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Abstract

The extraction of raw materials in mining, as for example copper, generally re-
quires a separation of the natural resources quarried. In most cases complex
ores, mixtures of different minerals and gangue have to be separated in order to
enable an economic processing. In particular for the extraction of sulfides, ox-
ides, carbonates, phosphates, but also of coal, froth flotation is mainly used for
this purpose, therefore it is considered as the most important separation process
in raw material industries. Several billion tons of ores are processed annually.

The principle of flotation is based on the surface properties of the mixture’s
components and the separation efficiency, which decisively determines the re-
quired amount of water and various chemicals, if nothing else, is an important
criterion in mineral exploration and it also significantly influences the environ-
mental impact of mineral processing.

The aim of this work was to investigate the influence of low-temperature
plasmas on the mineral surface and, based on the acquired knowledge, to de-
velop and verify strategies that would increase the efficiency of flotation pro-
cesses through plasma pre-treatment of mineral mixtures. Since these studies
are unprecedented, the results presented can be classified as a contribution to
application-oriented basic research.

Powder of the sulfide minerals, pyrite (FeS2), chalcopyrite (CuFeS2), chalcocite
(Cu2S) and molybdenum sulfide (MoS2), were treated with plasmas of a radio-
frequency and a microwave discharge and the resulting surface modifications
were investigated by structure analysis such as X-ray photoelectron spectroscopy
(Xps) and X-ray diffraction (Xrd). During the plasma process, the argon / oxygen
and argon / hydrogen process gas mixtures used were analyzed by mass spectrom-
etry (Ms), taking into account the quantity of gaseous reaction products released,
in order to estimate the rate at which chemical reactions occur. Furthermore,
Langmuir and thermal probes, as well as different methods of optical emission
spectrometry (Oes) were utilized, which enabled a characterization of the dis-
charges used with regard to different plasma parameters.

It has been shown that sulfur dioxide (SO2) in Ar /O2 plasmas and hydrogen
sulfide (H2S) in Ar /H2 plasmas are the only reaction products which can be de-
tected by Ms during the mineral treatments. Thus, the resulting sulfur rate loss
could be time-resolved determined by means of additional calibrations with cal-
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ibrating gases. Especially at Ar /O2-Mw plasma treatments two fundamental
mechanisms of mineral modification could be separated by time. Pure plasma-
surface interactions at the beginning and, additionally, thermally induced reac-
tions in during the evolution of the treatments.

Comparisons regarding the relative sulfur loss during plasma-surface inter-
actions between the investigated minerals have shown a strong influence of the
process parameters whereas, under identical conditions, CuFeS2 reacted up to
eight and nineteen times faster reacted than FeS2 or Cu2S. This result represents
the basis of the strategy to optimize the flotation of the minerals investigated:
The selective generation of oxides on the surface of one component in a mixture
of sulphide minerals.

In particular, at the separation of CuFeS2 / FeS2 mixtures by using the oxide col-
lectors Flotinor Fs-2 in a micro flotation cell, a high selectivity could be achieved.
The recovery of CuFeS2 amounted to 100% while less than 10% of FeS2 was
recovered and no other modifying reagents were used. Xps and Xrd analyses
indicate the possibility that metal oxide are created upon the CuFeS2 surface,
while the formation of iron sulfates upon the FeS2 surface prevented the oxide
collector adsorption. An increased intensity of the plasma treatment leads to an
increased sulphate formation also on CuFeS2, whereas the recovery, and thus the
selectivity of the flotation, was reduced again. It could be shown that this effect
can be utilized for the separation of CuFeS2 /MoS2 mixtures by using both, oxide
and sulfide collectors, because sulfates are not formed on molybdenum sulfide
during Ar /O2 plasmas treatments.

By means of the plasma diagnostics used the energy input onto the substrate,
the gas temperature and the degree of dissociation of molecular gases were esti-
mated and correlations regarding the surface modification have been worked out.
Thereby, the region investigated within the parameter space could be enlarged
due to the use of different excitation frequencies, 13.56MHz and 2.45GHz, and
additional insights have been provided.

Further studies, beyond the scope of this work, are, nevertheless, required in
order to generate a more comprehensive picture of plasma-mineral interactions
and to enable an optimal application of the obtained results.
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Zusammenfassung

Die Gewinnung von Rohstoffen, wie zum Beispiel Kupfer, durch Bergbau ver-
langt im Allgemeinen eine Trennung der geförderten Bodenschätze. Zumeist
müssen komplexe Erze, Gemische aus verschiedenen Mineralen und Abraum, ge-
trennt werden, um eine ökonomische Weiterverarbeitung zu ermöglichen. Insbe-
sondere bei der Extraktion von Sulfiden, Oxiden, Karbonaten, Phosphaten aber
auch Kohle wird zu diesem Zwecke hauptsächlich die Schaumflotation einge-
setzt, welche mithin als das bedeutendste Trennverfahren in der Rohstoffindus-
trie angesehen wird. Mehrere Milliarden Tonnen von Erzen werden jährlich ver-
arbeitet.

Das Prinzip der Flotation basiert auf den Oberflächeneigenschaften der Ge-
mischkomponenten. Die Effizienz der Trennung, welche maßgeblich die Menge
erforderlichen Wassers und verschiedener Chemikalien bestimmt, ist nicht zu-
letzt ein wichtiges Kriterium bei der Rohstoffexploration und beeinflusst zudem
entscheidend die Umweltverträglichkeit der Erzaufbereitung.

Ziel dieser Arbeit war es den Einfluss von Niedertemperaturplasmen auf Mi-
neraloberflächen zu untersuchen und, basierend auf den erlangten Erkenntnis-
sen, Strategien zur Effizienzsteigerung von Flotationsprozessen durch Plasma-
vorbehandlungen von Mineralgemischen zu entwickeln und zu verifizieren. Da
diese Untersuchungen bislang einzigartig sind, können die präsentierten Ergeb-
nisse als Beitrag zur anwendungsorientierten Grundlagenforschung eingestuft
werden.

Pulver der sulfidischen Minerale, Pyrit (FeS2), Chalkopyrit (CuFeS2), Chal-
kosin (Cu2S) und Molybdänsulfid (MoS2), wurden mit Plasmen einer Radio-
frequenz- und einer Mikrowellenentladung behandelt und resultierende Ober-
flächenmodifikationen durch Strukturanalysen wie Röntgenphotoelektronen-
spektroskopie (Xps) und Röntgendiffraktometrie (Xrd) untersucht. Die verwen-
deten Argon / Sauerstoff- und Argon /Wasserstoff-Prozessgasgemische wurden
dabei mittels Massenspektrometrie (Ms), hinsichtlich der Quantität freigesetzter
gasförmiger Reaktionsprodukte, untersucht, um die Geschwindigkeit ablaufen-
der chemischer Reaktionen abzuschätzen. Des Weiteren kamen Langmuir- und
Thermosonden sowie Methoden der optischen Emissionsspektrometrie (Oes)
zum Einsatz, die eine Charakterisierung der verwendeten Entladungen hinsicht-
lich verschiedener Plasmaparameter erlaubten.
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Es konnte gezeigt werden, dass Schwefeldioxid (SO2) in Ar /O2-Plasmen und
Schwefelwasserstoff (H2S) in Ar /H2-Plasmen die einzigen per Ms nachweisbaren
Reaktionsprodukte der Mineralbehandlungen sind. Die Geschwindigkeit des re-
sultierenden Schwefelverlustes konnte somit unter Zuhilfenahme von Prüfgaska-
librierung zeitaufgelöst bestimmt werden. Insbesondere bei Ar /O2-Mw-Plasma-
behandlungen ließen sich zwei fundamentale Mechanismen der Mineralmodifi-
kation zeitlich separieren: Reine Plasma-Oberflächen-Wechselwirkungen am Be-
ginn und zusätzlich thermisch induzierte Reaktionen im weiteren Verlauf der Be-
handlungen. Vergleiche des relativen Schwefelverlustes der Plasma-Oberflächen-
Wechselwirkungen zwischen den untersuchten Mineralen zeigten einen starken
Einfluss der Prozessparameter wobei, unter identischen Bedingungen, CuFeS2
bis zu acht- und neunzehn-fach schneller reagierte als FeS2 bzw. Cu2S. Dieses
Ergebnis stellt den Ausgangspunkt der Strategie zur Optimierung der Flotation
untersuchter Minerale dar: Die selektive Erzeugung von Oxiden auf der Oberflä-
che einer Komponente in einem Gemisch sulfidischer Minerale.

Insbesondere bei der Trennung von CuFeS2 / FeS2-Gemischen in einer Mikro-
flotationszelle konnte mit Hilfe dieser Strategie eine hohe Selektivität, bei der
Verwendung des Oxidsammlers Flotinor Fs-2, erzielt werden. Das Ausbringen
von CuFeS2 betrug dabei 100% während weniger als 10% des FeS2 ausgbracht
und keine weiteren Reglerreagenzien verwendet wurden. Xps-und Xrd-Analysen
deuten an, dass es gelang Metalloxide auf der CuFeS2-Oberfläche zu erzeugen,
wobei die Bildung von Eisensulfaten auf der FeS2-Oberfläche die Oxidsamm-
leradsorption verhinderte. Mit zunehmender Intensität der Plasmabehandlung
erhöhte sich auch auf CuFeS2 die Sulfatbildung wodurch sich das Ausbringen,
und somit die Selektivität der Flotation, wieder verringerte. Es konnte gezeigt
werden, dass dieser Effekt für die Trennung von CuFeS2 /MoS2-Gemischen so-
wohl mit Oxid- als auch mit Sulfidsammlern genutzt werden kann, da auf Mo-
lybdänsulfid keine Sulfate bei Ar /O2-Plasmenbehandlungen gebildet werden.

Mit Hilfe der verwendeten Plasmadiagnostiken wurden der Energieeintrag
auf das Substrat, die Gastemperatur und der Dissoziationsgrad der Molekülgase
abgeschätzt und Korrelationen bezüglich resultierender Oberflächenmodifizie-
rungen herausgearbeitet. Dabei konnte der untersuchte Bereich im Parameter-
raum aufgrund des Einsatzes verschiedener Anregungsfrequenzen, 13,56MHz
und 2,45GHz, vergrößert werden, wodurch zusätzliche Erkenntnisse gewonnen
werden konnten.

Weitere Untersuchungen, über den Rahmen dieser Arbeit hinaus, sind jedoch
erforderlich, um ein umfassenderes Bild von Plasma-Mineral-Wechselwirkungen
zu generieren und um die bereits erzielten Ergebnisse vorteilhaft in der Praxis
nutzbar zu machen.
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Acronyms

notation description

Atp active thermal probe

Ccp capacitively coupled plasma

Cte complete thermodynamical equilibrium

Cyrannus® cylindrical resonator with annular slots

Eedf electron energy distribution function

Fvb full vertical binning

Hf high frequency

Hv high vacuum

iCcd intensified charge-coupled device

Icp-Aes inductively coupled plasma atomic emission spectroscopy

Ir infrared

Lte local thermodynamical equilibrium

Mid multiple ion detection

Ms mass spectrometry

Mw microwave

Oes optical emission spectroscopy

Pax potassium amyl xanthate

Pte partial thermodynamical equilibrium

Ptp passive thermal probe

Qma quadrupole mass analyzer
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Rf radio frequency
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Xrd X-ray diffraction
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Ad
−21
a21 probability of the d3Π−u,ν = 2,N = 1 →

a3Σ+
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A
(Ar)
ij Einstein coefficient for spontaneous emission

of atomic oxygen
1

A
(O)
ij Einstein coefficient for spontaneous emission

of atomic oxygen
1

Apr surface area of the probe m2

[Ar] number density of argon atoms m−3

As,sample specific surface area of a sample m2 kg−1
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B
Trl radiant intensity of the Trl Wsr−1

cH2 molar concentration of H2 1

cn′ ,ν′ scaling factor of vibrational level (n′,ν′) 1

cO2 molar concentration of O2 1
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1

x



continued from previous page

symbol description dimension

cSO2 molar concentration of SO2 1

Ctp absolute heat capacity of thermal probe sensor JK−1

d axial distance from Mw resonator center m

dhkl distance between crystal lattices m

E energy J

EB binding energy J

Eel electric potential energy J

EF Fermi energy J

Ek kinetic energy J

Eth thermal energy J

~E electric field Vm−1

fdecay(I34) decay function of I34 As−1

fdecay(I64) decay function of I64 As−1

f (I34, t) SO2 concentration of gas injected as a function
of I34 and t

A−1

f (I64, t) SO2 concentration of gas injected as a function
of I64 and t

A−1

ga,s statistical weight 1

[H] number density of atomic hydrogen in the
ground 12S1/2 state

m−3

[H2] number density of hydrogen molecules in the
electronic ground state summarized over all
vibrational and rotational levels

m−3

I current A

I34 ion current of m/ z = 34 A
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r distance m
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1
Introduction

F roth flotation – or hereinafter often called flotation – is the leading pro-
cess for separating minerals from each other, or from gangue, by avail-

ing their different hydrophobicity. The separation of complex ores, like for ex-
ample in the copper production sector, becomes economically feasible through
the application of this technique. Without froth flotation, for example, copper
extraction would become too expensive to sustaining the high requirement level
of modern day society, which is increasingly dependent on copper wires used in
electronics [1–4].

The principle of flotation mainly based on different abilities of gases, mostly
air, of adhering to specific mineral surfaces in a slurry. Particles, attached on
air bubbles, rise to the surface forming a stable froth which can be removed in
order to separate a mixture. Due to the possibility of chemical treatments to se-
lectively alter surfaces, a broad range of mineral separations becomes possible.
For that purpose a wide range of flotation agents are commonly used. To name
an example, collectors, one of the most important classes of flotation chemicals,
are molecules that can adhere to mineral particles affecting their hydrophobiza-
tion [2, 3].

Especially, separation and concentration of sulfides are of immense economic
importance, providing a key contribution to the raw material production and, as
a result, the annual processing capacity is of the order of billions of tons. There-
fore, investigations on ways to improve the separation efficiency showed a great
deal of interest. This would enable the expansion of recoverable reserves, which
extraction is now not economically feasible on a large scale, lower the costs of
common processing and enhance the environmental friendliness of mining in-
dustry, since water and flotation agents can be saved [2, 3, 5–7].

Mainly, a wide range of common investigations based on the improvement of
chemistry, equipment and operation components for flotation systems have been
made. Examples are given by [2, 3, 8–11] to name but a few publications. More-
over, the surface properties of mineral particles strongly influence the flotation
efficiency and are, therefore, of crucial importance. For example, the oxidation
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1. Introduction

behavior of pyrite (FeS2) and related sulfides in aqueous environments has been
intensively studied and was comprehensively reviewed by Murphy and Strongin
[5].

However, in many cases the amount of flotation reagents used could be very
high while, in spite of high costs, the desired results are not always obtained.
The separation of mixed components belonging to the same mineral class is one
reason. For example, the flotation of mixtures containing different sulfides could
be difficult as a consequence of their similar collector adsorption properties [12–
16]. Additionally, the mechanisms behind interactions between minerals and
flotation agents are not fully understood yet, which also complicates the investi-
gations on froth flotation improvements.

In contrast to conventional investigations on optimizing froth flotation effi-
ciency, selective surface modifications of mixture components could be a funda-
mentally new approach. For that purpose low temperature plasmas might be
suitable, since they have been proven to be powerful and versatile tools for mod-
ifying organic and inorganic surfaces and their properties [17–21]. One possible
strategy could be the selective oxidation of sulfide containing mixtures, for ex-
ample, the surface conversion from a sulfide-sulfide system to an oxide-sulfide
system. In this case, collectors conventionally used for the recovery of oxides,
as fatty acids, might be applied for separation, substituting some of the sulfide
system flotation reagents. This may lead to an improved separation efficiency by
obviating the need for xanthate, as potassium amyl xanthate (Pax), and cyanide,
which are conventionally used as collector and depressant at sulfide flotation
[22–24].

That approach is being scrutinized by this work which presents an investiga-
tion on the interaction between low temperature plasmas and mineral surfaces.
For this purpose, the discharges used for mineral modifications are characterized
by means of various plasma diagnostics. Process gases were analyzed by in situ
mass spectrometry to estimate the kinetics that occur during plasma chemical
reactions and resulting mineral modifications have been investigated by struc-
ture analyses. Based on the insights obtained, a strategy has been developed in
order to improve sulfide separation at froth flotation by mineral mixture pre-
treatments with low temperature plasmas. Resulting influences have be carried
out by laboratory-scaled batch flotation experiments.
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2
Theoretical background

2.1. Low temperature plasmas

In the physical sense, Langmuir proposed in 1922 that electrons, ions and neu-
trals of an ionized gas are entrained in some kind of a fluid medium, which he
named "plasma" [25]. Today, the term "plasma" describes an ensemble of charged
particles, atoms and molecules occurring in both ground as well as excited states,
it is often called the fourth state of matter.

In the following, the theoretical background of plasmas is briefly discussed
whereas this compilation based in part on [26].

2.1.1. Classification of plasmas

One option to classify plasmas is their degree of ionization κ:

κ =
ne

ne +nn
≤ 1 (2.1)

whereas ne and nn are the densities of electrons and neutral particles. κ = 1
means fully ionized and κ < 1 partially ionized plasmas. Common laboratory
low temperature discharges are partially ionized. For example, κ is in the order
of 10−5 in radio frequency (Rf) plasmas [27] while values of 10−1 and higher can
be reached by microwave (Mw) excited discharges [28].

An alternative distinction takes into consideration the dominating energies.
There are ideal, non-ideal, quantum mechanical and relativistic plasmas. In an
ideal plasma, the electric potential energy Eel between particles is negligible re-
garding their individual kinetic energy Eth:

Eth� Eel (2.2)

In case of high pressures or low temperatures, electric interactions have to be
taken into account when making a description and these aspects are characteris-
tic for non-ideal plasmas. If the average particle density reaches the order of the
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2. Theoretical background

De Broglie-wavelength – quantum mechanic phenomenas are not negligible any-
more – electrons need to settle in higher states fulfilling Pauli’s exclusion princi-
ple. As a consequence, the plasma is quantum mechanically degenerated while
the limit is defined as follows:

Eth ≤ EF (2.3)

where EF is the Fermi energy. In cases of very high temperatures or pressures,
a relativistic description of the plasma is required if the electron’s thermal en-
ergy or the Fermi energy is in the order of the electron rest mass, Erel = me c0

2.
Therefore, two limiting cases are defined:

Eth > Erel ⇒ Te > 341keV (2.4)
EF > Erel ⇒ ne > 1.68× 1036 m−3 (2.5)

A clarification is given by figure 2.1. However, Rf and Mw excited discharges are
classified as ideal plasmas anyway.

One further distinguishing criterion for plasma classification is the thermo-
dynamic equilibrium. It differentiates between complete thermodynamic equi-
librium (Cte), local thermodynamic equilibrium (Lte), partial thermodynamic
equilibrium (Pte) and, additionally, the plasmas without thermodynamic equi-
librium. In a Cte the following processes are of the utmost importance while
right and left handed processes are in equilibrium:

A+z + e−︸   ︷︷   ︸
collisional ionization


 A+z+1 + e− + e−︸            ︷︷            ︸
three−body recombination

(2.6)

A+z + e−︸   ︷︷   ︸
collisional excitation


 (A+z)∗ + e−︸      ︷︷      ︸
collisional deexcitation

(2.7)

A+z + hν︸    ︷︷    ︸
photon ionization


 A+z+1 + e−︸      ︷︷      ︸
radiative recombination

(2.8)

A+z + hν︸    ︷︷    ︸
photon absorption


 (A+z)∗︸︷︷︸
spontaneous emission

(2.9)

A+z + e− + hν︸          ︷︷          ︸
photon absorption


 A+z + e−∗︸    ︷︷    ︸
Bremsstrahlung

(2.10)

where z is the charge number of atom or ion "A" and hν stands for a photon with
its respective energy, whereas ν is the frequency and h the Planck constant.

Generally, technical and laboratory plasmas, as Rf and Mw discharges, are
non-thermal plasmas being found in Pte, since the temperature of electrons Te
and heavy species, neutrals Tn and ions Ti, differs as follows:

Te� Ti ≡ Tn (2.11)

while electron velocities are distributed similar to the Maxwell-Boltzmann dis-
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Figure 2.1.: Classification of plasmas after particle density and temperature,
adapted from [29].

tribution. Therefore, a complete plasma description requires the knowledge of
energy distribution functions of all respective species occurring.

This is a consequence due to different effects. Spatial homogeneity, required
for a Cte, is, in general, not fulfilled by plasmas. Especially both processes,
2.8 and 2.9, are critical since the large free mean path of photons decrease their
scattering or absorption probabilities, while electrons leave in their role to pop-
ulate and depopulate states by collisions. In this Lte-case, the Planck and the
Stefan-Boltzmann law, describing the radiation density distribution, are not ful-
filled anymore while electron and ion velocity distributions remains Maxwellian
and the temperature of all species is already equal. In the Pte-case – the elec-
tron density ne is progressively decreasing – equation 2.11 becomes valid, since
a reducing collision rate of electrons leads to invalidate the balances given by
equations 2.6 and 2.7 emerging equilibriums between collisional ionization and
radiative recombination as well as collisional excitation and spontaneous emis-
sion. Boltzmann distribution and Saha ionization equation are not longer valid
to describe ratios between population densities of atomic or ionic energy levels,
and the ratios of ground state ion densities. The Maxwellian velocity distribution
remains valid. Otherwise, a plasma without thermodynamic equilibrium would
be present [26].

2.1.2. Characteristics

The sum of positive and negative charges are in equilibrium – in a plasma there
are both electrons, as well as positively and negatively charged ions – which
means: ∣∣∣∣ne −

∑
zini

∣∣∣∣� ne (2.12)
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2. Theoretical background

whereas ni is the ion density and zi the charge number of ions. On small scales,
deviations regarding equation 2.12 might occur and, therefore, the described
condition is referred to "quasi neutrality". If electrons and positive ions are
shifted against each other, the resulting electric field causes a repelling Coulomb
force. As a result of lightweight electrons, when compared to ions, they are oscil-
lating by the frequency ωp, termed as plasma oscillation:

ωp =

√
nee2

ε0me
(2.13)

e represents the elementary charge, ε0 the vacuum permittivity and me the elec-
tron mass. ωp is the characteristic frequency of electronic disorder in a plasma
determining the propagation of electromagnetic waves with the angular fre-
quency ω. If ω = ωp, the cut-off occurs while the plasma’s refractive index be-
comes zero. Wave propagation is only possible above plasma oscillation ω > ωp,
while electromagnetic waves are reflected if ω < ωp.

Plasmas have the property to shield charges. A negative test charge within
a plasma would be surrounded by positive particles as a result of the Coulomb
interaction. These charges can shield the Coulomb potential of the test charge
and the associated Debye potential is given as:

φ(r) =
ze

4πε0r
exp

(
− r
λD

)
(2.14)

where r stands for the average distance to positive charges and λD the Debye
length which is, in case of negligible ion temperatures – compare condition 2.11
– given as:

λD =
vthe

ωp
=

√
ε0kBTe

nee2 (2.15)

λD is one characteristic plasma parameter at which the test charge’s potential
becomes negligible and it is determined by vthe, the thermal electron velocity, and
the plasma oscillation ωp, whereas kB is the Boltzmann constant. The oppositely
charged particles surrounding the test charge, generating its shielding, are within
the Debye sphere and the average distance 〈r〉 is defined as:

〈r〉 =
(4
3
πn

)−1 / 3
≈ n−1 / 3 (2.16)

n describes the particle density. That means λD� 〈r〉 and the number of particles
within the Debye sphere ND, which is also a plasma parameter, is expressed as
follows:

ND =
(
λD

〈r〉

)3

(2.17)

In an ideal plasma it holds that ND� 1.
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Figure 2.2.: The electric potential φ as a function of the distance d to the plasma-
wall-transition, the left border of this chart. Adapted from [30].

Electromagnetic waves with frequencies that are below plasma oscillation ω <
ωp cannot propagate within the plasma while the wave vector k is an imaginary
unit:

k =
i
λD

(2.18)

The penetration depth at which the amplitude of the wave is reduced to factor
1/e is in the order of λD.

2.1.3. Debye sheath

Due to the high conductivity, a plasma can be treated as an equipotential area.
At a receiving point~r inside the plasma, one can define an electric potential φ(~r)
with regard to the grounded electrode or wall. This plasma potential, in the fol-
lowing called φp, differs from the vacuum potential of the metallic environment.

Since Te is significantly high in comparison to other species, more electrons
than ions are striking the surface of an object inserted which is therefore neg-
atively charged. As a consequence of Coulomb interaction, slower electrons are
forced back from the object while positively charged ions are attracted and, fi-
nally, equilibrium between both particle fluxes emerges in such a way that the
net flux of charges becomes zero. In insulated objects the floating potential φfl
appears, which is lower than the plasma potential φp. This leads to the formation
of a positively charged sheath around the respective object where the ion density
exceeds the electron density ne � ni. This sheath shields the plasma from the
object and it can be subdivided into a space charge layer and the Bohm presheath
while, outside quasi neutrality occurs, as shown in figure 2.2.

Within the Bohm presheath, there is only a low potential drop regarding the
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2. Theoretical background

object inserted, ∆φ = φp − φBohm, which accelerates positive ions to the Bohm
velocity vBohm, defined by the Bohm sheath criterion:

vBohm ≥
√
kBTe

mi
(2.19)

where mi is the ion mass, kB the Boltzmann constant and Te the electron tem-
perature. A high potential drop within the space charge layer towards the wall
accelerates positive ions, while electrons are decelerated and, hence, ne� ni. The
Bohm presheath thickness depends on λD, Te and the sheath voltage ∆φ.

2.1.4. Capacitively coupled Rf excitation

The capacitively coupled plasma (Ccp) with Rf excitation belongs to high fre-
quency (Hf) low-temperature discharges, characterized by anisothermality and
weak ionization. According to equation 2.11 it counts:

Te ≈ 10−4 K� Ti ≈ Tn ≈ 300K (2.20)

In the simplest set-up the discharge consists of two congruent plane parallel
electrodes at a distance of a few centimeters between each other. This Ccp is
assigned to symmetric discharges while, in case of different sized or shaped elec-
trodes, the set-up is termed as asymmetric discharge where the grounded elec-
trode is often designed as the whole metallic reactor wall. An asymmetric Ccp
and the respective equivalent circuit is illustrated in figure 2.3. The Rf genera-
tor applies Hf voltage via a variable capacitor situated between both electrodes
whereas, usually, one of them is grounded.

Ignition mainly occurs due to the displacement current between the electrodes,
accelerating randomly ionized gas particles and electrons. This lead to an in-
creasing degree of ionization κD effected by inelastic collisions – the α-regime –
and by secondary electron emission – the γ-regime. Additionally, the breakdown
voltage has to be applied between both electrodes for plasma ignition.

Typically Rf excitation frequencies used for industrial applications and re-
search are 13.56MHz and 27.12MHz. Compared with electrons, ions have a high
moment of inertia and, therefore, they cannot follow the alternating field. Thus,
the higher mobility of electrons leads to the negative charging of electrodes and
walls forming the Debye sheath. The charges are dissipated and neutralized by
grounding, except at the driven electrode which lead to negative self-biasing. The
resulting ion bombardment is applied to, amongst others, reactive-ion etching
and sputtering processes [31].

2.1.5. Mw excitation

The ignition and sustainment of spatially extended excitation areas, where char-
acteristic lengths exceed the wavelength of exciting electromagnetic waves, are
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Rf generator

coupling capacitor

driven electrode with
Debye sheath

grounded electrode with
Debye sheath

plasma

CcCc

Ce

CwRw

Re De

Dw

Rp

Figure 2.3.: Schematic and equivalent circuit an asymmetric capacitively cou-
pled radio frequency (Rf) discharge, adapted from [31]. The indexes
c, e and w stand for coupling, electrode and wall.

enabled through the electrode-less excitation principle of Mw plasmas by prop-
agating wavefronts. Hf discharges with an excitation frequency higher than
300MHz are assigned to Mw plasmas. For 2.45GHz, which is a common exci-
tation frequency, the wavelength is about 12cm.

Similarly to Rf excitation, only the electrons are able to follow the Hf field,
whereas the collisions with working gas particles are mainly influencing the
power consumption. If the force due to the magnetic field component is neg-
ligible – individual particle velocities are much lower than c0 – the motion of an
electron can be expressed as follows:

me
d~v
dt

= −e~E(t)−meνc~v (2.21)

In addition to the electric force e~E(t), contributions from collisions between elec-
trons and neutral particles have to be considered, whereas νc is an average col-
lision frequency for momentum transfer. Assuming a complex velocity vector,
taking account of the Ohm’s law and integrating equation 2.21 gives the follow-
ing expression for the conductivity σ of the plasma:

σ =
nee

2

me

1
νc + iω

(2.22)

where ω is the field angular frequency. Another, fully equivalent, expression of
the electromagnetic properties of a plasma can be given by its relative permittiv-
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ity εp:

εp = 1−
(ωp

ω

)2 (
1− i νc

ω

)−1
(2.23)

whereas ωp is the plasma oscillation, a plasma parameter which is described
above and given by equation 2.13. Since power coupling into the plasma is gen-
erated by means of evanescent waves above the cut-off criteria ω = ωp, a critical
electron density nec derives from equation 2.13:

nec =
meε0

e2 ω2 (2.24)

This cut-off density depends on the angular excitation frequency and for ω =
2.45GHz, nec is the order of 1011 cm−3. This electron density is required to sustain
the active plasma zone.

One class belonging to Mw excited plasmas is the surface wave plasma (Swp)
where electromagnetic surface-waves are used to sustain long discharge columns.
For this purpose the wave is excited by a wave launcher and it travels along the
interface between an enclosing dielectric and the plasma column it sustains. In
many cases the enclosure tube is made of quartz glass while its relative permit-
tivity εp = 4 influences nec by a modifying the cut-off criteria as follows:

ωp =ω
(
1 + εp

)1 / 2
(2.25)

In this case, equations 2.13 and 2.25 result in nec = 3.73 × 1011 cm−3 for an ex-
citation frequency of 2.45GHz. If the electron density decreases below nec as a
consequence of surface-wave attenuation, wave propagation interrupts because
the plasma becomes transparent. At this point the active plasma zone of the col-
umn ends [32–34].

2.1.6. Argon/oxygen plasma

Oxygen is a strongly electronegative molecular gas and, hence, in O2 contain-
ing plasmas non-negligible densities of negative ions can occur. Therefore, the
properties differ from those of conventional electropositive plasmas, which are
characterized by significant differences between the masses of positively charged
ions and negatively charged electrons. Detailed information, summarizing inves-
tigations on electronegative plasmas are published by Franklyn [35].

The ionization energy of atomic oxygen is 11.2eV and it amounts 13.6eV for
O2 while the dissociation energy is 5.2eV [36]. A summary of species formed
in oxygen containing plasmas and various reaction pathways are given, amongst
others, in [37, 38]. In addition to O2 and O – whereas nO2

/ nO ≈ 10 – dominating
charged species are O+

2- and O–- ions while nO− / ne ≈ 10. Thus, the dominating
species that achieve quasi neutrality are O+

2- and O–- ions, while electrons play
a minor role. Species containing both, Ar- and O-atoms, are not known to be
formed in low temperature plasmas [37–40].
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2.1.7. Argon/hydrogen plasma

The dissociation energy of H2-molecules is 4.5eV while 15.4eV are required for
ionization. Hydrogen atoms have an ionization energy of 13.6eV [36]. In addi-
tion to species which consist solely of argon or hydrogen, there are also ArH+-
ions, significantly influencing the discharge properties. However, Ar /H2 plas-
mas have been widely investigated and summaries about species occurring and
several reaction channels can be found, amongst others, in [41–43].

2.2. Froth flotation

In 1877 a true flotation process for the concentration of graphite ores was
patented by the Bessel brothers in Dresden. Froth flotation, as it is known to-
day, has its origin in Australia more than 100 years ago, between 1900 and 1910.
The profound effect of this technology on mineral industries is bigger than any
other metallurgical process which has been developed in the 20th century. [3]

Froth flotation is a highly versatile separation method which utilizes hetero-
coagulation. The formation of aggregates by the attachment of mixture particles
to gas bubbles in a slurry is characteristic for these processes. Selective parti-
cle attachment to air bubbles is of special importance for the concentration of
minerals on an industrial scale and thus, differences in the hydrophobicity of
specific mineral surfaces are required in order to obtain economically feasible
mixture separation. Hydrophobic particles attach themselves to air bubbles and
are carried up to the slurry surface while hydrophilic particles remain completely
wetted and stay in the liquid phase. [2, 44, 45]

However, heterocoagulation separations does not depend on uninfluenceable
particle properties such as mass or density, but rather on surface properties which
can be altered. Grain surfaces have to be selectively hydrophobized if, as in vir-
tually all economically important cases, a naturally hydrophobicity of mixture
components is not present. For this purpose a variety of different chemicals are
available today, leading to a broad range of mineral separations froth flotation can
be adapted for: Recovery and upgrading of sulfide ores, separation of coal from
ash-forming minerals, removing silicate minerals from iron ores and even non-
mineral applications such as de-inking – the recovery recycled paper – to mention
but a few examples . Additionally, froth flotation is suitable for the economically
separation of fine-grained ores giving another reason for its widespread applica-
tion, since finely intergrown raw materials can be processed. Today, about 90%
of the whole copper, lead and zinc ores are concentrated by using froth flotation
[2, 4, 7, 45–54].

