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Vor allem aber möchte ich meinen Eltern, Jeong-Suk und
Hans Pinterich, danken, die mir mein Studium nicht nur
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Abstract

The aim of the present thesis was to investigate the contact angle for 1-propanol on silver
and on sodium chloride substrate as a function of temperature.
The interest in a potential temperature dependence of this special contact angles originates
from the thesis of S. Schobesberger [33]. In the course of his study he measured the tempera-
ture dependence for heterogeneous nucleation of n-propanol vapour on NaCl-particles and on
silver-particles. A strange temperature dependence for the nucleation process of n-propanol
vapour on NaCl was found. This unexpected behavior coud be explained by a certain tempe-
rature dependence of the contact angle.
In the present thesis contact angles and their temperature dependence are measured by inde-
pendent methods.
Contact angle measurements in a temperature range from −7◦C to 35◦C were performed using
a modified Krüss K12 Tensiometer, featuring a refrigerated double-walled glass top. This al-
lows a precise setting of the temperature of the probe, the surface of the observed liquid and
thus the temperature both of the surrounding air and of the liquid is well defined. Within the
above stated temperature range the Dynamic Wilhelmy method was appied to determine both
the advancing as well as the receding angle whereas solely the advancing angle is of interest
with respect to the influence on heterogeneous nucleation.

Contact Angle between 1-propanol and silver as a function of temperature

Since contact angle measurements using the Dynamic Wilhelmy method require a uniform
geometry of the analysed silver probes, multiple cutting and polishing stages were performed
up to the accomplishment of a 0.04 µm grain size. The original probes were made out of a
925 sterling silver plate. Afterwards influences on measurements related to the 7.5% residual
copper-content were additionally avoided by making use of 99.9% silver-powder evaporation
process via Physical Vapour Deposition (PVD).
Results show that the influence of the above mentioned contamination by copper can not be
neglected for a specification of contact angles. It turned out that the additional coating with
silver p.A. not only changes the value of θa but also its temperature dependence. The advan-
cing angle between 1-propanol and the uncoated sterling silver plate turned out to be strong
temperature dependent. Within the observed temperature range it increases from 11.4◦ ± 0.5
at T = −6.2± 0.1◦C to 31◦ ± 1 at T = 24.7± 0.1◦C. Results obtained with one time coated
silver plates show a temperature dependence too, but not nearly as strongly as for the uncoa-
ted plate. Starting from 22◦ ± 3 at −6.2 ± 0.1◦C the advancing angle rises up to 25◦ ± 1 at
24.7 ± 0.1◦C. This behavior of decreasing slope continues when coating the probe twice. In
this case the contact angle only increased from 17.1◦ ± 1 at −6.2◦C ± 0.1 to 18.0◦ ± 0.4 at
24.7± 0.1◦C.
Since the above stated contact angles are advancing angles, the observed behavior can be
referred to a decreasing copper content in the solid surface with increasing number of silver
p.A. coats. Changes due to increasing surface roughness at plates with increasing number of
coats can be excluded, because this would cause not only a decrease in θa but also an increase
in θr. This latter behavior, however, has not been observed.

Contact Angle between 1-propanol and sodium chloride as a function of tem-
perature

Just as for the 1-propanol - silver measurements the Dynamic Wilhelmy method was used
to determine the contact angle between sodium chloride and 1-propanol too. In addition to
this measurement method the Washburn method was applied at a temperature of ≈ 20◦C.
This sorption method allows contact angle measurements between liquids and powder-form
solids. Based on the experimental determination of the capillary climbing speed of the liquid
the contact angle is calculated assuming the observed powder to be a bundle of capillaries.
Thus the so determined contact angles are advancing angles and can therefore be compared
with the θa values obtained with the Dynamic Wilhelmy method.
Probes for the Dynamic Wilhelmy method were on the one hand made out of a sodium chlo-
ride crystal and on the other hand produced by coating glass plates with NaCl powder via
PVD. All contact angle measurements within the observed temperature range ((−7◦C; 35◦C))
resulted in an advancing angle of 0◦. Comparative measurements with the Washburn method
at T ≈ 20◦C conform to this results. Thus it can be stated, that 1-propanol perfectly wetts
sodium chloride.
However contrary to expectations the receding angles obtained with the Wilhelmy method al-



III

most always exceeded the advancing angles, what might be referred to surface roughness and
therewith associated adsorption of the liquid under study at the surface of the plates. Solely
measurements using an untreated salt plate conform to the expected behavior that θr amounts
to 0◦ in agreement with θa. Although both cosθa as well as cosθr data for the untreated salt
plates always exceeded 1 what leaded to the just stated contact angles of 0◦ the cosθ values,
which are proportional to the recorded force acting on the plates, were found to be bigger by
withdrawing it from than by immersing the plate into the probational liquid.

In summary, it can be stated that the contact angle for 1-propanol on silver has a weak
temperature dependence, if any. According to statistical errors of the single measurements it
can not be excluded that the advancing angle for 1-propanol on silver remains 17◦± 1◦ within
the observe temperature range. Further measurements with more often coated plates might
indicate whether an influence of the copper content below the surface can already be excluded
when the sterling silver is coated twice with silver p.A. or if additional coatings lead to a
further decrease in contact angle.
The contact angle for 1-propanol on sodium chloride remains 0◦ from T ≈ −7◦C to ≈ 34◦C
as it has been verified with two different methods. Thus a temperature dependence could not
be determined.
Consequently the strange temperature dependence for the nucleation process of n-propanol
vapour on NaCl can not be explained by a temperature dependent macroscopic contact.
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1 THEORY OF SURFACE PHENOMENA 1

1 Theory of Surface Phenomena

1.1 Surface Tension

1.1.1 Introduction

If two bulk phases with at least one different physical property come in contact with
each other an interface region is potentially formed in the region of contact. In the
case of temperatures far away from the critical point this interface region does not
extend beyond several molecular diameter into the bulk phases and therefore it is
often considered to be a two dimensional boundary. However the interface formed
between two bulk phases is a thin region in which physical properties, like e. g.
the density, vary rapidly and continuously from the bulk properties of one phase to
the bulk properties of the other phase [29].The stable existence of such an interface
depends on the free energy of formation of the interface. Only a positive free energy of
formation allows the generation of a stable interface region. Looking at the interface
region from one phase to the other in microscopic dimensions the transition becomes
drastic but continuously as shown in figure 1 for a condensed phase in equilibrium
with its coexistent gas:

Figure 1: Interfacial profile in molecular dimensions [3]

The continuous change in density and concentration in the illustrated interface
region causes the appearance of additional forces in this area. A molecule in the
neighborhood of the interface between any two bulk phases will experience a different
environment than if that some molecule were deep within a similar bulk phase [28].
This difference in intermolecular forces1 is used for the definition of the term surface
tension of surface free energy. Phenomena appearing in interfacial regions originate
from the diverse energetic correlations between particles from the same phase and
those interacting with neighboring molecules of another phase. Since the attractive
forces between similar molecules are higher then between different ones only an
addition of work to the “inner” particles will bring them into the interface region.
Thus the work needed to modify the size and curvature of a phase boundary is
supposed to be in proportion to the magnitude of the caused change in area. The
differential form can be written as:

1The origin of intermolecular forces will be discussed later on in chapter 1.1.6
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dwA = γdA (1.1)

whereas wA indicates the interface work and dA the interfacial area increment.
The introduced proportional constant γ is the surface/interface free energy respec-
tively surface/interface tension. Its common to use the term surface to describe the
transition from solid to gas of liquid to gas whereas all other possible combination
between the three matter of states form interfaces.

Surface Interface

liquid-gas liquid-liquid
solid-gas solid-liquid

solid-solid

Although surface free energy and surface tension express an equivalent pheno-
menon their derivations originate from different physical views. Thermodynamical
considerations lead to the surface free energy in units [ J

m2 ] whereas the term surface

tension in units [N
m

] is based on mechanical reflections. In the following both views
will be described in detail to finally show that they lead to the same prediction that
is to say the formation of a minimal surface/interface.
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1.1.2 Thermodynamics of Surfaces

Considering that the interfacial region has no sharply defined boundaries and its
thickness only amount to a few Å a two dimensional mathematical boundary [1] can
be used as an approximation for qualitative calculations [15] as shown in figure 2:

Figure 2: Density profile across a deformable liquid-vapor interface showing the placement of the
dividing surface and the regions of the density profile which contribute to the final value of the
surface density.[28]

Consequently the region over which the density and local pressure vary disappears
and the extensive properties like G, E, S, n, etc. pertaining to the bulk phases
can be approximated to be constant up to this dividing surface. Therefore the bulk
phases themselves extend uniformly right up to this boundary which is also known as
the Gibbs dividing surface. However the assumption that the bulk phases continue
unchanged to an assumed mathematical dividing surface will lead to a difference
between the actual values for the real interface volume and the sum of the values
for the two bulk phases by an excess or deficiency assigned to the surface region.
In the following the superscripts α and β denote properties of the hypothetical bulk
systems α and β whereas σ indicates properties of the virtual surface. In addition to
the already made simplification we will consider the case a curvature which is small
compared to the thickness of the surface region or in other words we will assume
a plane surface. In doing so curvature effects in the following calculations can be
neglect.
U ′ indicates the internal energy of the simplified system in which the concerned
phases continue uniformly right up to the dividing surface. Since the internal energy
is an extensive property it can be written as:

U ′ = Uα + Uβ (1.2)

The value U of the real system with a nonzero interface volume will excess the
hypothetical one by the internal energy of the surface phase Uσ:

Uσ = U − Uα − Uβ (1.3)
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Equally the number of moles niσ for the surface can be defined as:

niσ = ni − niα − niβ (1.4)

whereas ni represents the real number of moles of molecular sort i in the whole
interface area and niα and niβ indicate the amount of substance for bulk phase α
and β without a dividing interface region.
These thermodynamic properties of the surface can be used to determine the surface
tension. It should be noted that, the following derivations assume a constant total
energy, total entropy and total mass of the system. Fundamentally the internal
energy U can be changed by transfer of mass and heat into and out of it. Therefore
it can be written as a function of entropy S and number of moles ni as follows:

dU = TdS +
∑
i

µidni (1.5)

where µi indicates the chemical potential of the respective molecular sort i.
On the mentioned conditions this total differential has to disappear.
The same fundamental equation is true for the interface σ. Since the regarded system
is the interfacial area σ insteat of the volume, as in the case of the bulk phases,
the work done in modifying an interfacial area increment dO has to be consult.
Consequently the internal energy can be written as a function as follows:

dUσ = TdSσ +
∑
i

µidniS + γdO (1.6)

with the surface tension γ as the change of internal energy Uσ with altering surface:

γ =

(
∂Uσ
∂O

)
Sσ ,niσ

(1.7)

Since the restriction to plane surfaces leads to wrong statements when treating small
and therefore strongly curved droplets henceforward a pressure gradient between the
two bulk phases (Pα 6= Pβ) will be approved. Furthermore the inner energy U will
be replaced by the Gibbs free energy G in what follows. Starting from the definition
of the total Gibbs free energy:

G = U − TS + PαdV α + P βdV β (1.8)

and assuming an isotherm process (dT = 0) with a constant amount of substance
(dni = 0) at equilibrium the total differential. . .

dG = PαdV α + P βdV β + γdA (1.9)

. . . must disappear. The use of (1.6) for the derivation of dG entails the introduction
of γ.
See that there is no change in total volume dV and therefore dV α + dV β = 0 the
upper equation can be transformed to the expression:(

Pα + P β
)
dV α = γdA (1.10)

which describes the situation of two bulk phases separated by a membrane of infi-
nitesimal thickness and of size A under tension γ.
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Reintegrating now the three-dimensional surface region into our calculation and ad-
mitting curvatures of the bulk phases surfaces dA can be replaced by ((c1 + c2)Adt).
Whereas c1 and c2 denote the reciprocals of the radii of curvature and dt is the change
of the distance displacing the surface region. Since the change of bulk phase volume
is equivalent to the alteration in Adt we can rewrite equation (1.17) to:(

Pα + P β
)
Adt = γ (c1 + c2) (1.11)

or
∆P = γ (c1 + c2) (1.12)

Equation 1.12 is the Young and Laplace equation.
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1.1.3 Mechanics of Surfaces

The statistical mechanical theory of interfacial phenomena [21] relates surface ten-
sion to the potential of intermolecular force and molecular distribution functions.
Instead of attempting to determine surface free energy as the isothermal work of
formation of unit area of interface -

[
J
m2

]
as in thermodynamic definition - a mecha-

nical definition of surface tension in terms of the stress transmitted across a strip
of unit width, normal to the local density respectively concentration gradient, offers
the most direct approach to a molecular theory [kirkwood]. A schematic draft des-
cribing these forces is shown in figure 3

Figure 3: Schematic diagram showing the intermolecular forces acting across the surface [3]

For the mechanical derivation of surface tension we accept conditions as mentioned.
The treated surface region shell be composed of two bulk phases, whereas one is the
liquid and the other its coexistent gas, and a virtual dividing interface.
A statistical mechanical treatment assumes the kinetic effect of thermic motion.
This requirement in combination with the profile of density (figure 2) concludes
the isotropic pressure of gas in proportion to the local molecular density and ther-
modynamic temperature. The second influencing variable represents the attracting
intermolecular correlation respectively its anisotropy in interface. The affected ani-
sotropy is called forth by variable distribution and number of neighboring molecules.
A net-stress exerted on a molecule in the surface results from the difference between
local kinetic part and correlation part. Coming back to the simplified surface region
we define surrounding region SS allover normal to auxiliary areas Sσ, Sα and Sβ
whereas Sα and Sβ are virtual planes parallel to the interface Sσ and situated in
bulk phase α respectively β as shown figure 4:

l� 

l� 
S� 

S� 

S� 

C 

�

n  

SS 

Figure 4: Circumscription of the interface region - SS is orthogonal to Sσ, Sα and Sβ [26]
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Normal and tangential pressure components are similar as long as the pressure
is isotrop as is the case with liquid and gas phase but not for Sσ. Studying all the
forces exerted on the system in combination with Newtons second law we arrive to
the formulas [26]: ∫

V

ρ ~adV =

∫
V

ρ ~gdV +

∫
Sα

pα~ndS −∫
Sβ

pβ~ndS −
∫
SS

pT~tdS (1.13)∫
Vα

ρα~adV =

∫
Vα

ρα~gdV +

∫
Sα

pα~ndS −∫
Sσ

pα~ndS −
∫
Sα∩S

pα~tdS (1.14)∫
Vβ

ρβ~adV =

∫
Vβ

ρβ~gdV +

∫
Sβ

pβ~ndS −∫
Sσ

pβ~ndS −
∫
Sβ∩S

pβ~tdS (1.15)

~a and ~g signify on the one hand tho local acceleration, on the other hand the acce-
leration of gravity. ~n and ~t identify the surface normal vector for areas Sα and Sβ
respectively S.
Whereupon equation 1.13 is due to forces executed on the total system with interface
σ and the sum of equations 1.13 and 1.14 results provided that the interface area
is identically to phase α (equ.1.13) respectively phase β (equ.1.14). As well as the
approach in the thermodynamic treatment it can be concluded that the interface
concerning part is the difference between equation 1.13 and the sum of 1.13 and
1.14. ∫

V

∆ρ~gdV +

∫
Sσ

(pα − pβ)~ndS −
∫
S

∆pT~tdS =

∫
V

∆ρ~adV (1.16)

whereas ∆ρ respectively ∆pT relate to the density/pressure difference (ρ− ρi) resp.
(pT − pi) (i = α, β) in volume Vα or Vβ. Approaching a constant gravitational acce-
leration allover the considered system and with the assumption of an extent lα and
lβ for the two bulk phases we can rewrite the first part of equation 1.16 to:∫

V

∆ρ~FdV ∼=
∫
Sσ

(∫ lβ

lα

∆ρdl

)
~FdS (1.17)

In like manner the third part of equation 1.16 can be rewritten by using the clo-
sed bordering curve C of the interface area and the heights lα and lβ instead the
bordering area S: ∫

S

∆pT~tdS ∼=
∮
C

(∫ lβ

lα

∆pTdl

)
~tds (1.18)

After a transformation of 1.18 with the area-divergence theorem [5] equation 1.16
can be rewritten with the redefined parts:

0 =

∫
Sσ

[(∫ lβ

lα

∆ρ(~g − ~a)dl

)
+ (pα − pβ)

]
dS +∫

Sσ

[
~∇Sσ

(
−
∫ lβ

lα

∆pTdl

)
+ 2H~n

(
−
∫ lβ

lα

δpTdl

)]
dS (1.19)
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and by replacement of∫ lβ

lα

∆ρdl = mσ the surface mass (1.20)

−
∫ lβ

lα

∆pTdl = γ the surface tension (1.21)

(1.22)

one achieves a differential equation for statics of fluids considering the independency
of the surface form and thus the the disappearance of the integrand:

mσ~g −mσ~a+ (pα − pβ)~n+ 2Hγ~n+ ~∇Sσγ = 0 (1.23)

This equation provided that the surface mass mσ can be neglected inducts two
conditions on the surface tension:

1.
~∇sσγ = 0 (1.24)

2.

pα − pβ = −2Hγ = γ

(
1

r1

+
1

r2

)
(1.25)

The first conditions predicates a constant surface tension along the surface. The
second one is in strict conformity to the Young-Laplace equation deduced from
thermodynamic considerations 1.12.
Finally the mechanic and thermodynamic definition of surface tension are identical
[21].
The most phenomenons caused by surface tension and therefore the occurrence of an
exerted force in some direction are reflected in the formation of an curved surface.
Since in our case of interest the observed surfaces concern liquid - vapor interfaces a
confinement on this special interface is usefull in deriving an equilibrium condition
for surface curvature.
By modifying a the surface of a liquid in drawing out or pressing into a piece of it
one must consider the hydrostatic pressure:

p = ρgh (1.26)

As on can infer from 1.26 this pressure changes for a liquid in proportion to the height
h. This height indicates the distance between the plane surface and the displaced
surface element. Its defined to be positive for exertion against the gravitation. In
combination with the Laplace equation, which describes the form of a surface for a
given pressure/pressure difference we arrive to:

ρgh = γ

(
1

r1

+
1

r2

)
(1.27)

The solution of this differential equation will specify the form of a liquid surface
under gravitational influence. It shows that the curvature of a surface submits a
force action against the gravitational field. Since a plane surface is not able to work
against a force normal to it - like the gravitational force of an object placed on
this surface - the item will sink in the liquid until the upwelling will compensate
the gravity. See that the sinking object modifies the surface the caused curvature,
the contact angle and the form of this body will influence the maximum upwelling.
Figure 5 shows the equilibrium condition for a curved surface.
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Figure 5: Condition for mechanical equilibrium for an arbitrarily curved surface[28]

1.1.4 Effect of Curvature due to Surface Tension on Vapor Pressure

Since the surface curvature affects the molar free energy of a substance [1] and thus
its vapor pressure it plays an important role in nucleation processes. As already
derived the pressure difference ∆p across an interface results in an interfacial cur-
vature, which is described by the Young and Laplace equation. In the following this
correlation will be used to relate the change in vapor pressure to the curvature of
the surface.
If mechanical pressure is put onto a volume V by not changing temperature (i) and
molar volume (ii) the amendment of molar free energy of a substance ∆G is given
by:

∆G =(i)

∫
V dp =(ii)&(14) γV

(
1

r1

+
1

r2

)
(1.28)

It is convenient to relate the free energy of a substance to its vapor pressure [1]:

G = G0 +RT lnP (1.29)

and consequently (1.40) can be written as:

RT ln
P

P 0
= γV

(
1

r1

+
1

r2

)
(1.30)

=

(
2γV

r

)
(1.31)

where P 0 is the normal vapor pressure of the liquid with plane surface and P the
one observed over the curved surface. The last conversion part 1.31 describes the
case of a spherical surface of radius r.

