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Abstract

In many industrial applications, handling and processing of particulate
solids are common production steps. To prevent clogging and malfunc-
tion of the equipment, an adequate flow behavior of the bulk solids is
required. Conventional methods to improve the flowability of cohesive
powders, such as the admixture of nanoscale flow conditioners, are costly
and time-consuming, showing the need for alternative approaches.

In this thesis, a novel technique to improve the flow behavior of fine
powders by plasma enhanced chemical vapor deposition (PECVD) is
presented. By favoring homogeneous gas phase reactions, nanoparticles
are formed and simultaneously attached to the substrate particle sur-
face. The increased surface roughness reduces the van der Waals (VdW)
interaction between the substrate particles and thereby, the flowability
of the powder is improved.

Preliminary studies with a plasma circulating fluidized bed reactor
(PCFBR) show the process feasibility of formation of nanoparticles and
their simultaneous attachment to the substrate particle surface. For this
purpose, the treatment of glass beads (d50 = 119.9 µm) is performed
in the microwave (MW) discharge of the PCFBR by applying a pro-
cess gas mixture of O2, Ar and hexamethyldisiloxane (HMDSO). The
organosilicon monomer is used as a precursor for the formation of SiOx

nanostructures which are deposited on the substrate particle surface.
In contrast to the PCFBR, the plasma down stream reactor (PDSR)

is shown to be the appropriate reactor design for the fast treatment (<
0.1 s) of fine cohesive powders. Particle image velocimetry (PIV) mea-
surements reveal homogeneous particle velocity distributions over the
downer tube diameter of the PDSR. Moreover, the mean velocities are
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demonstrated to be significantly affected by the particle volume concen-
trations in the downer tube.

In order to examine the effect of plasma treatment on the flow be-
havior of powders, two different lactose qualities (d50 = 5.5 µm and
d50 = 30.9 µm) are treated in the capacitively coupled radio frequency
(RF) plasma of the PDSR using the same gas mixture as for the PCFBR
experiments. Thereafter, the flowability of the powder samples is charac-
terized by measuring the ratio of consolidating stress to unconfined yield
strength in a ring shear tester. In comparison with the untreated lactose,
the flowabilities (according to Jenike) of the plasma-treated powders are
significantly increased from 1.5 to 3.3 (5.5 µm) and from 3.4 to 10.5
(30.9 µm), respectively. It is concluded that the enhanced powder flow
is mainly determined by the plasma-induced deposition. Furthermore,
the surface free energy (capillary penetration method) of the particles
is only slightly decreased by the plasma treatment and thus, is not the
dominating factor for the increase in flowability between untreated and
plasma-treated powders. On the other hand, the plasma-induced change
in surface topography (atomic force microscopy) which is in the order of
1 nm is likely to be the main cause of the significant enhancement of the
powder flowability.

The amount of deposited SiOx per lactose is determined to be in the
range of 0.1 wt.-% (gravimetric determination) and the performance of
FTIR analyses of the deposited material reveals a relatively high carbon
content which can be controlled by varying the process parameters.

The application of the sphere segment model (SSM), which is derived
to estimate the VdW forces between rough particles, allows to study the-
oretically the effect of particle surface roughness. The model confirms the
importance of surface topography regarding the impact on interparticle
VdW interactions.
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Zusammenfassung

Die Verarbeitung von Feststoffen ist ein weit verbreiteter Vorgang,
welcher in verschiedensten industriellen Verfahren vorkommt. Um den
Ausfall von Apparaturen und Anlagen durch Ablagerungen und Ver-
stopfungen zu verhindern, müssen die Schüttgüter eine ausreichende
Fliessfähigkeit aufweisen. Herkömmliche Methoden zur Verbesserung der
Fliesseigenschaften von feinen, kohäsiven Pulvern, wie zum Beispiel die
Beimischung von Nanopartikeln, sind teuer und zeitaufwändig. Somit
besteht diesbezüglich ein Bedarf an alternativen Ansätzen.

Im Rahmen dieser Arbeit wird ein neuartiges Verfahren, basierend auf
der plasmaunterstützten chemischen Gasphasenabscheidung (PECVD),
zur Verbesserung der Fliesseigenschaften von feinen Pulvern präsentiert.
Dabei werden durch Begünstigung von homogenen Gasphasenreak-
tionen Nanopartikel erzeugt, welche sich im selben Prozessschritt an
die Oberfläche der Substratpartikel anlagern. Aufgrund der dadurch
erhöhten Oberflächenrauigkeit werden die van der Waals (VdW) Kräfte
zwischen den Substratpartikeln reduziert und somit die Fliessfähigkeit
des Pulvers verbessert.

Vorausgehende Untersuchungen in einer zirkulierenden Wirbelschicht
(PCFBR) zeigen die Realisierbarkeit des Prozesses hinsichtlich Nanopar-
tikelerzeugung und -anlagerung an die Substratpartikeloberfläche.
Hierzu werden Glaskugeln (d50 = 119.9 µm) im Mikrowellenplasma
(MW) des PCFBR unter Verwendung der Gase O2, Ar und Hexamethyl-
disiloxan (HMDSO) behandelt, wobei letzteres als Ausgangsstoff für die
Bildung von SiOx Nanostrukturen dient, welche sich and die Oberfläche
der Substratpartikel anlagern.

Im Gegensatz zum PCFBR eignet sich der Fallrohrreaktor (PDSR)
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für die Kurzzeitbehandlung (< 0.1 s) von feinen, kohäsiven Pulvern.
Particle Image Velocimetry (PIV) Messungen zeigen eine homogene
Verteilung der Partikelgeschwindigkeiten über den Fallrohrdurchmesser
des PDSR. Zudem werden die Geschwindigkeiten im Fallrohr durch die
Partikelkonzentrationen massgeblich beeinflusst.

Um den Einfluss der Plasmabehandlung auf die Fliesseigenschaften
der Pulver zu prüfen, werden unter Verwendung der Gase O2, Ar
und HMDSO zwei verschiedene Laktosequalitäten (d50 = 5.5 µm und
d50 = 30.9 µm) in der kapazitiv gekoppelten Hochfrequenzentladung
(HF) des PDSR behandelt. Die daraus resultierende Veränderung der
Fliessfähigkeit der Pulverproben wird mittels Bestimmung des Quo-
tienten aus Verdichtungsspannung und Schüttgutfestigkeit in einem
Ringschergerät gemessen. Im Vergleich zur unbehandelten Laktose
können die Fliessfähigkeiten (nach Jenike) der plasmabehandelten Pul-
ver von 1.5 auf 3.3 (5.5 µm) respektive von 3.4 auf 10.5 (30.9 µm) erhöht
werden, wobei die Verbesserung der Fliesseigenschaften hauptsächlich
auf die plasmainduzierte Abscheidung zurückzuführen ist. Ausserdem ist
die Oberflächenenergie (Steighöhenmethode) der behandelten Partikel
nur geringfügig kleiner und ist somit nicht der massgebende Parameter
für die Erhöhung der Fliessfähigkeit zwischen unbehandeltem und plas-
mabehandeltem Pulver. Dies lässt den Schluss zu, dass die durch die
Plasmabehandlung induzierte Veränderung der Oberflächentopographie
(Rasterkraftmikroskopie), welche in der Grössenordnung von einem
Nanometer liegt, den Hauptgrund für die Verbesserung der Fliesseigen-
schaften darstellt.

Die Menge des abgeschiedenen SiOx pro Laktose liegt im Bereich
von 0.1 wt.-% (gravimetrische Bestimmung) und FTIR Analysen des
abgeschiedenen Materials deuten auf einen relativ hohen Kohlenstoffge-
halt hin, welcher durch Veränderung der Prozessparameter kontrolliert
werden kann.

Unter Anwendung des Kugelsegmentmodells (SSM), welches zur
Abschätzung der VdW Kräfte zwischen rauen Partikeln hergeleitet
wird, kann der Einfluss der Partikeloberlfächenrauigkeit theoretisch
untersucht werden. Die Berechnungen bestätigen die Relevanz der
Oberflächentopographie hinsichtlich der VdW Wechselwirkungen zwi-
schen Partikeln.
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Chapter 1

Introduction

1.1 Motivation

Handling and processing of bulk solids and powders are common produc-
tion steps in many industrial applications. In particular, this holds for
pharmaceutical industry where typically up to 80 % of the intermediates
and practically all final dosage forms are isolated, processed and formu-
lated as solids. The flow behavior of powders is a critical factor during
manufacturing, including feeding, dosage, blending, compaction, fluidi-
zation and storage [1]. Therefore, the quality of the product in terms of
its mechanical stability, weight and content uniformity is affected by the
flowability of the powder. Apart from that, a poor flow behavior also im-
pacts the manufacturing efficiency, regarding clogging and malfunction
of the equipment and low production rates of the product.

Generally, the flowability of a powder can be quantified by the ratio
of consolidating stress to the corresponding unconfined yield strength of
the sample [2]. However, it is a complex property and depends on many
parameters as size, shape, chemical composition and surface roughness
of the powder particles. Furthermore, moisture content, degree of con-
solidation and temperature may significantly affect the flow properties.
In fine, dry powders, cohesion between the particles is dominated by the
van der Waals (VdW) interactions. One way to reduce these attractive
forces is the admixture of nanoscale flow conditioners which act as spac-
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ers between the particles and therefore, show the ability to improve the
flow behavior of the powder [3]. Otherwise, to overcome the obstacle
of insufficient flowability during powder processing, additional manufac-
turing steps are required, e.g. pre-compression or wet granulation for
tablet compaction [1]. However, these techniques are costly and time-
consuming, showing the demand for novel approaches to improve the
flowability of fine powders.

Plasma enhanced chemical vapor deposition (PECVD) is a common
coating method to modify the surface of flat or 3D objects. Due to low
deposition rates, the film thickness of the deposited material can be
controlled very accurately and therefore, the surface functionalities of
the substrate material. Furthermore, low process temperatures provide
the opportunity to treat temperature sensitive materials and by varying
the process conditions, the properties of the deposited material can be
controlled over a wide range. The use of organosilicon monomers such
as hexamethyldisiloxane (HMDSO) or tetraethoxysilane (TEOS) as pre-
cursors offers the possibility to deposit silica (SiO2) or silica-like (SiOx)
films for a variety of applications, such as in the fields of integrated
circuits (ICs) production, packaging or protective coatings [4, 5].

In contrast to macroscopic substrates, only little work has been per-
formed concerning PECVD of SiOx on particulate materials. Corre-
sponding applications can be found in the fields of barrier coatings [6, 7],
corrosion protection [8–10] and wettability modification [11].

1.2 Flowability modification by PECVD

Within the scope of this thesis, a novel particle treatment technique to
improve the flow behavior of fine powders by PECVD is presented. The
concept of the process is to form nanoparticles by favoring homogeneous
gas phase reactions and the simultaneous attachment of the nanostruc-
tures to the surface of the substrate particles (Figure 1.1) [12]. Similar
to the application of flow conditioners which are dispersed on the sub-
strate particle surface by solid mixing, the nanoparticles formed in the
plasma process act as spacers between the substrate particles and thus,
increase the distance between their surfaces. This leads to a reduction of
the VdW force acting between the particles and thereby, improves the
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flow behavior of the powder.

Figure 1.1: Nanoparticle formation by PECVD and simultaneous at-
tachment to the substrate particle surface.

The collisions between nanoparticles and substrate particle surfaces
are favored by diffusion, intensive mixing of the substrate particles with
the nanoparticle containing phase and by attractive interactions between
the nanoparticles and the substrate particle surface. The latter is mainly
determined by VdW and electrostatic forces. In particular, nanoparticles
with diameters below 10 nm can be positively charged due to strong
electron field emission [13, 14] and thus, are attracted to the negatively
charged substrate particle surfaces [15]. Once attached to the substrate
particle surface, the nanoparticle is assumed to be immobile due to the
VdW attraction with the substrate particle surface. Furthermore, the
appearance of heterogeneous reactions on the particle surfaces forms
chemical bonds between the substrate particles and nanoparticles which
additionally increases the connection between the two species.

In the case of a significant heterogeneous layer deposition contribution,
e.g. at low pressures, the surface roughness of the coating is strongly
dependent on the surface roughness of the substrate particle [6]. Small
elevations at the substrate particle surface and dust particle induced
nodular defects in the deposition are propagated and intensified during
film growth. Consequently, the surface roughness of the layer deposited
by heterogeneous reactions is assumed to be higher compared to the
surface roughness of the substrate particle. This also contributes to a
reduction of the particle contact area and hence, to a decrease of VdW
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forces between the substrate particles.
The approach presented in this work shows some significant advan-

tages compared to conventional methods to improve the flow behavior
of fine powders, as for instance the admixture of flow conditioners. First,
the plasma process combines the two stages of nanoparticle formation
and attachment to the substrate particle surface in a single step. There-
fore, no additional handling of nanoparticles, associated with adhesion
effects and safety arrangements, is required. Furthermore, in comparison
with the mixing time which is needed to obtain a sufficient flow condi-
tioner dispersion on the substrate particle surface, remarkable time and
cost savings are obtainable by the plasma treatment.

1.3 Objectives

The aim of the thesis is to show the feasibility of the process to im-
prove the flow behavior of cohesive powders and to study product- and
process-related aspects. For this purpose, existing reactor designs are
investigated by treating different particulate substrate materials.

The investigations include analyses of the powder flowability as well as
of the properties of the plasma-treated particle surfaces, such as surface
free energy, chemical composition and surface topography. By modeling
the VdW interaction between the particles, the theoretical understand-
ing of the effect of particle surface modification on the powder flowability
is established. Moreover, particle residence time distributions and parti-
cle volume concentrations in the plasma zone of the reactor are analyzed.
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Chapter 2

Basics and state of the
art

2.1 Particle adhesion in powders

To evaluate the possibilities to improve the flow behavior of bulk pow-
ders, the forces acting on and between the powder particles have to be
considered. Since the handling of bulk solids usually takes place in a ves-
sel, the particle - wall interactions such as friction or adhesion may play
an important role in the flow behavior of a powder. Nevertheless, only
particle - particle interactions shall be discussed in this chapter because
they show qualitatively the same behavior as the particle - wall forces.
Beside contact and friction interactions, a variety of attractive and re-
pulsive interparticle forces can appear. For the sake of convenience, for
most of theoretical approaches to estimate the interparticle interactions,
the particle shape is assumed to be spherical.

2.1.1 Van der Waals forces

The attractive intermolecular interactions are commonly summarized as
the van der Waals (VdW) force which comprises three different parts
[16]. The first contribution is the Keesom interaction which is due to the
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interaction between permanent multipoles. The Debye induction force
depicts the interaction between permanent and induced multipoles and
the third contribution is the London dispersion force. Latter is the at-
tractive interaction between temporary dipoles caused by instantaneous
electron positions in atoms or molecules. The dispersive interactions are
present between any pair of molecules and contribute most to the VdW
force except for highly polar molecules such as water. Neglecting the
retardation effects, the intermolecular VdW pair potential w (Equation
2.1) is proportional to the inverse sixth power of the distance rm between
the molecules for all three types of interaction. Cap is the atom - atom
pair potential coefficient.

w = −Cap
r6
m

(2.1)

Hamaker VdW interaction

For the following considerations, it is assumed that the individual pair
interactions in two macroscopic bodies are additive [16] and therefore,
the potential of the VdW interaction between two particles can be de-
termined by the integration over all interacting molecules of the solid
volumes V1 and V2 (Equation 2.2) where ρm,1 and ρm,2 are the molecule
number densities.

w = −
∫
V1

dV1

∫
V2

dV2 ·
Cap · ρm,1 · ρm,2

r6
m

(2.2)

Hamaker [17] derived an analytical solution for Equation 2.2 in order
to calculate the potential between two spheres with the radii R1 and
R2 and the distance H between their surfaces (Equation 2.3). For this,
he made an analytical simplification involving the restriction H � R
(Figure 2.1).

w = − A

6H
· R1 ·R2

R1 +R2
(2.3)

The Hamaker constant A (Equation 2.4) comprises the material prop-
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erties of the particles.

A = π2 · Cap · ρm,1 · ρm,2 (2.4)

By differentiating Equation 2.3 with respect to H, the VdW force
between two spheres is obtained:

Fvdw =
A

6H2
· R1 ·R2

R1 +R2
(2.5)

Figure 2.1: Spherical particles with the radii R1 and R2 and the inter-
particle distance H.

Lifshitz VdW interaction

The assumption of pairwise additivity of the VdW pair potential (Equa-
tion 2.2) and the definition of the Hamaker constant according to Equa-
tion 2.4 do not account for the effect of neighboring molecules on the
VdW interaction between any pair of molecules. For example, the effec-
tive polarizability of a molecule changes when it is surrounded by other
atoms. These effects are especially pronounced in condensed media and
for solid bodies interacting in a liquid medium [16]. To overcome this
drawback, the Lifshitz theory [18] can be applied where solids are treated
as continuous media and the atomic structure is ignored. Thereby, the
intermolecular interactions are derived from bulk properties such as di-
electric constants and refractive indices. However, the basic correlation
in Equation 2.5 remains valid even for the continuous theory of Lifshitz.
The only thing that changes in comparison with the Hamaker approach
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is the way the material constant (A) for the interaction is calculated.
According to Krupp and Sperling [19], the Lifshitz VdW constant ~$ is
related to the Hamaker constant by

~$ =
4
3
· π ·A (2.6)

Thus, to calculate the VdW interaction between two spherical particles
corresponding to the Lifshitz theory, Equation 2.5 is adapted to

Fvdw =
~$

8π ·H2
· R1 ·R2

R1 +R2
(2.7)

However, for both the Hamaker (Equation 2.5) and the Lifshitz (Equa-
tion 2.7) approach, retardation effects are not considered. By increasing
the distance between two interacting molecules, the time taken for the
electric field of the first molecule to reach the second can be become com-
parable with the period of the fluctuating dipole itself [16] and thereby,
the VdW forces between the interacting molecules are retarded. In par-
ticular, when macroscopic bodies interact in a liquid medium, the inter-
molecular VdW pair potential (Equation 2.1) decays faster than with
1/r6

m.

JKR and DMT theories

More general approaches to calculate the VdW adhesion force between
two smooth spheres were presented by Johnson et al. [20] (Johnson-
Kendall-Roberts (JKR) theory) and Derjaguin et al. [21] (Derjaguin-
Muller-Toporov (DMT) theory). Both models consider elastic deforma-
tions of the particles and the predicted adhesion force is proportional to
the surface free energy (σs) [22, 23]. The JKR approximation describes
the force which is acting over the contact area between the particles in
contact:

FJKR = 3π ·R · σs (2.8)

The DMT theory (Equation 2.9) considers a Hertzian deformation
profile at the particle contact. In contrast to the JKR approach, the DMT
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model also accounts for the non-contact forces adjacent to the contact
area and therefore, providing slightly higher values for the adhesion force.

FDMT = 4π ·R · σs (2.9)

However, the JKR and DMT approximations describe the separation
forces between spherical particles in contact without providing any infor-
mation on the interaction by increasing the separation distance between
the particles.

2.1.2 Electrostatic forces

Based on Coulomb’s law, the electrostatic interaction between two
charges Q1 and Q2 can be described as a function of Q1, Q2, the relative
permittivity εr of the medium in-between the charges, the permittivity
in vacuum ε0 and the distance rQ between the charges. Considering two
insulating spherical particles, the electrostatic force can be calculated
by the sum of all pairwise interactions between the individual charges
distributed on the two particle surfaces. Instead of this integration, the
Coulomb force between two spheres can be described by the interaction
of the overall net charges of the particles at its center [3]:

Fcoul =
Q1 ·Q2

4π · εr · ε0 · r2
Q

(2.10)

The distance rQ between the charges is obtained by the summation of
the particle radii R1 and R2 and the separation distance H between the
sphere surfaces. Depending on the sign of the charges, the electrostatic
force is either attractive or repulsive.

2.1.3 Capillary forces

Many powders are very sensitive to even small amounts of vapor in
the atmosphere. Due to small separation distances between the particle
surfaces in a stationary powder, capillary condensation may occur at the
contact sites of the surfaces, even if the partial vapor pressure is smaller
than the saturation vapor pressure. The Laplace pressure in the formed
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liquid bridge causes an attractive interaction between the particles. The
resulting capillary force is calculated by

Fcap =
2π ·R · σl · cos θ

(1 +H/dme)
(2.11)

where R is the particle radius, σl is the surface tension of the liquid,
θ is the contact angle of the liquid on the particle surface, H is the
distance between the particle surfaces and dme is the meniscus height of
the liquid bridge (Figure 2.2) [16].

Figure 2.2: Schematic drawing of the liquid bridge between two spherical
particles illustrating the meniscus height dme.

2.1.4 Relation of attractive interparticle forces

To identify the dominating attractive interaction between particles, the
capillary, the electrostatic and the VdW forces between two spherical
particles as a function of the separation distance H between the particle
surfaces are plotted in Figure 2.3. It can be seen that the capillary force
dominates in humid bulk solids over a wide range of H. In the case of dry
powders, the interactions caused by liquid bridges can be neglected. In
contrast to the electrostatic interaction, the VdW force is only effective
in short-range. By increasing the distance between the spheres, the VdW
interaction decreases fast so that the Coulomb interaction is dominating.
In a stationary powder, the particles are packed in contact with each
other. Although the expression ”in contact” is generally used for this
condition, there is a small gap between the particle surfaces, the so-called
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contact distance D. The value of D is determined by the equilibrium of
the VdW interaction and Pauli repulsion of the valence electrons and
is usually given by D = 4 · 10−10 m [16]. From Figure 2.3 one can see
that in a dry powder, the VdW interaction is the dominating attractive
interaction between the particles separated by the distance H = D.

Figure 2.3: Attractive forces Fcap, Fcoul and Fvdw between two spherical
particles as a function of the particle surface distance H (R = 5 µm,
A = 3·10−20 J, σl,H2O = 72 mN/m, dm = 1 µm, εr = 1, Q1 = Q2 = 10−14

C, θ = 0 ◦, parameters taken from [3, 24]).

The flow properties of powders are mainly determined by the ratio
of gravitational to interparticle forces [3]. Gravity acts permanently on
solid particles and thus, affects most of the particle processing steps. The
gravitational force acting on a particle is given by

Fg = Vp · ρp · g (2.12)

where ρp is the solid density and Vp is the volume of the particle.
Among other parameters, the friction between particles is originated
from the normal contact forces at the particle surface. Therefore, the
interparticle cohesion is assumed to be the main factor for the flowabil-
ity, together with the degree of consolidation of the powder. Since the
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VdW force was identified to be the dominating effect for the cohesion
in dry powders, the ratio of gravitational to VdW forces is of interest
concerning the flow behavior of the powder. In Figure 2.4, the relation
between these forces of two spheres (ρp = 1525 kg/m3, H = 4 · 10−10 m)
is plotted over the sphere radius R. As long as the gravitational force
is dominating, a powder with free flowing behavior can be expected. By
decreasing the sphere size, the VdW interactions are prevailing over the
gravitation, leading to a decrease of the flowability. On the other hand,
by reducing the particle size, the specific surface area s is increased,
which is a requirement in many industrial applications in order to im-
prove the product performance or to meet certain product specifications.
Thus, a compromise between high specific surface area and enhanced flow
properties has to be found due to the competitive behavior of the two
parameters.

Figure 2.4: Ratio of Fg to Fvdw and specific surface area s as a function
of the particle radius R (H = 4 · 10−10 m, A = 3 · 10−20 J, ρp = 1525
kg/m3, parameters taken from [24]).
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2.2 Flowability improvement by particle
surface modification

2.2.1 Nanoparticle coating

Besides powder disaggregation by aeration and vibration [25], the ad-
dition of nanoscale glidants, which in literature are often described as
’flow agents’, ’flow conditioners’ or ’flow regulators’, is also an effective
method to improve the flow behavior of cohesive powders.

The effect of different qualities of hydrophilic and hydrophobic silica
nanoparticles as flow agents on the flowability of dry powders as cellu-
lose, starch, lactose and compressible filler materials for pharmaceutical
applications was investigated in several works [3, 26–29]. Additionally,
Zimmermann et al. [3] and Meyer and Zimmermann [28] tested nano-
structured carbon black and metal oxides as glidants in different powder
mixtures. The flowability improvement of food fibers by silica nanopar-
ticle coating was investigated by Watano et al. [30].

Basically, to disperse the nanoscale flow conditioners on the substrate
particle surfaces, first, both fractions are preferably desagglomerated to
their primary particles [31]. Subsequently, the particulates are mixed
intensively in order to attach the nanoparticles to the substrate parti-
cle surface by attractive interparticle interactions. In the most majority
of cases, the mixing process is conducted under dry conditions by ap-
plying either rotary agitation, magnetically assisted impaction coating
or rotating fluidized beds [32]. Furthermore, the Turbula mixer [3] is
a simple apparatus showing good performance for nanoparticle coating
processes and which is often used for pharmaceutical applications. The
dispersion approach investigated by Huber and Wirth [33] and Werth et
al. [34] considers the suspension of opposite charged nanoparticles and
substrate particles in a nonconductive liquid. Due to the reduced VdW
particle interaction in liquid media, both particle fractions are more eas-
ily dispersed in comparison with dry coating methods and thereby, the
control of coating parameters is improved [31].

Considering the flow behavior of the powder, the mixing time, the
particle size of the flow agent and its degree of coverage on the substrate
particle surface were determined to be the critical process parameters.
For instance, in most cases, a mixing period of several hours was needed
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to obtain a sufficient improvement of the flow behavior [28].

2.2.2 Concept of VdW force reduction

The idea of dispersing nanoparticles on the surface of the substrate par-
ticles to increase the flowability of a powder is based on the observations
made by Rumpf [35]. He showed that the particle - wall adhesion caused
by VdW interactions is strongly dependent on the surface roughness
of the substrate particles. For this reason, Rumpf described the surface
roughness by hemispherical nanoparticles, centered at the substrate par-
ticle surface (Figure 2.5).

Figure 2.5: Particle - wall VdW interaction considering the particle
surface roughness represented by hemispherical asperities with the radius
r.

The overall VdW force (Equation 2.13) is given by the sum of the
interaction of the adsorbed nanoparticle with the radius r at the distance
H from the wall and the force of the substrate particle with the radius
R at the distance H + r from the wall. For the calculation, the Hamaker
constant A is assumed to be constant for all involved solids.

Fvdw,tot =
A

6

 R

(H + r)2︸ ︷︷ ︸
substrate particle - wall

+
r

H2︸︷︷︸
nanoparticle - wall

 (2.13)
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The calculation in Equation 2.13 is based on Hamaker’s law (Equa-
tion 2.5) by assuming spherical particles and the wall can be represented
by a sphere with infinite radius. The increase of the separation distance
H + r contributes to the reduction of the VdW interaction between the
substrate particle and the wall and therefore, to a decrease of the overall
VdW force. Figure 2.6 shows the overall VdW interaction between the
particle and wall as a function of the asperity radius r. Depending on
r, the adhesion can be reduced by a factor of two orders of magnitude
or higher, whereas the force reaches a minimum for a specific asperity
radius r, here rmin ≈ 12 nm. For r < rmin, the force increases upon
decreasing r due to the domination of substrate particle - wall interac-
tion. By increasing r for r > rmin, the influence of the asperity - wall
interaction is prevailing and leads to an increase of adhesion.

Figure 2.6: Particle - wall VdW interaction as a function of the asperity
radius r (R = 5 µm, H = 4 · 10−10 m, A = 3 · 10−20 J [24]).

Based on the idea of Rumpf and the approach of Hamaker, the model
can be developed further to explain the effect of admixing nanoparticle-
like glidants to a powder [3]. Therefore, a spherical particle of the flow
regulating agent with the radius r is assumed to be adsorbed on the
surface of the substrate particle with the radius R (Figure 2.7).
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Figure 2.7: Nanoparticles with the radius r acting as spacers between
the substrate particles with the radius R.

Assuming that the gaps between the nanoparticles and between the
substrate particles and nanoparticles are given by the contact distance
H = 0.4 nm, the total VdW interaction can be calculated by the sum
of all particle interactions (Equation 2.14). These are the substrate par-
ticle - substrate particle, the nanoparticle - nanoparticle and twice the
substrate particle - nanoparticle interactions by considering the corre-
sponding separation distances 3H + 4r, H and 2H + 2r between the
particle surfaces. Again, A is assumed to be constant for all particles.

Fvdw,tot =
A

6

 R

2 (3H + 4r)2︸ ︷︷ ︸
substrate particle - substrate particle

+

2 · r ·R
(2H + 2r)2 (r +R)︸ ︷︷ ︸

substrate particle - nanoparticle

+
r

2H2︸ ︷︷ ︸
nanoparticle - nanoparticle


(2.14)

Figure 2.8 shows the total VdW interaction between two equal spheres
with the radius R = 5 µm as a function of the radius r of the two
nanoparticles which are adsorbed on the sphere surfaces. Again, a mini-
mum can be observed for rmin ≈ 4.5 nm due to competing behavior of
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the substrate particle - substrate particle and nanoparticle - nanoparticle
interactions for r < rmin and r > rmin, respectively.

Figure 2.8: VdW interaction between two spherical particles as a func-
tion of the radius r of the attached nanoparticles (R = 5 µm, H = 4·10−10

m, A = 3 ·10−20 J [24], ss: substrate particle - substrate particle, sn: sub-
strate particle - nanoparticle, nn: nanoparticle - nanoparticle).

2.3 Plasma surface processing

The use of a partially ionized gas to modify or functionalize the surface
properties of materials is well known and applied in several sectors of
industry [36]. Especially, in the field of integrated circuits (ICs) produc-
tion in electronics industry, plasma-based processes are indispensable.
But also in aerospace, automotive, steel, packaging and biomedical ap-
plications, plasma processes are used to modify electrical, mechanical and
optical properties of surfaces. Roughly, the processes can be divided into
plasma spraying, plasma etching, plasma surface activation and cleaning
and plasma deposition [37].

In particular, plasma processes are suitable to modify the top layers
of a material surface. Due to low deposition rates, the film thickness of a
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plasma induced deposition can be controlled very accurately and there-
fore, the surface functionalities of the bulk material. In low-temperature
plasmas at non-equilibrium conditions, energetic active species can be
generated without achieving thermodynamic equilibrium with the bulk
plasma species [38]. According to this, the mean plasma temperature
lies significantly below the corresponding equilibrium temperature, and
this characteristic provides the opportunity to treat temperature sensi-
tive materials such as pharmaceutical agents, polymers or fine chemicals.
Since plasma processes are dry, no additional hazardous waste water is
produced like in wet chemical processes [39].

2.3.1 Plasma generation

To generate and maintain a non-thermal plasma, a certain number of
positive ions and negative ions have to be generated and sustained and
for this, a sufficient amount of power is required. The most common way
to couple energy into a glow discharge is the application of an external
electric field on a low-pressure gas where it can be distinguished between
direct current (DC) [40], pulsed direct current [41], radio frequency (RF)
and microwave (MW) discharges. The latter two are applied in this work
and therefore, shall be explained in more detail below.