2.2.1. Common procedure

The raw material, which is to be separated, is ground first to liberate the valu-
able components from each other or from gangue, a process known as comminu-
tion. It is not unusual to grind ores as long as the top grain size of about 6µm
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Table 2.1.: Classification of different components influencing flotation systems
[2, 45].

reagents equipment operation

collectors cell design feed rate
frothers agitation mineralogy
pH control air flow particle size
activators cell bank configuration pulp density
depressants cell bank control temperature

is reached, meaning that a certain material proportion is below 1µm. But, aver-
age grain sizes of about 250µm are also common in minerals industry. However,
the particle size is limited since the flotation performance rapidly declines if the
grain size increases further. [2, 3, 45].

A slurry consisting of water and the ground raw material is mixed – typically,
the solid volume fraction of the feed is not exceeding 30% during processing –
and added to the flotation cell. Various chemicals, the flotation reagents have to
be added to the slurry in order to obtain a selective hydrophobicity of the com-
ponents in the raw material mixture. Subsequently, gas – air is commonly used –
is supplied to the slurry. An agitator ensures the formation gas bubbles smaller
than 2mm, particle-bubble collisions as well as solid dispersion to mix a suspen-
sion. The forming aggregates of hydrophobic grains and bubbles whose density
is less than that of the slurry rise to the surface. The separation is accomplished
by stripping the forming mineral-loaded stable froth [2, 3, 44, 45].

In figure 3.4, a schematic of a batch flotation cell is shown. They are, amongst
others, commonly used for laboratory scaled flotation experiments. In mining
industries, continuously operating flotation cells are often used and they require
additional transport devices for continuous filling the feed into the cell, as well
as for dispatching concentrate and tailings [3, 45].

Generally, flotation systems are highly complex and influenced by different
components which interrelate in many ways. These components can be assigned
to three main groups as shown in table 2.1 [2, 45]. Some aspects regarding
reagents and equipment used for froth flotation are described below. Details on
operation components of froth flotation are not described in detail in this work.
However, descriptions regarding all components influencing the flotation pro-
cesses can be found elsewhere while, amongst others, contents from following
books were used for the further short summary [2, 3, 45, 48, 55, 56].

2.2.2. Reagents

The most important components influencing flotation processes are the reagents.
They are needed to control the relative hydrophobicity of particles as well as
to maintain the proper froth characteristics. Hence, several different types of
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Figure 2.4.: Structure formula of potassium amyl xanthate (PAX), an anionic col-

lector.

reagents are involved in flotation processes. Modern classifications are based on
the particular function of reagents dividing them, for example, into collectors,
frothers, pH control, activators and depressants. [2, 45, 48].

2.2.2.1. Collectors

Collectors enjoy a special interest for the flotation processes, since they are used
to modify the hydrophobicity of mineral surfaces in the purpose of the attach-
ment to gas bubbles. Collectors are organic molecules which structure and size
complies with specific requirements, enabling oriented adsorption on mineral
surfaces to form a thin film of non-polar hydrophobic hydrocarbons which are
directed towards the liquid phase. An overview about the basic collector types
is shown in figure 2.5. Generally, collectors can be classified depending on their
charge. A distinction is made between nonionic, anionic or cationic molecules.
Nonionic collectors are hydrocarbon oils, while ionic collectors consist of a non-
polar part which is comprised of different hydrocarbon chains, and a polar part
which is responsible for the attachment to mineral particles by chemisorption
or physisorption. Figure 2.4 shows the structure formula of an ionic collector
through the example of potassium amyl xanthate (Pax), a sulfhydryl xanthate.
[2, 45, 48]
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Figure 2.6.: Structure formula of dodecan-1-aminium chloride, a cationic collec-

tor.

Ionic collectors dissociate into cation and anion in aqueous environment. The
charge of the water repellent ion, which contains the non-polar, the so called hy-
drophobic hydrocarbon group, determines the further classification. Therefore,
Pax, shown in figure 2.4 is assigned to anionic collectors. In contrast, the water
repellent ion of cationic collectors is, thus, positively charged due to a quadri-
valent nitrogen cation. Figure 2.6 shows the structure formula of dodecan-1-
aminium chloride, a cationic collector [48].

The water repellent ion includes, in addition to the hydrocarbon radical, a
group of atoms, called "solidophilic" group. It is attached to the carbon radi-
cal and enables a connection between the non-polar group and mineral surfaces.
According to the classification by charge regarding the water-repellent group,
the structure comprised out of the solidophilic group and the respective miner-
als it can attached to, can undergo a further classification of collectors. Examples
of oxyhydryl collectors, typically attaching to oxides, and sulfhydryl collectors,
adsorbing on sulfide minerals, are given in figure 2.5 [45, 48, 55].

In bulk flotation of sulfide minerals xanthate, as for instance Pax which is
shown in figure 2.4, is generally used due to its powerful collecting property
[57–60] which, however, increase the separation difficulty as a consequence of
weak selectivity. Usually, for selective flotation of lead and copper sulfide min-
erals, dithiophosphate are usually used. Although various collector adsorption
mechanisms have been reported [61–65]. The micro-mechanisms responsible for
selectivity of adsorption on different sulfide minerals are not fully understood,
yet [60].

2.2.2.2. Frothers

Compounds creating conditions for froth formation, such as stabilizing air bub-
bles which remain well-dispersed in the slurry and form a layer that can be
removed from the slurry’s surface before the bubbles burst, are frothers. They
contain a hydrocarbon chain and a polar group distinguishing them from other
heteropolar compounds which are arranging at the water-air interface. The hy-
drophilic polar groups are orientating towards the water phase and hydrophobic
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2. Theoretical background

CH3

C
CH2

CH2

CH

CH2
CH

C OH
CH3CH3

(a) alpha-terpineol

CH3

C
OH

CH2

CH2

CH2

CH2
CH

C
CH2CH3

(b) beta-terpineol

CH3

C
OH

CH2

CH2

CH2

CH2
C

C
CH3CH3

(c) gamma-terpineol

Figure 2.7.: Different chemical structures of terpineol, a cyclic alcohol naturally
occurring in pine oil.

hydrocarbons towards the air phase, forming envelopes around the air bubbles
preventing them from colliding, touching and collapsing [45, 48]. However, the-
ory of frothing and froth stability has been extensively reviewed by [66–69], to
name only a few sources.

Generally, a distinction between two different frother types, synthetic and nat-
ural, can be done. Natural products, as pine oil, were the original frothers since
they are rich in surface-active agents which processes the properties mentioned
above. Furthermore, they contain a broad range of other components which can
act as collectors making these frothers also to weak collecting reagents. This may
give an advantage by reducing the amount of collectors used, but complicates
the flotation process control [45]. However, pine oil is used in industrial copper
extraction from sulfide ores and it consists of different cyclic alcohols, ethers, ter-
pineols, and ketones [69]. Examples for chemical structures of cyclic alcohols are
given in figure 2.7.

The advantage of synthetic frothers is their negligible collecting effect, since, in
contrast to natural reagents, they can be designed as pure chemicals. Therefore,
the frother amount can be increased without influencing the collecting behavior
of the reagent system. In this case, flotation processes can be easier controlled
[45, 69].

2.2.2.3. Modifiers

The flotation of mineral particles mainly depends on the collector adsorption
which can be decisively influenced by modifying agents, called modifiers. De-
pending on their effect regarding collector adsorption, modifiers can be divided
into Activators, reagents which added to the slurry increases the adsorption prob-
ability of designated collectors on specific mineral surfaces, and Depressants,
reagents having the opposite effect. Hence, modifiers can be effectively used
to achieve the separation of individual minerals, for example copper containing
mineral sulfides from complex sulfide ores [2, 45, 48].
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2.2. Froth flotation

A widespread possibility to change collector adsorption properties is the ad-
dition of pH controling reagents. Mineral surfaces are positively charged un-
der acidic conditions, respectively negatively charged under alkaline conditions.
Since the surface charge inversion depends on the slurry’s pH for each particular
mineral, the selectivity of collector attraction can be varied by adjusting the pH.
Typically, acids as sulfuric acid (H2SO4) are used to lower the pH, while alkalies
as sodium hydroxide (NaOH) are used to increase the slurry’s pH [2, 45, 48].

Activators are reagents which enable the adsorption of collectors onto surfaces
on which normally they would not attach. The main operating principles are:
influencing the electrical double layer at mineral surfaces by adjusting the con-
centration of ions in the slurry, previous ion adsorption which is required for
collector attachment and compressing the electrical double layer of components
which are not desired for collector adsorption using suitable additives to the elec-
trolyte [2, 45, 48].

Depressants have the opposite effect, as mentioned above, since they prevent
collector adsorption on particular minerals. Their operating principles are mainly
to influence the electrical double layer at mineral surfaces by adjusting the ion
concentration, and ensuring the adsorption of hydrophilic compounds by adding
suitable reagents which also can displace already adsorbed collectors [2, 45, 48].

However, modifying reagents are generally used to enable flotation and to in-
crease selectivity. A detailed summary about modifying reagents can be found,
amongst others, in [48].

2.2.3. Equipment

Besides chemistry, the separation efficiency of froth flotation depends also on the
technical equipment used. Machines specialized for mixing and dispersing air
into the slurry, as well as for removing the particle carrying froth and tailings are
assembled in order to build the flotation circuit. Figure 3.4 shows the schematic
of a batch flotation cell, often used for laboratory scaled separations. In conven-
tional industrial flotation cells, additional transport devices are used to fill the
cell with feed and to dispatch froth and tailings [3, 45].

However, in addition to "true flotation", the selective chemically controlled at-
tachment of particles to air bubbles, there are two non-selective effects which lead
to a decrease of the separation efficiency. Particles can be carried up, while they
are suspended in the water between bubbles, and transferred out of the flotation
cell by the froth, a process called entrainment. Additionally, non-hydrophobized
particles can be entrapped between particles in the froth attached to air bubbles,
called entrapment or aggregation. Therefore, common flotation cells are assembled
into circuits with rougher, cleaner and scavenger cells, as illustrated in figure 2.8,
in order to increase the grade of recovery [45, 56].

In a first stage, called roughing, a rougher concentrate is produced with the
aim of maximizing the recovery of valuable minerals while less consideration
is given to the selectivity. Undesirable minerals, which are already present in
significant amounts in this concentrate, are removed by further flotation steps,

17



2. Theoretical background
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Figure 2.8.: Schematic of a typical flotation circuit including rougher scavenger
and cleaner cell.

called cleaning, in order to produce a concentrate of high grade. The cleaner
tails are returned into the rougher cell to close the circuit. The rougher tails are
reprocessed by scavenger flotation in order to return target minerals, which were
not recovered by the rougher, back into the feed. However, depending on the
feed composition and target minerals, a large number of different arrangements
of flotation circuits are available commonly used in mining industries.
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3
Experimental set-up

The following chapter gives detailed descriptions about the setup of both recipi-
ents used, the microwave (Mw) and the radio frequency (Rf) plasma reactor, and
the execution of the plasma powder treatments, as well as the laboratory batch
flotation experiments.

3.1. Radio frequency plasma source

Figure 3.1 shows a schematic of the capacitively coupled plasma (Ccp) Rf plasma
reactor including the auxiliary equipment which is separately listed in Table A.3.

A stainless steel hollow cylinder, with an inner diameter of 268mm and an in-
ner height of 216mm, is the centerpiece of the vacuum recipient. The cylindrical-
shaped Rf electrode with a diameter of 70mm is coaxially embedded in the re-
movable top cover and an underlying borosilicate glass, mounted by three spiral
springs on threaded rods, prevents the sputtering from electrode metal onto the
samples. The connection to a linear vacuum feedthrough at the center of the
bottom cover enables a vertical movement of the sample plate holder along the
recipient’s rotational axis of symmetry. A second swivel fourfold sample plate
holder is located below a ring-shaped shield and connected to a rotary vacuum
feedthrough at the bottom cover. This construction allows a separate transporta-
tion of each of the four round sample plates into the plasma zone while the other
three ones stay below the shield.

The high vacuum (Hv) pump device consists of a turbomolecular pump, in-
stalled downstream of a butterfly valve and a Hv gate valve for pressure control,
and the associated backing pump is additionally connected via manual valve to
the recipient. Different pressure gauges cover a pressure range from 105 Pa to
10−7 Pa. A mass spectrometer is connected via gate and needle valve to the re-
cipient for process gas analysis, which is described in detail in section 4.4. For
baking out of both vacuum chambers, the recipient and the mass spectrometer
are wrapped with heating tapes and glass wool insulations.

Mass flow controllers are used to obtain a controlled supply of the process
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3. Experimental set-up
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Figure 3.1.: Schematic of the Rf discharge set-up including the recipient and its
auxiliary equipment, which is separately listed in Table A.3.

gases, Ar, O2 and H2, as well as the calibration gases1, SO2 and H2S.
Coaxial cables are used to connect the Rf electrode via the matching box to the

13.56MHz Rf generator whereas recipient, generator, matching box and sample
holder are grounded.

A Dn 40 Iso-Kf flange, laterally mounted on the recipient’s wall at its medium
height, serves as a connection to the active thermal probe (Atp) or the langmuir
probe devices in case of their usage. Otherwise, a blind flange of quartz glass is
installed for process observation and optical emission spectroscopy (Oes)2.

Powder treatment

Before each series of measurement, three sample plates were loaded with 200mg
of the mineral powder by using an analytical balance. Thereby, a sieve and a
hole template held by a tripod were used to obtain a homogeneous powder dis-
tribution on the sample plate. After opening the recipient’s top cover, the loaded
sample plates were stored on the swivel fourfold sample plate holder, using the
vertically movable sample plate holder, and rotated below the shield. A fourth

1The calibration gas supply is not shown in fig. 3.1. It is installed on demand and the set-up is
equal to the connection of the process gases.

2Figure 3.1 shows two different connections for Oes and probe measurements for clarity.
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3.2. Microwave plasma source

empty sample plate was similarly stored in the remaining position.
After, top cover closure, initially, the backing pump and subsequently, the

turbomolecular pump were used to pump down the recipient to a pressure of
p ≈ 10−4 Pa. Then, recipient and mass spectrometer were baked out for at least
two hours at temperatures between 85◦C and 100◦C, using the external heating
system.

The empty sample plate was moved into the treatment position, 10mm below
the recipient’s center, after the reactor had cooled down to room temperature. A
gas composition of 10% Ar and 90% of the hereafter used working gas, O2 or H2,
at a total gas flow of 10sccm was used twice for plasma burning out, each time
for 12min at P

Rf = 160W. Then, the recipient was pumped down to p ≤ 10−3 Pa,
before the desired process gas composition at a total gas flow of 10sccm was
injected and the pressure was regulated to p = 5Pa.

By opening the gate valve, the mass spectrometer was coupled to the recipient.
After reaching the operating pressure p

Ms = 5.58 × 10−4 Pa, plasma was ignited
at the process parameters desired and the recipient’s cleanliness was checked, as
described in section 4.4.2.1. In case of insufficient conditions and before each
new sample treatment, plasma burning out and check procedure were repeated.

The empty sample plate was replaced with a loaded one, the plasma treat-
ment was initiated and the mass spectrometry (Ms) measurement procedure was
performed, as described in section 4.4.2. After treatment of the three stored sam-
ples, the plasma burning out procedure was realized again and subsequently, the
recipient was vented with argon. Immediately thereafter, the treated mineral
powder samples were separately filled in small lockable with argon flooded vials
which have been stored in a desiccator.

3.2. Microwave plasma source

A cross section of the cylindrically shaped recipient of the Mw plasma source is
shown in fig. 3.2 including the auxiliary equipment, which are separately listed
in Table A.4. This schematic shows the reactor configuration for batch treatment
of the mineral powder. Set-up modifications for continuous powder treatment
are described in the following section 3.2.1.

The reactor design, developed by Iplas1, is related to the Cyrannus® technol-
ogy and bases on the operating principle of a cylindrical resonator with annular
slots. It represents the central segment of the aluminum Mw resonator for sur-
face wave discharges which principle of operation is explained in section 2.1.5.
It has an inner diameter of 178mm, an inner height of 140mm and it is sur-
rounded by a toroidal rectangular hollow waveguide Wr340/R26, connected to
the Mw generator, with five equidistant slot antennas focused to the center. Two
extension pipes with an inner diameter of 80mm and a length of 192mm are

1postal address: innovative plasma systems GmbH, Langbaurghstr. 10, 53842 Troisdorf, Germany
email: www.cyrannus@info.com
phone: +49 (0) 2241 932 68-0
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3. Experimental set-up

E-H tuner

spectrometer
with iCcd cam

Pc

quartz glass sample
holder (optional)

Qma Pc
sample plate change
at this blank flange

vacuum flange for
powder collecting
vessel (optional)

power meter

FIC

FIC

Ar O2

FIC

H2

2.45 GHz
Mw generator

↑ isolator ↑

cylindrical resonator
with annular slots

water cooling

vacuum flange for
powder feed (optional)

active air cooling

quartz glass tube

aluminum sheathing
with vent holes (∅=5 mm)

Figure 3.2.: Schematic of the Mw discharge set-up including the recipient and its
auxiliary equipment, which is separately listed in Table A.4.
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3.2. Microwave plasma source

attached on both sides to enhance the total length of the reactor to 522mm. A
quartz glass tube with an inner diameter of 71mm and a wall thickness of 3mm
is implemented coaxially inside.

There are two water cooling circuits, integrated above and below the resonator,
as well as an air cooling. It consist of a toroidal suction device connected to a
fan and it is mounted below the resonator. Thereby, ambient air gets sucked in,
through small ventilation holes, then is distributed around the resonator and the
extension pipe walls.

The resonator is fed via rectangular hollow waveguides Wr340/R26 by the
Mw generator, which includes a 2.45GHz magnetron and circulator used as an
isolator. For impedance tuning, an E-H-tuner is switched in to minimize the
reflected Mw power, which is adsorbed by the water load of the circulator.

For batch powder treatments a second vessel – which includes connections to
vacuum pump, mass spectrometer and pressure gauges, covering a range from
105 Pa to 10−1 Pa – is flanged below the bottom extension pipe of the Mw res-
onator. By a linear vacuum feedthrough, that is mounted underneath, the top of
the connected quartz glass sample holder can be vertically moved along the cen-
ter axis of the quartz glass tube, between resonator’s center and vessel’s bottom.
At this position, a vertically mounted flange can be used to insert and remove the
quartz glass sample plate.

The rotary vane pump is connected via gate valve, the mass spectrometer via
gate and needle valve, to the second vessel of the recipient. A defined supply of
the process gases, Ar, O2 and H2, as well as the calibration gases1, SO2 and H2S,
is provided by different mass flow controllers. The gas inlet is located at the top
of the recipient above the upper extension pipe.

Powder treatment

At the beginning of each batch powder treatment, the empty sample plate was
placed on the sample holder and moved upwards to d = −60mm – the vertical d-
axis runs parallel to the resonator’s rotational axis of symmetry, it points upwards
and its zero point is defined at the intersection with the resonator’s horizontal
symmetrical plane – the position used for batch powder treatments 60mm below
the Mw resonator’s center. After the recipient was pumped down to p ≤ 1Pa, a
gas composition comprised out of 50% Ar and 50% of the afterwards used work-
ing gas, O2 or H2, at a total gas flow of 100sccm was injected while the pressure
was adjusted to p = 250Pa using the gate valve of the pump. At these condi-
tions, the plasma was ignited for burning out with P

Mw ≈ 2kW – the effective
plasma power, P

Mw, is the difference between the forward Mw power behind
the circulator, P

Mw|fwd, and the reflected microwave Mw power of the waveg-
uide network, P

Mw|rfl – until the recipient’s cleanliness have reached the desired
conditions which were checked by Ms. The respective procedure is described in
section 4.4.2. Subsequently, the mass spectrometer, which had been baked out

1The calibration gas supply is not shown in fig. 3.2. It is installed on demand and the set-up is
equal to the connection of the process gases.
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3. Experimental set-up

overnight at a temperature of about 110◦C, was disconnected by closing the gate
valve.

For the following powder treatment, the desired process parameters, P
Mw, p

and gas composition, were adjusted, P
Mw by using the E-H-tuner for impedance

matching in order to obtain P
Mw|rfl ≤ 100W. After reaching stable conditions,

the plasma was switched off and ignited again to check for repeatable ignition
conditions. If no repeatability was obtained, impedance matching and ignition
check were performed again.

Then, the empty sample plate was removed from the recipient and an analyti-
cal balance was used to load the sample plate with 50mg of the mineral powder
while a hole template held by a tripod as well as a sieve were employed to obtain
a homogeneous powder distribution. Subsequently, the loaded sample plate was
inserted and the recipient was pumped down to p ≤ 1Pa, before the desired gas
composition, flow and pressure for the powder treatment were adjusted. The re-
cipient was purged for 10min and the sample plate was moved to the treatment
position d = −60mm.

After reaching the operating pressure p
Ms = 1.0 × 10−4 Pa through opening

of the mass spectrometer’s gate valve, the Ms measurement was started. One
minute later, the plasma was ignited and after a treatment of 10min, the sam-
ple plate was moved down into the second vessel, out of the plasma zone. Two
minutes later, the gate valve to the mass spectrometer was closed, the plasma
switched off, the recipient vented with Ar, the sample plate removed from the
recipient and immediately thereafter, the treated sample was filled in a small
lockable with argon flooded vial which has been stored in a desiccator.

3.2.1. Downer reactor

Figure 3.3 shows a schematic of the additional parts used for the Mw reactor set-
up as a downer. Up to 400g of the mineral powder can be continuously treated
under vacuum conditions by trickling through the plasma zone within the res-
onator, in this reactor configuration.

The upper part shown in this figure is an additional vessel for mineral powder
storage and dosed transport under vacuum conditions with a length of 330mm.
It is flanged above the upper extension tube of the Mw resonator and has a sep-
arate gas supply connection, replacing that one which was used for the batch
treatment set-up as illustrated in figure 3.2.

A haulway, with integrated powder reservoir on one side and a tapering from
40mm to 3mm on the other side, is flexibly mounted inside the vessel at two
elastic plastic supports. Enabling a centered powder fall through the quartz glass
tube and respectively plasma zone, the tapered end is located about 5mm in front
of the resonator’s rotational axis of symmetry. A blank flange at the vessel is
located above the reservoir for filling and an adjustable slit opening enables the
control of powder throughput.

The powder motion from the reservoir through the slit opening and along the
haulway is realized through vibration. It is electro-magnetically excited from
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3.2. Microwave plasma source
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Figure 3.3.: Schematic of the additional parts used for the Mw downer reactor
set-up. The vessel for storage of mineral powder and its transport to
the discharge tube is shown in the upper part. The lower part shows
the collecting vessel for treated powder.

exterior of the vessel and mechanically transfered to the haulway by a movable
steel rod which is connected to a membrane bellows. Both, rod and bellows, are
flanged to the vessel below the haulway at an angle of 45° in order to transmit the
vibration from the exciter, diagonally upwards and towards the tapered haulway
end which effects powder motion in this direction. The exciter consists, of a
cylindrical neodymium magnet, which is mounted at the steel rod and located
inside the an excitation coil. This is feed by a periodic ramp signal, provided by
a waveform generator and amplified by an audio amplifier. Hence, amplitude
and frequency adjustment of the ramp signal enables a controlled motion of the
haulway and thus, powder throughput control. For observation, the vessel is
partially covered with Plexiglas.

After downer treatment, the mineral powder falls into a collecting vessel, the
lower part which is shown in figure 3.3. It is flanged below the Mw resonator’s
bottom extension pipe, replacing the second vessel of the recipient used for batch
treatments. Pressure gauge and vacuum pump are connected to the collecting
vessel. A connection to the mass spectrometer is omitted.
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3. Experimental set-up

Powder treatment

Before the reactor was pumped down to p ≤ 1Pa, the powder which would be
treated was filled into the reservoir of the haulway by opening the blank flange.
The desired gas composition and pressure for treatment were adjusted by mass
flow controllers and the gate valve at the vacuum pump whereas the total gas flow
was regulated to 200sccm. As described in section 3.2, the plasma was ignited
and P

Mw adjusted to the desired discharge conditions for treatment.
The actual powder treatment began with switching on the vibration mecha-

nism of the haulway. For this purpose, the waveform generator provided a ramp
signal of a frequency νramp = 2.0Hz which was amplified by the audio ampli-
fier and transmitted to the exciter. Slit opening and adjustments to the ramp
signal determine the powder mass flow rate. It was adjusted to be in the order
of ṁpowder ≈ 50gh−1 ≈ 14mgs−1 to ensure an adequate ratio between working
gas supply and ṁpowder for surface treatments. It should be noted that too high
settings of ṁpowder might have significant influences on the plasma conditions
resulting in falsified surface treatment effects.

After the total amount of powder has been treated, the plasma was switched
off, the reactor ventilated with Ar and the collecting vessel was demounted. In
the case of multiple treatments, the treated powder was filled into the reservoir
of the haulway again and the treatment procedure was repeated, after a short
cleansing and remounting of the collecting vessel. Otherwise the sample was
filled into lockable beakers which were stored in a desiccator.

The quartz glass tube inside the Mw resonator had to be cleaned in regular
intervals to ensure the reproducibility of powder treatments. A small portion
of the samples which adhered at the tube walls was thereby removed after each
total powder throughput between 300g and 600g.

3.3. Batch flotation cell

In order to obtain the recovery of different treated and untreated minerals and
mineral mixtures, a micro flotation cell as schematically shown in figure 3.4 has
been used for laboratory scale experiments. The cell capacity, until the lower edge
of the froth overflow, amounts 150ml. A mass flow controller ensures a constant
air flow from the gas supply to the outlet holes within the agitator impeller which
is located near the ground of the flotation cell. The speed of impeller rotation is
adjustable by the motor control and the pH of a slurry can be measured by a
pH meter installed.

However, the basic design of laboratory batch flotation cells as used for the
present work is explained in more detail elsewhere [70].

Experimental procedure

For the preparation of a batch flotation experiment, 22.5g of the feed mineral or
mineral mixture was weighed and filled into the batch flotation cell, illustrated
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3.3. Batch flotation cell
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Figure 3.4.: Schematic of the 150ml micro batch flotation cell used for mineral
mixture separation experiments on a laboratory scale.

in figure 3.4. Afterwards 80ml of deionized water was added and the agitator
impeller was turned on – starting the sequence of slurry preparation and froth
flotation at 00 : 00. This sequence, given in minutes : seconds, is listed below:

(i) 01 : 00 pH adjustment by using sodium hydroxide solution NaOH

(ii) 05 : 00 collector addition from 1%� solvent

(iii) 06 : 30 if frothing occurred, froth washing with deionized water and ad-
ditional pH adjustment

(iv) 10 : 00 frother addition from 2%� Flotol B solvent1

(v) 12 : 00 filling of the batch flotation cell with deionized water up to 150ml
and additional pH adjustment

(vi) 14 : 00 starting the froth flotation by turning on the air flow of 0.62lmin−1

(vii) 19 : 00 stopping the froth flotation by turning off the air flow and refilling
the flotation cell with deionized water up to 150ml

(viii) 20 : 00 repetitions of step (iv)–(vii) three times

Finally, there are four steps of recovery for each experiment in order to gain more
information regarding the flotation processes. The recovery of each step was fil-
tered, dried in air at 100°C, weighted and the grade was determined by induc-
tively coupled plasma atomic emission spectroscopy (Icp-Aes). This technique
is based on the analysis of optical emission spectra which are overlays of the
characteristic emission of each element that the samples contain. Therefore, the
elemental composition of samples can be determined as well as the grade of a

1The solvent contains of Flotol B and Emulsogen El in a 2 : 1 ratio
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3. Experimental set-up

mixture, if their principle components are previously known. For that purpose,
an aqua regia digestion of the sample is evaporated and added to a high tempera-
ture inductively coupled Ar plasma of about 7000K in which the optical emission
is induced. However, detailed descriptions regarding the Icp-Aes-technique can
be found elsewhere, for example in [71, 72].

Both kinds of experiments, batch flotation and Icp-Aes, were performed by
Norman Mletzko at the Institut für Aufbereitung, Deponietechnik und Geome-
chanik (Ifad)1. In order to prevent aging of treated and untreated samples, a
portable desiccator were used for shipping.

1Technische Universität Clausthal, Institut für Aufbereitung, Deponietechnik und Geomechanik
(Ifad)
postal address: Walther-Nernst-Straße 9, 38678 Clausthal-Zellerfeld, Germany
Url: www.ifa.tu-clausthal.de
email: katja.geyer@tu-clausthal.de
phone: +49 (0) 5323 72-2735 / 2038
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4
Analytical methods

The analytical methods used in plasma and surface diagnostics are described in
the following chapter. For each diagnostic the corresponding physical principals,
models used for measurement analysis, as well as the experimental procedures
are explained in detail.

4.1. Langmuir probe peasurement

4.1.1. Theory

The Langmuir probe diagnostic is a method to obtain plasma parameters, which
was first described in 1923 by Irving Langmuir and it is still applied nowadays [73,
74]. Detailed descriptions of this technique can be found elsewhere [75, 76] and
a short overview about this method is given below.

Commonly used are cylindrical probes of tungsten or platinum which are sur-
rounded by a ceramic insulation. Only the probe tip, the essential sensor, is an
uninsulated filament, which is small if we take into consideration the plasma di-
mension. Typical probe tip lengths are of a few mm and diameters are smaller
than one mm. The probe potential is varied by a voltage source in order to
measure the current-voltage characteristic. One Ipr-Vpr characteristic typically
measured is shown in figure 4.1 for an Ar /O2 radio frequency (Rf) plasma at
cO2 = 50% and P

Rf = 160W.
A decrease of the probe potential to a high negative voltage results in the ion

saturation current Ii,sat, since all positive ions can reach the probe unimpeded,
having a velocity close to the ion sound velocity. Similarly, high positive voltages
applied result in the electron saturation current Ii,sat. Since the thermal velocity
of electrons is much higher than for ions, following rule applies:

Ie,sat =
√
mi

me
Ii,sat (4.1)

The potential at which equal fluxes of negatively and positively charged particles,
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Figure 4.1.: Langmuir probe measured current-voltage characteristic – the probe
current Ipr as a function of the probe potential Vpr – obtained from
an Ar /O2 Rf plasma at cO2 =50% and P

Rf =160W.

striking the probe tip, is obtained defines the floating potential φfl. At this point
the Ipr-Vpr characteristic is zero. Above φfl, the current increases exponentially
until the ion saturation current is reached. At the inflection point within this
Vpr range the plasma potential φp is applied to the probe. The probe does not
effectively disturb the plasma at this point. Additionally, electron temperature Te
and density ne can be obtained from the Ipr-Vpr characteristic by using following
equations:

φp∫
φfl

Ipr(Vpr)dVpr

Ipr(φp)
= kBTe (4.2)

ne =
Ipr(φp)

Apr

√
2πme

e2kBTe
(4.3)

where Apr is the probe surface.

4.1.2. Experimental procedure

A complete system1 consisting of Langmuir probe2, linear vacuum feed through,
control unit and software3, has been used for Langmuir probe measurements giv-
ing the results that will be presented as following in this work. The probe was
coupled via Kf-40 flange to the Rf plasma reactor, as schematically shown in
figure 3.1, and the cylindrical probe platinum tip with a length of 6.5mm and a
diameter of 125µm is covered by a ceramic tube. Compound coils were used to
filter out the Dc component, which is induced by Rf excitation.

At the beginning of each measurement series, the probe tip was placed at the

1Scientific Systems
2Smart Probe
3Smart Soft
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4.2. Optical emission spectroscopy

central position within the discharge and baked out for ten times. Afterwards,
Ipr-Vpr characteristics were automatically recorded five times for every single
plasma operating point, and the plasma parameters obtained – Te, ne, φfl and
φp – were averaged. Before recording each Ipr-Vpr characteristic the probe tip
was baked out again. During measurements an empty sample holder was located
in the powder treatment position, approximately 10mm below the probe tip.

These measurements were performed by Stephan Hamann as one part of his
diploma thesis [77], which belongs to the present work.

4.2. Optical emission spectroscopy

Optical emission spectroscopy (Oes) is a versatile non-invasive measurement
method, based on wavelength-resolved determination of the intensity of plasma
emitted radiation in the visible region of the spectrum. The spectra obtained
allow conclusions to be drawn, for example, regarding the density and temper-
ature of various species within the plasma zone. In this work, different models
have been used to determine the number density of atomic oxygen [O] and hy-
drogen [H] as well as the rotational temperature of molecular hydrogen Trot by
Oes. Base assumptions and theoretical background of these models and their
respective experimental procedures have been summarized below.