1.1.5 Temperature Dependence of Surface Tension

Since the aim of this thesis was to measure the temperature dependence of the
contact angle, which is mainly influenced by the surface tensions of the examined
substances, the temperature on the surface tension itself should be treated too.
Eötvös developed an equation describing the linear decrease of surface tension with
increasing temperature for liquids [27]

γV
2
3
M = kε (Tkrit − TE − T ) (1.32)
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whereas VM is the volume of one mol of the liquid. As already implied in the intro-
duction of this chapter the surface tension disappears at the critical temperature. By
approaching this temperature the the decreasing behavior differs from being linear.
This fact is mirrored in the substance specific temperature TE, which is about 6K. kε
is an empirical constant - the Eötvös-constant. This constant states the association
rate of a liquid (17.7K−1mol−1 for non-associating liquids and e.g. 7.5K−1mol−1 for
water).

1.1.6 Forces between Atoms and Molecules

So far surface phenomena have always been related to interaction forces between
molecules in the liquid and air molecules at the interface. Thus a focus on the
origin of them might be helpful. Basically the correlation between two molecules as
a function of distance may be represented by the Lennard-Jones potential:

−ε(r) = 4ε0

[(σ
r

)6

−
(σ
r

)12
]

(1.33)

while σ terms an effective molecular diameter, ε0 denotes the potential energy at
the minimum and r is the distance of the molecule centers.

Figure 6: Lennard-Jones potential showing the intermolecular correlation as a function of molecule
distance[1]

Though atoms respectively molecules can principally interact gravitationally, ma-
gnetically and electrically only the last that usually is of any importance in interfacial
studies. Electrical forces may be separated up into those of repulsion and those of
attraction according to the mentioned intermolecular potential.
First of all the repulsive ones again may be classified into coulomb repulsion bet-
ween like-charged ions and general repulsion between two atoms brought too close
together. While the coulomb repulsion has an infinite range the general atom-atom
repulsion is very short range and rises rapidly as atoms or molecules come closer
than a certain distance caused by the reluctance of the electron clouds for two
atoms to overlap each other. This kind of repulsion is mathematically expressed in
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the Lennard-Jones Potential by means of an inverse twelfth power of intermolecular
distance.
For the description of the attractive forces causing surface phenomena the often cal-
led van der Waals forces play an important role. An important component of such
forces is the dispersion force. Among the attraction between unlike-charged atoms
resp. molecules:

ε = −|q1||q2|
x

(1.34)

the interaction of dipoles (molecules having a dipole moment µ):

ε̄ = − 2µ4

3kTx6
(1.35)

or the correlation between a dipoles and a polarizable molecule (field induces a dipole
moment in a polarizable molecule µind = αF ):

ε = −αµ
2

x6
(1.36)

London [25] showed the existence of an additional type of electrical force between
atoms, which are known as London-van der Waals force. It is always attractive and
originates through the fact that even neutral atoms constitute systems of oscillating
charges because of the presence of a positive nucleus and negative electrons [1]. After
detailed derivation [1] the corresponding form for two different atoms 1&2 is:

ε(x) = −3

2

α1α2

x6

[(
1

hµ1

)
+

(
1

hµ2

)]
(1.37)

where α1&α2 denote the polarizability of the atoms; hν1&hν2 characteristic energies
for the atoms and x the distance between them.

It is common to call intermolecular interactions that give rise to an attractive
potential proportional to the inverse sixth power of molecule distance van der Waals
forces. This dependence is also included in the van der Waals equation for nonideal
gases by the a

V 2 term:

(P +
a

V 2
)(V − b) = RT (1.38)

where V indicates the volume per mole and a and b are constants 2.
Although three different types of van der Waals interactions are given so far, which
are µ − µ, µ − α and α − α only the latter one is independent of structure 3and
therefore adapted for description of condensed systems. For that reason surface and
colloide properties are generally attributed to the α− α dispersion force.

2a gives the magnitude of attractive potential and b the actual volume of a mole of molecules
3at least in first order
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1.2 Contact Angle

1.2.1 Equation of Young

If a drop is placed on a solid surface then two different possibilities concerning the
spreading behavior of the liquid exist. Either the liquid placed on this solid surface
will wet or remains as a drop having a definite angle of contact between the liquid
and solid phases. The spreading behavior will on the one hand depend on the surface
tensions of both liquid and solid phase and on the other hand on the interface tension
between liquid and solid. To make the differentiation of surface and interface easier
hereafter surface tension will be indicated with σ while γ denotes interface tensions.
The change in surface free energy ∆Gσ by placing a liquid drop on the solid surface
can be written as:

∆Gσ = ∆A(γSL − σS) + ∆AσLcos(θ −∆θ) (1.39)

whereas S and L indicate surface properties of the solid respectively liquid phase.
∆A is the change in area of solid covered by the droplet and θ describes the angle
formed by the contact of liquid and solid. Strictly speaking its the angle between
liquid-vapor interface and solid.
Since all qualitative reflections mentioned are confined on systems in equilibrium
the change in surface free energy with change in area of solid covered will disappear
after a finite time lim∆A→0

∆Gσ

∆A
= 0 and 1.39 can be rewritten to:

γSL − σS + σLcosθ = 0 (1.40)

the Young equation. Combining Fig. 7 and the mechanical definition of surface
tension as the force working across a surface per unit length it can be concluded
that all the Young Equation does is to constitute a equilibrium condition for the
forces acting on the three-phases contact line. At this point it should be noted that

Figure 7: Draft of the 3 forces action on the contact line[36]

it is important that the phases are mutually in equilibrium. That is to say that σS is
supposed to describe the surface tension of the solid in equilibrium with the saturated
vapor pressure P 0. Thus its better to replace σS by γSV 0 . The distinction between
σS and γSV 0 have been made Bangham and Razouk in [2] and was also stressed
by Harkins and Livingstone in [18]. It arises from adsorption of a gas or vapor at
the solid gas interface. For vapors at pressures approaching the saturation pressure,
the amount of adsorption can be large and might approach or exceed the point of
monolayer formation on the solid surface [1]. The degree of the so called physical
adsorption caused by “van der Waals” forces influences the solid-gas interfacial free
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energy respectively the change in surface free energy of a solid.
The amount of absorbed vapor molecules depends on the ratio P

P 0 whereas P is
the pressure of the adsorbate vapor and P 0 the one of the pure liquid adsorbate.
Consequently the adsorption will decrease the surface tension of the solid by the film
pressure π0. That’s why the Young equation should rather contain γSV 0 = σS − π0

instead of σS :
σLcosθ = γSV 0 − γSL (1.41)

1.2.2 Wetting as a Contact Angle Phenomenon

As already mentioned there exist approximately two possibilities how a liquid drop
can react by bringing in contact with a solid surface. Either the drop will spread
easily over the solid and therefor the liquid will be called wetting or it will tend
to ball up and run off the surface easily what is named nonwetting. The first case
means that the contact angle between a liquid and a solid is zero or very close to
zero and the second arrives for an angle grater than 90◦. A useful parameter to
predict the wetting behavior of a liquid is the spreading coefficient SL/S. It gives the
free energy change for the spreading of a liquid film on the solid. Since spreading
is always related to a zero contact angle the spreading coefficient follows from the
Young Equation:

SL/V = γSV 0 − σL − γSL (1.42)

Qualitatively spoken, σL and γSL should be made as small as possible if spreading is
to occur. In this case the wetting process will be spontaneous and initial since SL/S
is positive and therefore accompanied by a decrease in free energy. Or in other words
to follow Dupre - if the work of adhesion wL/S between liquid and solid molecules is
bigger then the work of cohesion wLL between liquid molecules:

wL/S ≥ wLL (1.43)

Figure 8 clarifies the difference between wL/S and wL/L: As one can clearly see the

Figure 8: Work of adhesion and work of cohesion[1]

work of adhesion
wL/S = σL + γSV 0 − γSL (1.44)
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gives the work necessary to separate one square centimeter of interface in to liquid-
vapor and solid-vapor surfaces. The work of cohesion again defined as:

wLL = 2σL (1.45)

correspond to the reversible work to pull apart a column of liquid. [1]

1.2.3 Wetting as a Capillary Action Phenomenon

For some types of wetting not only the contact angle is involved in the basic me-
chanism of the action but also a phenomenon related to that of capillary rise. As
already deduced in the previous chapter every curved surface and thus the curved
surface of a meniscus too is related to a pressure difference across it respectively to a
force action normal to the surface. For any contact angle θ and a spherical curvature
of the surface the equation of Young and Laplace can be rewritten in:

∆P = σLcosθ

(
2

r

)
(1.46)

where r denotes the equivalent radius of the capillary [1]. According to this equation
the pressure Pi causing a spontaneous capillary adhesion is defined by the advancing
contact angle θa. Otherwise P0 is required for the desorption of liquid out of the
capillary and therefore given by the receding contact angle θr. Since θa is always
larger then θr the needed pressure P0 to get the liquid out of the capillary is always
bigger then the so called penetration pressure Pi [19].
More specifically detailed in the case of a finite contact angle equation 1.46 can be
rewritten:

∆P = (γSV 0 − γSL)

(
2

r

)
(1.47)

so that the principal requirement for a large pressure difference is that the interfacial
tension γSL is made as small as possible since for practical reasons γSV 0 can not be
varied that easily.
In the case of a zero contact angle 1.46 becomes

∆P = σL

(
2

r

)
(1.48)

and the determining parameter for a large ∆P is therefore a large surface tension
σL.
Another factor next to a large pressure difference in promoting capillary penetration
is the rate of entry v. Supposing that gravity can be neglected Washburn et al.[37]
developed the Lucas-Washburn equation for the rate of entry of a liquid into a
capillary displacing air:

v =
rσLcosθ

2ηl
(1.49)

where l is the length of the liquid column entering into the capillary of radius r and
η is viscosity of the liquid. In the described case of a liquid displacing air the rate v
has the dimension of velocity and thus gives a measure of the penetrating power of
the liquid in a given situation.
By replacing the length l with the mass m of the lifted liquid the equation serves as a
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basis for contact angle measurements between liquids and powder-form solids4. The
basic principal is to approach a powder as a bundle of random arranged capillaries.
Since neither the radius nor the orientation of each capillary will always be the same
the implemented solid material constant c replaces r in equation 1.49.
The lifted mass of each liquid column arises from:

mL = lr2πρL (1.50)

By plugging this term in the Lucas-Washburn equation the received equation can
be written as:

cosθ =
m2

t

ηL
ρLσLc

(1.51)

4A more detailed description of this measurement method follows in chapter Measurement Methods
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1.3 Contact Angle Hysteresis

As a matter of fact the solid surfaces never keeps the strict conditions required by
the validity of the Young equation and therefore an experimental determination of
the predicted equilibrium contact angle seems to be impossible. Performing dynamic
contact angle measurements the state of the observed solid surface will influence the
contact angle and cause the contact angle hysteresis θhyst, which is the difference
between advancing contact angle θa and receding contact angle θr. A detailed de-
scription of the experimental implementation of such dynamic measurements will
follow in the next chapter. At the moment I will only write down that such dynamic
cycles always include a constant replacement of the three-phases contact line. In
combination with the surface inhomogeneity the shift of the contact line will cau-
se a deviation of the experimentally determined contact angle from the predicted
equilibrium contact angle. In order to get a clearer understanding for the causes
and consequences of θhyst I will hereafter present various types of surface inhomo-
geneities, their influences on the apparent contact angle and different explanation
attempts.

1.3.1 Rough but Chemical Homogeneous Surface

First of all we will draw up the case of a rough solid surface and the roughness
impact on the measured contact angle. Although the observed surface is constituted
of only on chemical substance and therefor the contact angle should be set by the
constant surface tensions of the solid and the liquid 5 experimental observations
show the measured value never accords to the predicted equilibrium contact angle.
On the one hand the experimental determined value depends on the shift direction.
Whereas a distinction is made between the advance of the contact line toward solid-
vapor region and the recess of it in direction of the liquid-solid region according to
which one differs between advancing contact angle θa and receding contact angle θr.
A schematic draft of the different cases is shown in figure 9 One recognizes that the

Figure 9: Illustration of the difference between θa, θe and θr

advancing angle will always be bigger then the equilibrium one and θe again will
exceed the receding contact angle : θa > θe > θr. And on the other hand even a
static analysis of the contact angle by placing a drop of fixed volume on a rough
surface 6 will yield to a value different from the predicted equilibrium contact angle.
To start with an explanation of the second phenomenon - the change in dropshape

5In what follows we will exclude the influence of the vapor phase on the solid surface assuming the system to be
in equilibrium

6The so called Sessile drop method
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by surface roughness - Wenzel’s treatment of rough surfaces [41];[42] result in the
following consequences for the measured contact angle. The surface may be rough

Figure 10: Idealized rough surface showing the difference between apparent and real contact angle[19]

as shown in figure 10 with a coefficient r giving the ratio of actual to apparent of
projected area [1]. Whereas ∆ASL(true) = r∆ASLapparent) and similarly ∆ASV (true) =
r∆ASV (apparent). Consequently the apparent contact angle θa will differ from θe:

cosθa = rcosθe (1.52)

As we can conclude from this equation: An equilibrium contact angle of less than 90◦

will decrease by roughness, while an angle greater than 90◦ will increase - see figure
11 Dynamic cycling contact angle measurements performed by Lam et al indicated

 

�e= �a 

�e < �a 

�e > �a 

Figure 11: Change of the contact angle on a rough surface[22]

again that all θa data obtained beyond the fist cycle and all θr values reflect liquid
sorption and/or retention by the solid and are therefor not a property of the slid
alone [24]. Experimentally observations by increasing and decreasing the volume of
a drop placed on a solid showed that that the contact angle hysteresis depends on
the chain length of the liquids tested and therefore increased with decreasing chain
length. In addition to this result not only the receding contact angle was found to
decrease with time, suggesting liquid sorption and surface swelling, but also θa tur-
ned out to be time-dependent . Allegeable by increasing solid surface modification
by the liquid with longer solid-liquid contact. Moreover θhyst was found on the one
hand to decrease with increasing chain length of the liquid molecules and vanish
when the chain length was extrapolated to infinity and on the other hand to incre-
ase initially and then level off with increasing number of cycles (≡ increasing time)
by using the very same liquid. This result suggests that processes which occurred
on the solid surface during the experiment will eventually approach a steady state
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and hence lead to constant hysteresis.
Before coming to the case of chemical surface heterogeneity i would like to note the
influence of mechanical deformation on the solid surface tension. Since principally
experiments are out to comply with the theoretical stated premises in order to decla-
re the predicted contact angle one strives always to prepare the observed substances
optimally. As a consequence solid surfaces are mostly polished and heated in order
to get them as smooth and clear as possible. Since the immobility, at least the large-
scale immobility, of the surface atoms of a refractory solid has the consequence that
the surface energy quantities and other physical properties of the surface depend
greatly on the immediate history of the material different mechanical procedures
will affect their nature and therefore the contact angle as well.
A clean cleavage surface of a crystal 7 will have a different surface energy than a
ground or abraded surface of the same material what turned out to be measurable
by sodium chloride crystals.
Furthermore the mechanical procedure involved in a polishing operation differs con-
siderably from that used in grinding [1]. Polishing on the one hand is performed with
a relatively soft and high melting material, e.g. rouge or iron oxide, which is best
held by a backing of soft material [1]. In contrary to grinding where a material as
hard as or harder than the surface to be abraded must be employed. However, elec-
tron diffraction studies of the surface region indicated that whereas grinding leads
usually just to a mechanical attrition of the surface without greatly changing its
molecular crystallinity, polishing leaves a fairly deep and nearly amorphous surface
layer 8 [14].
Finally it must be concluded that even the effort of forming the solid surface as
smooth as possible will cause a change in surface properties and therefor a distorti-
on of contact angle measurements

1.3.2 Smooth but Chemical Heterogeneous Surface

Another possibility for nonideal surface is the chemical surface heterogeneity as
illustrated in figure 12 The observed surface may be consist of small patches of

Figure 12: Illustration of an idealized heterogeneous surface [19]

various kinds. Cassie [6] extended Wenzel’s treatment of rough surfaces to chemical

7A general, quasi-geometric solution to the question how to construct a shape of specified volume such that the
total surface free energy is a minimum has been given by Wulff [43]

8This surface layer resulting from polishing is generally known as the Beilby layer [45] and amounts to a depth
of 20− 100 ∗ 10−10m
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heterogeneous but smooth ones. By restricting the heterogeneity to a solid surface
having two fractions σ1 and σ2 with the intrinsic contact angles θ1 and θ2 he derived
an important equation for heterogeneous surfaces [6]:

cosθa = σ1cosθ1 + σ2cosθ2 (1.53)

As we can deduce from this equation he predicted the appearance of an average
contact angle θA for experimental investigation on a heterogeneous surface.
In the case of porous material the solid is treated like a two component surface
consisting of a solid surface area δ1 and a vapor area δ2. Consequently the contact
angle becomes:

cosθA = δ1cosθ1 − δ2 (1.54)

A quasi-steady-state computer simulation of contact angle hysteresis on a hetero-
geneous surface has been presented by Brandon and Marmur [4]. They performed
contact angle measurements on a smooth planar solid with periodic chemical hete-
rogeneity by changing the drop volume slowly. However they came to the conclusion
that for most drop volumes the contact angle and the base of the drop change
continuously, but, when an inflection point on the free energy curve is reached, irre-
versible jumps in the contact angle and the size of the base occur. The extent of the
continuous change in the base of the drop is in general, small and decreases with
increasing drop volume. Thus, the base of the drop appears stationary in between
the irreversible jumps. This simulated behavior is very similar to the experimentally
observed “stick-slip” behavior.
Later some papers like for example the one of Cubaud and Fermigier [8] try to
explain θhyst with metastable states in the sense of the presence of multiple local
minima of the total free energy of the system.
In more recent studies the patch structure of the surface [13], molecular mobility
and packing as well as roughness of the surface in molecular dimensions [7]; [10];
[44] have been found to be a possible solution. Another newish approach to the pro-
blem of hysteresis has been developed by Lam et al [24]. They extended the link of
contact angle hysteresis to liquid penetration and surface swelling made by Sedev et
al [34] to a dependence on the chain length of the liquids tested. They determined
an increasing hysteresis with decreasing chain length of the liquid and mathemati-
cally predicted a vanishing θhyst when the chain length was extrapolated to infinity.
Consequently they came to the conclusion that all θa values obtained beyond the
first cycle and all θr data reflect liquid sorption and/or retention by the solid and
are therefore not a property of the solid alone.

The mentioned results confirm the common practice of using advancing contact
angles in surface energetic calculations and disregarding the receding contact angles.
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1.4 Influence of Surface Properties on Nucleation Processes

The formation and growth of aerosol particles by condensation plays an important
part in a wide range of natural mass transfer processes, e. g. the formation of clouds,
and thus greatly influences the climate. Since the formation of a new phase as it is
the case for condensation of vapor includes the generation of a participating surface
I will in the following elaborate on the influence of surface tension and contact angle
on condensation processes. The nucleation theory primarily in terms of situations
involving the liquid-vapor interface - homogeneous nucleation - has been extended in
consideration of the estimation of solid-liquid interfacial free energies - heterogeneous
nucleation.
Recognizing that in the absence of participating foreign surfaces the general sequence
of events is that small clusters of molecules form and that these grow by accretion to
the point of grow to yield massive amounts of the new phase I will firstly approach
the conditions for the taking place of nucleation.