RF discharges

Basically, there exist two different ways to generate an RF discharge.
An inductively coupled plasma (ICP) is excited by an RF current in a
spiral or helical conductor. The generated changing magnetic field in-
duces an alternating electric field in which the electrons are accelerated.
The second method to generate an RF discharge is to couple the energy
capacitively. The most simple configuration is the parallel plate arrange-
ment, as shown in Figure 2.9. The two electrodes are usually separated
by a distance of a few centimeters and can either be placed inside the
reactor chamber or external by using insulating reactor walls. In general,
an RF glow discharge apparatus consists of a reactor chamber which is
evacuated by a pumping unit, a gas feeding system and electrodes which
are connected to the RF generator via a matching network. Most RF
generators work at a frequency of 13.56 MHz.
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Figure 2.9: Scheme of a capacitively coupled RF reactor with internal
electrodes.

The function of the matching network is to match the output
impedance of the generator (Z = Re) to the input impedance of the reac-
tor which is mainly capacitive (Z = Re− iXe) [42]. Thus, the impedance
of a correctly tuned matching network is the complex conjugate of the
one of the plasma reactor (Figure 2.10). This is due to the physical prin-
ciple that the power dissipated by a load is maximal when the internal
impedance of the load is equal to the complex conjugate of the internal
impedance of the power supply.

Figure 2.10: Typical power coupling system for RF glow discharges.
Adapted from [42].
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MW discharges

In contrast to the RF excitation, MW discharges also operate without
electrodes and higher plasma densities can be generated in a pressure
range from 10 Pa up to atmospheric pressure. A characteristic parameter
of MW applications is the wavelength λ which is comparable to the
dimension of the plasma reactor. For instance, λ = 12.24 cm is obtained
for a MW excitation with a frequency of 2.45 GHz. Basically, the power
absorption in a MW plasma is similar to the one in an RF plasma,
whereas the difference between MW and RF excitations is caused by
the different range of frequencies. Due to inertia, the electrons are not
able to follow the inversion of the electric field in the GHz range as soon
as the excitation frequency exceeds the eigenfrequency of the electrons.
Thus, the energy gained by an electron during one cycle under collision-
free conditions is about 0.03 eV at 2.45 GHz [40]. However, this amount
of energy is too small to sustain a plasma and therefore, the collision
frequency between electrons and neutrals has to be increased. This can
be achieved either by increasing the pressure or by applying an additional
magnetic field, which forces the electrons on a helical motion and thus,
increases the collision frequency. If the electric field reverses at the same
time when an electron collides elastically with an atom or molecule, the
electron elevates its kinetic energy which is then sufficient to ionize other
neutral species.

2.3.2 Plasma enhanced chemical vapor deposition

Chemical vapor deposition (CVD) is generally referred to processes
which use vapors as feedstock material to deposit thin films. This im-
plies that the source gases are activated chemically and the depositions
are formed by chemical reactions of the precursor gases. Usually, rela-
tively high process temperatures up to 1000 ◦C are required to initi-
ate the chemical reactions in a CVD process. Hence, temperature sen-
sitive substrate materials such as polymers can not be coated by such
high-temperature processes. Due to the non-equilibrium character of low-
pressure glow discharges, “high-temperature” films can be deposited by
plasma enhanced chemical vapor deposition (PECVD). Although the
mean temperature of such a process is close to ambient, the free electrons
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which are not in thermodynamic equilibrium with the neutral species
have temperatures in the range of 104 K. Typically, this energy is suffi-
cient for the molecule excitation and dissociation so that the deposition
can be performed at temperatures much lower than for CVD.

Usually, the term PECVD is used when the deposited material shows
rather inorganic character. On the other hand, the expression plasma
polymerization [43] is used for the formation of organic polymer-like
films whereas the phrase ”plasma polymer” is not equivalent to a char-
acterization of a conventional polymer.

According to Kulisch et al. [44] the process gas mixture which is fed
to a PECVD process can be divided in excitation gas, source gas and
carrier gas. The excitation gas is used to generate a sufficient amount
of charge carriers in order to compensate the losses at the reactor walls
and to sustain the glow discharge. The source gas, also often denoted as
monomer or precursor, provides the elements for the material to be de-
posited. If the vapor pressure of the liquid monomer is too low for direct
evaporation, a carrier gas is required for the transport of the monomer
substance to the plasma reactor.

After the process gas mixture is fed to the plasma zone of the reac-
tor, a minor part of the gas is ionized and a much larger fraction of the
gas is chemically activated by the free electrons whereas molecules are
fragmented into radicals. These species are chemically unsaturated and
are therefore able to undergo chemical reactions at high rates. The radi-
cals or activated molecules are transported to the surface of the growing
film where they react chemically with it. Volatile byproducts which are
formed during the chemical reactions and desorbed species from the de-
posited film as well as unreacted species are pumped off from the plasma
reactor.

The surface - plasma interactions are important in determining the
physical and chemical properties of the deposited film. The interaction
of a non-polymerizing plasma with the surface of a growing film can
result in cross-linking or covering with polar or functional groups [43].
On the one hand, this can be used to modify the surface of the substrate
material to some extent before the substrate is covered by the plasma
deposition. This modification causes the formation of chemical bonds
between the substrate surface and the plasma deposition. On the other
hand, the surface of a growing film is modified analogously resulting in
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the formation of a highly cross-linked coating.

PECVD of SiOx

For the deposition of silicon containing films, PECVD has become a com-
mon technique, especially in the fields of semiconductor, optical, wear
protection and diffusion barrier applications. Silicon-containing organic
compounds are preferentially used as monomers in low-pressure plasma
deposition of silica (SiO2) and silica-like (SiOx) thin films. Since non-
stoichiometric SiOx films have a varying hydrocarbon content, the proper
empirical formula would be SiOxCyHz. The advantages of organosilicon
compounds are their availability, liquid state, volatility at room tempera-
ture, safe handling and low costs [4]. Besides silane (SiH4), tetraethoxysi-
lane (TEOS) and others, hexamethyldisiloxane (HMDSO) is a commonly
used monomer for the PECVD of SiO2 or SiOx films. In contrast to SiH4,
HMDSO is much easier to handle and provides deposition rates over a
wide range up to 1 µm/min [45]. Furthermore, the use of HMDSO rep-
resents the trend to apply complex organic molecules as monomers for
PECVD because they allow to control the degree of retention of molecu-
lar structure, functional groups and elemental composition and therefore,
the overall properties of the deposited film [46].

Since HMDSO is used as the monomer for the investigation of the
PECVD process in the present study, the reaction mechanism of this
monomer in an oxygen-diluted plasma shall be discussed below.

The chemical structure of HMDSO is shown in Figure 2.11. It consists
of two silicon atoms bonded by an oxygen atom and surrounded by six
methyl groups.

Figure 2.11: Chemical structure of the HMDSO molecule.

Based on experimental investigations by using in situ infra-red absorp-
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tion spectroscopy and mass spectrometry, Magni et al. [47] proposed
a reaction pathway for the most abundant neutral components in an
oxygen-diluted HMDSO RF plasma. The dissociation of the HMDSO
molecule by electron impact is the first and most dominant process. In
Figure 2.12, two possible types of fragmentation of the HMDSO molecule
are shown. Since the bonding energy of the Si-O bond (8.31 eV) is almost
two times higher than the energy of the Si-C bond (4.53 eV), the disso-
ciation of the monomer into a methyl (CH3) and a carbonated radical
(Si2OC5H15) is the prevailing fragmentation step. By breaking up the Si-
O bond, two more carbonated radicals (SiC3H9, SiOC3H9) are formed.
Subsequently, the radicals undergo further reaction steps, forming other
radicals like SixOyCzHt which are incorporated into to the surface and
therefore contribute to the film formation.

Figure 2.12: Reaction scheme of an oxygen-diluted HMDSO plasma.
Adapted from Magni et al. [47].

In the gas phase, the methyl radicals undergo homogeneous reactions.
On the one hand, acetylene (C2H2) is formed by hydrocarbon chemistry
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and on the other hand, combustion reactions lead to the formation of
formaldehyde (COH2), formic acid (CO2H2), carbon monoxide (CO),
carbon dioxide (CO2) and water (H2O). CO2 also comes from the het-
erogeneous reaction between oxygen and the carbon which is present on
the surface of the deposited film. This etching process allows to control
the carbon content in the film by varying the O2/HMDSO ratio. Favia
et al. [4] proposed a general deposition mechanism for plasma-deposited
thin films from organosilicon monomers whereby the effect of ion energy
on the surface reactions is explained. The model is divided in six steps:

1. Gas phase fragmentation of the monomer and formation of car-
bonated radicals.

2. Adsorption and desorption of the monomer fragments on the sur-
face of the growing layer. The equilibrium is shifted towards des-
orption by increasing the substrate temperature due to increased
ion energy and the negative desorption enthalpy.

3. Film activation due to low-energy ion impact leads to the formation
of active sites.

4. Reaction of adsorbed fragments with the active sites of the film
(covalent bonds) and film formation.

5. High-energy ion impacts reduce the adsorption of monomer frag-
ments and induce ion-assisted etching of organic groups.

6. At high temperatures, the film pyrolysis becomes important. It
depresses the deposition rate and affects the film composition.

The model description above shows that the deposition rate is con-
trolled by two competing processes, triggered by ions of different energy.
On the one hand, low-energy ions generate active sites and therefore,
increase the growth rate of the film. On the other hand, high-energy
ion impacts enhance desorption and etching effects which are depress-
ing the deposition rate. From the point of view of the plasma reactor
operational parameters, Yasuda [48] proposed a semi-empirical model to
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describe the deposition rate in a PECVD process. Therefore, he defined
the composite parameter as

CP =
P

Ṅ ·mm

(2.15)

where P is the power input, Ṅ is the molar flow rate of the monomer
and mm is the molecular weight of the monomer. The CP represents
the energy input per unit mass of the monomer and it can be used to
visualize the domains of PECVD by an analysis of the effect of CP on
the deposition rate. For this, in Figure 2.13, the deposition rate is shown
schematically as a function of CP for different monomer flow rates (Ṅ1 <
Ṅ2 < Ṅ3 < Ṅ4). Three different regions can be identified. At low CP ,
the deposition rate is linearly dependent on CP , indicated by the straight
line (I). This domain is called the energy-deficient region followed by the
transition regime (II) to the right. By further increasing CP , a critical
value CPc is reached for each monomer flow rate and the deposition
rate is independent of CP . This region is called monomer-deficient (III)
where sufficient discharge power is available but the monomer flow rate is
limiting. Besides the deposition rate, also the degree of fragmentation of
the monomer molecule is affected by the region in which the deposition
process takes place. In the monomer-deficient domain, the fragmentation
of the original monomer molecule occurs to a higher extent compared
to the energy-deficient region. As a consequence, the film properties will
turn from polymer-like to rather inorganic by increasing CP .

2.3.3 PECVD on particles

In the field of surface modification of particles by low-pressure glow dis-
charges, only little work has been performed. An overview of PECVD on
particles is given by Karches [49]. Among other things, he distinguishes
between the deposited film materials such as polytetrafluoroethylene
(PTFE), polydimethylsiloxane (PDMS), silicon nitride (Si3N4), diamond
like carbon (DLC), silicon carbide (SiC) and amino groups (-NH2).

Since powders feature a high surface area per substrate bulk volume,
the modification of particles by PECVD is even much more effective
compared to macroscopic substrates. However, PECVD on particles is
challenging considering the handling of the substrates in order to achieve
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Figure 2.13: Effect of composite parameter on the deposition regimes at
different molar flow rates. I: energy-deficient, II: transition, III: monomer-
deficient. Adapted from [48].

a homogeneous treatment of the particulates. Furthermore, it will be
shown that the control of film growth structures on particles is limited
compared to deposits on larger substrates.

Below, a short literature overview of low-temperature PECVD of SiOx

on particulate substrates is given (Appendix, Table A.1), followed by a
summary of possible reactor concepts which can be applied for plasma-
assisted treatment of powders.

PECVD of SiOx on particles

Silica is an attractive deposit material due to its excellent thermal and
chemical stability. According to literature, potential applications in the
field of PECVD of SiOx on particles are corrosion protection of pigments
[8–10], diffusion barriers of pharmaceutical powders to retard the active
agents [6, 7], enhancement of chemical resistance of powders [50] and
wettability modification of bulk solids [11].
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A first work about low-temperature PECVD of SiOx on particles was
presented by Tsugeki et al. [10] in 1994. They used an inductively coupled
plasma in a glass tube reactor to deposit silica films as corrosion protec-
tion layers on aluminum nitride (AlN) particles with a size of 40 µm. The
process gas consisted of TEOS, O2 and Ar and the particles were treated
for 2 h at room temperature and at 400 ◦C, respectively by heating the
reactor. Leaching experiments in an aqueous acid solution showed that
the corrosion resistance of the deposited film is increased at elevated
process temperatures and by a subsequent heat treatment.

Salt crystals (NaCl) with a mean diameter of 551 µm were treated in
a low-temperature plasma fluidized bed reactor by Bayer et al. [50]. The
power was coupled by a MW plasma source by varying the power between
690 W and 1590 W and the process gas consisted of HMDSO, O2 and
Ar. It was shown that PECVD processes in fluidized bed reactors can
be operated at larger scales up to bed masses of 3 kg. Due to the SiOx

coating on the particle surface, the salt crystals showed hydrophobic
properties after the plasma treatment.

The surface of zirconium oxide powder (ZrO2, 8 µm) and milled car-
bon fibers (length: 150 µm, diameter: 8 µm) as fillers for polymethyl
methacrylate (PMMA) bone cement was treated in a rotating drum
plasma reactor by Kim and Yasuda [51]. To induce the PECVD of SiOx

from HMDSO/O2 and HMDSO/Ar gas mixtures, respectively, an RF
plasma was generated by capacitively coupled electrodes. Due to the
plasma treatment, the fatigue properties of the bone cement was im-
proved which was assumed to be induced by the formation of covalent
bonds between the plasma treated surfaces of the fillers and the PMMA
matrix.

Karches et al. [52] applied a circulating fluidized bed with an inte-
grated MW plasma source in the riser part of the reactor to coat NaCl
(210 µm) particles with SiOx. Again, a gas mixture of HMDSO, O2 and
Ar was fed to the plasma reactor. In order to describe the homogeneity
of the particle coating, the variance of the particle residence time distri-
bution in the riser tube of the reactor was determined. It was shown that
the temperature of the particles can be controlled by the solid mass flow
to less than 100 ◦C. By mass spectrometry analysis of the exhaust gas,
the monomer conversion was not found to be affected negatively by the
presence of particles. The same experimental set-up was used to deposit
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silicon oxide layers on glass beads with a mean diameter of 125 µm [53].
The temperature distribution in the reactor was found to be increasing
with the MW power. Furthermore, maximal O2 contents in the process
gas for stable plasma generation were determined as a function of the
process pressure and MW power input. The monomer conversion and
the exhaust gas composition were measured by mass spectrometry.

Borer and Rudolf von Rohr [6] investigated the structure of the grow-
ing SiOx film deposited in a HMDSO/O2/Ar MW plasma on NaCl (280
µm) and silica gel (300 µm) particles by using the reactor set-up of
Karches et al. [52, 53]. On the smooth NaCl crystal surfaces, a dense co-
herent film was achieved. However, the film constitution was disturbed
by nodular structures which are caused by dust particles. These particles
are embedded in the coating during the deposition process and due to
shadowing effects, the defects are propagating in the film. By contrast,
no dense and coherent films could be deposited on the rough surface of
the silica gel particle because of the initiation of columnar growth on
the primary particles of the substrate material. In a subsequent work,
Borer et al. [7] investigated the effect of substrate particle (silica gel,
300 µm) temperature on the growth structure of the deposited film. For
this, the particle temperature was varied between 61 ◦C and 195 ◦C by
changing the MW power input. It was shown that at lower tempera-
tures, columnar structures dominate the film morphology. By increasing
the particle temperature, the columnar growth effects were reduced while
an increase of the coherent film fraction was observed. According to the
structure zone model proposed by Movchan and Demchishin [54], this
finding was established due to the higher adatom mobility at elevated
surface temperatures.

From the economic and ecological points of view, there is a big interest
to transfer low-temperature plasma surface modification techniques at
low pressures to processes at atmospheric pressure. Thus, several work-
ers started to investigate the atmospheric pressure dielectric barrier dis-
charge (DBD). By varying the excitation frequency, process gas compo-
sition and dielectric properties, either filamentary or glow like discharges
can be obtained [55]. In order to achieve a homogeneous surface treat-
ment, the latter is favored. As the name implies, powered and grounded
electrodes are separated by a dielectric material which limits the con-
duction current of the discharge filaments and thus, retaining the non-
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thermal character of the discharge. The electrode spacing of a DBD is
limited from a fraction of 1 mm to several cm [56].

PECVD of silica on particles by using a DBD was first reported by
Mori et al. [9]. They coated 100 nm magnetite (Fe3O4) particles in a
diluted flow of a riser - downer reactor by using an atmospheric pressure
dielectric barrier glow discharge at a frequency of 13.56 MHz. The dis-
charge was cooled by water to keep the process temperature below 100
◦C. For the formation of silica, the monomer TEOS was admixed to the
process gas (N2O/He).

Jung et al. [57] used an atmospheric DBD in a circulating fluidized
bed (CFB) reactor. For this purpose, ring-shaped electrodes were ar-
ranged around the quartz glass riser which served simultaneously as the
dielectric barrier and reactor confinement. The alumina particles (60 µm)
were treated at different power inputs at a frequency of 13.56 MHz. A
gas mixture of TEOS, O2, Ar and He was fed to the reactor to coat the
substrate particles with SiOx. According to SEM analysis, the thickness
of the film was in the range of 2 - 4 µm. In the identical experimental
set-up, Park et al. [11] coated alumina powder (100 µm). In contrast
to the previous work [57], both monomers TEOS and HMDSO were in-
vestigated as a precursor. The water wettability on the plasma-treated
alumina could be adjusted from hydrophobic to hydrophilic by vary-
ing the applied power. Furthermore, the effect of discharge power and
O2/monomer ratio on the organic content of the film was analyzed.

To avoid UV catalytic availability of titanium dioxide (TiO2) parti-
cles (200 nm) in cosmetic applications, Kogoma et al. [8] treated the
powder in a riser reactor by applying an atmospheric DBD. For this, the
monomer TEOS was preliminarily adsorbed on the particle surface by
an adsorb and dry method. Subsequently, the powder was treated in the
He/O2 glow discharge to induce the plasma polymerization on the par-
ticle surface. By XPS analysis, the coating was found to have inorganic
character.

Chen et al. [58] introduced a novel concept to couple the energy into
an atmospheric DBD by using a liquid electrode in a CFB. As substrate
material, calcium carbonate powder (100 µm) was treated by PECVD
at low power (11 W). By admixing HMDSO to the process gas which
consisted of He, a hydrophobic layer was deposited on the particle surface
and the wettability of the powder was decreased.
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Vons et al. [59] investigated the deposition of HMDSO products on
iron oxide nanoparticles (6 - 11 nm) in an atmospheric DBD by using
two coaxial arranged glass tubes. The use of Ar as process gas resulted
in a filamentary character of the discharge.

Hähnel et al. [60] coated potassium bromide powder with SiOx on the
horizontally agitated flat electrode of an atmospheric dielectric barrier
surface discharge. The process gas consisting of HMDSO, O2 and Ar was
fed vertically through the electrode plate.

Reactor concepts

In comparison with macroscopic substrates, additional challenges appear
in connection with plasma treatment of particles. First, the particulates
are preferably dispersed in a gas to guarantee complete contact between
the plasma phase and the surface of all particles. If the powder is handled
in the form of agglomerates, a considerable part of the particle surface is
shaded and thus, stays untreated. In particular, in the case of cohesive
powders, an efficient dispersion technique is required. To increase the
mass and heat transfer, an intense mixing of the powder with the gas
phase is needed. Furthermore, it is important to govern the mean resi-
dence time of the particles in the plasma, e.g. to control the thickness of
a deposited layer on the particle surface. A typical feature of the plasma
treatment of a macroscopic object is the well-defined plasma exposure
time. Since a powder consists of a collective of small solid substrates,
it is impossible to achieve identical residence times for all of them. For
this reason, the residence time distribution of the particles in the plasma
zone is of big importance concerning the homogeneity of the particle
treatment.

From the procedural point of view, it has to be distinguished between
batch and continuous processes, whereas, so far, the majority of inves-
tigated plasma treatment processes for particles were conducted batch-
wise.

A simple method for PECVD on particles is the application of a reac-
tive plasma on a stationary bulk solid. Since in this case, the particles are
not dispersed in the process gas, only the top layer of the powder bunch
is treated as it is in contact with the plasma bulk. The reactor configura-
tion by Tsugeki et al. [10] consisted of a glass tube in which the powder
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is placed for the deposition. To increase the contact with the reactant
gas, the powder was shaken periodically. Hähnel et al. [60, 61] coated
powders under atmospheric pressure on a horizontally vibrating plate
in which the electrodes for the DBD were incorporated. In the respec-
tive patents [62, 63], they introduced a further developed arrangement
including a transporting unit for the continuous treatment of powders.

To improve the plasma - particle surface interaction, a reactor set-
up with rotary agitation can be applied. Within the scope of plasma
technology, the conventional stirred batch reactor (Figure 2.14) is a less
common approach. Kim et al. [64] treated polymer beads in a tank with
a magnetic stirrer device by using an inductively coupled RF plasma. By
applying a horizontally arranged stirrer, the particle - plasma interaction
can also be intensified [65].

A more common configuration for mechanically agitated reactors and
so far the only commercially available plasma device for the plasma treat-
ment of particles is the rotating drum reactor (Figure 2.14) as published
by Loh et al. [66], Kruse and Vissing [67], Kim and Yasuda [51], Martin
et al. [68] and Susut and Timmons [69, 70]. Rotating and stirred devices
can be used for the surface modification of coarse particles which can
be fluidized easily. However, such reactors have a very broad residence
time distribution of the particulates due to the fact that only a small
fraction of the particles is directly exposed to the plasma bulk. To im-
prove the uniformity of the particle treatment, long treatment times or
an enhanced mixing of the particulates are needed. On the other hand,
agitated plasma reactors are inappropriate for fine, cohesive powders. In
this case, the dispersion of the particles in the gas phase is insufficient.

In contrast with mechanically agitated reactors, fluidized beds [50, 71–
74] provide an enhanced heat and mass transfer between the plasma and
solid phase, a uniform bed temperature and smooth particle agitation.
The treatment zone is locally restricted to the top of the bed where
the process gas conveys a fraction of the particles from the bubbling
fluidized bed into the gas phase (Figure 2.14). Again, in a fluidized bed,
it is difficult to obtain a uniform treatment of powders due the broad
particle residence time distribution.

In order to obtain lower temperature and pressure gradients and a
narrower residence time distribution, Karches et al. [52] introduced the
plasma circulating fluidized bed reactor for PECVD on particulate ma-
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terials (Figure 2.14). This reactor concept was investigated by a variety
of researchers [6, 7, 11, 49, 53, 57, 75–77]. The particles are conveyed
through a riser tube where the plasma is generated. Subsequently, the
solid is separated from the conveying gas and is recycled to the riser
part. The coating uniformity in the plasma zone is associated with the
residence time distribution of the particles in the riser. In this part of
the reactor, the flow regime can be varied between plug flow to high
back-mixing. In general, the variance of the residence time in the riser
can be reduced by increasing the number of circulations of the particles.

Figure 2.14: Reactor principles for plasma treatment of particles sum-
marized by Arpagaus et al. [78]. 1: fluidized bed reactor, 2: circulating
fluidized bed reactor, 3: rotating drum reactor, 4: stirred batch reactor.
Figure taken from [79].

The application of a circulating fluidized bed for PECVD on powders
is restricted to sufficiently high particle size, i.e. mass, in order to exert
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the necessary momentum to the powder bulk, especially in its separation
from the conveying gas. Furthermore, for very small, cohesive particles
which tend to stick together, the fluidization of the powder is hard to
achieve and the solid tends to stick on the reactor walls. Moreover, if fast
treatment and short-reaction time is needed, the circulating fluidized
bed is improper due to its broad residence time distribution for small
numbers of circulations.

To overcome these problems, Arpagaus et al. [78, 80, 81] used a downer
reactor for the surface activation of polymer powders. The concept of this
reactor will be explained in more detail in Chapter 3. Wei and Zhu [82]
analyzed the flow patterns and the axial solid dispersion in the riser
and downer part of a circulating fluidized bed. Compared to the up-flow
in the riser, the radial velocity profile in the downer is much more ho-
mogeneous and approaches plug flow. Further, they have shown that the
axial solid mixing in the flow direction against the gravity (riser) is much
larger than in the flow direction of the gravity (downer). These findings
were explained by the domination of different mixing mechanisms in
the downer and riser. The solid mixing in the direction of the gravity
is dominated by the dispersion of dispersed particles, while the disper-
sion of particle clusters is prevailing in the up-flow. Since the dispersion
due to particle clusters is much more significant, axial mixing is more
pronounced in the riser. These results were confirmed by Zhang et al.
[83] who investigated the velocity profiles and distributions of the solid
holdup in a riser - downer system. In Figure 2.15, the radial nonunifor-
mity indices RNI is depicted in terms of the solid holdup RNI(εs) and
in terms of the particle velocity RNI(vp) along the axial directions of
riser and downer, respectively. These indices are defined as normalized
standard deviations of the particle velocity and the solid holdup in the
radial direction of the tube. It can be seen that the radial flow structure
in the downer is much more uniform than that in the riser. Furthermore,
the downer shows more uniform velocity profiles in axial direction. Based
on these observations, it was concluded that the homogeneous radial flow
structure in the downer favors a narrow residence time distribution.
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Figure 2.15: Radial nonuniformity indices of the solid holdup RNI(εs)
and the particle velocity RNI(vp) along the axial directions of the riser
and downer [83].

2.3.4 Nanoparticle formation by PECVD

Particle containing plasmas, in literature often denoted as dusty plasmas,
are reported to be important in conjunction with plasma process appli-
cations [36]. For a long time, the formation of particles in low-pressure
glow discharges has been considered as an unwanted side effect which
must be avoided [84].

Particles can be formed both in etching and in deposition processes,
leading to contamination of the surface to be treated. For instance, in
diffusion barrier coatings deposited by PECVD, dust particles induce
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film defects which may cause a significant decrease of the barrier per-
formance. On the other hand, the formation and growth of particulate
materials in glow discharges offer novel possibilities for powder synthesis
and surface modification processes. In particular, the plasma-synthesized
powders feature useful properties, e.g. small particle size from nanome-
ter to micrometer range, uniform particle size distribution and chemical
activity [85]. In this section, formation and growth mechanisms of par-
ticles in plasmas will be explained, followed by the discussion of process
conditions favoring the formation of powders in PECVD applications.

According to Perrin and Hollenstein [86], the formation and growth of
particles within a plasma can be divided in four steps, including cluster
formation, particle nucleation, coagulation and independent growth of
multiply-charged macroscopic particles by condensation (Figure 2.16). In
a first step, primary clusters of atoms are formed up to critical size where
nucleation takes place. During this phase, the clusters are either neutral
or singly charged and due to evaporation and dissociation, growth may
be retarded. Above the critical size, the particle growth is dominated
by avalanche condensation whereas the particle size is still below 10
nm. In the case of PECVD, the term ’condensation’ means the plasma
polymerization of radicals. Subsequently, the particle size is increased
by coagulation or agglomeration into macroscopic particles (dp < 100
nm). Due to the higher mobility of the free electrons, the macroscopic
particles are multiply negatively charged. As a consequence, the parti-
cles are trapped in the plasma because of the confinement effect of the
surrounding sheaths. In the fourth step, the macroscopic particles keep
growing independently up to several micron by condensation of monomer
fragments on the particle surface.

This four step sequence is consistent with experimental observations,
e.g. by Bouchoule et al. [87]. They investigated the evolution of the parti-
cle number density and particle diameter by in situ laser light scattering
in an Ar/SiH4 discharge. In Figure 2.17, the time evolution of Si parti-
cle number density np and diameter dp are shown. It can be seen that
within the first 5 seconds after plasma ignition, np drops by one order of
magnitude and the particle diameter is increased by a factor of 10 after
particle nucleation. These fast changes are caused by particle coagula-
tion, while the particle volume fraction remains more or less constant.
After the coagulation step (> 5 s), the particles are multiply charged and
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Figure 2.16: Schematic illustration of the four steps of cluster forma-
tion, particle nucleation, coagulation and independent growth of multiply
charged macroscopic particles by condensation [86].

therefore, they are growing independently at lower rate while np remains
constant.

In low-temperature PECVD processes, the plasma is used to produce
reactive species which react with the substrate surface. Simultaneously,
the same process is responsible for the formation and growth of clusters
and particulates in the gas phase. Furthermore, process conditions for
high deposition rates also increase the probability to initiate cluster and
particle formation in the plasma. Considering the 4-step formation and
growth mechanism discussed above, the most critical step for dust gen-
eration in PECVD processes is the formation of primary clusters and
their growth to the critical size of a stable particle nucleus. To achieve
this critical coalescence step, a sufficient cluster concentration is required
which is reported to be typically in the range of 109 cm−3 [88, 89]. The
increase of this concentration is determined by the balance of cluster
production and cluster losses. The latter is attributed to the neutral ki-
netic effects such as diffusion, gas drag and thermophoresis but also to
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Figure 2.17: Particle number density and diameter in an Ar-diluted
SiH4 RF discharge as a function of time [87]. Adapted by [86].

electric forces. It was emphasized by Choi and Kushner [90] and Howling
et al. [91] that negative ions and negatively charged clusters initiate nu-
cleation and powder formation in low-pressure glow discharges. Consid-
ering cluster loss to the reactor walls, positively charged species can be
excluded as an origin for nucleation since they are accelerated towards
the walls by the electric field of the plasma sheath. On the other hand,
the confinement of negatively charged clusters in the plasma prevails the
diffusion losses and consequently, this indicates that the nucleation step
in low-pressure glow discharges is anion-induced.

In general, powder particles formed by PECVD for a given monomer
feature a more highly cross-linked structure than the films deposited by
heterogeneous reactions [43]. In the following, a review of investigations
concerning the process parameters leading to dust formation is given.
Most of the studies on dust-forming PECVD processes have been per-
formed with Ar/SiH4 RF discharges due to the importance of particle-
free PECVD of amorphous silicon (a-Si:H) in optoelectronic applications
such as solar cells [92].

