melting endotherms of pure ice are seen in both

graphs.
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Figure 4.3.1 DSC heating curves of a) PEOX-5K and b) PEOx-50K with the rate of 5 °C/min. No low-T
endotherm was seen in the graphs.
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Figure 4.3.2 DSC heating curves of PEOX-5K. Heating rate was decreased to 2.5 °C/min from 5.0 C/min. Still,

no low-T endotherms were seen.
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In order to see whether high heating rate is the responsible for not forming low-T endotherm
same samples were heated and cooled at 2.5 °C/min rates. Figure 4.3.2 shows the DSC
heating curves of PEOx-5K solutions taken at 2.5 °C/min heating/cooling rates. Still, no low-
T endotherm was seen in the graphs. Detailed investigation of the curves revealed that there is
a glass transition at — 26.3 °C for PEOx-5K aqueous solutions. Figure 4.3.3 shows the glass

transition temperature of 80 g/L PEOx-5K aqueous solution.
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Figure 4.3.3 Glass transition temperature of 80 g/L aqueous PEOx-5K solution was found to be -26.3 °C.
Polymer solution was cooled to - 60 °C and kept isothermally for one minute. Heating and cooling rate is 5.0
°C/min.

The polymer solution was cooled down to — 60 °C and isothermally waited for one minute.
Bulk PEOx-500K has glass transition temperature around 60 °C [75]. It has long been known
that water addition decreases the glass transition temperature because water molecules
increase the chain mobility of polymer. However, the presence of unfrozen water even at — 26
°C shows that PEOx-water interaction is strong and thus water cannot freeze into ice.

To see the effect of heating rate on the glass transition temperature, samples were heated at
2.5 °C/min and 5.0 °C/min. Figure 4.3.4 shows glass transitions of polymer solutions having
different concentrations measured at 5 °C/min and 2.5 °C/min scan rate. Differently, these

polymer solutions were cooled to — 35 °C and isothermally kept at this temperature for three
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minutes. However, isothermal treatment temperature and time did not affect glass transition

temperatures for the case of 5.0 °C/min scan rate. Glass transition temperatures slightly shift

to lower temperatures for 80 g/L polymer concentration when heating rate is 2.5 °C/min. In

addition, DSC curve of 20 g/L polymer concentration shows deviation from baseline at

—24 °C.
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Figure 4.3.4 The effect of heating rate on the glass transition temperature of PEOX-5K. a) Heating rate is 5.0
°C/min, b) 2.5 °C/min.

Agueous PEOx-50K solutions also displayed glass transitions. Figure 4.3.5 shows glass
transitions for PEOx-50K solutions. It is seen that the glass transition temperatures of PEOXx-
50K solutions were same as those of PEOx-5K solutions. Again, high concentrations display

significant glass transitions compared to relatively low concentrations.
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Figure 4.3.5 The glass transitions for the aqueous solutions of PEOx-50K.
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This indicates that in high polymer concentrations the polymer chain is hydrated relatively

more compared to low polymer concentrations. The heat change resulting from the movement
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of polymer chains for the high polymer concentrations is in the range of instrument specs.
Therefore, the mobility of polymer chains can be seen in the graphs for high polymer
concentrations. This indirectly points out that more unfrozen water coexists with PEOx-50K

in the high polymer concentrations.

Table 4.3 Melting peak temperatures of PEOX-5K solutions for 5 C/min and 2.5 C/min heating rate.

PEOx-5K
5 C/min 2.5 C/min
Tm (°C)
59/L 5.06 3.06
10 g/L 5.63 2.55
20 g/L 2.96 1.57
40 g/L 3.67 171
80 g/L 4.79 2.70

4.3.1 Refreezing experiments of aqueous solutions of PEOx: Understanding

melting/crystallization behavior in depth

In order to investigate ice-PEOX interaction in depth, the procedure described in 4.2.2
was applied to aqueous solutions of PEOx-50K. Briefly, samples having different
concentrations were isothermally kept at — 1 °C and cooled down to — 35 °C with 1 °C/min
scan rate. As expected endothermic peaks appeared when the samples were heated to room
temperature with 0.5 °C/min scan rate. Figure 4.3.1.1 shows the exothermic peaks of aqueous
PEOx-50K solutions after isothermal treatment at — 1 °C for 20 minutes. It is seen that peak
temperatures of refreezing exotherms are likely to have concentration dependence: peak T
decreases with increasing PEOx concentration. The green line did not display an exothermic
peak because there was no ice nucleus that would trigger crystallization for 80 g/L PEOx-
50K. Crystallization peak of supercooled water reappeared at lower temperatures for 80 g/L.
Figure 4.3.1.2 shows the endothermic peaks of ice melting at the end of refreezing
measurements. It is clearly seen that the melting temperatures have tendency to follow

polymer concentrations. With polymer concentration the melting temperatures decrease.
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Figure 4.3.1.1 Refreezing of PEOx -50K solutions. Refreezing temperatures shifted to lower side with
increasing polymer concentration except 20 g/L. Green line which represents 80 g/L does not display refreezing

peak because all ice has melted at -1 °C. Cooling rate was 1 °C/min.
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Figure 4.3.1.2 Melting peaks of PEOx-50K at the end of refreezing measurements. Heating rate is 0.5 C/min.

The peak temperatures have tendency to follow concentrations.
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4.3.3 Discussion

Investigation of aqueous PEOx-5K and PEOx-50K solutions showed that these
solutions did not have low-T endotherm which has been observed for aqueous PEG solutions
between the studied range (— 60 - 20 °C). The monomer of PEOx has carbonyl group at side
chain and nitrogen on the backbone. The hydrogen-bonding capability of PEOX is shown in
Figure 4.3.3.1, a). Moreover, each monomer has a strong amide dipole that gives rise to

dipole-dipole interactions with water molecule.
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Figure 4.3.3.1 lllustrations of hydrogen-bonding capability of PEOx a) and the presence of strong amide dipole
in resonance form of PEOX b) [76].