1.4.1 Classical Nucleation Theory - Homogeneous Nucleation

Homogeneous nucleation is the formation of particles from a supersaturated vapor
without the assistance of condensation nuclei or ions. The term supersaturated refers
to a saturation ratio S greater than 1:

S =
p

pS
(1.55)

where p indicates the actual partial pressure9 of vapor and pS the saturation vapor
pressure10 at the temperature of the system.
Consequently a mixture is saturated for S = 1 and unsaturated for a saturation
ratio less than one.

Kelvin Effect

If the liquid surface is sharply curved such as the surface of a small droplet, the
saturation vapor pressure initially defined as the equilibrium partial pressure for a
plane surface at a given temperature must be redefined for sharply curved surfaces.
As already mentioned in chapter 1.1.4 the curvature of a surface modifies the attrac-
tive forces between surface molecules and leads therefor to a greater partial pressure
required to maintain equilibrium. In other words one can reason that the smaller
the droplet the easier it is for molecules to leave the droplet surface. Consequently
the saturation ratio required for a stable droplet is related to the droplet size and
their relationship is given by the Kelvin or Thomson-Gibbs equation11[20]:

S =
p

pS
= e

2σLM

ρLRTr
∗ (1.56)

9The pressure that a gas in a mixture of gases would exert if it were to occupy the entire volume occupied by
the mixture. According to Dalton’s law the sum of the partial pressures of the components equals the total pressure
of a mixture.

10The pressure required to maintain a vapor in mass equilibrium with its condensed phase at a specified tempe-
rature and therefore a fixed property of a bulk material. In the case of aerosol condensation pS i always related to
a plane liquid surface.

11This equation remains valid as long as the observed liquid is pure. Since in the context of my measurements i
solely applied pure liquids and insoluble solids this restriction is appropriate



1 THEORY OF SURFACE PHENOMENA 21

whereas M indicates the molecular weight([ g
mol

]),ρL the density ([ kg
m3 ])and σL the

surface tension ([mN
m

]) of the liquid. r∗ is the Kelvin radius of a stable droplet that
will neither grow nor evaporate at the associated saturation ratio. Any deviation
from either the saturation ratio related to a fixed drop size or the drop radius cor-
responding to a given saturation ratio will lead to drop evaporation or growth.
The so called Kelvin effect does not matter until particle diameters less than 0.1µm.
Since the arguments of the exponential function are positive per definition one will
always require to a supersaturation in order to prevent droplets from evaporating.

Coming back to the behavior of a supersaturated system one observes that the
sequence of formation of a new phase does not take place if the vapor pressure is
only just slightly over the saturation value. Instead, the vapor pressure usually can
be increased considerably over the equilibrium value without anything happening,
until, at some fairly sharp limit, general condensation takes place. This impedance
to the forming of a new phase clearly is associated with the extra surface ener-
gy of small clusters that make their formation difficult. Considering the process of
nucleation qualitatively the free energy of nucleation ∆G results out of the energy
required for transferring vapor molecules into liquid phase12 On the supposition that
the formed cluster is spherical13 one finds the following expression for ∆G:

∆G = −nkT lnS + 4πr2
L (1.57)

where the first term indicates the change in free energy by transferring n moles
from the vapor phase at pressure p to the liquid phase at pressure pS seeing that
the change in free energy per molecule for the transfer from vapor to liquid phase is
given by:

µV − µL = kT lnS (1.58)

Since the observed system is supersaturated S is always bigger than 1 and n, k,
T are in any case positive per definition the first term will support the formation
of a spherical assumed droplet. In contrast the second term including the surface
energy 4πr2σL possessed of the formed drop retards its formation. By replacing the
number of moles n with:

n =
4

3
πr3 ρL

M
(1.59)

equation 1.57 can be rewritten as:

∆G = −4

3
πr3 ρL

M
RTlnS + 4πr2

L (1.60)

By setting d∆G
dr

= 0 one obtains that the maximum positive value ∆Gmax required
to form a drop is related to the critical radius r∗:

r∗ =
2σL

nLkT lnS
(1.61)

12The so formed droplet obviously posses a surface and the associated surface molecules have a higher free energy
then those of the inner drop.

13Next to this assumption the classical nucleation theory includes additional simplifications which are just valid
for a cluster size up to 1nm. The effect of curvature is neither consider for the surface tension nor for pressure
change in the inner of the the droplet
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In other words for a given saturation ratio greater then one a particle must initially
reach a critical radius r∗ to grow and become a stable droplet because the homo-
geneous nucleation process does not start with individual molecules. If S ≤ 1 the
free energy of nucleation will always be positive and therefor the growth process of
a droplet will never appear spontaneously

(
∂∆G
∂r

)
.

Figure 13: Free energy ∆G as a function of droplet radius r at different saturation ratios S =
p

pS(T ) [36]

The conclusion that this maximum change in free energy:

∆Gmax =
4πr∗2σL

3
(1.62)

is equal to one-third of the surface free energy for the whole nucleus was given
by Gibbs [15] and illustrates the importance of surface properties for homogeneous
nucleation [1].
As we can conclude from the previous illustration the critical drop radius is related
to a certain supersaturation - the critical supersaturation. According to the classical
gas theory even in an unsaturated vapor all sizes may exist even, because the kinetic
energy of a molecule caused by the attractive forces between molecules comply
with the Boltzmann distribution. Consequently their numbers would be subject

to random fluctuations proportional to e−
∆G
kT with the result that clusters are in

principle formed continuously but unstable and continuously disintegrate [20]. The
number concentration n(r) of cluster with radius r as a function of the mentioned
thermic fluctuation can be written as:

n(r) ≈ n(1)e−
∆G(r)
kT (1.63)

where n(1) indicates the number concentration of individual molecules. This re-
lation will be valid as long as the number of cluster is negligible compared with
the number of individual molecules. It shows that, since ∆G for a cluster increases
steadily with size although in principle all sizes would exist.
However with increasing saturation ratio the number concentration of clusters incre-
ases and therefor the probability for the formation of transient agglomerates having
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a size that exceeds r∗ will increase too. Similar to the relation for n(r) the number
concentration of stable clusters can be defined as

n(r∗) ≈ n(1)e−
∆G(r∗)
kT (1.64)

by applying the critical radius r∗ given by the Kelvin equation and the related free
energy ∆G∗. Once such an agglomerate exceeds the critical radius it becomes stable
and grows by condensation to form a large particle.
Finally the main object is to estimate the rate of formation of nuclei of critical size.
Under the simplifications of considering the case of a steady-state situation in terms
of supersaturation preservation 14 the flux J of cluster passing the state of critical
size can be defined as:

J ≈ Zcn(1)e−
∆G∗
kT (1.65)

where ∆G∗ denotes the free energy required to form a nuclei with critical radius
r∗. The Zeldoviche factor Z = 1

nc
( ∆G∗

3πkT
) including the number of molecules in the

critical nucleus nC [1] describes the kinetics of the nucleation process [36]. c indicates
the capture rate - the number of adsorbed vapor molecules per unit time and n(1) is
the number of individual molecules according to the ideal gas law n(1) = pV

kT
. Thus

the full equation of the flux J reads as follows [20]:

J = 2n2A2
C

√
RT

M
e−

∆G∗
kT (1.66)

14Actually the growth of droplets will destroy the initial conditions and therefor the saturation ratio will decrease.
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1.4.2 Fletcher Theory - Heterogeneous Nucleation

Compared with the homogeneous nucleation the heterogeneous nucleation is a pro-
cess of particle formation and growth assuming th presence of condensation nuclei
or ions. The availability of such a condensation nuclei relieves the formation of clus-
ters with critical size (the so called germs). While homogeneous nucleation usually
requires saturation ratios of 2− 10, heterogeneous nucleation can occur at supersa-
turations of only a few percent[20]. Initially confining to insoluble nuclei obviously
the interfacial free energy between cluster and particle is smaller then between vapor
and cluster. Consequently the total energy needed for the formation of a droplet of
critical size is smaller then in the event of homogeneous nucleation although the
critical radius remains the same [11].
As contrasted with the free energy ∆Ghom required for drop formation in homoge-
neous nucleation

∆Ghom = nL(µL − µV )V + σLA (1.67)

in the case of heterogeneous nucleation the needed energy ∆Ghet becomes:

∆Ghet = nL(µL − µV )VL + σLALV + (γSL − σS)ASL (1.68)

Since γSL is always smaller then σL and the volume including liquid molecules and
therefor the number of liquid molecules required nL decreases equal to the conden-
sation nulceus volume it follows that ∆Ghet > ∆Ghom. Regarding figure 14 on can
geometrically deduce the newly introduced quantities as a function of particle radius
R and contact angle θ:

Figure 14: Draft of a cluster on the surface of an insoluble solid particle[32]

ALV = 2πr2 (1− cosψ) (1.69)

where cosψ is a function of the contact angle θ the particle radius R and the germ
radius r:

cosψ = − r −Rcosθ√
R2 + r2 − 2Rrcosθ

(1.70)

and
ASL = 2πR2 (1− cosφ) (1.71)

including cosφ as a function of R, r and θ

cosφ =
R− rcosθ√

R2 + r2 − 2Rrcosθ
(1.72)
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Since the steady state condition for the droplet refers only to an equilibrium with the
surrounding vapor phase the critical radius r∗ remains the same as for homogeneous
nucleation. By plugging the terms r∗, ASL and ALV in equation 1.68 one receives
the free energy required to form a stable droplet:

∆G∗ =
16πσ3

L

3
[
nLkT ln

(
p
p0

)]2f (cosθ, x) (1.73)

with

2f (cosθ, x) = 1 +

[
1− xcosθ

g

]3

+ x3

[
2− 3

(
x− cosθ

g

)
+

(
x− cosθ

g

)3
]

+

+3x2cosθ

[
x− cosθ

g
− 1

]
(1.74)

,

x =
r∗

r
=
rnLkT ln

(
p
p0

)
2σL

(1.75)

and
g =
√

1 + x2 − 2xcosθ (1.76)

Obviously ∆G∗ strongly depends on the surface tension σL and the contact angle
θ (both parameter influence the free energy in the third power). The critical free
energy again influences the nucleation rate exponentially. Consequently an accurate
determination of the surface tension and the contact angle is essential for any pro-
gnoses concerning nucleation rates.
Compared with the nucleation rate derivated for homogeneous nucleation the forma-
tion of particles in the case of heterogeneous nucleation can not explained by random
fluctuations. Since the now observed system originally includes condensation nuclei
the vapor molecules will most notably conglomerate on surface of the already exis-
ting surfaces. Therefor the determining physical process will be molecule adsorption
and diffusion on the nucleus surface. Consequently the number concentration of
particles having critical size must be redefined as follows:

n(r∗) = n′(1)4πR2e−
∆G∗
kT (1.77)

the number of germs n(r∗) having critical size and including a condensation
nucleus of radius R may be Boltzmann distributed, but has to be modified by
n′(1)4πR2 the number of adsorbed molecules on the surface of the condensation
nucleus. Thus the nucleation rate JP of germs per particle is given by:

JP = B4π2R2r∗2n′(1)e−
∆G∗
kT (1.78)

assuming a germ surface of r∗2π and an impaction rate B per unit area for indivi-
dual molecules. In order to get the nucleation rate per aerosol one assumes that the
nucleation rate per particle is small compared to the growth velocity of a droplet.
In other words one excludes the case of multiple germ formation on a single conden-
sation nucleus.
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After several calculations including the time development of activated particles N(t)
15 one results in the following expression for the “real” nucleation rate of heteroge-
neous nucleation:

J = N0B4π2R2r∗2n′(1)e−
∆G∗
kT e−B4π2R2r∗2n′(1)e−

∆G∗
kT

t

(1.79)

As one can clearly see the so derived expression for the heterogeneous nucleation
rate differs from the one found for the homogeneous case. Obviously the hetero-
geneous nucleation rate is time dependent and includes the particle concentration.
Although both the homogeneous as well as the heterogeneous nucleation rates bear
the same meaning they can not be compared due to the different dependencies oc-
curring. E. g. plugging in a contact angle of 180◦ in equation 1.79 what corresponds
to the case of homogeneous nucleation the so calculated nucleation rate will differ
from the one resulting from equation (1.66).

15In aerosol physics activated particles are those droplets including a condensation nucleus and exceeding the
critical size
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2 Measurement Methods

2.1 Determination of Surface Tension

2.1.1 Introduction

In the past decades a wide range of measurement methods have been developed to
determine surface tension. First of all they can be distinguished in investigations of
the equilibrium between surface forces and other mechanical forces and observations
of dynamic surface phenomena. Hereafter a distinction is made between static and
dynamic measurements. While static methods principally leave the observed surface
as it is dynamic measurements are based on a continuous surface deformation. As
a consequence static methods can be used to determine appropriate absolute resp.
equilibrium values whereas dynamic ones are rather proper for studies of dynamic
resp. time dependent surface properties, e. g. the time dependent influence of surfac-
tants on surface tension [22]. In the following i am giving a general overview of the
most common measurement methods, their applications and their pros and cons.
From a historical viewpoint Du Noüy developed in 1919 the first surface tension
measurement instrument [31]. Although originally intended for the determination
of absolute time independent values and therefore principally a static method ne-
vertheless the Du Noüy Ring method is based on a surface modification. In the ring
method the liquid is raised until contact between a thin metal ring suspended from
a balance and the liquid surface is registered. The sample liquid is then lowered
again so that the film produced beneath the ring is stretched. At the same time the
change in force as the distance of the ring from the surface increases is recorded. As
the film is stretched before it is snapped off the maximum force can be determined
and afterwards used to calculate the surface tension. Provided that:

• the ring was adjusted parallel to the liquid,

• the contact angle between liquid and ring was zero when the maximum force
was recorded and

• the density of the liquid under study was known and remained constant during
measurements

the calculated value is trustable.
Another static method is the Pendant Drop method . Based on the geometrical drop
shape analysis the pendant drop method applies the Young-Laplace equation σL =

∆P
1
r1

+ 1
r2

to calculate the surface tension. Generally performed by producing a drop

surrounded by air this method can also be applied for the determination of interfa-
cial tensions. In doing so the drop under study is placed into another liquid which
has to have a lower density in order to eliminate buoyancy effects.
So, too, the Spinning Drop method applies the drop geometry to calculate the desi-
red value. Unlike the pendant drop method the diameter of a drop within a heavy
phase is measured while both are rotated and therefore the spinning drop method
is “just” qualified for measurements of low interfacial tensions.
An example for dynamic surface tension measurements is the Maximum Bubble
Pressure method - a measurement technique developed for the determination of
“short age” surface tensions. By producing gas bubbles through a capillary which
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is immersed into the sample liquid, the pressure of each bubble is recorded. In the
course of this the maximum bubble pressure (↔ rcapillary ≡ rbubble) can be determi-
ned and the surface tension can be calculated out of it.
Depending on the desired surface property - high or low surface/interface tension,
time dependent or static value - one must choose the appropriate method out of the
wide range of options. In the case of surface tension and contact angle determination
as a function of temperature the Wilhelmy Slide method turned out to be the most
practical one. On the one hand the very same experimental setup can be used to ob-
tain both the surface tension as well as the contact angle and on the other hand the
simple geometric assumptions on the samples facilitate repeatable measurements.

2.1.2 Wilhelmy Slide Method

The most significant advantage of the Wilhelmy Slide method is to require no cor-
rections for the measurement values. That is to say, that the measured value can
be directly converted to the desired result. E.g. by applying the already mentioned
du Noüy ring method [31] one must know the liquids density to subtract the weight
of the volume of liquid lifted beneath the ring from the measured maximum force
as it also affects the balance. In addition to this complication measurements with
the ring method include a permanent reformation of the surface or interface due
to the movement of the ring. If the ring is moving with high velocity, but also if
solutions of large molecules or with high viscosities are to be studied, the maximum
force is obtained when the diffusion equilibrium at the surface or interface may still
not be reached. The problem caused by this dynamic effect does not occur with the
plate method. Another advantage of the plate method as compared to is that it is
not restricted to static surface tensions but also dynamic contact angles and wetted
lengths can be measured by simply modifying the test sequence as compared to all
other surface tension measurement methods mentioned.
The Wilhelmy method is based on the measurement of the force acting on a roughe-
ned platinum-iridium plate in contact with the liquid under study. Suspended from
a balance the plate is firstly immersed into the probational liquid until a preassigned
depth of immersion is reached. Subsequently the now wetted plate is withdrawn un-
til the bottom edge of the plate is at the level of the undisturbed liquid surface (see
Fig. 15).
Based on the mechanical interpretation of surface tension as a force acting along the
borderline of the surface per unit length [mN

m
] one can calculate the surface tension

by knowing the perimeter l of the immersed plate and providing that the contact
angle between plate and liquid is zero. A schematic diagram of the experimental
setup with the force compensated by the balance is shown in the following figure 15:

Since we assume perfect wetting by the liquid the measured force acting on the
plate is solely caused by the liquid’s surface tension σL can be used to calculate σL
in the following way:

σL =
|
→
F |
l

(2.1)

whereas l is the wetted length i.e. the perimeter of the plate and |
→
F | is the force

measured by the balance.
In order to satisfy the criteria of zero contact angle the plate is made of a substan-
ce with high surface tension σS and additionally napped to take advantage of the
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Figure 15: Schematic profile of the slide method [22]

mentioned capillary adhesion effect (figure 11). Furthermore in order to guarantee
an optimal wetting the depth of immersion has to be adjusted to the magnitude of
surface tension16. By taring the balance at the beginning of every measurement the
influence of the weight of the plate on the measured force is excluded and by sus-
pending the plate parallel to the liquid surface also the required perimeter is given
by the geometry of the plate.

• Determination of wetted lengths

Performing the same test sequence one can besides surface tension determinati-
ons also obtain the wetted length l of a probational plate . The only variation is to
use a liquid with known surface tension which has a contact angle of zero on any
solid surface. Once these conditions are met the wetted length of the plate can be
determined from the following equation:

l =
|
→
F |
σL

(2.2)

For its low surface tension (σL = 18.4mN
m

at T = 20◦C) usually n-hexan is used
as probational liquid.
Compared to the conventional determination using a gauge the mentioned method
is more time-consuming without leading to more precise values. Thus its application
is not generally advisable.
However the adaption of the Wilhelmy slide method provides an opportunity to
check the correct suspension of plate. As will become apparent in chapter 4 an
alignment of the plate in parallel with the liquid surface becomes difficult at low
temperatures. In this case a correspondence between the wetted length determined
with the Wilhelmy method and the previously gauged perimeter confirms a correct
suspension of the plate.

16Experimental experience showed that the necessary depth of immersion increases with increasing value of the
surface tension of the liquid (see chapter 5.1.1).
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2.2 Determination of Contact Angle

Principally contact angles are measured in order determine the surface tension of
solids. According to the immobility of the surface atoms of a refractory solid a
distinction between static and dynamic measurement methods can not be made.
However depending on the used method resp. sequence of measurement different
contact angles (see chapter 1.3) that are either θe, θa or θhyst = θa − θr can be
measured. The various techniques for measuring contact angles have been reviewed
in detail by Neumann and Good [17]. In the following just the methods applied in
the present study will be described.

2.2.1 Sessile Drop Method

The most commonly used method is that measuring θ directly from a liquid drop
resting on a flat solid surface. By simply viewing a sessile drop through a compa-
rator microscope fitted with a goniometer scale the angle can be read off immedia-
tely. On the one hand this method allows the determination of the “equilibrium”
contact angle by stabilizing the volume of the drop and on the other hand by in-
creasing/decreasing the volume the advancing/receding angle can be measured too.
Since the drop volume has to be small17 in order to exclude gravitational influences
on the drop shape the sessile drop method is inappropriated for not thermostated
measurements with low boiling point liquids.
As well as for the Pendant Drop method the surrounding air can be replaced by
another liquid (see Fig. 16) and therefore the interfacial tension between solid and
liquid can be calculated from contact angle measurements.