Morosoff [43] described the PECVD process conditions favoring par-
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ticle formation in PECVD processes by intermediate pressure, high
monomer flow rate but long residence time, high power, monomers with
rapid reaction rate and conditions that suppress ionic bombardment of
surfaces. Among other parameters, the pressure in a gas affects the mean
free path which describes the distance traversed by a molecule between
two successive collisions [93]. By increasing the pressure in a discharge,
the mean free path of species in the plasma is reduced. This results in
a greater frequency of collisions of activated species with each other as
opposed to collisions with surfaces. Therefore, homogeneous gas phase re-
actions are prevailing at elevated pressures, inducing particle formation.
In general, powder formation in RF low-pressure glow discharges can be
observed at pressures in the range of 0.2 to 2 torr [43]. At elevated pres-
sures, the collision frequency between the free electrons and the heavy
species is also increased and the specific energy (energy per molecule) is
reduced. Thus, above 2 torr, the formation of free radicals and therefore,
the formation of dust are inhibited. By increasing the power input of
an RF discharge, the electron density can be increased and therefore,
the powder formation is enhanced. Howling et al. [94] have shown that
the excitation frequency in a SiH4 RF plasma is an important param-
eter regarding the production of particulates. When the frequency was
changed from 13.56 MHz to 70 MHz, the dust production was reduced
and at the same time, the deposition rate at the surfaces was increased.
This phenomenon can be explained by the drop of the sheath voltage
by increasing the frequency. As a consequence, the probability of cluster
trapping in the plasma and the chance to reach a critical concentration
for particle formation is reduced. By using RF excitation in the kHz
range, an enhanced powder formation by decreasing the frequency was
reported [43]. This observation was established by the plasma-induced
deposition at the electrode surfaces due to enhanced ionic bombardment
at elevated frequencies. The effect of the process temperature on the
particle formation process was investigated by Bouchoule et al. [95] and
Sorokin et al. [96]. They demonstrated that at high temperatures, no
particles are formed or their appearance is delayed in time by increasing
the temperature. This can be explained by the temperature dependence
of the already mentioned balance of cluster growth and loss which is de-
termined by the critical cluster concentration for the start of the particle
agglomeration phase. By comparing two different types of capacitively
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coupled discharges in Ar/C2H2 and Ar/CH4, Berndt et al. [97] inves-
tigated the formation of particles and their further temporal evolution.
Depending on the monomer used, they observed significant differences
in particle formation behavior due to different nucleation processes.

Compared to cluster formation studies applying silanes, only a few in-
vestigations exist on the organosilicon monomers TEOS and HMDSO as
precursors for the dust formation in PECVD discharges. Seol et al. [98]
used TEOS and O2 as reactants in an RF plasma for the generation of
SiOx nanoparticles. An in situ measurement method (low-pressure differ-
ential mobility analyzer) and TEM were used to determine particle size
distributions. The detected primary particles exhibit diameters in the
range from 10 nm to 20 nm. Fujimoto et al. [99] investigated the particle
size and particle number concentration in a TEOS/O2 plasma by vary-
ing the pressure (0.5 torr and 4.0 torr) and the monomer concentration
(0.5 vol.-% and 5.0 vol.-%). The particles were analyzed by in situ laser
light scattering methods and ex situ SEM. The same experimental set-
up was used by Shimada et al. [100] who found that particle formation
and growth are suppressed with increasing process gas flow rate. Vons et
al. [59] presented a nanoparticle production process in an atmospheric
pressure dielectric barrier discharge reactor, which mainly consists of two
coaxial arranged glass tubes. In the process gas, the monomer HMDSO
was diluted for the polymerization of SiOx particles at different voltages.

2.3.5 Particle - plasma interactions in low-pressure
glow discharges

Within the scope of this work, particulate materials in the micron size
range are dispersed in a low-pressure glow discharge to modify their
surfaces. Accordingly, the interactions between the plasma and the solid
material have to be considered. Basically, the suspension of particles as
an additional element in a three-component plasma system, containing
electrons, ions and neutrals, introduces new degrees of freedom which
complicate the dynamic properties of the whole many-body system.

On the one hand, particles are negatively charged in a plasma which
impacts the particle - particle interactions and the kinetic behavior of the
particles immersed in the electric field of a plasma. On the other hand,
the particulates affect the properties of the plasma, e.g. by representing
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sinks for electrons and ions. But also the electric field, the temperatures,
the potentials and the plasma densities may be influenced by the presence
of particles [13]. Again, this affects the chemical processes in reactive
plasmas.

Particle charging

The charge and potential of an isolated particle in a plasma are deter-
mined by the equilibrium between electron an ion currents to the surface
of the solid. In a non-equilibrium plasma, these currents are mainly de-
termined by the collection of electrons and ions. In thermal plasmas and
discharges induced by UV irradiation or electron beams, this is not the
only mechanism which is responsible for particle charging, but also pho-
toelectric processes and secondary electron emission by electron or ion
impact can occur [14]. Unlike non-thermal plasmas, under these condi-
tions, the particles can even attain a positive charge.

In order to estimate the particle charge, first, the Debye length (Equa-
tion 2.16) is introduced where ε0 is the permittivity in vacuum, kB is the
Boltzmann constant, Te is the electron temperature, ne is the electron
number density and e is the elementary charge [101].

λDe =
√
ε0 · kB · Te
ne · e2

(2.16)

The Debye length describes the characteristic length above which the
condition of quasi-neutrality of a plasma is fulfilled. This implies that a
charge in a quasi-neutral plasma is shielded over the distance λDe.

A plasma in contact with a surface develops a thin positively charged
layer called sheath. This phenomenon can be explained by the loss of
charged species due to recombination of electrons and ions at the sur-
face in contact with the plasma. In a low-pressure glow discharge, the
thermal velocity of the electrons is much higher than the one of the
ions. Consequently, at initial state of a plasma, the electron flux towards
the surface is significantly higher than the ion flux and on a very short
timescale, some electrons near the surface are lost. This leads to an ex-
cess of positive charges in this region and the surface attains a negative
potential relative to the plasma bulk. Because of the Debye shielding ef-
fect, the region of positive space charge is reduced to several λDe which
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is called the plasma sheath. If an electrically insulated particle is exposed
to a plasma, the surface is charged negatively up to the floating potential
Ufl at which the electron current towards the surface is reduced to the
value of the ion current.

Based on the assumption of a spherical capacitor at the floating po-
tential Ufl, the charge Qp carried by the particle can be obtained from

Qp = 4π · ε0 ·R
(

1 +
R

λDe

)
Ufl (2.17)

where R is the particle radius [102]. For the determination of Ufl, it
has to be distinguished if λDe is smaller or larger than R.

If the particle radius is large with respect to the Debye length, the
assumption of the thin planar sheath regime can be applied. In this
case, Ufl with respect to the plasma potential is given by Equation 2.18
where me and mi are the masses of electrons and ions, respectively.

Ufl = −kB · Te
2e

[
ln
(

mi

2π ·me

)
+ 1
]

(2.18)

Assuming that R� λDe, Equation 2.17 is adapted to

Qp = 4π · ε0 ·
R2

λDe
· Ufl (2.19)

In non-planar situations, where R� λDe, the assumption of a planar
sheath is not fulfilled anymore. In this case, the orbit motion limited
(OML) theory based on energy and angular momentum conservation
laws can be used to determine the floating potential of the particle sur-
face [14, 102]. Assuming Maxwellian ion distribution in the plasma, the
stationary potential of the particle surface is determined by the equilib-
rium of electron and ion fluxes collected by the particle. The outcome of
this is Equation 2.20 which describes Ufl implicitly as a function of the
electron and ion masses (me, mi), temperatures (Te, Ti) and densities
(ne, ni). √

Ti ·me

Te ·mi

(
1− e · Ufl

kB · Ti

)
exp

(
− e · Ufl
kB · Te

)
=
ne
ni

(2.20)
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Under the assumption of isolated particles where the distance between
the particulates is much larger than the Debye length and the quasi-
neutrality condition implies ni = ne, the right hand side of Equation
2.20 is reduced to unity. To determine Ufl, this equation can only be
solved numerically. However, Matsoukas and Russell [103] presented an
approximate explicit solution from which the floating potential can be
described as

Ufl = CMR ·
kB · Te
e

· ln

(
ni
ne

√
me · Ti
mi · Te

)
(2.21)

CMR is essentially a constant and only a weak function of Te/Ti and
me/mi and the ratio ni/ne is equal to unity for isolated particles. For
an Ar plasma, Matsoukas and Russell found CMR = 0.73 over a wide
range of temperatures. For R� λDe, Equation 2.17 is adapted to

Qp = 4π · ε0 ·R · Ufl (2.22)

which indicates the proportionality between the amount of charge and
particle size. Daugherty et al. [104] have shown that the OML theory for
particles in low-pressure glow discharges is a good approximation, even
if R is in the same order of magnitude of the Debye length. However, it
has to be noted that the effective particle screening length, over which
the particle charge is shielded, may deviate from λDe. Therefore, the lin-
earized Debye length λDL is introduced (Equation 2.23) which considers
both screening lengths of the electrons and of the ions. The electron De-
bye length (λDe) is given by the Equation 2.16 and the corresponding
value for the ions (λDi) is obtained by substituting Te and ne by the
ion temperature Ti and the ion density ni, respectively. Since in non-
equilibrium plasmas Te is much greater than Ti, λDL lies closer to the
pure ion Debye length than to the electron Debye length. For R� λDL,
the screening length of the particle is close to λDL. When the particle
radius is larger than λDL, the particle screening length increases and is
better approximated by λDe.

1
λ2
DL

=
1
λ2
De

+
1
λ2
Di

(2.23)
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It is important to know when the OML theory is valid and the calcu-
lations discussed above can be applied to determine the particle charge.
The theory assumes that all ions with an impact parameter less than bc
(Equation 2.24) are collected by the particle whereas ions with impact
parameters equal to bc will hit the particle with a zero radial velocity.

bc = R ·

√
1− 2e · Ufl

mi · u2
i

(2.24)

Due to a complex potential distribution around the particle, not all
ions with an impact parameter smaller than bc may be collected. The
OML theory only gives an upper limit to the ions collected by the particle
and thus, the effective floating potential may be more negative than
predicted by the OML theory. However, the OML approach is a good
approximation in the case of thick sheets, i.e. when R � λDL or R �
λDe, respectively.

According to this, Kersten et al. [15] observed a non-linear behavior
between the particle charge and size (Qp ∝ R2), even the particle size
was much smaller than the electron Debye length. The linearized Debye
lengths were in the order of the particle size (101µm) and λDe was about
10 times higher than λDL. Beside the particle size, they investigated the
effect of the particle temperature on the particle charging in a plasma. It
was concluded that an increased particle temperature causes enhanced
desorption and recombination of the charge carriers at the particle sur-
face and therefore, the grain charge is lowered.

So far, only isolated particles have been discussed. But when the solid
particle number density in the plasma is increased, the shielding distance
which is determined by λDe becomes relevant with respect to the dis-
tance between the particles and the plasma properties may be strongly
affected. Under these conditions, the electrostatic interaction between
the particles cannot be neglected anymore. Additionally, if the distance
between the particles is typically less than 5 times smaller than their
radius, the capacitance is increased by the proximity of the neighbor
particles [102]. However, a much more important effect is the decrease
of the averaged electron density ne while the averaged ion density ni
remains constant. The importance of this effect was demonstrated by
Stefanovic et al. [105] who measured electron densities in a capacitively
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coupled C2H2 RF discharge. Due to the formation of dust, they observed
electron densities 4 times less in comparison with the absence of particles.
To fulfill the quasi-neutrality of a plasma, the reduced electron density
can be written as

ne = ni +
Qp
e
· np (2.25)

where Qp is the mean charge carried by one particle and np is the
particle number density. Note that Qp is negative for negatively charged
particles. In the non-isolated case, ne is smaller than ni and the particle
carries less negative charges than in the case of an isolated particle.
Under the assumption that the OML theory can be applied in the non-
isolated case, the reduction of the particle charge can be demonstrated
by Equation 2.20 where ne/ni is smaller than unity.

Forces acting on particles in plasmas

To understand the plasma - particle interactions and the impact of the
plasma on the particle dynamics, the forces acting on particles in plas-
mas have to be considered. The most important interactions are the
gravitational (Equation 2.12), the electrostatic, the ion and neutral drag
and the thermophoretic forces [102, 106–109]. However, in the plasma
reactors considered in this work, the particle dynamics are dominated
by gravity and neutral drag forces. Therefore, the neutral drag shall be
discussed in detail below.

A neutral gas which is moving relatively to the particle generates a
momentum transfer due to collisions between the particle and neutral
atoms and molecules and in a weakly ionized plasma, the main contribu-
tion of the drag force is caused by the neutral components. To determine
the neutral drag force, two regimes have to be considered depending on
the Knudsen number Kn:

Kn =
λmfp
R

(2.26)

The mean free path λmfp (Equation 2.27) is the average distance trav-
eled by a neutral gas molecule between successive collisions where dm is
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the collision diameter of the molecules (for Ar and O2, dm = 0.35 nm
[110]) and NA is the Avogadro constant [111].

λmfp =
Rg · T√

2π · d2
m ·NA · p

(2.27)

In the hydrodynamic regime (Kn � 1), the mean free path is much
smaller than the particle radius and in the free molecular regime (Kn�
1), the neutral mean free path is much longer than the particle size. For
the hydrodynamic regime, the neutral drag force acting on a spherical
particle can be calculated from Stokes’ law

−→
F dn = −6π · ηn ·R · −→vp (2.28)

where ηn is the dynamic viscosity of the neutral gas and vp is the
particle velocity relative to the gas. Equation 2.28 can only be applied
for laminar flow patterns, where the particle Reynolds number (Equation
2.29) is smaller than unity.

Rep =
2R · vp · ρn

ηn
(2.29)

In a realistic laboratory low-pressure glow discharge situation, the rel-
ative particle velocity vp is much smaller than the thermal velocity vnt
(Equation 2.30) of the neutrals in the gas. Under this assumption, the
neutral drag force in the free molecular regime can be calculated by
Equation 2.31 [102]. The parameters mn, nn and Tn are the mass, the
number density and the temperature of the neutral molecules.

vnt =
√

8kB · Tn
π ·mn

(2.30)

−→
F dn = −4

3
· π ·R2 ·mn · nn · vnt ·

(
1 + αac ·

π

8

)
· −→vp (2.31)

The reflection mechanism between particles and neutrals is determined
by the accommodation coefficient αac. For pure specular reflections, the
velocity of the neutrals normal to the particle surface is reversed after
collision and the value of αac is 0. However, usually the collisions are not
specular because the neutrals are first adsorbed by the particle surface
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and are then re-emitted with a semi-isotropic Maxwellian distribution
at the particle surface temperature [108]. This process is called perfect
diffuse reflection, where αac reaches a value of 1. Generally, αac is close
to unity [112] and depends on the gas molecules to surface atoms mass
ratio, on the gas and surface temperature and on the adsorption energy
[102]. In the transition region between hydrodynamic and free molecular
regime where Kn ≈ 1, the neutral drag force can be written as

−→
F dn =

−6π · ηn ·R · −→vp
CCu

(2.32)

where CCu is the Cunningham correction factor [111] which is given
by

CCu = 1 +
2.52λmfp

2R
(2.33)
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Chapter 3

Experimental

3.1 Possible implementations of the process

In the following, different approaches to implement the process shall
be discussed. For that purpose, first, the terms “treatment zone” and
“plasma zone” have to be defined:

• The treatment zone (TZ) is the part of the plasma reactor where
the modification of the substrate particles takes place, or in other
words where the nanoparticles are attached to the surface of the
substrate particles. This implies that in this area of the reactor, the
substrate particles have to be mixed intensively with the nanopar-
ticle containing fluid. The conveyance of the substrate particles
through the TZ can be accomplished either by the influence of
gravity and/or by a gas flow.

• The plasma zone (PZ) is the part of the plasma reactor where
the discharge is located. Thereby, an excitation gas flow is fed in
the PZ where the ionization takes place and the active species
are formed. The generation of the electric gas discharge can be
managed by different coupling types, such as DC, mid-frequency,
RF or MW excitation.
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In a first implementation option, the TZ spatially coincides with the
PZ (Figure 3.1). Basically, in this case, the substrate particles to be
treated are dispersed in the excitation gas and are subsequently conveyed
through the PZ/TZ of the reactor where the nanoparticle formation and
attachment occur. The monomer can be diluted in an inert carrier gas
and is then fed in the reactor either together with the excitation gas
(I) or directly to the PZ (II). Subsequent to the plasma treatment, the
substrate particles are separated from the process gas and optionally,
can be recycled to the particle feed in order to increase the residence
time in the PZ/TZ.

Figure 3.1: Possible implementation of the plasma process: spatial co-
incidence of plasma and treatment zone.

For the remote arrangement, the PZ is spatially separated from the
TZ (Figure 3.2). The excitation gas is ionized in the PZ and the active
species are carried towards the TZ by the gas flow. At the same time,
the substrate particles are conveyed through the TZ, preferentially by
an additional gas flow (substrate particle carrier gas). The monomer can
be fed to the excitation gas either before (I) or after (II) the PZ whereby
the nanoparticle formation takes place within the PZ or downstream
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in the afterglow of the excitation gas. Subsequently, the nanoparticles
are brought in contact with the substrate particle surface by mixing the
excitation gas flow with the substrate particle carrier gas flow in the TZ.
In the event of conveying the active species till the TZ, the monomer
can also be fed into the substrate particle carrier gas (III). In the latter
case, the formation and attachment of the nanoparticles take place in
the TZ. Again, to increase the residence time, the substrate particles
can be recycled.

Figure 3.2: Possible implementation of the plasma process: remote mode
with spatial separation of plasma and treatment zone.

The option with the coincidence of PZ and TZ is easy to implement
and provides the opportunity of an intensified and homogeneous contact
between the nanoparticle containing phase and the substrate particle
surface. Within the remote option, it is more challenging to achieve a
sufficient mixing of excitation gas and substrate particle carrier gas due
to the initial spatial separation of the two flows. However, in the re-
mote mode, sensitive substrate particles can be protected against ion
bombardment, radiation and elevated temperatures.
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The reactor concepts presented below feature the spatial coincidence
of PZ and TZ.

3.2 Plasma circulating fluidized bed reactor

As mentioned in Chapter 2, circulating fluidized bed (CFB) reactors fea-
ture an enhanced heat and mass transfer between gas and solid due to
the intensive mixing of the two phases. In a first approach, a plasma
circulating fluidized bed reactor (PCFBR) was applied to demonstrate
the feasibility of the novel process for the formation of nanoparticles
and their simultaneous attachment to the substrate particle surface by
PECVD. Essentially, the experimental set-up was adopted from a pre-
vious work [39]. Solely the process gas feeding unit and the pressure
sensors were replaced in comparison with the original PCFBR.

3.2.1 PCFBR set-up

Basically, the PCFBR consists of three parts, namely the riser tube, the
cyclone, the particle storage section and the recycle section. In Figure
3.3, a scheme of the reactor set-up is shown.

At the bottom of the riser tube, the process gas mixture is fed homo-
geneously over the tube cross section by a porous sinter plate which also
prevents backflow of the substrate particles into the gas supply line. The
substrate particles are then accelerated upwards and conveyed through
the plasma zone of the PCFBR. Within the plasma zone, the riser tube
consists of quartz glass and has an inner diameter of 40 mm and a length
of 500 mm.

The plasma is coupled by a slot antenna 2.45 GHz microwave plasma
source (µSLAN, JE PlasmaConsult GmbH, Germany). From Figure 3.4,
it can be seen that the MW system basically consists of a ring resonator
(annular waveguide) which is coaxially arranged around the riser tube.
On the inner wall of the resonator, four equally distributed slots couple
the MW energy into the plasma inside the glass tube. In the magnetron,
microwaves at a frequency of 2.45 GHz (0 - 2000 W) are generated and
fed into the linear waveguide. In order to protect the magnetron from
damage, the reflected MW power is directed by a three port circula-
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Figure 3.3: Scheme of the plasma circulating fluidized bed reactor
(PCFBR), 1: riser tube, 2: microwave plasma source (2.45 GHz), 3: cy-
clone, 4: particle storage section, 5: syphon, 6: monomer tank, 7: tem-
perature controlled evaporator mixer device, 8: vacuum pump unit, FIC:
flow indicator controller, PDI: pressure differential indicator, PI: pressure
indicator, TI: temperature indicator.

tor and absorbed by a water-cooled dummy load. The effective power
which is coupled to the plasma is determined by measuring the reflected
power by means of a Schottky diode. Subsequently, the microwaves are
coupled by a conductive antenna from the linear waveguide to the annu-
lar waveguide. The impedance of the plasma can be matched by varying
the immersion depth of the capacitive plunger, and thereby, the reflected
power is minimized.

The pressure drop over the plasma zone is determined by a low-
pressure differential sensor (PDIR, Honeywell, USA). By adding the half
of the pressure drop to the absolute pressure above the plasma zone, mea-
sured by a capacitance gauge (CMR 262, Pfeiffer Vacuum, Germany),
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Figure 3.4: Scheme of the µSLAN microwave plasma source, 1: annular
waveguide, 2: coupling slots, 3: glass tube, 4: magnetron (2.45 GHz), 5:
circulator, 6: linear waveguide, 7: coupling antenna, 8: plunger.

the mean pressure in the plasma zone can be estimated.
In the cyclone, the particles are separated from the gas flow and are

collected in the storage section. In this part of the reactor, the particle
temperature is measured by a thermocouple which is immersed into the
particle bed.

In order to achieve a controlled recirculation of the particles from the
storage section to the riser tube, at the bottom of the storage tube, a
siphon is installed. By feeding a small argon aeration gas flow over a
sintered metal plate at the lower end of the siphon, the particles are flu-
idized and a pressure difference between siphon and riser tube is created.
Thereby, the particles are conveyed to the riser section over the connect-
ing tube. By varying the aeration gas flow, the particle mass flow rate
can be controlled.

The process gas mixture which is fed at the bottom of the riser tube
consists of Ar, O2 and HMDSO. The main component of the monomer
delivery system is the controlled evaporation mixing device (CEM W-
202, Bronkhorst, Netherlands) which consists of a of a liquid mass flow
rate controller for the monomer, a gas flow rate controller for Ar and
a heated mixing chamber (100 ◦C). The liquid monomer is fed from
the pressurized monomer tank and is vaporized and mixed with Ar in
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the CEM device. Subsequently, the O2 is admixed (1179B, MKS Instru-
ments, USA) to the Ar/HMDSO flow. In order to prevent condensation
of HMDSO, the gas feeding lines are heated to 50 ◦C. To provide the
gas for the particle aeration in the siphon, Ar is supplied by a gas flow
rate controller (1179B, MKS Instruments, USA).

Due to the fact that a fraction of dust is not separated by the cy-
clone, the exhaust gas is filtered by a glass microfiber filter to prevent
particle contamination of the pumps. The gas is pumped off by a mul-
tistage vacuum pump unit which consists of a two stage rotary vane
pump (TRIVAC D65BCS PFPE, Leybold Vacuum, Germany) and a
roots pump (RUVAC WS 1001 PFPE, Leybold Vacuum, Germany).

The residence time of the substrate particles in the plasma zone of
the reactor is mainly determined by the number of circulations in the
PCFBR. To estimate this parameter which is directly correlated with
the mass flow rate of the particles in the riser tube, within the system,
an open loop configuration of the PCFBR was used (Figure 3.5). For
this purpose, the cyclone is disconnected from the recycle section and is
replaced by a particle storage container which is also connected to the
vacuum pump unit to prevent the particles to be sucked into the riser
tube. By installing an orifice at the outlet of the storage container, the
consolidation of the particle bed in the section above the siphon was kept
constant and a continuous particle feed to the riser tube was possible.
On the other hand, the disconnected outlet of the cyclone is coupled to a
collecting vessel. By running the open loop configuration over a certain
period at corresponding process conditions of the PCFBR, the particle
mass flow rate in the riser tube can be determined from the weight of
the collected particles.

3.2.2 Materials for PCFBR experiments

Chemicals

The material properties of the liquid monomer HMDSO (Fluka, Switzer-
land) and the process gases Ar and O2 (50 l bottles, PanGas, Switzer-
land) are shown in Table 3.1. The organosilicon monomer is used as a
precursor for the formation of SiOx nanoparticles which are attached to
the substrate particle surface.
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Figure 3.5: Scheme of the PCFBR open loop configuration for the par-
ticle mass flow rate calibration, 1: particle storage container, 2: cyclone,
3: orifice, 4: syphon, 5: riser tube, 6: particle collecting vessel.

Table 3.1: Properties of the chemicals used (ρn: density, ηn: dynamic
viscosity, mm: molar weight).

Chemical Purity ρn
a ηn

b mm

[%] [kg/m3] [Pa·s]·106 [g/mol]

Argon > 99.99 1.784 22.17 39.95

Oxygen > 99.5 1.429 20.18 32.0

HMDSO > 98.5 764 - 162.38
aT = 0 ◦C, p = 1013 mbar
bT = 20 ◦C

Substrate particles

To show the feasibility of nanoparticle formation and attachment, glass
beads (Silibeads Type S, Sigmund Lindner, Germany) were used as sub-
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strate particles because of their defined spherical shape and the smooth
surface. The particle size distribution of the glass beads was measured
by laser diffraction (HELOS, Sympatec GmbH, Germany). The obtained
characteristic particle size parameters are d50 = 119.9 µm, d10 = 88.6
µm and d90 = 155.3 µm. d50 is the median particle diameter where 50
wt.−% of the particles have a smaller diameter and d10 and d90 denote
the corresponding values for 10 wt.−% and 90 wt.−%, respectively. The
solid density of the glass is 2500 kg/m3. To remove dust particles which
are sticking on the substrate particle surface, the glass beads were washed
with deionized and filtered water in an ultrasonic bath. Subsequently, the
beads were dried in the oven for 24 hours.

3.2.3 Procedure for PCFBR experiments

For all experiments, 250 g of glass beads were filled in the storage section
of the PCFBR. By using this amount of substrate particles, it can be as-
sured that the thermocouple is immersed in the particle bed at any time
of the experiment. After the system was evacuated down to a pressure of
0.05 mbar, the Ar (2000 - 7000 sccm) and O2 (50 - 200 sccm) flow rates
were set and the circulation of the particles was started by activating
the Ar aeration (10 sccm) in the siphon. Subsequently, the MW power
(1000 W) was engaged and the reflected power was minimized by mov-
ing the plunger of the linear waveguide. After approximately 10 min, the
substrate particle temperature reached steady state and by setting the
HMDSO flow rate (8 - 34 sccm), the PECVD process was induced. By
reaching the desired treatment time, the monomer flow was stopped, the
plasma was switched off and the particles were cooled down by circulat-
ing another five minutes. Thereafter, the aeration gas flow was stopped,
in order to collect all particles in the particle storage section. Then, the
remaining gas flows were shut down and the PCFBR was vented. The
treated glass beads were removed from the reactor at the bottom of the
siphon.

To estimate the particle mass flow rate ṁp and thus, the number of
circulations for the experiment in the PCFBR, ṁp was correlated with
the pressure drop ∆p measured over the plasma zone. For this, it is
assumed that the particles are conveyed upwards in the riser and the
particle - wall frictional forces can be neglected. Thus, the load factor
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n̄ which describes ratio of drag to gravitational forces acting on the
particles, is given by Equation 3.1, where h is the height over which the
pressure drop is measured, ϕp is the particle volume concentration, ρp
is the particle solid density and ρn is the density of the gas [113]. The
pressure drop ∆p is induced due to particle acceleration and to keep the
glass beads balanced in the gas flow.

n̄ =
∆p

h · ϕp · g · (ρp − ρn)
(3.1)

ϕp is given by the volume Vp,tot taken by the particles relative to the
total volume Vtot wherein the particles are dispersed:

ϕp =
Vp,tot
Vtot

(3.2)

Under quasi stationary conditions where the forces acting on the parti-
cles are in equilibrium, n̄ is equal to unity. If the particles are accelerated
as in the riser of the PCFBR, n̄ is greater than 1. Assuming a collective of
monodisperse spherical particles and neglecting collisions and frictional
forces between the particles (dilute flow), n̄ can be calculated according
to

n̄ = α (Rep) ·
3
4
· Fr2

p ·
ρn

ρp − ρn
(3.3)

The drag coefficient α is a function of the particle Reynolds number
(Equation 2.29) and the particle Froude number Frp is given by

Frp =
vp√
g · dp

(3.4)

Considering a glass bead (dp = 119.9 µm) under typical process con-
ditions with a relative velocity of vp = 5 m/s in Ar (p = 10 mbar,
T = 20 ◦C, ρn = 0.0164 kg/m3, ηn = 2.22 · 10−5 Pa·s), the particle
Reynolds number is Rep = 0.44. Thus, the flow around the particle is
laminar and therefore, the Stokes regime is valid where α is calculated
by Equation 3.5. The mean free path of the gas molecules is λmfp ≈ 5
µm (p = 15 mbar, T = 20 ◦C) which is significantly smaller than the
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particle diameter and thus, the assumption of the hydrodynamic regime
holds.

α =
24
Rep

(3.5)

Furthermore, ϕp can be written as a function of the particle mass flow
rate ṁp, the absolute particle velocity vp,abs and the cross section area
of the riser tube Atube:

ϕp =
ṁp

vp,abs ·Atube · ρp
(3.6)

By combining Equations 3.1, 3.3, 3.4, 3.5 and 3.6, ṁp can be corre-
lated with ∆p (Equation 3.7). Although the fraction vp,abs

vp
is unknown,

it is assumed to be a function of the superficial gas velocity vg. The
correlation between vp,abs

vp
and vg was determined experimentally.

ṁp =
d2
p ·Atube · ρp

18ηn · h
· vp,abs

vp
·∆p (3.7)

The pressure drop ∆p is induced by the particle acceleration and con-
veyance of the particles in the riser tube. Additional pressure drops due
to hydrostatic pressure and fluid - wall friction can be neglected because
of the low gas densities.

Finally, the mean number of circulations ncirc (Equation 3.8) is cal-
culated from the mass of treated glass beads m and the operating time
t of the PCFBR.

ncirc =
ṁp · t
m

(3.8)

3.3 Plasma down stream reactor

The goal of this project was to investigate the effect of the plasma treat-
ment on the flow behavior of cohesive powders. This implies the appear-
ance of strong adhesive interactions between the extremely fine substrate
particles and the reactor walls. In a circulating fluidized bed, this leads
to unsatisfactory performance of the process due to particle - wall stick-
ing and the insufficient fluidization of the powder. Furthermore, because
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of the broad residence time distribution for small numbers of circulations
in a CFB, this reactor type is inappropriate for a short time treatment.
Hence, to investigate a fast plasma treatment of particles to improve the
flowability of fine powders, the plasma down stream reactor (PDSR) is
used where all particles are exposed once to the plasma and thus, ex-
tremely short residence times can be achieved. Additionally, the configu-
ration of the PDSR provides the opportunity to incorporate the particle
plasma treatment in a continuous process chain.

Basically, the experimental set-up of the PDSR corresponds to the
reactor concept which was investigated by Arpagaus [79] to activate the
surface of polymer powders. For the investigations in the present work,
the process gas feeding unit was adapted in order to provide the supply
of the polymerizing monomer gas.

3.3.1 PDSR set-up

In Figure 3.6, the set-up of the PDSR is shown. The substrate particles to
be treated are carried by a twin screw volumetric feeder (K-MV-KT20,
K-Tron Ltd., Switzerland) from the storage container (volume: 20 l) to
the downer tube. Inside the storage container, the powder is agitated by
a horizontally arranged stirrer, in order to provide a continuous feeding
of the particles into the screws. To prevent particle suck due to pressure
differences, the storage container and the upper end of the downer tube
are coupled by an additional connecting line. By varying the rotational
speed of the screws, the substrate particle mass flow to the downer tube
can be controlled.