These numerous interactions hydrate the PEOx chains. The glass transition rather than
melting peak of ice indicates that bound water did not crystallize but acted as plasticizer for
PEOX. The strong dipole-dipole interactions might be responsible for not freezing water even
until — 60 °C. The strength of PEOx-water complex might derive from the bridging water

molecules between PEOX chains [76].

Figure 4.3.3.2 shows change in melting enthalpy with PEOx addition. As in the case of PEG,
higher molecular weight samples decrease melting enthalpy more effectively. The explanation
for this decrease is the presence of unfrozen bound water. As the polymer concentration
increases unfrozen bound water amount increases. Unfrozen bound water confined in polymer

chains may get frozen at temperatures lower than — 60 °C.
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Figure 4.3.3.2 Melting enthalpy of ice decreasing with increasing PEOx concentration. Higher molecular
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Figure 4.3.3.3 The refreezing and melting enthalpies of PEOx-50K aqueous solutions. Lines are guide to the

eye.

52



Figure 4.3.3.3 shows the refreezing and melting enthalpies of aqueous PEOX-50K solutions at
the end of refreezing experiment. It is seen that the melting enthalpy is decreasing as observed
in aqueous PEG solutions. Moreover crystallization enthalpies increase with the addition of

PEOx-50K which indicates more and more free water can coexist with ice.

Figure 4.3.3.4 shows melting and refreezing temperatures of PEOx-50K solutions and

freezing point depression as a function molality.
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Figure 4.3.3.3 The melting and refreezing temperatures of PEOX -50K solutions, a). Colligative freezing point

depression as a function of molality, b).

If the freezing point depression was the result of only amount of PEOx -50K, we would
expect to see less depression (Figure 4.3.3.3 b). However, lower molality of PEOx -50K gives
more depression in melting point. This leads to a conclusion that PEOx -50K might have
freezing point depression ability due to interaction with water. Refreezing experiments
support this claim. Cooling after isothermal treatment at — 1 °C gives exothermic peaks. Peak
temperatures have concentration dependence. When more PEOx -50K is present the system,
refreezing temperatures decrease to lower temperatures. It indicates that PEOx -50K delays

the growth of ice crystals probably by adsorption onto ice crystal surfaces [12][77].
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4.4 Conclusion

We have investigated the freezing and melting behavior of two water soluble polymers
namely polyethylene glycol and poly (2-ethyl-2-oxazoline). Two different molecular weight
of PEG showed the decrease of melting enthalpy of ice as a function of molality. Moreover,
all investigated molecular weights of PEG showed second endotherm and melting enthalpy of
these endotherms increase with PEG concentration. We conclude that with the addition of
PEG more free water bounds to polymer chain and therefore less ice is formed. The melting
temperature of second endotherm increases with molecular weight. The concentration
dependence was not pronounced in our samples contrary to previous work [28]. Since the
hydration degree increases with molecular weight, more free water is able to bind to polymer
by hydrogen bonds. This phenomenon leads to increase of melting temperatures of low-T
endotherms since the energy that is required to break the bonds increases. Refreezing
experiments also revealed that less ice is reformed in concentrated PEG solutions when the
samples were kept isothermally at — 1°C. In such temperatures where ice and water coexist
the interaction of polymers and ice can be studied in detail. The increase of enthalpy of
exothermic peaks showed that more water could coexist with ice when the polymer

concentration increased.

Contrary to PEG, PEOx solutions did not show second endotherms. Nevertheless, they
decreased the melting enthalpy of ice. We also observed glass transitions in PEOXx solutions.
Independent of heating and cooling rate glass transition temperature was found as — 26 °C.
This shows that unfrozen water is confined in polymer chains and gives mobility to polymer.
Although PEOx has strong amide dipole and multiple possibility of hydrogen-bonding (such
as carbonyl group and the lone pairs on the backbone nitrogen) the melting event of bound
water was not observed. We speculate that the lowest temperature we studied (— 60 °C) was
not low enough to freeze bound water molecules. The refreezing experiments revealed that
presence of PEOx delays the recrystallization of ice by decreasing the peak temperature.
Furthermore, investigation of refreezing enthalpies show that the presence of PEOx chains
decrease the ice re-formation. This observation might show that PEOx-ice interaction is

possible and PEOXx delays the growth of ice nucleus by adsorbing onto ice planes.
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CHAPTER V

POLYMER/NANOPARTICLE COMPOSITES

FOR ANTI-ICING APPLICATIONS

The nanoparticle incorporated polymer coatings have been considered for anti-icing
surfaces. One mechanism of achieving the anti-icing property is making the surfaces
superhydrophobic [1], [5], [78]. By doing this water droplets cannot stay on the tilted surface
and thus ice cannot form. However, the effectiveness of these coatings on solid surfaces are
still controversial [8], [9]. In order to achieve anti-icing coatings and find the factors affecting
freezing of water styrene-butadiene-styrene triblock copolymer/hydrophobic silica
nanoparticle composites have been prepared. The freezing times of the droplets were tested at
different plate temperatures and humidity conditions in a temperature and humidity control
cell. Surface morphology of the coatings was investigated by SEM and its relationship to
freezing times was inferred. As an application study, SBS/hydrophobic silica nanoparticle
composite was added into bitumen and modified bitumen was successfully prepared. The
rheology measurements were done to see the effect of SBS/hydrophobic silica nanoparticle

composite addition on the mechanical properties of bitumen.