4.2.1. Theory

4.2.1.1. Actinometry

In 1980 Coburn and Chen first proposed actinometry for measuring the number
density of atomic fluorine [78], for example, Walkup et al. realized the determina-
tion of atomic oxygen density [O] [79] and, amongst others, Katsch et al. showed
the fact that it offers the possibility of reproducing the relative behavior of [O] in
a qualitative sense in relation to parameter variations [80].

If at excited atomic oxygen production one can neglect the impact of popu-
lation from higher levels and by radiation re-adsorption, the line intensity at
λ = 844.6nm, caused by radiative O(3P→ 3S) deexcitation, can be expressed as:

I(O) = b(O)hν
(O)A

(O)
ij neK

ex
O (Te) [O]

∑
j

A
(O)
ij


−1

(4.4)

Accordingly, the line intensity at 750.4nm caused by Ar(4p′[1/2]0→ 4s′[1/2]◦)
deexcitation is given by:

I(Ar) = b(Ar)hν
(Ar)A

(Ar)
ij neK

ex
Ar(Te) [Ar]

∑
j

A
(Ar)
ij


−1

(4.5)
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4. Analytical methods

whereas all optical and geometrical parameters are represented by b. A(O)
ij and

A
(Ar)
ij are the Einstein coefficients for spontaneous emission, hν(O) and hν(O) are

the photon energies, Kex
O and Kex

Ar are the rate coefficients for electron impact exci-
tations of Ar and O, ne is the electron density and Te is the electron temperature.
The combination of equations 4.4 and 4.5 gives the following expression for [O]:

[O] = [Ar]
I(O)

I(Ar)
k′ (4.6)

If one can assume that the electron impact excitation cross sections of O and Ar
are similarly shaped, in particular, close to the excitation threshold, k′ can be
considered as constant and qualitative statements about [O] regarding process
parameter variations are obtained [80, 81]. In order to take dissociative excita-
tion of oxygen, with the rate coefficient Kdex

(O2), into consideration the following

equation gives an expression for [O]:

[O] = [Ar]
I(O)

I(Ar)
k
′
−
Kdex

(O2)

Kex
O

[O2] (4.7)

where [O2] is the number density of the molecular oxygen O2. The degree of
dissociation κD is defined as the ratio of the number densities of dissociated
molecules and molecules in all states. Therefore, in an oxygen containing plasma
κD can be expressed as:

κD =
[O]

[O] + 2[O2]
=

[O] / [O2]
[O] / [O2] + 2

(4.8)

in case that the concentrations of excited and ionized oxygen species are small
compared to the ground state species concentrations.

4.2.1.2. Rotational temperature of H
2

A common method to determine the gas temperature in molecular plasmas is
based on investigating the distribution of population density of rotational levels
in excited vibrational states, which was first proposed by Lavrov [82] and evalu-
ated by Lang [34], amongst others. Concerning to this matter a brief summary is
given in the following.

In case of Boltzmann distributed rotational levels the rotational temperature
Trot(n′,ν′) of the respective vibrational level n′,ν′ is given by:

Nn′ν′N ′ = cn′ ,ν′ ga,s (2N ′ + 1) exp
(

En′ν′N ′

kBTrot(n′,ν′)

)
(4.9)

whereas Nn′ ,ν′ ,N ′ and En′ ,ν′ ,N ′ are population density and energy of the n′,ν′,N ′

level. cn′ ,ν′ is the scaling factor, ga,s is the statistical weight and kB is the Boltzmann
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4.2. Optical emission spectroscopy

constant. In low temperature plasmas – relaxation times are often significantly
longer compared to mean radiation lifetimes – equation 4.9 can be only solved by
using additional kinetic models in order to determine Trot [82–85]. One model,
first suggested by Lavrov [82], includes following assumptions:

• corona-equilibrium

• negligible rate coefficients of electron impact excitation of vibrational states
ν′ ≥ 1

• independence of electronically excitation rate coefficients of the rotational
quantum number N ′

• Boltzmann distributed population density of the ground state X1Σ+
g ,ν
′ = 0

whereas rotational and gas temperature are equal Trot(X,0) = Tg:

NX0N ′ =NX00 ga,s (2N ′ + 1) exp
(
−EX0N ′

kBTg

)
(4.10)

This can be used to show a linearity between the population density of rovibronic
levels of excited states N ∗(n′,ν′,N ′) and the rotational ground state energy EX0N ′

[84]:

lnN ∗(n′,ν′,N ′) ≡ ln
Nn′ν′N ′

ga,s (2N ′ + 1)τn′ν′N ′
(4.11)

= − EX0N ′

kBTrot,0(n′,ν′)
+ const

where Trot,0(n′,ν′) is the rotational temperature of the ground state which is deter-
mined by the population density distribution of the exited stateN ∗(n′,ν′,N ′) with
the relaxation time τn′ν′N ′ . Assuming proportionality between rotational energy
and N ′ (N ′ + 1), by using equations 4.10 and 4.11 it can be shown that the rela-
tive dependence between the rotational quantum number N ′ and the transition
probability is required in order to determine Trot. In case of angular momentum
coupling, analytic functions of N ′ define the Hönle-London factors, especially for
the Q branch transition d3Π−u,ν = 2,N ′ = 1 → a3Σ+

g ,ν = 2,N ′ = 1. Taking into
account the respective line intensities, equation 4.11 transforms to:

ln Ĩ(2−2)QN ′ = ln

 I(2−2)QN ′ λ
3

ga,s (2N ′ + 1)

 (4.12)

= −EX0N ′

kBTrot
+ const

where λ is the wavelength of the Q branch transition (2–2)QN ′ line with the
intensity I(2−2)QN ′ , the reduced intensity Ĩ(2−2)QN ′ and the rotational quantum
number N ′. Therefore, a plot of the reduced line intensities as a function of the
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4. Analytical methods

respective molecular rotational energy in the ground state – the Boltzmann-plot
– is required to obtain Trot. Comparisons between this method and translation
temperatures measured by Doppler-broadening have shown that the Fulcher-α (2–
2)Q band system is most appropriate to determine Tg [34].

4.2.1.3. Determination of atomic hydrogen number density

One method to determine the degree of dissociation of a hydrogen plasma was
described in detail by Pipa and Lavrov et al. [34, 86, 87] and it bases itself on the
ratio of measured intensities of atomic and molecular hydrogen transitions. For
that reason, the intensities of the Hα and Hβ spectral lines of the Balmer series
and one molecular transition (2–2)Q1 of the Fulcher-α (2–2)Q band system are
used. The intensity ratio between Hα and Hβ line can be expressed as follows:

IHα

IHβ
=

[H]
[H2] K

em
dir (T eff

e |3→ 2) +Kem
dis (T eff

e |3→ 2)
[H]
[H2] K

em
dir (T eff

e |4→ 2) +Kem
dis (T eff

e |4→ 2)
(4.13)

where Kem
dir and Kem

dis are emission rate coefficients of Balmer spectral lines for
direct and dissociative electron impact excitation regarding the respective cross
sections. The electron energy distribution function (Eedf) is approximately de-
scribed by T eff

e , an effective parameter thus, avoiding the need to know the shape
of the distribution function. Intensity ratios between Hα, Hβ and (2–2)Q1 lines
can be expressed as:

IHα ,IHβ

I(2−2)Q1
=

1
η(Tg)

[H]
[H2] K

em
dir (T eff

e |n→ 2) +Kem
dis (T eff

e |n→ 2)

Ad
−21
a21 τd−21K

ex
mol(T

eff
e |d−21← X01)

(4.14)

whereas η(Tg) is a function which reflects the dependence of the (2–2)Q1 line
intensity on the gas temperature. For Tg ' 300K η(Tg) simplifies to:

η(Tg) =
9
4

 ∑
N ′=1,3,5,...

(2N ′ + 1) exp
(
−EN

′ −E1

kBTg

)−1

(4.15)

where EN ′ is the energy of rotational levels of the ground state. Ad
−21
a21 is the

probability of the radiative H2 transition d3Π−u,ν = 2,N = 1→ a3Σ+
g ,ν = 2,N = 1

with a the radiative lifetime τd−21 of the higher state and its excitation rate coeffi-
cient Kex

mol for electron impact. The combination of both equations, 4.13 and 4.14,
gives three expressions for [H] / [H2] depending on measurable values, the inten-
sity ratios between Hα, Hβ and (2–2)Q1 lines and Tg which can be determined as
described above:

[H]
[H2]

=
Kem

dis (T eff
e |Hα)− IHα

IHβ
Kem

dis (T eff
e |Hβ)

IHα
IHβ

Kem
dir (T eff

e |Hβ)−Kem
dir (T eff

e |Hα)
(4.16)
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[H]
[H2]

=
IHα

I(2−2)Q1

Ad
−21
a21 τd−21K

ex
mol(T

eff
e |d−21← X01)

Kem
dir (T eff

e |Hβ)
η(Tg) −

Kem
dis (T eff

e |Hα)

Kem
dir (T eff

e |Hα)
(4.17)

[H]
[H2]

=
IHβ

I(2−2)Q1

Ad
−21
a21 τd−21K

ex
mol(T

eff
e |d−21← X01)

Kem
dir (T eff

e |Hβ)
η(Tg) −

Kem
dis (T eff

e |Hβ)

Kem
dir (T eff

e |Hβ)
(4.18)

Finally, the ratio [H] / [H2] can be graphically revealed by the intersection of these
three curves, given by equations 4.16–4.18, in a [H] / [H2]-T eff

e -plot as illustrated
by figure 4.4. But, depending on the plasma parameters, [H] / [H2] is not neces-
sarily sensitive to the parameter T eff

e in all equations. In these cases either the
curves do not intersect themselves and thus, no result can be obtained or it is
undefined as it would be the case of two intersections. In this particular case ad-
ditional information about the Eedf may help to identify the correct solution or
both results have to be taken into account for discussions.

It is necessary to mention that two different cases have to be distinguished. In
the first case the mixing of the population densities of sublevels is negligible, for
example, at gas beam and crossed beam experiments. In the second case mixing
processes are dominant at forming the population density distribution between
different fine structure levels which could occur in plasmas with high particle
densities and fields. For both cases the shapes of Kem

dir , Kem
dis and Kex

mol differ.
However, the degree of dissociation κD can be calculated from [H] / [H2] as

follows:

κD =
[H]

[H] + 2[H2]
=

[H] / [H2]
[H] / [H2] + 2

(4.19)

if the concentrations of excited and ionized hydrogen species are small compared
to the ground state species concentrations.

4.2.2. Experimental procedure

4.2.2.1. Line measurement

The Oes measurement system used consists in the intensified charge-coupled
device (iCcd) cam1 which is mounted to the monochromator2, the optic fiber3

and the personal computer with accompanying cam software4.
For measurements at the Rf discharge the optic fiber entrance was fixed cen-

trally in front of the Kf-40 quartz glass viewing window, in such a way that the
optical axis rectangularly intersected the center axis of the discharge vessel ap-
proximately 10mm above the sample holder that was in the treatment position.

1Andor iStar DH 73418F965
2Acton Research Pro 2500i from Princeton Instruments; focal lenght 500mm
3Leoni Fiber Optics
4Solis S
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4. Analytical methods

Table 4.1.: List of software settings and diffraction gratings used for Oes mea-
surements at both discharges, Rf and Mw.

setting parameter value
Rf discharge Mw discharge

iCcd settings

gain 100 100
read out frame Fvb Fvb
read out time per pixel 1× 10−6 s 1× 10−6 s
gate pulse widtha tgpw ≈ 10−1 –1s ≈ 10−2 –10s

iCcd operation mode:
kinetic series

# accumulations 1 10 / 20b

# series 10 10

gratingsc

grating one ngd,1 = 1800mm−1, λb,1 = 500nm
grating two ngd,2 = 2400mm−1, λb,2 = 400nm

a depends on the maximum intensity of lines measured in order to determine one particular
plasma parameter

b 10 was used for actinometry, 20 otherwise
c grating one was used for actinometry, grating two otherwise

At the Mw discharge the optic fiber was fixed directly in front of the vent holes
of the aluminum sheathing and aligned in order to obtain a rectangular inter-
section between the optical axis and the center axis of the quartz glass discharge
tube. The plasma parameters were determined as a function of the axial distance
from Mw resonator center d whereas, due to the cylindrical resonator with annu-
lar slots (Cyrannus®) design, the region −90mm / d / 30mm is not accessible
for Oes.

Before each measurement series various software settings had to be configured
according to the operation with iCcd cam and monochromator. The main set-
tings are listed in table 4.1. The gate pulse width tgpw varied according to dif-
ferent measurements, but was maintained constant regarding data acquisition of
various spectral lines needed to determine one specific plasma parameter. With
the aim to maximize the signal-to-noise ratio, generally, tgpw was set between
10−2 s and 10s in such a way to adjust the intensity of the most intense spectral
line, needed for each parameter determination, close to the maximum measur-
ing range of the iCcd cam. The gain, a factor that might scales non-linearly,
has not been varied, for that reason. Two diffraction gratings with different
groove densities ngd and blazing wavelengths λb were used for measurements
– grating one: ngd = 1800mm−1, λb = 500nm enabling a measuring range of
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4.2. Optical emission spectroscopy

300nm / λ / 700nm, and grating two: ngd = 2400mm−1, λb = 400nm enabling
a measuring range of 300nm / λ / 900nm. In order to determine emission in-
tensities the monochromator center wavelength was set on the peak position for
each line used in further data processing, before spectra were recorded. The peak
positions of all spectral lines used in the present work is listed in table A.5.

Various spectra of emission lines used for Oes investigations of both discharges
can be found in the appendix at figures B.5 and B.6.

4.2.2.2. Determination of the spectral sensitivity

For the relative intensity calibration of the Oes system, generally, tungsten ribbon
lamps (Trls) are used in order to obtain the spectral distribution of sensitivity.
The spectral calibration curve S(λ) is given by:

S(λ) =
B
Trl(λ)
Is(λ)

(4.20)

where B
Trl(λ) is the spectral radiant intensity of the Trl and Is(λ) the radiant

intensity measured by the Oes system. For the Trl a given data set was used,
where B

Trl(λ) is attributed according to the operation with a defined operating
current of 13.28A, which was obtained by calibration measurements of the man-
ufacturer.

Due to the fact that, in the present work, the intensity ratios and relative
changes were solely used to obtain various plasma parameters, except for the
shape of spectral calibration curves that had to be determined and, for that rea-
son, the normalization S(λ = 600.0nm) = 1 was chosen for data analysis.

For the determination of S(λ), the fiber optic cable was focused on the Trl
which has the operating current increased uniformly and adjusted to 13.28A
within 30 minutes. Subsequently Is(λ) was measured with an increment of 10nm
between 330nm and 900nm for grating one, as well as between 330nm and
700nm for grating two. S(λ) is shown in figure 4.2 for both diffraction gratings
used with the normalization S(λ = 600.0nm) = 1.
Oes measurements at the Rf discharge, as well as the determination of the

spectral sensitivity were performed by Stefan Hamann as one part of his diploma
thesis [77], which belongs to the present work.

4.2.2.3. Actinometry

As explained in section 4.2.1.1 the spectral line intensities, of atomic oxygen I844.6
and of argon I750.4 – details are listed in table A.5 – were used to determine the
atomic oxygen density [O] in Ar /O2 Rf and Mw plasmas. Both spectra were
recorded and line intensities were obtained as described above. Examples are
illustrated in figure B.5.

Equation 4.6 gave [O], in a qualitative sense in arbitrary units, regarding vari-
ations of the process gas’ oxygen concentration cO2 , the respective plasma power
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Figure 4.2.: Spectral calibration curves S(λ) obtained from measurements at the
Trl for both gratings used:
grating one: ngd,1 =1800mm−1; λb,1 =500nm ( )
grating two: ngd,2 =2400mm−1; λb,2 =400nm ( )

P
Rf or P

Mw and the pressure p. The error bars corresponding to [O] were calcu-
lated from an average of the ten measurements of each line intensity by using the
law of propagation of uncertainty.

4.2.2.4. Determination the rotational temperature of H
2
and the atomic

hydrogen number density [H]

In order to determine the atomic hydrogen number density [H] in Ar /H2 Rf and
Mw plasmas, the emission intensities of the molecular transition (2–2)Q1 of the
Fulcher-α (2–2)Q band system, the Hα and Hβ spectral lines and the rotational
H2 temperature Trot had to be measured, as explained in section 4.2.1.3. Further
molecular transition intensities of the Fulcher-α (2–2)Q band, from (2–2)Q2 to
(2–2)Q7, were measured for Trot determination, as described in section 4.2.1.2.
Details regarding emission intensity measurements are described above, several
spectra measured are illustrated in figures B.6 and information about emission
lines are listed in table A.5.

Rotational temperature of H
2

As for the calculation of Trot equation 4.12 has been plotted as a Boltzmann-plot,
where the natural logarithm of the reduced Fulcher-α (2–2)Q band line intensities
Ĩ(2−2)QN ′ are plotted as a function of their respective energies EX0N ′ . Figure 4.3
shows the Boltzmann-plot for a Rf and a Mw plasma and the dashed lines are lin-
ear fitting functions of ln Ĩ(2−2)QN ′ (EX0N ′ ) forN ′ = 1 andN ′ = 3, at the Rf plasma,
and ln Ĩ(2−2)QN ′ (EX0N ′ ) for 1 ≤N ′ ≤ 4, at the Mw plasma from which slope Trot is
determined. To understand the fitting ranges it should be emphasized that tran-
sitions between neighboring rotational levels are forbidden in case of H2. Thus,
the coincidence between the gas temperature Tg and the Maxwell-Boltzmann dis-
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Figure 4.3.: Examples of the Boltzmann-plot – the natural logarithm of the re-
duced Fulcher-α (2–2)Q band line intensities Ĩ(2−2)QN ′ as a function
of their respective energies EX0N ′ – for both discharges used:
Mw: cH2 =50%, P

Mw =1800W, p =250Pa, d =60mm ( )
Rf: cH2 =50%, P

Rf =160W ( )
The dashed lines are the linear fitting functions used to calculate the
rotational H2 temperature from equation 4.12. They are obtained
from the (2–2)Q1 and (2–2)Q3 line at Rf plasmas and, at Mw plas-
mas the (2–2)Q2 and (2–2)Q4 line are additionally involved.

tribution requires that:
EX0N ′ −EX0N ′−2 < kBTg (4.21)

To derive the temperature from the (2–2)Q1 and (2–2)Q3 line Tg should have a
value higher than 850K and in case it is higher than 1180K also the (2–2)Q2 and
(2–2)Q4 line can be involved. This could not fulfilled for the Rf discharge and in
a few cases for the Mw discharge. Hence, results obtained by this method should
be handled with caution.

However, all constants and rate coefficients which are necessary to determine
Trot can be found in [88].

Atomic hydrogen number density [H]

As explained in section 4.2.1.3, the [H] / [H2] ratio can be expressed as a function
depending on the effective electron temperature T eff

e , a parameter representing
the Eedf shape, if the line intensities IHα, IHβ, I(2−2)Q1, the gas temperature Tg
and various constants and rate coefficients are given. Figure 4.4a shows a plot
of these functions, given by the equations 4.16–4.18, for a Rf and a Mw plasma.
The [H] / [H2] ratio can be obtained from the intersection of all three functions.
This is illustrated in figure 4.4b for the Mw plasma, where both functions that
present the highest intersecting angle are chosen to determine [H] / [H2], in order
to minimize errors. Dashed lines symbolize the uncertainties of both functions
which have been determined by using the law of propagation of uncertainty ap-
plied to the ten intensity measurements of every emission line used. Finally, the
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(b) Enlarged view of the cross sectional area
from the Mw plasma of the left plot.
Dashed lines symbolize the uncertainties
of both curves framing the marked area
used to obtain the error of [H] / [H2].

Figure 4.4.: Parameter equations 4.16–4.18 given for a Rf and a Mw plasma,
where [H] / [H2] is plotted as a function of T eff

e .

error of [H] / [H2] has been obtained from the height of the marked area framed
by the dashed lines.

For the Rf plasma, the determination [H] / [H2] is more ambiguous, since two
intersections of equations 4.16–4.18 are found as one can see in figure 4.4a. Ad-
ditional information about the Eedfmay required in order to identify the correct
solution or both results have to be taken into account for discussion. For that rea-
son, two values of [H] / [H2] are always given for the Rf plasma in the following.

As mentioned in section 4.2.1.3, one has to distinguish between two cases with
different shapes of the rate coefficients Kem

dir , Kem
dis and Kex

mol. In case one, where the
mixing of the population densities of sublevels is assumed to be negligibly small,
has been used for the Rf plasma. The second case – the density distribution
between different fine structure levels is dominated by mixing processes – has
been used to obtain [H] / [H2] from the Rf plasma.

However, if [H] / [H2], gas temperature Tg, gas pressure p and hydrogen con-
centration of the process gas cH2 are known, one can estimate the number density
of atomic hydrogen [H], assuming an ideal gas:

[H] =
2 [H]

[H2]

2 + [H]
[H2]

cH2

p

kBTg
(4.22)

= 2κD cH2

p

kBTg

The degree of dissociation κD is given by equation 4.19.
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4.3. Thermal probe measurements

4.3.1. Theory

Thermal probes can be used for plasma diagnostic in order to determine the en-
ergy flux, or respectively, the total power input Q̇in onto a defined sensor sur-
face Apr during plasma processing. The measurement concept was developed by
Thornton [89] and described in detail by Kersten et al. [90, 91]. A brief summary
is given as the following.

Generally, plasmas are acting on solid surfaces which leads to them heating
up due to energy transfer, which is described by a balance of all involved en-
ergy fluxes, whereas the total power input Q̇in is the sum of different energy flux
density contributions Jν integrated over the substrate surface A:

Q̇in =
"
A

(
Jrad,1 + Jch + Jn + Jads + Jreact,1 + Jext,1

)
dA (4.23)

and by analogy, the total power lost of the substrate Q̇out can be defined as:

Q̇out =
"
A

(
Jrad,2 + Jdes + Jreact,2 + Jext,2

)
dA (4.24)

The involved energy flux density contributions Jν of eq. 4.23 and 4.24 are listed
below including explanations regarding low-temperature plasmas [90, 91]:

Energy input

Jrad,1 Radiative energy sources of heat radiation are surrounding surfaces, such
as reactor walls and enclosure, as well as the gas and plasma radiation
itself. The contribution of heat radiation from hot surfaces is usually
small in low temperature plasma reactors. Additionally, photons pro-
vided by radiative deexcitation of plasma produced excited species can
range from infrared (Ir) to ultraviolet (Uv). An upper limit in the order
of 5–10 %, when compared to the other thermal influxes, was found for
heat radiation at inductively coupled Rf discharges [92].

Jch The energy flux of charged particles, electrons and ions, is the product of
their respective particle flux densities towards the substrate surface and
mean particle energies, whereas the ion energy consists of a potential
and a kinetic part. Beside, positive ions primarily produced in the car-
rier gas plasma, and negative ions mainly occurring in electronegative
plasmas that offer a contribution to Jch, also plasma and secondary elec-
trons as well as their recombination with positive ions at the substrate
surface have to be taken into consideration.

Jn, Jads Neutrals of the background gas and of the process components also inter-
act with surfaces during plasma processing resulting in contributions to
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4. Analytical methods

the thermal power balance. Particle translation determines the kinetic
energy of the neutrals, while its potential energy is distributed between
rotational, vibrational and electronically excited states as well as inner
energy of dissociation. In commonly used low temperature plasma ap-
plications the energy transfer mainly occur by heat adsorption as well as
by particle fluxes of rational, vibrational and metastable excited parti-
cles to the substrate surface [93, 94]. Fast neutrals generated by charge
exchange mechanisms mainly contribute to the thermal balance by its
kinetic energy as well as neutral particles sputtered from the electrode.

Jreact,1 The energy influx by chemical reactions occurs at exothermic plasma
surface modifications and exothermic formations of product molecules
while the surface functioned as a third collision partner, whereas the
reaction enthalpy partially contributes to thermal balance.

Jext,1 Power input by external sources, such as substrate heating devices, can
additionally contribute to the thermal balance.

Energy losses

Jrad,2 The heat loss of the substrate by thermal radiation.

Jdes Energy losses by desorption of atoms or molecules from the sample sur-
face under vacuum conditions contributes to the thermal balance. The
bulk diffusion, a gas transport from inside the solid, and the gas desorp-
tion from the surface are simultaneous processes.

Jreact,2 Generally, in low-temperature plasmas three basic mechanisms have to
be taken into account while describing frequent endothermic reactions at
plasma surface interactions: surface film reactions, chemical and phys-
ical sputtering. At chemical sputtering, bulk atoms react with the in-
cident gas phase particles to form molecules which desorb from the
surface, without forming intermediate boundary states. In the case of
surface film reactions the gas phase particles are adsorbed to the sur-
face previously. Contrary to these mechanisms, in physical sputtering
the energy loss is generated by released particles and secondary electron
emission induced by energetic particle impact.

Jext,2 Heat conduction by the surrounding gas and along the solid sample
holder, condensed as a external cooling effect losing the heat of the sub-
strate.

In order to determine Q̇in, two thermal probe types with different measurement
concepts have been used for plasma diagnostic experiments: an active thermal
probe (Atp) and a passive thermal probe (Ptp). Detailed descriptions are given
below.

4.3.1.1. Passive thermal probe

As mentioned above, energy transfer occurs if a solid or a thermal probe is ex-
posed to a plasma, which results in substrate heating until a thermal equilibrium

42



4.3. Thermal probe measurements

is reached [95]. The power balance of that process is given by:(
Ctp

dTtp

dt

)
heating

= Q̇in − Q̇out (4.25)

where Ctp and Ttp are the absolute heat capacity and the temperature of the solid
or a dummy substrate, the thermal probe sensor at measurements. When the
plasma is switched of, the total power input is zero – Q̇in = 0 – and the solid cools
down which result in: (

Ctp
dTtp

dt

)
cooling

= −Q̇out (4.26)

Combining equations 4.25 and 4.26 at equal temperatures gives:

Q̇in = Ctp

(dTtp

dt

)
heating

−
(

dTtp

dt

)
cooling


Ttp

(4.27)

where both slopes, (dTtp / dt)heating and (dTtp / dt)cooling, are obtained from the
thermal probe measurement procedure which is described in section 4.3.2.1,
while Ctp is assumed to be a constant for the respective Ptp sensor used. A di-
vision of Q̇in by Apr, the probe sensor surface area, gives the energy flux density
from the plasma onto the Ptp sensor [90, 91, 96].

4.3.1.2. Active thermal probe

Contrary to the measurement of Q̇in by the Ptp, the sensor temperature Ttp of the
Atp is constantly regulated by supplying an external heating power Ptp. Thus, in
both cases, plasma on and plasma off, the time derivative of Ttp is zero and with
respect to equations 4.25 and 4.26, following energy flux balance results:

Q̇in − Q̇out + Ptp,on︸                ︷︷                ︸
plasma on

= −Q̇out + Ptp,off︸           ︷︷           ︸
plasma off

(4.28)

giving the following expression for Q̇in:

Q̇in = Ptp,off − Ptp,on ≡ ∆Ptp (4.29)

where Ptp,off and Ptp,on are the external heating powers which are applied to the
Atp sensor during a plasma off and a plasma on cycle. Their difference ∆Ptp, ob-
tained while the plasma was switched either on or of, represents Q̇in. A division
of Q̇in by Apr results in the energy flux density from the plasma onto the Atp
sensor surface.

43



4. Analytical methods

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 00

5 0

1 0 0

1 5 0

2 0 0

2 5 0

0 7 5 1 5 00
1
2
3

T t
p

in
℃

t in s

plasma on plasma off

t in s

J t
p

in
W

cm
−2

(a) Probe temperature as a function of time
in an Ar /O2 Mw plasma at cO2

=50%,
P
Mw =400W, p =250Pa, d = -60mm.

The dashed line is the exponential fit of
the plasma-on part used to obtain Ttp,the.
The inset shows the values of Jtp obtained
from equation 4.27 and Apr.

- 1 5 0 1 5 3 0 4 51 2 5

1 5 0

1 7 5

2 0 0

2 2 5

P t
p

in
m

W

t in s

plasma onplasma off plasma off

ÉPtp ,on
ÉPtp ,off

(b) Probe heating power as a function of time
in an Ar /O2 Rf plasma at cO2

=50%,
P
Mw =80W. The dashed lines are fitting

functions regarding the plasma on and off
cycles used to obtain ∆Ptp,on and ∆Ptp,off.

Figure 4.5.: Typical measurements of the Ptp in a Mw plasma (left figure) and of
the Atp in a Rf plasma (left figure).

4.3.2. Experimental procedure

4.3.2.1. Passive thermal probe

Basically, the Ptp consists of a round stainless steel cylinder with a diameter
of 3mm which is connected to a thermocouple. Hence, influences of chemical
reactions Jreact contributing to the total energy flux density Jtp can be excluded
for analysis. For measurements at the Mw discharge, the sample holder used for
powder treatments was replaced by the Ptp, centered within the round quartz
glass tube’s cross sectional area. The axial position d could be varied for one-
dimensional resolved measurements as indicated in figure 3.2.

After the desired process parameters were adjusted, the probe temperature Ttp
was recorded during one plasma on and the following plasma off cycle. Care
had to be taken on preventing a probe heating above 200℃ in order to pro-
tect the sensor as well as supply cables and, for that reason, the plasma on cycle
length was adapted to be sufficiently short. A typical curve of the sensor temper-
ature for one Ptpmeasurement process is shown in figure 4.5a for an Ar /O2 Mw
plasma with P

Mw = 400W , cO2 = 50%, p = 250Pa, d = −120mm. The energy flux
Q̇in from the plasma towards the Ptp sensor were calculated according to equa-
tion 4.27 using both sensor temperature slopes measured, (dTtp / dt)heating and
(dTtp / dt)cooling. In order to prevent evaluation errors at plasma switchings, only
the temperatures included in a range of 10℃ above the minimum and 10℃ be-
low the maximum of Ttp were taken into account. For this range the inset plot
of figure 4.5a shows the individual results of Jtp for all Ttp-t-data pairs used to
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4.3. Thermal probe measurements

calculate the mean value of Jtp and the standard deviation, which is given as error
bars in following charts. It has to be mentioned that this is not the common fault
analysis gained by multiple measurements but these errors can be understood as
a measure for the quality of the procedure.

As shown by the dashed line in the plot of figure 4.5a, the Ttp curve during the
plasma on cycle can be fitted by the exponential function:

Ttp(t) = Ttp,the −A exp
(−t
τ

)
(4.30)

Ttp,the is the fitting parameter which represents the final probe temperature that
will be reached in thermal equilibrium between the Ptp sensor, the plasma and
surrounding components. Therefore, a rough estimation can be made about
the maximum substrate temperature reached at various plasma treatment con-
ditions. Error bars which are given in the following charts are the fitting errors
regarding the parameter Ttp,the. The fitting parameters A, the amplitude, and τ ,
the decay constant, were used for adjustment.

4.3.2.2. Active Thermal Probe

The Atp used was manufactured by Zirox Sensoren und Elektronik GmbH1 and
consists of a heatable glass-covered Pt100 sensor – 2.1mm × 6.2mm – which is
positioned centrally, about 10mm above the sample holder as indicated in fig-
ure 3.1. The probe temperature is measured and controlled by a Go-Messtechnik2

control unit and its accompanying software.
For measurement preparation the desired process parameters were adjusted

and the probe’s resistance is set to Rtp = 210Ω by adjusting the probe heating
power Ptp,off, resulting in a constant probe temperature Ttp = 290℃. The data col-
lection started after stable condition had been reached and the plasma is switched
on at t = 30s and switched off after t = 60s. At both switchings, on and off, the
heating power Ptp of the Pt100 sensor was controlled in order to kept Rtp and,
thus, Ttp at constant levels which resulted in two almost equal leaps of the heat-
ing power, ∆Ptp,on and ∆Ptp,off. The energy flux density of the plasma onto the
Atp Jtp is calculated by dividing the average of both power leaps by the sensor
surface area Apr. An illustration of the measurement procedure is given in fig-
ure 4.5b showing Ttp as a function of t for an Ar /O2 Rf plasma at cO2 = 50% and
P
Rf = 80W. Since the Atp can only operate up to 400℃, it was solely used for

1
Zirox Sensoren und Elektronik GmbH
postal address: Am Koppelberg 21, 17489 Greifswald Hansestadt, Germany
Url: www.zirox.de
email: info@zirox.de
phone: +49 (0) 3834 830900

2
Go-Messtechnik
postal address: Am Koppelberg 21, 17489 Greifswald Hansestadt, Germany
Url: www.go-messtechnik.de
email: go-messtechnik@hnm.de
phone: +49 (0) 3834 516790
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Rf discharge measurements.
Atpmeasurements at the Rf discharge were performed by Stephan Hamann as

part one of his diploma thesis [77], which belong to the present work.