In the tube, the substrate particles are accelerated downwards by the
process gas mixture which is fed over a porous sinter plate at the top
of the downer. Below the screws, the substrate particles are disagglom-
erated and dispersed over the whole tube cross section by a diverging
nozzle device made of PVC (Figure 3.7).

Subsequently, the particles are conveyed through the plasma zone in
the borosilicate glass tube (inner diameter: 40 mm, length: 500 mm). The
power for the discharge is coupled capacitively by two copper electrodes
(length: 300 mm, area: 120 cm2) which are mounted on the outer wall
at half height of the glass tube (Figure 3.8). The energy is provided
by an RF generator (PFG 300, Huettinger Electronic, Germany) at a
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Figure 3.6: Scheme of the plasma down stream reactor (PDSR), 1:
downer tube, 2: capacitively coupled electrodes, 3: RF generator (13.56
MHz), 4: matching network, 5: particle storage container, 6: screw feeder,
7: nozzle device, 8: cyclone, 9: particle collecting vessel, 10: monomer
tank, 11: temperature controlled evaporator mixer device, 12: vacuum
pump unit, FIC: flow indicator controller, PDI: pressure differential indi-
cator, PI: pressure indicator, TI: temperature indicator.

frequency of 13.56 MHz. In order to reduce the reflected power, the
output impedance of the RF generator is adapted by a matching network
(PFM 1500, Huettinger Electronic, Germany).

The monomer feed unit (CEM) is identical with the one of the PCFBR.
An additional Ar gas flow rate controller (1179A, MKS Instruments,
USA) is incorporated to provide a wide range of Ar flow rates. Fur-
thermore, the O2 gas flow rate controller is substituted by another type
(1179A, MKS Instruments, USA) and the siphon aeration gas flow of the
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Figure 3.7: Nozzle device of the PDSR, 1: screw feeder, 2: tubing (stain-
less steel), 3: contraction section (PVC), 4: diffuser section (PVC).

Figure 3.8: Electrode configuration of the PDSR, 1: glass tube, 2: pow-
ered copper electrode, 3: grounded copper electrode.

PCFBR is removed.
Below the plasma zone, the process pressure is measured (CMR 262,

Pfeiffer Vacuum, Germany). The gas/solid flow is then separated in a
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cyclone and the treated substrate particles are collected. The pressure in
the reactor is controlled by a butterfly valve (PL-3, VAT Vakuumventile
AG, Switzerland) and the exhaust gas is pumped off by the multistage
vacuum pump unit which was already described in the PCFBR section
above.

3.3.2 Materials for PDSR experiments

Chemicals

The gases (Ar, O2) and the monomer (HMDSO) used for the PDSR
experiments are identical to the ones applied for the PCFBR.

Substrate particles

To show the effect of the plasma treatment on the flow behavior of
powders, two different crystalline α-D-monohydrate lactose qualities
(ρp = 1525 kg/m3, A = 3 · 10−20 J, Novartis Pharma AG, Switzerland)
were used as model substrates. From Figure 3.9, it can be seen that the
particles of both qualities show angular shapes which is caused by the
milling process to set the desired particles size. Again, laser diffraction
was used to measure the particle size distributions. The median particle
diameter of the fine quality (la I) was determined to be d50 = 5.5 µm
(d10 = 1.3 µm, d90 = 22.9 µm). The corresponding value for the coarse
quality (la II) is d50 = 30.9 µm (d10 = 4.1 µm, d90 = 100.5 µm).

3.3.3 Procedure for PDSR experiments

The storage container was filled 1/3 to its entire volume with lactose
and the PDSR was pumped down to 0.05 mbar. To prevent the substrate
particles to be conveyed through the screw feeder by pressure differences,
the void above the powder in the storage container is also connected
to the vacuum pump unit. During the experiment, pressure differences
between the storage container and the downer tube section above the
nozzle device is compensated by an additional gas connection line.

In order to provide an equal particle residence time in the plasma
zone, the superficial gas velocity was kept constant at 8.7 m/s for all
experiments. After setting the gas flow rates of Ar (50 - 1400 sccm), O2
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Figure 3.9: Scanning electron micrograph of the two lactose qualities
(la I, la II) investigated in this study.

(170 - 1030 sccm) and HMDSO (17 - 103 sccm), the desired pressure
was adjusted by the butterfly valve. The plasma was ignited and the re-
flected power was minimized by adjusting the capacitors of the matching
network.

The powder treatment was started by engaging the screw feeder. For
all experiments, the rotational speed of the twin screws was set to 150
rpm which corresponds to particle mass flow rates of 1.3 kg/h (± 10
%) for the la I quality and 2.4 kg/h (± 5 %) for the la II quality. If
necessary, the process pressure was readjusted during the experiment by
setting the butterfly valve. After 180 s, the particle feed was stopped, the
plasma was switched off and the gas flow rates were set to zero. Finally,
the reactor was vented and the treated powder was removed from the
collecting vessel.

3.3.4 Single particle experiments

The change in substrate particle surface roughness by the plasma treat-
ment was assumed to be the most dominating parameter for the flow-
ability improvement of the powder. However, preliminary tests showed
that it is not possible to explicitly identify the impact of plasma treat-
ment on the lactose particle surface topography by means of atomic force
microscopy.

On the one hand, it is difficult to find a even spot on the angular
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shaped lactose particles which is a requirement for a high lateral resolu-
tion. On the other hand, the lactose particles themselves have a certain
surface roughness which is superimposed with the one caused by the
plasma deposition. Moreover, not all of the lactose particles are identi-
cally exposed to the plasma due to insufficient particle dispersion and
plasma fluctuations. Thus, to obtain significant results on the change in
surface topography, a large number of lactose particles would have to be
investigated.

To overcome these problems, another experimental approach was de-
veloped to investigate the effect of the plasma-induced deposition on the
surface roughness of the substrate particles. For this, single silicon wafer
disks were treated in the PDSR, identically to the lactose particles.

The silicon wafers (Si-Mat, Germany) used for the substrate material
are 150 mm in diameter, P type (1 0 0), single-side polished with a
resistivity > 10000 Ω·cm and 675 µm thickness. The special feature of the
wafer is the low surface roughness (< 0.3 nm, manufacturer information)
of the polished side which was analyzed after the plasma treatment. For
the experiments, the wafers were cut into square disks with dimensions
of 3× 3 mm2.

To feed the silicon disks in the downer tube of the reactor, an addi-
tional delivery unit was integrated into the PDSR. Basically, the device
(Figure 3.10) consists of a disk carrier whereon the disks are lined up
with the polished side looking downward, in order to prevent scratching
the polished surface by feeding the substrates in the reactor. The disk
delivery unit is installed in the reactor instead of the screw feeder. A
plunger equipped with an indexing mechanism is used to feed the disks
singly to the reactor. Having left the carrier channel, the disk is acceler-
ated downwards in the downer tube by the process gas flow and gravity.
Subsequently, the surface of the silicon disk is treated in the plasma zone
of the PDSR and is then collected, the same way as the lactose particles
are.

In order to evaluate the change in surface topography of the lactose
particles, for the plasma treatment of the silicon disks, the process pa-
rameters from the lactose experiments were adopted. Until the start of
particle feeding, the experimental procedure was identical to the one of
the lactose experiments. After igniting the plasma and minimizing the
reflected power, the disks were fed individually to the downer tube by
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Figure 3.10: Disk delivery unit for single particle experiments, 1: disk
carrier, 2: silicon wafer disks, 3: plunger.

moving the plunger at intervals of 5 s. Overall, 7 disks were treated
within one experiment.

3.3.5 Experimental investigation of substrate parti-
cle kinematics in the PDSR

Considering the amount of deposited material on the substrate parti-
cle surface, the exposure time and therefore, the mean residence time
of the substrate particles in the plasma zone of the PDSR is an impor-
tant parameter. Furthermore, the residence time distribution affects the
homogeneity of the powder treatment. Therefore, the particle velocity
fields in the downer tube of the PDSR were investigated experimentally
by means of particle image velocimetry (PIV).

In addition, the experimental data from the PIV measurements can be
used to estimate the particle concentration and its time fluctuations at
different positions in the downer tube. As mentioned in Chapter 2, the
particle concentration may affect the plasma properties, especially if the
Debye length λDe becomes relevant compared to the interparticle dis-
tance. Thus, time-dependent fluctuations of the particle concentrations
might influence the homogeneity of the particle treatment.
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Particle image velocimetry

Basically, PIV is a non-intrusive measurement technique to visualize the
spatial distribution of the velocity field in a fluid flow [114, 115]. Thereby,
the fluid motion is made visible by adding small tracer particles which
follow the fluid flow. From the displacement of these particles over a
certain time interval, it is possible to deduce the flow velocity field.

In the present work, the PIV technique was not used to visualize the
flow of the gas but the velocities of the substrate particles in the downer
tube of the PDSR. This implies that the tracer particles which represent
the substrate particles do not necessarily have to follow the local gas
flow as for the conventional PIV application. Nevertheless, the tracer
particles need to have certain properties which are of great importance
for PIV. If the particles are too small, the light scattering efficiency is
reduced. Therefore, one criteria is the mean particle size and particle size
distribution in order to obtain sufficient scattered light intensity for the
detection. On the other hand, the light scattering properties also depend
on the shape of the particle. Ideally, the seeding particles would feature
a spherical shape.

For the measurement, the particles pass a light sheet which is gene-
rated by a laser and the scattered light of the particles is recorded by
means of a CCD camera. By pulsing the laser twice with an appropriate
time delay, two separate images are obtained which are then subdivided
into smaller subareas (interrogation areas). The local particle displace-
ment vectors for each interrogation area are determined by a local cross-
correlation of two sequent images. Dividing the displacement vectors by
the time delay between the laser pulses, the particle velocity field can be
calculated.

Experimental set-up for PIV experiments

For the sake of convenience, the PIV measurements were carried out
without the presence of a plasma. Therefore, the electrodes were removed
from the PDSR in order to provide optical access to the inside of the
downer tube.

A flashlamp pulsed dual Nd:YAG laser (Solo 120, New Wave Research,
USA) was used as the light source. The laser sheet with a thickness of
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1 mm was laid through the axis of the glass tube. The scattered light
perpendicular to the sheet was recorded by a 8-bit CCD camera (1280
× 1024 pixel2, sensicam, PCO, Germany) equipped with a band-pass
filter (passing light at 532 nm ± 2 nm). The area-of-view in the downer
tube was 40 × 40 mm2. To perform simultaneous measurements, the
camera and the laser were synchronized by an adjustable tuning unit
(PIV Synchronizer, ILA GmbH, Germany).

To investigate the effect of the nozzle geometry on the particle veloc-
ities, four different nozzle types were tested. In Figure 3.11, the diffuser
sections of three nozzles with different diffuser angles of 8 ◦ (type I), 12
◦ (type II) and 20 ◦ (type III) are shown. The geometry of nozzle type
II was used for the lactose experiments and corresponds to the device
which was applied for the plasma surface activation of polymer powders
in a previous work [79].

Figure 3.11: Diffuser sections of different nozzle types used for PIV
experiments.

The nozzle type IV (Figure 3.12) was equipped with an additional
shell flow in order to investigate the effect on the radial particle velocity
components toward the walls of the downer tube. For this, the shell gas
is fed sidewards to the pressure chamber of the nozzle device to achieve
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a homogeneous distribution of the gas over the whole perimeter. In the
annular gap of 1 mm between the outer wall of the diffuser and the
inner wall of the bushing, the shell gas is accelerated and is entering the
downer along the tube walls. The shell gas flow is expected to reduce
particle deposits on the reactor walls and thereby, to prevent equipment
clogging and degradation of the substrate particles on the walls of the
plasma zone.

Figure 3.12: Nozzle device with shell flow (type IV), 1: contraction
section, 2: diffuser section, 3: tubing (stainless steel), 4: pressure chamber
for shell gas, 5: bushing (PVC), 6: annular gap (1 mm).

The lactose particles did not show sufficient scattered light efficiency
due to the small particle size and the angular particle shape. Thus, spher-
ical glass beads (Silibeads Type S, Sigmund Lindner, Germany) with a
median particle diameter of d50 = 38.5 µm (d10 = 22.1 µm, d90 = 56.1
µm) were used for the PIV experiments. Although the behavior of the
glass beads in the downer tube may differ from the behavior of the lactose
particles, the effect of the process parameters on the particle velocities
can be investigated qualitatively.

Pure Ar was used as process gas for all experiments, as well as for the
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shell gas flow for the nozzle type IV.

Procedure for PIV experiments

The preparation and evacuation procedures of the reactor were identi-
cal to the lactose experiments. By varying the Ar flow rate between 500
sccm and 2000 sccm at pressures between 2 mbar and 4 mbar, superficial
gas velocities in the range of 1.8 - 12.0 m/s were achieved. The shell gas
flow rates for the nozzle type IV were 130 sccm and 265 sccm which
correspond to gas velocities of 19.5 m/s and 39.7 m/s in the annular
gap. Furthermore, the effect of particle mass flow rate (3.1 - 21.5 kg/h)
and the nozzle geometry on the particle velocities was investigated. The
PIV measurements were conducted at two different axial positions in
the downer tube of the PDSR where the measurement positions I and II
correspond to the frames which were taken 70 mm and 300 mm, respec-
tively, below the bottom of the nozzle (Figure 3.13).

Figure 3.13: PIV measurement sections with the corresponding coordi-
nate system and velocity components at position I and II in the downer
tube of the PDSR, 1: nozzle, 2: downer tube.

For each experiment, 1000 successive image pairs were acquired at a
frequency of 4 Hz. Due to the fact that the particle shift between the
two laser pulses should be in the range of 5 to 10 pixels, the time delay
between the pulses was varied between 8 µs and 52 µs, depending on the
particle velocities.
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Post-processing of PIV data

The post-processing of the PIV data was carried out with the software
VidPIV (Version 4.6, ILA GmbH, Germany). First, the laser light which
is scattered from the glass tube walls was subtracted. Then, the images
were divided in interrogation areas of 64 × 64 pixels2 with an overlap
factor of 50 % between adjacent areas and an adaptive cross-correlation
algorithm [116, 117] was applied, followed by filtering and interpolating
of the filtered vectors.

In order to correlate the positions and calculated displacement dis-
tances in pixels with the real coordinates in the measurement section, a
mapping grid with a lattice spacing of 3 mm was placed in the downer
tube at the corresponding position of the laser sheet and the gird points
were acquired by the CCD camera. Subsequently, a mapping function
was applied to calibrate the real distances and to provide a distortion
free imaging over the whole tube diameter.

The general uncertainty of the velocity measurements by PIV resulting
from the experimental setup, image acquisition and image processing can
be estimated to be in the order of 1 % [118].

For the evaluation of the PIV data, the axial velocity component v
in y-direction and the radial velocity component u in x-direction were
considered (Figure 3.13). Within the area-of-view, the velocities were
shown to be constant in y-direction. Thus, for each of the 1000 vec-
tor fields, the velocities were averaged over the y-coordinate in order
to obtain velocity profiles over the tube diameter as a function of the
x-coordinate. Afterwards, the average velocity profiles (u(x) and v(x))
and the standard deviations were calculated over all 1000 measurements.
Furthermore, the mean velocities umean and vmean and the correspond-
ing standard deviations ustdev and vstdev over the x-coordinate and over
all 1000 measurements were determined (for calculation see Appendix
A.1). Due to axial symmetry, umean is zero considering the whole tube
diameter. Thus, for the calculation of umean, only one half (x = 0 − 20
mm) of the velocity profile is taken into account.

The particle velocities in the downer tube of the PDSR are found to
be strongly dependent on the amount of particles which are dispersed
in the gas flow. This parameter can be described by the particle volume
concentration ϕp (Equation 3.2).
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To investigate the effect of process parameters on ϕp and its time
evolution during the experiment, ϕp was correlated with the intensity
of the scattered light from the particles. It is assumed that the mean
particle concentration of a single image is a linear function of the mean
gray scale value of the corresponding area-of-view. For this, the following
conditions have to be fulfilled:

• Since the scattered light intensity is a function of the particle size,
in all images, the same particle size distribution is required. This
is the case because the particles in the storage container show a
homogeneous particle size distribution.

• The particles which are located in the laser sheet do not spatially
overlap in the acquired image. Otherwise, ϕp would not be linear
dependent on the acquired mean gray scale value.

To determine the particle concentrations, the first image of each image
pair was taken into account. By using a 8-bit binary representation, the
intensity of a pixel is expressed by a value in the range from 0 for black
till 255 for white and the values in between represent different shades
of gray. ϕp of one image is given by Equation 3.9, where Σxgsv is the
sum of all pixel gray scale values of the image and npix is corresponding
number of pixels which are evaluated. The proportionality factor C has
to be determined experimentally.

ϕp = C · Σxgsv
npix

(3.9)

For the determination of C, the mean particle concentration ϕp,mean
over all 1000 images is calculated (Equation 3.10) as a function of the
particle mass flow rate ṁp, the mean particle velocity in y-direction
vmean, the tube cross section area Atube, the particle solid density ρp,

and the mean gray scale value over all images
(

Σxgsv

npix

)
mean

.

ϕp,mean =
ṁp

vmean ·Atube · ρp
= C ·

(
Σxgsv
npix

)
mean

(3.10)
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By plotting ϕp,mean over the corresponding
(

Σxgsv

npix

)
mean

for all exper-
iments, the proportionality factor C is obtained by a linear regression.
In combination with Equation 3.9, the time evolution of ϕp during one
experiment can be described and the standard deviation ϕp,stdev can be
calculated.
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Chapter 4

Analytical methods

4.1 Characterization methods for bulk
powder

4.1.1 Flowability measurements

Flow behavior of powders

The flow behavior of powders is often characterized by qualitative ex-
pressions as ’well flowing’ or ’poorly flowing’. To be able to make a sig-
nificant scientific statement on the flowability, it is important to define
a quantitative parameter. Since the particle interactions in bulk solids
are depending on many parameters such as particle size, particle shape,
moisture content or chemical composition of the particle surface, it is
not possible to describe theoretically the flow behavior of a powder as a
function of all these parameters. Therefore, it is obvious to characterize
the flow property experimentally by using an appropriate testing device.

A ’flowing’ powder means that the bulk solid is deformed plastically
due to external forces acting on it. The value of an external load which is
necessary to make a powder flowable is a direct measure of the flowability.
This can be explained with the uniaxial compression test (Figure 4.1) [2].
For this, a hollow cylinder is filled with the bulk solid to be tested. Then
the sample is compressed by the consolidating stress σ1. At the same
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time, the bulk density ρb, given by Equation 4.1 is increased, where
mp,tot is the total mass of many particles and Vtot is the volume they
occupy.

ρb =
mp,tot

Vtot
(4.1)

After consolidation, the powder sample is relieved from σ1, the cylin-
der wall is removed and the consolidated specimen is loaded with an
increasing vertical compressive stress. At a critical value which is called
unconfined yield strength σc, the sample breaks and starts to flow. σc
is strongly dependent on previous consolidation (σ1). The bigger the
consolidating stress σ1 is, the bigger are the bulk density ρb and the
unconfined yield strength σc.

Figure 4.1: Uniaxial compression test. Adapted from [2].

By neglecting the gravitational and wall friction forces acting on the
bulk solid, the stress conditions of the uniaxial compression test as shown
in Figure 4.1 can be represented by a Mohr stress circle in a (σ,τ)-
diagram (Figure 4.2), where σ and τ are the normal and shear stresses
in any plane of the sample [2]. In addition, both, the vertical and the
horizontal stress can be assumed to be constant within the entire bulk
solid sample. During the consolidation phase of the uniaxial compression
test, σ1 acts on the top of the bulk solid and perpendicular to the vertical
stress, the smaller horizontal stress σ2 is prevailing. Due to the assump-
tion of frictionless conditions at the walls, τ is zero in the directions of
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the principle stresses σ1 and σ2. According to this, the values of σ and
τ in the vertical and horizontal planes within the bulk solid are plotted
on the σ-axis (τ = 0). The Mohr circle A laid through these two points
represents the stresses in any planes within the sample. After removing
the cylinder, the smaller of the principle stresses (σ2) is equal to zero.
By increasing the vertical load, the diameter of the Mohr circle (B1, B2,
B3) is growing. At failure (Mohr circle B3), the vertical stress reaches
σc and the yield limit is attained in one cutting plane of the sample. If
σ2 6= 0 during the second part of the experiment, corresponding Mohr
circles are found (C) where the yield limit is reached and the bulk solid
sample failures. Thus, the yield limit is the envelope of all Mohr stress
circles that represents the stress conditions at which the sample starts to
flow. The circles B1 and B2 which are below the yield limit, cause only
an elastic deformation of the sample but no flow. Consequently, Mohr
circles which are partly above the yield limit are not possible because
the bulk solid sample already starts to flow by reaching the yield limit.

Figure 4.2: Stresses occurring during the uniaxial compression test, rep-
resented in a (σ,τ)-diagram. Adapted from [2].

Numerically, the flowability ffc (Equation 4.2) of a powder sample,
also referred to as flow factor, is given by the ratio of the consolidating
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stress σ1 to the unconfined yield strength σc.

ffc =
σ1

σc
(4.2)

The bigger ffc, i.e., the smaller σc compared to σ1, the better the
bulk solid flows. According to literature [2], the following classification
concerning the flow behavior of a powder can be made: ffc < 1: not
flowing, 1 < ffc < 2: very cohesive, 2 < ffc < 4: cohesive, 4 < ffc <
10: easy-flowing, 10 < ffc: free-flowing. By plotting σc for different σ1

in a (σ1,σc)-diagram, the flow function A of the bulk solid sample is
obtained (Figure 4.3). Additionally, the boundaries of the regimes of the
classifications showed above are indicated by straight lines. This clarifies
that the flowability of a bulk solid strongly depends on the stress level
at which it was consolidated.

Figure 4.3: Flow function A of a bulk solid sample and lines of constant
flowability [2].

Shear testing

For the practical implementation of the flowability measurement, the
uniaxial compression test, explained above, is inappropriate due to low
σc values and the frictionless walls are hard to achieve. Therefore, shear
testers are preferentially applied to measure the flowability of a powder
sample. In the following, the procedure of shear testing is explained.
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Basically, the procedure is similar to the one of the uniaxial compres-
sion test. First, the sample is consolidated (’preshear’) and then a point
of the yield limit is measured (’shear’). In Figure 4.4, the principle of
shear deformation is shown. First, the bulk solid is exposed to a normal
vertical stress σ. Subsequently, the top is moved horizontally with the
velocity vsh relative to the bottom in order to shear the sample. The
shear stress τ which is established due to friction between the particles,
is measured at the top.

Figure 4.4: Principle of shear deformation: a. Initial loading of the bulk
solid sample with the vertical normal stress σ, b. Shear deformation at
constant velocity vsh and resulting shear stress τ . Adapted from [2].

In the preshear phase, the underconsolidated bulk solid sample is
loaded in vertical direction by the normal stress σ = σpre and is then
sheared. Since the particles are relatively loosely packed in the begin-
ning of the preshear, the friction forces between the particles are low
and therefore, the measured shear stress τ is small (Figure 4.5). During
the preshear process, the bulk solid is compacted and thus, the shear
stress is increased due to intensified friction. With time, the evolution of
τ becomes flatter and finally, the frictional forces between the particles
are fully developed, so that the maximal friction force, with respect to
the applied normal load, is acting. As a result, the shear stress remains
constant at τpre and also the bulk density does not increase further. Af-
ter this so called steady-state flow, the bulk solid sample is critically
consolidated with respect to the normal stress σpre. The generation of
such a well-defined, reproducible consolidation state is a requirement for
the further measurement procedure. The corresponding preshear point
(σpre,τpre) is plotted in the (σ,τ)-diagram. After the bulk solid sam-
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ple has been consolidated, the shear direction is reversed and thus, the
sample is relieved from the shear stress.

Figure 4.5: Determination of the yield locus from the shear stresses
measured by a shear tester. Adapted from [2].

For the shear procedure, the normal stress acting on the sample is
reduced to the value σsh < σpre. Under this conditions, the sample is
overconsolidated with respect to σsh. By shearing the sample, elastic
deformation takes place until the bulk solid starts to flow. The corre-
sponding maximum shear stress τsh characterizes the incipient flow. The
pair of values (σsh,τsh) represents a point on the yield locus of the consol-
idated bulk solid sample in the (σ,τ)-diagram and is called shear point.
The yield locus is the yield limit of a consolidated bulk solid.

To determine further points of the yield locus, the sample is presheared
again under the normal stress σpre and for the shear process, a different
σsh is applied. By repeating this procedure, the yield locus is given by the
curve, plotted through all measured shear points in the (σ,τ)-diagram. If
a different σpre is applied at preshear, a different yield locus is obtained.

By knowing the yield locus of a bulk solid sample at specific consolida-
tion, parameters such as consolidating stress, unconfined yield strength
and flowability can be determined (Figure 4.6). The preshear point
(σpre,τpre) represents the stresses acting in the horizontal cutting plane
at steady-state flow. To draw the corresponding Mohr circle, it is as-
sumed that the circle touches the yield locus tangentially at the normal
stress σ < σpre. For free-flowing bulk solids, this point can be identical
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to the preshear point. To find the tangency point, often the yield locus
has to be extrapolated toward bigger normal stresses. At the same time,
the touch point represents by definition the end point of the yield locus.
The major principal stress σ1 which is given by the intersection of the
Mohr circle with the σ-axis, is the largest of all normal stresses acting
in all possible cutting planes during consolidation of the sample. Thus,
this stress is considered to be the characteristic consolidation stress for
the yield locus and is comparable to σ1 of the uniaxial compression test.

The unconfined yield strength σc can not be measured directly by a
shear test, but it can be determined from the yield locus. According
to the uniaxial compression test, the minor principal stress is zero at
incipient flow. Thus, one point of the Mohr circle runs through the origin
of the (σ,τ)-diagram. Furthermore, the consolidated sample will flow
if the Mohr circle is tangential to the yield locus. By fulfilling these
conditions, the Mohr circle can be drawn and the intersection point
with the σ-axis is the major principal stress which represents σc of the
uniaxial compression test. By knowing σ1 and σc, the flowability ffc can
be calculated with Equation 4.2.

Ring shear tester (RST)

Within the scope of this work, a ring shear tester (RST-XS, Schulze
Schüttgutmesstechnik, Germany) was used to measure the flow prop-
erties of the lactose powders. The main part of the equipment is the
aluminum shear cell (30 ml) which is shown in Figure 4.7. The powder
to be tested is filled in the annular shaped bottom ring and the lid is
placed on top of the powder sample. To shear the powder, the bottom
ring is rotated relative to the lid. In order to prevent the bulk solid from
sliding on the bottom wall of the shear cell and on the lower side of the
lid, they are equipped with radially orientated bars. While the bottom
ring is moving, the lid with the attached cross beam is prevented to ro-
tate by two tie rods. Both rods are connected to load beams in order
to measure the forces F1 and F2 to record the shear stress during the
measurement. The normal stresses are provided by the vertical force FN
which is acting on the cross beam of the lid. By measuring the vertical
position of the lid during the measurement, the volume in the shear cell
taken by bulk solid can be determined and thereby, the bulk density.
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Figure 4.6: Determination of consolidation stress σ1 and unconfined
yield strength σc, analogous to the uniaxial compression test. Adapted
from [2].

Procedure for RST measurements

The ring shear tester was computer-controlled by the software RST-
Control 95 (Schulze Schüttgutmesstechnik, Germany). In Table 4.1, the
parameters applied for the measurement procedure, according to Figure
4.5, are summarized. For the applied preshear stress (σpre) of 5000 Pa,
the corresponding consolidating stress σ1 was in the range of 10000 Pa.
The first of the three different shear stresses (σsh,1 = 1000 Pa) for the
shear to failure measurement was reapplied at the end of the procedure,
in order to verify that the powder sample does not change the properties
due to shear deformation.

Before the sample was filled in the bottom ring of the shear cell, the
powder was sieved (mesh size 160 µm) to eliminate larger particle ag-
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Figure 4.7: Shear cell of the ring shear tester [2].

Table 4.1: Preshear and shear stresses applied for the ring shear tester
measurements.

σpre σsh,1 σsh,2 σsh,3

5000 Pa 1000 Pa 2500 Pa 4000 Pa

glomerates which could corrupt the measurement. The shear cell was
loaded with the lactose without consolidating the sample. Subsequently,
the powder which is exceeding the upper edge of the bottom ring was
removed by a scraper. After the total weight of the bottom ring was
measured, the shear cell was placed in the RST and the measurement
procedure was started. In order to estimate the error of measurement
(Appendix A.2), each powder sample was analyzed three times.
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4.1.2 Contact angle measurements

Capillary penetration method

To determine the surface free energy σs of the lactose particles, contact
angles θ of different test liquids were measured by the capillary penetra-
tion method [119]. For this, θ is correlated with the penetration rate m2

t
of the test liquid into the packed powder sample. Based on Washburn’s
theory [120] which describes the penetration of a liquid into a porous
body, the correlation is given by Equation 4.3, where ηl, ρl and σl are
the dynamic viscosity, the density and the surface tension of the test liq-
uid. The packing constant Cpc is a geometric factor which characterizes
the voids in the powder sample during the measurement. Thus, Cpc is
mainly dependent on the degree of consolidation of the powder and the
particle size. This value has to be determined experimentally for each
powder sample.

m2

t
= Cpc ·

ρ2
l · σl · cos θ

ηl
(4.3)

The detailed derivation of Washburn’s theory can be found in lite-
rature [79, 120]. However, it has to be kept in mind that the theory
considers the particle bed as a bundle of parallel capillaries of constant
radius. Furthermore, the relationship in Equation 4.3 is restricted to the
following conditions:

• Steady-state and laminar flow of the test liquid in the capillaries
of the powder sample

• No externally applied pressure

• Neglect the effect of gravity

The assumption of laminar flow in the capillaries is reasonable because
of the small gaps between the microscopic particles and the penetration
velocity of the liquid into the packed powder sample is in the magnitude
of 1 mm/s. Since the height of the powder sample to be analyzed is in the
range of a couple of cm, the hydrostatic pressure induced by gravitational
forces can be neglected.
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Calculation of surface free energy

To correlate the measured contact angle with the surface free energy (σs)
of the solid, Young’s Equation (4.4) [121] can be applied, where σsl is
the tension at the solid - liquid interface.

σs = σsl + σl · cos θ (4.4)

Fowkes [122, 123] suggested to consider the surface free energy as a sum
of components resulting from different kind of interactions (Equation
4.5). The polar part σps is induced by dipole - dipole interactions and the
disperse part σds is caused by disperse forces.

σs = σps + σds (4.5)

Similarly, the polar (σpl ) and disperse (σdl ) parts of the liquid surface
tension contribute to the total surface tension (σl) according to Equation
4.6.