� ��
�
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�
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�e 
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L2

L3

Figure 16: Illustration of both applicabilities by performing the sessile drop method - liquid density
decreases with increasing lightness

17Usually the drop volume amounts to some microliter
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2.2.2 Dynamic Wilhelmy Method

Neumann et al. [29], [30] have developed the Wilhelmy slide technique into a method
capable of providing contact angles to high precision. As shown in figure 17 the
meniscus at partially immersed plate rises to a definite height h if θ is finite.

Figure 17: Neumann’s method for contact angle measurement [1]

Unless the contact angle is small the termination of the meniscus and therefore
the height of capillary rise h is sharp under proper illumination. By applying the
experimentally determined property h in the following equation the desired contact
angle can be given to 0.1◦ precision [1].

sinθ = 1−
(
h

a

)2

(2.3)

where a is the capillarity constant of the liquid defined by:

a2 =
2σL
∆ρg

= rh (2.4)

Since this technique assumes a not too small contact angle as a consequence of
the optical analysis it is unsuitable for the posed problem.

In contrast to the restrictions by performing the Neumann method the Dynamic
Wilhelmy Method affords the opportunity to measure a wide range of contact angles
applying principally the same experimental setup. By merely modifying the mea-
surement cycle a calculation of average advancing and receding contact angles is
possible. The sole variation is to immerse the sample plate first into the liquid rea-
ching a fixed depth d and then withdrawing the plate from the liquid until the lifted
liquid film is snapped off. During the cycle the force acting on the plate suspen-
ded from a balance is recorded and afterwards evaluated to get the desired contact
angles. As already mentioned the measured contact angles are no equilibrium values
since by immersing the advancing angle θa and by withdrawing the receding angle
θr appears. Figure 18 illustrates the occurring angles as a function of the direction
of motion.

In addition to wetting force the buoyant force caused by the immersion of the
plate into the liquid occurs. However, using an appropriate experimental procedure,
as described belwo, an explicit determination of the buoyant force can be avoided.
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Figure 18: Illustration of the occurring contact angles as a function of the plate’s direction of
movement in comaprison with the contact angle occurring by holding the plate constant on liquid
surface level

For the cuboid shaped geometry of the plate the buoyant force increases linearly18

with increasing depth of immersion. Since all sides of the solid must have the same
properties the constant wetting force on the solid can be determined by fitting and
extrapolating the measured points using a linear regression. An example for the
described analysis is illustrated in figure 19:
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Figure 19: Idealized measurement log of the dynamic Wilhelmy method [22]

where the curve FA illustrates the buoyant force caused by the suppression of
liquid. As we can see the force acting on the plate decreases until the turning point is
reached. Hereafter by withdrawing the plate the force curve initially jumps up which
indicates the change from θa to θr and then with decreasing depth of immersion the

18For rectangular and cylindric solids the buoyant force increases linearly
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measured points increase parallel to the buoyant force curve. Since the depth of
immersion is zero for the marked values Fa and Fr any buoyant force influence is
excluded. Consequently the marked forces are solely caused by wetting and therefore
the contact angles θa and θr can be calculated from them as described below:
The total force acting on the plate Ftot is given by:

Ftot =

{
Fa − FA
Fr − FA

(2.5)

where the upper line of the second part describes the immersing process and the
lower line the withdrawing one. For a depth of immersion of zero the buoyant force
disappears in both terms:

limd→0Ftot =

{
Fa
Fr

(2.6)

�a/r 

L ·l Fa/r 

Figure 20: Illustration of the forces acting on a plate by performing the dynamic Wilhelmy method

according to Fig. 20 both the receding and the advancing contact angle can be
calculated by knowing the surface tension of the liquid σL and plate perimeter l as
follows:

cosθa =
Fa
σLl

(2.7)

cosθr =
Fr
σLl

(2.8)

Finally it should be mentioned that the velocity the plate is immersed and with-
drawn might possibly influence the measured contact angles. As stated in [?] former
investigations resulted in an increase in contact angle hysteresis (θa− θr with incre-
asing velocity.
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2.2.3 Washburn Method

If the analysed solid is available just in powder form the Washburn method provides
an opportunity for determinations of contact angle between liquids and powders by
sorption. The powder to be measured is filled into a glass tube with a filter base
and this is suspended from the balance. After the vessel has contacted the liquid the
speed at which the liquid rises though the bulk powder is measured by recording
the increase in weight as a function of time.

Figure 21: Scheme of the Washburn method [22]

Performing the capillary rise method the powdery solid is assumed to be a bundle
of capillaries as the name implies. According to the Washburn theory [38] the rise
of liquid into the pores of the solid due to capillary action will be governed by the
following equation:

cosθa =
1

c

m2

t

η

ρ2σL
(2.9)

whereas η, ρ and σL indicate the known viscosity, density and surface tension of
the observed liquid. Before being able to calculate the contact angle by monitoring
the mass of liquid which rises into the porous solid as a function of time the material
constant c has to be determined. By performing the experiment with a liquid which
is known to have a contact angle of zero19 on the solid the solid material constante is
the only remaining unknown in the above equation and can thus be specified. This
constant contains information regarding the pore structure, pore size, and number
of pores in the solid sample and will therefore remain constant during an experiment
for the resulting contact angle measurements to be correct. Once c has been deter-
mined for a analysed solid, a second sample of the solid can be tested for wettability

19Due to its low surface tension of 18.4 mN
m

typically n-hexan is used



2 MEASUREMENT METHODS 35

by another liquid. The material constant determined by the n-hexane test is sim-
ply used in the Washburn equation, in combination with m2

t
data obtained during

testing with the second liquid. This allows calculation of the contact angle between
the second liquid and the solid and the capillary climbing velocity of the liquid.
Since the reproducibility of the mentioned material constant is rather low the Was-
hburn is not suited as a method to determine absolute values but quite helpful to
get a qualitative information concerning for the behavior of the liquid20.

20In the chapter Results and Discussions i will go more in detail with this estimations
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3 Experimental Setup

Dried Air 

Measuring Unit 

Salt-
Powder 

Refrigerant 

Washburn- � Wilhelmy- 
Method 

Balance

Temperature 
Sensor

Silver/Salt 
Plate

Probational 
Liquid 

Height-
Adjustable 
Sample 
Carrier

Double-Walled 
Metal Pot 

Double-Walled 
Glass Top 

Figure 22: Draft of the measuring setup

All measurements (surface tensions, wetted lengths,material constants, contact
angles) were performed using a Company KRÜSS K12/3 tensiometer. A process-
controlled measurement instrument to determine surface properties with the aid of
a probe suspended from a precision balance. A height-adjustable sample carrier is
used to bring the probational liquid into contact with the probe. As soon as the
probe touches the surface the force acting on the balance is recorded and can be
used to calculate surface tension, contact angle etc. from it. Application units such
as the cooling attachment, the dry-air supply and the double-walled glass top were
integrated in the course of the present study to create optimal conditions for mea-
surements at low temperatures.
Measuring instructions given in [23] can be applied for measurements at room tem-
perature as there is no need to apply the above mentioned applications.
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3.1 Measurement procedure at temperatures TM different from room
temperature TR ≈ 26◦C

First and foremost the highly sensitive balance must be immovably fixed.
As the process to equilibrate the temperature for the system (liquid, solid and sur-
rounding air) is the most time-consuming one during the whole measurement, the
supplies of refrigerant and dried air were started before the probes were installed.
Enroute from the refrigerant box to the tensiometer (stretch of way amounts to
≈ 260cm) the temperature of the coolant raises as a function of the temperature
difference between refrigerant TC and room temperature TR . . .

∆T = TM − TC −→

{
0◦C if TC → TR
3◦C if TC → −10◦C

(3.1)

Thus a temperature sensor with a measuring accuracy of ±0.1◦C was placed next
to the probes to define the process temperature TM , (see Fig. 23).
In order to avoid contaminations of the probe-surfaces (liquid and solid) due to
condensation of water vapor at low temperatures a dry-air supply was installed. The
flow rate (≈ 3 l

min
) was chosen so that measurements were thereby not disturbed. The

dry-air purging of the measurement chamber proved to be necessary for temperatures
TM lower than 10◦C.
Subsequently the cleaned probes (plateWilhelmy/filled glass tubeWashburn and liquid)
were applied to the tensiometer like shown in Fig. 22 and 23. Then the stage bearing
the probational liquid was manually turned upwards to position the liquid surface as
close as possible to the lower edge of the hanged plate. At the same time one must pay
attention that on the one hand the plate does not touch the liquid and on the other
hand its lower edge is parallel to the liquid surface. Not until everything was correctly
adjusted the balance was disengaged from the fixation. After reaching a steady
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Walled
Glass Top

Double-
Walled
Metall Pot

Glass Cap 

Sample Carrier 

Pt-, Ag- 
or NaCl- 
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Temperature 
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Figure 23: Profile of the measurement chamber
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temperature 21 the required parameters such as depth of immersion, sensibility of
the balance, number of recorded data etc. were finally entered into the measuring
program.
By starting the measurement initially the balance was tarred and thereafter the
cycle started considering previously entered parameters.

21. . . which was fixed after the temperature remained stationary for at least 5 minutes
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4 Preparation of the Probes

4.1 Characterization of the Used Liquids

4.1.1 Studied liquids

1-Propanol. N-Hexan Water
CH3CH2CH2OH CH3(CH2)4CH3 H2O

Surface Tension 23.7 18.4 72.75
[mN
m

]
Density 0.802− 0.802 0.695− 0.661 0.998203
[ g
ml

]
Assay [%] > 99.5 > 99.5 > 99.9
Viscosity 2.2227 0.68 1.0
[mPas]
Ignition point[46] 385
[◦C]

4.1.2 Cleaning liquids

Propan-2-ol. Propan-2-on (Aceton) Toluol
(CH3)2CHOH (CH3)2OH C7H8

Assay [%] > 99.8 > 99.5 > 99.5

4.2 Characterization of the Used Solids

4.2.1 Silver plates

Sterling Silver Plate Silver Powder p.A.

Assay [%] 92.5 > 99.9
Dimensions Thickness ≈ 0.5mm Grainsize 0.6− 2µm
Density [ g

cm3 ] 10.37 10.49
Boiling point [◦C] 2162
Mohs hardness 4 [47] 2.5

4.2.2 Salt plates

NaCl Crystal Glass Plate
resp. NaCl Powder

Assay [%] 99.922 SiO2 ≈ 72
resp. > 99.5 Al2O3 ≈ 2

Na2O ≈ 14
CaO ≈ 10

Density [ g
cm3 ] 2.16 2.5

Boiling point [◦C] 1465 2230???
Mohs hardness 2.5 [48] 6-7
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4.3 Preparation of the Silver Plates

For the first contact angle measurements the silver plates used in former experiments
[32], [19] were applied. The obvious surface discoloration by oxidation was removed
by polishing like described in [32]. After greasing a polishing application for the drill
with fat-bounded aluminum oxide polishing paste and attaching the silver plates to
a plane wooden board with double-sided tape the cleansing process was performed
by gently pressing the fixed plates against the rotating drill attachment. In order
to prevent stick and slip behavior of the contact line attention was payed that the
polishing direction was perpendicular to the contact line as demonstrated in Fig.
24:

Direction of 
Rotation

Figure 24: Illustration of the polishing procedure showing the position of the plate in right coordi-
nation with the direction of rotation

After removing the plates from the board they took a multi-stage cleaning in an
ultrasonic bath. First of all they were cleaned 15 minutes in Toluol, afterwards ano-
ther 15 minutes in Aceton to solubilize paste residuals and finally 15 minutes in
high-purity water. Since water has a high contact angle on silver the liquid residuals
dripped off and the plate were clean, dry and ready to get applied.
Unfortunately this polishing procedure caused not only visible scratches on the plate
but also bends and thus the measured contact angles were not reproducible.

Consequently new probes were produced out of a 925 sterling silver plate (see ta-
ble 3, column 2). After cutting the plate into small pieces (2 × 1cm) a goldsmith23

23Mr. Josef Karoly; Deutsch Wagram
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polished the probes in order to get them as smooth as possible. Following polishing
and cleaning steps were performed . . .

1. Grinding with an 800-grit sandpaper (Company Norton)

2. Polishing with an 1000-grit polishing paper (Company Rusch)

3. Soldering on copper wire for the suspension on the balance with a hard solder:

(a) 600 Silver solder L2 (Company ÖGUSSA); melting point at T ≈ 700◦C

(b) Borax(Natriumcarbonat flux)

(c) Boric acid in powder form to prevent the plates from discoloration caused
by soldering

4. Pickling with diluted sulfuric acid to eliminate the oxide film at T ≈ 60−70◦C24

in an ultra sonic bath.

5. Cleaning with pumic powder (powdered volcanic rock) and commercially availa-
ble soap under tap water.

In order to remove contaminations due to transport25 an ultra sonic cleansing as
mentioned before was performed.
Although no visible scratches remained measurements were still not reproducible
and therefore another polishing procedure permitting more fine-grained steps was
performed. Again it was stressed that the polishing direction parallels the afterwards
during measurements occurring liquid/solid contact line (see Fig. 25).

1. Pre polishing with . . .

(a) 1000-grit polishing paper (Company Kingspor)

(b) 2400-grit silicon carbide paper (Company Struers)

2. Polishing26 with . . .

(a) 4000-grit silicium-carbide paper

(b) 3µm diamond-suspension

(c) 0.04µm aluminum-oxide suspension (OPS )

3. Soldering on a copper wire with a soft solder for the suspension on the balance:

(a) Soldomol 220 (silver-tin solder; Company ÖGUSSA); melting point at T ≈
270◦C

(b) Flux Puradin(Company ÖGUSSA)

4. Cleaning in an ultrasonic bath as mentioned before.

Since the polished silver plates consist of 925 sterling silver a not negligible influ-
ence of the 7.5 percent copper content on the contact angle may cause a systematic
error of the measurements. In order to prevent these influences the polished pla-
tes were additionally coated using the method of physical vapor deposition (PVD)

24A sort of freely chosen temperature to accelerate the proceeding
25After the mentioned polishing steps the silver plates were felt nesteled and preserved in an seal air-tighted box

during the transport from goldsmith to university.
26The following polishing steps were performed by Ms. Rohrer (University of Vienna; Group Dynamics of Con-

densed Systems)
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Direction of Rotation 

Figure 25: Illustration of the polishing procedure performed by Ms. M. Rohrer

which is a variety of vacuum deposition and is a general term used to describe any
of a variety of methods to deposit thin films by the condensation of a vaporized
form of the material onto various surfaces. As its name implies this kind of coating
involves purely physical processes such as high temperature vacuum evaporation or
plasma sputter bombardment. Fig. 26 shows a schematic diagram of the setup for
this method: It can be seen that the vapor deposition takes place in a vacuum cloche
- to be more precise under “low” vacuum at a pressure of ≈ 10−5 − 10−4mbar.
At the beginning about 0.02g of the silver powder mentioned in chapter 4.2.1; sphe-
rical, APS 0.6− 2µm is filled into a tungstic shuttle.Subsequently over this shuttle
the solid surface to be vaporized is perpendicularly fixed. Then the material to be
deposited - in this case the silver powder - is heated to a high vapor pressure by
electrically resistive heating of the tungstic shuttle. Consequently a thin silver film
will deposit by condensation of the vaporized powder onto the target placed above
the tungstic shuttle.
Depending on the amount of vaporized solid and its elemental structure the produ-
ced film thickness amounts to 10−9 − 10−6m.
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Figure 26: Scheme of PVD

4.4 Preparation of the Salt Plates

4.4.1 Polished salt crystals

The first generation of salt plates for contact angle measurements performing the
dynamic Wilhelmy method was made out of a mechanically treated salt crystal.
Potentiometric analysis27 confirmed the assumption that the initial crystal consists
completely of sodium chloride - except of surface impurities.
Using the same sandpapers as stated in Preparation of the Silver Plates-Cycle 3 wa-
ter as refrigerant had to be replaced by 1-propanol otherwise the crystal would have
been dissolved during the polishing process. For the same reason not the diamond-
and aluminumoxide- suspensions (both including water) were applied but a 0.25µm
polishing paste.
After removing paste residuals by rinsing the plates with 1-propanol the copper
wires for the suspension on the balance were sticked on the plates with superglue.
Since the glue spread to much on the salt plates and therefore the remaining pure
salt surface would have allowed a immersion-depth of only 1−2mm the suspensions
for the next plates were not glued on anymore but stuck between copper wire.

27University of Vienna, Faculty of Chemistry
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4.4.2 Untreated salt crystals

Based on the same salt crystals the probational plates were this time made without
modifying their natural surface. By wedging the crystal carefully salt plates of the
desired shape were produced.

Wedge

Salt
Plates

Figure 27: Scheme of the preparation of natural shaped salt plates

As already mentioned the advantage of this method is to preserve the natural
structure particularly the positions of the surface molecules. Thus the initial surface
tension related to the crystal structure will be unchanged and the measured contact
angle will not be influenced by surface modifications (see chapter 1.3.1).

4.4.3 Coated glass plates

The third generation of salt plates was made by PVD. Starting from cleaned glass
plates jammed in wire as already mentioned in Cycle1 a salt layer was deposited
performing PVD similar to Silver plates - Cycle 3. Since the used salt powder men-
tioned in chapter 4.2.2 clearly had a lower density then the silver powder a bigger
tungstic shuttle had to be applied to guarantee a complete coating of the glass pla-
tes.
The so produced salt film is very fragile because the configuration of the condensed
molecules on the glass surface does not correspond to the natural ionic crystal struc-
ture of sodium chloride and therefore their intermolecular binding is lower compared
to ionic bond. Even the humidity of the surrounding air may cause a destruction of
the film. For that reason the salt plates were stored in argon.
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4.5 Cleansing of the Samples During Measurements

As already mentioned in detail a basic prerequisite for convincing results of surface
properties is the purity of the observed surface. The slightest contamination will lead
to wrong values. Thus a thorough clean-up of the solid samples was conducted at
the beginning of every individual measurement. In order to exclude a contamination
of the liquids their surface tensions were controlled at 5 measurement intervals.
Plates and vessels for the liquids/solid powders were taking a cleaning as follows . . .

• At the beginning of every measuring day 28 the glass jar for the observed liquids
were . . .

1. degreased with Aceton p. A.,

2. rinsed out with water p. A.,

3. heated with a Bunsen burner,

4. once again rinsed out with water p. A. and

5. finally rinsed out with the afterwards observed liquid.

• Plates for the Wilhelmy Method

1. As per cleaning advice [22] the platin plate29 was . . .

(a) degreased with Aceton p. A.,

(b) rinsed out with water p. A. and

(c) finally heated with a Bunsen burner up to red-heat

2. All silver plates were rinsed off with liquids in the following order. . .

(a) Propan-2-ol p.A

(b) Aceton p.A.

(c) Water p.A.