The desired anti-icing coating consists of a polymer, SBS and hydrophobic silica
nanoparticles. So, the polymer matrix which contains nanoparticles should be thick enough to
disperse nanoparticles uniformly on the surface. SBS polymer can be dissolved in both
chloroform and toluene. In order to understand the best solvent that gives the optimum
polymer thickness as a coating, thin films of SBS were prepared from chloroform and toluene.
Figure 5.1 shows the effect of two different solvents on the film thickness of polymer. SBS
thin films spin-coated from chloroform solution resulted in larger thickness on silicon
substrates compared to those spin-coated from toluene solution. Chloroform has lower boiling
temperature than toluene. During the deposition stage of spin coating, chloroform evaporates
faster, the concentration and viscosity of polymer solution increases and more polymer stays
on the solid surface. Because toluene does not evaporate fast compared to chloroform,
polymer dissolved in toluene is thrown out by centrifugal force at the ramp up stage. As a

result, thicker polymer film forms when we dispense solution from chloroform.
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Figure 5.2 shows photographs of SBS thin films deposited from chloroform and toluene.
From the colors of thin films, it is seen that films grew faster when deposited from
chloroform. The colors of 6 g/L SBS from chloroform and 10 g/L SBS from toluene are
roughly same and thickness values for these films are both 60 nm. Other reason why we chose
chloroform as solvent is its better dispersion ability. Hydrophobic silica nanoparticles disperse

more homogenously in chloroform and therefore uniform composite films can be obtained.

5.1 Wettability of SBS thin films

The water contact angles of bare SBS thin films were measured first as control
experiments to contrast the effect of inclusion of nanoparticles on wettability. Figure 5.1.1
shows that water contact angles for SBS thin films had slight concentration dependence. From
graph it is seen that water contact angle (WCA) stays constant at value of 88°. Below the
concentration of 10 g/L SBS, surface might not have been completely covered by SBS and
thus the exposure of water to silicon wafer which has the contact angle of ~ 20° after
hydrolization decreased the WCA. For the concentrations higher than 10 g/L surface might be
covered by SBS completely and increasing the polymer concentration might slightly increase

the surface roughness which increases the WCA values for hydrophobic polymers.
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Figure 5.1 Effect of solvents on polymer film thickness. SBS thin films from chloroform displays sharper

growth compared to thin films from toluene.
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Another possibility of this increase might be the different surface affinity of different blocks
of SBS polymer known as surface segregation. According to Young equation the contact
angle of a perfectly smooth surface depends on surface tension of impinged liquid (yy), solid
(vs) and interfacial energy of surface and liquid (ys.) [79]

Ys — VsL
YL

cosl =

Two different blocks of SBS, namely polybutadiene and polystyrene have different surface
energies and also different mobility. The system tries to reach lowest energy state and
therefore choose the lowest energy component to enrich the free surface. Since water contact
angle is determined by chemistry and topology of the surfaces surface segregation affects the
wettability of surfaces. Change in water contact angle as shown in Figure 5.1.1 might be the
result of surface segregation of more hydrophobic component. Or by combination with
surface segregation, surface reconstruction might have occurred [80]. Modification of surface

chemistry by segregation and reconstruction changes water contact angle. By considering

these issues we continued our experiments with constant 10 g/L SBS concentration.
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Figure 5.2 Photographs of SBS thin films from chloroform (above) and toluene (bottom) for 2-24 g/L
concentrations.
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Figure 5.1.1 Water contact angles of different concentration SBS thin films.



5.2 Wettability of silica nanoparticle/SBS composite thin films

The contact angles of composite thin films were measured to understand the effect of
hydrophobic silica nanoparticles on the wettability. Figure 5.2.1 shows the effect of
nanoparticle inclusion on water contact angle of coatings. Water contact angle increases up to
135° by addition of nanoparticles. The reason of this increment is methyl groups attached to
silica core of nanoparticles give hydrophobicity to surface and additionally nanoparticle
assembly on surface provides roughness. When the surface is rough, there are two
predominant models to describe contact angle. In Wenzel Model, liquid is assumed to wet the
rough surface completely and roughness factor (ratio of the actual area to the projected area)

is related to contact angle with the following formula [81]
cosOW = rcos6

Where 0" is the apparent contact angle in Wenzel state, r is the roughness factor of the surface
which can be obtained from dividing the actual area by the projected area, and 6 is the contact
angle. Other model is Cassie-Baxter and according to this model liquid partially wets the

rough surface. Impinged water droplets are suspended by air between grooves [82]
cosf°B = f,cosh — f,

Where 62 is the apparent contact angle in the Cassie- Baxter state, fi is the area of the liquid
in contact with the solid divided by the projected area, and f;, is the area of the liquid in

contact with the air divided by the projected area.

The interesting thing in Figure 5.2.1 is the presence of upper limit for the water contact angle.
The water contact angles of the coatings increase up to 135° from 88° and stays constant.
According to Wenzel model surface roughness increases the WCA of the surfaces. Our results
showed that roughness increases up to 50 % (wt.) nanoparticle fraction (10 g/L nanoparticle
concentration). Above 50 % the WCA stays constant which indicates surface roughness does

not change significantly beyond a certain value.
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Figure 5.2.1 Change in water contact angle with increasing nanoparticle concentration. Inclusion of

hydrophobic nanoparticles increase water contact angle of the coating.

SEM pictures of coatings were taken to analyze the effect of nanoparticles on the surface
morphology. Figure 5.2.2 shows the SEM pictures of coatings with varying nanoparticle
concentrations. It is obviously seen that nanoparticle addition contributes to the surface
roughness of the coatings and nanoparticles dispersed homogenously on the surface.
However, surface morphology shows differences for each nanoparticle concentrations. Figure
5.2.3 shows magnified versions of SEM pictures. For the lowest nanoparticle concentration,
2.5 g/L, nanoparticles are seen to embed into SBS matrix and rarely form islands. The
coatings from nanoparticle concentrations of 5 and 7.5 g/L showed nanoparticle aggregates on
the surface. These aggregates vary in size. Multi-size aggregates form micro and nano
roughness. Nevertheless, large aggregates are more pronounced for the 7.5 g/L nanoparticle
concentration. When nanoparticle concentration equals (10 g/L) and exceeds polymer matrix
concentration (12-20 g/L), nanoparticles form a network throughout the surface. The network
consists of small voids as seen in Figure 5.2.3 d), e) and f). After the surface is completely