σl = σpl + σdl (4.6)

The geometrical mean (Equation 4.7) proposed by Owens and Wendt
[124] is used to approximate the solid - liquid tension σsl.

σsl = σs + σl − 2
√
σds · σdl − 2

√
σps · σpl (4.7)

By combining Equations 4.4 and 4.7, one obtains:

σl (1 + cos θ)

2
√
σdl

=
√
σps

√
σpl
σdl

+
√
σds (4.8)

With the measured contact angles of the test liquids and by applying
a linear regression in Equation 4.8, the polar and disperse part of the
particle surface free energy can be calculated from the slope

√
σps and

the axis intercept
√
σds , respectively (Figure 4.8). Hence, for the deter-

mination of σps and σds , at least two test liquids of different polar and
disperse surface tensions are required. The total surface free energy is
calculated according to Equation 4.5.
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Figure 4.8: Plot to determine the polar (σp
s ) and disperse (σd

s ) part of
the particle surface free energy by two test liquids I and II.

Determination of contact angle

The contact angle measurements were carried out by means of a ten-
siometer (K100, Krüss GmbH, Germany) which is schematically illus-
trated in Figure 4.9. For this purpose, the powder (1 g ± 3 mg) was filled
in a glass tube (SH0610, Krüss GmbH, Germany) which is equipped with
a sintered glass plate at the bottom of the cylinder. To prevent clogging
of the sintered glass plate and to provide a homogeneous liquid penetra-
tion over the tube cross section, a filter paper (SH0611, Krüss GmbH,
Germany) was placed between the sinter plate and the powder. A defined
and homogeneous packing of the powder was achieved by tapping the
filled glass tube 220 times in a jolting volumeter (STAV II, Engelsmann
AG, Germany).

During the measurement, the mass of the test liquid which is penetrat-
ing into the powder sample, is determined gravimetrically over time. For
the tensiometer control and data evaluation, the Software LabDesk 3.0
(Krüss GmbH, Germany) was applied. In Figure 4.10, the time evolution
of the measured squared weight is shown exemplarily. For the determi-
nation of the penetration rate m2

t , a linear regression was applied to the
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Figure 4.9: Scheme of the tensiometer for the contact angle measure-
ment, 1: glass tube, 2: powder sample, 3: sintered glass plate and filter
paper, 4: glass vessel for test liquids, 5: test liquid, 6: lifting device.

linear part of the measured data points in the (t,m2)-diagram.

Figure 4.10: Determination of the penetration rate of the test liquid
into the powder sample from the tensiometer data.
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For the determination of the packing constant Cpc, the penetration
rate of a test liquid which completely wets the particle surface (θ = 0 ◦)
has to be measured. This means that the term cos θ in Equation 4.3 is
equal to unity and Cpc can be calculated from the material properties of
the test liquid. In the present work, n-hexane (Fluka, Switzerland) was
used to determine Cpc.

All measurements were performed at liquid temperatures of 23.0 ± 0.2
◦C and the powder samples were analyzed five times with each of the test
liquids in order to estimate the error of measurement. The corresponding
calculations can be found in Appendix A.2.

Test liquids

Water (deionized and filtered) and 1-propanol (Sigma-Aldrich, Switzer-
land) were used for the contact angle measurements. In order to pre-
vent particle dissolving during the measurement, all test liquids were
saturated by lactose at 23 ◦C. In Table 4.2, the properties of the satu-
rated test liquids are summarized. The dynamic viscosity was measured
by means of a viscometer (VT550, Haake, Germany). Furthermore, the
Wilhelmy plate method [125] was used to determine the liquid surface
tension (σl) and its polar (σpl ) and disperse (σdl ) part. For this purpose,
a plate is dipped in the test liquid and the wetting force F acting on the
plate is measured by means of the tensiometer (Figure 4.11). According
to Equation 4.9, the surface tension of the test liquid σl can be related
to F and θ. The wetted length lwet corresponds to the perimeter of the
plate.

σl =
F

lwet · cos θ
(4.9)

In the case of the platinum (PL01, Krüss GmbH, Germany), the test
liquid completely wets the plate (θ = 0 ◦), and thus, σl can be directly
calculated from Equation 4.9. Subsequently, the measurement was re-
peated with a PTFE plate (PTFE standard, Krüss GmbH, Germany).
As a result, the contact angle of the test liquid on the PTFE plate was
obtained. Taking into account that the surface free energy of PTFE is
purely disperse (σdPTFE = 18.6 mN/m, σpPTFE = 0 mN/m), σdl can be
calculated from Equation 4.8. Finally, σpl was obtained from Equation
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4.6.

Table 4.2: Properties of the lactose-saturated test liquids used for the
contact angle measurements.

test liquid n-hexane water 1-propanol

σl [mN/m] 18.3 ± 0.1 68.4 ± 0.6 23.6 ± 0.03

σp
l [mN/m] 0.3 ± 0.1 29.6 ± 3.4 0.7 ± 0.03

σd
l [mN/m] 18.0 ± 0.1 38.8 ± 3.4 22.9 ± 0.4

ηl [mPa·s] 0.37 1.92 1.9

ρl [kg/m3] 661 998 800

lactose solubility [g/g] 8.0·10−5 0.238 9.7·10−5

Figure 4.11: Probing plate arrangement to determine the liquid surface
tension according to Wilhelmy. Adapted from [126].
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4.2 Characterization methods for de-
posited material

In the following, methods which were used to characterize the deposited
material on the substrate particle surface are explained. Since the change
in substrate particle surface topography is regarded to have a significant
impact on the flow behavior of the powder, the plasma-treated surfaces
were analyzed by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). On the other hand, the amount and chemical com-
position of the deposited material was analyzed gravimetrically and by
infra-red spectroscopy (FTIR).

4.2.1 Scanning electron microscopy

In this work, scanning electron microscopy (SEM) was carried out by
a LEO 1530 Gemini (Zeiss, Germany). The acceleration voltage for the
electron gun was varied between 5 keV and 10 keV and the working
distance was chosen between 2 and 5 mm. The emitted secondary elec-
trons were collected by an in-lens detector and the final resolution of the
acquired image was 1024× 768 pixel2.

For sample preparation, the particles to be analyzed were fixed on an
electrically conducting, adhesive tape which was bonded on the sample
holder of the microscope. To prevent perturbing charging effects during
the SEM analysis, the samples were coated with a 5 nm thick platinum
layer by means of a sputter device. Additionally, the silicon disks from the
single particle experiments were also analyzed without platinum coating.

Nanoparticle size distribution

SEM was used to analyze the size distributions of the nanoparticles which
were deposited on the glass spheres in the PCFBR. For this purpose,
micrographs with magnifications of 1.5·105- and 2·105-times were taken.
Subsequently, the images were processed and analyzed with the soft-
ware Scion Image (Scion Corporation, USA). In a first step, a threshold
picture was created to obtain a binary image of the nanoparticles. After
calibrating the pixel to length ratio, an automatic detection algorithm of
the software was applied to acquire the number of nanoparticles and their
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projected area given by the binary image. For each experiment, several
glass beads were investigated by including at least ten micrographs.

For the calculation of the particle diameter, the nanoparticles were
assumed to be spherical. Thus, the nanoparticle diameter dp can be
calculated (Equation 4.10) from the projected areaAp of the nanoparticle
which is detected from the SEM image.

dp =

√
4 ·Ap
π

(4.10)

Due to the fact that the nanoparticles deposited on the glass bead
surfaces are polydisperse, the particle size was described by statistical
means. According to Hamaker’s Equation (2.5), the particle curvature
or radius, respectively, are the determining factors for the VdW forces.
Thus, the particle length density function (Equation 4.11) was calculated
to describe the nanoparticle size distribution [111]. For this purpose, the
entire particle size range is divided into k equal successive intervals with
a width of ∆dp, where nj is the number of particles within the interval
j and dj is the corresponding middle value of the interval.

q1(dp) =
nj · dj∑k

j=1 (nj · dj)
· 1

∆dp
(4.11)

The appropriate number of intervals k as a function of the total num-
ber of analyzed nanoparticles ntot is given by Equation 4.12 [127].

k ≤ 5 · log10 (ntot) (4.12)

The length mean diameter dp,lm which corresponds to the expected
value of the length density distribution (Equation 4.11) was calculated
according to Equation 4.13.

dp,lm =

∑k
j=1

(
nj · d2

j

)∑k
j=1 (nj · dj)

(4.13)

In addition, the corresponding standard deviation dp,lstdev of the par-
ticle size was determined (Equation 4.14) to estimate the width of the
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nanoparticle size distribution.

dp,lstdev =

√√√√ 1
ntot − 1

·
k∑
j=1

(
nj (dp,lm − dj)2

)
(4.14)

The error of measurement, caused by the inaccuracy of the pixel to
length ratio calibration and due to the threshold generation, is estimated
to be smaller than 15 % of the measured nanoparticle diameter.

4.2.2 Atomic force microscopy

Atomic force microscopy (AFM) was used to analyze the surface topog-
raphy of the silica disks. Therefore, spots of 1×1 µm2 were scanned by a
silicon cantilever in the semicontact mode with an NTEGRA (NT-MDT,
Russia) AFM device. The acquired images feature a lateral resolution of
256× 256 pixel2.

The measured data was processed by a plane fitting algorithm with
the software Nova (NT-MDT, Russia).

To quantify the surface roughness of the silicon disks, the root-mean-
square roughness Rrms (Equation 4.15) of the disk surface was calcu-
lated. N is the number of data points, zi are the z-coordinates of the
sample surface and z̄ is the mean z-coordinate of the sample which is
given by Equation 4.16.

Rrms =

√√√√ 1
N

N∑
i=1

(zi − z̄)2 (4.15)

z̄ =
1
N

N∑
i=1

zi (4.16)

4.2.3 Gravimetric analysis

Because of the short plasma exposure (< 0.1 s) of the substrate particles
in the PDSR, the expected mass of attached SiOx nanostructures is
almost negligible compared to the substrate particle mass. Therefore,
the SiOx was accumulated to be analyzed. For this, a sample of 40 g



4.2 Characterization methods for deposited material 91

of plasma-treated lactose was dissolved in 400 ml deionized and purified
water. By stirring the water - lactose dissolution for 3 hours at 35 ◦C,
the detached nanostructures show to form larger agglomerates in the mm
size range. Subsequently, the agglomerated SiOx deposits were filtered
off by a cellulose filter (Grade 40, particle retention 8 µm, Whatman,
UK). After the filtration, 50 ml of water were passed through the filter,
in order to flush away remaining solution and to prevent precipitation of
lactose. The filter was then dried for 3 hours at 80 ◦C and cooled down
to room temperature for 30 minutes in an exsiccator.

The thus accumulated mass of deposited SiOx was determined gravi-
metrically by means of a balance (AT400, Mettler Toledo, Switzerland)
by subtracting the mass of the virgin filter paper in advance which was
also dried according to the procedure described above.

4.2.4 Fourier transform infra-red spectroscopy

The accumulated SiOx residing on the filter paper from the filtration
method described above, was analyzed by Fourier transform infra-red
(FTIR) spectroscopy (Spectrum BX II, PerkinElmer, USA) in combina-
tion with an attenuated total reflection (ATR) diamond probe (MIRacle,
PIKE Technologies, USA). For each sample, 64 scans in the range from
4000 cm−1 to 600 cm−1 with a resolution of 2 cm−1 were acquired and
analyzed by the software Spectrum (PerkinElmer, USA). The spectrum
against air was measured for the background subtraction.

To investigate qualitatively the effect of the process parameters on
the chemical composition of the deposited material, the following evalu-
ations have been done. According to the law of Lambert-Beer (Equation
4.17) [128], the absorbance AIR measured by FTIR is a function of the
molar extinction coefficient εex, the effective path length lpath and the
concentration c of the absorbing species.

AIR = εex · lpath · c = log10

(
I0
I

)
(4.17)

Furthermore, AIR can be expressed by the intensity of the incident
light I0 and the intensity of the transmitted light I. The coefficient εex
is a function of the properties of the deposited material and is therefore
unknown. In the ATR mode, lpath is proportional to the penetration
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depth which is proportional to the wavelength λ of the incident light.
The concentration c of the detected species which is of interest here,
depends on the chemical composition of the deposition. Furthermore, c
is also proportional to the compaction of the SiOx nanostructures on
the filter paper. Considering the absorbance peak ratio (Equation 4.18)
of two characteristic bands in the measured infra-red spectrum for the
same sample, qualitative information on the effect of process parameters
on the chemical structure of the deposition is obtained.

AIR,1
AIR,2

=
εex,1 · λ1 · c1
εex,2 · λ2 · c2

(4.18)

The indices 1 and 2 in Equation 4.18 correspond to the two charac-
teristic features in the FTIR spectrum to be studied comparatively. The
constants of proportionality for lpath and the compaction of the nano-
structures can be cancelled because the entire spectrum, including AIR,1
and AIR,2, is taken at the same spot (diameter: 2 mm) of the cellulose fil-
ter surface. Thus, c1 and c2 in Equation 4.18 correspond to the chemical
composition of the deposited material. According to this, the concentra-
tion ratio c1/c2 (Equation 4.19) of two specific features is obtained by
the reorganization of Equation 4.18.

c1
c2

=
εex,2 · λ2 ·AIR,1
εex,1 · λ1 ·AIR,2

(4.19)

Although the ratio εex,2/εex,1 is unknown, it can be assumed to be con-
stant by comparing the concentration ratios of two characteristic band
peaks for different kind of samples. Therefore, the later on discussed con-
centration ratios are normalized with respect to the maximum value of
each series.
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Chapter 5

Experimental results and
discussion

Within the scope of this chapter, first the results obtained from the glass
bead experiments in the PCFBR are discussed. Later on, the plasma
treatment of lactose in the PDSR and the characterization of the pow-
ders are presented. Furthermore, the effect of plasma treatment on the
surface topography of the silicon disks is shown. In the last part, the ex-
perimental results concerning the particle kinematics in the PDSR will
be discussed.

5.1 Particle treatment in the PCFBR

5.1.1 Particle mass flow rate

To estimate the number of circulations ncirc of the substrate particles
in the PCFBR, the particle mass flow rate ṁp in the riser tube was
correlated as a function of the pressure drop ∆p over the height h. How-
ever, the ratio of absolute to relative particle velocities (vp,abs/vp) in
Equation 3.7 is unknown and was determined experimentally. For this
purpose, ṁp and ∆p were measured in the open loop configuration of
the PCFBR (Chapter 3) for different superficial gas velocities (vg) and
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vp,abs/vp was plotted over vg (Figure 5.1).

Figure 5.1: Experimental determination of the correlation between
vp,abs/vp and vg for the particle mass flow rate calculation. The error
estimation calculations can be found in Appendix A.2.

Obviously, vp,abs/vp and vg seem to be correlated linearly and thus, a
linear regression was applied (Equation 5.1).

vp,abs
vp

= −0.0754 · vg + 1.3924 (5.1)

Finally, by combining Equations 3.7 and 5.1, ṁp can be calculated as
a function of ∆p (Equation 5.2).

ṁp =
d2
p ·Atube · ρp
18 · ηn · h

· (−0.0754 · vg + 1.3924) ·∆p (5.2)

5.1.2 Nanoparticle formation

At first, it was tested if it is possible to generate nanoparticle like struc-
tures within the plasma zone of the PCFBR and to attach them simul-
taneously to the surface of the glass beads. In the upper part (a) of Figure
5.2, the scanning electron micrograph of the surface of an untreated glass
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bead is shown. Beside little unevennesses, the surface of the untreated
glass bead is relatively smooth. The surface of a plasma-treated glass
bead is shown in the lower part (b) of Figure 5.2. In this particular case,
the particles were treated at a microwave power of PMW = 1000 W, a
process pressure of p = 15.3 mbar and the process gas flow rates were
ṄAr = 2000 sccm, ṄO2 = 200 sccm and ṄHMDSO = 34 sccm. According
to the particle mass flow rate calibration, the number of circulations was
determined to be in the range of ncirc ≈ 6.

Figure 5.2: Scanning electron micrograph of the glass bead surface, a:
untreated, b: plasma-treated.

The nanoparticles which are depicted in the lower part of Figure 5.2
are homogeneously distributed on the substrate particle surface and their
diameter is in the range of 60 nm. Furthermore, the hemispherical struc-
tures on the bottom of the deposition suggest the presence of hetero-
geneous layer deposition on the substrate particle surface. Thus, the
nanoparticles which are formed by homogeneous gas phase reactions are
attached to the substrate particle surface and are then partially coated
by heterogeneous surface reactions. This is encouraged by the micro-
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graph in Figure 5.3 which shows the plasma-treated glass bead surface
where a part of the deposition is peeled off. The thickness of the de-
posited coherent film is in the order of magnitude of the nanoparticle
diameter.

Figure 5.3: Scanning electron micrographs of the glass bead surface
suggesting the coexistence of nanoparticles and coherent film.

Effect of process pressure

The pressure was mentioned to be one of the most critical process param-
eters concerning the formation of nanoparticles. Therefore, the nanopar-
ticle size was analyzed by varying the process pressure from 6.0 mbar
to 21.4 mbar. In Figure 5.4, the nanoparticle diameter distributions are
depicted as a function of the pressure. It is shown that the nanoparti-
cle size is decreased and the distribution of the nanoparticle diameter is
getting narrower by elevating p.

The length mean diameter dp,lm and its standard deviation dp,lstdev
against p are plotted in Figure 5.5. By increasing p from 6.0 mbar to
21.4 mbar, dp,lm is reduced from 122.7 nm to 51.4 nm. At low pressures,
heterogeneous surface reactions are favored in contrast to higher pres-
sures, where homogeneous gas phase reactions are prevailing. Therefore,
at low pressures, the nanoparticles are growing due to heterogeneous de-
position, leading to an increase of dp,lm. On the other hand, at elevated
pressures, the nanoparticle surfaces are coated in a less extent because
of predominant gas phase reactions. These results also correspond to the
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Figure 5.4: Nanoparticle diameter density function q1(dp) against the
process pressure p (PMW = 1000 W, ṄHMDSO = 34 sccm, ṄAr = 3000−
7000 sccm, ṄO2 = 200 sccm).

variation of dp,lstdev which is significantly decreased at raised pressures.

Effect of number of circulations

By varying the number of circulations, the mean residence time of the
glass beads in the plasma zone of the reactor is changed. The effect of
varying ncirc from 1.1 to 3.2 on the nanoparticle size distributions is
demonstrated in Figure 5.6. Although q1 looks similar for all three ncirc,
the distributions seem to be broaden for increased ncirc.

By calculating dp,lm, it is found that the nanoparticle size is increased
from 57.8 nm to 76.1 nm by varying ncirc from 1.1 to 3.2 (Figure 5.7).
This is caused by the longer plasma exposure for higher ncirc and thus,
the nanoparticle growth by means of heterogeneous deposition is prolon-
gated. Accordingly, dp,lstdev is slightly reduced by decreasing the number
of circulations which corresponds to the effect of the deposition rate by
varying the process pressure.
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Figure 5.5: Length mean diameter dp,lm and its standard deviation
dp,lstdev as a function of process pressure p (PMW = 1000 W, ṄHMDSO =
34 sccm, ṄAr = 3000− 7000 sccm, ṄO2 = 200 sccm).

Effect of HMDSO flow rate

The variation of the monomer flow rate from 8 sccm to 34 sccm did not
significantly affect the nanoparticle size distribution (Figures 5.8 and
5.9). The mean nanoparticle diameter is in the range of 60 nm and the
corresponding standard deviation is varying between 17 nm and 30 nm.
The developing of dp,lm seems to be more correlated with the effective
power which is coupled into the plasma. In contrast to the other process
parameter studies, the reflected power could not have been kept constant
by varying ṄHMDSO. The corresponding effective coupled powers were
827 W, 940 W and 662 W for the monomer flow rates of 8 sccm, 16 sccm
and 34 sccm, respectively. Thus, the deposition rate and therefore, dp,lm
is increased at elevated effective coupled power.

5.1.3 Conclusions of the PCFBR experiments

The PCFBR experiments have shown the basic feasibility of the process
to combine the formation of nanoparticles by PECVD and their simul-
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Figure 5.6: Nanoparticle diameter density function q1(dp) against the
number of circulations ncirc (PMW = 1000 W, ṄHMDSO = 34 sccm,
ṄAr = 2000 sccm, ṄO2 = 200 sccm).

taneous attachment to the surface of the glass beads in one process step.
Although nanoparticle generation can be favored by homogeneous gas
phase reactions, e.g. at elevated process pressure, heterogeneous layer
deposition on the particle surfaces in combination with the nanoparticle
attachment was observed.

By increasing the process pressure, the nanoparticle size and the cor-
responding standard deviation was reduced, which can be attributed to a
reduction in deposition rate. The number of circulations of the substrate
particles in the PCFBR determines the residence time and thus, the
exposure time of the glass beads to the reactive plasma. Consequently,
larger nanoparticles were detected by raising the number of circulations.
The change in monomer flow rate between 8 sccm and 34 sccm did not
show a distinct trend for the nanoparticle size distributions.

The glass beads were used as a model substrate to demonstrate the
formation and attachment of nanoparticles. However, these particles are
not appropriate to investigate the effect of the plasma treatment on the
flow behavior of the bulk solid. Because of the relatively large particle
diameter (119.9 µm), the gravitational forces are prevailing and the effect
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Figure 5.7: Length mean diameter dp,lm and its standard deviation
dp,lstdev as a function of number of circulations ncirc (PMW = 1000 W,
ṄHMDSO = 34 sccm, ṄAr = 2000 sccm, ṄO2 = 200 sccm).

of the VdW forces is secondary. Moreover, the shape of the glass beads
is spherical which reduces the contact areas between the particles and
thereby, their VdW interactions.

Hence, to show the capability of the process to improve the flowabil-
ity of a bulk solid, the cohesive lactose powder quality la I was cho-
sen as a further model substrate. Due to the existing constraints of the
PCFBR (Chapter 3), these investigations were continued making use of
the plasma down stream reactor (PDSR) concept.

5.2 Particle treatment in the PDSR

In this section, the treatment of the two lactose qualities la I and la
II in the plasma down stream reactor (PDSR) and the characterization
of the flowability, the surface free energy and the amount and chemical
composition of the deposits are discussed. Subsequently, results on the
change in particle surface topography induced by the PECVD process
will be presented.
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Figure 5.8: Nanoparticle diameter density function q1(dp) against the
monomer flow rate ṄHMDSO (PMW = 1000 W, ṄAr = 2000−2150 sccm,
ṄO2 = 50− 200 sccm).

5.2.1 Particle residence time

To obtain an equal plasma exposure time for all experiments, the su-
perficial gas velocity in the downer tube was kept constant at 8.7 m/s.
For the estimation of the particle residence time in the plasma zone of
the PDSR, it is assumed that the lactose particulates follow the gas
flow. To verify this assumption, the Stokes number St (Equation 5.3) is
considered, where τp is the particle response time, vg is the superficial
gas velocity and lc is the characteristic length of the fluid flow [129].
For St < 1, the particles can be assumed to follow the gas streamlines
closely.

St =
τp · vg
lc

(5.3)

In the Stokes regime where Rep < 1 and by neglecting the fluid density
ρn compared to the particle solid density ρp, the particle response time
τp for spherical particles can be calculated by Equation 5.4, where dp is
the particle diameter and ηn is the dynamic viscosity of the gas [111].
Since the mean free path of the gas molecules (λmfp = 37 µm, p = 2
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Figure 5.9: Length mean diameter dp,lm and its standard deviation
dp,lstdev as a function of monomer flow rate ṄHMDSO (PMW = 1000 W,
ṄAr = 2000− 2150 sccm, ṄO2 = 50− 200 sccm).

mbar, T = 20 ◦C) is in the same order of magnitude or larger than the
particle sizes, the Cunningham correction (Chapter 2) has to be applied
(la I: CCu = 18.04, la II: CCu = 4.03).

τp =
ρp · d2

p · CCu
18 · ηn

(5.4)

The characteristic length lc over which the particle velocity can be
adapted to the gas velocity, is given by the distance between the nozzle
outlet and the top of the plasma zone (lc = 0.3 m). Thus, the calculated
Stokes numbers are St = 0.06 for the la I quality and St = 0.43 for the
la II quality, respectively. For both qualities is St < 1 and therefore, it
can be assumed that the particles are accelerated close to vg = 8.7 m/s
before they enter the plasma zone of the reactor. Taking into account
the length of the plasma zone of approximately 0.5 m, the residence time
of the particles in the plasma is estimated to be in the range of 60 ms.

Moreover, the mean particle volume concentration ϕp,mean can be es-
timated according to the first part of Equation 3.10, considering the
particle mass flow rates of ṁp = 1.3 kg/h for the la I quality and
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ṁp = 2.4 kg/h for the la II quality. The corresponding concentrations
are ϕp,mean = 0.002 vol.-% (la I) and ϕp,mean = 0.004 vol.-% (la II),
respectively. Thus, because of the high dilution of the flow, frictional
forces and collisions between the particles can be neglected.

5.2.2 Particle charging

As discussed in Chapter 2, the substrate particles are negatively charged
during plasma exposure. Assuming that the charges remain stable on the
particle surface, electrostatic forces may also affect the flow behavior of
the powder. Therefore, in the following, the repulsive Coulomb forces
induced by charging in the plasma are estimated theoretically.

First, the floating potential (Ufl = −19.53 V) of the particle is cal-
culated by Equation 2.21 (ni/ne = 1, CMR = 0.73) by assuming an
electron number density of ne = 5 · 1015 1/m3 and an electron temper-
ature of Te = 5 eV ≡ 38682 K which are typical values for industri-
ally relevant capacitively coupled plasmas [101]. The ion temperature
is estimated to be Ti = 300 K and for an Ar plasma, the ion mass is
mi = 6.6335 · 10−26 kg. Accordingly, the screening lengths for the elec-
trons and ions are λDe = 191.4 µm and λDi = 16.9 µm and out of it, the
linearized Debye length can be calculated (λDL = 16.8 µm). By apply-
ing λDe as the characteristic particle screening length, particle charges
of Qp,I = 6.06 · 10−15 C and Qp,II = 3.63 · 10−14 C for the la I and la
II quality are obtained (Equation 2.17). If λDL is used as the screen-
ing length, slightly higher values for the particle charge are obtained
(Qp,I = 6.95 · 10−15 C, Qp,II = 6.44 · 10−14 C).

According to Equation 2.10, the ratios of interparticle repulsive elec-
trostatic forces for the two lactose qualities are Fcoul,II/Fcoul,I = 1.1
and Fcoul,II/Fcoul,I = 2.7 by applying λDe and λDL, respectively as the
characteristic screening length. Thus, the description of particle charging
based on the assumption of a spherical capacitor shows similar Coulomb
forces for the two lactose qualities.

Kersten et al. [15] suggested the relation Qp ∝ R2 between particle
charge and radius (Chapter 2). In their studies, the particle sizes and
plasma screening lengths were comparable to the ones in the present in-
vestigations. Taking into account this approach, the ratio of electrostatic
forces for the two lactose qualities is Fcoul,II/Fcoul,I = 31.6.
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5.2.3 Flowability

First, the applicability of the process to improve the powder flowability
had to be demonstrated. For this purpose, both lactose qualities were
treated in the PDSR once without monomer and once with a HMDSO
flow rate of 68 sccm (ṄO2 = 685 sccm, ṄAr = 430 sccm, PRF = 100 W,
p = 2 mbar).

On the left hand side in Figure 5.10, it is shown that there is no signif-
icant difference between the flowability of the untreated la I powder and
the plasma-treated sample without monomer (ffc ≈ 1.5). In contrast, by
adding 68 sccm of HMDSO, the flowability of the la I quality is increased
by a factor of 2 (ffc = 3.0) compared to the untreated powder. This indi-
cates that the flowability improvement is caused by the plasma-induced
deposition on the substrate particle surface. The obtained increase of
ffc from 1.5 to 3.0 corresponds to the improvement of the flow behavior
which can be achieved by a conventional treatment, where silica nanopar-
ticles were dispersed on the lactose particle surface by means of a solid
mixing device [24]. However, the main advantage of the plasma process
is the short treatment time (60 ms), compared to the mixing time of 8
hours which was needed in the solid mixing process.

The improvement in flowability of the la II quality under the same
process conditions is shown on the right of Figure 5.10. Compared to the
untreated powder, the flowability is increased from ffc = 3.4 to ffc = 9.4
by admixing 68 sccm of HMDSO.

In contrast to the la I powder, also the treatment in a pure O2/Ar
plasma without HMDSO leads to an increase in ffc (5.2). Under these
conditions, the surface of the particles is activated [80], and therefore, the
surface free energy is increased and the attraction between the particles
is intensified. Thus, particle surface activation cannot be the reason for
the improve in flowability. But the effect can be explained by repulsive
Coulomb forces between the particles due to electrostatic charging by
free electrons in the plasma. For this, the ratio Fvdw,II/Fvdw,I = 5.6 of
VdW forces for the two lactose qualities according to Equation 2.5 is
compared with the corresponding relation for the repulsive electrostatic
forces (Fcoul,II/Fcoul,I = 31.6), estimated in the section above. Thus, the
flowability improvement for the la II quality, treated without monomer,
can be explained by the disproportionate increase of Fcoul compared
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Figure 5.10: Flowability of the la I and la II qualities by distinguishing
untreated, plasma-treated without HMDSO (ṄO2 = 685 sccm, ṄAr = 430
sccm, PRF = 100 W, p = 2 mbar) and plasma-treated with HMDSO
(ṄHMDSO = 68 sccm). For the “nanoparticle mixing” experiment, the
surface modifier Aerosil 300TM was used (mixing ratio: 0.7 wt.-%, mixing
time: 8 hours) [24].

to Fvdw (Fcoul,II/Fcoul,I > Fvdw,II/Fvdw,I) by increasing the particle
diameter from 5.5 µm (la I) to 30.9 µm (la II).

Effect of HMDSO flow rate

The effect of varying the HMDSO flow rate on the flowability at con-
stant RF power (100 W), O2/HMDSO ratio (10) and process pressure
(2 mbar) is shown in Figures 5.11 and 5.12 for the la I and la II powders,
respectively. For both qualities, ffc is increased by elevating ṄHMDSO.
Due to higher partial pressure of HMDSO, the deposition rate is in-
creased and the nanoparticles in the gas phase are built at higher rate.
In the following sections, it will be discussed if the associated flowabil-
ity improvement is attributed to a change in substrate particle surface
roughness or to chemically induced surface energy effects.

From Figure 5.11, it can be seen that ffc of the untreated la I quality
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is increased from 1.5 to 1.9 by admixing 17 sccm of HMDSO in the
process gas. By increasing ṄHMDSO, ffc can be further improved up to
3.0 for ṄHMDSO = 103 sccm. However, between ṄHMDSO = 68 sccm
and ṄHMDSO = 103 sccm, no significant change in ffc is observed which
can be explained by an energy-deficient phenomenon (see Chapter 2),
meaning power in comparison to the increasing concentration of HMDSO
is no longer sufficient to increase the deposition rate above ṄHMDSO =
68 sccm.