3. Concerning theirs solubility the salt plates were only rinsed off with 1-
Propanol

• Probes for the Washburn Method

1. cleansing of the glass tube for the powder similar to the procedure mentio-
ned for the glass jar

2. applying a new filter before each measurement

3. pouring in a weighed (≈ 2g) amount of the natrium chloride powder men-
tioned in chapter 4.2.2

4. shaking the stuffed glass tube 100 times to increase the reproducibility of
the material constant

28Of course also when the surface tension checks indicated a contamination of the liquid
29For surface tension measurements
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5 Temperature dependence of the contact angle for 1-propanol
on silver

In order to determine the contact angle between silver and 1-propanol the Dyna-
mic Wilhelmy Method was used (see chapter 2.2.2). The results will be classified
according to the number of PVD steps used for coating the probes. Therefore a
distinction will be made between 0×, 1× and 2× coated plates. Additionally the
results obtained for not coated plates will be differentiated according to the various
polishing procedures exerted(see chapter 4.3).
Since surface contaminations of the plate by the probational liquid can only be ex-
cluded at the first time the cleaned plate is immersed (see chapter 1.3) solely θa data
will be evaluated to determine the desired contact angle. To be more precise each
plate was cleaned like mentioned in 4.5 after immersing and withdrawing it once.
All data not specified in this chapter and furthermore all not rounded values are
listed below in the appendix. Therefore the respective sections will referenced at
their headlines.

5.1 Surface Tension during measurements
(see appendix A.1)

At the beginning of every contact angle measurement apart from the wetted length
the surface tension of the liquid must be determined. At this point it should be
mentioned that the measured surface tensions turned out to be not only dependent
on the purity of the probes but also on the depth of immersion of the plate, which
consisted of a platin-iridium alloy with and had an extent of 19.9mm× 0.1mm.
Performing surface tension measurements with various depths of immersion for water
p.A and 1-propanol it turned out that an immersion depth of 4.5mm is required for
water whereas 2mm last for 1-propanol. This difference might be explainable by the
different amounts of surface tension: σL = 72.75mN

m
for water p. A and σL = 23.7mN

m
for 1-propanol p. A. at 20◦C. Qualitatively spoken the higher the surface tension
the deeper the plate must be immersed to condition the surface properly.
At the beginning and at the end of every measurement cycle 30 the surface tension
of the liquid under study(1 − Propanol) was checked. Results are plotted in the
following graph:

30A Cycle is meant by a series of contact angle measurements (max. 5 measurements) at constant temperature.
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Figure 28: Experimental data for surface tension of 1-propanol compared with the curves deter-
mined by Strey [35] and by Dean [9] - Linear Fits 1 respectively 2 are chosen parallel to [35]
respectively[9]

The above illustrated graph (Fig. 28 shows a comparison between the measured
surface tension data (black crosses) and the already quoted surface tensions for 1-
propanol on the one hand determined by Strey and Schmeling [35] (dashed red line)
and on the other by Dean [9] (dashed blue line).
Both linear regressions through measurement data are based on the previously de-
termined functions which are:

σ(T ) = 48.21− T (K) · 0.08394 (5.1)

for σ1−propanol(T ) stated by Strey and Schmeling [35] respectively

σ(T ) = 25.26− T (◦C) · 0.0777 (5.2)

according to Dean [9]. Considering figure 28 it turns out that the measured surface
tensions obviously exceed the above mentioned functions. Thus a modification of
equation 5.1 and 5.2 is necessary to fit the data.
Introducing a variable parameter A which is shifting the value of T (K) in both
cases:

σ(T ) = 48.21− (T (K) + A) · 0.08394 (5.3)

σ(T ) = 25.26− (T (◦C) + A) · 0.0777 (5.4)

gives on the one hand

σ(T ) = 48.21− (T (K)− 5.4) · 0.08394 (5.5)
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for linear fit 1 and on the other hand

σ(T ) = 25.26− (T (◦C)− 5.4) · 0.0777 (5.6)

for linear fit 2. The coefficient of determination for equation 5.5 amounts to ≈ 0.97
and for equation 5.6 ≈ 0.95 what is indicative of a very well correlation.
Furthermore it shows that the measured surface tensions differ from those predicted
by [35] as well as from the values in [9]. In either instances the amount of divergence
corresponds roughly to a temperature shift of ∆T ≈ −5.4K. This mismatch might
be explained by the position of the temperature sensor (see Fig. 23). Contrary to
the standard placement of the sensor that is to say inside the refrigerant the tempe-
rature during measurements was metered by applying the sensor being completely
surrounded by air. This placement was purposely chosen since one can assume that
the plate has the temperature of the surrounding air before it comes in contact
with the liquid. The temperature of this probe surrounding air is higher then the
temperature of the refrigerant explainable by not complete thermal isolation against
the room air. Figure 29 illustrates the difference between probe surrounding air and
refrigerant. The black curve in figure 29 represents the ideal case of perfect isolation
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Figure 29: Surrounding air temperature as a function of refrigerant temperature

against the room temperature whereby the probe surrounding air and the refrigerant
temperature are the same. It is obvious that the measurement data (red crosses)
and therefore the linear regression (red curve) too vary from the ideal case. Further-
more figure 29 indicates an increase in temperature shift with approaching the room
temperature (TR ≈ 25◦C) and thus explains the mismatch illustrated in figure 28.
So the temperature of the liquid surface is overestimated. Since the surface area
includes both liquid as well as vapor molecules representing the transition from one
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phase to the other there arises the question whether to relate the temperature of the
liquid or the temperature of the surrounding air to a certain surface tension. Ano-
ther indication for this assumption is the observation of a decreasing difference the
more the measuring temperature converges to the room temperature (TR ≈ 26◦C)
just as in [12] stated.
However the following estimations show that the discrepancy between Tsurrounding−air
and Trefrigerant will not influence the contact angle values.
From equations 5.5 and 5.6 a constant shift in surface tension of ≈ 0.45 respectively
≈ 0.42 results. Taking the lowest surface tension value σ1−prop.(34.1◦C) ≈ 22.3mN

m
the relative error resulting from the above calculated shift amounts to ≈ 2% in eit-
her instance. The error estimation of chapter 6.4 makes clear that this systematical
error will never exceed the statistical one (see equation 6.17). Consequently errors
in σ values due to overestimation of the temperature has only negligible infuence on
contact angle values.
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5.2 Not coated plates(0xPVD)
(see appendix A.2)

• Wetted lengths

Measurements were performed according to chapter 3.1 using n-hexane as liquid
phase. Values indicated with ∗ are metered with the calliper rule31. Following ave-
rage perimeters were calculated:

Preparation Type acc. to . . . l̄ [mm] l̄∗ [mm]

Roman Ortner 49.8± 0.3 50.0
Josef Karoly 51.58±0.08 51.6±0.2
- Goldsmith
Martina Rohrer 50.8± 0.2 50.6
- Expert for “µm-polishing”

These results show very clearly that the mean values determined with the tensiome-
ter correspond with the average perimeters metered with the calliper rule - within
error bars.
In addition to it the perimeter of the plate prepared acc. to R. Ortner corresponds to
the value represented in [19] (L = 50.3±0.1mm) since the very same plate was used.

5.2.1 Contact Angles obtained with variously prepared but not coated 925 silver
plates

As previously mentioned in (chapter 4.3) various kinds of preparation procedures
were used in order to polish the plates. In the following the distinction between
different preparations will be indicated with the name of the person performing it.
Additionally it was possible to compare the data with values stated in [19] and [32].

31The sole measurement method applied with a systematical (∆lsyst. = 0.2mm) exceeding the statistical one.



5 TEMPERATURE DEPENDENCE OF THE CONTACT ANGLE FOR 1-PROPANOL ON SILVER51

-5 0 5 10 15 20 25 30
Temperature [°C]

5

10

15

20

25

30

35

40
Preparation acc. to Roman
Preparation acc. to goldsmith
Preparation acc. to Michael
Preparation acc. to Martina Rohrer
Lin. Regr. through       data
Data Roman Ortner
Data Gerald Hill

5

10

15

20

25

30

35

40

Figure 30: Contact angle of 1-propanol on not coated sterling silver - various preparation procedures
by comparison

Obviously the advancing contact angle for not coated silver plates turns out to
be dependent on . . .

• the type of preparation,

• the cleaning procedure and

• the age of the plate.

Examining, for example, the case of contact angles at T ≈ 20◦C . . .

Preparation acc. to . . . Contact Angle [◦] Standard Deviation [◦]

Roman Ortnerblack 30 1
Josef Karolyblue 11.1 0.1
Martina Rohrerlight-green 29 1

Data R. Ortnerdark-green 28.3 -
Data G. Hillpink 32.6 0.6

. . . following conclusions for the above listed values can be drawn on the basis of a
comparison between the three parameter mentioned above:
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1. Equal cleaning and surface age
Obviously contact angles received with the silver plates prepared acc. to R.
Ortner and M. Rohrer agree within error bars. In addition to it they are in
accord with the value stated in [32]. Concerning the three parameters it must be
said that both the cleaning procedure as well as the surface age are equal thus
the only variation is that different polishing steps were performed. However
the conformity of the values implies that despite various preparation types the
same surface conditions are on hand.

2. Equal cleaning and preparation
Providing that the error of the contact angle determined by Hill [19] is not
underestimated a deviation from the already discussed values must be noticed.
Although the same preparation and cleaning steps as in [32] were performed by
G. Hill the obtained value obviously differs from the expected contact angle.
This difference may be explained by the surface age and the thereby arising
oxidation process. Contact angle data as a function of surface age stated in
[32] provide an indication for the supposed correlation. Ortner [32] determined
a contact angle increase of 2◦ for a surface age of 24 hours. Since there is no
specification concerning this matter in [19] an aging of the plate surface can
not be excluded.

3. Equal cleaning
The plainest drift noticeable in table 51 is the value measured with a plate
prepared acc. to J. Karoly. Since both cleaning procedure as well as surface
age were similar to the plate prepared acc. to Ortner the divergence may arise
from a rougher surface (see chapter 3.2).

Coming back to Fig.30 the wide variance of the contact angle obtained with the
silver plate prepared acc. to Hindler is obvious. Thereunto it must be said that
primarily measurements acc. to M. Hindlerred data point differ from all other measure-
ments by performing goniometric analysis. Added to this the drop volume remained
constant during the measurement. Consequently not the advancing but the equi-
librium contact angle was measured and as already illustrated in Fig. 9 θa always
exceeds θe. In addition to it the plates were after polishing not cleaned in an ultra
sonic bath but just rinsed of with acetone and water p.A. what might lead to surface
contaminations of the probe. Both deviations from the otherwise applied measure-
ments could cause the significant deviation obtained.

Since the plates prepared by M. Rohrer most likely conform to the requirements
of smooth and uncontaminated surfaces only these plates were applied to determine
the temperature dependence of the contact angle. Contrary to the results stated
in [32] and indicated with the dashed black line in Fig. 30 it turned out that the
contact angle is a function of temperature. The fitted linear regression makes the
observed behavior more explicit:

θ
1−prop./925−silver
a (T (◦C)) = 0.54× T (◦C) + 13.3 ;(R2 = 0.7)
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. . . and leads to following parameters describing the contact angle as a function
of temperature:

1. Contact angle at T = 0◦C:

θa(0
◦C) ∼= 13.3◦

2. Change of θa with increasing temperature:

∂θa(T )

∂T
∼= 0.54

deg
◦C

3. Contact angle at T = 20◦C:

θa(20◦C) ∼= 24◦

Respecting the inaccuracy of absolute values the result for θa(20◦C) corresponds
to the contact angle of 28.3◦ determined by Ortner [32]:

∆θa(20◦C) = θOrtnera − θmeasuereda ≈ 4◦

However considering the contact angle at T = 0◦C the difference between the value
received by the linear regression of measurement data and the one stated in [32]
becomes significant:

∆θa(0
◦C) = θOrtnera − θmeasuereda ≈ 15◦
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5.3 One time coated plates (1xPVD)
(see appendix A.3)

• Wetted lengths

Plate marking l̄ [mm] l̄∗ [mm]
δl∗ = 0.2mm

P1 52.7± 0.3 52.6
P2 55± 1 54.8

5.3.1 Temperature dependence of the contact angle for 1-propanol on one-time coa-
ted 925 silver
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Figure 31: Contact angle of 1-propanol on one time-coated sterling silver as a function of tempe-
rature - averaging P1 and P2 data

Linear Regression fitted through the measured values(1932):

θ
1−prop./1×PV D
a (T (◦C)) = 0.06× T (◦C) + 23.5 ;(R2 = 0.29)

32Number of data used for linear regression
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Following parameters describing the contact angle as a function of temperature
can be defined:

1. Contact angle at 0◦C:
θa(0

◦C) ∼= 23.5◦

2. Change of contact angle with increasing temperature:

∂θa(T )

∂T
∼= 0.06

deg
◦C

3. Contact angle at 20◦C:
θa(20◦C) ∼= 24.7◦ (5.7)
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5.4 Two times coated plates(2xPVD)
(see appendix A.4)

• Wetted length

Plate marking l̄ [mm] l̄∗ [mm]
δl∗ = 0.2mm

P3 52.7± 0.3 52.7

5.4.1 Temperature dependence of the contact angle for 1-propanol on two-times
coated 925 silver
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Figure 32: Contact angle of 1-propanol on two-times coated sterling silver

Linear Regression fitted through the measured values(18):

θ
1−prop./2×PV D
a (T (◦C)) = 0.024× T (◦C) + 16.3 ;(R2 = 0.017)

In consideration of the errors following parameters describing the contact angle as
a function of temperature can be defined:

1. Contact angle at 0◦C
θa(0

◦C) ∼= 16.3◦

2. Change of contact angle with increasing temperature

∂θa(T )

∂T
∼= 0.02

deg
◦C

3. Contact angle at 20◦C
θa(20◦C) ∼= 16.7◦
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5.5 Variously often coated silver plates by comparison
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Figure 33: Temperature dependence of the contact angle for 1-propanol on silver - different numbers
of PVD-steps in comparison with the values stated in [19] and [32]

θ1−prop./silver
a (T (◦C)) =

∂θ

∂T
× T (◦C) + θ(0◦C) (5.8)

0× PV D 1× PV D 2× PV D
∂θ
∂T

[deg◦C ] 0.54 0.06 0.02
θ(0◦C) [◦] 13.34 23.51 16.31
θ(20◦C) [◦] 24.17 24.72 16.80

From this one can infer that not only the contact angle value but also its change
with increasing temperature depend on the number of PVD-steps performed.
This result may scrap the 1-propanol/silver contact angles quoted in [?] and [19]
because they must arouse suspicions that values obtained with non-coated 925 sil-
ver plates still including copper residuals (≈ 7.5%) don’t agree with those obtained
with coated plates.
Since contact angle measurements strongly depend on the surface state and purity
(see chapter 1.3) one may potentially base the observed behavior on varying kinds
of preparation procedures. However a comparison of the results at T = 20◦C . . .
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Preparation acc. to . . . θa(20◦C) [◦]

R. Ortner 30± 1
M. Rohrer 29± 1

Data quoted in [32] 28.3
. . . [19] 32.6± 0.6

. . . disproves this hypothesis. Evidently the two different preparation procedures
lead to the same surface smoothness.
Consequently it only remains to rule out the possibility surface smoothing by coa-
ting. According to [22] the macroscopic roughness of a solid surface is reflected in
the contact angle hysteresis θhyst - the difference between θa and θr. The bigger θhyst
the rougher the surface or in other words an increasing grade of surface smoothness
results in an approximation of θa and θr. This equalization contains not only a de-
creasing θa but also an increasing θr. Since the measured θr values did not change
as a function of PVD-steps but remained generally zero also this assumption can be
excluded.
It only remains to be clarified whether the varying surface age [32] may have caused
the difference. In order to exclude this possibility the span of measurement time, the
moment of polishing and vaporizing and the measurement procedure as a function of
various temperatures need to be reviewed. In doing so it turns out that none of the
mentioned parameters may cause the observed behavior. First of all the polishing
and evaporation of the plates was performed inside two days an negligible stretch
in comparison to the measuring period of ≈ 3 weeks. In addition to it attention was
payed to vary the temperature after each completed series of measurements:

P0×PV D → P11×PV D → P21×PV D → P32

Consequently the surface age is randomly spread over the studied temperature range
but not subject to the number of PVD-steps performed. Solely the distribution of
contact angle values at the same temperature may reflect an influence. However also
this apparent dependency may refer to statistical dispersion and not to different
physical properties due to surface age.
Now that all other possibilities could be ruled out the only explanation remaining
is to attribute the observed behavior to increasing silver content with increasing
number of PVD steps. Although it only amounts to 7.5% the copper content of
the 925 silver plate evidentally influences the contact angle. Reasonable since solely
the surface of the plate influences the results and therefore even a small amount of
copper may lead to a deviation from the desired silver surface.
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Another point of interest is whether the temperature dependence influences the
wetting behavior of 1-propanol on silver and possibly even lead to different behaviors
depending on the number of coating-steps performed. Therefore the following graph
will help to answer this questions.
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Figure 34: Temperature dependence of the contact angle for 1-propanol on silver as a function of
PVD-steps - Extrapolation of the linear regressions.

As can be seen from this graph the degree of wetting for 1-propanol on silver can
be classified as highly wettable, meaning a contact angle range from > 0◦ to < 90◦,
within the range where 1-propanol is determined to be liquid under atmospheric
pressure. Just the not coated plate may be perfectly wetted at T ≈ −24◦C according
to the extrapolation of the linear regression fitted through data values. However
within the observed temperature range ∆T all plates are highly wetted. In addition
to it one can conclude from the graph that the case of low wettability will never
appear since even for the strongly rising contact angle curve of the not coated plate
a temperature of ≥ 142◦C >> TB;1−propanol may be needed to change the wettability.
In spite of the unchanged wettability the measured temperature dependence of the
contact angle plays an important part for heterogeneous nucleation processes (see
chapter 1.4.2). Recalling equation 1.73 whose contact angle dependence is given by
equations 1.74 and 1.76 the influence of cosθ on nucleation rate J given by 1.79
becomes evident. Thus the influence of observed temperature dependence on the
nucleation rate is easily conceivable.
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6 Temperature dependence of the contact angle for 1-propanol
on NaCl

Contact angle measurements for 1-propanol on sodium chloride were conducted app-
lying both the Dynamic Wilhelmy Method and the Washburn Method. The following
results will be firstly distinguished according to the different measurement methods.
Additionally contact angle data obtained with the Dynamic Wilhelmy Method will
be divided according to the various preparation procedures mentioned in chapter
3.4.
Contrary to the silver/1-propanol data evaluation in the case of NaCl/1-prop. data
additionally the receding angle θr will be analyzed since they lead to unexpected
negative θhyst = θa − θr values(see chapter 1.3).

6.1 Surface Tension during measurements
(see appendix B.1)

As well as for the previously discussed series of measurements the surface tension
of n-propanol had to be checked at the beginning, during and at the end of every
measurement cycle.
The surface tension changed as a function of temperature as shown in the following
graph. . .
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Figure 35: Experimental data for surface tension of 1-propanol compared with the curves deter-
mined by Strey [35] and by Dean [9] - Linear Fits 1 respectively 2 are chosen parallel to [35]
respectively [9]

Again the linear regression fitted through the data is based on the functions
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determined by [35]

σ1−Propanol(T ) = 48.21− (T (K)− 4.8) · 0.08394 (6.1)

with a coefficient of determination (R2) of ≈ 0.95 K
and by [9]

σ1−Propanol(T ) = 25.26− (T (◦C)− 4.3) · 0.0777

with a coefficient of determination (R2) of ≈ 0.92 K
Obviously the drift of temperature ∆T ≈ −4.8K resp. ∆T ≈ −4.3K is in accord

with the one calculated before (see chapter 5.2) and again the linear regression ac-
cording to [35] fits better then the one acc. to [9]. However this graph shows more
clearly that the shift from the curve determined by [35] (red curve) increases by
approaching the room temperature TR. Reasons for the deviation from predicted
values are the same as id.
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6.2 Dynamic Wilhelmy Method

Since the physical vapor deposition has prove to be a suitable method for the gene-
ration of smooth surfaces in the case of silver plates it has also been used to produce
a sodium chloride coat on a smooth solid surface. In order to guarantee adhesion of
the salt film a glass plate was used as target. For two reasons this solid is qualified
for coating with NaCl on the one hand its surface is already smooth and needs
therefore no additional polishing and on the other hand its 14% Na2O content (see
chapter 4.2.2) creats a good basis for the adhesion of the film.