4.4. Mass spectrometry

For this work, mass spectrometry (Ms) was used, on the one hand for qualitative
analysis and, on the other hand, in order to gain quantitative information on the
process gas composition, during the plasma treatment of various minerals. The
main objectives were to investigate the temporal development of plasma-surface
modifications in order to understand the basics of these processes,that would
allow the development of strategies to modify mineral mixtures for optimizing
their separation efficiency by froth flotation.

4.4.1. Theory

Ms is a technique to measure atom and molecule masses and, hence, it can be
used to determine the elemental composition and to elucidate chemical struc-
tures of compounds. A mass spectrometer typically consist of gas inlet system,
ion source, mass analyzer, detector, pump system and data analysis system. The
main principle is the ionization of chemical compounds which are transported
into the mass analyzer, where they are separated by their mass-to-charge ratio
using electric and magnetic fields. The measurement pressure is below 10−2 Pa in
order to avoid collisions and, therefore, a gas inlet and a pump system are used.

Depending on the reason of application, several types of mass analyzers as, for
example, sector, time-of-flight and quadrupole instruments are widespread. For
this work two different mass spectrometer with quadrupole mass analyzer (Qma)
were used and described in some detail below. However, more detailed informa-
tion about Ms applications and devices can be found elsewhere [97, 98].

4.4.1.1. Quadrupole mass analyzer

A schematic of a Qma is shown in figure 4.6. Basically, it consists of four parallel
rods, a source slit for the unfiltered ion beam and an exit slit, where the filtered
ion beam passes through before the detector is reached. Opposite rod pairs are
connected together electrically and a Rf voltage is applied between them. Addi-
tionally, a direct current voltage is superimposed on the Rf voltage.

Stable trajectories are only given to ions of a specific mass-to-charge ratio which
can pass the exit slit while ions of other mass-to-charge ratios will collide with
the rods. A mathematical description is given by the Mathieu differential equa-
tion and the mass-to-charge selection is realized by adjusting either the direct
current voltage and Rf voltage amplitude, or the Rf frequency.
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exit slit

ion with an unstable
trajectory (not detected)

ion with a stable
trajectory (detected)

quadrupole rods

source slit for
unfiltered ion beam

Figure 4.6.: Schematic of a quadrupole mass filter adapted from [99]

4.4.2. Experimental procedure

It was found that sulfur is removed from the mineral samples – pyrite (FeS2),
chalcopyrite (CuFeS2) and chalcocite (Cu2S) – during their exposure to plasmas
whereas sulfur dioxide SO2 is a reaction product in Ar /O2 plasmas and hydrogen
sulfide H2S in Ar /H2 plasmas. Therefore, time resolved concentration determi-
nations of SO2 and H2S allows to estimate their production rates which gives
information on the reaction kinetics of plasma-surface modifications that occur.
For that reason, the process gas was analyzed by using the multiple ion detec-
tion (Mid) mode, which allows simultaneous ion current measurement of several
mass-to-charge ratios m/ z. A list of m/ z, the species associated and the dwell
time used for measurements at both discharges is given in table 4.2. The dwell
time is the decisive parameter for measurements in Mid mode since it increases
the signal-to-noise ratio but reduces the sample rate. In addition tom/ z = 64 and
m/ z = 48, several other mass-to-charge ratios were measured, on the one hand,
to improve understandings of gas phase reactions and, on the other hand, for
process monitoring.

A Rf and a Mw excited discharge with associated quadrupole mass spectrom-
eters were used for mineral treatments and process gas analysis. The pressure ra-
tio between plasma chamber and mass spectrometer p / p

Ms differs approximately
up to two orders of magnitude. p / p

Ms amounted to about 105 at Rf and up to
107 at Mw plasma treatments. Thus, measurement and analysis procedures sig-
nificantly differed depending on the discharge used as a result of different mass
spectrometer couplings. In the following, data acquisition and analysis are ex-
plained in detail for both discharges used.

4.4.2.1. RF discharge

As mentioned in section 3.1, the process gas was analyzed by Ms during every
powder treatment. The system components of the mass spectrometer that were
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Table 4.2.: List of mass-to-charge ratios measured, the species associated and the
dwell time parameter used at multiple ion detection (Mid) mode.

m/ z species

dwell time
ms

Rf discharge Mw discharge
Ar /O2 Ar /H2 Ar /O2 Ar /H2

2 H2 100 10 100 1
18 H2O 100 100 10 10
28 N2 - - 10 10
32 O2, S 10 100 1 100
34 H2S, 34O2 100 100 - 500
40 Ar 10 10 1 1
48 SO, O3 100 100 100 -
64 SO2, S2 500 500 500 100

used are listed in table A.3 and an overview of mass-to-charge ratios, measured
in the Midmode, is given by table 4.2.

To minimize contaminations, the mass spectrometer was baked out at 100 ◦C
for at least two hours, at the beginning of each measurement series, to achieve a
pressure of p

Ms ≤ 3 × 10−7 Pa at glowing filament after cooling down. The zero
gas calibration was then performed, with the same settings as used for the Mid
mode in order to avoid measurement errors caused by leftover contaminations
and subsequently, the needle valve to the Rf reactor was opened. After a pressure
of p

Ms = 5.58 × 10−4 Pa was reached, the measurements started and a relaxation
time of about 200s had elapsed, before the plasma was ignited.

Figure 4.7a shows a typical Ms measurement using the Mid mode for a treat-
ment of Cu2S in an Ar /O2 Rf plasma at cO2 = 90%, P

Rf = 160W yet, for reasons
of clarity, ion currents recorded for m/ z = 2 and m/ z = 34 are not plotted. One
can see that the signals, m/ z = 64 and m/ z = 48 run parallel when a certain ion
current value above 4 × 10−14 A is reached. This indicates a proportionality be-
tween both signals and, therefore, one can assume that sulfur monoxide SO is
formed through the fragmentation of SO2 within the ionizer of the mass spec-
trometer. It cannot be excluded that SO is also a reaction product of mineral
plasma treatments, but in this case, SO should have been oxidized to SO2 before
it reaches the mass spectrometer. Since no other evidences for sulfur containing
gaseous reactions products could be found, with respect to the process parameter
investigated at both Ar /O2 plasmas, the use of SO2 calibration gas appears to be
sufficient to determine SO2 concentrations and production rates from Midmode
measurements.

A Midmode Msmeasurement for a treatment of Cu2S in an Ar /H2 Rf plasma
at cH2 = 90%, P

Rf = 160W is shown in figure 4.7b. For reasons of clarity, ion cur-
rents recorded for m/ z = 18 and m/ z = 48 are not plotted. The signals m/ z = 34
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Figure 4.7.: Msmeasurement of differentm/ z ratios in the Midmode a the treat-
ment of Cu2S in Rf plasmas. An overview of several m/ z ratios is
given by table 4.2. Various m/ z signals are not plotted for clarity.

and m/ z = 32 run parallel and thus, gaseous sulfur S is formed through the frag-
mentation of H2S within the mass spectrometers ionizer. Significant concentra-
tions of O2 in the process gas can be excluded since the m/ z = 32 is at the min-
imum detection limit at t = 0s. Therefore, H2S calibration gas measurements
should provide accurate results regarding H2S concentrations and production
rates.

Calibrating gas measurement

In order to estimate concentrations of SO2 and H2S in the process gas, their pro-
duction rates and their total release during mineral treatments, calibrating gas
measurement were performed. The basic assumption is that the measured ion
currents of m/ z = 64 and m/ z = 34 – I64 and I34 – are equal for the same SO2
and H2S concentrations, that was either produced by plasma processes or cali-
brating gas injection. Hence, the same working gases used for plasma treatment
were used also for calibrating gas measurements as well as Ar / SO2 and Ar /H2S
calibrating gases.

The measurement procedure applied is identical to the one for plasma treat-
ment, except that the working gases were added by the corresponding calibrat-
ing gas so that the injection gas flux into the Rf rector φ

Rf,in remains at 10sccm.
SO2 and H2S concentrations were varied for different measurements, but also the
working gas composition. For variations of the plasma power applied no signifi-
cant influences were found, with respect to the range between 80W and 160W.

Figure 4.8a shows calibrating gas measurements at P
Rf = 160W for two dif-
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ferent working gas compositions, each having two different SO2 concentrations.
One can see that I64 strongly depends on t, whereas immediately after plasma
ignition the signal decreases and, subsequently, slowly increases. The initial I64
value is only reached after the plasma has been switched off. One reason for
this behavior might be the plasma dissociation of SO2 into, amongst others, SO
fragments which are adsorbed at walls. A similar behavior was found for I34 at
H2S calibrating gas measurements in Ar /H2 Rf plasmas. Therefore, the calibra-
tion functions f (I64, t) and f (I34, t), which associates I64 or I34 with the SO2 or
H2S concentration in the injected gas, depends on the working gas concentra-
tion, cO2 or cH2 , and, additionally, on t. f (I64, t) and f (I34, t) were, thus, linearly
inter- and extrapolated for all treatment times at which Ms data were measured.
The time-dependent rate of SO2 and H2S emission ṁSO2

and ṁH2S during plasma
treatments can be expressed as follows:

ṁSO2
= I64(t) f (I64, t) φRf,in ρSO2

(4.31)

ṁH2S = I34(t) f (I34, t) φRf,in ρH2S (4.32)

where ρSO2
and ρH2S are the densities of SO2 and H2S. And therefore, the sulfur

mass decomposed during the ten minutes of plasma treatment is given by:

ΣtotalmS ≡
600s∑
t=0s

ṁS(t)∆t ≈ 0.501φ
Rf,in ρSO2

600s∑
t=0s

I64(t) f (I64, t)∆t (4.33)

≈ 0.941φ
Rf,in ρH2S

600s∑
t=0s

I34(t) f (I34, t)∆t (4.34)

Both factors, 0.501 and 0.941, are the atomic mass ratios between sulfur and SO2
and H2S, respectively. And ∆t is the data acquisition interval of Ms measure-
ments in the Mid mode. Figure 4.8b shows an example for the transition from
I64(t) to ṁS(t) using Ms calibrating measurements, for a CuFeS2 sample treated
in an Ar /O2 Rf plasma at cO2 = 90%, P

Rf = 160W. Due to the noise on the ṁS(t)
curve, which was generated by the calibrating procedure, only the sum ΣtotalmS
has been taken into account for further discussions.

Regarding the Rf plasma treatment of Cu2S, Msmeasurements and calibration
were performed by Stephan Hamann as one part of his diploma thesis [77], which
belongs to the present work.

4.4.2.2. MW discharge

During powder treatments in the Mw discharge, the process gas was analyzed
using Ms, as already briefly explained in section 3.2. In table A.4 the mass spec-
trometer components are listed. An overview of several mass-to-charge ratios,
measured in the Midmode, is given in table 4.2.

Before the beginning of each measurement period the mass spectrometer was
baked out overnight at 110℃, to achieve a pressure of p

Ms ≤ 5×10−8 Pa at glowing
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Figure 4.8.: Calibrating gas measurements on Ar /O2 Rf plasmas (left figure) and
an example for the resulting conversion of an I64(t) signal to ṁS(t) by
using equation 4.33 (right figure).

filament after cooling down. To avoid measurement errors, the zero gas calibra-
tion was then performed by using the same setting as for the Midmode. After the
powder treatment preparations had been completed – this being described in sec-
tion 3.2 – the gate valve between mass spectrometer and Mw reactor was opened
and a pressure of p

Ms = 1 × 10−4 Pa was adjusted by the needle valve within the
relaxation time of about 10 minutes. Then, the measurement was started and 5
minutes later the plasma was ignited.

As already explained above for Rf plasma treatments, SO2 and H2S calibrating
gases can be used to obtain the SO2 and H2S concentrations of the process gas
from them/ z = 64 andm/ z = 34 signals measured. Typical Msmeasurements by
using the Midmode for treatments of FeS2 in Ar /O2 and Ar /O2 Mw plasmas, at
P
Mw = 1200W, p = 250Pa, cO2 = 50% and cH2 = 50%, respectively, are shown in

figures 4.9a and 4.9b.

Calibrating gas measurement

To estimate the process gas concentrations of SO2 and H2S, their production rates
and their total release during mineral treatments, calibrating gas measurements
were performed. The fundamental principles behind are already explained for
the Rf discharge in section 4.4.2.1.

However, the pressure ratios p / p
Ms ≈ 105 and p / p

Ms / 107 differs approxi-
mately up to two orders of magnitude and the mass spectrometer’s coupling to
the Mw reactor is more indirect than at the Rf reactor configuration as a conse-
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Figure 4.9.: Msmeasurement of differentm/ z ratios in the Midmode a the treat-
ment of CuFeS2 in Mw plasmas. An overview of several m/ z ratios
is given by table 4.2. Various m/ z signals are not plotted for clarity.

quence of the Cyrannus® design, indicated by figures 3.1 and 3.2. As a result,
the decay of I64 and I34 becomes significant for quantitative analysis of the Mw
plasma treatments. This can be shown by comparisons of I64 and I34 for t > 600s
between figures 4.7a and 4.9a, as well as between figures 4.7b and 4.9b. There-
fore, the decay behavior of the system, consisting of mass spectrometer and Mw
reactor, had to be taken into account for quantitative analysis and it had been
additionally measured after each process parameter variation. This results in
functions fdecay(I64) and fdecay(I34) which express time derivative of I64 and I34
during the decay measurement:

fdecay(I64) =
d
(
I64(t)

)
dt

and fdecay(I34) =
d
(
I34(t)

)
dt

(4.35)

The preparation for these measurements were similar to the common powder
treatment procedure but, instead of 50mg the sample holder was loaded with
250mg mineral powder. After plasma ignition, when I64 or I34 reaches a value of
at least double the maximum of previously measured signals, the sample holder
was moved to the lowest position, in order to ensure that no further SO2 or H2S is
produced. This procedure was necessary since the SO2 or H2S concentrations of
the calibrating gases were to low to reach the maximum of I64 and I34 observed.
Typical decay measurements are shown in figure 4.10a for different pressures in
an Ar /O2 Mw plasma with cO2 = 50% and P

Mw = 1000W, where particularly
significant differences between the I64 curves can be observed.

Nevertheless, as explained above for the Rf discharge, both calibration func-
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Figure 4.10.: Measurement of the I64 decay at Ar /O2 Mw plasmas (left figure)
and an example for the resulting conversion of an I64(t) signal to
ṁS(t) from calibration measurements by using equations 4.37, 4.38
and 4.39 (right figure).

tions, f (I64, t) and f (I34, t), which associates I64 or I34 with the SO2 or H2S con-
centration of the injected gas, had to bo obtained. For that reason, the same
measurement procedure as for powder treatments were used. In contrast to the
Rf discharge, f (I64, t) and f (I34, t) are linear functions which have a negligible
dependence of P

Mw, p, cO2 and cH2 , respectively.

In order to calculate the time-dependent rate of SO2 emission ṁSO2
during

plasma treatments, I64(t−∆t) as well as the Mw reactor’s decay function fdecay(I64)
have to betaken into account:

ṁSO2
(t) ≡

mSO2
(t)−mSO2

(t −∆t)
∆t

(4.36)

=
(
I64(t)− I64(t −∆t)

∆t
− fdecay(I64)

)
f (I64, t)

pV
Mw

RTg
MSO2

where ∆t is the sampling interval of Mid mode Ms measurements, p is the pres-
sure within the Mw reactor with the volume V

Mw, Tg is the gas temperature, R is
the ideal gas constant andMSO2

is molar mass of SO2. The brace expression of the
first line gives them/ z = 64 ion current change rate which results from SO2 emis-
sion during one measurement interval between t −∆t and t, with respect to the
decay function fdecay(I64). Thus, including f (I64, t) expresses the temporal SO2
concentration change of the process gas. The right part of equation 4.36 shows
the generated amount of SO2 produced in mol – assuming an ideal gas – and the
multiplication with MSO2

amounts to the SO2 mass change between t −∆t and t.

Equation 4.36 implies homogeneous conditions regarding temperature and
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4. Analytical methods

SO2 concentration within the Mw reactor, which are not fulfilled. On the one
hand, SO2 only is produced at the mineral sample resulting in concentration gra-
dients and, on the other hand, gradients of Tg will be observed as specified in
sections 5.1.2.1 and 5.1.2.2. Since Tg was estimated from the Ptp measurements
along the discharge tube with ∆d = 30mm, following expression has been used
to estimate ṁSO2

(t) with respect to temperature inhomogeneities:

ṁSO2
(t) ≡

∑
i

ṁSO2
(t,di)

=
p

R
MSO2

(
I64(t)− I64(t −∆t)

∆t
− fdecay(I64)

)
f (I64, t) ×

×
∑
i

V
Mw(di)
Tg(di)

(4.37)

where Tg(di) is the temperature at a certain height of the tube and V
Mw(di) is

the corresponding volume of the discharge tube element with a height of 30mm
while: ∑

i

V
Mw(di) ≡ VMw (4.38)

The volume below the tube is calculated by using equation 4.38 and the corre-
sponding temperature is set to 300K. Then, the total mass of sulfur removed
from the sample during ten minute plasma treatment ΣtotalmS is obtained by:

ΣtotalmS ≡
600s∑
t=0s

ṁS(t)∆t (4.39)

=



0.501
600s∑
t=0s

∑
i

ṁSO2
(t,di)∆t for Ar /O2 plasmas or

0.941
600s∑
t=0s

∑
i

ṁSO2
(t,di)∆t for Ar /H2 plasmas

where ṁS(t) is the mass of sulfur bonded in SO2 or H2S which was removed per
measure interval. Atomic mass ratios between sulfur and SO2, as well as H2S,
are given by both factors, 0.501 and 0.941, while in case of an Ar /H2 plasma,
I64 has to be replaced by I34 in equations 4.36 and 4.37. An example for the
transition from I64(t) to ṁS(t) is illustrated in figure 4.10b for an Ar /O2 Mw
plasma treatment of FeS2 at cO2 = 50%, P

Mw = 1000W and p = 250Pa.

However, this one-dimensional approximation disregards concentration gradi-
ents, which may lead to inaccuracies at ΣtotalmS determination. Therefore, the
results obtained should be handled with caution.
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4.5. X-ray photoelectron spectroscopy
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Figure 4.11.: Principle of Xps with photoelectric and Auger electron process
adapted from [103].

4.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (Xps), also known as Electron Spectroscopy for
Chemical Analysis (Esca), is one of the most important diagnostic for charac-
terizing chemical compositions, not least because of the high surface sensitivity
since the sampling depth ranges between 2nm and 10nm. Theoretical back-
ground and experimental procedure are briefly discussed in the following and
further details can be found elsewhere [100–103].

4.5.1. Theory

Solid samples are irradiated with mono-energetic soft X-rays at ultra-high vac-
uum (Uhv) conditions and the resulting electron emission is analyzed with re-
spect to their kinetic energy. The measurement principle of Xps bases on the
inner photoelectric effect which can be described by

Ek = hν −Φ −EB (4.40)

where hν is the X-ray photon energy, sources commonly used are MgKα with
hν = 1486.6eV or AlKα with hν = 1253.6eV. Ek is the kinetic energy of an emit-
ted electron and EB is the binding energy of the respective atomic orbital from
which the electron originates. Φ is the spectrometer work function which can
be determined though calibration procedures, comparing measured and known
EB values of defined elements. The kinetic energy of emitted electrons is mea-
sured by an arrangement of energy windows and hemispherical electron energy
analyzer to obtain a high energy resolution. The count of detected electrons for
a given time is stored for each EB with respect to analyzer resolution, giving the
Xps spectrum.

Since different energy states are possible for each atom, several values of Ek are
measured for emitted electrons, giving a unique set of binding energies which is
characteristic for certain elements. Therefore, Xps spectra contain information
on the elemental composition of the sample investigated. The mean free path of
electrons λmfp,e within the sample and the ionization probability of its contain-
ing elements are required for calculation. Binding energies of all elements are
given in [104–106]. λmfp,e depends on the sample material as well as on Ek and
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4. Analytical methods

varies between about 1nm and 3nm. Different models are provided to estimate
λmfp,e. Since the electron collision probability increases exponentially with the
distance traveled within the sample, about 95% of electrons detected are created
in depths up to 3λmfp,e cosθto, where θto is the take-off angle of the photoelec-
trons measured with respect to the surface normal. Hydrogen and helium cannot
be detected, since photo electron emission probabilities are neglectable due to
the small 1s orbital, and accordingly, this has to be taken into account when re-
ferring to the elemental compositions. For that reason Xps% is used as unit in
the following. However, sensitivities of about 1Xps% to 0.1Xps% can be reached
at elemental composition quantification.

Due to chemical shifts – variations in elemental binding energy which are char-
acteristic for respective bonding situations – also information on chemical bonds
can be obtained. For that purpose high-resolution Xps spectra are required.

Besides photoelectron emission, Auger electron emission may occur simultane-
ously, as a result of ion relaxation. In this process, the transition energy, which
is provided by filling the orbital vacancy of photo emission by an outer shell
electron, is coupled to a second outer shell electron effecting its emission. Both
mechanisms, photo- and Auger electron emission are illustrated in figure 4.11.

4.5.2. Experimental procedure

The measurements were performed at a high-performance scanning X-ray photo
electron spectrometer1 featuring a maximum energy resolution of 0.45eV and an
optimum local resolution of 7µm. Its information depth is about 10nm and the
detection limit ranges between 0.1% and 1%. Monochromatic AlKα X-rays are
used and charge neutralization occurs by low-energy electrons. A power of P =
150W – 15kV and 10A – is used for wide-scan spectra recording and P = 225W
– 15kV and 15A – in order to record high-resolution spectra.

Figure 4.12a shows a Xps wide-scan spectrum of the untreated Cu2S used for
experiments. And in figure 4.12b two high-resolution spectra of the S2p peak,
as well as the respective fittings are illustrated, for untreated FeS2 and after Mw
plasma treatment in the Downer for two times at cO2 = 50%, P

Mw = 3000W,
p = 250Pa. For spectra analysis, meaning peak fitting, background determination
and quantification of atomic, as well as bonding proportions, a software2 was
used and for peak identification through binding energy, information were taken
from literature as [107–118].

For Xpsmeasurement preparation ten powder samples were stuck onto a sam-
ple holder, each time using double-sided adhesive tape. This process took ap-
proximately one hour. To avoid surface oxidations in air, immediately after plasma
treatment the mineral samples had been stored in a desiccator. Sample prepara-

1Axis Ultra, Kratos Analytical, Manchester, Great Britain
2CasaXps from Casa Software Ltd
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Figure 4.12.: Examples of Xps spectra: wide-scan spectrum of Cu2S (left figure)
and S2p high-resolution spectra of FeS2.

tion and operation at the Xps device were performed by Dr. Antje Quade1.

4.6. X-ray diffraction

X-ray diffraction (Xrd) is a diagnostic for gaining information about the atomic
and molecular structure of a sample by analyzing the phase composition of crys-
talline matter. Since minerals are well characterized by their long-range order,
for this work, Xrd has been an important method to analyze the samples used
referring specially to their structural changes, phase transitions as a result of
low temperature plasma treatment. The theoretical background behind this di-
agnostic is briefly discussed in the following. More details can be found in the
literature [100–103]. A description about the experimental procedure is given
below.
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Figure 4.13.: Illustration of monochromatic X-ray scattering on atoms of crystal
lattices fulfilling Bragg’s law which is given by equation 4.41.

4.6.1. Theory

The Xrd technique is based on the Rayleigh scattering of monochromatic X-rays
on atoms of crystal lattices. Depending on the lattices’ distance dhkl , the scat-
tering angle θ and the wavelength of radiation λ, constructive interference can
occur. This relation is expressed by Bragg’s law:

n
N
λ = 2dhkl sin(θ) (4.41)

where factor n
N

is a natural number and an illustration is given by figure 4.13.
The double path difference of rays scattered on different lattices has to be an in-
teger multiple to observe constructive interference. Thus, for each lattice spacing
dhkl and a given wavelength, equation 4.41 predicts a maximum at a character-
istic diffraction angle θ. During Xrd measurements, the intensity of detected
scattered waves I

Xrd is plotted as a function of 2θ – the Xrd pattern – which
gives information about structure and composition of the analyzed sample. The
information depth depends on the X-ray propagation in matter and it can vary
between approximately 1µm and 10µm.

4.6.2. Experimental procedure

For sample analysis, a Bragg-Brentano-diffractometer1 with CuKα-radiation of
40 kV and 40 mA was used while an angular range between 10° and 67° with
an increment of 0.02° and a quantize time of 3s were chosen for measurements.
The mineral powder samples were prepared by drying up a ethanol suspension
onto a Si(100)-wafer. In order to prevent any surface modifications by aging,
an evacuated desiccator was used for sample storage less than 24 hours between
the plasma treatment and Xrdmeasurement. Typical Xrd patterns are shown in

1Dr. Antje Quade
postal address: Inp Greifswald e.V., Felix-Hausdorff-Straße 2, 17489 Greifswald Hansestadt,
Germany
Url: www.inp-greifswald.de
email: welcome@inp-greifswald.de
phone: +49 (0) 3834 554300

1θ–2θ-diffractometer Hzg4
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4.6. X-ray diffraction
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Figure 4.14.: Examples of Xrd patterns of FeS2 ( ) and Fe2O3 ( ) powders.

figure 4.14. Sample preparation and operation at the Xrd device were performed
by Anja Albrecht1.

1Anja Albrecht
postal address: Inp Greifswald e.V., Felix-Hausdorff-Straße 2, 17489 Greifswald Hansestadt,
Germany
Url: www.inp-greifswald.de
email: welcome@inp-greifswald.de
phone: +49 (0) 3834 554300
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5
Results and discussion

5.1. Plasma diagnostics

Having the aim of investigating and understanding the interactions between low
temperature plasmas and mineral surfaces, both discharge types used – radio fre-
quency (Rf) and microwave (Mw), each operating in Ar /O2 and Ar /H2 mixtures
– have been characterized by means of different plasma diagnostics. The results
obtained are presented separately and discussed in this section taking into ac-
count each discharge type, whereas process gas’ O2 and H2 concentration cO2
and cH2 , applied Rf and Mw power P

Rf and P
Mw, as well as pressure p have

varied within similar ranges as used for sample treatments.
At the Rf discharge, all measurements were performed with the aim of obtain

plasma parameters at the sample treatment position, which is in the center of the
plasma zone. Downer reactor treatments at the Mw discharge, where mineral
powder passes through the whole plasma column, require a spatially resolved
plasma characterization due to strong inhomogeneities. Thus, Mw plasma di-
agnostics have been realized considering different axial positions along the dis-
charge tube d.

Fundamental plasma parameters are, among others, electron density ne and
temperature Te, since further characteristic parameters as plasma oscillation ωp
and Debye length λD are directly derived from them, as given by equations 2.13
and 2.15. Moreover, for the interpretation of results obtained from optical emis-
sion spectroscopy (Oes), the knowledge about qualitative progresses of ne and Te
regarding process parameter variations is helpful, since they strongly determine
the population of radiative de-exciting states. For that reason, Ipr-Vpr character-
istics measured by a Langmuir probe have been used to determine the plasma
and floating potential φp and φfl required for ne and Te determination. Due to
design related inaccessibility and inappropriate conditions, as high gas tempera-
tures and pressures, at the Mw discharge, Langmuir probe diagnostics have been
solely performed on Rf plasmas. The theoretical background and experimental
procedure of this method is described in section 4.1.

Generally, it is expected that atomic oxygen and hydrogen strongly influence
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5. Results and discussion

reaction kinetics of the plasma-mineral interactions, due to their high reactivity,
hence, playing an essential role in surface modifications such as oxidation and
reduction processes. Therefore, Oes techniques, known as powerful tools for the
determination of atomic oxygen and hydrogen number densities [O] and [H] have
been used to characterize both discharges. The actinometry method is based on
simplifying assumptions allowing a qualitative [O] determination – from line in-
tensity ratios of radiative O(3P→ 3S) and Ar(4p′[1/2]0→ 4s′[1/2]◦) deexcitation
I750.4 and I844.6 – taking into consideration process parameter variations. Ratios
between Balmer Hα, Hβ as well as Fulcher-α (2-2)Q band line intensities – IHα,
IHβ and I(2−2)QN ′ – have been used for [H] determination, based on a method
developed by Pipa et al. It additionally requires the determination of the gas
temperature Tg which is estimated to be similar to the rotational temperature
Trot derived from the measured rotational distribution of molecular band inten-
sities. A high comparability has been found between Tg and Trot, obtained from
the Fulcher-α (2-2)Q band system of hydrogen [34], hence, it was used for mea-
surements in the present work. Nevertheless, Tg is a key parameter determining
reaction kinetics at plasma surface modifications and, therefore, Tg is separately
discussed. Additionally, for Mw discharges, the spatial distribution of the plasma
density, which is defined as an average electron density ne, has been qualitatively
estimated by normalization of I750.4, I844.6 and IHα regarding the plasma vol-
ume respectively observed. This parameter enables the acquisition of spatial Mw
plasma inhomogeneities along the discharge tube in a simple manner. Methods
and experimental procedures used for 4.2 are explained in detail in section 4.2.

Moreover, plasma-mineral interactions are significantly influenced by the en-
ergetic conditions at the substrate surface. Hence, a better comprehension of
surface modifications can be reached by measuring the energy flux density Jtp of
the powder treatment conditions. For that purpose an active thermal probe (Atp)
and a passive thermal probe (Ptp) were used for the Rf and Mw discharge, re-
spectively. The measurement principle of the Ptp additionally allows a rough
estimation of the sensor temperature which would be reached in thermal equi-
librium Ttp,the, indicating the order of a maximum temperature of the substrate
which can be expected. Both thermal probe techniques are described in detail in
section 4.3.

5.1.1. Radio frequency discharge

5.1.1.1. Langmuir probe measurements

Argon oxygen plasma

The plasma parameters – ne, Te, φfl and φp – are shown in figure 5.1 as functions
of the process gas’ oxygen concentration cO2 and the applied Rf power P

Rf. The
Langmuir probe measurements of Ipr-Vpr-characteristics were performed centrally
inside the Ar/O2 Rf discharge at p = 5Pa. Figure 5.1 only gives an overview. Fur-
ther results are noted in the Annex hereto in figures B.1, B.2.
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Figure 5.1.: Electron density ne, electron temperature Te, plasma potential φp
and floating potential φfl as functions of process gas’ oxygen con-
centration cO2 and applied Rf power P

Rf at a pressure of p =5Pa.
Results have been obtained by Langmuir probe diagnostics at the
Ar /O2 Rf plasma center.

It is observed that cO2 variations do not significantly influence the electron den-
sity, while an increase of P

Rf lead to a rising ne, ranging between 2.0× 1010 cm−3

and 3.5× 1010 cm−3.
This corresponds to electron densities of 109 cm−3 . ne . 1012 cm−3, which have

been suggested by other capacitive non-electronegative Rf discharges driven at
comparable process parameters [27, 119–122]. But, for capacitive O2 contain-
ing electronegative Rf discharges, significantly lower values ranging between
107 cm−3 . ne . 1010 cm−3 have been found [37, 122–124]. Additionally, a de-
crease of ne, from the order of 1010 cm−3 to 109 cm−3, regarding cO2 variations
from 0% to 100% has been observed by determining the plasma oscillation ωp
by the wave-cutoff method [122].

Considering that, the results of Langmuir probe measurements of ne are mostly
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compatible in the order of magnitude, but not for qualitative changes as a result
of cO2 variations. This inconsistency might be caused by negative ions, such as
O–, which are generated in great amounts, having the number density nO− where
nO−/ne ≈ 10. They are strongly influencing the Ipr-Vpr-characteristic at Vpr = φp
and, hence, inaccuracies might occur while calculating ne which is sensitive to
φp influence, since it based on equations 4.2 and 4.3 as described in section 4.1.1
[37, 122–124]. However, in literature it has been shown for both, pure O2 and
pure Ar plasmas, that ne increases with the applied Rf power P

Rf, which could
at least confirm the observed trends, shown in figs. 5.1b and B.2 [37, 120, 122].

The electron temperature Te decreases from approximately 1.5eV to 0.9eV
with the augmenting of cO2 from 0% to 40% while for further raising up to
90% Te remains constant, as shown in figures 5.1a and B.1). Variations of P

Rf

do not lead to significant changes of Te, which is independent of cO2 , as one
can observe in figures 5.1b and B.2). The order of magnitude coincides to val-
ues between about 1eV and 5eV that have been reported in various publications
[27, 120, 121, 123, 124], and also a negligible influence regarding P

Rf variations
has been shown [124]. Furthermore, higher electron temperatures for Ar than for
O2 plasmas have been reported, which might explain the observed Te decrease re-
garding cO2 increase up to about 40%.