Figure 5.11: Flowability of untreated and plasma-treated la I quality
as a function of the HMDSO flow rate (p = 2.0 mbar, PRF = 100 W,
Pref = 5− 10 W, O2/HMDSO = 10).

Similar tendencies were observed for the la II powder by varying
ṄHMDSO between 17 sccm and 68 sccm (Figure 5.12). In comparison to
the untreated powder, ffc is changed from 3.4 to 8.4 with ṄHMDSO = 17
sccm. For 68 sccm of HMDSO, the flowability is increased to 9.4.

Effect of RF power

By varying the RF power from 50 W to 200 W at constant process
gas composition (ṄHMDSO = 68 sccm, O2/HMDSO = 10) and process
pressure (2 mbar) , the flowability of the la I powder is increased from
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Figure 5.12: Flowability of untreated and plasma-treated la II quality
as a function of the HMDSO flow rate (p = 2.0 mbar, PRF = 100 W,
Pref = 4 W, O2/HMDSO = 10).

2.4 to 3.3 (Figure 5.13). The reflected powers were 12 W, 10 W and 17.5
W for the corresponding forward powers of 50 W, 100 W and 200 W.
An increase in PRF leads to an enhanced fragmentation of monomer and
consequently, to an increase of the deposition rates.

The effect of varying PRF on ffc of the la II quality is depicted in Figure
5.14 whereas the reflected power was in the range between 5 W to 10 W.
By changing PRF from 50 W to 200 W, the flowability is elevated from
9.0 to 10.5. For both lactose qualities, the values for ffc at PRF = 200 W
exceed the maximal ffc which was obtained by varying ṄHMDSO. This
encourages the statement of an energy-deficient regime for the process
conditions applied at elevated HMDSO flow rates.

Effect of O2/HMDSO ratio

No significant trend for the flowability of the la I lactose was observed
by changing the O2/HMDSO ratio between 5 and 30 (Figure 5.15). It
can be assumed that an increase of the ratio is leading to a decrease
of the carbon concentration in the deposited structures and therefore,
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Figure 5.13: Flowability of untreated and plasma-treated la I quality as
a function of the RF power (p = 2.0 mbar, Pref = 10−18 W, ṄHMDSO =
68 sccm, O2/HMDSO = 10).

yielding in SiO2-like deposits. However, the chemical composition will
be discussed later in this chapter. Furthermore, the change in O2/Ar
ratio from 0.2 (O2/HMDSO = 5) to 20.6 (O2/HMDSO = 30) which
is a consequence to provide a constant superficial gas velocity for all
experiments, does not show any influence on the flowability.

According to Figure 5.16, also only a slight increase of the la II powder
flowability was obtained by varying the O2/HMDSO ratio between 5 (ffc
= 9.2) and 20 (ffc = 9.7).

Effect of process pressure

For the experiments in this study, it was possible to maintain a stable
process in a pressure range between 1.5 mbar and 3.0 mbar. The lower
pressure limit was given by the pump capacity and above 3.0 mbar, it
was not possible anymore to sustain a stable plasma in combination
with the dispersed substrate particles. In Figure 5.17, the developing of
ffc against p at constant HMDSO flow rate (34 sccm), RF power (100
W) and O2/HMDSO ratio (10) is shown. At p = 2.0 mbar, the maxi-
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Figure 5.14: Flowability of untreated and plasma-treated la II quality as
a function of the RF power (p = 2.0 mbar, Pref = 4− 10 W, ṄHMDSO =
68 sccm, O2/HMDSO = 10).

mal value for ffc (2.6) within this series is reached. At low pressures (1.5
mbar), heterogeneous surface reactions are prevailing and the formation
of nanoparticles is inhibited. By increasing the pressure (2.0 mbar), the
mean free path of the species in the plasma is reduced and homogeneous
gas phase reactions and thus, nanoparticle formation are favored. By
further increasing p (3.0 mbar), the specific energy in the plasma is in-
sufficient for the formation of nanoparticles. Furthermore, the large error
bar for 3.0 mbar indicates an inhomogeneous treatment of the substrate
particles which can be attributed to the plasma property fluctuations
which were observed visually at elevated pressures.

Hence, because p can only be varied in a small range and p = 2.0
mbar seems to be the optimal process pressure considering the flowability
improvement of the powder, for the further experiments, the process
pressure was kept constant at p = 2.0 mbar.
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Figure 5.15: Flowability of untreated and plasma-treated la I quality
as a function of the O2/HMDSO ratio (p = 2.0 mbar, PRF = 100 W,
Pref = 2− 10 W, ṄHMDSO = 34 sccm).

5.2.4 Surface free energy

So far, only the effect of change in particle surface roughness on the
powder flowability by nanoparticle attachment was discussed. However,
the Hamaker constant A in Equation 2.5 may also be affected by the
plasma-induced deposition on the substrate particle surface. Israelachvili
[16] reported that A is proportional to the surface free energy σs of the
corresponding material (Equation 5.5). He has shown that for a ’cut-
off’ distance D0 = 0.165 nm, the correlation yields values in very good
agreement with the ones measured. Only for highly polar H-bonding
liquids, the values deviate seriously from the experimental data.

A = 24π ·D2
0 · σs (5.5)

Hence, to estimate the effect of the plasma treatment on the VdW
forces between the particles, the surface free energy of the particles was
determined by measuring contact angles of different test liquids on the
particle surface.

Because of the strong cohesive character of the la I quality (untreated:
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Figure 5.16: Flowability of untreated and plasma-treated la II quality
as a function of the O2/HMDSO ratio (p = 2.0 mbar, PRF = 100 W,
Pref = 2− 4 W, ṄHMDSO = 34 sccm).

ffc = 1.5), no homogeneous packing of the powder for the contact angle
measurements could have been achieved. Consequently, the packing con-
stant Cpc was not reproducible and therefore, the capillary penetration
method could not have been applied for the la I powder. Although the
surface free energies were only determined for the la II quality, it is as-
sumed that the values for the la I powder qualitatively correspond with
the data obtained from the coarse powder.

At first, the impact of plasma treatment (ṄO2 = 685 sccm, ṄAr = 430
sccm, ṄHMDSO = 68 sccm, PRF = 100 W, p = 2 mbar) with and with-
out HMDSO on the polar (σps ) and disperse (σds ) part of the surface
free energy is presented in Figure 5.18. It is shown that σps and σds of
the plasma-treated powder with HMDSO (σps = 6.1 mN/m, σds = 14.8
mN/m) and therefore, σs (20.8 mN/m) are slightly decreased compared
to the untreated lactose (σps = 7.9 mN/m, σds = 17.2 mN/m, σs = 25.1
mN/m). In literature [130], it is reported that for hydrophilic solid sur-
faces, a roughness below 100 nm does not significantly affect the contact
angle of a liquid and thus, the calculated surface energy. Later on in this
chapter, it will be shown that the change in particle surface roughness
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Figure 5.17: Flowability of untreated and plasma-treated la I quality
as a function of the process pressure (PRF = 100 W, Pref = 4 − 8 W,
ṄHMDSO = 34 sccm, O2/HMDSO = 10).

due to the plasma enhanced deposition is in the range of a couple of
nanometers or below. Hence, it can be concluded that the decrease in
σs is determined by the change of chemical composition of the substrate
particle surface. This indicates, that σs of the pure lactose is larger than
σs of the material deposited on the substrate particle surface. Corre-
spondingly, Chen et al. [58] have shown that the wettability and thus, the
surface energy of carbonate powders is reduced by polymerizing HMDSO
on the particle surface in a DBD.

No significant change in σds (16.5 mN/m) was obtained by the treat-
ment in the pure Ar/O2 plasma without HMSDO, but the polar part
(13.7 mN/m) is significantly increased. This effect was already investi-
gated by Arpagaus et al. [80] and is likely to be caused by the incorpo-
ration of polar groups (hydroxyl, carboxyl) during the plasma process.
According to this, the increase of ffc which was observed for the plasma
treatment without HMDSO of the la II powder (Figure 5.10) cannot be
caused by the change in surface free energy because the high σps induces
stronger attractive interactions between the polar groups. This encour-
ages the hypothesis that particle charging is the reason for the enhanced
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Figure 5.18: Surface free energy of the la II quality by distinguishing
untreated, plasma-treated without HMDSO (ṄO2 = 685 sccm, ṄAr = 430
sccm, PRF = 100 W, p = 2 mbar) and plasma-treated with HMDSO
(ṄHMDSO = 68 sccm).

la II powder flowability in the case of the plasma treatment without
HMDSO.

Effect of HMDSO flow rate

In Figure 5.19, the influence of varying the HMDSO flow rate on the dis-
perse and polar part of the surface free energy is shown. The other pro-
cess parameters RF power (100 W), O2/HMDSO ratio (10) and process
pressure (2 mbar) were kept constant. Compared to the untreated lac-
tose powder, σps and σds are only slightly decreased by the plasma treat-
ment. The fact that there is no significant reduction in σs between un-
treated (25.1 mN/m) and the plasma-treated powder at ṄHMDSO = 17
sccm (24.3 mN/m), permits to conclude that the surface energy is not
the dominating factor for the corresponding significant increase of ffc
(Figure 5.12). In addition, by increasing ṄHMDSO, the deposition rate
is enhanced, leading to a higher surface coverage of deposited material
on the substrate particle surface. Taking into account that the deposited
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material shows smaller surface energies compared to lactose, the decreas-
ing tendencies of σps , σds and σs can be understood.

Figure 5.19: Surface free energy of untreated and plasma-treated la II
quality as a function of the HMDSO flow rate (p = 2.0 mbar, PRF = 100
W, Pref = 4 W, O2/HMDSO = 10).

Effect of RF power

The effect of varying the RF power between 50 W and 200 W at constant
gas composition (ṄHMDSO = 68 sccm, O2/HMDSO = 10) and process
pressure (2 mbar) on the surface free energies is shown in Figure 5.20.
The disperse contribution to the surface energy remains constant (≈
14 mN/m) by increasing PRF but σps is reduced which indicates the
elimination of polar groups by enhanced fragmentation and oxidation
of partially ionized fragments at elevated power [5]. In particular, at
PRF = 50 W, the distinct polar contribution (σps = 9.4 mN/m) indicates
a high concentration of polar groups located on the substrate particle
surface.
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Figure 5.20: Surface free energy of untreated and plasma-treated la II
quality as a function of the RF power (p = 2.0 mbar, Pref = 4 − 10 W,
ṄHMDSO = 68 sccm, O2/HMDSO = 10).

Effect of O2/HMDSO ratio

The surface energies are only slightly affected by changing the
O2/HMDSO ratio between 5 and 20 (Figure 5.21). While the disperse
part σds is marginally reduced from 15.1 mN/m to 13.6 mN/m, no ex-
plicit tendency can be observed for σps . The reduction could be caused by
a change in chemical composition. However, the chemical composition of
the deposited material will be discussed later.

Correlation between surface free energy and flowability

The results presented above demonstrate that the plasma-induced
change in surface free energy of the particles is not the dominating fac-
tor for the considerable enhancement of the flowability compared to the
untreated powder. But by varying the process parameters, the change in
ffc corresponds to the variation of σs. Since the Hamaker constant A is
correlated proportionally with σs (Equation 5.5), the VdW force decays
with decreasing σs. This hypothesis is supported by data presented in
Figure 5.22 where ffc is plotted against σs for all samples. In contrast to
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Figure 5.21: Surface free energy of untreated and plasma-treated la II
quality as a function of the O2/HMDSO ratio (p = 2.0 mbar, PRF = 100
W, Pref = 2− 4 W, ṄHMDSO = 34 sccm).

the flowability of the untreated lactose, ffc of the plasma-treated sam-
ples apparently correlate with σs which is indicated by the solid line.
The corresponding value on the line for ffc at σs = 25.1 mN/m for the
untreated sample would be at around 8.3. The shift of ffc between this
value and the actual measured flowability (3.4) can be explained by the
change in surface roughness due to the plasma-induced deposition.

5.2.5 Gravimetric analysis of the deposited SiOx

In a first step, the reliability of the accumulation method to determine
the mass of deposited SiOx per mass of lactose had to be shown. For
this, 40 g of untreated la II lactose were dissolved, stirred and filtered,
analogously as described in Chapter 4 for the plasma-treated lactose
powder. The filter paper was then dried and analyzed gravimetrically.
By comparing the weight of the filter paper before and after filtration,
no significant difference was observed (± 0.0005 wt.-% of the dissolved
lactose). This indicates that there is no precipitated lactose on the filter
paper which could affect the gravimetric measurement of the deposited
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Figure 5.22: Flowability of the untreated and plasma-treated la II qual-
ity as a function of the surface free energy. The line indicates the corre-
lation between ff c and σs of the plasma-treated powder samples.

material. Furthermore, the same filter was analyzed by means of ATR-
FTIR. In the lower part of Figure 5.23, the IR spectra of the untreated
la II quality powder is presented where the characteristic absorption
bands correspond to free O-H vibrations (3500 cm−1) and distortion
(1654 cm−1) of the water molecules, intermolecular O-H stretching (3200
cm−1) and C-H stretching and twisting (876 cm−1, 899 cm−1, 916 cm−1)
[131]. In opposition, no characteristic absorption bands of lactose was
detected by analyzing the filter paper and subtracting the spectra of the
virgin filter (upper part of Figure 5.23) which also demonstrates that
there is no significant amount of lactose accumulated on the filter.

All investigations concerning the gravimetric analysis were made with
the la II quality.

Effect of HMDSO flow rate

In Figure 5.24, the concentration of deposited SiOx per mass of lactose
is plotted as a function of the HMDSO flow rate. At the same time, the
corresponding percentage of converted HMDSO regarding the weight ra-
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Figure 5.23: IR spectra of the untreated la II quality powder and the
filter paper after filtration of the untreated lactose - water dissolution.
The spectrum is processed with an ATR correction by multiplying the
absorbance values by the corresponding wavenumbers.

tio of deposited SiOx to HMDSO fed into the reactor is shown. The term
“converted” refers to the solid material which is effectively deposited on
the lactose particle surface, excluding the chemically converted HMDSO
which is deposited on the reactor walls or carried out by the process gas
from the reactor to the vacuum pump unit. At constant RF power (100
W), O2/HMDSO ratio (10) and process pressure (2 mbar), the amount
of SiOx per lactose is increased from 0.06 wt.-% to 0.14 wt.-% by vary-
ing ṄHMDSO from 17 sccm to 68 sccm. This effect can be explained by
the increase of the deposition rate due to the higher partial pressure of
HMDSO in the gas. On the other hand, the HMDSO conversion ratio
is decreased which indicates an energy-deficient regime of conversion at
elevated HMDSO flows.

Effect of RF power

The variation of the RF power (50 - 200 W) at constant process gas com-
position significantly affects the mass of deposited SiOx on the lactose
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Figure 5.24: wt.-% of deposited SiOx and converted HMDSO as a func-
tion of the HMDSO flow rate (p = 2.0 mbar, PRF = 100 W, Pref = 4 W,
O2/HMDSO = 10).

particle surfaces. From Figure 5.25, it can be seen that the concentra-
tion of the deposition is increased up to 0.19 wt.-% for 200 W. This
is because of the enhanced fragmentation of HMDSO at higher specific
energies, leading to higher deposition rates and consequently, to larger
amounts of deposited SiOx on the substrate particle surfaces. Since the
monomer flow rate is kept constant in this series, also the HMDSO con-
version ratio is increased with the RF power which indicates again that
the process takes place in the energy-deficient regime.

Effect of O2/HMDSO ratio

From Figure 5.26, it is apparent that the mass of deposited SiOx in-
creases only slightly from 0.07 wt.-% to 0.11 wt.-% with changing the
O2/HMDSO ratio from 5 to 20 at constant HMDSO flow rate (34 sccm),
RF power (100 W) and process pressure (2 mbar).

The results of the gravimetrical analyses show that the concentration
of the deposited SiOx relating to the mass of lactose is in the order of
magnitude of 0.1 wt.-%. Assuming that the SiOx is distributed on the
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Figure 5.25: wt.-% of deposited SiOx and converted HMDSO as a func-
tion of the RF power (p = 2.0 mbar, Pref = 4 − 10 W, ṄHMDSO = 68
sccm, O2/HMDSO = 10).

substrate particle surface in the form of a dense layer with a density of
1900 kg/m3 [50] and the substrate particle has a spherical shape, the
corresponding layer thickness of the deposition is estimated to be in the
range of 4 nm.

5.2.6 Chemical characterization of the deposited
SiOx

As shown in Figure 5.23, no characteristic lactose absorption bands were
observed in the IR spectra acquired from the filter paper. In opposition,
typical features of deposited SiOx obtained in an O2/Ar/HMDSO dis-
charge can be observed in the IR spectra of the accumulated material
for the plasma-treated samples. In Figure 5.27, the characteristic ab-
sorption bands of the Si-O-Si groups are found at around 800 cm−1 and
1020 cm−1 for the bending and asymmetric stretching mode, respec-
tively [5]. In literature, the peak wavenumber for the asymmetric Si-O
stretching vibration in stoichiometric SiO2 is reported to be at around
1070 cm−1 [5, 132]. In the present study, the peak appears at 1020 cm−1



5.2 Particle treatment in the PDSR 121

Figure 5.26: wt.-% of deposited SiOx and converted HMDSO as a func-
tion of the O2/HMDSO ratio (p = 2.0 mbar, PRF = 100 W, Pref = 2− 4
W, ṄHMDSO = 34 sccm).

which indicates a sub-stoichiometric nature (SiOx; x < 2) of the de-
posited nanostructures [132, 133]. The absorption bands at 1260 cm−1

and 1405 cm−1 are caused by the symmetric and asymmetric bending
modes of methyl groups in Si(CH3)x and the band at around 2960 cm−1

is due to the asymmetric stretching of CHx [133]. The broad band at
3350 cm−1 cannot be observed for the filtrated lactose sample without
plasma treatment. Thus, an OH contribution of remaining water from
the filtration can be excluded. According to Han and Aydil [134], the
band from 3600 cm−1 to 3000 cm−1 is due to O-H stretching vibrations
of silanol species in the form of associated surface hydroxyl groups and
silanol species trapped in the SiOx during deposition.

Below, the normalized concentration ratios of Si-O-Si (1020 cm−1),
Si(CH3)x (1260 cm−1), CHx (2960 cm−1) and SiOH (3350 cm−1) groups
are discussed as a function of the process parameters.



122 5. Experimental results and discussion

Figure 5.27: IR spectrum of the residue material on the filter paper after
filtration of the plasma-treated lactose - water dissolution. The spectrum
is processed with an ATR correction by multiplying the absorbance values
by the corresponding wavenumbers.

Effect of RF power

In Figure 5.28, the influence of RF power on the normalized concentra-
tion ratios of non-organic and organic compounds is shown. By increasing
PRF from 50 W to 200 W, the carbon content appears to be reduced.
This is a result of the intensified fragmentation of HMDSO in the gas
phase which is likely to be the subject of an increase of the electron
density and the enhanced oxygen ion etching of organic groups in the
deposition [4, 5, 135].

Similarly, the amount of silanol groups (SiOH) in contrast to Si-O-Si
groups is reduced by increasing PRF due to the higher fragmentation
and oxidation of radicals containing SiOH [5]. In particular, increasing
the power from 50 W to 100 W, the silanol contribution is significantly
reduced which corresponds with the values of the polar part of the surface
free energy which indicate a reduction of polar groups (Figure 5.20).
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Figure 5.28: Normalized concentration ratios obtained from the IR ab-
sorbance peaks due to Si-O-Si stretching (1070 cm−1), methyl group
bending in Si(CH3)x (1260 cm−1), asymmetric stretching of CHx (2960
cm−1) and OH stretching in SiOH (3350 cm−1) as a function of the RF
power (p = 2.0 mbar, Pref = 4−10 W, ṄHMDSO = 68 sccm, O2/HMDSO
= 10).

Effect of O2/HMDSO ratio

By increasing the O2/HMDSO ratio from 5 to 20, the carbon content
in the deposition is reduced due to higher combustion reaction rates for
the organic species in the gas phase of the discharge. Overall, this leads
to a more inorganic character of the SiOx nanostructures (Figure 5.29).
Nevertheless, the characteristic features of the Si(CH3)x and CHx groups
in the IR spectra still remain a prominent feature of the deposition, even
though, O2/HMDSO ratios as high as 20 were applied.

For the ratio of Si-O-Si to SiOH, no significant dependency on the
variation of the O2/HMDSO ratio in the range between 5 and 20 can be
observed.
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Figure 5.29: Normalized concentration ratios obtained from the IR ab-
sorbance peaks due to Si-O-Si stretching (1070 cm−1), methyl group
bending in Si(CH3)x (1260 cm−1), asymmetric stretching of CHx (2960
cm−1) and OH stretching in SiOH (3350 cm−1) as a function of the
O2/HMDSO ratio (p = 2.0 mbar, PRF = 100 W, Pref = 2 − 4 W,
ṄHMDSO = 34 sccm).

Effect of HMDSO flow rate

In contrast to the variation of the RF power and the O2/HMDSO ratio,
only slight change in chemical composition was observed in the IR ab-
sorption spectra by varying the HMDSO flow rate from 17 sccm to 68
sccm at an RF power of 100 W and an O2/HMDSO ratio of 10 (Figure
5.30). While no significant impact of the HMDSO flow rate on the Si-
O-Si to SiOH concentration ratio can be observed, the carbon content
seems to be increased by elevating the HMDSO flow rate. This can be
explained by the reduced specific energy per HMDSO molecule which
has a similar effect on the carbon content as the decrease in RF power
discussed above.

It was demonstrated that the IR spectra show the typical features of
SiOx deposited in an Ar/O2/HMDSO plasma. However, characteristic
bands of carbon containing groups are pronounced for all kind of inves-
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Figure 5.30: Normalized concentration ratios obtained from the IR ab-
sorbance peaks due to Si-O-Si stretching (1070 cm−1), methyl group
bending in Si(CH3)x (1260 cm−1), asymmetric stretching of CHx (2960
cm−1) and OH stretching in SiOH (3350 cm−1) as a function of the
HMDSO flow rate (p = 2.0 mbar, PRF = 100 W, Pref = 4 W,
O2/HMDSO = 10).

tigated process conditions and therefore, reveal the organic character of
the deposited material. The reason for the relatively high carbon con-
tent with respect to other low-pressure plasma processes (PECVD) for
the deposition of silica-like solids may be found in the extremely shorter
residence time of the substrates in the PDSR. While a sufficiently fast
formation of SiOx agglomerates is more likely to occur by polymerization
of large fragments of HMDSO, their carbon content is probably to be
higher than in heterogeneous deposits where small fragments of HMDSO
are seen to adsorb at the substrate and subsequently, cross linking of
these fragments take place. Furthermore, the beneficial effect of oxygen
radical etching of the up-growing deposit should be less pronounced in
the PDSR because of the extremely short residence time in the plasma
zone. On the other hand, the chemical effects associated with low specific
energies, i.e. low power RF plasmas, are also observed at high pressures
due to smaller specific energies (energy per molecule) [43, 135, 136]. This
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means that at elevated pressures, more energy has to be coupled into the
plasma to reduce the carbon content by higher monomer fragmentation
and etching of organic groups.

5.2.7 Particle surface topography

In order to show the impact of the plasma treatment on the surface
roughness, the surface of the substrate particles was analyzed by means
of SEM and AFM.

Lactose particles

Even though, nanoparticle-like structures, as shown in Figure 5.31, can
be observed on the surface of some of the lactose particles by SEM, it
is difficult to determine the origin of these structures. On the one hand,
they cannot be found on all plasma-treated particles which suggests in-
homogeneities of the particle exposure to the plasma due to discharge
fluctuations and insufficient dispersion of agglomerated particles in the
gas phase. On the other hand, there is no explicit evidence if the nano-
structures originate from the plasma-induced deposition or not.

Moreover, assuming the characteristic length of the deposited nano-
structure to be below the resolution limit of SEM (≈ 5 nm), the change
in surface topography cannot be detected anymore. As a result, AFM
was identified to be the more appropriate method to acquire the surface
topography of the substrate particles.

Because of the uneven angular lactose particle surface (Chapter 3),
also AFM analysis did not show suitable results concerning the surface
topography.

Silicon wafer disks

On the left hand side of Figure 5.32, the surface topography of the un-
treated silicon wafer disk acquired by AFM is depicted. The correspond-
ing root-mean-square roughness is RRMS = 0.10 nm which demonstrates
the smoothness of the polished side of the silicon wafer disks. On the
right in Figure 5.32, it is shown that the plasma treatment with stan-
dard process parameters (p = 2.0 mbar, PRF = 100 W, ṄHMDSO = 34
sccm, O2/HMDSO = 10) increases the roughness of the surface to
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Figure 5.31: Scanning electron micrograph of the plasma-treated lactose
particle (la I) surface which indicates the presence of nanoparticle-like
structures (p = 2.0 mbar, PRF = 200 W, Pref = 18 W, ṄHMDSO = 68
sccm, O2/HMDSO = 10).

RRMS = 0.20 nm. No single nanoparticles can be detected but the de-
position seems to consist of island-like structures which indicates that
under these conditions, the reactions take place heterogeneously at the
substrate particle surface. These patterns could not have been resolved
by SEM because of its physical resolution limit.

By varying the HMDSO flow rate (p = 2.0 mbar, PRF = 100 W,
O2/HMDSO = 10), at ṄHMDSO = 68 sccm, no significant difference in
surface topography (RRMS = 0.21 nm) compared to the silicon wafer
disk, treated at a HMDSO flow rate of 34 sccm, can be observed (Figure
5.33). By contrast, single nanoparticles with diameters in the order of
magnitude of 20 nm were found on the surface of the disk treated with
ṄHMDSO = 17 sccm (RRMS = 1.05 nm).

The formation and attachment of nanoparticles at the lowest HMDSO
flow rate was confirmed by analyzing the substrate surface by SEM
(Figure 5.34). Compared to the HMDSO flow rates of 34 sccm and 68
sccm, the process conditions for ṄHMDSO = 17 sccm seem to favor ho-
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Figure 5.32: Atomic force micrographs of the untreated (RRMS = 0.10
nm) and plasma-treated (RRMS = 0.20 nm, p = 2.0 mbar, PRF = 100
W, ṄHMDSO = 34 sccm, O2/HMDSO = 10) silicon wafer disks.

Figure 5.33: Atomic force micrographs of the plasma-treated (p =
2.0 mbar, PRF = 100 W, O2/HMDSO = 10) silicon wafer disks for
ṄHMDSO = 17 sccm (RRMS = 1.05 nm) and ṄHMDSO = 68 sccm
(RRMS = 0.21 nm).

mogeneous gas phase reactions and therefore, the formation of nanoparti-
cles. This can be explained by the high specific energy input per monomer
molecule at ṄHMDSO = 17 sccm which enhances the powder formation
in the plasma.
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Figure 5.34: Scanning electron micrographs of the untreated and
plasma-treated (p = 2.0 mbar, PRF = 100 W, O2/HMDSO = 10) sil-
icon wafer disks for ṄHMDSO = 17 sccm.

The effect of varying the RF power (PRF = 50 W, PRF = 200 W) at
constant process gas composition (ṄHMDSO = 68 sccm, O2/HMDSO =
10) on the topography of the deposited material is presented in Figure
5.35. At low RF power (50 W), the surface roughness (RRMS = 0.24
nm) is similar to the one of the disk which was treated at PRF = 100 W
(RRMS = 0.21 nm). The deposition is island-like, indicating the dom-
inant effect of heterogeneous reactions. By changing the RF power to
200 W, a dense layer of nanoparticles deposited on the substrate surface
is detected (RRMS = 1.60 nm). Again, this is due to the high specific
energy coupled into the discharge. The size distribution of the nanoparti-
cles is monodisperse and the diameter is in the same order of magnitude
as already observed for the treatment at the HMDSO flow rate of 17 sccm
(p = 2.0 mbar, PRF = 100 W, O2/HMDSO = 10). However, the main
difference between these two samples is that the amount of nanoparti-
cles per substrate surface area is significantly higher for PRF = 200 W.
This can be explained by he relatively high amount of admixed HMDSO
(64 sccm) which leads to a higher partial pressure of the monomer in
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the plasma and thus, increases the nucleation rate for the nanoparticle
formation. The SEM micrograph in Figure 5.36 affirms the presence of
nanoparticles on the silicon wafer disk which was treated at PRF = 200
W.

Figure 5.35: Atomic force micrographs of the plasma-treated (p = 2.0
mbar, ṄHMDSO = 68 sccm, O2/HMDSO = 10) silicon wafer disks for
PRF = 50 W (RRMS = 0.24 nm) and PRF = 200 W (RRMS = 1.60 nm).

The AFM analyses of the plasma-treated silicon wafers have shown
that island-like structures with a roughness in the range of RRMS ≈ 0.2
nm are deposited on the disk surface. Furthermore, at elevated specific
energies (energy per monomer molecule) coupled into the plasma, ho-
mogeneous gas phase reactions are prevailing, driving the formation of
nanoparticles whose diameter is in the range of 20 nm. Under these
conditions, the nucleation rate and thereby, the number of nanoparti-
cles deposited per substrate surface area are affected by the absolute
HMDSO flow rate.

5.2.8 Conclusions of the particle treatment in the
PDSR

The PDSR was shown to be the appropriate reactor concept for short and
homogeneous plasma exposure of cohesive powders in order to improve
their flow behavior. The flowability of the la I and la II qualities is
increased from 1.5 to 3.3 and from 3.4 to 10.5, respectively. By elevating
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Figure 5.36: Scanning electron micrographs of the untreated and
plasma-treated (p = 2.0 mbar, ṄHMDSO = 68 sccm, O2/HMDSO =
10) silicon wafer disks for PRF = 200 W.

the HMDSO flow rate and RF power, the flow behavior is improved and
the maximum values for ffc are achieved at high RF power and HMDSO
flow rate.

It was shown that the flowability enhancement is mainly caused by the
plasma-induced deposition which reduces the VdW interaction between
the substrate particles. In contrast to the la I quality, the flowability of
the la II powder is slightly increased by the plasma treatment without
monomer. This can be explained by repulsive electrostatic forces between
the particles due to negative charging of the particulate material in the
plasma.

A slight decrease of the particle surface free energy induced by the
plasma treatment indicates a lower surface free energy of the deposited
material in comparison with the pure lactose. By varying the process pa-
rameters, the flowability is correlated with the surface free energy. This
indicates a change in Hamaker constant which significantly affects the
flowability of the plasma-treated powder. However, it was shown that
the change of the surface free energy which is assumed to be determined
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by the chemical composition of the particle surface is not the dominat-
ing factor for the enhancement of the powder flow. But the change in
surface roughness of the substrate particles by the deposited material is
supposed to be the main reason for the difference in flowability between
the untreated and plasma-treated powder.

The amount of deposited SiOx on the substrate particle (la II) surface
was determined to be in the range of 0.1 wt.-% of the lactose. By elevating
the HMDSO flow rate and RF power, the mass of deposited material is
increased.