6.2.1 Uncoated glass plate
(see appendix B.2.1)

In order to exclude a misinterpretation of the measured contact angles due to influ-
ence of the glass subsurface comparative measurements with a pure glass plate were
performed.

• Wetted lengths

Plate marking b̄ [mm] d̄ [mm] l̄ [mm]
±0.05 ±0.05 ±0.2

G 20.4 2 44.8

• Temperature dependence of the contact angle for 1-propanol on glass

– Advancing angle as a function of temperature

Measurements in a temperature range of (−7◦C; 34◦C) resulted in an advancing
angle of 0◦. Clearly the obtained data include statistical scatter but since this un-
certainty takes place in a range where cosθa is always larger than 1 it will not change
the result that 1-propanol wets glass perfectly.

θ
1−prop./G
a (T (−7◦C → 34◦C)) ≡ 0◦
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Following figure illustrates the measured cosθa values as a function of temperature
to emphasize the above stated result. Additionally a comparison with the cosθr
values is diagrammed to show the unexpected (θhyst < 0) behavior measured.
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Figure 36: cosθa and cosθr data obtained with a pure glass plate as a function of temperature
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– Receding angle as a function of temperature

Since the cosθr values illustrated above in fig. 36 all correspond to a finite and non-
zero contact angle the following graph (fig. 37) illustrates the direct angles obtained.
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Figure 37: θr data for 1-propanol on glass as a function of temperature

Linear Regression fitted through the measured values(24):

θ
1−prop./2×PV D
r (T (◦C)) = 0.81× T (◦C) + 36.9 ;(R2 = 0.37)

Finally it can be stated that the contact angle between glass and 1-propanol in a
temperature range from −7◦C to 34◦C amounts to 0◦. However the measured rece-
ding angles, which are supposed to be smaller than θa (see chapter 1.3) and therefore
zero too, exceed the expected values and appear to be temperature dependent. This
behavior induces an increasing contact angle hysteresis with increasing tempera-
ture but it does not change the statement of perfect wetting, because propositions
about the wetting behavior only depend on the advancing angle, which remains zero.
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6.2.2 One-time coated glass plates
(see appendix B.2.1)

Two glass plates were coated with a sodium chloride film as described in chapter
4.4.3. It was clearly visible that the so produced coats were rougher than the silver
films although in both cases the method of PVD was performed to generate the thin
films. An explanation for the difference in surface roughness is stated in 4.4.3. In
order to exclude destruction of the sensitive surface coats the plates were stored in
argon atmosphere between measurements. During measurements the salt film may
be destroyed by bringing in contact with the probational liquid. For that reason
the liquid was firstly saturated with sodium chloride powder in an ultra sonic bath
so that a sediment of salt was visible. Fortunately surface tension measurements of
this solution resulted in the same values as though using 1-propanol p. A. and thus
surface modifications due to solid-liquid contact can be excluded.

• Wetted lengths

Unlike the determination of the silver plate perimeter, in the case considered here
wetted length measurements can only be performed applying a calliper rule (l =
2× (b+d)). Otherwise due to the solubility of salt in n-hexan the probational plates
would have been destroyed.

Plate marking b̄ [mm] d̄ [mm] l̄ [mm]
±0.05 ±0.05 ±0.2

S1 20 2 44
S2 20.70 2.00 45.4

• Temperature dependence of the contact angle for 1-propanol on sodium chloride
(1xPVD)

– Advancing contact angle

Contact angle measurements between 1-propanol and one time coated glass plates
yield also to a vanishing advancing angle. Thus it can be concluded that the liquid
under study wets the sensitive salt film perfectly too.

θ
1−prop./S1;2
a (T (−3◦Cto34◦C)) ≡ 0◦



6 TEMPERATURE DEPENDENCE OF THE CONTACT ANGLE FOR 1-PROPANOL ON NACL66

Again a graph of the obtained cosθa data is illustrated to elucidate that although
statistical scatter of the values exists the resulting advancing angles never exceed
0◦. The comparison with the cosθr data leads again to a behavior contradicting
theoretical assumptions. Obviously both the glass as well as the one time coated
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Figure 38: cosθa and cosθr data obtained with one time coated plates as a function of temperature

plate behave in the same way by coming into contact with 1-propanol. It might be
that the sodium chloride is to thin and therefore the glass subsurface influences the
data. However the later quoted results of two and three times coated plates disagree
with this statement since primarily the receding angle turns out to be influenced by
the number of coating processes and not the advancing angle. Though the impact
of glass should most notably affect the advancing angle analogously to the change
in advancing angle determined for the silver plates. Against this a change in rece-
ding angle related to the number of salt coats rather indicates a variation of surface
roughness.
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– Receding contact angle

Once more a negative contact angle hysteresis θhyst = θa− θr is observed. Values for
θr are illustrated below in figure 39.
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Figure 39: θr data for 1-propanol on one time coated glass as a function of temperature

Linear Regression fitted through the measured values(26):

θ
1−prop./2×PV D
r (T (◦C)) = 0.58× T (◦C) + 39.9 ;(R2 = 0.31)

Again the errors of θr data exceeds the those arising out of θa measurements. Ho-
wever a comparison with the receding angles of the polished salt plates (see figure
6.2.5 shows that a relative error of 60% clearly exceeds the maximum relative error
occurring in this case ≈ 15%.
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6.2.3 Two-times coated glass plates
(see appendix B.2.1)

The second coat of sodium chloride was under similar conditions produced. That
is to say, that both the distance between tungstic shuttle and target as well as the
amount of NaCl powder were retained. Consequently it’s safe to assume that layer
thickness is twice as large as for the one time coated plate.

• Wetted lengths

Plate marking b̄ [mm] d̄ [mm] l̄ [mm]
±0.05 ±0.05 ±0.2

S3 20.37 2.00 44.7
S4 19.98 2.00 44.0

• Temperature dependence of the contact angle for 1-propanol on sodium chloride
(2xPVD)

– Advancing Angle

As already well-known from the glass and the one time coated plate contact angle
measurements with two times coated plates result again in an unexpected negative
θhyst behavior. Figure 40 shows the measured cosθa and cosθr data.
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Figure 40: cosθa and cosθr data obtained with two times coated plates as a function of temperature
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As already broached before the results for cosθa values remain in the same range
of values as in the case of glass and one time coated plates. Thus again the perfect
wetting of 1-propanol on two times coated plates can be deduced. The fact that
the cosθa values remain unchanged indicates that not the glass subsurface causes a
contact angle of 0◦ but rather both glass as well as sodium chloride are perfectly
wetted by 1-propanol.

θ
1−prop./S3;4
a (T (−3◦Cto34◦C)) ≡ 0◦

• Receding Angle
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Figure 41: θr data for 1-propanol on two times coated glass as a function of temperature

Linear Regression fitted through the measured values(13):

θ
1−prop./2×PV D
r (T (◦C)) = 0.56× T (◦C) + 27.5 ;(R2 = 0.16)

Obviously the measured receding angles are smaller than in former cases. This result
leads to the assumption that surface of a twice coated plate is smoother.
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6.2.4 Three-times coated glass plates
(see appendix B.2.1)

For the very same reasons stated above one can assume that the layer of a three
times coated plate is three times as thick as the coat of the one time coated plate.
Respecting the short range of surface forces the influence of the glass plate on con-
tact angle measurements can a priori be excluded through layer thickness.

• Wetted length

Plate marking b̄ [mm] d̄ [mm] l̄ [mm]
±0.05 ±0.05 ±0.2

S5 20.32 2.00 44.6

• Temperature dependence of the contact angle for 1-propanol on sodium chloride
(3xPVD)

Just as with the less often respectively non coated plates the contact angle hyste-
resis turns out to be negative and the advancing angle amounts to 0◦ in the whole
temperature range observed. The measured cosθa data not only result in a contact
angle of zero but they are also located in the same range of values as shown in the
following graph.

– Advancing Angle

θ
1−prop./S5
a (T (−3◦Cto34◦C)) ≡ 0◦
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Figure 42: cosθa and cosθr data obtained with three times coated plates as a function of tempera-
ture
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– Receding Angle
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Figure 43: θr data for 1-propanol on three times coated glass as a function of temperature

Linear Regression fitted through the measured values(13):

θ
1−prop./2×PV D
r (T (◦C)) = 0.64× T (◦C) + 16.7 ;(R2 = 0.20)

Considering the receding angles it turns out that their values decrease once more
just as observed above. This change in absolute values can again be interpreted as
a property of surface roughness.
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Following conclusions can be drawn from the measurements with NaCl-coated
glass plates:

1. The advancing angle, which describes the wetting behavior of a liquid on a
solid surface, is always zero. That is to say, that the glass as well as the salt-
coated plates were perfectly wetted by 1-propanol in the whole temperature
range observed.

θia(T ) ≡ 0◦ ∀ T ∈ (−7◦C; 34◦C)
i=glass;1xPVD;2xPVD or 3xPVD

2. The statistical scatter of cosθa values is not large enough that a contact angle
unequal 0◦ could be deduced from it.

3. All receding angles exceed the advancing ones. Therefore the contact angle
hysteresis defined as θhyst = θa− θr is always negative and thus contradicts the
theoretical expected positive value.

4. The measured θr values decrease with increasing number coating steps. Since
receding angles just allow statements about the surface roughness it can be
concluded that with increasing layer thickness the surface becomes smoother.

5. Just a comparison between the ∂θr
∂T

calculated for the various plates:

∂θr
∂T

[deg◦C ]
Glass 0.81
1xPVD 0.58
2xPVD 0.56
3xPVD 0.64

might possibly be interpreted as a difference in contact angle behavior between
glass and sodium chloride by means of a different θhyst increase with increasing
temperature.
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6.2.5 Polished Salt Crystals
(see appendix B.2.2)

Besides the salt-coated glass plates probes were also made out of a sodium chloride
crystals. This has the advantage that no additional coating is necessary and the
influence of a different substances below the surface coat can be excluded 33. On the
other hand its more difficult to realize a smooth surface with sodium chloride than
with glass. Consequently some of the split off plates had to be polished additional-
ly.(see chapter 4.4.1) How the polishing influences the contact angel will become
clear in the following.
Since no sensitive film was deposited on the solid surface the plates were stored in
room air just like all silver plates. Also a saturation of the probational liquid with
sodium chloride powder was not necessary what simplified the test sequence.
The following contact angles will be divided into those obtained with polished so-
dium chloride crystals and those measured with salt plates, which were innately
smooth and therefore required no additional preparation.

• Wetted lengths

Plate marking b̄ [mm] d̄ [mm] l̄ [mm]
±0.05 ±0.05 ±0.2

N1 15.48 2.9 26.8
N2 14.04 1.6 31.3
N3 11.35 2.4 27.5
N4 7.81 2.56 20.7
N5 9.54 3.71 26.5
N6 13.94 1.7 31.28

• Temperature dependence of the contact angle for 1-propanol on polished salt
crystals

Just like in the former case of coated glass plates contact angle measurements with
polished salt crystals resulted in a negative contact angle hysteresis.

33the purity of the sodium chloride crystal was tested as mentioned in chapter 4.4.1
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– Advancing angle as a function of temperature

The results for cosθa imply again, that the advancing angle is 0◦ in the whole tem-
perature range as illustrated in figure 44.

θ
1−prop./N1−6
a (T (−3◦C → 34◦C)) ≡ 0◦

Clearly also these advancing angle measurements include statistical variation. Ho-
wever the variations never lead to a cosθa < 1 and therefore they don’t change the
zero contact angle.
Although the range of cosθa values is the same as for the case of coated glass plates
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Figure 44: cosθa and cosθr data obtained with polished salt crystals as a function of temperature

the larger error bars indicate, that the surface quality is lower. That is to say the
smoother a surface the better reproducible the measurements and the smaller the
errors. That’s also the reason why errors for receding angles alway exceed the ones
for advancing angles.
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– Receding angle as a function of temperature

Contrary to the advancing angles the measured receding angles differ from zero as
shown below and lead to the already mentioned negative contact angle hysteresis.
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Figure 45: θr data for 1-propanol on polished salt crystals as a function of temperature

Linear Regression fitted through the measured values(13):

θ
1−prop./N1−6
r (T (◦C)) = 0.42× T (◦C) + 26.47 ;(R2 = 0.40)

Re-emphasising the occurring errors a comparison between the uncertainties of cosθa
(fig.44) and θr (fig. 6.2.5) demonstrates the difference in reproducibility between
advancing and receding angles. As already mentioned in chapter 1.3 θr is less repro-
ducible than θa and therefore θr values exhibit bigger scattering. E. g. the maximum
relative error for the advancing angle amounts to ≈ 23% (fig.44) whereas the relative
error of the above plotted receding angles (fig. 6.2.5) amounts up to ≈ 60%.
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6.2.6 Untreated salt plate
(see appendix B.2.3)

The untreated salt plate turned out to have the most qualified surface for contact
angle measurements. In contrast to all the other plates mentioned above this probe
neither includes other materials nor is it modified by polishing. Therefore the surface
molecules are located in energetically favorable positions. The following results will
confirm this statement.

• Wetted length

Plate marking b̄ [mm] d̄ [mm] l̄ [mm]

N 8.1± 0.05 0.8± 0.05 17.8± 0.2

• Temperature dependence of the contact angle for 1-propanol on un-
treated sodium chloride

Measurements with untreated plates resulted in an contact angle of 0◦ for both the
advancing as well as the receding angle. Following graph illustrates the measured
cosθa/r data in the observed temperature range.

θ
1−prop./N
a&r (T ) ≡ 0◦ ∀ T ∈ (−3◦C; 35◦C)
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Figure 46: cosθa and cosθr data obtained with untreated salt crystals as a function of temperature

It shows that on the one hand the cosθa values increase compared to the previous
cases and on the other hand the receding angle increases so much that it becomes 0◦
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too. In addition to it solely for the untreated plate the “indirect” contact angle hys-
teresis θhyst is positive and thus accords to theoretical expectations. The expression
“indirect” points out that not the usual definition of θhyst = θa − θr, which would
lead to θhyst ≡ 0◦ since both θa and θr are zero, is meant. But rather the difference
between forces acting on the plate by immersing (Fa) respectively withdrawing (Fr)
it (see figure 19). That is to say that as already mentioned in chapter 2.2.2 the
recorded force given by equation 2.6 is proportional to cosθ and therefore leads to
cosθr values exceeding the cosθa ones if θa > θr.
The crossing of the linear regressions might be misleading since the cosθr values
always exceed the cosθa values. Since the correlation coefficients of the linear regres-
sions amount to 0.02 for cosθa data respectively 0.12 for cosθr data one should not
pay particular attention on an interpretation of this behavior.
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6.2.7 Variously prepared plates by comparison

• Advancing Angles
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Figure 47: cosθa values obtained with variously prepared plates as a function of temperature by
comparison.

The comparison between all cosθa values measured with variously prepared plate
shows very plainly that the advancing angles always amount 0◦ and thus 1-propanol
perfectly wetts sodium chloride. Except data obtained with the untreated salt plate
all results for the advancing angle can broadly be classified into the same range of
values that is to say:

cosθa ∈ (1.2; 1.4) (6.3)

The fact that the cosθa data of the untreated salt plate do not correspond with the
others is needs an explanation since it can not be reasoned with surface roughness.
The usual argumentation of surface roughness 1.3.1 as reason for contact angle hys-
teresis and therefore change of both the advancing as well as the receding angle
would imply a cosθa value of the untreated plate exceeding all the others. Since the
difference between cosθa and cosθr values is minimal for the untreated plate it can
be inferred that the surface quality is the best and therefore the force acting on this
plate is supposed to exceed the other recorded forces.
A quite tentative interpretation of the observed unusual behavior includes indeed
surface quality too but the consequent change in contact angle is different.
Starting from the formation process of the salt surface one must consider that con-
trary to the metallic bond between silver molecules the sodium chloride molecules
interact by ionic bonds. This fundamental difference in intermolecular correlation
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leads to different crystal structure and has therefore also consequences for the coat
produces by PVD. Whereas the silver vapor forms a homogeneous film due to the
strong metallic bond the sodium chloride particles condense in patches and may
therefore leave uncoated areas on the plate. Consequently a cavity-riddled surface
appears and it interacts like a porous solid. Since the contact angle of 1-propanol on
sodium chloride is smaller than 90◦ this “bundle of capillaries” (see chapter 1.2.3)
on the plate surface leads to capillary adhesion of the liquid. Thus the pores are
filled up by 1-propanol when getting in contact with the liquid.
Performing the Wilhelmy method this liquid adsorption influences the recorded for-
ce by immersing the plate into the probational liquid. As soon as the plate comes in
contact with the liquid under study not only the expected force due to σL and θSL:

Frec =
cosθa
σ1.prop.l

(6.4)

whereas a indicates that it’s a matter of advancing angle, act on the plate but also
an additional weight force caused by capillary adhesion might effect an increase
in weight. Thus the recorded force Fa correlated to cosθa obtained with a porous
surface exceeds the one measured with a smooth surface.
The following graph should help to get an idea how the obtained cosθa values might
influence the wetting behavior of 1-propanol on sodium chloride within the possible
temperature range from TM = −126◦C to TB = 97◦C. Therefore the calculated
linear regressions for the cosθa data obtained with variously prepared plates are
extrapolated. Since all correlation coefficient are far beneath 1 (see appendix B.2)
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Figure 48: Temperature dependence of cosθa for 1-propanol on sodium chloride - Extrapolation of
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what indicates a rather low correlation between data points and fitted graphs the
above illustrated graph is rather supposed to show, that the wetting behavior of
1-propanol will not change than to compare the various slopes. As already noticed
in figure 46 the slopes of the linear regressions are rather less expressive.
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• Receding Angles

Coming know to the measured receding angles and a tentative interpretation of the
unexpected behavior. As already mentioned for the particular cases except for the
untreated salt plate all contact angle measurements resulted in a negative contact
angle hysteresis. The corresponding θr values are compared in the following graph:
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Figure 49: θr values obtained with variously prepared plates as a function of temperature by
comparison.

From the associated linear regressions:

θ1−prop./i
r (T (◦C)) =

∂θ

∂T
× T (◦C) + θ(0◦C) (6.5)

following contact angle specific quantities can be deduced:

∂θ
∂T

[deg◦C ] θ(0◦C) [◦] θ(20◦C) [◦]

Glass 0.81 36.9 53.0
1XPVD 0.81 39.9 51.5
2xPVD 0.56 27.5 38.8
3xPVD 0.64 16.7 29.5
Polished crystal 0.42 26.5 34.8

Clearly also in the case of sodium chloride the contact angle and its temperature
dependence changes with the number of PVD-steps performed. Since the evaluated
contact angles are receding angles the above stated parameters should not be over-
estimated. The reasons of the occurring differences have to be reduced on surface
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quality only. Therefore an interpretation of the stated values should always be rela-
ted to the corresponding θa resp. cosθa value in order to calculate the contact angle
hysteresis out of it.
Thus examining the contact angle hysteresis the correlation between forces acting on
the plate and consequent contact angles reads as follows (for the expected behavior
of θhyst > 0:

θa > θr → cosθa < cosθr
cosθ = F

σ1−prop.l
→ F = σ1−proplcosθ

⇒ Fa < Fr

(6.6)

whereas a indicates advancing and r receding angle. Accordingly the force recorded
by withdrawing the plate from the liquid is supposed to be larger than the one by
immersing the plate. Obviously the the results are counter to expectations. Based
on the above made assumption of porous surfaces a tentative interpretation of the
unexpected behavior will be given in the following.
As already mentioned it is assumed that the pores are filled up with 1-propanol as
soon as the plate gets in contact with the liquid. Based on the results of chapter
6.3 it’s safe to assume that wetting proceeds fast and the pores will be filled up
soon after the first contact. Thus further immersing and withdrawing will not lead
to additional weight due to padding of pores. But as soon as some wetted areas of
the plate is long enough out of the liquid the 1-propanol in the pores will start to
evaporate, probably faster the the buoyant force decreases. This evaporation would
entails a decrease in recorded force.
Finally both the overestimation of the force by immersing the plate as well as the
underestimation of the force by withdrawing it perhaps lead to a negative contact
angle hysteresis just as measured.
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6.3 Washburn Method
(see appendix B.3)

6.3.1 Determination of the material constant c

As already mentioned in chapter 2.2.3 it is initially required to obtain knowledge
of the solid specific material constant c before determining contact angles by means
the Washburn method. Performing this “premeasurements” one receives not only
the required constant c but in the course of a measurement cycle also the capillary
rise velocity v of the liquid. This additional parameter provides information about
the wetting velocity and is therefore the main parameter determining the contact
angle.