covered with nanoparticles voids become smaller.
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Figure 5.2.2 SEM pictures of SBS/Hydrophobic silica nanoparticle coatings. Nanoparticle concentrations from
a)tof)are 2.5, 5, 7.5, 10, 12, 20 g/L. Magnification varies between 2K and 5K.
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Figure 5.2.3 SEM pictures of SBS/Hydrophobic silica nanoparticle coatings. Nanoparticle concentrations from
a) to f) are 2.5, 5, 7.5, 10, 12, 20 g/L. Magnification varies between 10K and 15K.
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The contact angles of ethylene glycol and diiodomethane droplets also give additional
information about surface wettability. Figure 5.2.4 shows change in ethylene glycol and
diiodomethane contact angles on films spin coated from solution containing 10 g/L SBS at
room temperature. Contrary to the increase in water contact angles with addition of
nanoparticles, we see steady values until 7.5 g/L nanoparticle concentration and a sudden
decrease to 35° from 60°. Surface tension of ethylene glycol at room temperature is 47.3
mN/m [83]. The contact angles of ethylene glycol droplets do not change much until 7.5 g/L.
The presence of fewer nanoparticles on the surface does not prevent ethylene glycol to be in
contact with SBS matrix. So, similar contact angles are obtained for the nanoparticle
concentrations of 2.5, 5.0, 7.5 g/L. A pronounced decline is observed for the 10 g/L
nanoparticle concentration. Since the surface is completely covered by a network of
hydrophobic nanoparticles, the hydrophobic CH2 groups of ethylene glycol molecules can
spread on nanoparticle network and displays low contact angle values. CH; groups of EG
may also promote its penetration into pores of hydrophobic silica nanoparticles (Figure 5.2.5).
Diiodomethane is a non-polar molecule and only van der Waals interactions exist. It lacks of
hydrogen bonding and has lower surface tension (50.8 mN/m) [83]. For the case of
diiodomethane, decrease in contact angle is gradual (orange line in Figure 5.2.1.3, b) ) and
later follows the same trend as in ethylene glycol case ( blue line in Figure 5.2.1.3, b) ).
These results clearly indicate that a significant wettability change occurs when the

nanoparticle concentration switched to 10 g/L from 7.5 g/L.
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Figure 5.2.4 Contact angles of ethylene glycol a) and diiodomethane b) droplets. A sharp decrease is seen for
ethylene glycol contact angles whereas gradual decrease is seen for diiodomethane droplets. However, the

transition from 7.5 g/L to 10 g/L nanoparticle concentration is obvious for both cases.
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Figure 5.2.5 Chemical structures of ethylene glycol a) and diiodomethane b).

5.3 Wettability of polymer/silica nanoparticle thin films at lower

temperatures

Water contact angles of the coatings were measured at lower temperatures to
understand how the surface wettability changes towards freezing temperatures of water.
Figure 5.3.1 shows evolution of water contact angles at temperatures below room
temperature. It is seen that contact angle increase is preserved at each temperature with the

addition of nanoparticles
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Figure 5.3.1 The change in water contact angles on composite films with the underlying plate temperature.
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Figure 5.3.2 Water contact angles of 20 g/L SBS solvent cast film with varying hydrophobic silica nanoparticle
concentrations at room temperature.

However, the contact angle values decrease with decreasing temperature. Nevertheless,
contact angle values are ~ 90 ° on the coatings of 7.5-20 g/L nanoparticle concentration which
means that coatings are still hydrophobic at low temperatures. The reason of decrease in
contact angles is the formation of thin water film on the surface. Due to water condensation,
water adsorbs in cavities between asperities. When droplet is deposited onto film, it coalesces
with the existing water film resulting in low water contact angle values. The relationship
between freezing time and contact angle is an ongoing debate [84]. It is also previously
reported that superhydrophobic surfaces lose their hydrophobicity at low temperatures [40].
Our coatings show promising results since they do not lose their hydrophobicity at low

temperatures.

From the application point of view solvent cast is a facile method to prepare polymer films. In
order to see whether the solvent cast films also show similar properties as spin cast films
water contact angles were measured. Figure 5.3.2 shows water contact angles of solvent cast
films. As we see in spin cast films water contact angle increases with nanoparticle addition.
To test solvent cast films’ humidity resistance we put solvent cast film that contains 20 g/L
SBS and 15 g/L hydrophobic silica nanoparticle in the humidity and temperature control cell.

Plate temperature was decreased to 0 °C, air temperature and relative humidity were 20 °C
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and 48 %, respectively. Figure 5.3.3 shows photographs of the coating at zeroth, 10™ and 30"
minutes. The photographs indicate that water condensation is prohibited on the coating
whereas water condenses on the part without coating. Even at 30™ minute, condensed water

droplets are not seen on the coating.

Figure 5.3.3 Photographs of solvenst cast film that contains 20 g/L SBS and 15 g/L hydrophobic silica
nanoparticle. in the humidity and temperature control cell. Plate temperature is 0 °C, air temperature is 20 °C

and relative humidity is % 48. a) Zeroth minute in the cell, b) 10" minute, c) 30" minute.

5.3.1 Freezing of water droplets on polymer/silica nanoparticle thin films

We tested anti-icing properties of the coatings at — 4 °C and — 8 °C plate temperatures.
Figure 5.3.1.1 shows the results of freezing experiments at — 4 °C and — 8 °C plate
temperatures. At — 4 °C all nanoparticle containing films showed much longer freezing times
compared to SBS films. The freezing time was ~ 50 s for SBS films and ~ 1000 s or more for
nanoparticle containing films. The longest freezing time was seen for 43 % and was 3718 s.
At — 8 °C films from larger nanoparticle concentrations (43 % and 50 %) were more effective
compared to 20 % and 33 %. The longest freezing time belonged to 43 % and was 980 s. This

indicates that more nanoparticle is more effective at lower temperatures for the composites.
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Figure 5.3.3.1 Freezing delays of water droplets on the coatings at — 4 °C a) and — 8 °C b) plate temperatures.

5.4 An application: Incorporation of NP/SBS into bitumen

Bitumen is the major component of asphalt that is used for road pavement.
Modification of bitumen by SBS to improve its mechanical properties has long been known
[85][86]. However, anti-icing bitumen has not yet been reported. In this section, anti-icing
properties of SBS/NP composite containing bitumen thin films will be presented in

comparison to those of bare bitumen.