As mentioned above, the Ipr-Vpr-characteristic is influenced by O– ions which
may result in errors of the Te and ne determination such as expressed by equa-
tions 4.2 and 4.3. Only if the ratio between thermal fluxes of negative ions and
electrons is small:

ni−
ne

√
Ti−me

Temi−
� 1 , (5.1)

these errors are negligible, whereas ni−, mi− and Ti− are negative ion’s density,
mass and temperature and me is the electron mass. For O2 containing Rf plas-
mas driven at comparable process parameters, it can be assumed that the number
densities of negative ions ni− and nO− are similar [37], while the ratio between
ne and nO− approximately amounts ten (nO−/ne ≈ 10) [124]. Assuming the ion
temperatures Ti− is in the order of 10−2 eV, close to room temperature – O– ions
decelerate within the plasma sheath – condition 5.1 is fulfilled, which results in
unaltered values of Te and ne determination. However, Stoffels et al. have shown
that significant concentrations of O– with a mean energy of several eV are pro-
duced in the near surface region of the grounded electrode [125]. This formation
channel might lead to a non-fulfillment of condition 5.1 may generating the ob-
served contradictions between the ne measurement results and values reported
in literature.

The curves of φp and φfl are similar shaped, approximately parallel and both
decrease as cO2 and P

Rf increase, resulting in almost constant differences be-
tween φp and φfl of about 5V, according to values reported form similar plasma
conditions [120, 121].
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Figure 5.2.: Electron density ne, electron temperature Te, plasma potential φp
and floating potential φfl as functions of process gas’ hydrogen con-
centration cH2 and applied Rf power P

Rf at a pressure of p =5Pa.
Results have been obtained by Langmuir probe diagnostics at the
Ar /H2 Rf plasma center.

Argon hydrogen plasma

The plasma parameters of the Ar /H2 Rf discharge obtained from Langmuir probe
measured Ipr-Vpr-characteristic are ne, Te, φfl and φp, which are shown as func-
tions of the process gas’ hydrogen concentration cO2 and the applied Rf power
P
Rf in figure 5.2. Further results can be found in the appendix in figures B.3, B.4.
The electron density increases slightly with the process gas’s hydrogen concen-

tration to a maximum of ne ≈ 2.8× 1010 cm−3 at cH2 = 20% while ne decreases to
about 0.8×1010 cm−3 with a further cH2 increase up to 100%. A raise of P

Rf leads
to a slight increase of ne which has been determined to be typically comprised be-
tween 109 cm−3 . ne . 1012 cm−3, reported from capacitive Rf discharges driven
at comparable process parameters [27, 119–121]. Especially, a similar behavior
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of ne with regards to the variation of cH2 and P
Rf can be found in [42, 126]. Tak-

ing into account the particle density of the working gas of about 1015 cm−3 at
p = 5Pa and quasi-neutrality, mainly determined by electrons and positive ions,
the degree of ionization can be estimated to κ ≈ 10−5 by using equation 2.1

With the cH2 increase, the electron temperature decreases for cH2 . 20%, then
it is constant for 20% . cH2 . 60% and Te increases for cH2 & 60% within the
interval of about 1eV and 2.8eV. A raise of the applied Rf power leads at most
to slight increases of Te. Hence, the observed values of Te are within the range,
which is typical for Rf discharges, 1eV . Te . 5eV [27, 120, 121], and especially
for Ar/H2 Rf discharges, a similar behavior of Te regarding cH2 variation has been
reported by [42].

Generally, a capacitively coupled Ar/H2 Rf plasma at a pressure of 5Pa, can
be classified as a weakly collisional electropositive discharge. Its properties cor-
relate well with basic assumptions behind the model used for the determination
of Te and ne from Ipr-Vpr-characteristics obtained from Langmuir probe measure-
ments. Thus, a comparability between values from literature and results obtained
by measurement can be confirmed, indicating reliability of data determined for
Te and ne.

Floating and plasma potential decrease with cH2 and P
Rf, characterized by sim-

ilar and approximately parallel curves. Hence, the difference between φp and φfl
is almost constant, φp −φfl ≈ 5V.
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5.1.1.2. Optical emission spectroscopy

Density of atomic oxygen and hydrogen

It is expected that the kinetic of the reactions at the plasma-mineral interactions
are strongly influenced by atomic oxygen and hydrogen which is caused by the
high reactivity of radicals. Hence, the determination of O an H number densities
– [O] and [H] – has been performed by means of different Oes techniques at the
mineral powder treatment position taking into account the measurement prin-
ciple of line integration and imaging via the conical region, determined by the
fiber optics aperture angle, crossing the plasma center. The behavior of results
regarding process parameter variations, within the same range as used for power
treatments, are presented wheres cO2 and cH2 varies between 0% and 90%, P

Rf

varies between 80W and 160W, while p remains constant at 5Pa.

Atomic oxygen number densities in Ar /O2 plasmas have been obtained by the
actinometry technique based on simplifying assumptions which allows a qual-
itative [O] determination from ratios of line intensities of radiative Ar and O
deexcitation, I750.4 and I844.6. Detailed descriptions regarding theory and mea-
surement procedure can be found in sections 4.2.1.1 and 4.2.2.3

The relative atomic oxygen number densities – [O] is given in arbitrary units
– can be seen in figure 5.3 as functions of cO2 for different P

Rf and as functions
of P

Rf for different cO2 . Designated errors have been calculated according to
the fault propagation rules of the standard derivation based on tenfold intensity
measurement of each line.

Independently of P
Rf, one can see an increase of [O] with cO2 , especially within

the range of 30% ≤ cO2 ≤ 90% a proportionality is observed. This is shown by
the dotted line in figure 5.3a representing the proportionality between cO2 and
[O], which has been obtained from fitting of all data for cO2 ≥ 30%. As a result,
[O] triples by tripling of cO2 within the range considered, whereas the degree
of dissociation κD, which is calculated by equation 4.8, remains constant since
[O] /cO2 ≈ [O] / [O2] also remain constant.

Mainly, there are two processes for O(3P) population:

direct excitation: O(3S) + e
Kex

O−→ O(3P) + e

dissociative excitation: O2(X3Σ−g ,ν) + e
Kdex

(O2)
−→ O(3P) + O + e

(5.2)

Due to an almost constant electron density ne and temperature Te – obtained by
Langmuir probe measurements shown in figures 5.1a and B.1 in section 5.1.1.1 –
the rate coefficients which determine non-radiative O(3P) and Ar(4p′[1/2]0) pop-
ulation, Kex

Ar and Kex
O , are also constant within the same cO2 range while the dis-

sociative channel of O(3P) population becomes negligible, Kdex
(O2)� Kex

O , fulfilling

equation 4.7. Therefore, the proportionality between cO2 and [O] indicates an al-
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Figure 5.3.: Number density of atomic oxygen [O] as a function of process gas’
oxygen concentration cO2 and applied plasma power P

Rf for differ-
ent process parameters at p =5Pa. The results have been obtained by
means of actinometry, using equation 4.6 with line emission intensi-
ties I750.4 and I844.6.

most exclusive O(3P) population by direct excitation from the O(3S) ground state
and, thus, base assumptions preconditioned for actinometry, which are summa-
rized in section 4.2.1.1, are fulfilled.

Otherwise, in case of a non-negligible dissociative channel, especially of the
cO2 variations, the [O] trend measured would be distorted. This is observed for
the cO2 decrease below 30%, whereas [O] is increasingly above proportionality
to cO2 . It might be explained by an increasing ratio between the rate coefficients
for dissociative Kdex

(O2) and direct excitation Kex
O as a consequence of increasing

Te. Thereby, the electron energy distribution function (Eedf) shifts to higher
electron energies and a higher excitation threshold of the cross-section for disso-
ciative than for direct excitation of O(3P) effect an increase of the respective rate
coefficient ratio Kdex

(O2) / K
ex
O [127–130]. Thus, the increase of [O] above the propor-

tionality to cO2 can be explained by equation 4.7, since O(3P) and Ar(4p′[1/2]0)
quenching is negligible for p < 50Pa [127]. Furthermore, rate coefficients of O(3S)
ground state population also increases with Te. Examples are:

electron impact dissociation: O2 + e −→ O + O + e

dissociative attachment: O2 + e −→ O + O−
(5.3)

By increasing P
Rf, from figure 5.3b one can observe slight [O] increases of ap-

proximately 20% from P
Rf = 80W to P

Rf = 160W, which also generates an in-
crease of κD. This behavior has been reported by investigations on O2 containing
capacitively coupled Rf plasmas [127, 131] and it can also be explained by the
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5.1. Plasma diagnostics

results of Langmuir probe measurements within the same P
Rf range, whereas ne

slightly increases, while Te remains constant during increases of P
Rf. Therefore,

on the one hand, changes of rate coefficients are not expected – assuming an Eedf
which is exclusively determined by Te – and on the other hand, the population of
O in the ground state described by equation 5.3 is proportional to ne. However,
slight variations in [O] determination might be also a consequence of not respect-
ing completely the actinometry base assumptions as mentioned in section 4.2.1.1,
and following situations should be taken into account:

• population of exited levels from higher levels

• two-step excitation

• dissociative excitation

• radiation-less de-excitation of excited levels

With the aim of preventing possible errors of [O] determination, only the relative
variations of the process parameters are discussed in the following.

Atomic hydrogen number densities [H] in Ar /H2 plasmas have been determined
from Balmer Hα, Hβ as well as Fulcher-α (2− 2)Q band line intensity. The under-
lying method has been developed by Pipa et al. which is briefly described in
section 4.2.1.3 and disclosed in more detail in [86–88]. All the necessary rate
coefficient data used for [H] determination can be found in [88].

Absolute number densities of atomic hydrogen are shown in fig. 5.4 as a func-
tions of cH2 for different P

Rf and as a functions of P
Rf for different cH2 . Addition-

ally, two examples of the number density ratio [H] / [H2], obtained from solution
I, are shown in fig. 5.4a versus cH2 variation. All measurements have been per-
formed at p = 5Pa and as a consequence the method used for obtaining [H] / [H2]
does not have the required sensitivity to give unique solutions. As explained
in section 4.2.2.4, always two results of [H] / [H2] are obtained for each set of
process parameters and, hence, two different values of [H] are determined. Con-
sequently, each of the both results of [H] / [H2] and [H] are given and discussed in
the following, denoted as solution I and solution II. They are assigned to the first
and second intersection of parameter equations 4.16, 4.17 and 4.18 regarding the
T eff

e scale. Designated errors have been calculated following the fault propaga-
tion rules for the standard derivation based on tenfold Intensity measurement.
Detailed explanations can be found in section 4.2.2.4.

Generally, by comparing both, solution I and solution II, one can observe a sim-
ilar behaviors of [H] regarding variations of the process parameters cH2 and P

Rf

whereas both solutions differ by a factor from about 2.0–2.4. With increasing
cH2 from 10% to 50%, one can observe roughly linear increases of [H] from
2×1013 cm−3 to 1.2×1014 cm−3 (solution I) and from 6×1012 cm−3 to 5×1013 cm−3

(solution II). Further increases of cH2 to 90% lead to a decelerated growth of [H] to
approximately 1.7×1014 cm−3 (solution I) and 8×1013 cm−3 (solution II). The num-
ber density ratios [H] / [H2], obtained from solution I, strongly increase with cH2
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Figure 5.4.: Number density of atomic hydrogen [H] as a function of process gas’
hydrogen concentration cH2 and applied Rf power P

Rf and in Ar /H2
Rf plasmas at p =5Pa. Both results, solution I and solution II, ob-
tained at each set of process parameters are given. Additionally, for
solution I the number density ratio [H] / [H2] is shown as a function
of cH2 .

from 10% to about 20% and respectively 30%, while with any further increases
up to 90%, [H] / [H2] slightly decreases to the level observed at cH2 = 10%.

The behavior of [H] / [H2] regarding cH2 variations does not correlate with the
electron density ne and temperature Te which are shown in figures 5.2b and B.3
for Ar /H2 plasmas at the same conditions as described in section 5.1.1.1. Espe-
cially within the range of 10% / cH2 / 30%, where ne and Te do not significantly
vary, the variations of [H] / [H2] can be observed. Thus, further reaction mecha-
nisms that produce atomic hydrogen have to be taken into account when looking
for an explanation, but still respecting the most common processes known from
pure H2 discharges [41, 132]:

H2 + e −→ 2H + e (5.4)
H + e −→ H∗(n = 2) + e (5.5)

H∗(n = 2) + H2 −→ 3H (5.6)
H+ + H2(ν > 3) −→ H+

2 + H (5.7)
2H+ + H2 −→ H+

3 + H (5.8)
H+

2 + e −→ H∗(n = 2) + H (5.9)
H+

3 + e −→ H2(ν > 4) + H (5.10)
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5.1. Plasma diagnostics

An explanation for higher [H] / [H2] ratios within the middle region of the ob-
served cH2 range might be given by atomic hydrogen population channels which
have reaction rates that depend on the product of Ar and H2 concentrations of
the process gas:

Ar+ + H2 −→ ArH+ + H (5.11)
ArH+ + e −→ Ar + H∗(n = 2) (5.12)
Ar+ + H2 −→ Ar + H+

2 (5.13)

This case is fulfilled considering charge transfer and recombination of Ar+ with
H2 producing ArH+ and hydrogen ground state atoms – equation 5.11 – and fur-
ther ArH+ recombination through dissociative electron detachment producing
excited hydrogen atoms – equation 5.12. Additionally, the charge transfer of Ar+

with H2 – equation 5.13 – could enhance H production via the channel which is
described in equation 5.9.

However, the curve shapes of [H] / [H2] regarding cH2 which depend highly on
[H], especially if no significant variation of the gas temperature1 Tg is observed,
as one can derive from equation 4.22. Thus, the behavior of [H] can be explained
with respect to almost constant gas temperatures which have been observed re-
garding cH2 variations as it is shown below.

Independently to cH2 , variations of P
Rf do not show any measurable influences

regarding [H] in Ar /H2 plasmas for both cases, solution I and II.
This [H] independence is a consequence of almost constant ne and Te – it has

been observed at same conditions as shown in figures 5.2b and B.3 – resulting
in quasi constant discharge process rates which described by equations 5.4–5.13.
Therefore, increased dissipated power might lead to enlarged plasma volumes.

Rotational temperature of hydrogen

In addition to reactive species, such as atomic oxygen and hydrogen, generally,
the gas temperature Tg plays an essential role in plasma-mineral interactions.
Hence Tg has been determined for Ar /H2 plasmas by using a method which is
based on the determination of rotational distribution of H2 molecular band in-
tensities to derive the rotational temperature Trot. It is in detail described in
section 4.2.1.2. Due to good compliance to Tg [34], the Fulcher-α (2 − 2)Q band
system of hydrogen has been used for Trot determination. The behavior of Trot in
correlation with process parameter variations, within the same range as used for
powder treatments, is presented, whereas cH2 varies between 0% and 90%, P

Rf

varies between 80W and 160W, while p leaves constant at 5Pa.
Figure 5.5 shows Trot, obtained from Q1 and Q3 line intensity of the Fulcher-

α (2 − 2)Q band, as functions of cH2 at different P
Rf and as functions of P

Rf at

1The gas temperature Tg is estimated to be similar to the rotational temperature Trot, which has
been observed from the rotational distribution of molecular band intensities of the Fulcher-α (2−
2)Q band. These results are given in following section.
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Figure 5.5.: Rotational temperature Trot of H2 as a function of process gas’ hydro-
gen concentration cH2 and plasma power P

Rf in Ar /H2 Rf discharges
at p =5Pa. The results have been obtained from the Boltzmann plot
using the first and third Fulcher-α (2–2)Q band line intensity.

different cH2 . One can observe a rotational H2 temperature of approximately
450K and, moreover, no significant changes regarding variations of P

Rf and cH2
are found taking into account the error bars. As a comparison, lower rotational
temperatures of 380K, also showing no dependence regarding P

Rf, have been
found for capacitively coupled Rf H2 plasmas at p = 40Pa [133], while the in-
dependence from P

Rf is explained by increasing plasma volumes compensating
additional amounts of dissipated power.

Relatively large error bars are observed, especially at low hydrogen admixtures,
as a result of, on the one hand, low signal-to-noise ratios of Fulcher-α (2–2)Q band
emission. On the other hand, Trot determination from the reciprocal slope fit of
the Boltzmann plot is very sensitive regarding data point errors, due to the law
of fault propagation. This becomes obvious on the example plotted in figure 4.3.

It should be mentioned, that due to forbidden transitions between neighboring
rotational levels of the hydrogen molecule, only each N ′-th and (N ′ − 2)-th rovi-
bronic lines are valid for Trot determination. Therefore, only the first and third
molecular band lines (2–2)Q1 and (2–2)Q3 were taken for analysis in order to
avoid additional systematical errors due to the overpopulation of high rotational
levels with respect to their presumed Boltzmann distribution [34, 84, 88, 134–
137]. For that reason, also the gas temperature should be higher than 850K, an
explanation is given in section 4.2.2.4. This precondition has not been complied
during Trot determination, as shown in figure 5.5, requiring that results obtained
to be handled with caution.
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5.1. Plasma diagnostics

5.1.1.3. Thermal probe measurements

Energy flux densities Jtp have been determined from Atp measurements at the
sample treatment position in order to provide information regarding the ener-
getic conditions at the substrate surface which strongly influence plasma-wall in-
teractions. Thereby, process parameters have been varied within the same range
as used for power treatments. Atpmeasurement principle and execution are de-
scribed in detail in sections 4.3.1 and 4.3.2.

Figure 5.6 shows Jtp for both, Ar /O2 and Ar /H2 discharges as a functions of
the process gas composition, cO2 and cH2 as well as a function of the applied Rf
power P

Rf. The measurements were performed at a pressure of 5Pa.
Generally, similar curves of Jtp are observed when taking into consideration

variations of process parameters, whereas for cO2 and cH2 between 10% and 90%
higher values are found for Ar /H2 than for Ar /O2 discharges at similar condi-
tions, in the order between about 0.2Wcm−2 and 1.5Wcm−2. Increases of cO2 ,
cH2 and P

Rf lead to increased energy flux densities while a higher dependence
regarding variations of the applied Rf power is observed.

Owing to the process parameters used for mineral powder treatments, the Rf
plasma can be classified as a low temperature and low pressure discharge. Under
these conditions, Jtp is mainly determined by the flux of particles onto the Atp
sensor surface while any contributions by radiation can be neglected [138]. Here-
after, the particle contributions to the thermal balance are separately discussed
regarding their potential and kinetic energy, interpreting the results observed.

Potential particle energy

Both deexcitation of Ar metastables and recombination of charge carriers mainly
lead to energy transfer onto the surface [91]. The excitation energies of Ar metasta-
bles Ar3s23p54s – in Paschen notation: s2, s3, s4 and s5 – are 11.55eV, 11.62eV,
11.72eV and 11.83eV [139, 140]. Especially for low pressures of 1Pa, it has been
reported that ions are the dominant species for surface heating [138]. The re-
combination energy of Ar+ with electrons amounts to 15.7eV and for insulating
surfaces – the Atp sensor is covered with glass as described in section 4.3.2 –
additionally, the ion adsorption energy has to be included into the energy trans-
fer balance [36, 91, 141]. Furthermore, rovibronic deexcitation and atom-to-
molecule recombination have to be considered as energy transfer mechanisms
if the molecule gases, O2 and H2, are added. In contrast to the low pressure
argon discharges mentioned above, in oxygen discharges driven at same experi-
mental conditions, energy is mainly transferred by neutral species than by ions.
For example, Jtp was found to be about 50% higher as a consequence of further
energy transfer mechanisms as surface-aided atom association and relaxation of
rovibronic states [138]. For oxygen, the dissociation energy is 5.2eV and the en-
ergies for first ionization are 11.2eV for O2 and 13.6eV for atomic oxygen. The
dissociation energy of hydrogen is 4.5eV and the energies for first ionization are
14.4eV for H2 and 13.6eV for atomic hydrogen [36].
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Figure 5.6.: Energy flux density Jtp as a function of plasma power P
Rf and work-

ing gas composition cH2 and cH2 at a pressure of p =5Pa. The results
have been obtained by Atp diagnostics centrally of Ar /O2, as well as
Ar /H2 Rf plasmas.
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Concerning this matter, the measurement results obtained that show an in-
creasing energy flux density as a result of increasing cO2 and cH2 , can be therefore
better explained with taking into account the potential particle energy. Raising
concentrations of O2 and H2 lead to an increased capability of energy transfer
by recombining excited molecules and dissociation products. This statement is
partially confirmed by Oes measurements, showing an increased density of the
dissociated species, [O] and [H], with cO2 and cH2 as it is expounded in ch. 5.1.1.2
and shown by figures 5.3a and 5.4a. A reduced Ar fraction of the process gas, as
well as a decreased electron density – as it has been shown by Langmuir probe di-
agnostics for an Ar /H2 discharge by figures 5.2a and B.3 in section 5.1.1.1 and it
has been reported from comparable Ar /O2 discharges [122] – lead to rapidly de-
creasing densities of Ar metastables and ions which minimizes the energy trans-
fer to the probe’s surface by these species. This drop of metastables might gets
overcompensated due to an increased degree of freedom of the system, which
enables the increase of Jtp as a consequence of a higher number and possibly of,
also more effective, energy transfer channels, caused by adding the molecular
gas. A correlation between [O], [H] and Jtp cannot be found regarding P

Rf vari-
ations as shown by figures 5.3b, 5.4b, 5.6b and 5.6d. Thus, in this case, energy
transfer to the Atp sensor should be mainly determined by excited molecule and
Ar states while an additional confirmation for this purpose might be given by
slight increases of ne with P

Rf as shown in figures 5.1b, 5.2b, B.2 and B.4 in sec-
tion 5.1.1.1. In Ar /H2 discharges, influences generated by potential energy of
H2 rotational levels can be pointed out since an almost constant Trot has been
observed, as it is shown by figure 5.5 in section 5.1.1.2, while Jtp obviously varies
with cH2 and P

Rf.

Kinetic particle energy

In addition to the potential energy provided by the particles striking the sur-
face, also their kinetic energy contributes to the energy balance. For neutrals at
room temperature, the kinetic energy amounts to approximately 2.3 × 10−2 eV,
while ions and electrons gain additional energy due to acceleration at crossing
the potential drop within the plasma sheath φsh, equaling the bias voltage Vbias
ensued at the Atp sensor: Vbias = φsh = φp−φfl. Under low-pressure conditions –
p . 10Pa – the Bohm-approximation can be applied in order to calculate the ion
flux and the energy flux contribution from the kinetic energy of ions is given by:

Ji,kin = ne

√
kBTe

mi
exp(−0.5)eVbias (5.14)

while the contribution to the energy flux by accelerated electrons can be ex-
pressed as:

Je,kin = ne

√
kBTe

2πme
exp

(
−eVbias

kBTe

)
2kBTe (5.15)
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whereas the Eedf is assumed to be Maxwellian [90, 91].
For that reason, the Atp measurement results, which have shown higher en-

ergy flux densities in Ar /H2 compared to Ar /O2 discharges, can be explained.
Assuming similar electron densities can be found in both carrier gases used –
this could not been proven by Langmuir probe measurement results due to un-
certainties while obtaining ne occurring at electronegative plasmas, but it has
been established by literature as, for example, [42, 43, 126, 142] – equation 5.14
can be used for comparisons of the contributions to the transferred energy by
fluxes of different ions. Hence, H+, H+

2 and H+
3 have a higher contribution to Ji,kin

than O+
2 , the positive ion mainly created in Ar /O2 Rf discharges at compara-

ble conditions [37]. Only ArH+ – significant number densities are assumed for
10% / cH2 / 40% from [H] / [H2] as shown in figure 5.4a and explained in sec-
tion 5.1.1.2 – comparably contributes to Ji,kin as O+

2 , with respect to the ion mass
mi.

Consequently, higher values of Jtp in Ar /H2 discharges are at least a result of
larger kinetic energy provided by ions striking the surface. Negative ions can
be neglected for this estimation since they are shielded from the Atp sensor on
floating potential.

5.1.2. Microwave discharge

5.1.2.1. Optical emission spectroscopy

In addition to batch processing, the Mw discharge set-up enables a continu-
ous mineral powder treatment in a downer process, described in section 3.2.1,
whereas the entire plasma column affects the surface modification. Thus, gaining
information on the plasma surface interplay requires spatially resolved investi-
gations of the discharge, especially in case of strongly inhomogeneous plasma
conditions. For that reason, the same Oes techniques has been used as for Rf
plasma investigations, with respect to line intensities which were measured as a
function of the axial distance to the Mw resonator center d. Additionally, spatial
distributions of normalized intensities are compared to simplistically illustrate
plasma inhomogeneities concerning an estimated relative mean electron density
ne with respect to the area which is accessible for Oes measurements. As a con-
sequence of the cylindrical resonator with annular slots (Cyrannus®) design,
described in section 3.2, the area −90mm / d / 30mm is not accessible for Oes.

Spatially resolved distribution of optical emission

Figures 5.7 and 5.8 show Ĩ750.4, the normalized intensity of the radiative de-
excitation Ar(4p′[1/2]0→ 4s′[1/2]◦) for both, Ar /O2 and Ar /H2 discharges, as
functions of the axial distance to the Mw resonator center d. Ĩ750.4 is calculated
by dividing the total intensity I750.4 by the channel plate gate pulse width tgpw,
which was adjusted for observation and the plasma volume observed. It differs
with d and is obtained by calculating, the crossing region confined by the quartz
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glass tube and the conical region, determined by the fiber optics aperture angle.
Figures 5.7 and 5.8 show Ĩ750.4 as a function of the process gas composition

cO2 and cH2 at P
Mw = 1000W and p = 250Pa, of the transmitted Mw power P

Mw

at cO2|H2 = 50% and p = 250Pa as well as of the pressure p at cO2|H2 = 50% and
P
Mw = 1000W. For comparison, analogously determined normalized intensities

regarding the radiative O(3P→ 3S) deexcitation and Balmer Hα emission, Ĩ844.6
and ĨHα, are shown in the appendix, B.7 and B.8, using the same process param-
eter variations.

Generally, due to the symmetric Cyrannus® design, one would a priori also
expect symmetrically shaped plasma zones within the discharge having a plasma
density maximum located at the resonators center d = 0mm. However, an oxygen
slot antenna (Slan) type Mw plasma source (µSlan) has been investigated by
Kiss’ovski et al. regarding spatial distributions of its plasma parameters [143,
144]. At similar conditions – p = 100Pa, ν

Mw = 2.45GHz, the discharge tube has
an inner diameter of 38mm, a length of 500mm while the annular cavity also
provides the Te10-standing wave mode – ne and Te have been found to be strongly
determined by axial and radial position within the discharge tube. Three regions,
which are distinguished regarding the plasma density, have been identified with
respect to the distance from the cavity center d:

• Region (i) is surrounded by the applicator where maximum values ne ≈ 3×
1011 cm−3 were found.

• Region (ii) is characterized by a linear ne decrease with d until the critical
value nec ≈ 3.7 × 1011 cm−3 is reached in the vicinity of the discharge tube.
This behavior is typical for a surface wave plasma (Swp) [32, 38, 145, 146].

• Region (iii) is dominated by diffusion processes while ne further decreases
exponentially with d.

This spatial classification from [143] could be partially applied to the observed
results regarding the measured spatial distributions of Ĩ750.4, Ĩ844.6 and ĨHα tak-
ing into account the area which is accessible for Oes. For that reason, the nor-
malized intensities are used to estimate a relative axial distribution of the mean
electron density ne, because the population channels of Ar(4p′[1/2]0), O(3P) and
H(n=3) depend on ne as, for example, clarified by equations 4.4 and 4.5 given in
section 4.2.1.1, which are valid in case of optical thin plasmas. This implies in
particular that conditions premised for actinometry, in section 4.2.1.1, are ful-
filled. However, almost constant axial Te distributions has been also found at
similar conditions [143], making actinometry less susceptible to differences be-
tween cross section shapes of Ar(4p′[1/2]0) and O(3P) excitation if a Maxwellian
Eedf is assumed. Under these conditions, region (ii) where the ne linearly de-
creases with the modulus of d can be identified at d ' 100mm as well as at
d / −100mm in most conditions of Ar /O2 discharges and at d ' 60mm in Ar /H2
discharges, respectively. Region (i), if existing, is limited to a small area at about
z ≈ 100mm and z ≈ −100mm, in cases of symmetric distributions of Ĩ750.4 and
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(b) Ĩ750.4 as a function of d at cO2
=50%

and p =250Pa for different P
Mw:

0.6kW ( ); 1kW ( ); 1.2kW ( );
1.5kW ( ); 2kW ( )

- 2 0 0 - 1 0 0 0 1 0 0 2 0 0
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0
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Figure 5.7.: Normalized intensity Ĩ750.4 as a function of axial distance from Mw
resonator center d measured in Ar /O2 discharges at different process
parameters. Gray shaded areas mark the for Oes non-accessible d
range and lines are included as a guide for the eyes.
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Ĩ844.6 in Ar /O2 plasmas. In Ar /H2 plasmas region (i) might be observed at
z ≈ 60mm at most conditions. Within the range where Ĩ750.4, Ĩ844.6 and ĨHα

become negligible, region (iii), dominated by diffusion processes, can be identi-
fied denoting the end of the plasma column. At this position, it can be assumed
that in the vicinity of the quartz tube ne is decreased to ne ≈ nec. This has only
been observed at positive z ' 130mm values for all sets of process parameters
used with respect to asymmetric Ĩ750.4, Ĩ844.6 and ĨHα distributions. Hence, a
growing length of the plasma column has been found with decreasing cO2 and
cH2 between 90% ≤ cO2|H2 ≤ 30% – see figures 5.7a, 5.8a, B.7a – and B.8a), with
increasing P

Mw between 600W ≤ P
Mw ≤ 1500W see figures 5.7b, 5.8b, B.7b and

B.8b – as well as with decreasing p – see figures 5.7c, 5.8c, B.7c and B.8c. Consid-
ering symmetrical spatial distributions of Ĩ750.4 and Ĩ844.6, the observed trends
continue by enhancing the plasma column on both sides of the resonator cavity.

The sudden transitions of the plasma shape from asymmetric to symmetric
distributions, which can only be observed in Ar /O2 plasmas, might be explained
by a mode switch of the regime, characterized by interactions between the elec-
tromagnetic field distribution within the Mw cavity and the plasma parameters.
Thereby, significant shape deformations of the Ĩ750.4 and Ĩ844.6 distributions are
observed while approaching the critical process parameters of the mode switch.
This is clearly shown in figures 5.7a, 5.7b, B.7a and B.7b for both distributions,
Ĩ750.4 and Ĩ844.6, at the respective parameters close to the symmetrical mode:
cO2 = 30%, P

Mw = 1000W, p = 250Pa and cO2 = 50%, P
Mw = 1500W, p = 250Pa.

The extent of Region (i) significantly enhances to d ≈ 160mm showing almost
homogeneous plasma densities. Therefore, the mode shift might be explained by
an upper plasma density limit below which the asymmetric mode cannot exist.
After this threshold is reached, the plasma density that is increasingly homoge-
neous and distributes over the half length of the lower discharge tube to its end
at d = 267mm and finally, the mode shift occurs.

Similar to Ar /O2 plasmas, also in Ar /H2 plasmas, line emissions from fig. 5.8,
B.7 and B.8 show strongly inhomogeneous and asymmetric plasma density dis-
tributions regarding d respecting the area which is accessible for Oes measure-
ments. For all variations of process parameters, cH2 , P

Mw and p, the plasma
density distribution has a peak at d ≈ 60mm. Mode switches of the regime, char-
acterized by interactions between the electromagnetic field distribution within
the Mw cavity and the plasma parameters, as observed for Ar /O2 discharges are
not found in Ar /H2 plasmas with respect to the process parameters investigated.
This is obvious generated due to asymmetric spatial distributions of Ĩ750.4 and
ĨHα which are found without exception, while for Ar /O2 discharges a switch to
apparently symmetric plasma density shapes could be clearly observed. Nev-
ertheless, for an increase of P

Mw closer to values where a mode switch can be
observed in Ar /O2 plasmas, also the distributions of Ĩ750.4 and ĨHα show in-
creasingly deformed shapes whereas a second local maximum at d ≈ 130mm
evolves. This confirms the assumption of an upper plasma density limit while at
approaching to it plasma shape deformations occur.

Considering the variation of process gas composition – shown in figures 5.7a,
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Figure 5.8.: Normalized intensity Ĩ750.4 as a function of axial distance from Mw
resonator center d measured in Ar /H2 discharges at different process
parameters. Gray shaded areas mark the for Oes non-accessible d
range and lines are included as a guide for the eyes.
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5.8a, B.7a and B.8a – an explanation for raising plasma densities at cO2|H2 de-
creasing can be given since less electrons are consumed by molecular excitations
of electronic and rovibronic states as well as molecule dissociation. Thus, an in-
creasing amount of dissipated power from P

Mw is consumed by Ar ionization,
simultaneously enhancing ne. Additionally, in Ar /O2 plasmas with decreasing
cO2 , electrons are less consumed by negative ion creation which consequently
leads to a decrease of plasma electronegativity ni− / ne. This behavior has also
been predicted by theoretical investigations on Ar /O2 Swps [38].