Based on equation (2.9) the tensiometer software calculates c from recorded (∆m)2

t
data by applying the following equation . . .

c =
∆m2

t

η

ρ2σL
(6.7)

According to this equation perfect wetting (θa = 0◦) of the probational liquid on
the tested powder is presupposed and therefore n-hexane was applied as recommen-
ded in [22].

The previously mentioned rise velocity is proportional to the recorded ∆m2

t
data:

v2 =
l

t

2

∝ ∆m2

t
· t (6.8)

whereas l indicates the capillary rise - approximately the height of the lifted li-
quid volume (see 1.2.3). Thus in what follows ∆m2

t
will be termed v′ keeping in mind

that actually the mass increase per unit time is meant.
In order to calculate the just reviewed constants following liquid specific parameters
were additionally required to calculate firstly c and afterwards the wanted contact
angle θa out of c and v′ data . . .

Probational Liquid N-Hexane p.A. 1-Propanol p.A.

Surface tension σL [mN
m

] 18.6± 0.1 23.7± 0.1
Viscosity η [ g

ms
] 0.32 2.2227

Density ρ [ g
ml

] 0.68 0.8034
Substance specific

constant a = η
ρ2σL

[
sml 2

g2m

]
3.7206533 · 10−2 1.4530108 · 10−1

The above defined constant a is a solely liquid specific property and related to
v′, c and θ as follows . . .

θa

{
= 0◦ → c = av′

> 0◦ → cosθa = av
′

c
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• c and v results for n-hexane on sodium chloride powder

Measurements were performed at a temperature of ≈ 20.2◦C ± 0.3◦C.

c [cm5] v′ [g
2

s
]

1. 3.2643 · 10−6 8, 755 · 10−5

2. 3.8632 · 10−6 1.037 · 10−4

3. 5.7210 · 10−6 1.536 · 10−4

4. 3.2168 · 10−6 8.636 · 10−5

5. 3.5846 · 10−6 9.614 · 10−5

6. 3.7266 · 10−6 9.9941 · 10−5

7. 3.4376 · 10−6 9.294 · 10−5

8. 5.2034 · 10−6 1.396 · 10−4

9. 3.2238 · 10−6 8.669 · 10−5

10. 3.6915 · 10−6 8.058 · 10−5

11. 2.9966 · 10−6 1.15 · 10−4

12. 4.5461 · 10−6 1.229 · 10−4

13. 3.6002 · 10−6 9.666 · 10−5

Mean (3.9± 0.9·)10−6 (1.1± 0.2)10−4

6.3.2 Contact angle for 1-propanol on sodium chloride

Not until after the determination of c the proper contact angle measurement was
performed. Based on the assumption of a unchanged material constant and a finite
contact angle equation 6.7 becomes:

cosθa = v′
a

c
(6.9)

Obviously the contact angle depends on the capillary rise velocity:

θa

{
∈ (0◦; 90◦) if v′ < c

a

≡ 0◦ if v′ ≥ c
a

Complying with the probe preparation instructions listed in chapter 3.4. the
contact angle for 1-propanol on sodium chloride at T = 20◦C ± 0.1 was determined
as . . .

θa ≡ 0◦ (6.10)

In order to elucidate how strong the wetting behavior of 1-propanol is the com-
parison between v′ data obtained for n-hexane and 1-propanol turns out to be most
helpful. In doing so the corresponding physical property compared is the rise velocity
(see equ.6.9).
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• v′ obtained for 1-propanol on sodium chloride

v′ [g
2

s
]

1. 9.88 · 10−3

2. 1.1655 · 10−2

3. 1.8606 · 10−2

Mean (1.3± 0.5)10−2

Following graph illustrates the contact angle as a function of v′ comparing 1-
propanol results with those obtained for n-hexane.
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Figure 50: Comparison of the contact angle as a function of v′ obtained with 1-propanol and
n-hexane

Noticing the logarithmic scale the “magnitude” of perfect wetting determined for
1-propanol on sodium chloride becomes explicit.
Quantitatively examined the v′ ratio of n-hexane to 1-propanol gives. . .

v′1−prop.
v′n−hex.

=
1.3 · 10−2

1.1 · 10−4
≈ 102 (6.11)

thus the only parameter left for a non zero contact angle of 1-propanol on sodium
chloride is the substance specific constant a1−propanol. Just in case of a1−prop.

an−hex.
<<

10−2 the contact angle will differ from zero. However the comparison between liquid
specific constants results in. . .

a1−prop.

an−hex.
=

1.4530108 · 10−1

3.7206533 · 10−2
≈ 4 >> 10−2 (6.12)

It shows clearly that a1−prop.
an−hex.

>> 10−2 ∝ 1
v′1−prop.
v′
n−hex.

and thus it’s safe to assume that

the contact angle (advancing angle θa) for 1-propanol on sodium chloride is zero:

θa(T ≈ 20◦C) ≡ 0◦ (6.13)
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Even n-hexane, which is supposed to wet all solids perfectly and therefor always
recommended as probational liquid when perfect wetting is required, wets the so-
dium chloride powder slower than 1-propanol. Since the wetting velocity is directly
proportional to cosθa the measured difference in v′ shows very clearly how “perfect”
1-propanol wetts sodium chloride.
In the course of the presented thesis it was unfortunately not possible to apply the
Washburn methods in a wider range of temperature. However the realized sorption
measurements confirm the contact angle results obtained with the Wilhelmy me-
thod.
All contact angle measurements resulted in an advancing angle of 0◦ within the
observed temperature range.
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6.4 Errors of the measurement data

In the following a detailed error analysis is presented.
Following parameters were required to calculate the contact angle. . .

Mean δstat. δsyst.
l[mm] 52.7 ±0.3 ±0.001
σL [mN

m
] 25.52 0.1 0.1∣∣∣ F

aacc.

∣∣∣ [mg] 121.6 0.2 0.1

wheres the statistical errors result from 4 measurements (conditions being equal).
According to propagation of uncertainty the error of θ = arccos( F

σl
) is given by . . .

∆θ =

(
∂θ

∂F

)
·∆F +

(
∂θ

∂l

)
·∆l +

(
∂θ

∂σ

)
·∆σ

=

− 1√
1−

(
F
σl

)2

1

σl

 ·∆F +

 1√
1−

(
F
σl

)2

F

σl2

 ·∆l+
+

 1√
1−

(
F
σl

)2

F

σ2l

 ·∆Fσ
(6.14)

Consequent the systematical error of the contact angle results in . . .

∆θ ≈ 0.003◦ (6.15)

as against the statistical error . . .

∆θ ≈ 0.2◦ (6.16)

Thus the statistical error due to random distribution of measurement values ex-
ceeds the systematical one significantly:

∆θsyst.
∆θstat.

≈ 1.5% (6.17)

Based on this estimate all errors for surface tensions, contact angles and material
constants stated are statistical nature. Solely the systematical error of one wetted
lengths metered with the gauge (±0.2mm) exceeds - specifically marked by bold
font - and is therefore adopted for further calculations.
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7 Conclusions

Following conclusions for the temperature dependence of the contact angle for 1-
propanol on silver and on sodium chloride can be deduced from the measurements
performed in the course of the presented thesis:

• Contact angle between silver and 1-propanol as a function of temperature

1. Applying the Dynamic Wilhelmy method it turns out that depending on
the type of preparation, the cleaning procedure and the age of the plate the
contact angle between 1-propanol and sterling silver varies from 11◦±0.1◦

to 32.6◦ ± 0.6◦ at T ≈ 20◦C.

2. In coating the smoothest sterling silver plate with silver p.A. via PVD it
transpires that the 7.5% copper content in the original probe influences
the contact angle and its temperature dependence. Thus measurements
using a sterling silver plate are not representative for the contact angle
between silver and 1-propanol.

3. The more often a plate is coated the more decreases the contact angle and
its temperature dependence. The contact angle obtained with an uncoa-
ted plate increases from 11.4◦ ± 0.5 a T = −6.2 ± 0.1◦C to 31◦ ± 1 at
T = 24.7 ± 0.1◦C what corresponds to a ∆θa of ≈ 20◦ at a temperature
increase of ≈ 30◦C. In contrast measurements using a one time coated
plate result in an advancing angle increasing from 22◦± 3 at −6.2± 0.1◦C
to 25◦ ± 1 at 24.7 ± 0.1◦C and thus correspond to a ∆θa of ≈ 3◦ within
the observed temperature range. Finally the usage of a two times coated
plates leads to a contact angle increasing from 17.1◦ ± 1 at −6.2◦C ± 0.1
to 18.0◦ ± 0.4 at 24.7 ± 0.1◦C. Considering the statistical errors of single
measurements the contact angles obtained with two times coated plates
can also be interpreted as remaining 17◦±1◦ within the whole temperature
range.

4. A correlation between surface roughness and change in contact angle for
the similarly prepared but variously often coated plates can be excluded
since no change in receding angle was noticed. If the plate surface would
have become smoother with increasing number of silver layers not only
the advancing angles would decrease but also the receding angles should
be increasing as a consequence. However the receding angles in the main
remained 0◦ independent of the used plate.

• Contact angle between sodium chloride and 1-propanol as a function of tempe-
rature

1. Contact angle measurements using both the Dynamic Wilhelmy method
as well as the Washburn method resulted in an advancing angle of 0◦ for
1-propanol on sodium chloride. Thus no temperature dependence of the
contact angle was observed.
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2. The Dynamic Wilhelmy method was applied at temperatures from≈ −7◦C
to ≈ 35◦C using on the one hand sodium chloride plates and on the other
hand via PVD NaCl-coated glass plates. Solely measurements with the
untreated salt plate resulted in 0◦ for the receding angle as well. Contra-
ry to expectations the receding angles obtained with all the other plates
always exceeded the advancing angles, what might be referred to surface
roughness and therewith associated adsorption of the liquid under study
at the surface of the plates.

3. Although the advancing angle remains 0◦ statistical scatter of cosθa values
exist. However these errors never lead to a cosθa value smaller than 1
and thus a variation of the contact angle due to statistical errors can be
excluded.

4. Solely the untreated salt plate complies with theoretical expectations of
θhyst > 0. Although all cosθ values exceed 1 a comparison between the
forces recorded by immersing respectively withdrawing the plate accord
to expectations. Considering that the the recorded forces are proportional
to cosθa respectively cosθr a positive contact angle hysteresis corresponds
to cosθa < cosθr.

5. Examining the sodium chloride-coated glass plates the decrease in θr values
with increasing number of coats indicates an increasing surface quality.
That is to say, that the more salt layers are placed on the glass surface
the smaller the “pore” size becomes and thus the less liquid is adsorbed
by the surface of the plate.

6. The polishing of the salt crystal obviously changes the surface properties
and leads to inapplicable probes what is reflected in large statistical errors.

7. Measurements using the Washburn method were performed at a tempe-
rature of ≈ 20◦C and confirmed the results obtained with the Dynamic
Wilhelmy method. How fast the perfect wetting of 1-propanol on sodium
chloride progresses elucidates a comparison between the capillary rise ve-
locity of 1-propanol and n-hexane. Due to its low surface tension (18.4mN

m
)

n-hexane is supposed to perfectly wet every probational solid and thus it
is always applied when calibration measurements require a contact angle
of 0◦. However 1-propanol wetts sodium chloride 100 times faster than n-
hexane. Considering that the wetting velocity is proportional to cosθa the
factor 100 shows clearly how “perfect” NaCl is wetted by 1-propanol.

• The strange temperature dependence for the nucleation process of n-propanol
vapour on NaCl is not explainable by a temperature dependent macroscopic
contact angle.
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A Data for silver/1-propanol contact angle measurements

A.1 Surface Tension during measurements

• Surface tension data
T [◦C] σ [mN

m
] δσ [mN

m
] T σ δσ

34.1 22.3 0.4 11.5 24.79 0.09
30.3 22.9 0.1 11.4 24.9 0.1
29.4 23 - 11.3 24.86 -
25.3 23.40 0.06 10.6 24.64 -
24.4 23.54 0.05 9.5 24.76 -
23.9 23.46 - 8.5 25.14 0.07
20.8 23.84 0.08 7.4 25.16 0.06
20.6 23.9 0.1 7 25.24 0.06
20.3 23.8 0.3 5 25.51 0.01
20 23.73 - 1.8 25.87 -
16.2 24.2 0.2 1.6 25.9 0.2
16.1 24.49 - −3 26.44 0.09
15.7 24.35 -

• Linear Regression 1

σ(T ) = 48.21− (T (K)− 5.417607788) · 0.08394
R2 = 0.965439

• Linear Regression2

σ(T ) = 25.26− (T (◦C)− 5.426821857) · 0.0777
R2 = 0.946197
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A.2 Uncoated 925 sterling silver - 0xPVD

• Wetted lengths

Prep. acc. to . . . l [mm] b∗ [mm] d∗ [mm] l∗ [mm]

R. Ortner 50.465 24.50 0.10 49.2
47.950 25.00 0.10 50.2

Mean 49.8± 0.3 24.75± 0.05 0.10± 0.05 50.0± 0.2

J. Karoly 51.436 25.40 0.50 51.8
51.411 25.40 0.50 51.8
51.432 25.25 0.50 51.5
51.554 25.20 0.50 51.4

Mean 51.58± 0.08 25.28± 0.05 0.50± 0.05 51.6± 0.2

M. Rohrer 50.879 24.70 0.50 50.4
50.602 24.70 0.50 50.4
50.470 24.85 0.50 50.7

Mean 50.8± 0.2 24.75± 0.05 0.50± 0.05 50.6± 0.2

• Contact angle data

Prep. acc. to . . . T [◦C] θa θr
R. Ortner 21 30.8 12.1

29.5 7.8
28.9 7.4

29.85± 1.34(4.5%)
11.4 25.3 14.3

J. Karoly 21 10.8 5.2
11 3.3
11 3

11.5 3.2
11.075± 0.13(1.2%)

11.4 11.6 5.5
11.3 3.8
11.1 0
11.2 3.5

11.3± 0.09(0.8%)
M. Hindler 27.5 5.1 -

5.51 -
4.16 -
5.46 -

5.06± 0.63(12.4%)

M. Rohrer 24.7 31 4.5
21 28.9 0
17.2 17.1 0
12.4 16.1 0
7.1 14.2 0
2.7 13.9 0
-1.8 16.4 0
-6.2 11.4 0
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• Linear Regression

θ
1−prop./925−silver
a (T (◦C)) = 0.54× T (◦C) + 13.34

R2 = 0.69

A.3 One-time coated sterling silver - 1xPVD

• Wetted lengths

Plate marking l [mm] b∗ [mm] d∗ [mm] l∗ [mm]

P1 52.414 25.55 0.50 52.1
52.938 25.60 0.50 52.2
52.866 25.55 0.50 52.1

Mean 52.7± 0.3 25.57± 0.05 0.50± 0.05 52.6± 0.2

P2 54.729 26.80 0.50 54.6
55.631 26.75 0.50 54.5
53.394 26.90 0.50 54.8

Mean 55± 1 26.82± 0.05 0.50± 0.05 54.8± 0.2

• Contact angle data P1
T [◦C] Cycle 1 Cycle 2 Cycle 3 Cycle 4

θa θr θa θr θa θr θa θr
24.7 24.2 0 - - - - - -
19.9 24.8 31.8 - - - - - -
19.4 25.1 4.3 26.4 0 25.3 0 25.3 0

25.5± 0.6(2.3%)
14.9 24.6 0 23.3 30.7 25.9 0 23.5 0

24± 1(4.9%)
12.4 25.1 0 - - - - - -
11.8 26.1 0 - - - - - -
10.5 24.7 34.9 24.8 34.3 25.3 0 23 0

24± 1(4.1%)
7.7 24 32.4 - - - - - -
7.1 24.2 0 24.7 0 - - - -

24.5± 0.2(0.7%)
5.9 25.4 0 25.2 0 25.3 0 25 0

25.2± 0.2(0.7%)
4.6 24.2 0 - - - - - -
3.8 24.4 0 - - - - - -
2.7 23.9 0 - - - - - -
1.1 22.2 0 25.4 0 22.7 0 24.1 0

24± 1(6.0%)
−1.8 25.2 12.1 - - - - - -
−4.7 24.4 0 - - - - - -
−6.2 24.4 33.0 - - - - - -
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• Temperature dependence of the contact angle for 1-propanol on P1
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Figure 51: Mean of P1 data

• Linear Regression P1

θ
1−prop./P1
a (T (◦C)) = 0.01× T (◦C) + 24.42

R2 = 0.01
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– Data Plot P1 - Cycle 1
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Figure 52: Results for Cycle 1 with P1

Linear Regression fitted through the measured values(19):

θ1−prop./P1
a (T (◦C)) = 0.02× T (◦C) + 24.31 (A.1)

Coef of determination, R-squared = 0.02
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– Data Plot P1 - Cycle 2
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Figure 53: Results for Cycle 2 with P1

Linear Regression fitted through the measured values(6):

θ1−prop./P1
a (T (◦C)) = 0.005× T (◦C) + 24.91 (A.2)

Coef of determination, R-squared = 0.001
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– Data Plot P1 - Cycle 3
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Figure 54: Results for Cycle 3 with P1

Linear Regression fitted through the measured values(5):

θ1−prop./P1
a (T (◦C)) = 0.13× T (◦C) + 23.57 (A.3)

Coef of determination, R-squared = 0.55
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– Data Plot P1 - Cycle 4
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Figure 55: Results for Cycle 4 with P1

Linear Regression fitted through the measured values(5):

θ1−prop./P1
a (T (◦C)) = 0.02× T (◦C) + 23.98 (A.4)

Coef of determination, R-squared = 0.02

– Comparison of ∂θ
∂T

and θ(0) data between the 4 cycles of P1

∂θ
∂T

θ(0)

1. 0.02 24.31
2. 0.005 24.91
3. 0.13 23.57
4. 0.02 23.98
Average 0.04 24.19
Standard deviation 0.06 0.57

=̂136% =̂2%
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• Contact angle data P2
T [◦C] Cycle 1 Cycle 2 Cycle 3 Cycle 4

θa θr θa θr θa θr θa θr
24.7 26.1 - - - - - - -
19.9 25.5 - - - - - - -
19.4 21.2 - 25.8 - 23.8 - 25.2 -

24± 2(8.5%)
17.2 25.3 - - - - - - -
16.1 24 - - - - - - -
14.9 23.6 - 24.4 - 24.7 - 19.2 -

23± 3(11.1%)
12.4 24.4 - - - - - - -
11.8 22.9 - - - - - - -
10.5 3.6 - 24.4 - 24.7 - 23.9 -