5.4.1 Compatibility of polymer/hydrophobic silica nanoparticle composite
with bitumen

As we discussed earlier, homogenous dispersion of nanoparticles is crucial to have
micro and nano roughness on the surface and therefore have freezing delay. We took optical
microscopy images of the films in order to see the compatibility of bitumen and
polymer/hydrophobic nanoparticle composite. Table 5.4.1.1 shows these images with varying
nanoparticle-SBS triblock copolymer ratio (0-50 % by weight). It is seen that with
nanoparticle addition surface becomes rough. Coatings with 20 and 33 % nanoparticle by
weight show lines of nanoparticle aggregates which provide micro roughness. Coating that
contains 43 % nanoparticle has nearly nanoparticle covered surface. But still, SBS-bitumen
matrix is seen below nanoparticles. For the coating that contains 50 % nanoparticle we can

say that surface is completely covered by nanoparticles and still maintain the homogeneity.

67



Table 5.4.1.1 Optical microscope images of bare bitumen and composite modified bitumen. With increasing
nanoparticle concentration surface totally becomes covered with nanoparticles. Homogeneity and uniformity of
the surfaces indicate that bitumen and hydrophobic nanoparticles are chemically compatible.

Bitumen Bitumen Bitumen Bitumen
+ + + +
Bitumen SBS SBS SBS SBS
+ + + +
20 % NP 33 % NP 43 % NP 50 % NP
(wt.) (wt.) (wt.) (wt.)

5x

960 x 720 pm?

20x

240 x 180 pm?

50x

96 x 72 pum?

5.4.1.1 Rheology measurements of modified bitumen

In order to understand compatibility between polymer/hydrophobic silica nanoparticle
composite and bitumen the change in complex modulus with respect to frequency and
temperature was measured. Figure 5.4.1.1.1 shows the complex modulus change with applied
frequency for bare bitumen a) and BC25 modified bitumen b). BC25 stands for 5 % (wt.) SBS
of SBS/bitumen mixture and 20 % nanoparticle (wt.) of SBS/nanoparticle mixture. The
complex modulus values for the bare bitumen are consistent with the literature [85]. From the
graph b) it is seen that even the small addition of nanoparticle increased the complex modulus
of bitumen from ~ 9x 10"5 to 4 x 1076 Pa for the temperature of 30 °C and the frequency of
10 Hz. Complex modulus contains elastic (G’) and viscous (G’’) components and is defined
as the ratio of maximum stress to maximum strain. It provides the measure of the total

resistance to deformation [85].
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Figure 5.4.1.1.1 The change in complex modulus with respect to frequency at temperatures between 30 and 170

°C a) bare bitumen, b) BC25.
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Figure 5.4.1.1.2 shows that change in complex modulus with temperature at 10 Hz applied
frequency. BP5 stands for the 5 % by mass SBS in bitumen. All of three samples showed
decrease in complex modulus with increasing temperature. It is seen that even slight
nanoparticle addition increased the complex modulus of bitumen in addition to the effect of

SBS. This also shows the good compatibility of polymer/nanoparticle composite with

bitumen.
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Figure 5.4.1.1.2 Complex modulus of bitumen mixtures with increasing temperatures. Black line represents
bare bitumen, red line is 5 % by mass SBS in bitumen mixture and BCP25 is 5 % (wt.) SBS of SBS/bitumen
mixture and 20 % nanoparticle (wt.) of SBS/nanoparticle mixture.

The viscosity of the bitumen is another important factor in road pavement applications. To see
the effect of composite inclusion the dynamic viscosity of the bitumen and modified bitumens
were measured. Figure 5.4.1.1.3 shows the change in dynamic viscosity with respect to
frequency for bare bitumen and modified bitumen. It is seen that bare bitumen behaves like
Newtonian fluid except at 30 °C. For the case of modified bitumen, however, non-Newtonian

behavior is observed at temperatures 30 °C, 50 °C and 70 °C.
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Figure 5.4.1.1.3 Change of dynamic viscosity with frequency at temperatures 30-170 °C for a) bare bitumen b)
modified bitumen.

Figure 5.4.1.1.4 shows the change in dynamic viscosity with temperature for bitumen and
modified bitumens at 10 Hz. In this graph it is clearly seen that addition of SBS and
SBS/nanoparticle composite increased the viscosity of bitumen at all temperatures. Bitumen
temperature is increased to roughly 150 °C before being paved. The dynamic viscosity of bare
bitumen at this temperature is 0.74 Pa.s whereas addition of composite increased the value to
2.93 Pa.s. This increase does not bring any disadvantage in terms of the storing and laying

bitumen on roads.
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Figure 5.4.1.1.4 Change in dynamic viscosity with temperature for bare bitumen and modified bitumens.

Addition of composites increased the viscosity of bitumen at every temperature.
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The phase angle of the bitumen and modified bitumens were measured in order to analyze the
elasticity of bitumen after modified with composite. Phase angle is the ratio of the viscous
modulus to storage modulus (tané = G’’/G’). Figure 5.4.1.1.5 shows the change in phase
angle with respect to increasing temperatures. The addition of SBS decreased the phase angle
which means that it increased the elasticity of bitumen. With the addition of nanoparticles the
decrease in the phase angles continued. This indicates that elasticity of bitumen increased
since tand equals to the ratio of G’” to G’. The peak temperature of tand is 80 °C for bare
bitumen. It increased to 100 °C for SBS modified bitumen and to 125 °C for composite
modified bitumen. It shows that the viscosity of bitumen increases and therefore higher

temperatures might be required for the pavement.
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Figure 5.4.1.1.5 Change of phase angle with respect to temperature for bitumen, SBS and composite modified

bitumen.
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5.3.2 Wettability of polymer/hydrophobic silica nanoparticle-bitumen thin

films

To find the effect of composite addition into bitumen on wettability of films we

measured water contact angles of the films. Figure 5.3.2.1 shows change in water contact

angle with the addition of nanoparticles to constant SBS (pink circles) and bitumen-SBS

(green squares) concentrations. Water contact angle of modified bitumen increases slowly

compared to SBS/hydrophobic silica nanoparticle composite. It shows that hydrophobic silica

nanoparticles are compatible with bitumen and dispersed well in bitumen/SBS solution.