An increase of the plasma density with P
Mw is shown in figures 5.7b, 5.8b,

B.7b and B.8b, which is indicated by raised normalized intensities Ĩ750.4, Ĩ844.6
and ĨHα. Similar effects have also been reported from Slan type Mw plasma
sources in [147, 148]. A comparable behavior has been found for a Swp in pure
hydrogen at p = 133.3Pa, while for lower pressures, an opposite behavior has
been reported [149].

Broadening of Ĩ750.4, Ĩ844.6 and ĨHα for decreasing pressures as shown in fig-
ures 5.7c, 5.8c, B.7c and B.8c , can be explained, on the one hand, by smoother
ne deceases along the plasma column within region (ii), which behaves similar
to Swps, described in [32, 143]. On the other hand, generally, higher plasma
densities has been found at lower pressures in Slan type Mw plasma sources
[148, 150]. Also a similar trend has been reported from Slan type Mw plasma
sources regarding to the ion density [147].

However, it could be shown that the relative behaviors of the axial ne distri-
bution regarding the variation of plasma parameters, which is indicated by axial
Ĩ750.4, Ĩ844.6 and ĨHα profiles, is comparable to those which have been reported
from Slan type Mw plasma sources and Swps [32, 38, 143–150]. The order of
magnitude of the electron temperature can be estimated to 1eV / Te / 3 eV with
almost constant axial and radial distributions at comparable plasma conditions
while ne and ne are strongly inhomogeneously distributed inside the plasma col-
umn [38, 143, 144, 150]. As explained in section 2.1.5, in the vicinity of the
quartz tube, the critical electron density nec ≈ 3.7× 1011 cm−3 is at least required
sustaining the plasma column by surface wave propagation, except in region (iii).
For Slan type Mw plasma sources driven at comparable process parameters,
electron densities have been found to be within the range 3 × 109 cm−3 / ne /
1 × 1012 cm−3 [38, 143, 144, 150], while ne < nec only appears inside the plasma
column due to ne gradients regarding the column’s radius, whereas ne decreases
from edge to center.

Nevertheless, information on the radial distributions of plasma parameters
could not be obtained by Oes due to the measurement principle of line inte-
gration and the experimental setup used, which is described in section 3.2 and
4.2.2.1.

Density of atomic oxygen and hydrogen

As already mentioned above, strong influences upon plasma-mineral interactions
are generated by atomic oxygen and hydrogen. Therefore, their number densities
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– [O] and [H] – have been spatially resolved obtained within the range of 40mm ≤
z ≤ 160mm, region (i) and region (ii) with respect to the plasma density. Different
Oes techniques, which are described in detail in section 4.2, have been used for
that purpose.

Atomic oxygen number densities [O] are shown in figure 5.9a as a function of
d. Variations regarding the process parameters – from the left to the right of the
chart – cO2 at P

Mw = 1000W and p = 250Pa, P
Mw at cO2 = 50% and p = 250Pa as

well as p at cO2 = 50% and P
Mw = 1000W are shown.

It is observed that [O] distributions have a maximum at d = 60mm, while
strong inhomogeneities, similar to normalized intensities Ĩ750.4, Ĩ844.6 can be ob-
served in figures 5.7 and B.7.

Figures 5.9b–5.9d show [O] and the resulting degree of dissociation κD at their
maximum position d ≈ 60mm, for different process parameters: cO2 at P

Mw =
1000W and p = 250Pa – see figure 5.9a – P

Mw at cO2 = 50% and p = 250Pa –
see figure 5.9b – as well as p at cO2 = 50% and P

Mw = 1000W – see figure 5.9c.
Additionally, the degree of dissociation κD has been calculated by equations 4.6
and 4.8 using the estimation k′ = 2 which has been shown to be comparable to
literature values. [O] is given in arbitrary units with respect to base assumptions
used for actinometry as it is described in section 4.2.1.1.

One can see a slight, almost linear [O] increase when cO2 decreases from 90%
to 10% while, as a consequence of equation 4.8, the κD curve is shaped as an
exponential function. This behavior has been identically predicted by theoretical
investigations in Ar /O2 Mw Swps driven in comparable conditions [38], whereas
for cO2 = 50% and cO2 = 10%, κD of about 23% and 30% have been found.

In Figure 5.9c one can see that [O] and κD increase with P
Mw, except between

1500W and 2000W. In this particular case, both values, [O] and κD, decrease
as a consequence of the spatial redistribution of the dissipated power, perceived
as the mode switch as mentioned above. Due to similar values of [O] and κD at
d = 60mm for P

Mw = 1000W and P
Mw = 2000W, one might assume compara-

ble plasma parameters at d = −60mm for P
Mw = 2000W as a consequence of the

symmetrically shaped plasma column. In this case, the amount of atomic oxygen
integrated over the whole plasma column could be proportional to the transmit-
ted plasma power, regarding the P

Mw range observed.
The atomic oxygen density [O] increases with p as shown in figure 5.9d. An

equal behavior has been found for a Slan type Mw plasma source operating in
pure oxygen [148]. However, for κD a more complex relationship has been ob-
served. From p = 100Pa to p = 500Pa κD decreases and it increases by enhancing
the pressure to p = 1000Pa. A qualitatively similar behavior has been predicted
by a self-consistent model which simulates an Ar /O2 Mw Swp driven at compa-
rable conditions [151].

Atomic hydrogen number densities [H] are shown in figure 5.10a as a function
of d for different variations regarding the process parameters – from the left to
the right chart – cH2 at P

Mw = 1000W and p = 250Pa, P
Mw at cO2 = 50% and
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Figure 5.9.: Number density of atomic oxygen [O] and degree of dissociation
κD as a functions of process gas’ oxygen concentration cO2 , applied
plasma power P

Rf and pressure p. [O] is also given as function of
axial distance from Mw resonator center d. The results have been
obtained by means of actinometry, using equation 4.6 with line emis-
sion intensities I750.4 and I844.6. Lines are included as a guide for the
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p = 250Pa as well as p at cO2 = 50% and P
Mw = 1000W. [H] has been determined

from [H] / [H2] and the gas temperature Tg by using equation 4.22 while Tg is
estimated to be similar to the rotational H2 temperature Trot measured.

For most process parameters, maximum values of [H] are observed within the
range 60mm / d / 100mm and, comparable to the normalized intensities Ĩ750.4
and ĨHα – see figures 5.8 and B.8 – strong inhomogeneities are found.

Figures 5.10b–5.10d show [H] and the degree of dissociation κD at the position
of d = 60mm for variations of the process parameters cO2 at P

Mw = 1000W and
p = 250Pa, P

Mw at cO2 = 50% and p = 250Pa as well as p at cO2 = 50% and
P
Mw = 1000W.
For that purpose, equation 4.19 has been used to determine κD from [H] / [H2],

which have been directly obtained from the intersection point of parameter equa-
tions 4.16–4.18, as described in section 4.2.2.4.

An increase of [H] with cH2 is shown in figure 5.9b. This is an opposite behavior
compared to Ar /O2 discharges, where [O] linearly decreases with cO2 while κD
shows a similar process gas variation. The maximum position of spatial [H] dis-
tribution moves to the center of the cavity d = 0mm with cH2 increase. This is a
result of a variation of the spatial gas temperature distribution – see figure 5.11a
in the following paragraph – which influences [H] calculation by equation 4.22.

As shown in figure 5.10c, [H] and κD decreases with an increasing of P
Mw,

while for Ar /O2 discharges an opposite behavior has also been observed. This
results from the shift of [H] distributions along d as it is shown in fig. 5.10a. A
similar behavior has been found for κD of a Swp driven at comparable conditions,
which basically has been explained by the kinetics of the H atom [149]: A raising
recombination rate of H to H2, at tube walls due to an increased temperature has
been found to be mainly responsible.

At the present conditions, the gas temperature Tg significantly increases with
P
Mw as mentioned below – see figures 5.11a and 5.11c – mainly, the effect on

[H] described by equation 4.22 should be responsible for [H] decreases, due to
an almost similar κD. Nevertheless, the temperature related dependency of the
recombination of atomic hydrogen at the wall may not be neglectable since in-
creases of κD are expectable.

Figure 5.10d shows an increase of [H] with p even for decreasing of κD, since
[H] is determined by equation 4.22 and Tg also increases with p as shown in
figures 5.11a and 5.11d.

However, as already mentioned above, information on radial plasma param-
eter distributions cannot be obtained by Oes due to the measurement principle
of line integration where only mean intensities regarding the respective volumes
observed have been obtained. Thus conclusions are made on basis of Oes tech-
niques have to be handled with caution regarding this matter.

Rotational temperature of hydrogen

Spatial distributions of Trot, which have been obtained from the first four lines
of Fulcher-α (2−2)Q band emission, from Ar /H2 Mw plasmas, are shown in fig-
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Figure 5.10.: Number density of atomic hydrogen [H] and degree of dissociation
κD as a functions of process gas’ hydrogen concentration cH2 , ap-
plied plasma power P

Rf and pressure p. [H] is also given as func-
tion of axial distance from Mw resonator center d. The results have
been obtained by equation 4.22 and by means of [H] / [H2] and ro-
tational H2 temperature Trot determination. Lines are included as a
guide for the eyes.
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ure 5.11a for 40mm ≤ d ≤ 160mm. The plasma density which has been derived
from normalized intensities Ĩ750.4 and ĨHα, is not mainly determined by diffusion
processes within this range, denoted as region (i) and region (ii) as it is described
above. Variations regarding process parameters – from the left to the right chart
– cH2 at P

Mw = 1000W and p = 250Pa, P
Mw at cO2 = 50% and p = 250Pa as well

as p at cO2 = 50% and P
Mw = 1000W are shown. Figures 5.11b–5.11b show the

behavior of Trot at d = 60mm regarding changes of cH2 , P
Mw and p at respective

conditions.
No significant trend changes of spatial Trot distributions are observed regard-

ing variations of cH2 whereas maximum values of about 1280K are found at
d ≈ 60mm. Only for cH2 = 30%, a different behavior of Trot was found. Apart
from this outlier, which might be the outcome of an experimental error, the re-
sults observed indicate that only negligible changes occur at mechanisms respon-
sible for the population of rotational sublevels of the electronic and vibrational
ground state as well as for electronic and rovibronic H2 excitation. Trot would be
non-dependent on cH2 in this case.

Increases of P
Mw from 600W to 1800W lead to increased spatial distributions

of Trot while their maximum values changes from about 1075K to 1550K. Due
to the fact that a slight κD decrease of H2 is observed with regard to P

Mw vari-
ations, which is shown in figure 5.10c, one might assume that additional dis-
sipated power is mainly consumed by molecule excitations rather than by H2
dissociation. But, a significant increase of ĨHα with P

Mw, shown in figure B.8b,
indicates an increased plasma density. Hence variations in radial distributions
of plasma parameters as well as changes of the active plasma volume have to be
taken into account for explanation.

An increase of Trot from approximately 1250K to 1375K has been observed for
the p increase from 100Pa to 500Pa as it is shown in figure 5.11d. This can be
analogously explained by a simultaneous κD decrease of H2. Hence, more power
gets dissipated by molecular excitation than by dissociation.

Generally, the rotational temperatures of H2 observed within the plasma region
(i) and (ii) are ranging between 900K and 1550K. These values are typical for
H2 microwave discharges as it is known from several former investigations, for
example [34, 88, 152].

5.1.2.2. Thermal probe measurements

Energy flux densities Jtp have been spatially resolved determined by means of Ptp
measurements regarding the axial distance to the Mw resonator center in order
to provide information on the energetic conditions along the discharge column.
Additionally, the sensor temperature reached in thermal equilibrium Ttp,the has
been estimated from the heating curve. Due to the existence of always two stable
plasma states which are apparently similar regarding sign reversal of d – in cases
of asymmetric Ĩ750.4, Ĩ844.6 and ĨHα distributions, as described in section 5.1.2.1
– only plasma states with Jtp and Ttp,the distribution with a maximum at d <
0mm, are discussed in the following. Theory and Ptp measurement procedure
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Figure 5.11.: Rotational H2 temperature Trot as function of axial distance from
Mw resonator center d and as functions of process gas’ hydrogen
concentration cH2 , applied plasma power P

Rf and pressure p at d =
60mm. The results have been obtained from the Boltzmann-plot,
employing the fit equation 4.12 for 1≤N ′ ≤4. Lines are included as
a guide for the eyes.
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are described in detail in section 4.3.1 and 4.3.2.
Figure 5.12 shows Jtp and Ttp,the as functions of d for different process pa-

rameters in Ar /O2 and Ar /H2 Mw plasmas. For a better illustration, only two
curves are shown for each parameter variation: molecular gas concentrations
cO2|H2 , transmitted Mw power P

Mw and pressure p. More results can be found
in the appendix in figures B.9, B.10 and B.11). The behavior of Jtp and Ttp,the at
d = −60mm, in most cases the position of Jtp and Ttp,the maxima, are shown in
figure 5.13 regarding variations of cO2|H2 , P

Mw as well as p.
It is observed that, independently from the process parameters used, spatial

distributions of Jtp and Ttp,the, are strong inhomogeneous with a maximum at
d = −60mm, rather than at d = 0mm, which could be a priori presumed due to
the symmetric design of the Cyrannus® plasma source, whereas one plane of
reflection is orthogonally intersects by the d-axis at d = 0mm. But, regarding to
this reflection plane, mostly, asymmetric spatial distributions of Jtp and Ttp,the
have been obtained, which contradicts to symmetric plasma shapes presumed.
P
Mw =2000W, cO2|H2 =5 Only in Ar /O2 discharges of a high transmitted Mw

power, P
Mw = 2000W at cO2 = 50% and p = 250Pa, or of a low O2 concentration,

cO2 < 30% at P
Mw = 1000W and p = 250Pa, symmetric spatial distributions of Jtp

and Ttp,the regarding d = 0mm have been assumed due to Ĩ750.4 and Ĩ844.6 mea-
surement results – see figures 5.7a, 5.7b, B.7a and B.7b). In addition to maximal
values of Jtp and Ttp,the found at d = −60mm, further smaller local maximums can
be obtained for d = 60mm and d = −120mm, at both, symmetric and asymmetric
distributions.

Maximum positions at d ≈ −60mm coincides especially to the spatial distribu-
tions of the rotational H2 temperature Trot – compare figure 5.11a – while com-
parability with maximum of oxygen and hydrogen number densities [O] and [H]
– compare figures 5.9a and 5.10a – as well as plasma densities derived from nor-
malized intensities Ĩ750.4, Ĩ844.6 and ĨHα – compare figures 5.7, 5.8, B.7 and B.8
– is not given. Hence, at least for Ar /H2 plasmas, one can assume that Jtp and
Ttp,the are mainly determined by the rotational temperature Trot of molecules.

By comparing Jtp and Ttp,the at z = −60mm with [O], [H] and Trot of H2 at
z = 60mm – see figures 5.13, 5.9b–5.9d, 5.10b–5.10d and 5.11b–5.11d – one can
observe strong correlations regarding p variation. Between influences of [O], [H]
and Trot on Jtp and Ttp,the cannot be balanced in these cases. Taking into account
the variations of P

Mw, Jtp and Ttp,the, correlations with [O] and Trot of H2 have
been found while [H] shows an opposite behavior. This also indicates that a main
influence by the rotational temperature, especially in Ar /H2 plasmas, on Jtp and
Ttp,the. Also, an important role of [O] cannot be excluded. For variations of cO2
and cH2 clear correlations have not been found. Therefore, also excited Ar species
and ions as well as ArH+ have to be taken into account to describe the energetic
conditions at the Ptp surface.

Independently of process parameters investigated, in Ar /H2 plasmas, higher
rotational temperatures than estimated by Ptp sensor temperatures in thermal
equilibrium have been observed – compare figures 5.13a–5.13c and 5.11b–5.11d.
An explanation might be given by a strong radial inhomogeneity of plasma pa-

88



5.1. Plasma diagnostics

- 2 7 0 - 1 8 0 - 9 0 0 9 0 1 8 0 2 7 0
0

5

1 0

1 5

2 0

2 5

 
J t

p
in

W
cm
−2

d in mm

(a) Jtp as a function of d in Ar /O2 Mw dis-
charges.

- 1 8 0 - 9 0 0 9 0 1 8 0
0

5

1 0

1 5

2 0

2 5

 
J t

p
in

W
cm
−2

d in mm

(b) Jtp as a function of d in Ar /H2 Mw dis-
charges.

- 1 8 0 - 9 0 0 9 0 1 8 00

0 . 5

1 . 0

1 . 5

2 . 0

 
T t

p,
th

e
in

1
0

3
K

d in mm
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Figure 5.12.: Spatially resolved energy flux densities Jtp and thermal equilibrium
temperatures Ttp,the in Mw discharges compared for different pro-
cess parameters:
P
Mw =1000W, cO2|H2 =50%, p =1000Pa ( );
P
Mw =1000W, cO2|H2 =50%, p =250Pa ( );
P
Mw =2000W, cO2|H2 =50%, p =250Pa ( );
P
Mw =1000W, cO2|H2 =10%, p =250Pa ( ).
Jtp and Ttp,the has been determined from the Ptp temperature
curves, as explained in sections 4.3.1.1 and 4.3.2.1, which were
measured at a distance of every 30mm along the d-axis, the rota-
tional axis of symmetry of the Mw discharge tube. Its center sets
the zero point on that scale d =0mm. Lines are included as a guide
for the eyes.
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5. Results and discussion

rameters within the plasma column, whereas amongst others, the electron den-
sity increases from the center to wall. For that reason, an average Trot – regarding
the area imaged via the conical region, determined by the fiber optics aperture
angle, crossing the discharge tube which is obtained due to the measurement
principle of Oes – could be higher than Ttp,the estimated from Ptp measurement
results in the plasma column center. Furthermore, other radially inhomogeneous
plasma parameters might be the reason for higher Jtp in Ar /H2 than in Ar /O2
plasmas while Ttp,the shows an opposite behavior – see figures 5.13a–5.13c.

5.1.3. Conclusions from plasma diagnostics

Two discharge types, a capacitively coupled Rf plasma and a Mw excited plasma,
both operating in Ar /O2 and Ar /H2 process gas mixtures, have been character-
ized concerning the plasma parameters in order to ensure their most effective use
for sample treatments and to a better understanding of plasma-mineral interac-
tions observed. The main outcomes for the Rf discharge can be summarized as
follows:

• Generally, the Rf discharge behaves similarly as described in detail in a
number of publications. It is notable that the number density of atomic
oxygen [O] and hydrogen [H] only negligibly depend on the applied Rf
power P

Rf while the energy flux density Jtp linearly increases with P
Rf. This

allows a separate consideration regarding the influence of species created
by molecule dissociation at further discussions.

• The rotational temperature Trot of H2 amounts about 450K and it is in-
dependent of P

Rf and the process gas composition cH2 , which simplifies
further discussions regarding the effect of process parameter variations.

and, accordingly, for the Mw discharge:

• The construction of the Mw discharge used are based on the Cyrannus®

design, whereas the discharge tube is enhanced with two extension pipes.
Properties of the plasma column have been found to be similar to those
reported from Swps and, since inhomogeneous conditions are present, spa-
tially resolved determinations of plasma parameters have been performed.

• In most cases, bijective relations between the process parameters varied –
molecular gas concentration cO2|H2 , transmitted Mw power P

Mw and pro-
cess gas pressure p – and the plasma parameters – [O], [H], Trot and Jtp
– have been found 60mm below the Mw resonator’s center. Therefore,
this position was suitable and has been used for mineral powder treat-
ments. Furthermore, most homogeneous conditions regarding the plasma
columns’ cross section have been presumed which should minimize gradi-
ents regarding the sample modification, leading to simplified analysis.
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(c) Jtp and Ttp,the as a functions of p for
cO2|H2

=50% and P
Mw =1000W.

Figure 5.13.: Energy flux density Jtp and thermal equilibrium temperature Ttp,the
of the Mw discharge at position d = -60mm. Results have been
obtained from Ptp measurements as functions of molecular gas
admixture concentration cO2|H2 , transmitted Mw power P

Mw and
pressure p. Upwards facing symbols connected with solid lines,
( ) and ( ), are representing Jtp while downwards facing sym-
bols connected with dashed lines, ( ) and ( ), are representing
Ttp,the. Blue signs symbolize values obtained from Ar /O2 plasmas,
red signs those from Ar /H2 plasmas. Lines are included as a guide
for the eyes.
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• Relative variations of ne, the cross-sectional-averaged relative electron den-
sity, have been estimated by spatial resolved Oes. Two fundamentally dif-
ferent plasma modes, which can be mainly characterized by the shape of
spatial ne distributions, could be identified for the Ar /O2 discharge. For
that reason, the range of process parameter variation for powder treatments
is chosen in order to avoid mode switches in order to obtain consistent re-
sults.

Comparisons between both discharge types, Rf and Mw excited plasmas, show
significant differences regarding their plasma parameters. While Trot is about
450K in the Rf plasma, rotational temperatures of more than 1000K are obtained
in Mw plasmas. Also Jtp and [H] can be one order of magnitude higher than in
Rf plasmas. Therefore, a wide parameter range is available for investigations in
plasma mineral interactions, by using both discharge types.

5.2. Plasma powder interaction

5.2.1. Mass spectrometry

As it is shown in the following, the plasma treatment of sulfur-containing min-
erals – pyrite (FeS2), chalcopyrite (CuFeS2) and chalcocite (Cu2S) – leads to the
emission of sulfur dioxide (SO2) in Ar /O2 discharges, as well as hydrogen sul-
fide (H2S) emission in Ar /H2 discharges. It is expected that the quantity of this
exhaust gas emission correlates with the reaction rates that occur during plasma
surface modifications. Hence, to gain information about these processes, time
resolved mass spectrometry (Ms) has been used in order to investigate their tem-
poral development, in order to develop strategies to modify mineral mixtures in
such a way to optimize their separation efficiency by froth flotation. Regarding
this the theory, experimental procedure and measurement analysis for both dis-
charge types, radio frequency (Rf) and microwave (Mw), are described in detail
in section 4.4.

5.2.1.1. Radio frequency discharge

Figure 5.14 shows the ion currents of 64amu I64 and 34amu I34, measured by
Ms in the multiple ion detection (Mid) mode, as functions of t during Ar /O2
and Ar /H2 plasma treatment of FeS2, CuFeS2 and Cu2S at different process pa-
rameters. For this purpose, mineral powders of the middle grain size fraction,
25µm–80µm, were treated at a pressure of 5Pa.

At Ar /O2 Rf plasmas treatment of Cu2S, a delayed SO2 emission, indicated by
the I64 curve, considering the ignition time t = 0s is observed, in comparison to
FeS2 and CuFeS2 treatments where SO2 is instantly emitted. This delay strongly
depends on the process parameters used, it increases with both the applied Rf
power P

Rf, as well as the oxygen concentration of the process gas cO2 . Further-
more, the I64 curves increases for all minerals, whereas for FeS2 and CuFeS2, a
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5.2. Plasma powder interaction

peak grows at about t ≈ 15s after plasma ignition. Additionally, for both miner-
als, similarly shaped I64 curves are found while those related to FeS2 are higher
by approximately a factor four. After a second maximum situated between 200s
and 350s is reached, the curves decrease.

Summarizing the above, it is obtained that the concentration of SO2, emitted
during the plasma process, correlates with the energy flux density Jtp onto the
mineral samples. In section 5.1.1.3, the dependency between Jtp and the process
parameters, cO2 and P

Rf, is discussed and shown by figures 5.6a and 5.6b. A
correlation between the number density of atomic oxygen [O] within the plasma
zone and SO2 emission during mineral treatments is only given at variations of
cO2 , but not of P

Rf since [O] does not significantly depend on P
Rf, unlike cO2 as it

is described in section 5.1.1.2 and shown by figure 5.3. Hence, the reaction rates
of SO2 emitting processes are not solely determined by [O] at Ar /O2 Rf plasma
mineral treatments. On that account, further mechanisms, which may also in-
duced by recombination of ions and excited Ar and O2 species, could also play
an essential role. Small peaks of I64, which grow at t ≈ 15s with increasing P

Rf

at FeS2 and CuFeS2 treatment indicate the existence of at least two fundamental
processing steps. Due to a decrease of the I64 curves after the second broad peak,
it can be reasonably assumed that the amount of SO2 which can be emitted by
exposure to plasmas is limited by the amount of sulfur that is available with re-
spect to a maximum modification depth. Comparison between FeS2 and CuFeS2
leads to the presumption that this amount is maximal for pyrite. In contrast, I64
curve shapes of the Cu2S treatments indicate that the rates of SO2 emitting pro-
cesses have not reached their maximum and these reactions could proceed after
600s. However, the total mass of bonded sulfur ΣtotalmS which is converted to
SO2 within the whole treatment time of 600s is compared and discussed below.

Despite the fact that untreated Cu2S samples contain a significant amount of
FeS2 – compare table A.1 – the I64 curves obtained for both minerals have fun-
damentally different shapes. Due to the absence of a first peak and, generally,
the delay of SO2 emission, one can assume the existence of processes in which
sulfur, that is removed from FeS2 sites, is consumed by Cu2S plasma conversion.
This discussion is continued, on basis of surface diagnostics performed, in sec-
tions 5.2.2.1 and 5.2.3.1.

The time resolved ion currents of 34amu I34, which indicates the concentration
of H2S emitted at mineral treatment by Ar /H2 plasma, is shown in the left hand
figures of 5.14. Qualitatively similar curve shapes are observed, independently
from the process parameters and minerals used. Contrary to Ar /O2 plasmas,
on the one hand, no delay time between plasma ignition and H2S emission is
observed at Cu2S treatment and, on the other hand, no peaks can be found on
the I34 curves since they reach their maximum at the end of the process after
600s. One can see that the I34 signal increases with cH2 and P

Rf while stronger
correlations are found while regarding variations of the process gas composition.
The highest curves are found for FeS2, while the lowest ones are observed at Cu2S
treatments.

As a consequence of the behavior of Jtp regarding cH2 and P
Rf variations in
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Figure 5.14.: Ion currents of 64amu I64 in Ar /O2 (left figures) and 34amu I34 in
Ar /H2 (right figures) as functions of the treatment time t measured
by Ms at Rf discharge treatments of FeS2 (top), CuFeS2 (middle)
and Cu2S (bottom) at different plasma parameters and p =5Pa:
160W, 90%O2 ( ); 130W, 90%H2 ( );
160W, 50%O2 ( ); 130W, 50%H2 ( );
160W, 10%O2 ( ); 130W, 10%H2 ( );
130W, 90%O2 ( ); 160W, 50%H2 ( );
80W, 90%O2 ( ); 80W, 50%H2 ( )
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5.2. Plasma powder interaction

Ar /H2 Rf plasmas, as it is discussed in section 5.1.1.3 and shown by figures 5.6c
and 5.6d, a strong correlation between I34 and Jtp can be pointed out. Compa-
rable to Ar /O2 plasma treatments, a correlation between the number density of
atomic hydrogen [H] and I34 is only found for variations of the process gas com-
position cH2 , but not for changes of the applied Rf power P

Rf. The dependencies
of [H] from cH2 and P

Rf are discussed in section 5.1.1.2 and shown in figure 5.4.
Summarizing, it can be said that the reaction rates of H2S emitting processes are
not exclusively determined by [H], but also ions and excited Ar and H2 species
have to be take into account for explanation. Therefore, the stronger dependency
of I34 regarding variations of cH2 might be a consequence of an intensification
by atomic hydrogen, since, in addition to Jtp, [H] also increases with cH2 . An
influence of the rotational temperature of H2 Trot can be excluded because no
significant influences regarding variations of cH2 and P

Mw have been found in
Ar /H2 Rf plasmas as discussed in section 5.1.1.2 and shown by figure 5.5. An
indication for the existence of fundamentally different mechanisms which can
affect H2S emission at Ar /H2 Rf plasma mineral treatments is not given because
peaks of I34, as observed at the I64 curves, have not been found. The total mass
of bonded sulfur ΣtotalmS converted to H2S within the whole plasma treatment
time of 600s is compared and discussed below.

In figure 5.15, ΣtotalmS which have been determined from measurements of
I64 in Ar /O2 and I34 in Ar /H2 plasmas and additionally by using calibration gas
measurements, is shown as a function of Jtp for the treatment of FeS2, CuFeS2 and
Cu2S. For that mineral powders of the middle grain size fraction, 25µm–80µm,
were treated at a pressure of 5Pa. The procedure used to determine ΣtotalmS is
described in detail in section 4.4.2.1.

For all mineral treatments in Ar /O2 discharges, one can see an increase of
ΣtotalmS with Jtp, while a threshold can be identified, below which no significant
amount of sulfur – ΣtotalmS / 0.25mg – is removed from the samples by SO2
emission. This threshold can be found at Jtp ≈ 0.7Wcm−2 for FeS2 as well as for
CuFeS2 and at Jtp ≈ 1.0Wcm−2 for Cu2S. Generally, the existence of a limiting
Jtp value for SO2 emission could be already expected from the results shown in
figure 5.14 where I64 decreases with cO2 and P

Rf, until it becomes negligible.
Furthermore, significant differences of ΣtotalmS has been found by comparing the
treatment of different minerals. While for FeS2 the maximum amounts to roughly
2.2mg, treatments of CuFeS2 and Cu2S lead to sulfur removal of about 0.3mg and
0.5mg due to SO2 emission.

However, the existence of a threshold indicates that an occurrence of atomic
oxygen does not necessarily lead to SO2 emission, but all factors that are influ-
encing the energy flux density towards the substrate surface need to be taken
into consideration for an explanation. This yields from the fact that the num-
ber density of [O] within the Ar /O2 Rf discharge becomes negligible, for small
cO2 and for small P

Rf. Additionally, [O] does not significantly depend on P
Rf

since a high atomic oxygen number density is found even at a low applied Rf
power. Thus, influences by recombining excited Ar and O2 species as well as ions
have to be also considered in order to describe plasma mineral surface modifica-
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Figure 5.15.: Total amount of sulfur removed ΣtotalmS during Ar /O2 (left fig-
ures) and Ar /H2 (right figures) Rf plasma treatment of FeS2 (top),
CuFeS2 (middle) and Cu2S (bottom) samples for 600s as a func-
tion of the energy flux density Jtp. ΣtotalmS has been determined
from Ms measurements in the Mid mode of the ion current of
64amu I64 and 34amu I34 by using equations 4.33 and 4.34. Vari-
ations regarding various process parameters are shown while al-
ways five symbols that are connected with lines – from the left
to the right – represent a growing molecular gas concentration:
cO2|H2 =10%; 30%; 50%; 70%; 90% at p =5Pa for different P

Rf:
160W ( ); 130W ( ); 100W ( ); 80W ( ).
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tions in which SO2 emitting reactions are involved. The aforementioned coher-
ences between cO2 , P

Rf and [O] are depicted in section 5.1.1.2 and by figure 5.3.
The differences of ΣtotalmS observed between FeS2, CuFeS2 and Cu2S Ar /O2 Rf
plasma treatments at equal process parameters can be a result of selective min-
eral surface modifications, as a consequence of different reaction rates. In this
context, differences between the total sulfur amount of untreated samples mS,0,
which are listed in table A.2, are not proportional to ΣtotalmS and they are there-
fore only partially responsible. Assuming that a stratified and complete sulfur
removal took place, the maximal modification depth after a treatment of 600s
is low when compared to the particle size distribution of the minerals, since the
ratio between ΣtotalmS and mS,0 is smaller than 0.04, even for the maximal value
of ΣtotalmS obtained at FeS2 plasma treatment. Thus, one can assume that only
the mineral surface is modified by Ar /O2 Rf plasma treatments in the exam-
ined conditions. This might be a consequence of the low sample temperatures
reached, which are below the range where diffusion processes between the outer
surface layers and bulk become significant [153–155] and thus, a transport of
sulfur-containing compounds is negligible. Under these conditions, having also
a large average particle size, compared to depth of modification Rmod, it can be
estimated by the following equation:

Rmod ≈
ΣtotalmS

mS,0

(
ρsampleAs,sample

)−1
(5.16)

All values required for calculation – the sulfur mass of untreated samples mS,0,
the sample density ρsample and the specific surface area of the samples As,sample,
assuming spherical particles – can be found in table A.2, while the sample mass
msample amounted 100mg at Rf plasma treatment. In this case the maximal val-
ues estimated for Rmod are 0.14µm for FeS2, 0.03µm for CuFeS2 and 0.05µm for
Cu2S.