ATR-FTIR analyses of accumulated nanostructures show the typical
features of an Ar/O2 diluted HMDSO plasma deposition. The carbon
content and the incorporation of silanol groups in the deposited mate-
rial can be reduced by increasing the RF power and O2/HMDSO ratio.
However, the characteristic features of carbon containing groups were
observed for all investigated process conditions which shows the organic
character of the deposited material.

By analyzing the surface of the plasma-treated silicon wafer by means
of AFM, the surface topography was shown to be modified in the order
of magnitude of 1 nm by the plasma-induced deposition. By applying
the standard process parameters, the deposited material seems to be
arranged island-like which is an indication for heterogeneous surface re-
actions. By contrast, the formation of single nanoparticles due to homo-
geneous gas phase reactions were observed at elevates coupled specific
energies, i.e. at low HMDSO flow rate or at high RF power.

5.3 Substrate particle kinematics in the
PDSR

To show the influence of process parameters, such as superficial gas veloc-
ity, particle mass flow rate and nozzle geometry on the particle residence
time and residence time distribution of the substrate particles in the PZ
of the PDSR, the particle velocities measured by PIV are discussed in
this section. Since the amount of particles exposed simultaneously to the
discharge might impact the plasma properties, additionally, the particle
concentration and its time fluctuations are investigated.
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5.3.1 Particle velocities

In a first step, the gas flow in the downer is characterized regarding
the tube Reynolds number (Equation 5.6) which is Ret = 59.5 for a
superficial gas velocity of vg = 10 m/s (ρn = 0.0033 kg/m3, ηn = 2.22 ·
10−5 Pa·s, dtube = 0.04 m). Thus, the gas flow is laminar (Ret < 2300)
and a parabolic flow profile can be expected.

Ret =
dtube · vg · ρn

ηn
(5.6)

Below, the effect of axial position and superficial gas velocity on the
radial particle velocity profiles are exemplarily presented. In order to
obtain more quantitative results concerning the influence of process pa-
rameters on the particle velocities, the mean and standard deviation
values will be discussed.

Velocity profiles

Figure 5.37 compares the axial (v) and radial (u) velocity profiles at
position I and II in the downer tube as a function of the x-coordinate.
The corresponding measurement was performed with the nozzle type III
at a superficial gas velocity of vg = 12.0 m/s and a particle mass flow
rate of ṁp = 15.8 kg/h. The particle velocities are homogenized along
the tube, resulting in more flattened profiles at position II. This shows
that directly below the nozzle outlet, the particles feature higher veloci-
ties in axial direction compared to vg due to particle acceleration in the
narrowest cross section of the nozzle. Along the tube, the particles are
decelerated and adapted to the gas flow. Furthermore, because of the
diffuser section of the nozzle, at position I, the particles have velocity
components directed towards the wall. At position II, this feature dis-
appears and the particles even have a slight velocity component in the
opposite direction. This indicates that the particles, accelerated towards
the reactor wall are reflected and thus, gain a radial velocity component
with the reverse sign.

By changing the superficial gas velocity from 3.6 m/s to 7.2 m/s (noz-
zle type II, ṁp = 7.5 kg/h), the axial velocity profile at position I is
shifted towards higher values (Figure 5.38) whereas the shape of the
profile remains the same by varying vg.
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Figure 5.37: Profiles of axial (v) and radial (u) velocity components at
position I and II as a function of the radial coordinate x (vg = 12.0 m/s,
ṁp = 15.8 kg/h, nozzle type III).

To obtain more quantitative information about the effect of process
conditions regarding the particle residence time and residence time distri-
bution, the mean values of the axial (vmean) and radial (umean) velocity
components and the corresponding standard deviations (vstdev, ustdev)
will be considered below.

Effect of superficial gas velocity

The mean velocity in axial direction at position I against vg (ṁp = 7.5
kg/h) is depicted in Figure 5.39. By considering nozzle type I, vmean is
increased from 4.0 m/s to 11.7 m/s by changing vg from 1.8 m/s to 7.2
m/s which shows that the particle velocities can be controlled by adjust-
ing the superficial gas velocity. Moreover, the mean particle velocities
are increased by applying nozzle types II and III. This behavior can be
explained by considering the lengths of acceleration and deceleration in
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Figure 5.38: Profiles of axial velocity component (v) for vg = 3.6 m/s
and vg = 7.2 m/s as a function of the radial coordinate x (ṁp = 7.5 kg/h,
nozzle type II, position I).

the diffuser section of the corresponding nozzle type (Figure 3.11). In the
narrowest cross section of the nozzle, the particles are accelerated prior
they get decelerated in the diffuser due to the relaxation of the gas. By
comparing the ratios of acceleration to deceleration lengths for the three
nozzle devices, the effect of acceleration is intensified by increasing the
diffuser angle. Thus, the highest particle velocity is obtained in nozzle
type III and the lowest in nozzle type I.

The same tendencies as for vmean are observed for the axial velocity
fluctuations when varying the superficial gas velocity. In Figure 5.40, it
is shown that vstdev is changed from 2.3 m/s to 5.1 m/s for the nozzle
type I by increasing vg from 1.8 m/s to 7.2 m/s. Correspondingly, vstdev
is increased up to 9.5 m/s by applying nozzle devices with larger dif-
fuser angles. For all measurements, vstdev is in the order of the half of
the corresponding vmean which points out the significance of the parti-
cle velocity fluctuations regarding the residence time distribution of the
particles in the PDSR.

The effect of varying vg on the mean radial velocity component is
depicted in Figure 5.41. By elevating vg, umean is slightly increased which
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Figure 5.39: Mean axial velocity component vmean as a function of the
superficial gas velocity (ṁp = 7.5 kg/h, position I).

is due to higher gas velocities in the diffuser of the nozzle. Moreover,
the particle velocity component towards the reactor wall is intensified
when increasing the diffuser angle of the nozzle. On the one hand, this
is caused by the enhanced acceleration to deceleration ratio, as already
discussed above, also leading to higher radial velocities. On the other
hand, because of the increased diffuser angle, the contribution to the
radial component is increased and therefore, the particle impact occurs
more obtuse angled.

Effect of particle mass flow rate

By increasing the particle mass flow rate for constant superficial gas ve-
locity (7.2 m/s), at position I, vmean is reduced (Figure 5.42). At elevated
ṁp, the amount of particles to be accelerated is increased and therefore,
the available momentum transfer per particle in the nozzle is reduced,
resulting in decreased particle acceleration. Again, for all experiments,
the axial particle velocities are increased by applying nozzles with larger
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Figure 5.40: Standard deviation of the axial velocity component vstdev

as a function of the superficial gas velocity (ṁp = 7.5 kg/h, position I).

diffuser angles.
Correspondingly, the velocity fluctuations in axial direction (vstdev)

are reduced at elevated particle mass flow rates. From Figure 5.43, it can
be seen that the smallest axial particle velocity fluctuations are obtained
for nozzle type I at the maximal particle mass flow rate.

Considering the mean radial velocity, no explicit dependence on ṁp is
observed (Figure 5.44). By contrast, again the radial component is raised
with increasing diffuser angle due to the enhanced particle deflection in
the diffuser towards the reactor wall.

Effect of shell gas flow

The nozzle type IV was applied to investigate the influence of an addi-
tional shell gas flow on the radial particle velocity component towards
the wall of the downer tube. In Figure 5.45, umean is plotted for positions
I and II as a function of the shell gas velocity vshell. The corresponding
particle mass flow rate was 15.8 kg/h and the superficial gas velocity was
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Figure 5.41: Mean radial velocity component umean as a function of the
superficial gas velocity (ṁp = 7.5 kg/h, position I).

3.6 m/s. Compared to the measurement with vshell = 0 m/s, at position
I, umean is reduced from 0.34 m/s to 0.23 m/s by applying vshell = 39.7
m/s. At position II, no effect of the shell gas flow on the radial veloc-
ity component was detected. This shows that the applicability of such
a device to reduce particle attachment to the reactor walls is limited.
Although a reduction of the radial particle velocity towards the walls
can be achieved directly below the nozzle device, further downstream,
the shell and core gas flows are mixed and no effect of the shell gas flow
can be observed anymore.

Axial velocity distribution

The results above have shown that the axial particle velocity at position
I is higher than the superficial gas velocity because of the acceleration
section in the nozzle device. Thus, the particles are decelerated down-
stream until they gain steady rate of descent. To estimate this velocity,
the gravitational force acting on the particle is equated with the drag
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Figure 5.42: Mean axial velocity component vmean as a function of the
particle mass flow rate (vg = 7.2 m/s, position I).

Figure 5.43: Standard deviation of the axial velocity component vstdev

as a function of the particle mass flow rate (vg = 7.2 m/s, position I).

force. Since the particle solid density (ρp = 2500 kg/m3) is much greater
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Figure 5.44: Mean radial velocity component umean as a function of the
particle mass flow rate (vg = 7.2 m/s, position I).

Figure 5.45: Mean radial velocity component umean as a function of the
shell gas velocity (vg = 3.6 m/s, ṁp = 15.8 kg/h, nozzle type IV).

than the gas density (ρn = 0.0033 kg/m3 at 2 mbar), the buoyant force
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can be neglected. To determine the drag force, first the flow regime has
to be identified. Assuming a relative particle velocity of vp = 10 m/s,
a particle Reynolds number (Equation 2.29) of Rep = 0.057 is obtained
(dp = 38.5 µm, ρn = 0.0033 kg/m3, ηn = 2.22 · 10−5 Pa·s). Thus, the
flow pattern is laminar (Rep < 1) and the drag force is determined by
Stokes’ law (Equation 2.32) and the steady state particle velocity vstst
can be calculated by Equation 5.7 [111]. Taking into account Cunning-
ham correction factors of CCu = 3.43 (vg = 3.6 m/s, vg = 7.2 m/s) and
CCu = 3.03 (vg = 12.0 m/s), the first term is calculated to be 0.31 m/s
and 0.27 m/s, respectively.

vstst =
d2
p · ρp · g · CCu

18ηn
+ vg (5.7)

In Figure 5.46, the mean axial particle velocities at position I and
II are compared for different superficial gas velocities. As already men-
tioned above, the particles are decelerated between the two positions in
the downer tube. In addition, by comparing vmean at position II with
vstst, it is seen that the particles do not reach steady state velocity at
position II and will be further decelerated below this point. Considering
all measurements, the largest velocity gradients between position I and
II were observed for nozzle types II and III because of the high initial
particle velocity in comparison to the gas velocity. In contrast, the ve-
locity gradient for nozzle type I is smaller and the final particle velocity
is closer to vstst at position II.

5.3.2 Particle volume concentrations

To investigate the time evolution of the particle volume concentration
ϕp, first the proportionality factor C of Equation 3.10 has to be deter-
mined. For this, the mean particle concentration ϕp,mean according to
Equation 3.10 is calculated for all experiments and is plotted against the
corresponding mean gray scale values (Figure 5.47). By applying a linear
regression, the slope is determined to be C = 0.00119.

For the investigation of the particle concentrations, ϕp,mean is directly
calculated with Equation 3.10 by applying vmean, measured by PIV. On
the other hand, the single image particle concentration ϕp which is used
to determine ϕp,stdev, is calculated by Equation 3.9.
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Figure 5.46: Mean axial velocity component vmean as a function of
the axial position for different superficial gas velocities (vg = 3.6 m/s:
ṁp = 7.5 kg/h, vg = 7.2 m/s: ṁp = 15.8 kg/h, vg = 12.0 m/s: ṁp = 15.8
kg/h).

Effect of superficial gas velocity

In Figure 5.48, the mean particle concentration at position I (ṁp = 7.5
kg/h) is presented as a function of vg. By changing vg from 1.8 m/s
to 7.2 m/s, ϕp,mean is reduced from 0.0167 vol.-% to 0.0057 vol.-% for
the nozzle type I. Since ṁp is constant, this is established by a higher
particle load of the gas flow at lower gas velocities. The same effect can
be observed by varying the diffuser angle (nozzle type II and III) which
leads to lower concentrations at higher gas velocities.

The corresponding concentration fluctuations (ϕp,stdev) are depicted
in Figure 5.49. By increasing vg, the standard deviation of the particle
concentration is reduced and referring to the corresponding mean particle
concentrations, ϕp,stdev is in the range of 100 %.
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Figure 5.47: Determination of the correlation between the mean particle

concentration ϕp,mean and the mean gray scale value
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Figure 5.48: Mean particle volume concentration ϕp,mean as a function
of the superficial gas velocity (ṁp = 7.5 kg/h, position I).
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Figure 5.49: Standard deviation of the mean particle volume concentra-
tion ϕp,stdev as a function of the superficial gas velocity (ṁp = 7.5 kg/h,
position I).

Effect of particle mass flow rate

By increasing the particle mass flow rate at constant superficial gas ve-
locity (7.2 m/s), more particles per time are fed to the gas flow and thus,
ϕp,mean is increased (Figure 5.50). The maximum concentration (up to
0.0175 vol.-%) is obtained for the nozzle type I which is attributed to
the low particle velocity observed in this device.

Correspondingly, also ϕp,stdev is increased with the particle mass flow
rate (Figure 5.51). For the nozzle types I and II, the standard deviations
behave similarly by changing ṁp and the application of nozzle type III
shows smaller fluctuations in ϕp,stdev.

Axial particle concentration distribution

As presented above, the particles are decelerated in the downer tube
between position I and II. Thus, the mean particle volume concentrations
are larger at position II in comparison with position I (Figure 5.52). At
both positions, the highest particle concentrations are found for nozzle
type I and the concentration gradients between the two positions are
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Figure 5.50: Mean particle volume concentration ϕp,mean as a function
of the particle mass flow rate (vg = 7.2 m/s, position I).

Figure 5.51: Standard deviation of the mean particle volume concentra-
tion ϕp,stdev as a function of the particle mass flow rate (vg = 7.2 m/s,
position I).
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comparable for all conditions. Since the particles do not reach steady
state velocity at position II, ϕp,mean is expected to be further increased
downstream below position II.

Figure 5.52: Mean particle volume concentration ϕp,mean as a function
of the axial position for different superficial gas velocities (vg = 3.6 m/s:
ṁp = 7.5 kg/h, vg = 7.2 m/s: ṁp = 15.8 kg/h, vg = 12.0 m/s: ṁp = 15.8
kg/h).

Time evolution of particle concentration fluctuations

It was shown that the particle volume concentrations exhibit relatively
high standard deviations in comparison to the mean concentration of
the whole experiment. These fluctuations are caused by inhomogeneous
feeding of the particles to the downer tube. Although the volumetric
screw feeder allows a controlled conveyance from the storage container
to the tube, the detachment of the powder from the screws above the
nozzle device is unsteady.

As an example, in Figure 5.53, the particle concentration ϕp of one
experiment is plotted over time. Each of the data points represents the
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particle concentration of one image acquired by PIV. The concentration
is fluctuating irregularly and no periodic pattern can be detected.

Figure 5.53: Time evolution of the particle volume concentration ϕp

(vg = 7.2 m/s, ṁp = 15.8 kg/h, nozzle type II, position I).

To investigate if the time fluctuations feature a periodicity which is
correlated to the rotational speed of the screws and therefore, to the
particle mass flow rate, ϕp is represented in the frequency domain by a
discrete Fourier transform of the data. The corresponding calculations
were carried out with a fast Fourier transform algorithm (Matlab, The
MathWorks, USA).

In the upper part of Figure 5.54, the power spectrum of the particle
concentration in the frequency domain for ṁp = 7.5 kg/h is depicted.
In this case, no specific frequency is dominating which is exemplary for
particle mass flow rates below 7.5 kg/h. By increasing ṁp (15.8 kg/h,
21.5 kg/h), characteristic frequencies can be observed in the power spec-
trum. For ṁp = 15.8 kg/h which corresponds to a screw feeder rotational
speed of 250 rpm, dominating frequencies at around 0.83 Hz and 1.66 Hz
can be detected. Since the PIV images were acquired at a sampling rate
of 4 Hz, only frequencies in the range up to the corresponding Nyquist
limit can be represented in the power spectrum. The Nyquist frequency
is given by the half of the sampling rate which is 2 Hz in the present
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investigations. Increasing further on the rotational speed of the screws
to 300 rpm (ṁp = 21.5 kg/h), the dominating frequencies are shifted
towards higher values at around 1.13 Hz and 1.75 Hz.

Figure 5.54: Power spectra of the particle concentration in the frequency
domain for different particle mass flow rates (vg = 7.2 m/s, nozzle type
II, position I).

5.3.3 Conclusions of the PIV experiments

The PIV measurements allowed to investigate the particle velocities and
concentrations in the downer tube of the PDSR.

The results have shown that the axial velocities of the glass beads are
in the range between 5.3 m/s and 25.0 m/s, depending on the superficial
gas velocity, the particle mass flow rate, the nozzle geometry and the po-
sition of the measurement section. Taking into account the plasma zone
length of 0.5 m, the particle residence time in this area is estimated to be
in the interval of 0.02 s and 0.1 s. Since the mean axial particle velocities
show fluctuations in the range of 50 %, also the mean particle residence
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time features fluctuations in the order of 50 %. The particle velocities
are increased by reducing the particle mass flow rate and by increasing
the gas velocity. Furthermore, the axial particle velocity component is
affected by the nozzle geometry. Due to acceleration in the narrowest
cross section of the nozzle device, at position I, the particles gain veloci-
ties which are higher than the one of the gas. Downstream, the particles
are decelerated but still have larger velocities in comparison with vg at
position II.

The standard deviation of the axial particle velocity component
(vstdev) can be reduced by increasing the particle mass flow rate and
decreasing the superficial gas velocity. Furthermore, vstdev is decreased
by applying nozzle devices with smaller diffuser angles (nozzle type I).
However, to show the influence of the process parameters on the resi-
dence time fluctuations, vstdev has to be set in relation to vmean. Thus,
the normalized axial velocity fluctuations as a function of vg and ṁp are
depicted in Figures 5.55 and 5.56. It is shown that the normalized stan-
dard deviation and thus, the residence time fluctuations can be decreased
at elevated gas velocities. By contrast, no tendencies in vstdev/vmean are
observed by changing the particle mass flow rate or the nozzle type.

It was shown that the radial particle velocity component at position I
can be reduced by decreasing the superficial gas velocity. Furthermore,
the application of a nozzle type with a small diffuser angle leads to a
reduction of umean. At position II, the radial velocities were found to be
negligible for all experiments. The investigations with the nozzle type
IV revealed that the radial velocity component towards the reactor wall
can be slightly reduced at position I but no effect is observed at position
II.

The particle velocity fluctuations are mainly determined by the in-
homogeneous particle feeding, and thus, by the time evolution of the
particle concentration in the downer tube of the PDSR. The mean par-
ticle volume concentration was presented to be smaller than 0.02 vol.-%
and can be controlled by changing the superficial gas velocity and the
particle mass flow rate. It is supposed that the fluctuations of particle
concentration over time affect the stability of the plasma properties. In
this regard, it was found that the absolute standard deviation of the
particle concentration over time is reduced at low gas velocities and at
elevated particle mass flow rates. In the frequency domain of the parti-
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Figure 5.55: Normalized standard deviation of the axial velocity compo-
nent vstdev/vmean as a function of the superficial gas velocity (ṁp = 7.5
kg/h, position I).

cle concentration time evolution, characteristic frequency peaks can be
found for particle mass flow rates above 7.5 kg/h.

The motivation for the PIV measurements was to identify the crit-
ical process parameters regarding a homogeneous plasma treatment of
the particles and to reduce particle attachment to the reactor walls. For
that purpose, the process parameter requirements in order to reduce
the residence time and particle concentration fluctuations and the radial
particle velocity component are summarized in Table 5.1. Since the ra-
dial particle velocity component can only be controlled directly below
the nozzle device (position I), optimal conditions can be found at low
particle mass flow rate and high superficial gas velocity. Furthermore,
the nozzle device should feature a large diffuser angle to minimize the
particle concentration fluctuations.

Although the considerations above have been made for glass beads,
the results should be qualitatively transferable to fine powders treated
in the PDSR. However, according to Equations 5.3 and 5.4, it can be
assumed that smaller particles follow the gas flow more closely, leading
to narrower residence time distributions. On the other hand, the par-
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Figure 5.56: Normalized standard deviation of the axial velocity com-
ponent vstdev/vmean as a function of the particle mass flow rate (vg = 7.2
m/s, position I).

Table 5.1: Required change in process parameters (↑: increase, ↓: de-
crease) to reduce the particle residence time fluctuations ∆τrt, the parti-
cle volume concentration fluctuations ∆ϕp and the radial particle velocity
component u.

∆τrt ∆ϕp u

vg ↑ ↑ ↓
ṁp - ↓ -

diffuser angle - ↑ ↓

ticle concentration fluctuations might be more pronounced for cohesive
powders because of inhomogeneous detachment of the particles from the
feeder screws. Therefore, the particle feeding unit is the most critical
device in terms of a homogeneous plasma treatment of cohesive powders
in the PDSR.
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Chapter 6

Modeling of VdW
interaction between
rough particles

As already mentioned, the VdW interaction between particles plays a
major role regarding the flow properties of fine powders. To understand
how these interactions are affected by the nanoscale surface roughness,
appropriate theoretical models to calculate the VdW forces between the
particles have to be applied and the surface topography of the particles
has to be characterized by suitable parameters. By varying these model
parameters, optimal surface topographies, regarding the reduction of the
VdW forces, can be identified and corresponding conclusions in order to
optimize the plasma process can be formulated.

In this chapter, a numerical model to estimate the VdW interaction
between rough particles is derived. The model is then compared with
calculations based on Hamaker’s approach and the effect of model pa-
rameters on the VdW interaction is studied.
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6.1 Calculations based on Hamaker’s ap-
proach

The JKR and DMT theories presented in Chapter 2 only account for
adhesion forces between particles in contact without providing any in-
formation on the interaction by separating the particles. Thus, to study
the effect of particle surface roughness, these models are inappropriate.

By contrast, the approach presented by Hamaker [17] allows to con-
sider the separation distance between the particles which is a requirement
to investigate the effect of surface roughness on the VdW interaction
between rough particles. In Chapter 2, it was shown how the surface
roughness of the substrate particles can be represented by the attach-
ment of hemispherical or full nanoparticles. By summing up the VdW
interactions between all participating particles, the potential to reduce
the particle adhesion by nanoparticle attachment can be shown (Figure
2.8).

Although the Hamaker equation provides a simple analytical solution
for the determination of the VdW interaction, this model is restricted to
spherical geometries and due to analytical simplifications in the deriva-
tion, Equation 2.5 is only applicable in the case where R � H. Thus,
considering the ratio R/H, e.g. for the interaction between the substrate
particles and nanoparticles (Figure 2.7), this requirement might not be
fulfilled and therefore, faulty results are obtained.

The considerations made by Rumpf [35] include the description of
the particle surface topography by hemispherical nanoparticles, centered
at the substrate particle surface (Figure 2.5). This model is expanded
here by assuming a variable position of the nanoparticle center below
the substrate particle surface (Figure 6.1). For this, beside the asperity
radius r, the parameter a is introduced which specifies the height of the
asperity with respect to the substrate particle surface.

Based on Hamaker’s approach (Equation 2.5), the total VdW inter-
action is given by the sum of the interactions between the substrate
particles and the adsorbed nanoparticles (Equation 6.1). It has to be
noted that only entire spheres can be considered and thus, the inter-
section volume of the substrate particle and the nanoparticle is taken
into account twice for the calculations which is assumed to lead to an
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Figure 6.1: Asperity with the height a on the substrate particle surface,
represented by a nanoparticle with the radius r. The grey area indicates
the intersection volume of the substrate particle and the nanoparticle.

overestimation of the total VdW force.

Fvdw,tot =
A

6

 R

2 (H + 2a)2︸ ︷︷ ︸
substrate particle - substrate particle

+

2 · r ·R
(H + a)2 (r +R)︸ ︷︷ ︸

substrate particle - nanoparticle

+
r

2H2︸ ︷︷ ︸
nanoparticle - nanoparticle


(6.1)

To overcome the disadvantages of the Hamaker approach, a new model
to estimate the VdW interaction between rough particles is presented in
the section below.
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6.2 Sphere segment model (SSM)

6.2.1 Calculation of the VdW force

The sphere segment model (SSM) is based on the assumption that the
surface topography of the substrate particle is represented by the ar-
rangement of single sphere segments (Figure 6.2).

Figure 6.2: Arrangement of sphere segments on the substrate particle
surface to describe the surface topography in the SSM.

Like in Figure 6.1, the parameters to describe the dimensions of the
sphere segments are the radius r and the height a. Furthermore, the
coordinate system (x,z), as depicted on the left side in Figure 6.3, is
introduced. On the right hand side, two sphere segments with different
r/a ratios are presented exemplarily.

The basic idea of the SSM is to integrate the intermolecular VdW pair
potential w (Equation 2.1) over the volumes of two interacting sphere
segments with the separation distance H in between (Figure 6.4). Since
the model can also be applied for entire spheres, the radii of the segments
are indicated by the capitals R1 and R2. For the integration, the sphere
segments are divided into infinite thin disks.
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Figure 6.3: Coordinates (x,z) and parameters r and a for the character-
ization of the sphere segments. On the right, two sphere segments with
different r/a ratios are illustrated.

Figure 6.4: Integration of the intermolecular VdW pair potential over
two sphere segment volumes with the radii R1 and R2 and the heights a1

and a2.

Dube and Dasgupta [137] derived an analytical solution (Equation 6.2)
for the calculation of w between two parallel arranged disks as a function
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of the distance l, the disk radii x1 and x2, the disk thicknesses dz1 and
dz2 and the Hamaker constant A.

w = − A

4l2

x2
1 + x2

2 −
(
x2

2 − x2
1

)2 + l2
(
x2

1 + x2
2

)√(
(x1 + x2)2 + l2

)(
(x2 − x1)2 + l2

)
 dz1 · dz2

(6.2)
The distance l can be expressed as a function of the coordinates z1

and z2 (Equation 6.3) and the disk radius x1 is given by Equation 6.4.

l = z2 − z1 (6.3)

x1 =
√
−z2

1 − 2z1 (R1 − a1) + 2R1 · a1 − a2
1 (6.4)

To obtain the corresponding x2, z1, R1 and a1 in Equation 6.4 are
replaced by −z2 + a1 + a2 +H, R2 and a2, respectively. The total VdW
interaction is then given by the integration of the derivative of w with
respect to l over the total sphere segment volumes (Equation 6.5). The
calculations were carried out by a numerical evaluation of the double
integral (Matlab, The MathWorks, USA).

Fvdw =
∫ ∫

dw

dl
· dz1 · dz2 (6.5)

6.2.2 Determination of the model parameters

To compare the calculated VdW force with experimental data, the cor-
responding model parameters r and a have to be known. Thus, these
parameters have to be extracted from the measurable three-dimensional
(3D) surface topography of the particles.

Although there are several techniques to collect 3D data from
engineering surfaces, the number of methods to acquire 3D data from the
surface of microscopic particles is limited due to their small dimensions.
In general, there are four techniques which are said to be applicable to
particles [138]: atomic force microscopy (AFM) [139], scanning electron
microscopy (SEM) [140], laser scanning confocal microscopy (LSCM)
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[141]) and interferometric microscopy (IM) [142]. Due to low lateral res-
olution of about 0.4 µm and 0.2 µm for LSCM and IM, respectively,
these two techniques are improper for the characterization of nanostruc-
tures. Thus, AFM is the most appropriate method to acquire 3D data
from surfaces in the nanoscale range.

Root-mean-square roughness

In this section, two methods to acquire the parameters r and a shall be
presented. The first one concerns the approach derived by Rabinovich et
al. [143] who described the topography of a rough surface as nanospheres,
incorporated into the surface (Figure 6.5). The nanoscale structure is
characterized by the radius r and the peak-to-peak distance λptp and
the center of the asperity is located below the average surface plane. The
maximum height of the asperity, related to the average surface plane, is
denoted with a.

Figure 6.5: Topography of a rough surface, characterized by the asperity
radius r, the asperity height a and the peak-to-peak distance λptp.

Rabinovich et al. used the correlations in Equations 6.6 and 6.7 to
describe the parameters r and a as a function of the root-mean-square
roughness Rrms (Equation 4.15) and the peak-to-peak distance λptp.

r =
0.0172λ2

ptp

Rrms
(6.6)

a = 1.817Rrms (6.7)
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However, Equations 6.6 and 6.7 are only valid on condition that λptp is
in the range given by Equation 6.8, where R is the radius of the substrate
particle. Thus, this method is only valid for relatively smooth surfaces.

14.5Rrms � λptp �
√

58R ·Rrms (6.8)

The calculation of the VdW interaction by the SSM only accounts for
the upper part of the asperity above the average surface plane. Thus,
the surface of the substrate particle corresponds to the average surface
plane, as depicted in Figure 6.5.

Frequency distribution of the z-coordinate

The second method to determine r and a is based on the evaluation
of the frequency distribution f (z) of the surface z-coordinate, given by
Equation 6.9. The parameter N is the number of data points at height
z and Ntot is the total number of acquired data points.

f (z) =
dN(z)
dz

Ntot
(6.9)

Considering the surface of the sphere segment without the substrate
particle surface, the derivative of N with respect to z can be written
according to Equation 6.10, where the numerator corresponds to the
area of the ring on the sphere segment at height z (Figure 6.6) and ρdp
is the number of acquired data points per area.

dN (z)
dz

=
|dx (z) | · 2π · x (z)

dz
· ρdp (6.10)

By putting x (Equation 6.11) and its derivative with respect to z in
Equation 6.10, dN (z) /dz can be written according to Equation 6.12.

x =
√
−z2 − 2z (r − a) + 2r · a− a2 (6.11)

dN (z)
dz

= 2π · ρdp (z + r − a) (6.12)

The total number of data points per sphere segment Ntot, including
the surface plane of the substrate particle between the sphere segments,
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Figure 6.6: Derivation of the z-coordinate frequency distribution on the
sphere segment surface.

depends on the sphere segment arrangement on the substrate particle
surface. The circles of intersection of the substrate particle surface and
the sphere segments are assumed to be arranged close-packed as shown
in Figure 6.7.

Figure 6.7: Close-packed arrangement of the sphere segments on the
substrate particle surface.
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Taking into account the intersection circle radius b (Equation 6.13),
the total number of data points per sphere segment is given by Equation
6.14.

b =
√
a (2r − a) (6.13)

Ntot = 2
√

3 (a (2r − a)) ρdp (6.14)

By combining Equations 6.9, 6.12 and 6.14, the frequency distribution
f (z) can be expressed as a function of r and a (Equation 6.15). Finally,
by plotting the acquired z data in a (z,f (z))-diagram and applying a
linear regression, the parameters r and a can be calculated from the
slope and the axis intercept.

f (z) =
π√

3a (2r − a)︸ ︷︷ ︸
slope

·z +
π (r − a)√
3a (2r − a)︸ ︷︷ ︸

axis intercept

(6.15)

6.3 Results

6.3.1 Interactions between smooth spheres

First, the sphere segment model is evaluated by means of the sphere -
sphere VdW interaction. For this, the integration of Equation 6.5 was
carried out over the whole sphere volumes.