Although water contact angle values are lower for the case of modified bitumen, still, coating

has micro and nano roughness as seen clearly under optical microscope. The homogeneous

formation of thin composite film is expected to delay the freezing of water.
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Figure 5.3.2.1 Water contact angles of modified bitumen (green squares) and composite (pink circles). Water

contact angle increases slowly with the addition of nanoparticle in case of bitumen. This may indicate that

bitumen and hydrophobic silica hanoparticles homogenously mixed in the solution state.

To understand the humidity effect on freezing we put bare bitumen and modified bitumen

with varying nanoparticle concentrations in humidity and temperature controlled cell. We

increased relative humidity from 30 % to 80 % at — 14 °C plate temperature. Figure 5.3.2.2
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shows photographs of the coatings at different relative humidity conditions. From top left to
bottom right, it is seen that water condenses on the coatings and freeze. However, freezing
pattern differs for different nanoparticle concentrations. At conditions where bitumen surface
is completely frozen, nanoparticle coated surfaces display rather less frozen parts. It indicates
that even at higher relative humidity conditions, modified bitumen surfaces prevent icing to

form on surfaces.

Figure 5.3.2.2 From top right to bottom 40 g/L bitumen, 20 g/L SBS + 40 g/L bitumen, 20%, 33%, 43% and

50% y weight hydrophobic silica coatings. The silicon wafer at right and left is for reference.

5.3.3 Freezing delay on modified bitumen films

Freezing delay ability of the coatings was tested by impinging water droplets having
volumes between 3-5 uL. We gave codes to each location where samples were placed. Figure
5.3.3.1 shows the location codes and the photograph from one of the experiments. In order to
see whether freezing times have location dependence, each sample were placed in different

locations at — 10 °C plate temperature and freezing times for the boundary locations (first row
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(A1, B1, C1 and D1) and for the A4 and D4) were recorded. The locations of the samples for
three experiments are given in Figure 5.3.3.2. B stands for the bitumen sample and numbers
show the mass percentage of nanoparticles in the composites.

Al | B1 | C1 | D1

A2 | B2 | C2 | D2

A3 | B3 | C3 | D3

Ad | B4 | C4 | D4

a)
Figure 5.3.3.1 The location codes a) and the photograph of placed samples in the cell b). Each sample was cut

into four pieces and placed in the cell.

Figure 5.3.3.2 The sample placement for the measurement of location dependence. B stands for bitumen and the

numbers indicate percentage of nanoparticle by mass.
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Figure 5.3.3.3 Freezing times of each sample at different locations in the cell. It is seen that the freezing times

on bitumen and 20 % nanoparticle coating are not location dependent. The coatings of 33 and 43 %

nanoparticle, on the other hand, show scattered results.

The freezing times of each droplet for each sample at different locations are given in Figure

5.3.3.3. It is seen that the freezing times on bitumen and 20 % nanoparticle coating were not

location dependent since the standard deviation is in the range. However, for the coatings

containing 33 % and 43 % nanoparticle, freezing times scattered. The lines are the mean

values of each sample. It is our opinion that the reason of the scatter cannot be the location

variance of the coatings. As nanoparticle concentration increase, the surface contains more

nanoparticles. So the scatter must reflect the effect of surface morphology on freezing delay.
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Figure 5.3.3.4 Freezing times of water droplets on each sample with different locations. It is seen that 33 %

nanoparticle by mass showed the location dependence whereas other samples gave similar freezing times.



Figure 5.3.3.4 shows the freezing delay graphs of each location. It is seen that 33 %
nanoparticle fraction gave the longest delays (~ 7000 s) for the A4 location. Also 20 %
nanoparticle gave longer delays compared to bitumen surfaces.

After being sure of the location independence of the coatings we performed freezing
experiments at — 8 °C, — 10 °C, — 12 °C and — 15 °C plate temperatures. The air temperature
cannot be controlled separately, but by the Peltier element under the plate. The relative
humidity values vary between 40 and 50 %. The freezing times for the given plate

temperatures are listed below.
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Figure 5.3.3.4 In all of the graphs it is seen that 20 % nanoparticle fraction freezes delayed late than bitumen.

Figure 5.3.3.4 shows the freezing times of all samples at different plate temperatures.
Relevant air temperatures and relative humidity values are given below (Table 5.3.3.1). At the
plate temperature larger than — 10 °C, 20% and 33 % nanoparticle coatings gave significantly
larger freezing times ( ~ 1500 s at — 8 °C and ~ 4000 s at — 10 °C). At temperatures lower than

— 10 °C all samples gave similar freezing times on average. This indicates that the surface
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contribution to freezing is negligible at these surface temperatures. The reason is the
domination of the homogenous nucleation at these temperatures rather than heterogenous

nucleation.

Table 5.3.3.1 Air temperatures and relative humidity values at the times droplets freeze.

Bitumen + Bitumen + Bitumen +
PT=-8°C Bitumen SBS + 20 % SBS + 33 % SBS +43 %
NP NP NP
Cell T (°C) 122+ 1.5 12.1+£2.0 125+£24 13.24+£28
Relative
o 4277 +£2.3 42.1£3.5 422 +4.6 41.8+1.7
Humidity %
Bitumen + Bitumen + Bitumen +
PT=-10°C Bitumen SBS + 20 % SBS + 33 % SBS +43 %
NP NP NP
Cell T (°C) 79+£27 7.7+2.0 84+1.7 8.0£3.1
Relative
o 445+7.0 43.8+9.5 47.1+6.4 414+ 8.6
Humidity %
Bitumen + Bitumen + Bitumen +
PT=-12°C Bitumen SBS + 20 % SBS + 33 % SBS +43 %
NP NP NP
Cell T (°C) 56+24 49+ 1.1 45+04 5.0+0.8
Relative
455+7.0 480+2.7 48.8 + 1.1 475+£2.5
Humidity %
Bitumen + Bitumen + Bitumen +
PT=-15°C Bitumen SBS + 20 % SBS + 33 % SBS +43 %
NP NP NP
Cell T (°C) 52+0.7 53+0.7 64+2.7 62+22
Relative
46.0+ 1.2 46.5+0.5 44.1+4.7 422+4.0
Humidity %
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We also tested freezing delays of coatings between the relative humidity conditions of 20-30

%. We first expected to see the longest freezing time for 43 % by mass nanoparticle sample as

we did in composites. Therefore, the experiment with — 15 °C plate temperature and ~ 30 %

relative humidity was conducted for 43 % nanoparticle fraction, bare bitumen and silicon.