In contrast to Ar /O2 Rf discharges, the mineral treatment by Ar /H2 plasma
does not show a Jtp threshold limiting the removal of sulfur through H2S emis-
sion. Even the lowest value observed of ΣtotalmS is above 0.4mg. Generally, one
can see that ΣtotalmS increases with Jtp, while the curves for different P

Rf do not
overlap as it have been observed at Ar /O2 Rf plasma treatment. Differences
observed between the minerals regarding ΣtotalmS are low whereas the maximal
values are found to be of about 1.6mg for FeS2, as well as CuFeS2 and 1.2mg for
Cu2S.

The absence of a threshold value for Jtp within the observed range of 0.3Wcm−2

to 1.4Wcm−2 shows that the sulfur removal is less thermodynamically inhibited
by H2S emission in Ar /H2 than by SO2 emission in Ar /O2 Rf discharges. There-
fore, one may assume that only the presence of atomic hydrogen which strikes
directly the respective minerals lead to sulfur removal by H2S emission, because
even for the lowest Jtp observed, significant amounts of [H] are detected. Another
reason is the formation of sulfate-containing surface layers which might raise the
Jtp threshold for further reactions of SO2 emission. Nevertheless, influences from
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the recombination of ions, as well as excited Ar and H2 species have to be con-
sidered to accelerate these mechanisms. This becomes obvious due to an increase
of Jtp and also ΣtotalmS – see figure 5.15 – with the applied Rf power while [H]
leaves constant under these conditions. Non-overlapping ΣtotalmS(Jtp) curves for
various P

Rf indicate that at least two different mechanisms have to taken into
account. On the one hand, reactions with rates that directly depend on [H] and,
on the other hand, reactions which might be catalyzed by ions, excited Ar or H2
species, are responsible for H2S emission. Another evidence for this behavior
can be seen in figure 5.14 where stronger dependencies of I34 to the variations
of cH2 , than P

Rf, are shown. Influences of the rotational hydrogen temperature
cannot be separately pointed out since variations regarding cH2 and P

Rf are not
observed. Mentioned coherences between cH2 , P

Rf and [H], Trot, as well as Jtp are
described in sections 5.1.1.2 and 5.1.1.3, as well as by figures 5.4, 5.5 and 5.6.

From the estimations of the modification depth Rmod regarding process param-
eters at which maximal ΣtotalmS values have been obtained for each mineral by
using equation 5.16 – a stratified and complete sulfur removal can be assumed,
while the ratio between ΣtotalmS and mS,0 should be small – following results are
obtained: 0.19µm for FeS2, 0.14µm for CuFeS2 and 0.12µm for Cu2S.

Even in conditions where the maximal values of ΣtotalmS have been obtained,
comparisons of Rmod with the particle’s grain size fractions of each mineral, listed
in table A.2, show that modifications can only occur at the outermost surface
layers up to a depth of the order of about 200nm. In contrast to Ar /O2 Rf
plasma treatments, where deeper modifications can be expected beyond 600s
since I34 show constant curves near the end of treatment. An explanation for
the higher modification depths in Ar /H2 Rf discharges might be given by higher
diffusion and effusion rates of atomic hydrogen and H2S than atomic oxygen and
SO2 within the mineral matter.

5.2.1.2. Microwave discharge

Influences of process parameters in Ar /O
2
discharges

In order to investigate the kinetic of mineral surface modifications by Mw dis-
charges, it has been shown to be adequate to obtain the rate of sulfur removal
ṁS by SO2 and H2S emission. Both have been determined from I64 and I34 Ms
measured signals and the associated calibrating gas measurements. A detailed
description is given in section 4.4.2.2.

Figure 5.16 shows ṁS as a function of the treatment time t for different process
parameters of Ar /O2 Mw plasma mineral treatments. FeS2, CuFeS2 and Cu2S
of the smallest grain size fraction, < 25µm, were treated, by varying the oxy-
gen concentration of the process gas cO2 and the transmitted Mw power P

Mw at
a pressure p of 250Pa. Additionally, ṁS is shown for different grain size frac-
tion and process gas pressures at cO2 = 50% and P

Mw = 1000W. Figure 5.16
only gives an overview and further results are illustrated in the appendix by fig-
ure B.12. All mineral treatments were performed at the position d = −60mm in
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5.2. Plasma powder interaction

the asymmetric plasma state which shows maximums of the spatial Ĩ750.4 and
Ĩ844.6 distributions below the Mw resonators center1.

For all minerals and process parameters investigated, one can clearly observe
double peak distributions of the ṁS(t) curves, whereas the maximum is found to
be firstly occurring at similar times of approximately 27s. This peak increases
with cO2 and P

Mw, as for variations regarding p a maximum peak height, and
respectively peak area, has been observed at 250Pa. A correlation regarding the
grain size fraction of treated minerals is not observed. Maxima of the second peak
are observed after different treatment times, while their appearance is accelerated
by increasing cO2 and P

Mw. Variations of p and the mineral grain size fraction do
not lead to significant changes regarding this behavior. The peak height increases
with cO2 as well as with P

Mw and it becomes maximal for a pressure of 250Pa,
which is similar to the first peak behavior regarding variations of p. Furthermore,
for a low pressure of 100Pa the second peak becomes negligible. The mineral
grain size fraction does not correlate with the second peak height, but the total
area under both peaks decreases by increasing the specific surface area, given
by the particle size distribution. In addition, it is striking that for all process
parameters investigated ṁS reduction becomes negligible after the second peak’s
occurrence within the treatment time of 600s.

Basically, the rate of sulfur removal ṁS indicates the total rate of all plasma
chemical reactions occurred that are responsible for the sulfur removal, con-
verted to SO2 or H2S and emitted to the gas phase. For the treatments of sulfur-
containing minerals by Ar /O2 Mw discharges one can assume that the SO2 pro-
duction would be a result of various oxidation reactions. In several studies re-
garding the behavior of the surface reactivity of FeS2 and related sulfides, as
for example [156–158] reviewed by Murphy et al. [5], this have been published.
Hence, in the flowing, ṁS is interpreted as an indicator for the total rate of surface
oxidation.

Due to the double peak distributions of ṁS(t) obtained, which occurs indepen-
dently of the process parameters used, two fundamentally different mechanisms
in the oxidation of sulfur-containing minerals by Ar /O2 Mw discharges can be
identified. One of them can be assigned to the first ṁS(t) peak, which is caused
by pure plasma surface interactions, where mainly reactive species that are pro-
duced by the plasma are responsible for the surface oxidation. These reactions
occur by beginning at the moment of plasma ignition t = 0s and their rates de-
crease after the first ṁS(t) peak since the fraction of sulfur-containing species at
the sample surface has been reduced by producing an oxidized layer. This mech-
anism is accelerated by increasing cO2 as well as P

Mw as one can see in figure 5.16.
Hence, a correlation between the first ṁS(t) peak height and Jtp is identified. Be-
tween [O] at d = −60mm and ṁS, a correlation is only given when regarding vari-
ations of P

Rf, but not for cO2 variations since [O] does not significantly depends
on cO2 . Thus, the reaction rates of processes leading to sulfur removal by SO2
emission are not solely determined by [O] at Ar /O2 Mw plasma mineral treat-

1A detailed description of different plasma states which occur at the Mw discharge used is given
in section 5.1.1.2.
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Figure 5.16.: Rate of sulfur removal ṁS by Ar /O2 Mw plasma treatments of FeS2
(top), CuFeS2 (middle) and Cu2S (bottom) at different process pa-
rameters. Variations of the process gas’ oxygen concentration cO2
and the transmitted Mw power P

Mw are shown for minerals of the
smallest grain size fraction, <25µm treated at a pressure p of 250Pa
(left figures). Grain size fractions and p variations are shown for
cO2 =50% and P

Mw =1000W (right figures):
1000W, 90%O2 ( ); 250Pa, 25µm–80µm ( );
1200W, 50%O2 ( ); 250Pa, 80µm–125µm ( );
1000W, 50%O2 ( ); 250Pa, <25µm ( );
600W, 50%O2 ( ); 500Pa, <25µm ( );
1000W, 10%O2 ( ) 100Pa, <25µm ( )
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5.2. Plasma powder interaction

ments. Consequently, further mechanisms which may are also induced by ion,
excited Ar and O2 recombination have to be taken into account while looking for
an explanation. Similar behaviors have been also found for mineral treatments
by Ar /O2 Rf discharges as it is explained in section 5.2.1.1. Correlations between
cO2 , P

Rf and [O] as well as Jtp are discussed for Ar /O2 Mw discharge in detail in
sections 5.1.2.1 and 5.1.2.2. Thereto, illustrations are given by figures 5.9b, 5.9c,
5.12a, 5.13a, 5.13b and B.9.

The first ṁS(t) peak height, which shows a maximum at the middle gas pres-
sure investigated p = 250Pa, does not correlate with p and as a consequence also
not with Jtp and [O]. As it is described in sections 5.1.2.1 and 5.1.2.2 and shown
by figures 5.9d, 5.13c and B.9, [O] and Jtp increase with the gas pressure while
the first ṁS(t) peak height decreases by increasing p above 250Pa. For that pur-
pose more complex interactions between plasma zone and surface reactivity, as
described by the first ṁS(t) peak, have to be taken into account when looking for
an explanation and not only to draw conclusions solely based on the behavior
of Jtp and [O]. However, the first ṁS(t) peak height shows an opposite behavior
compared to the oxygen’s degree of dissociation κD regarding variations of p as
explained in section 5.1.2.1 and illustrated by figure 5.9d. A similar behavior of
κD regarding p is referred by [151] where explanations, which are mainly based
on the electron energy distribution function (Eedf) and the resulting chemical
kinetics of an Ar /O2 surface wave plasma (Swp), are given.

Processes that are responsible for SO2 emission at the second ṁS(t) peak might
be caused by a transport of sulfur-containing species from the bulk of the parti-
cles to their surfaces where further oxidations occur. These transport processes
can be a result of diffusion between the inner sulfides and outer oxides which
are accelerated by sample heating. This assumption can be proven by varia-
tions of cO2 and P

Mw since occurrence and height of the second ṁS(t) peak cor-
relates with Jtp, as well as with the estimated temperature of the passive thermal
probe (Ptp) sensor in thermal equilibrium Ttp,the. Therefore, the heating of min-
eral samples within the plasma zone and thus, also the diffusion is accelerated
by rising Jtp. However, oxidation processes responsible for SO2 emission at the
second ṁS(t) peak are a result of combined plasma- and thermal-non-plasma-
chemistry. Correlations between cO2 , P

Mw and Jtp as well as Ttp,the are described
in section 5.1.2.2 and are shown by figures 5.12, 5.13a, 5.13b and B.9.

Complex interactions between the second ṁS(t) peak height and p might be
similarly explained by the behavior of κD, which is determined by the Eedf [151],
and the resulting chemical reactivity of an Ar /O2 Swp as described above. An
accelerated occurrence of the second ṁS(t) peak maxima by increasing p also
correlates with Jtp and Ttp,the. Thus, diffusion processes within sample particles
are accelerated by higher substrate heating rates.

Decreases of the total area under both ṁS(t) peaks by increasing the parti-
cle size distribution can be explained by correlations with specific surface area
As,sample of respective mineral samples, listed in table A.2. This generally is con-
firmed by the origin of surface modification by plasma treatment. A reduction
of ṁS to about zero within the treatment time of 600s indicates the existence of
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5. Results and discussion

a maximal sulfur fraction of mS,0 which can be removed by Ar /O2 Mw plasma
treatments under the process parameters investigated.

Comparison between different minerals in Ar /O
2
discharges

Taking into account the selectivity of plasma surface modifications between the
different sulfur-containing minerals investigated, the oxidation rate of has to be
compared for the same process parameters. Additionally, only the surface prop-
erties have to be altered in order to change the mineral’s behavior at froth flota-
tion and therefore only modifications of the outermost layers are of a special
interest. For that purpose, one should avoid bulk modifications and therefore,
short-time plasma treatments – during the first ṁS(t) peak – were focused, as fol-
lowing, in order to minimize sample heating which prevents from diffusion ef-
fects within the mineral particles. A distinction between both ṁS(t) peaks is sim-
ply applied by this time, when the minimum value of ṁS(t) between both peaks
occur at tmin which was used as threshold for further integrations over peak ar-
eas. Since untreated FeS2, CuFeS2 and Cu2S samples of the mass,msample = 50mg,
contain different amounts of sulfur mS,0, ṁS(t) has to be normalized with respect
to mS,0 in order to obtain comparability. The following equations give Σ1.peakmS
and Σ2.peakmS, the fraction of sulfur which has been removed form a particu-
lar sample by SO2 emission during the first and during the second ṁS(t) peak
occurrence:

Σ1.peakmS =
∫ tmin

0s
ṁS(t)dt ≈

tmin∑
t=0s

ṁS(t)∆t (5.17)

Σ2.peakmS =
∫ 600s

tmin

ṁS(t)dt ≈
600s∑
t=tmin

ṁS(t)∆t (5.18)

Since ṁS(t) is de facto a discrete function, the summation has to be used in
practice for Σ1.peakmS and Σ2.peakmS calculations, where ∆t is Ms measurement
sampling rate in the Midmode. The fraction of sulfur removed during the whole
treatment time of 600s – ΣtotalmS – can be obtained from the sum of Σ1.peakmS
and Σ2.peakmS, or directly from equation 4.39.

In figures 5.17a–5.17c the summations of the relative sulfur removal – ṁS(t) is
normalized with respect to mS,0 the sulfur amount of particular untreated min-
eral samples – ΣtotalmS / mS,0, Σ2.peakmS / mS,0 and Σ1.peakmS / mS,0 are given for
all minerals investigated as functions of the energy flux density Jtp obtained for
the respective treatments. With respect to short time treatments, which are a
great deal of interest since pure plasma surface interactions should be investi-
gated regarding the selectivity between oxidation rates of each mineral, in fig-
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Figure 5.17.: Different summations – over (a) the total treatment ΣtotalmS / mS,0
time of 600s, (b) the first Σ1.peakmS / mS,0 and (c) the second peak
Σ2.peakmS / mS,0 – of the relative sulfur removal rate ṁS(t) / mS,0 as
a function of the energy flux density Jtp obtained at the position
d = −60mm for respective Ar /O2 Mw plasmas. The minerals of the
smallest grain size fraction <25µm were also treated at d = −60mm
and at a process gas pressure of p =250Pa while asymmetric plasma
states, with maxima of their spatial Ĩ750.4 and Ĩ844.6 distributions
below the Mw resonators center were used. Σ1.peakmS, Σ2.peakmS
and ΣtotalmS are determined by equations 4.39, 5.17 and 5.18 while
mS,0 is the sulfur mass of the respective untreated mineral samples.
Additionally, in (d) the ratios of Σ1.peakmS / mS,0 are given for com-
binations between each mineral pairs. Lines are included as a guide
for the eyes while linking data points obtained by varying one pro-
cess parameter, cO2 or P

Mw.
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5. Results and discussion

ure 5.17d additionally, the Σ1.peakmS / mS,0 ratios between FeS2, CuFeS2 and Cu2S
are given as functions of Jtp. Samples of the smallest grain size fraction < 25µm
were treated at the position of d = −60mm while asymmetric plasma states1.,
which maxima of spatial Ĩ750.4 and Ĩ844.6 distributions are below the Mw res-
onators center, were used at a process gas pressure of 250Pa.

One can see that the ΣtotalmS / mS,0 and Σ2.peakmS / mS,0 tend to have maximal
values of about 50% and 35% for Jtp ' 7.4Wcm−2, while for lower energy flux
densities an exponential behavior is observed. These curves seem to be inde-
pendent regarding the mineral treated. In contrast, Σ1.peakmS / mS,0 increases
for the whole range of Jtp investigated while the curve for CuFeS2 runs above
the Cu2S and below the FeS2 curve, except for process parameters at which the
lowest Jtp ≈ 4.1Wcm−2 has been obtained for: cO2 = 50%, P

Mw = 1000W and
p = 250Pa. For all minerals used, it is indicated that Σ1.peakmS / mS,0 curves show
a higher slope regarding variations of cO2 , when compared to changes P

Mw.
Due to the trend of ΣtotalmS / mS,0 to be about 50% after a treatment of 600s,

also approximately 50% of the initial amount of sulfur should be remained in the
samples and thus, one can assume an incomplete oxidation. This could be, on the
one hand, a result of the radial gradient of the oxide fraction especially within
the largest particles of the grain size fraction used. On the other hand, sulfur-
containing species, which could not been oxidized by Ar /O2 Mw discharges at
the process parameters investigated, may be left within the samples. Both ef-
fects might lead to a reduction of the total removed sulfur fraction estimated
of approximately 50%. Generally, Σ1.peakmS / mS,0 and Jtp correlate, while lower
slopes regarding variations of cO2 compared to variations of P

Mw indicate com-
plex interactions between minerals and plasma, which are not solely determined
by Jtp. Main influences coming from atomic oxygen can be neglected since [O] in-
creases with P

Mw while a slight decrease is found for an increasing of cO2 . Hence,
further mechanisms of surface oxidations, probably induced by recombining ion
and excited Ar and O2 species, should be additionally considered for explana-
tion. Similar observations have been made for mineral treatments by Ar /O2 Rf
plasmas as it is described in section 5.2.1.1

In figure 5.17d the CuFeS2-to-Cu2S-, FeS2-to-Cu2S- and CuFeS2-to-FeS2-ratios
of Σ1.peakmS / mS,0 are given as functions of Jtp. These values have been deter-
mined from the data given in figure 5.17c. By increasing Jtp, one can see that
all Σ1.peakmS / mS,0-ratios are trending to 1, especially for the CuFeS2-to-FeS2-
Σ1.peakmS / mS,0 -ratio. For the process parameters at which the lowest values of
Jtp ≈ 4.1Wcm−2 has been obtained: cO2 = 50%, P

Mw = 1000W and p = 250Pa,
CuFeS2-to-Cu2S- and CuFeS2-to-FeS2-Σ1.peakmS / mS,0-ratios rapidly increase to
19.1 and 8.4 as a consequence of the relatively high Σ1.peakmS / mS,0 of CuFeS2 at
these conditions. The maximum of the FeS2-to-Cu2S-Σ1.peakmS / mS,0-ratio is 4.4
for Jtp ≈ 5.5Wcm−2 obtained at cO2 = 50%, P

Mw = 400W and p = 250Pa.
Bearing in mind that, preferably a high selectivity of surface modifications

1A detailed description of different plasma states which occur at the Mw discharge used is given
in section 5.1.1.2.
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5.2. Plasma powder interaction

for the different minerals treated within discharges of equal process parame-
ters is intended, utmost differences between plasma surface reaction rates should
be achieved. Therefore, process parameters of plasma treatments are required,
having maximized Σ1.peakmS / mS,0-ratios for a given mineral mixture, or also
minimized Σ1.peakmS / mS,0-ratios if this value is lower than 1. With the am-
bition to modify preferably the outermost surface layers, only comparisons of
Σ1.peakmS / mS,0 are qualified hereto.

The observed CuFeS2-to-Cu2S- and CuFeS2-to-FeS2-Σ1.peakmS / mS,0-ratios in-
dicate 19.1 and 8.4 times faster relative sulfur removal from CuFeS2 than from
Cu2S and respectively from FeS2. Since SO2 emission is leading to sulfur removal,
which is well known for the oxidation of sulfur-containing minerals [5, 156–158],
especially for high Σ1.peakmS / mS,0-ratios, a remarkable selectivity of plasma sur-
face oxidation at the respective minerals can be expected. Thus, CuFeS2 should
be essentially surface oxidized while compared to Cu2S and FeS2 surfaces, at the
plasma conditions mentioned above as long as the treatment times does not ex-
ceed tmin. Additionally, FeS2 should be therefore oxidized remarkably faster than
Cu2S at plasma conditions showing a FeS2-to-Cu2S-Σ1.peakmS / mS,0-ratio of 4.4:
cO2 = 50%, P

Mw = 400W and p = 250Pa. Tendencies of all Σ1.peakmS / mS,0-ratios
to 1, observed for increases of Jtp can be interpreted as a convergence of surface
oxidizing reaction rates. This might be a result of a reduced sensitivity regarding
the activation energy of various reactions involved.

However, one can assume that a Ar /O2 Mw plasma treatment of mixtures,
which contain the minerals investigated, lead to selective surface oxidations at
suitable discharge conditions, since remarkable Σ1.peakmS / mS,0-ratios are found.
This might be used to achieve selective changes in the adsorption properties re-
garding selected collector molecules. For example, the surface oxidized minerals
of a mixture might be recovered from the slurry now by adding collectors, which
are typically used for oxide flotation, but only negligibly modified minerals re-
main within the slurry. Appropriately mixtures of sulfur-containing minerals
pretreated this way may be separated by using non-conventional oxide collectors
as fatty acids, which may result in enhanced separation efficiencies. Neverthe-
less, investigations in treated minerals by X-ray photoelectron spectroscopy (Xps)
and X-ray diffraction (Xrd) as well as batch flotation tests are presented in sec-
tions 5.2.2, 5.2.3 and 5.3.

Influences of process parameters in Ar /H
2
discharges

Figure 5.18 shows ṁS / mS,0 as a function of the treatment time t in Ar /H2 Mw
discharges operated at different process parameters. FeS2, CuFeS2 and Cu2S of
the smallest grain size fraction < 25µm were treated at a pressure p = 250Pa,
by varying the hydrogen concentration of the process gas cH2 and the transmit-
ted Mw power P

Mw. Additionally, ṁS / mS,0 is also shown for different grain size
fraction and process gas pressures at cH2 = 50% and P

Mw = 1000W. Figure 5.18
only gives an overview and further results are illustrated in the appendix by fig-
ure B.13. All mineral treatments were performed at the position d = −60mm

105



5. Results and discussion

while asymmetric plasmas states1 were used, which have their maxima of the
spatial Ĩ750.4 and ĨHα distributions below the Mw resonator’s center.

Double peak distributions of ṁS(t) regarding t – as can be clearly observed at
mineral treatments by Ar /O2 Mw discharges, which is described above – are, if
anything, vaguely visible and occur only under certain conditions. Curves which
are shaped as one broad peak, are found for the majority of process parameters
investigated. The areas below the curves – as far as can be seen – increases with
cH2 and slightly with P

Mw, while they decrease with p. Influences of mineral
grain size fractions on ṁS(t) cannot be observed since very similar curves are
found. Small first peaks, which occur at similar treatment times, as are observed
at Ar /O2 treatments, are only unshapely present. They are best distinguished
at middle hydrogen concentrations, cH2 = 50%, and low pressures, p = 100Pa.
Additionally, in contrast to Ar /O2 treatments, not all process parameters used
lead to a reduced ṁS(t) curve close to zero after 600s.

As already mentioned in the previous paragraph, the rate of sulfur removal
ṁS indicates the total rate of all plasma chemical reactions by which sulfur is
removed, converted to H2S and emitted to the gas phase. In the case of Ar /H2
Mw plasma treatments of sulfur-containing minerals, surface reduction reactions
can be a priori assumed by which H2S is produced. Therefore, the rate of surface
removal is estimated by ṁS.

Two fundamentally different mechanisms of Ar /H2 Mw plasma surface reduc-
tion of sulfur-containing minerals can be assumed, since double peak distribu-
tions of ṁS(t) can even be found for some process parameters used, despite the
fact that both peaks cannot be sharply distinguished. As previously mentioned
for Ar /O2 Mw plasmas, the peaks which occur first can be assigned to plasma
surface interactions which are mainly caused by reactive species of the gas phase.
This can be justified since the first peaks have their maximums at the same time
after plasma ignition at t ≈ 27s, which is comparable to Ar /O2 Mw plasmas
treatments. The rates of respective reactions, which occur from the moment of
plasma ignition, decrease after the first ṁS peak due to sulfur removal from the
sample surface. These reactions are accelerated by increasing cH2 and by decreas-
ing p – see figure 5.18 – while variations regarding P

Mw are negligible. Therefore,
the height of the first peak strongly correlates with the number density of atomic
hydrogen [H] but not with p variation. A correlation with Jtp, cannot be justified.
Hence, [H] should be essentially responsible for the reactions of sheer plasma
surface reduction with respect to cH2 and P

Mw variations. The rotational temper-
ature of H2 Trot does not have significant influence on the first ṁS peak, which
indicates only a limited relevance regarding short time scales. However, further
mechanisms which may be induced by excited Ar and H2 species as well as by
ions cannot be ruled out with respect to the results obtained, especially regard-
ing variations of p.

Correlations between cH2 , P
Mw, p, Trot and [H] as well as Jtp, which are used

for the discussions above are described in detail in sections 5.1.2.1 and 5.1.2.2.
1A detailed description of different plasma states which occur at the Mw discharge used is given
in section 5.1.1.2.
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Figure 5.18.: Rate of sulfur removal ṁS by Ar /H2 Mw plasma treatments of FeS2
(top), CuFeS2 (middle) and Cu2S (bottom) at different process pa-
rameters. Variations of the process gas’ hydrogen concentration cH2
and the transmitted Mw power P

Mw are shown for minerals of the
smallest grain size fraction, <25µm treated at a pressure p of 250Pa
(left figures). Grain size fractions and p variations are shown for
cO2 =50% and P

Mw =1000W (right figures):
1000W, 90%H2 ( ); 250Pa, 25µm–80µm ( );
1500W, 50%H2 ( ); 250Pa, 80µm–125µm ( );
1000W, 50%H2 ( ); 250Pa, <25µm ( );
600W, 50%H2 ( ); 500Pa, <25µm ( );
1000W, 10%H2 ( ) 100Pa, <25µm ( )
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Thereto, illustrations are given by figures 5.10b - 5.10d, 5.12b, 5.13 and B.9.
The delayed second brought ṁS(t) peak cannot be clearly resolved for the pro-

cess parameters used since the mechanisms which are responsible for occurrence
take their effect earlier than at Ar /O2 Mw plasma treatments. Both ṁS(t) peaks
seem downright to merge with each other, which makes a differentiation diffi-
cult. However, processes that are responsible for the second peak H2S emission
might be caused by sample heating. This way, an earlier occurrence at Ar /H2 Mw
plasma treatments can be explained also by Jtp – it is higher than for Ar /O2 Mw
plasmas at the same process parameters used – which leads to increased heating
rates. A confirmation of that statement by peak positions, as is describe above for
Ar /O2 Mw plasmas, is difficult since relative Jtp changes are small, especially re-
garding variations of cH2 and P

Mw. However, mechanisms which are accelerated
with the sample temperature are diffusion processes between bulk and surface of
the mineral particles. This way the transport of sulfur-containing species to the
particle surface enables further H2S emission, which is shown by second ṁS(t)
peak. Thus, H2S emission is a result of combined plasma- and thermal-non-
plasma-chemistry.

Correlations between cH2 , P
Mw and Jtp are described in sections 5.1.2.2 and are

shown in figures 5.12b, 5.13a, 5.13b and B.9.
Contrary to the mineral treatment in Ar /O2 Mw plasmas, only slight influ-

ences of the particle size distributions are obtained in Ar /H2 Mw discharges
since similar ṁS(t) curves are found. Hence, the specific surface area As,sample
of respective mineral samples, listed in table A.2, have at most small effects on
the mechanisms that are responsible for H2S emission. Generally, it is expected
that ṁS(t) increases with As,sample because of the surface character, well-known
for low temperature plasma treatments. One possible explanation can be given
by the high diffusion rate of atomic hydrogen and its effusion into sample mat-
ter [153–155]. Hence plasma generated hydrogen atoms – they are found to be
mainly responsible for sheer plasma mineral modifications by leading to H2S
emission, as it is described above – partially move into deeper sample layers. This
reduces the relevance of As,sample as a parameter which describes reaction rates
at plasma processes. As a result, the visible merging of both ṁS(t) peaks can be
additionally explained, since pure plasma and combined plasma- and thermal-
non-plasma-chemistry cannot be sharply distinguished. Therefore, the fraction
of sulfur which has been removed form a particular sample by H2S emission dur-
ing the first and the second ṁS(t) peak – Σ1.peakmS / mS,0 and Σ2.peakmS / mS,0 –
cannot be determined and separately discussed as done for minerals treated by
Ar /O2 Mw plasmas. Nevertheless, the relative sulfur removal during the whole
treatment time ΣtotalmS(t) is discussed in the following paragraph.

Generally, from figures 5.16 and 5.18 one can observe that ṁS(t) maxima are
higher for a mineral treatment in Ar /O2 discharges than in Ar /H2 plasmas.
Therefore, the sulfur removal, and thus, the rate of responsible plasma chemi-
cal reactions are higher for the oxidation of minerals than for its reduction. It
is shown above that [O] is not crucial for the Ar /O2 Mw plasma oxidation rate
while further reactive species, as wells Jtp might have significant influences, caus-
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5.2. Plasma powder interaction

ing that additional reactions with O2 are relevant for surface modifications. A
contrary situation is found for Ar /H2 plasma treatments, where [H] seems to
be essential for H2S emission, which leads to lower first ṁS(t) peak maxima at
similar process parameters. As a result, sulfur removal takes longer at mineral
treatments in Ar /H2 Mw discharges, which effects broader ṁS(t) curves.

Comparison between different minerals in Ar /H
2
discharges

In order to obtain the selectivity of plasma surface modifications, the relative
sulfur removal has to be compared between the different minerals, as it is men-
tioned above. For that reason ṁS(t) is normalized with respect to mass of sul-
fur contained in untreated samples mS,0. Since the mechanisms of pure plasma
and combined plasma-and thermal-non-plasma-chemistry are not clearly distin-
guishable by ṁS(t) curves, only the total relative amount of sulfur which is re-
moved during the entire time of plasma treatment ΣtotalmS, calculated by using
equation 4.39, is discussed in the following.

Figure 5.19 shows ΣtotalmS(t) – as a function of the H2 concentration of the pro-
cess gas cH2 , the transmitted Mw power P

Mw and the pressure of the process gas
p – for FeS2, CuFeS2 and Cu2S treated by Ar /H2 Mw plasmas. For that purpose
samples of the smallest grain size fraction < 25µm were treated at the position
of d = −60mm while asymmetric plasma states1, which have maxima of spatial
Ĩ750.4 and ĨHα distributions below the Mw resonator’s center, were used.

One can see that the differences between ΣtotalmS(t) are negligible for all miner-
als used. Hence, selectivity is not obtained for FeS2, CuFeS2 and Cu2S treatments
with respect to the process parameters used. Statements regarding the mecha-
nisms of pure plasma mineral interaction cannot be made since first ṁS(t) peaks
are overlapping with the second.

The behavior of ΣtotalmS(t) is, especially regarding cH2 and P
Mw variations,

comparable to the number density of atomic hydrogen within the plasma zone,
which confirms that the sulfur removal by Ar /H2 Mw plasma treatments is es-
sentially influenced by [H]. Decreases of ΣtotalmS(t) with p cannot be explained
by the behavior of [H], Jtp or Trot and thus, further aspects regarding ions and
excited Ar and H2 species have to taken be considered.

One can see that ΣtotalmS(t) tend to maximal values of about 70% showing that
almost the whole sulfur can be removed from the mineral samples with respect
to the process parameter used. Since ṁS(t) curves have not decreased to zero
after 600s, complete sulfur removal could be reached if the treatment times are
sufficiently long.

1A detailed description of different plasma states occurring in the Mw discharge used is given in
section 5.1.1.2.
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Figure 5.19.: Summations of the relative sulfur removal rate ṁS(t) / mS,0 over the
whole Ar /H2 Mw plasmas treatment time of 600s as a function of
cH2 at P

Mw =1000W, p =250Pa; of P
Mw at cH2 =50%, p =250Pa;

and of p at cH2 =50%, P
Mw =1000W. The different minerals of

the smallest grain size fraction <25µm were treated at the posi-
tion d = −60mm while asymmetric plasma states, with maxima of
their spatial Ĩ750.4 and ĨHα distributions below the Mw resonators
center were used.
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5.2. Plasma powder interaction

5.2.1.3. Conclusions from Ms measurements

Sulfur dioxide (SO2) and hydrogen sulfide (H2S) are the main sulfur-containing
gaseous reaction products generated by Ar /O2 and Ar /H2 plasma treatment of
the sulfide minerals used, FeS2, CeFeS2 and Cu2S. For that reason, the detection
of SO2 and H2S concentrations by in situ Ms – required are time-resolved deter-
mination of the respective ion currents, I64 and I34, as well as mass spectrometer
calibration – enables to estimate the rate of sulfur decomposition during plasma
processing. Major statements and conclusions obtained at Rf plasma treatment
are:

• At least two different mechanisms of mineral modification can be assumed,
as they are indicated by a double peak distribution of I64 during Ar /O2
plasma treatment of FeS2 and CuFeS2 and since SO2 emission occurs after
a variable delay, which depends on plasma conditions, at Cu2S treatment.
This might open, for example, the possibility to utilize the observed mech-
anisms as a tool for dedicated separation by using adequate process param-
eters and treatment time. Similar effects has not been observed at Ar /H2
plasma mineral treatments.

• The SO2 and H2S emission increases with the applied Rf power P
Rf, while

influences of the number density of atomic oxygen [O] and hydrogen [H]
are negligible. Therefore, further reactive species as charged and excited
particles, as well as radiation have to be taken into account while explaining
plasma mineral interactions.