In Figure 6.8, the VdW forces between two identical spheres (R = 10
µm, A = 3 ·10−20 J) are plotted over R/H, where R is the sphere radius
and H is the separation distance between the surfaces. By reducing H,
the VdW force is increased. At high R/H ratios, there is a good agree-
ment between the values calculated by Hamaker’s approach and the ones
determined by the SSM. In contrast, by reducing the R/H ratio down
to 1, the Hamaker solution shows an overestimation of more than 400
% in comparison with the numerical model. This verifies the presump-
tion that significant errors have to be expected by applying the Hamaker
approach for conditions where R� H is not fulfilled.

Moreover, the SSM provides additional information concerning the
spatial distribution of the VdW force within the volumes of two inter-



6.3 Results 163

Figure 6.8: Calculated VdW forces between two spheres and the corre-
sponding error of the Hamaker solution as a function of the R/H ratio
(R = 10 µm, A = 3 · 10−20 J [24]).

acting spheres. For this, on the left in Figure 6.9, the cumulative distri-
bution function of the VdW force against the coordinate x for different
R/H ratios is presented. At high R/H ratios, the main part of the inter-
action is locally constricted to the top layer of the spheres. On the other
hand, by decreasing the R/H ratio, the origin of VdW force contribu-
tion is extended over the whole sphere volumes. On the right hand side
of Figure 6.9, the corresponding spatial distribution of the VdW force
intensity is depicted.

6.3.2 Interactions between rough spheres

Effect of nanoparticle attachment

In Chapter 2 (Figure 2.8), the influence of nanoparticles on the VdW
force was calculated by means of Hamaker’s approach. The same consid-
erations can be carried out with the SSM, by summing up all interactions
between the spheres depicted in Figure 2.7.

In Figure 6.10, the VdW interactions between two identical spherical
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Figure 6.9: Spatial distribution of the VdW interaction over the sphere
diameter for different R/H ratios.

particles (R = 500 nm) are plotted against the radius r of the attached
nanoparticles. The minimum of the total VdW force at r ≈ 2 nm is due
to the competing behavior of substrate particle - substrate particle and
nanoparticle - nanoparticle interactions which was already discussed in
Chapter 2. By comparing the total VdW force, calculated by the SSM
(Fvdw,SSM,tot) and the Hamaker approach (Fvdw,H,tot), a maximal over-
estimation of 31 % for Fvdw,H,tot is observed at r ≈ 2 nm. Furthermore,
the substrate particle - substrate particle (Fvdw,SSM,ss, Fvdw,H,ss), the
substrate particle - nanoparticle particle (Fvdw,SSM,sn, Fvdw,H,sn) and
the nanoparticle - nanoparticle (Fvdw,SSM,nn, Fvdw,H,nn) interactions
are depicted. Generally, the Hamaker solution deviates significantly from
the SSM values for Fvdw,H,nn at small r, for Fvdw,H,ss at large r and for
Fvdw,H,sn, the values are overestimated over the whole range of r.
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Figure 6.10: Comparison of Hamaker approach and SSM for the VdW
interaction between two spherical particles (R = 500 nm) as a function of
the radius of the attached nanoparticles (H = 4 · 10−10 m, A = 3 · 10−20

J [24], ss: substrate particle - substrate particle, sn: substrate particle
- nanoparticle, nn: nanoparticle - nanoparticle, SSM: sphere segment
model, H: Hamaker).

Effect of sphere segments

In a next step, the surface topography of the particles is considered to
be represented by sphere segments (Figure 6.3). By applying Hamaker’s
approach, the VdW force can be calculated according to Equation 6.1. In
Figure 6.11, the VdW interactions are presented against a for a constant
asperity radius (r = 100 nm). For a < 1 nm, the VdW interaction pre-
dicted by the Hamaker solution for the sphere segment - sphere segment
(Fvdw,H,gg) and substrate particle - sphere segment (Fvdw,H,sg) interac-
tions is significantly larger in comparison with the values obtained from
the SSM calculations. Because only entire spheres can be applied for the
Hamaker approach, the intersection volumes of the nanoparticles and
substrate particles are considered twice for the calculations, leading to
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an overestimation of the force. By reducing a, the intersection volume is
increased and therefore, the error is heightened.

Figure 6.11: Comparison of Hamaker approach and SSM for the VdW
interaction between the substrate particles (R = 500 nm) and sphere
segments (r = 100 nm) as a function of the asperity height a (H = 4·10−10

m, A = 3 ·10−20 J [24], sg: substrate particle - sphere segment, gg: sphere
segment - sphere segment, SSM: sphere segment model, H: Hamaker).

The effect of varying the asperity radius r at constant asperity height
(a = 1 nm) on the VdW interactions calculated by the SSM is de-
picted in Figure 6.12. The total VdW force (Fvdw,SSM,tot) is reduced
by decreasing r, approaching the value of the substrate particle - sub-
strate particle interaction (Fvdw,SSM,ss). Because the distance between
the substrate particles remains constant, Fvdw,SSM,ss does not change
with r. On the other hand, the sphere segment - sphere segment inter-
action (Fvdw,SSM,gg) is increased at elevated asperity radii, which also
affects Fvdw,SSM,tot. The substrate particle - sphere segment interaction
(Fvdw,SSM,sg) is insignificant compared to Fvdw,SSM,ss and Fvdw,SSM,gg.

By changing a from 0.1 nm to 10 nm at constant asperity radius
(r = 10 nm), Fvdw,SSM,tot is reduced (Figure 6.13). For a < 1 nm, this
value is dominated by the substrate particle - substrate particle interac-
tion which is reduced by increasing a. On the other hand, Fvdw,SSM,gg
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Figure 6.12: VdW interaction between two spherical particles (R = 500
nm) as a function of the asperity radius r predicted by the SSM (a = 1 nm,
H = 4 · 10−10 m, A = 3 · 10−20 J [24], ss: substrate particle - substrate
particle, sg: substrate particle - sphere segment, gg: sphere segment -
sphere segment).

is elevated with a because the interacting sphere segment volumes are
increased. Again, the substrate particle - sphere segment interaction can
be neglected in comparison to the other forces.

6.4 Conclusions

The sphere segment model (SSM) which is based on the numerical in-
tegration of the intermolecular VdW pair potential, was derived to cal-
culate the VdW interaction between rough particles. Although conven-
tional models based on the Hamaker approach provide simple analytical
solutions to calculate the VdW force between spheres, the SSM features
certain advantages.

It was shown that the Hamaker solution significantly overestimates
the sphere - sphere interaction if the requirement R� H is not fulfilled.
Because of the numerical integration, the SSM yields accurate results
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Figure 6.13: VdW interaction between two spherical particles (R = 500
nm) as a function of the asperity height a predicted by the SSM (r = 10
nm, H = 4 ·10−10 m, A = 3 ·10−20 J [24], ss: substrate particle - substrate
particle, sg: substrate particle - sphere segment, gg: sphere segment -
sphere segment).

for all kind of R/H ratios and information concerning the spatial distri-
bution of the interaction can be gained. Furthermore, the SSM provides
the opportunity to calculate the VdW interaction between non-spherical
geometries.

The surface topography of the substrate particle is represented by the
arrangement of sphere segments. The asperity radius r and the asperity
height a were introduced which allow to vary the substrate particle sur-
face topography over a wide range. By changing the parameters r and a,
the contribution of the individual substrate particle and sphere segment
interactions to the total VdW force can be studied by the SSM.

So far, only one sphere segment per substrate particle was considered
for the calculations. However, also the interaction of adjacent sphere seg-
ments around the contact point of the substrate particles may contribute
to the total VdW force. This potential effect should be investigated in
future work. Furthermore, to evaluate the model, a method which al-
lows a direct measurement of VdW interaction between single particles
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has to be elaborated, e.g. by AFM. For this, also the surface topogra-
phy data of the particles has to be measured in order to determine the
model parameters r and a according to the procedures described in this
chapter.
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Chapter 7

Conclusions and outlook

7.1 Conclusions

A novel approach to improve the flow behavior of fine powders by means
of plasma surface modification was presented. By favoring homogeneous
gas phase reactions in a PECVD process, nanoparticles are formed and
are simultaneously attached to the substrate particle surface. The resul-
ting increase in surface roughness reduces the VdW interaction between
the particles and thereby, the flowability of the powder is enhanced.

In comparison with conventional methods to reduce the VdW inter-
actions in cohesive powders, such as the admixture of nanoscale flow
conditioners, the plasma process features some significant advantages.
Due to the combination of nanoparticle formation and attachment to
the substrate particle surface, no additional nanoparticle handling steps
are required. Furthermore, because of the extremely fast plasma treat-
ment, remarkable time and cost savings can be achieved.

Particle treatment in the PCFBR

The treatment of glass beads in the PCFBR has shown the feasibility of
the process to form nanoparticles and their simultaneous attachment to
the substrate particle surface by PECVD. At elevated process pressures,
the formation of nanoparticles is favored, but still heterogeneous film
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deposition was observed in combination with the attached nanoparticles.
By changing the process pressure and the number of circulations, the

diameter of the attached nanoparticles is varied in the range between 50
nm and 120 nm, in contrast to the monomer flow rate parameter study
where no distinct trend was observed.

Particle treatment in the PDSR

Compared to the PCFBR, the PDSR was shown to be the adequate re-
actor technology for the fast treatment of cohesive and especially fine
powders. The estimated particle residence time in the plasma is in the
range of 0.06 s which is sufficient for the particle surface modification
to improve the flow behavior of the powder. Furthermore, the PDSR
features a narrow residence time distribution and an intensified particle
dispersion in the process gas which are both requirements for a homoge-
neous treatment of the substrate particle surfaces.

The flowabilities of the treated lactose powders are increased up to
3.3 and 10.5 in comparison to 1.5 and 3.4 of the untreated samples of
the la I and la II qualities, respectively. The maximum flowability values
are achieved at high RF power and HMDSO flow rates. From the results
obtained of the particle treatment without HMDSO, it can be concluded
that the flowability enhancement is mainly caused by the plasma-induced
deposition.

Compared to the untreated lactose, the surface free energy is slightly
decreased by the plasma treatment which indicates a lower surface free
energy of the deposited material in comparison with the pure lactose.
However, it was shown that the change in surface free energy which is
assumed to be determined by the chemical composition of the particle
surface, is not the dominating parameter for the change in powder flow-
ability. But the change in surface topography is supposed to be the main
factor for the change in flowability between the untreated and plasma-
treated powder. By varying the process parameters, the flowability is
correlated with the surface free energy.

AFM analyses of the treated silicon wafer disks have shown that the
root-mean-square roughness is changed in the range of 0.2 nm and the
arrangement of the deposited material is island-like. This is the case
for all process conditions, except for high RF power to monomer ratios
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where single nanoparticles can be observed.
The mean amount of deposited SiOx was determined to be in the range

of 0.1 wt.-% of the lactose and is increased at elevated RF power and
HMDSO flow rates.

The IR spectra of the deposited material show typical features of
an O2/Ar/HMDSO plasma polymer. By increasing the RF power and
O2/HMDSO ratio, the carbon content and the incorporation of silanol
groups is reduced. However, even at O2/HMDSO ratios where usually
silica-like depositions can be expected, the characteristic bands for car-
bon containing groups are pronounced. On the one hand, this effect can
be attributed to the short particle residence time in the plasma zone of
the PDSR whereby, the beneficial effects of oxygen radical etching and
enhanced monomer fragmentation are reduced. On the other hand, the
organic character of the deposition can be referred to the low specific
energies (energy per molecule), associated to the relatively high applied
pressure. This means more energy has to be coupled in the plasma to re-
duce the carbon content by higher monomer fragmentation and etching
of organic groups.

On the basis of the results obtained within the scope of this work,
the impact of particle properties, affected by the plasma treatment, on
the flow behavior of a powder is qualitatively depicted in Figure 7.1.
According to the model calculations, the VdW interaction can be re-
duced by a factor of 100 by increasing the particle surface roughness. As
a result, a significant flow behavior improvement can be expected. On the
other hand, by increasing the surface free energy, the VdW forces are en-
hanced. However, due to the proportional correlation between adhesion
and surface free energy, the flowability is less influenced in comparison
with the change in surface roughness. The charging of particles in the
plasma induces repulsive electrostatic forces which positively affects the
powder flow. It is assumed that the intensity of this effect is strongly
dependent on the particle size and on the stability of the charges on the
particle surface.

Particle kinematics in the PDSR

The PIV measurements confirmed the homogeneous particle velocity
profiles in the downer section of the PDSR. By varying the superficial
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Figure 7.1: Effect of particle parameters, affected by the plasma treat-
ment, on the flow behavior of the powder.

gas velocity, the particle mass flow rate and the geometry of the noz-
zle device, the axial and radial velocity components can be controlled.
However, the velocity standard deviations over time, induced by particle
volume concentration fluctuations, are in the range of 50 %. This ef-
fect is attributed to the inhomogeneous particle feeding from the storage
container to the downer tube. Since the particle concentration strongly
affects the particle residence time and the plasma properties, the par-
ticle feeding to the downer tube was identified to be one of the most
critical events regarding a homogeneous particle surface modification in
the PDSR.

Modeling of VdW interaction

A novel approach (SSM) to model the VdW force between rough spheri-
cal particles was derived. The calculations are based on the numerical in-
tegration of the intermolecular VdW pair potential over the 3D geometry
of the particle surface. In comparison with the Hamaker approach which
provides an analytical solution to calculate the VdW interaction between
spheres, the SSM has certain advantages like the opportunity to consider
non-spherical geometries. For specific conditions (R ∼ H, overlapping of
spherical geometries), the Hamaker approach clearly overestimates the
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VdW interaction between particles.

7.2 Outlook

In future, the existing PDSR set-up is suggested to be further adapted
and improved to provide a continuous particle treatment process. Ba-
sically, the PDSR features the requirements for continuous operation,
but the control of the reactor wall temperatures and the prevention of
substrate particle depositions on the reactor walls have to be assured.
On the other hand, the methods to characterize the properties of the
plasma-treated particles have to be elaborated in order to deepen the
understanding for the impact of the plasma treatment on the powder
flowability.

Process-related challenges

Appropriate reactor scale-up criteria, regarding higher powder through-
put and continuous treatment, have to be defined. Since for pharmaceu-
tical applications, capacities of several kilograms per hour are already
sufficient for certain drug substances, the focus should be on the long-
term operation of the PDSR.

Due to ion bombardment, the reactor walls which are in contact with
the plasma are heated up to temperatures of 100 ◦C. To prevent melting
and decomposition of substrate particles adhering to the reactor walls,
the PDSR should be equipped with a cooling system. This could be
realized by a water-cooled tube-in-tube heat exchanger where a sufficient
heat conduction through the walls of the downer tube has to be assured.

To guarantee a continuous operating mode of the PDSR, clogging oc-
currences and thus, the effect of particle adhesion to the reactor wall
have to be overcome. One approach would be to increase the gas ve-
locities in the reactor to carry away the deposited substrate particles by
enhanced impulse transmission. This can be realized either by increasing
the pump capacity or by decreasing the cross section area of the downer
tube.

The PIV experiments revealed particle concentration fluctuations in
the plasma zone of the PDSR which induce particle residence time and
plasma property fluctuations and therefore, could yield in a non-uniform
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treatment of the substrate particles. To overcome this drawback, the par-
ticle feeding unit which ensures the particle conveying from the storage
container to the dower tube has to be optimized.

Product-related challenges

The relatively high carbon content of the deposited SiOx on the substrate
particle surface might be a critical issue for applications with products
of high purity specifications. The organic character is assumed to be
determined by the low specific energies and the short residence time
of the particles in the plasma. To verify this, experiments with longer
plasma exposure times and higher energy inputs have to be conducted.
In the latter case, the installation of a reactor cooling device is essential.

So far, the critical process parameters in terms of maximal flowability
enhancement could not have been determined due to restrictions of the
experimental set-up. Thus, by adapting the reactor configuration (RF
generator, cooling device, pumping unit), these parameters should be
settable and potential limits of the process can be identified.

By investigating further model substrate particle qualities which only
differ in one property, e.g. surface roughness or surface free energy, the
capability of the process to improve the flowability regarding specific sub-
strate particle properties can be demonstrated. For this, powders should
be selected which consist of monodisperse spherical particles that are
also suitable for the applied characterization techniques (AFM, filtra-
tion method, capillary penetration method).

It was mentioned that the negative charging of the particles in the
plasma is likely to affect the flowability of the plasma-treated powder. To
investigate the effective contribution of charged particles to the powder
flow, the charges and their stability on the substrate particle surface have
to be determined quantitatively, e.g. in a particle trap or by means of a
Faraday cup electrometer.

Finally, the influence of the plasma treatment on the final product per-
formance has to be investigated, which could be the release rate of drug
substances, the mechanical stability of compacts or the optical charac-
teristics of pigments.
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A.1 Particle image velocimetry

The mean axial velocity component vmean was calculated by

vmean =
1
N

N∑
i=1

v(xi) (A.1)

and the corresponding standard deviation vstdev is given by

vstdev =

√√√√ 1
N − 1

N∑
i=1

(v(xi)− vmean)2 (A.2)

Accordingly, the mean radial velocity component umean and its stan-
dard deviation ustdev were calculated.

A.2 Measurement error estimation

A.2.1 Particle mass flow rate correlation

To calculate the errors for vp,abs

vp
and vg, the following uncertainties were

assumed:

• mass of collected particles: δm = 200 g

• treatment time: δt = 5 s

• pressure drop: δ∆p = 0.05 mbar

• process pressure: δp = 0.06 mbar

The particle mass flow rate ṁp is calculated from the mass of collected
particles m and the treatment time t:

ṁp =
m

t
(A.3)

With the law of error propagation, the error for ṁp is calculated
according to

δṁp =

√(
1
t
· δm

)2

+
(
−m
t2
· δt
)2

(A.4)
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The ratio vp,abs

vp
is given by

vp,abs
vp

=
ṁp

∆p
· 18ηn · h
d2
p ·Atube · ρp

(A.5)

Taking into account the uncertainties for ṁp and ∆p, the correspond-
ing error is

δ

(
vp,abs
vp

)
=

√(
C

∆p
· δṁp

)2

+
(
−C · ṁp

∆p2
· δ∆p

)2

(A.6)

where C is

C =
18ηn · h

d2
p ·Atube · ρp

(A.7)

The superficial gas velocity vg is calculated from the process pressure
p, the volume flow rate V̇N at standard pressure pN and the tube cross
section Atube:

vg =
pN · V̇N
p ·Atube

(A.8)

With the measurement error δp, the uncertainty δvg is calculated by

δvg =

√√√√(− pN · V̇N
p2 ·Atube

· δp

)2

(A.9)

A.2.2 Flowability

The uncertainty δffc represents the random measurement error for a
confidence level of 90 %:

δffc = tst ·
ffc,stdev√

N
(A.10)

N is the number of measurements, ffc,stdev is the standard deviation of
the measured ffc values and tst is the appropriate correction factor for the
number of measurements N and the desired confidence level (tst = 2.92
for N = 3 and a confidence level of 90 % [144]).
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A.2.3 Contact angle measurements

Liquid surface tension

The disperse (σdl ) and polar (σpl ) part of the liquid surface tension σl are
given by

σdl =
σ2
l (cos θ + 1)2

4σPTFE
(A.11)

σpl = σl − σdl (A.12)

By applying the law of error propagation, the corresponding uncer-
tainties are

δσdl =

√(
∂σdl
∂σl
· δσl

)2

+
(
∂σdl
∂θ
· δθ
)2

(A.13)

δσpl =

√(
∂σpl
∂σl
· δσl

)2

+
(
∂σpl
∂σdl

· δσdl

)2

(A.14)

with the partial derivatives

∂σdl
∂σl

=
σl (cos θ + 1)2

2σPTFE
(A.15)

∂σdl
∂θ

= −σ
2
l · sin θ (cos θ + 1)

2σPTFE
(A.16)

∂σpl
∂σl

= 1 (A.17)

∂σpl
∂σdl

= −1 (A.18)

The random measurement errors for σl and θ at a confidence level of
90 % (N = 3, tst = 2.92) are given by

δσl = tst ·
σl,stdev√

N
(A.19)
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δθ = tst ·
θstdev√
N

(A.20)

Surface free energy

For the determination of the particle surface free energy according to
Figure 4.8, the X and Y values for the test liquids are calculated by

X =

√
σpl
σdl

(A.21)

Y =
σl (cos θ + 1)

2
√
σdl

(A.22)

The errors δX and δY after the law of error propagation and the
corresponding partial derivatives are given by

δX =

√(
∂X

∂σpl
· δσpl

)2

+
(
∂X

∂σdl
· δσdl

)2

(A.23)

δY =

√(
∂Y

∂θ
· δθ
)2

+
(
∂Y

∂σl
· δσl

)2

+
(
∂Y

∂σdl
· δσdl

)2

(A.24)

∂X

∂σpl
=

1

2
√
σdl · σ

p
l

(A.25)

∂X

∂σdl
= −

√
σpl

2 3

√
σdl

(A.26)

∂Y

∂θ
= −σl · sin θ

2
√
σdl

(A.27)

∂Y

∂σl
=

cos θ + 1

2
√
σdl

(A.28)
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∂Y

∂σdl
= −σl (cos θ + 1)

4 3

√
σdl

(A.29)

The random measurement error for θ at a confidence level of 90 %
(N = 5, tst = 2.13) is given according to Equation A.20.

Subsequently, the slope a1 (
√
σps ) and the axis intercept a0 (

√
σds ) are

obtained from XI , XII , YI and YII of the two test liquids I and II:

a1 =
YI − YII
XI −XII

(A.30)

a0 =
XI · YII −XII · YI

XI −XII
(A.31)

Hence, the corresponding errors for a1 and a0 are

δa1 =

((
∂a1

∂XI
· δXI

)2

+
(
∂a1

∂XII
· δXII

)2

+

(
∂a1

∂YI
· δYI

)2

+
(
∂a1

∂YII
· δYII

)2
)1/2 (A.32)

δa0 =

((
∂a0

∂XI
· δXI

)2

+
(
∂a0

∂XII
· δXII

)2

+

(
∂a0

∂YI
· δYI

)2

+
(
∂a0

∂YII
· δYII

)2
)1/2 (A.33)

and the partial derivatives are given by

∂a1

∂XI
=

YII − YI
(XI −XII)

2 (A.34)

∂a1

∂XII
=

YI − YII
(XI −XII)

2 (A.35)
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∂a1

∂YI
=

1
XI −XII

(A.36)

∂a1

∂YII
=

1
XII −XI

(A.37)

∂a0

∂XI
=
XII (YI − YII)
(XI −XII)

2 (A.38)

∂a0

∂XII
=
XI (YII − YI)
(XI −XII)

2 (A.39)

∂a0

∂YI
=

XII

XII −XI
(A.40)

∂a0

∂YII
=

XI

XI −XII
(A.41)

The error of the polar and disperse part of the surface free energy can
be determined by

δσps =

√(
∂σps
∂a1
· δa1

)2

(A.42)

δσds =

√(
∂σds
∂a0
· δa0

)2

(A.43)

with

∂σps
∂a1

= 2a1 (A.44)

∂σds
∂a0

= 2a0 (A.45)

Finally, the error of the total surface free energy is given by

δσs =
√

(δσps )2 + (δσds )2 (A.46)
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A.2.4 Gravimetric analysis

According to the calculations for the flowability (Equation A.10), the
random measurement error for the mass of deposited SiOx was calculated
for a confidence level of 90 % (N = 3, tst = 2.92).

A.3 Experimental data

Table A.2: Process parameters and nanoparticle diameters obtained
from the process pressure parameter study in the PCFBR.

Experiment 1 2 3 4

ṄAr [sccm] 3000 4500 6500 7000

ṄO2 [sccm] 200 200 200 200

ṄHMDSO [sccm] 34 34 34 34

PMW [W] 1000 1000 1000 1000

Pref [W] 68 57 76 149

p [mbar] 6.0 8.7 14.6 21.4

∆p [mbar] 0.71 0.61 0.60 0.53

ncirc [-] 7.2 6.7 7.8 8.2

T [◦C] 123.6 119.9 126.5 123.6

dp,lm [nm] 122.6 116.9 71.3 51.4

dp,lstdev [nm] 46.7 58.8 35.0 16.5
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Table A.3: Process parameters and nanoparticle diameters obtained
from the number of circulations parameter study in the PCFBR.

Experiment 1 2 3

ṄAr [sccm] 2000 2000 2000

ṄO2 [sccm] 200 200 200

ṄHMDSO [sccm] 34 34 34

PMW [W] 1000 1000 1000

Pref [W] 40 39 40

p [mbar] 16.6 15.8 16.0

∆p [mbar] 0.18 0.16 0.17

ncirc [-] 1.1 2.3 3.2

T [◦C] 130.3 131.2 127.7

dp,lm [nm] 57.8 61.4 76.1

dp,lstdev [nm] 20.0 27.4 29.5

Table A.4: Process parameters and nanoparticle diameters obtained
from the monomer flow rate parameter study in the PCFBR.

Experiment 1 2 3

ṄAr [sccm] 2150 2100 2000

ṄO2 [sccm] 50 100 200

ṄHMDSO [sccm] 8 16 34

PMW [W] 1000 1000 1000

Pref [W] 173 60 338

p [mbar] 16.4 16.8 17.7

∆p [mbar] 0.16 0.17 0.14

ncirc [-] 3.1 3.5 3.7

T [◦C] 133.1 143.6 147.1

dp,lm [nm] 61.5 68.6 53.3

dp,lstdev [nm] 23.2 30.1 17.5
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Table A.5: Process parameters, flowability, contact angles, surface free
energy, amount and chemical composition of the deposition obtained from
the monomer flow rate parameter study in the PDSR.

Experiment 1 2 3

ṄAr [sccm] 995 805 430

ṄO2 [sccm] 170 345 685

ṄHMDSO [sccm] 17 34 68

PRF [W] 100 100 100

p [mbar] 2.0 2.0 2.0

la I

ffc [-] 1.9± 0.03 2.6± 0.1 3.0± 0.1

la II

ffc [-] 8.4± 0.2 9.2± 0.6 9.4± 0.3

θpropanol [◦] 29.6± 6.5 41.2± 0.8 42.9± 1.1

θH2O [◦] 79.6± 0.5 83.8± 0.2 84.8± 0.6

σp
s [mN/m] 7.1± 2.7 6.4± 2.2 6.0± 2.1

σd
s [mN/m] 17.2± 1.6 15.1± 0.7 14.8± 0.7

σs [mN/m] 24.3± 3.1 21.5± 2.2 20.8± 2.2
SiOx

lactose
[wt.-%] 0.06 0.09±0.01 0.14

SiOx
HMDSO

[wt.-%] 17.9 14.3± 1.9 11.2
cSi−O

cSi−C
[-] 1 0.84 0.81

cSi−O

cC−H
[-] 1 0.87 0.85

cSi−O

cSi−OH
[-] 0.95 0.92 1
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Table A.6: Process parameters, flowability, contact angles, surface free
energy, amount and chemical composition of the deposition obtained from
the RF power parameter study in the PDSR.

Experiment 1 2 3

ṄAr [sccm] 430 430 430

ṄO2 [sccm] 685 685 685

ṄHMDSO [sccm] 68 68 68

PRF [W] 50 100 200

p [mbar] 2.0 2.0 2.0

la I

ffc [-] 2.4± 0.1 3.0± 0.1 3.3± 0.1

la II

ffc [-] 9.0± 0.1 9.4± 0.3 10.5± 0.4

θpropanol [◦] 40.9± 3.4 42.9± 1.1 50.1± 1.4

θH2O [◦] 79.7± 0.4 84.8± 0.6 89.0± 0.1

σp
s [mN/m] 9.4± 3.0 6.0± 2.1 4.9± 1.7

σd
s [mN/m] 14.4± 1.1 14.8± 0.7 13.4± 0.7

σs [mN/m] 23.8± 3.2 20.8± 2.2 18.3± 1.9
SiOx

lactose
[wt.-%] 0.08 0.14 0.19

SiOx
HMDSO

[wt.-%] 6.1 11.2 15.3
cSi−O

cSi−C
[-] 0.46 0.61 1

cSi−O

cC−H
[-] 0.36 0.60 1

cSi−O

cSi−OH
[-] 0.58 0.86 1
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Table A.7: Process parameters, flowability, contact angles, surface free
energy, amount and chemical composition of the deposition obtained from
the O2/HMDSO ratio parameter study in the PDSR.

Experiment 1 2 3 4

ṄAr [sccm] 995 805 430 50

ṄO2 [sccm] 170 345 685 1030

ṄHMDSO [sccm] 34 34 34 34

PRF [W] 100 100 100 100

p [mbar] 2.0 2.0 2.0 2.0

la I

ffc [-] 2.3± 0.1 2.6± 0.1 2.3± 0.2 2.4± 0.1

la II

ffc [-] 9.2± 0.1 9.2± 0.6 9.7± 0.1

θpropanol [◦] 40.0± 2.3 41.2± 0.8 46.9± 3.2

θH2O [◦] 82.4± 0.7 83.8± 0.2 84.6± 0.9

σp
s [mN/m] 7.0± 2.4 6.4± 2.2 7.0± 2.5

σd
s [mN/m] 15.2± 0.9 15.1± 0.7 13.6± 1.1

σs [mN/m] 22.2± 2.6 21.5± 2.3 20.6± 2.7
SiOx

lactose
[wt.-%] 0.07 0.09±0.01 0.11

SiOx
HMDSO

[wt.-%] 12.0 14.3± 1.9 17.7
cSi−O

cSi−C
[-] 0.76 0.84 1

cSi−O

cC−H
[-] 0.63 0.76 1

cSi−O

cSi−OH
[-] 0.95 0.89 1



A.3 Experimental data 191

Table A.8: Process parameters and flowability obtained from the process
pressure parameter study in the PDSR.

Experiment 1 2 3 4

ṄAr [sccm] 510 805 1100 1400

ṄO2 [sccm] 345 345 345 345

ṄHMDSO [sccm] 34 34 34 34

PRF [W] 100 100 100 100

p [mbar] 1.5 2.0 2.5 3.0

la I

ffc [-] 2.0± 0.03 2.6± 0.1 2.1± 0.04 1.9± 0.2
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Table A.9: Process parameters, flowability, contact angles and surface
free energy of the untreated and plasma-treated lactose without HMDSO
in the PDSR.

Experiment untreated plasma-treated
without HMDSO

ṄAr [sccm] 430

ṄO2 [sccm] 685

ṄHMDSO [sccm] -

PRF [W] 100

p [mbar] 2.0

la I

ffc [-] 1.5± 0.04 1.5± 0.02

la II

ffc [-] 3.4± 0.07 5.2± 0.1

θpropanol [◦] 28.2± 3.2 24.6± 6.8

θH2O [◦] 78.3± 0.4 70.8± 1.1

σp
s [mN/m] 7.9± 2.7 13.7± 4.3

σd
s [mN/m] 17.2± 1.0 16.5± 1.5

σs [mN/m] 25.1± 2.9 30.2± 4.5
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