Figure 5.3.3.5 shows the freezing times of coatings at — 15 °C a) and — 8 °C b) plate

temperatures. It is seen that for both of the plate temperatures composite modified bitumen
showed the longest delay of 800 s for — 15 °C and 3300 s for — 8 °C.
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Figure 5.3.3.5 Freezing times of water droplets on bare bitumen and different nanoparticle fraction coatings. a)
plate temperatures is — 15 C, relative humidity is ~ 30 % and droplet volume is 3 pL. b) relative humidity is ~ 26

% and cell temperature is ~ 12 °C and droplet volume is 3 pL.

Table 5.3.3.2 Relative humidity and room temperature values for the graph in Figure 5.3.3.1 b)

. Bitumen + Bitumen + Bitumen + Bitumen +
Bitumen +
Bitumen SBS SBS +20 % SBS +33 % SBS +43 % SBS + 50 %
NP NP NP NP
144+0.8 141+04 142+04 142+0.2 14+£0.2 14.1£0.3
255+18 26.5+0.5 26.5+0.6 264 £1 26.8+£0.9 26.2 £0.8
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Figure 5.3.3.6 Photographs of droplets freezing for the experiment in which plate temperature was — 10 °C and

relative humidity was ~ 50 %.

5.4 Conclusions

SBS/hydrophobic silica nanoparticle thin films that can be used as anti-icing coating
on various surfaces were prepared. These surfaces have 145° water contact angle at most for
the solvent cast films. We studied humidity effect on coatings and found that condensed air
decrease water contact angles. However, our coatings still preserved hydrophobicity. One of
the observations is the change in freezing time with the morphological differences of coatings.
We found that freezing time changes significantly when the surface morphology evolved from
micro-nano roughness to complete cover of nanoparticles. Pronounced surface morphology
change occurred when the nanoparticle weight fraction exceeds 43 %. This is the result from
the SEM pictures and also indirectly from the contact angle measurements of ethylene glycol
and diiodomethane. The concentration just before the transition of morphology change has the
longest freezing delay. At — 4 and — 8 °C plate temperatures 43 % nanoparticle by mass gave
the longest freezing delay which are 3718 s and 980 s, respectively. There might be an

optimum roughness i.e. optimum trapped air between grooves to prevent icing on surfaces.

We included bitumen to SBS/ hydrophobic silica nanoparticles and prepared spin casted thin
films as an application part. We first tested the compatibility of composite and bitumen by
rheometer. The increase in complex modulus of bitumen showed that addition of composite

increases the resistance of bitumen to deformation. Dynamic viscosity and phase angle

83



measurements showed that inclusion of composite increased the viscosity of the bitumen end

therefore higher temperatures might be required for the pavement.

The contact angle values of modified bitumen increased slowly with the nanoparticles. We
attributed this tendency to the good compatibility of bitumen and hydrophobic silica
nanoparticles. Humidity tests showed that a large part of coatings can become unaffected
from the freezing at high humidity conditions. Since the surface morphology changed with the
inclusion of bitumen, the effective nanoparticle fraction became 20 % by weight. Freezing
experiments were performed at — 8 °C, — 10 °C, — 12 °C and — 15 °C plate temperatures
having relative humidity values between 40 and 50 %. The coatings having 20-33 %
nanoparticle showed significant freezing delays at the surface temperatures above — 10 °C.
However, when the temperature is below — 10 °C no significant freezing delay difference
observed among coatings. The homogenous nucleation at these temperatures might dominate

and exclude the surface morphology difference of coatings.

When the relative humidity is ~ 20-30 % and the plate temperature is — 8 °C, again the coating
having 20-33 % nanoparticle by mass showed the longest delay with 3330 s. These results

show that composite modified bitumen is a promising candidate in terms of delaying icing.
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CHAPTER VI

CONCLUSIONS

The goal of this work was to prepare novel anti-icing coatings. We divided our work
into two tracks of studies. In one track, the effect of two water soluble polymers, PEG and
PEOX, on the melting and freezing behavior of water was investigated. By doing this we were
able to understand freezing and melting phenomenon of water at the molecular basis. These
findings are important to improve the effectiveness of anti-icing coatings for future
applications. In other track, silica nanoparticle/SBS composite thin films were prepared
successfully for the first time. We analyzed the anti-icing ability of the coatings and later

applied to bitumen, the main constituent of road pavement.

For the first track, it was found that aqueous solutions of PEG have low-T endotherm that can
later be attributed to the melting of PEG-water complex. The melting temperature of low-T
endotherm changed with the molecular weight of PEG. The temperatures of low-T
endotherms of PEG-2K, PEG-10K, PEG-100K, PEG-200K and PEG-400K were found to be
—16.6 °C, — 11.1 °C, — 11.6 °C, — 10.6 °C, — 8.03 °C, respectively. It was previously known
that DSC heating curves of aqueous solutions of PEG reveals secondary melting peak
[69][33] but most of the studies did not include the molecular weight effect or wanted to omit
the topic. We found that the temperature of low-T endotherm decreased with decreasing
molecular weight of PEG. This finding is promising to use low molecular weight PEG as anti-

icing agent in the coatings.