24.2± 0.5(1.0%)
7.7 20.4 - - - - - - -
7.1 24.5 - 22.2 - - - - -

23± 2(7.0%)
5.9 24.7 - 24.2 - 24 - 26 -

24.7± 0.9(3.6%)
4.6 21.7 - - - - - - -
3.8 25.3 - - - - - - -
2.7 23.6 - - - - - - -
1.1 22.1 - 23.3 - 24.1 - 24.5 -

24± 1(4.5%)
−1.8 22.8 - - - - - - -
−4.7 23.9 - - - - - - -
−6.2 19.3 - - - - - - -
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• Temperature dependence of the contact angle for 1-propanol on P2
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Figure 56: Mean of P2 data

• Linear Regression P2

θ
1−prop./P2
a (T (◦C)) = 0.11× T (◦C) + 22.59 R2 = 0.32
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– Data plot P2 - Cycle 1
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Figure 57: Results for Cycle 1 with P2

Linear Regression fitted through the measured values(20):

θ1−prop./P2
a (T (◦C)) = 0.07× T (◦C) + 22.70 (A.5)

Coef of determination, R-squared = 0.15
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– Data plot P2 - Cycle 2
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Figure 58: Results for Cycle 2 with P2

Linear Regression fitted through the measured values(6):

θ1−prop./P2
a (T (◦C)) = 0.14× T (◦C) + 22.70 (A.6)

Coef of determination, R-squared = 0.56
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– Data plot P2 - Cycle 3
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Figure 59: Results for Cycle 3 with P2

Linear Regression fitted through the measured values(6):

θ1−prop./P2
a (T (◦C)) = 0.003× T (◦C) + 24.23 (A.7)

Coef of determination, R-squared = 0.002
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– Data plot P2 - Cycle 4
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Figure 60: Results of Cycle 4 with P2

Linear Regression fitted through the measured values(6):

θ1−prop./P2
a (T (◦C)) = −0.12× T (◦C) + 24.98 (A.8)

Coef of determination, R-squared = 0.10

– Comparison of ∂θ
∂T

and θ(0) data between the 4 cycles of P2

∂θ
∂T

θ(0)

1. 0.07 22.70
2. 0.14 22.70
3. 0.003 24.23
4. −0.12 24.98
Average 0.023 23.65
Standard deviation 0.1 1.14

=̂469% =̂5%
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• Averaging P1 and P2 data

T [◦C] θ̄a δθ̄a
δθ̄a
θ̄a

24.7 25.2 0.7 2.7%
19.9 25.2 0.2 1.0%
19.4 24.8 0.5 2.1%
17.2 25.3 0 0
16.1 23.3 0.5 2.3%
14.9 23.7 0.5 2.0%
12.4 24.8 0.2 1.0%
11.8 25 1 4.6%
10.5 24.3 0.1 0.4%
7.7 22 1 5.7%
7.1 23.8 0.3 1.3%
5.9 25.0 0.2 0.7%
4.6 23.0 0.9 3.9%
3.8 24.9 0.3 1.3%
2.7 23.8 0.1 0.4%
1.1 23.55 0.04 0.2%
−1.8 24.0 0.8 3.5%
−4.7 24.2 0.2 0.7%
−6.2 22 2 8.3%

• Linear Regression P1/P2

θ
1−prop./1×PV D
a (T (◦C)) = 0.06× T (◦C) + 23.51
R2 = 0.29
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A.4 Two-times coated sterling silver - 2xPVD

• Wetted lengths
Plate Marking l [mm] b∗ [mm] d∗ [mm] l∗ [mm]

P3 53.038 25.70 0.50 52.4
52.769 25.90 0.50 52.8
52.442 25.85 0.50 52.7

Mean 52.7± 0.3 25.82± 0.05 0.50± 0.05 52.6± 0.1

• Contact angle data
T [◦C] Cycle 1 Cycle 2 Cycle 3 Cycle 4

θa θr θa θr θa θr θa θr
24.7 18 - - - - - - -
19.9 17.2 - - - - - - -
19.4 17.6 - 17.2 - 17.8 - 18.2 -

17.7± 0.4(2.4%)
17.2 17.1 - - - - - - -
16.1 15.5 - - - - - - -
14.9 15.7 - 14 - 15.2 - 16.6 -

15± 1(7.0%)
12.4 15 - - - - - - -
11.8 16.9 - - - - - - -
10.5 18.3 - 16.5 - 17.5 - 16.6 -

17.2± 0.8(4.9%)
7.7 13.8 - - - - - - -
7.1 17.6 - − - - - - -
5.9 18.2 - 16.3 - 16.7 - 15.9 -

17± 1(6.0%)
4.6 17.9 - - - - - - -
3.8 18.5 - - - - - - -
2.7 13.7 - - - - - - -
1.1 15.9 - 17.2 - 16.8 - 18.5 -

17± 1(6.3%)
−1.8 14.3 - - - - - - -
−6.2 18.1 - - - - - - -

• Linear Regression P3

θ
1−prop./2×PV D
a (T (◦C)) = 0.02× T (◦C) + 16.31

R2 = 0.02
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– Data plot P3 - Cycle 1
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Figure 61: Results for Cycle 1 with P3

Linear Regression fitted through the measured values(18):

θ1−prop./P3
a (T (◦C)) = 0.03× T (◦C) + 16.34 (A.9)

Coef of determination, R-squared = 0.02
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– Data plot P3 - Cycle 2

0 5 10 15 20
Temperature [°C]

14

15

16

17

18
Co

nt
ac

t A
ng

le
 [°

]

13

14

15

16

17

18

19Data points
Linear Regression

Figure 62: Results for Cycle 2 with P3

Linear Regression fitted through the measured values(5):

θ1−prop./P3
a (T (◦C)) = −0.05× T (◦C) + 16.77 (A.10)

Coef of determination, R-squared = 0.08
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– Data plot P3 - Cycle 3
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Figure 63: Results for Cycle 3 with P3

Linear Regression fitted through the measured values(5):

θ1−prop./P3
a (T (◦C)) = 0.01× T (◦C) + 16.68 (A.11)

Coef of determination, R-squared = 0.006
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– Data plot P3 - Cycle 4
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Figure 64: Results for Cycle 4 with P3

Linear Regression fitted through the measured values(5):

θ1−prop./P3
a (T (◦C)) = −3.85 · 10−5 × T (◦C) + 17.16 (A.12)

Coef of determination, R-squared = 6 · 10−8

– Comparison of ∂θ
∂T

and θ(0) data between the 4 cycles of P3

∂θ
∂T

θ(0)

1. 0.03 16.34
2. −0.05 16.77
3. 0.01 16.68
4. −3.85 · 10−5 17.16
Average −0.002 16.74
Standard deviation 0.03 0.34

=̂1399% =̂2%
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B Data for NaCl/1-propanol contact angle measurements

B.1 Surface tension during measurements

T [◦C] σ [mN
m

] δσ [mN
m

] T σ δσ
34.1 22.3 0.4 11.5 24.79 0.09
30.3 22.9 0.1 11.4 24.9 0.1
29.4 23 11.3 24.86
25.3 23.40 0.06 10.6 24.64
24.4 23.54 0.05 9.5 24.76
23.9 23.46 8.5 25.14 0.07
20.8 23.84 0.08 7.4 25.16 0.06
20.6 23.9 0.1 7 25.24 0.06
20.3 23.8 0.3 5 25.51 0.01
20 23.73 1.8 25.87
16.2 24.2 0.2 1.6 25.9 0.2
16.1 24.49 −3 26.44 0.09
15.7 24.35

• Linear Regression 1

σ1−Propanol(T ) = 48.21− (T (K)− 4.8) · 0.08394
R2 = 0.95

• Linear Regression 2

σ1−Propanol(T ) = −0.0777× (T (◦C)− 4.3) + 25.26
R2 = 0.92
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B.2 Dynamic Wilhelmy method

B.2.1 Coated glass plates

• Glass plate - 0xPVD

– Wetted lengths

Plate Number b∗ [mm] d∗ [mm] l∗ [mm]

G 20.40 2.00 44.8
20.40 2.00 44.8
20.40 2.00 44.8

Mean 20.40± 0.05 2.00± 0.05 44.8± 0.2

• Contact angle data

T [◦C] θa cosθa θr
34.1 0 1.23 60.1
30.4 0 1.15 61.7
25.3 0 1.24 53.8
25.2 0 57
24.5 0 1.14 47.7
24.2 0 1.27 45.7
20.9 0 1.26 46.4
20.6 0 1.2 59
20.5 0 1.25 68.9
16.2 0 1.13 47.7
16.1 0 1.04 58.4
15.7 0 1.33 45.2
11.7 0 1.41 58.4
11.3 0 1.38 31.95
10.6 0 1.16 41.85
9.5 0 1.2 42.1
7.8 0 1.15 54.1
7.4 0 1.24 42.6
7.1 0 1.29 44.4
6.9 0 1.15 60.3
5.3 0 1.13 45.7
2.1 0 1.18 43.5
1.3 0 1.14 49.6
−7 0 1.34 0

• Linear Regression through cosθa values:

cosθa = −0.001× T (◦C) + 1.24 (B.1)

Coef of determination, R-squared = 0.02

• Linear Regression through θr values:

θ
1−prop./glass
r (T (◦C)) = 0.81× T (◦C) + 36.88

R2 = 0.37
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• 1xPVD

– Wetted lengths

Plate Number b∗ [mm] d∗ [mm] l∗ [mm]

S1 20.00 2.00 44.0
20.05 2.00 44.1
20.00 2.00 44.0

Mean 20.02± 0.05 2.00± 0.05 44.0± 0.2

S2 20.8 2.00 45.6
20.65 2.00 45.3
20.65 2.00 45.3

Mean 20.70± 0.05 2.00± 0.05 45.4± 0.2

– Contact angle data

T [◦C] θa cosθa θr
34.1 0 1.25 63.6

0 1.21 63.4
0 1.3 60.3
0 1.25± 0.04 62.43± 1.85

30.3 0 1.29 62.9
0 1.14 61.8
0 1.21 63.2
0 1.21± 0.08 62.63± 0.7371

25.3 0 1.31 57.5
0 1.14 60.2
0 1.18 61.2
0 1.21± 0.9 59.63± 1.914

25.1 0 1.09 59.9
0 1.14 58.4
0 1.17 63.4
0 1.13± 0.04 60.57± 2.566

24.5 0 1.32 44.6
24 0 1.2 43.9

0 1.14 46.0
0 1.16 33.9
0 1.17± 0.4 41.27± 6.466

Continued on the next page . . .
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T [◦C] θa cosθa θr
20.9 0 1.12 49.4
20.6 0 1.31 36.8
20.5 0 1.25 61.7

0 1.24 57.3
0 1.15 62.7
0 1.24± 0.07 62.97± 5.805

16.2 0 1.2 45.4
16.1 0 1.32 45.1

0 1.08 48.2
0 1.13 48.5
0 1.2± 0.1 47.27± 1.882

15.9 0 1.21 55.7
0 1.21 62.8
0 1.21 61.1
0 1.21± 0 59.87± 3.707

11.7 0 1.21 58.6
0 1.18 57.8
0 1.18 57.1
0 1.21± 0.3 57.83± 0.7506

11.6 0 1.25 47.2
11.4 0 1.24 60.5

0 1.18 57.4
0 1.24± 0.07 58.95± 2.192

10.6 1.31 0 31
9.3 0 1.26 41.8

0 1.2 39
0 1.18 48.1
0 1.23± 0.4 42.97± 4.661

8.7 0 1.25 34.2
7.5 0 1.21 59.1

0 1.1 60.3
0 1.15± 0.06 59.7± 0.8485

7.4 0 1.14 44.2
7.1 0 1.19 31
5.2 0 1.09 48.8
2 0 1.16 42.9
1.6 0 1.28 43.3
−0.9 0 42.1

0 38.2
0 23.0
0 34.43± 10.09

−7 0 1.31 36.5
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• Linear Regression through cosθa values:

cosθa = −0.0004× T (◦C) + 1.21 (B.2)

Coef of determination, R-squared = 0.004

• Linear Regression through θr values:

θ
1−prop./2×PV D
r (T (◦C)) = 0.58× T (◦C) + 39.86

R2 = 0.3
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• 2xPVD

– Wetted lengths

Plate Number b∗ [mm] d∗ [mm] l∗ [mm]

S3 20.40 2.00 44.8
20.40 2.00 44.8
20.30 2.00 44.6

Mean 20.37± 0.05 2.00± 0.05 44.7± 0.2

S4 20.00 2.00 44.0
20.00 2.00 44.0
19.95 2.00 43.9

Mean 19.98± 0.05 2.00± 0.05 44.0± 0.2

– Contact angle data

T [◦C] θa cosθa θr
24.5 0 1.28 43.2
20.9 0 1.22 34.6
20.5 0 1.3 27.4
16.2 0 1.21 36.9
11.5 0 1.15 41.8
10.7 0 1.35 20
8.7 0 1.25 34.5
7.5 0 1.37 40.7
7.2 0 1.35 28.3
5.3 0 1.19 45.2
2 0 1.25 41.7
1.8 0 1.28 36.9
−0.8 0 1.32
−2 0 1.24
−7 0 1.28 0

• Linear Regression through cosθa values:

cosθa = −0.002× T (◦C) + 1.27 (B.3)

Coef of determination, R-squared = 0.08

• Linear Regression through θr values:

θ
1−prop./2×PV D
r (T (◦C)) = 0.56× T (◦C) + 27.54

R2 = 0.16
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• 3xPVD

– Wetted length

Plate Number b∗ [mm] d∗ [mm] l∗ [mm]

S5 20.40 2.00 44.8
20.30 2.00 44.6
20.25 2.00 44.5

Mean 20.32± 0.05 2.00± 0.05 44.6± 0.2

– Contact angle data

T [◦C] θa cosθa θr
24.5 0 1.31 23.3
20.9 0 1.39 34.6
20.6 0 1.36 15.1
16 0 1.2 36.9
11.7 0 1.3 36.7
10.7 0 20
7.4 0 1.24 26.6
7.3 0 1.19 25.4
7.2 0 1.31 14.5
5 0 1.37 28.4
2.1 0 1.23 36.9
1.5 0 1.38 0
−7 0 1.23 0

• Linear Regression through cosθa values:

cosθa = 0.002T (◦C) + 1.27 (B.4)

Coef of determination, R-squared = 0.10

• Linear Regression through θr values:

θ
1−prop./2×PV D
r (T (◦C)) = 0.64× T (◦C) + 16.65

R2 = 0.20
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B.2.2 Polished salt plates

• Wetted lengths

Plate marking b∗ [mm] d∗ [mm] l∗ [mm]

N1 15.4 2.9 36.6
15.5 2.9 36.8
15.5 2.9 36.8
15.5 2.9 36.8

Mean 15.48± 0.05 2.9± 0.05 36.8± 0.2

N2 14.05 1.6 31.3
14.1 1.6 31.4
14.0 1.6 31.2
14.0 1.6 31.2

Mean 14.04± 0.05 1.6± 0.05 31.3± 0.2

N3 11.25 2.4 27.3
11.35 2.4 27.5
11.40 2.4 27.6
11.40 2.4 27.6

Mean 11.35± 0.05 2.4± 0.05 27.5± 0.2

N4 7.90 2.55 20.9
7.70 2.55 20.5
7.75 2.55 20.6
7.90 2.55 20.9

Mean 7.81± 0.05 2.55± 0.05 20.7± 0.2

N5 9.50 3.75 26.5
9.55 3.70 26.5
9.60 3.55 26.3
9.50 3.90 26.8

Mean 9.54± 0.05 3.71± 0.05 26.5± 0.2

N6 13.85 1.70 31.1
13.90 1.70 31.2
13.90 1.70 31.2
14.10 1.70 31.6

Mean 13.94± 0.05 1.70± 0.05 31.3± 0.2
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• Contact Angle data

T [◦C] θa cosθa θr
29.4 0 1.2 34.5
24.5 0 1.12 35.1

0 1.14 52.5
0 1.39 45.3
0 1.2± 0.2 44.2± 8.603

20.9 0 1.14 24.8
0 1.28 33.0
0 1.21± 0.9 28.9± 5.798

20.6 0 1.35 32
0 1.04 53.5
0 1.2± 0.2 42.75± 15.2

17.2 0 1.17 31.1
16.1 0 1.13 19.1

0 1.28 47.7
0 1.22± 0.08 33.4± 20.22

12.4 0 1.24 25.8
10.6 0 1.45 27.3
7.1 0 1.2 33.3

0 1.33 22.6
0 1.21 11.1
0 1.06 14.5
0 1.14 35.2
0 1.23 30.3
0 1.20 42.5
0 1.2± 0.1 27.0± 11.45

5.2 0 1.17 35.7
0 1.13 22.3
0 1.15 38.4
0 1.15± 0.03 32.13± 8.622

2.1 0 1.63 27.0
0 1.14 26.1
0 1.21 40.4
0 1.3± 0.3 31.17± 8.009

1.6 0 1.08 37.1
0 1.08 27.4
0 1.08 38.8
0 1.08± 0 34.43± 6.15

−7.1 0 1.1 36.2
0 1.01 0
0 1.06± 0.06 18.1± 25.6
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• Linear Regression through cosθa values

cosθa = 0.0002× T (◦C) + 1.20 (B.5)

Coef of determination, R-squared = 0.0005

• Linear Regression through θr values

θ
1−prop./N1−6
a (T (◦C)) = 0.42× T (◦C) + 26.47

R2 = 0.4
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B.2.3 Naturally split salt plates

• Wetted length

Plate b∗ [mm] d∗ [mm] l∗ [mm]

N 8.1 0.8 17.8
8.1 0.75 17.7
8.1 0.8 17.8

Mean 8.1± 0.05 0.78± 0.05 17.8± 0.2

• Contact angle data

T [◦C] θa cosθa θr cosθr
29.4 0 1.05 0 1.11
24.5 0 1.01 0 1.2
20.9 0 1 0 1.1
16.1 0 1.1 0 1.11
7.3 0 1.02 0 1.1
7.1 0 1.07 0 1.01
5.2 0 1 0 1.01
2.1 0 1.23 0 1.17
1.6 0 1.03 0 1.06
−7.1 0 1.01 0 1.1

Linear Regression through cosθa values:

cosθa = −0.0010× T (◦C) + 1.06 (B.6)

Coef of determination, R-squared = 0.02

Linear Regression through cosθr values:

cosθr = 0.002× T (◦C) + 1.08 (B.7)

Coef of determination, R-squared= 0.1
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B.3 Washburn method

• Surface tension during measurements

Preliminary to each measurement the surface tension of the probational liquid was
checked. Consequently the stated values are averages of 13 (for n-hexane) resp 3(for
1-propanol) measurements.

Probational liquid T [◦C] σL[mN
m

]

N-Hexane 20.3 ± 0.4 18.58 ± 0.05
1-Propanol 20.4 ± 0.3 23.8 ± 0.2

• c̄, ¯∆m2

t
and ¯cosθa values for n-hexane

c̄ [cm−5] 3.88495 · 10−6

δc̄ [cm−5] 9.35007 · 10−7

¯∆m2

t
[g

2

s
] 1.06176 · 10−4

δ ¯∆m2

t

[g
2

s
] 2.24879 · 10−5

¯cosθa 1.1
δ ¯cosθa 0.2

• ¯cosθa and
¯∆m2

t
values for 1-propanol

¯cosθa 480
δ ¯cosθa 70

¯∆m2

t
[g

2

s
] 1.33803 · 10−2

δ ¯∆m2

t

[g
2

s
] 4.61176 · 10−3
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