The aqueous solutions of PEOX, on the other hand, did not show low-T endotherm. Rather
than that all PEOx solutions including 5K and 50K molecular weights displayed glass
transition at around — 26 °C. This observation showed that there was still unfrozen water
confined in PEOX chains. At the heating scan of the solutions confined water gave mobility to
polymer chains and it was reflected as the glass transition in the DSC curves. No low
temperature study of DSC was conducted before for aqueous solutions of PEOXx. So, these
findings not only helped us to understand water behavior in detail but also might open a new
path for researchers to study low-T properties of PEOx agqueous solutions.

Analysis of DSC curves revealed that both PEG and PEOx solutions decrease the melting

enthalpy of bulk water which indicates that with the addition of the polymers less ice is
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formed. For the aqueous solutions of PEG, some portion of the bulk water became bound to
polymer chains and therefore melting enthalpy decreases. We clearly observed this as an
increase of melting enthalpy of bound water-PEG complex. Although PEOXx solutions also
decreased the melting enthalpy of ice, low-T endotherm was not observed. It is our opinion
that we were unable to freeze bound water down to — 60 °C. The water stayed as bound to
polymer but was unable to freeze. Therefore, the melting enthalpy decrease was still
observed. The melting enthalpy calculations are present in the literature for aqueous solutions
of PEG [29][87] but the relation with the low-T endotherm either do not exist or the relation is
unclear. Our work contributed to the elucidation of the relationship between low-T and the 0

°C ice melting endotherms.

The refreezing experiments revealed that PEOXx has ability to delay the ice nucleation growth.
Also refreezing enthalpies of PEG and PEOXx solutions at — 1 °C showed that with the addition
of polymer more water can coexist with ice indicating that polymers are effective in melting
the ice. Comparison of two polymers showed that PEOX is better in terms of melting the ice at
— 1 °C. The refreezing enthalpy was 163 J/g sample for the concentration of 40 g/ PEOx-
50K which is equivalent to 0.008 molal. On the other hand, 40 g/L PEG-10K which is
equivalent to 0.04 molal had 140 J/g sample refreezing enthalpy. PEOX, although at five times
lower molality had nearly same effectiveness to melt the ice. In our opinion, this is the result
of high probability of hydrogen-bonding ability of PEOx monomers. Previously, the same
DSC procedure was applied to natural anti-freeze proteins [88] but for the first time it was
applied to synthetic polymers and showed promising results regarding of anti-icing effect.

In other track, as a part of anti-icing coatings, we prepared silica nanoparticle/SBS composite
thin films for the first time in the literature. By including hydrophobic silica nanoparticles we
were able to increase contact angles from 87° to 135° and 145° for the spin cast and solvent
cast films, respectively. The surface morphology changed dramatically with the addition of
nanoparticle concentration. SEM pictures showed that the surface morphology from 43 % to
50 % by weight nanoparticle showed drastic changes. At 43 % nanoparticle fraction surface
contained both micro and nano roughness. But, after 50 %, surface was completely covered
with nanoparticles and formed network of nanoparticle rich areas. The control on surface
morphology by changing the concentration is reported previously [89]. However, the
preparation of silica nanoparticle/SBS composite thin films and the morphology control of
these films by concentration have not been studied. Our work filled the gap in the literature

and contributed to the preparation of polymer/nanoparticle composites.
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On the road to anti-icing coatings, humidity effect on the wettability of coatings was also
studied. We concluded that solvent cast films prohibited the water condensed on the surfaces
compared to bare surfaces. However, the condensed water still adversely affected the water
contact angles of spin cast films. The contact angle was decreased from 132.5° to 100° for 50
% wt. nanoparticle fraction. After studying humidity effect we came to the conclusion that
humidity plays great role on the wettability of surfaces even if the surface is hydrophobic.
Therefore, the utilization of the anti-icing coatings should be done with great caution.

The freezing experiments on the coatings showed that 43 % nanoparticle fraction gave the
longest delay times for the plate temperatures of — 4 °C and — 8 °C. The freezing delays were
3718 s and 980 s for — 4 °C and — 8 °C, respectively. Figure 6.1.1 shows the place of our

coating among others. It is clearly seen that our results left behind most of the counterparts.

100 1900 3700 5500 7300
]
_I_?_' * i ﬁ I N >

Freezing delay (s)

* KU (NP) (-4 °C) i (T is decreased

¢ (-10.4 °C) from 12 to - 8.5 °C)
h(-10 °C) 7 (NP) (-15 °C)
®(-8°C) + KU (NP) (-8 °C)

Figure 6.1.1 The freezing delays of our coating and its counterparts. The results are indicative that anti-icing
coating was successfully prepared.

SBS/NP composite coatings containing bitumen was successfully prepared as a part of an
application. We performed contact angle measurements on the coatings and found that
addition of bitumen decreased the water contact angles. The good compatibility between SBS
and nanoparticles led to this result. We also saw from rheology measurements that addition of
SBS and nanoparticles increased the complex modulus of bitumen. It means that we did not

lose the mechanical strength of bitumen while modifying it with anti-icing property.

The freezing delay of the modified bitumen surfaces are 3290 s when the plate temperature is
— 8 °C and humidity is 26 % for the 20 % by weight nanoparticle fraction and 1425 s when
the plate temperature is again — 8 °C and humidity is 42 %. As we concluded before the
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humidity is a crucial factor to determine freezing delays. Additional experiments at higher
humidity conditions such as 40-50 % and — 8 °C, — 10 °C, — 12 °C and — 15 °C plate
temperatures revealed that the coatings having 20-33 % nanoparticle are effective at plate
temperatures above — 10 °C. Below this temperature coatings lost their property and similar
freezing delays were obtained. It is our opinion that homogenous nucleation is the driving
force of losing the effect of surface morphology and reason of similar freezing times below
— 10 °C.

All of these results showed that the inclusion of composite to bitumen functioned the anti-
icing property and thus modified bitumen is a good candidate to become a commercial anti-
icing product for the surface temperatures above — 10 °C. For the temperatures below — 10 C,
PEG inclusion to modified bitumen might be very successful in delaying the freezing since
PEG has ability to make bonds with water and prevent it to freeze until — 11 °C.
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