Following insights have been found at Mw plasma treatment:

• Clearly recognizable double peak distributions are observed from the time
course of the sulfur removal rate. Mechanisms generating the first peak,
are mainly influenced by plasma surface interaction, while for the second
peak, additionally, sample heating plays an essential role. Therefore, it is
necessary to put emphasis on interactions occurring during the first peak
since they are intended to modify only the outermost sample layer at short-
time processing.

• First peak areas – they are used to determine the percentage of sulfur re-
moved during plasma processing where sample heating is negligible – are
compared between the minerals treated at equal process parameters, in or-
der to obtain the selectivity of plasma surface reaction rates. Especially,
for Ar /O2 plasma treatment at conditions which induce a low energy flux
density Jtp, remarkable differences are obtained. The relative sulfur decom-
position from CuFeS2 is more than 8 and 19 times higher than from FeS2
and respectively Cu2S. Therefore, high differences between oxidation rates
of the minerals are assumed which could be a promising approach regard-
ing the aim of selective surface modification.
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5. Results and discussion

• Comparable results could not be observed at Ar /H2 treatment which indi-
cates that atomic hydrogen, that act as reducing agent, is too reactive and
thus, selectivity cannot be admitted.

Since thermal influences are expected to be negligible at Rf discharge process-
ing, especially at Ar /O2 plasma treatment, interaction mechanisms which re-
mained hidden at Mw plasma treatment can be resolved, due to low Jtp and [O].
This demonstrates one advantage of applying both discharge types, by covering
a larger area of plasma parameters.

5.2.2. X-ray photoelectron spectroscopy

In order to gain information about structural modifications of plasma treated
minerals, X-ray photoelectron spectroscopy (Xps) measurements have been used
for surface analysis concerning the presence of elements, those quantities, as well
as to identify local bondings from the chemical state of several elements. For this
purpose FeS2, CuFeS2 and Cu2S samples were treated in Ar /O2 and Ar /H2 dis-
charges, at different process parameters and treatment times. In order to quantify
sulfur removal and oxide formation the atomic ratios between O, as well as S and
the main metal components, Fe and Cu, of the respective samples are discussed in
the following. Furthermore, chemical bondings of S – the proportions of mono-
sulfide (S2–), disulfide (S2–

2 ), as well as sulfate (SO2–
4 ) anions – and Cu bonds –

the proportions of copper(II) oxide (CuO) and copper(II) sulfate (CuSO4) bonds
– will be evaluated. Theoretical background and experimental procedure of Xps
measurements are described in detail in sections 4.5.1 and 4.5.2.

5.2.2.1. Radio frequency discharge

Surface modification at Ar /O
2
plasma treatment

Figure 5.20 shows atomic ratios between O (a), as well as S (b), and the main metal
components of respective samples, and figure 5.21 shows the chemical bond pro-
portions of S (a) and Cu (b) as functions of the treatment time t. The samples
were treated by Ar /O2 radio frequency plasmas at cO2 = 90%, P

Rf = 160W and
p = 5Pa – condition (i) – and additionally Cu2S at cO2 = 10%, P

Rf = 80W and
p = 5Pa – condition (ii). The elemental composition has been determined through
Xps wide-scan spectra and bond proportions have been obtained from Xps high-
resolution spectra of S2p for sulfur and of Cu2p3/2 for copper. Measurement
results of untreated samples are assigned to t = 0s.

Even at untreated sample surfaces 1.7–3.3 times more oxygen can be found
than main metal atoms, despite the fact that O is not present in structural for-
mulas of the minerals used – FeS2, CuFeS2 and Cu2S. The main reason for these
high amounts of O are sulfates, containing sulfate ions (SO2–

4 ), which are cover-
ing the sample surfaces and therefore, it is notable that S and Cu atoms, which
are bonded in sulfate species, are present as it is shown by figures 5.21a and
5.21b. Furthermore, Cu bonded in copper(II) oxide, that naturally occur as the
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(a) Atomic ratios between oxygen and main
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(b) Atomic ratios between sulfur and main
metallic components as functions of t:
FeS2 (i): S :Fe ( );
CuFeS2 (i): S : (Fe+Cu) ( );
Cu2S (i): S :Cu ( );
Cu2S (ii): S :Cu ( )

Figure 5.20.: Atomic ratios between oxygen (left figure), as well as sulfur (right
figure) and the main metal components of respective samples as
functions of the treatment time t. The samples were treated by
Ar /O2 Rf plasmas at cO2 =90%, P

Rf =160W and p =5Pa – con-
dition (i) – and additionally Cu2S at cO2 =10%, P

Rf =80W and
p =5Pa – condition (ii). The elemental composition has been deter-
mined from Xps wide-scan spectra and data points for untreated
samples are given at t =0s. Lines are included as a guide for the
eyes.

tenorite mineral, can be found at CuFeS2 and Cu2S surfaces. Copper(II) oxide as
well as sulfates are, among others, known aging products of the minerals used,
formed upon their surfaces at contact with air in ambient conditions [5, 159–
162]. Another reason to find oxygen at untreated surfaces is the adsorption of
atmospheric oxygen-containing molecules, as for example hydrocarbons with hy-
droxyl groups, and O2. Both processes, surface aging and adsorption, have been
tried to prevent by using desiccators for sample storage, as well as short periods
of air contact which is in detail described in section 4.5.2. However, these effects
cannot be completely avoided and, hence, they should be taken into account for
further interpretations, especially of surface sensitive Xps results.

For all minerals investigated it can be observed that the atomic O-to-main
metal component ratios (O:Me) increase with the treatment time – O:Me means
atomic ratios of O:Fe for FeS2, O: (Fe+Cu) for CuFeS2 and O:Cu for Cu2S sam-
ples – while S :Me decrease expect at Cu2S surfaces where significant changes
are not observed. The considerable increase of O:Me, up to about 8 after a FeS2
treatment of 600s, can be explained by increasing amounts of sulfates as shown
in figures 5.21a and 5.21b by the SO2–

4 anion and the CuSO4 bonding propor-
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(b) Cu2p3/2 components as functions of t:
CuFeS2 (i): CuO ( ); CuSO4 ( )
Cu2S (i): CuO ( ); CuSO4 ( )
Cu2S (ii): CuO ( ); CuSO4 ( )

Figure 5.21.: S2p (left figure) and Cu2p3/2 (right figure) components as func-
tions of the treatment time t. Monosulfide (S2–), disulfide (S2–

2 ) and
sulfate (SO2–

4 ) anion proportions are given for S bonds, as well as
the proportions of copper(II) oxide (CuO) and copper(II) sulfate
(CuSO4) bonds of the Cu. The bond contents has been determined
from Xps high-resolution spectra of S2p for sulfur and Cu2p3/2
for copper. The samples were treated by Ar /O2 Rf plasmas at
cO2 =90%, P

Rf =160W and p =5Pa – condition (i) – and addition-
ally Cu2S at cO2 =10%, P

Rf =80W and p =5Pa – condition (ii).
Data points of untreated samples are given at t =0s and lines are
included as a guide for the eyes.

tion of Cu. O:Me more than 4 – it represents the stoichiometric composition
of iron(II) sulfate (FeSO4) and CuSO4 – indicate the formation of iron(III) sul-
fate (Fe2(SO4)3) and hydrates as FeSO4 · 7 H2O or copper(II) sulfate pentahydrate
(CuSO4 · 5 H2O) during the transfer between plasma reactor, desiccator and the
Xps system’s ultra-high vacuum (Uhv) chamber. In the mineral form both hy-
drates are known as melanterite and chalcanthite which are also aging products
of sulfides [162–164]. The formation of CuO which is observed on CuFeS2 and
Cu2S surfaces also leads to an increase of O:Me and, additionally, the adsorption
of oxygen containing species during the transfers between vacuum chambers.

Decreases of S :Me with t which are observed for FeS2 and CuFeS2 are a conse-
quence of sulfate and oxide formation. For FeS2 samples, S :Me could be lowered
until 1 if solely FeSO4 would cover the surface. A further reduction of S:Me be-
low 1, is observed for t ' 120s, which indicates that at least from that point, the
formation of iron oxides such as iron(II) oxide (FeO), iron(II,III) oxide (Fe3O4)
and iron(III) oxide (Fe2O3). The respective minerals are wüstite, magnetite and
hematite. Hence, surface oxide formation by Ar /O2 Rf plasma treatments could
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be shown for all minerals used. Anyway, decreases of S :Me with t are justi-
fied since sample sulfur removal through SO2 emission occurs during FeS2 and
CuFeS2 treatment. This explanation is not applicable for the Cu2S treatment at
condition (i) since significant changes of S :Me are not observed while SO2 is emit-
ted after t ' 60s. Thereby, the mass of sulfur removed after a treatment of 600s
– ΣtotalmS – is even bigger than at CuFeS2.

Therefore, additional sulfur has to be provided. One can assume that trans-
port processes between sample surface and bulk occur, which compensate for
the sulfur loss by SO2 emission. The diffusion of oxides, formed on the surface,
into the bulk might be one reason. Furthermore, chemical reactions between the
oxidized sample surface and bulk could also be responsible for a transport of S
atoms to the surface. However, it seems that both mechanisms are induced by
sample heating since SO2 emission increases and its delay since plasma ignition
decreases with the energy flux density Jtp onto the surface. Additionally, for CuS2
at condition (i), it is observed that S atoms are completely bonded in sulfates, at
least since t = 120s, while SO2 emission begins. The comparison with treatments
at condition (ii) shows that the SO2–

4 proportion of S2p only reaches a maximum
of approximately 50%, while an emission of SO2 is negligibly small. Therefore,
one can assume that SO2 emission only occurs after the whole surface sulfur is
bonded in sulfates. However, the comparison with FeS2 and CuFeS2 shows a fun-
damentally different behavior at CuFeS2 Ar /O2 Rf plasma treatments. Further
interpretations, also including the role of FeS2 contaminations as well as results
obtained from Xrd measurements are given in section 5.2.3. Results obtained
from mass spectrometry and thermal probe measurements for Ar /O2 Rf dis-
charges are discussed in detail in sections 5.2.1 and 5.1.1.3. Thereto, illustrations
are given by figures 5.14 and 5.6.

Nevertheless, figure 5.21a shows that the proportions of S2– and S2–
2 – only in

form of these anions does sulfur occur in the crystal structure of CuFeS2, Cu2S
and FeS2 – decrease with t which is also result of surface sulfate formation.

Surface modification at Ar /H
2
plasma treatment

For mineral treatments in Ar /O2 radio frequency plasmas, figure 5.20 shows the
atomic ratios between O (a), as well as S (b), and the main metal components of
respective samples, and figure 5.21 shows the proportions of chemical bondings
of S (a) and Cu (b) as functions of the treatment time t. FeS2 and CuFeS2 sam-
ples were treated at cH2 = 90%, P

Rf = 160W and p = 5Pa and Cu2S samples at
cH2 =50%, P

Rf =160W and p =5Pa – condition (i) – furthermore at cH2 = 50%,
P
Rf = 80W and p = 5Pa – condition (ii). The atomic ratios O:Me and S:Me, de-

scribed above, have been determined through Xps wide-scan spectra. Xps high-
resolution spectra of S2p and Cu2p3/2 have been used in order to determine the
bond proportions. Measurement results of untreated samples are assigned to
t = 0s.

As it is described above, the occurrence of O, on the untreated samples could
be a consequence of aging products covering the mineral surface. Typical species
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(a) Atomic ratios between oxygen and main
metallic components as functions of t:
FeS2: O :Fe ( );
CuFeS2: O : (Fe+Cu) ( );
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(b) Atomic ratios between sulfur and main
metallic components as functions of t:
FeS2: S :Fe ( );
CuFeS2: S : (Fe+Cu) ( );
Cu2S (i): S :Cu ( );
Cu2S (ii): S :Cu ( )

Figure 5.22.: Atomic ratios between oxygen (left figure) as well as sulfur (right
figure) and the main metal components of respective samples as
functions of the treatment time t. FeS2 and CuFeS2 samples were
treated by Ar /H2 Rf plasmas at cH2 =90%, P

Rf =160W and p =
5Pa. CuS2 was treated at cH2 =50%, P

Rf =160W and p =5Pa –
condition (i) – and at cH2 =50%, P

Rf =80W and p =5Pa – condition
(ii) – additionally. The elemental composition has been determined
from Xps wide-scan spectra and data points of untreated samples
are given at t =0s. Lines are included as a guide for the eyes.

formed on sulfide minerals which are in contact with air in ambient conditions
are oxygen-rich sulfates, as well as oxides [5, 159–164] whereas additionally, bi-
valent metal sulfates tend to hydrate formation. Furthermore, the adsorption of
atmospheric oxygen-containing hydrocarbons, as well as O2 would also increase
O:Me.

After Ar /H2 Rf plasma treatments the O:Me has increased even up to about
8.50. This is remarkable since the plasma processes are oxygen-free and hence,
post-process modifications are indicated. Simultaneously, S :Me is reduced ex-
cept at Cu2S surfaces where slight increases are observed at both conditions, (i)
and (ii).

For CuFeS2 and Cu2S the surface formation of sulfates, for example FeSO4 and
CuSO4, as well as their hydrates can be identified as being the main reason for
raising O:Me, since the SO2–

4 proportions of S2p high-resolution spectra increase
after plasma treatment. Increased proportions of CuSO4 and CuO bonds, de-
rived from Cu2p3/2 of CuFeS2, confirm this assumption and indicate that also
oxide formation is responsible for increases of O:Me. For FeS2 the SO2–

4 pro-
portion slightly decreases with t, except for a small peak which is observed at
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(b) Cu2p3/2 components as functions of t:
CuFeS2 (i): CuO ( ); CuSO4 ( )

Figure 5.23.: S2p (left figure) and Cu2p3/2 (right figure) components as func-
tions of the treatment time t. Monosulfide (S2–), disulfide (S2–

2 ) and
sulfate (SO2–

4 ) anion proportions are given for S bonds, as well as
the proportions of copper(II) oxide (CuO) and copper(II) sulfate
(CuSO4) bonds of the Cu. The bond contents has been determined
from Xps high-resolution spectra of S2p for sulfur and Cu2p3/2 for
copper. FeS2 and CuFeS2 samples were treated by Ar /H2 Rf plas-
mas at cH2 =90%, P

Rf =160W and p =5Pa. CuS2 was treated at
cH2 =50%, P

Rf =160W and p =5Pa – condition (i) – and addition-
ally at cH2 =50%, P

Rf =80W and p =5Pa – condition (ii). Cu2p3/2
components could not be consistently obtained for Cu2S samples in
consequence of weak signal-to-noise ratios of the spectra measured.
Data points of untreated samples are given at t =0s and lines are
included as a guide for the eyes.

t ≈ 60s. Hence iron oxides as Fe2O3, Fe3O4 and FeO, as well as other O containing
compounds as sulfates, for example iron(III) oxide-hydroxides (FeO(OH) ·nH2O),
should be responsible for O:Me increases. However, oxygen creation cannot oc-
cur during Ar /H2 Rf plasma treatment, because it is an oxygen-free process and,
therefore, the contact of treated samples to air, during transfers between plasma
reactor, desiccator and the Xps system’s Uhv chamber, should be crucial. Espe-
cially for Cu2S treatments, sulfates play an essential role since both, SO2–

4 propor-
tion of S2p, as well as S :Me are not decreasing increase with t.

Immediate decreases of S :Me are observed for FeS2 and CuFeS2 even after a
treatment of 60s. This can be understood as a consequence of instantaneous H2S
emission at plasma ignition. The progress of S :Me can be explained in part by
sulfate formation since the generation of SO2–

4 proportion having its maxima at
about 60s / t / 120s correlate with local minimums of S:Me. But, for t > 120s
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Figure 5.24.: Surface repair mechanism of pyrite in a H2S containing atmosphere
proposed by Guevremont et al. and adapted from [165].

only small changes of S :Me are observed while H2S emission continues. Thus,
the formation of other low-sulfur containing compounds such as sulfates might
occur. Furthermore, additional sulfur would have to be provided by transport
processes between the sample surface and bulk. The diffusion of sulfur and
its containing compounds, as well as chemical reactions between the sulfur-rich
bulk and low-sulfur particle surfaces are possible mechanisms which are signifi-
cantly enhanced through sample heating due to the energy flux density Jtp form
the plasma towards the minerals.

For Cu2S treatments slight increases of S :Me with t are observed, while H2S
is also instantaneously emitted at both conditions, (i) and (ii). Here again, ad-
ditional sulfur would have to be provided through transport processes between
sample surface and bulk. This way, an increase of S :Me can be explained by sur-
face CuSO4 – S: Me = 100% – formation at Cu2S – S: Me = 50% – particles which
is confirmed by increasing SO2–

4 proportions of S2p. Sulfur reduction which oc-
curs at FeS2 contaminations of Cu2S samples would be overcompensated. How-
ever, further interpretations, including the role of FeS2 contaminations are given
in section 5.2.3.

In contrast to Ar /O2 Rf plasma treatments, only small decreases of the S2–
2 and

S2– proportions of S2p at FeS2 and CuFeS2 are found. One possible explanation
is a surface repair mechanism, which was proposed by Guevremont et al. for FeS2
surfaces in H2S containing atmospheres [165]. Figure 5.24 shows a schematic.

The interaction of H2S with an as-grown FeS2 {100} plane, which had been
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5.2. Plasma powder interaction

cleaned by He+ bombardment, was investigated by Guevremont et al. using tem-
perature programmed desorption (Tpd) measurements. It was found that a sig-
nificant fraction of the molecularly adsorbed H2S, which had been initially ad-
sorbed at 150K, dissociated at defect sites upon heating to 500K into SH and sur-
face hydrogen, which might dissolve into the bulk at temperatures close to 600K.
Sulfur containing fragments reacted with S2– sites – they occur at S vacancy sur-
face sites generated by previous ion bombardment – at similar temperatures by
forming FeS2 resembled sites containing S2–

2 anions.
Similar mechanisms might occur during plasma mineral processing since a ro-

tational H2 temperature of Trot ≈ 450K are found while Ms measurements show
the presence of H2S within the process gas. Furthermore, HS and S fragments
of H2S could be directly produced within the plasma zone as, among others, by
electron impact dissociation, which would avoid the need of temperatures close
to 600K. Hence, two opposing effects, sulfur removal by H2S emission and the
surface repair effect described, occur. This might be a reason for only small sur-
face S2–

2 and S2– reductions upon FeS2 and CuFeS2 samples. Additionally, the
post-plasma formation of sulfates during contact with air in ambient conditions,
which is especially observed at Cu2S surfaces, might be induced by adsorbed H2S
and HS molecules.

The results which are obtained from mass spectrometry, optical emission spec-
troscopy and thermal probe measurements for Ar /H2 Rf discharges are dis-
cussed in detail in sections 5.2.1, 5.1.1.2 and 5.1.1.3. Appropriate illustrations
are given by figures 5.14, 5.5 and 5.6. Further interpretation of surface mod-
ifications including the results obtained from Xrd measurements are given in
section 5.2.3.

5.2.2.2. Microwave discharge

Atomic ratios between O as well as S and the main metal components of respec-
tive mineral samples – O:Me and S:Me whereas Me is atomic ratio of Fe for FeS2,
Fe + Cu for CuFeS2 and Cu for Cu2S samples – are shown as functions of the
treatment time t in the upper charts – (a) and (b) – of figure 5.25. Atomic ratios
have been determined from Xps wide-scan spectra. In the lower chart, (c), pro-
portions of the S bonds, obtained from high-resolution S2p spectra, are given as
functions of t. The samples were treated by Ar /O2 Mw plasmas at cO2 = 50%,
P
Mw = 1000W and p = 250Pa. All mineral treatments were performed at the po-

sition d = −60mm while asymmetric plasmas states1, showing maxima of spatial
Ĩ750.4 and Ĩ844.6 distributions below the Mw resonators center d < 0mm, were
used.

In contrast to Ar /O2 Rf plasma treatment of FeS2 the O:Me ratio does not
increase with the treatment time up to t = 60s and it decreases to approximately
two with further exposure to the Mw plasma. This can be explained by the fast
decrease of the S:Me ratio, hence, compensating the increased SO2–

4 proportion

1A detailed description of different plasma states, that occur in the Mw discharge used, is given
in section 5.1.1.2.
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(a) Atomic ratios between oxygen and main
metallic components as functions of t:
FeS2: O :Fe ( );
CuFeS2: O : (Fe+Cu) ( );
Cu2S: O :Cu ( )
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(b) Atomic ratios between sulfur and main
metallic components as functions of t:
FeS2: S :Fe ( );
CuFeS2: S : (Fe+Cu) ( );
Cu2S: S :Cu ( )
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(c) S2p components as functions of t:
FeS2: S2–

2 ( ); SO2–
4 ( )

CuFeS2: S2– ( ); SO2–
4 ( )

Cu2S: S2– ( ); SO2–
4 ( )

Figure 5.25.: Atomic ratios between oxygen (upper left figure) as well as sulfur
(lower right figure) and the main metal components of respective
samples as functions of the treatment time t. The mineral samples
were treated by Ar /O2 Mw plasmas at cO2 =50%, P

Mw =1000W
and p =250Pa. The elemental composition has been determined
from Xps wide-scan spectra. The lower figure shows monosulfide
(S2–), disulfide (S2–

2 ) and (SO2–
4 ) proportions of S2p as functions of

t for minerals treated at the same conditions. The bond contents
has been determined from Xps high-resolution spectra of S2p for
sulfur. Data points of untreated samples are given at t =0s and
lines are included as a guide for the eyes.
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5.2. Plasma powder interaction

of the sulfur bond. Thereby, the sulfur removal from the samples during the first
60s of plasma treatment, which is indicated through the first ṁS peak, can be
verified. After 300s the whole sulfur is removed from the FeS2 surface and the
O:Me ratio might indicate the formation of oxides such as Fe2O3.

For the CuFeS2 sample similar behaviors of the O:Me and S:Me ratios are
found during the first 60s of Mw plasma treatment, compared to those obtained
after Ar /O2 Rf plasma exposure up to 600s. Therefore, the surface modification
is accelerated due to the higher energy flux density Jtp towards the sample. The
proportion of SO2–

4 from the sulfur bond increases up to 100% during the first
60s. As explained above for FeS2 samples, after 300s an increased formation of
oxides can be assumed.

The O:Me ratio of the Cu2S sample rapidly increases up to approximately
eleven, which is in part justified by CuSO4 formation. Even after 10s of plasma
exposure the proportion of SO2–

4 from the sulfur bond is already 100%. Further-
more, water of crystallization, absorbed during sample contact with air, should
be the reason for O:Me ratios greater than four. After 30s the O:Me ratio de-
creases again, may be as a result of sulfur removal or copper and iron oxides
formation.

However, further interpretation of surface modifications also including the re-
sults obtained from Xrdmeasurements are given in section 5.2.3.

5.2.2.3. Conclusions from Xps measurements

The recovery of minerals at froth flotation depends first and foremost on the ad-
sorption of collector molecules which, in turn, depends on the composition of
flotation agents, as well as on the mineral surface itself. Hence, having the aim
of influencing mineral flotation through plasma pretreatment, it is required to
investigate changes of the mineral surface. Due to the high surface sensitivity, in
the order of a few nanometers, Xps has been used for this purpose. Mainly, atomic
ratios between oxygen, sulfur and the main metal components of respective min-
erals, as well as sulfur bond proportions obtained from the S2p high-resolution
spectra have been investigated. The results can be briefly summarized as follows:

• Surface aging of minerals cannot be completely prevented, since high oxy-
gen proportions, as well as sulfates are detected on untreated samples, even
while using ores which had been comminuted immediately before storage
in desiccators.

• The S2p sulfate proportion rapidly increases during Ar /O2 plasma treat-
ments for all minerals investigated, FeS2, CuFeS2 and Cu2S. Since surface
sulfates generally disrupt the recovery of minerals and in order to obtain
selective surface modifications, treatment times no longer than approxi-
mately ten seconds should be used for Mw plasmas.

• Sulfur is removed almost completely from the sample surfaces by Ar /O2
Mw plasma treatments after 300s. This indicates the possibility of total
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5. Results and discussion

sample conversions since sulfur diffusion between surface and bulk dried
up, which correlates with assumptions made from Msmeasurement results.

• In combination with Ms measurement results, it was found that SO2 emis-
sion from Cu2S occurs only after the whole surface sulfur is present in form
of sulfates. Other successive and separate processes are assumed. This
might be advantageous for creating defined uniform surface modifications.

• After Ar /H2 Rf plasma treatments, contrary to expectations, the surface
oxygen proportion, as well as in parts the S2p sulfate proportion increase.
Therefore, surface modification is not primary determined by plasma con-
ditions but rather strongly influenced by contacting samples with air. This
is a lack of feasibility in generating selectivity between mineral modifica-
tions.

5.2.3. X-ray diffraction

The Xrd technique has been used to analyze the crystalline structure and the
quantitative phase distribution of the minerals used in order to gain information
regarding the plasma surface interactions. The focus is on the question whether,
and to what extent the original mineral crystal structures remains unaltered and
which new crystalline phases are formed. This could be an essential addition to
Xps measurements – mainly providing information on atomic ratios and sulfate
formation – in order to understand the elementary processes behind the plasma
surface modifications of minerals. Of particular importance is the identification
of newly formed mineral structures and the selectivity of these processes regard-
ing the different minerals used – following the idea that the more diverse a sur-
face is the better the selectivity of collector adsorption and thus the separation
efficiency of froth flotation will be.

However, since the information depth of Xrd is about 1µm pure surface mod-
ifications, of a few atomic layers having a total thickness in the order of 10nm,
cannot be resolved. As a consequence, plasma treated minerals with low modifi-
cation depths are not feasible for measurements. That is the case, in particular,
for all minerals treated by Rf plasma, as already indicated by Ms measurement
results, showing low SO2 and H2S emission compared with Mw plasma treat-
ments. For that reason, the time series cannot be investigated – usable results
have been mostly obtained after the whole treatment time, t = 600s – and only
variations regarding the applied Rf power and the process gas composition are
presented for Cu2S treatments at t = 600s. In contrast, the temporal development
of the crystalline structure of all minerals are analyzed and compared after Mw
plasma treatment.

Theoretical background and experimental procedure of measurement are de-
scribed in detail in sections 4.6.1 and 4.6.2.
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Figure 5.26.: Mass fractions of crystalline phases in relation to the total amount
of crystalline matter – given in the unit Xrd% – as functions of
applied Rf power P

Rf. The results are obtained from Xrd pattern
of Cu2S samples treated by Ar /O2 Rf plasmas at cO2 =50% and p =
5Pa – condition (i) (left figure) – as well as cO2 =90% and p =5Pa
– condition (ii) (right figure) – additionally. Lines are included as a
guide for the eyes and data points related to untreated samples are
plotted at P

Rf =0W. The following phases are given while those,
which exclusively occur below 5Xrd%, are omitted:
Cu2S (monoclinic) ( ); Cu9S5 ( );
FeS2 ( ); Fe2O3 ( );
Cu2S (tetragonal) ( ); ΣCu2S+Cu9S5 ( )

5.2.3.1. Radio frequency discharge

Mineral Cu2S samples has been treated with Ar /O2 Rf plasmas for 600s using
two different O2 concentrations, 50% at condition (i) and 90% at condition (ii),
and a gas pressure of 5Pa. Figure 5.26 shows the mass fraction of several crys-
talline phases regarding the total amount of crystalline matter – it is given in the
unit Xrd% – as functions of the applied Rf power P

Rf. The results are obtained
from the Xrd patterns and included as a guide for the eyes while data points
related to untreated samples are plotted at P

Rf = 0W. Phases, which only occur
below 5Xrd% are omitted for reasons of clarity but they can found in table A.8,
where all data are listed.

For both conditions, (i) and (ii), one can see a decrease of the low-temperature
monoclinic Cu2S phase with increasing P

Rf, while the high-temperature tetrago-
nal phase fraction increases to about 10Xrd% before phases of digenite (Cu9S5)
are formed. Only for the highest energy flux density onto the sample – Jtp ≈
1.2Wcm−2 for P

Rf = 160W and cO2 = 90% – does the Cu9S5 phase fraction de-
crease to zero, while the tetragonal Cu2S phase fraction increases further. The
Cu9S5 decomposition and an escalating of the tetragonal Cu2S phase while the
monoclinic Cu2S phase disappears indicates that Cu9S5 might be a transient
species during transitions between the low- and high-temperature Cu2S phase.
Under this assumption, the total phase fraction of both Cu2S polymorphs and

123



5. Results and discussion

0 8 0 1 0 0 1 2 0 1 4 0 1 6 0
0

2 0

4 0

6 0

8 0

 
ph

as
e

fr
ac

ti
on

in
X
r
d

%

t in s

0 8 0 1 0 0 1 2 0 1 4 0 1 6 0
0

2 0

4 0

6 0

8 0

 
ph

as
e

fr
ac

ti
on

in
X
r
d

%

t in s

Figure 5.27.: Mass fractions of crystalline phases in relation to the total amount
of crystalline matter – given in the unit Xrd% – as functions of
applied Rf power P

Rf. The results are obtained from Xrd pattern
of Cu2S samples treated by Ar /H2 Rf plasmas at cH2 =10% and p =
5Pa – condition (i) (left figure) – as well as cH2 =50% and p =5Pa
– condition (ii) (right figure) – additionally. Lines are included as a
guide for the eyes and data points related to untreated samples are
plotted at P

Rf =0W. The following phases are given while those,
which exclusively occur below 5Xrd%, are omitted:
Cu2S (monoclinic) ( ); Cu5FeS4 ( );
FeS2 ( ); CuFeS2 ( );
Cu2S (tetragonal) ( ); Cu ( )

Cu9S5, denoted as ΣCu2S + Cu9S5, represents the amount of origin Cu2S, which
decreases with an increasing Jtp. However, the phase transition of Cu2S, which
occurs in generally at 104℃ [166], is a result of sample heating due to the energy
flux onto sample surfaces, indicating that the sample temperature reaches at least
104 ◦C after 600s, even for a low Jtp at P

Rf = 80W.
The formation of hematite (Fe2O3) of about 12.2Xrd% at condition (i) and

26.5Xrd% at condition (ii) is only observed for P
Rf = 160W. This might be a

consequence of high Jtp, enabling oxygen transport – by diffusion or by reac-
tions between species of the oxygen-rich sample surface and low-oxygen bulk –
into depths required for Xrd detectability. At same conditions, copper oxides
are not detected due to the possibly that the sample temperatures reached are
insufficient. In contrast, CuO is detected by Xps measurements, showing a dis-
crepancy to the Xrd measurement results. Also sulfates, obviously detected by
Xpsmeasurements after plasma treatments at similar process parameters, cannot
be found. Hence, only surface layers that contain sulfate are covering the Cu2S
samples or mixed amorphous structures are formed.

Figure 5.27 shows the mass fraction of several crystalline phases as functions
of applied Rf power for mineral Cu2S samples treated in Ar /H2 Rf plasmas for
600s by using two different H2 concentrations, 10% at condition (i) and 50% at
condition (ii), and a gas pressure of 5Pa. Phases, only occurring below 5Xrd%
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5.2. Plasma powder interaction

are omitted for reasons of clarity but they can be found in table A.9, where all
data are listed. The results are obtained from the Xrd patterns and lines are
included as a guide for the eyes while data points related to untreated samples
are plotted at P

Rf = 0W.

For condition (i), only a slight transition between the low-temperature mono-
clinic and high temperature tetragonal Cu2S phase is observed and, furthermore,
the formation of new crystalline phases cannot be detected. This can be explained
through sample heating rates as a result of Jtp, which is in this case lower than
for an Ar /O2 Rf plasma at condition (i). Since H2S is emitted during the plasma
treatment, one can assume that only the sample surface is modified or that amor-
phous structures are formed.

By increasing cH2 to 50% at condition (ii), that means Jtp, as well as the atomic
hydrogen number density cH2 increases, one can see that, at least since P

Rf ≈
130W, new crystalline phases are detected. Bornite (Cu5FeS4), chalcopyrite and
crystalline copper are formed. That means, if no other compounds are formed as
it is indicated by the detections, sulfur reduction occurs, in accordance with Ms
measurement results. In this case, they show higher H2S emission rates than in
condition (i), where new crystalline phases cannot be detected.

Compared to Ar /O2 Rf plasma treatments, Cu9S5 is not detected at several
stages of the transition between high- and low-temperature Cu2S phase. One pos-
sible explanation is the delayed SO2 emission, which could lead to a temporary
formation of Cu9S5 by the resulting sulfur surplus. In contrast, during Ar /H2 Rf
plasma treatments, H2S is emitted immediately after plasma ignition, prevent-
ing the sulfur surplus. One can assume that atomic hydrogen provided by the
plasma forms H2S from surface sulfates while SO2 cannot be produced by atomic
oxygen this way. The comparison of Xrd with Ms measurements suggests that
SO2 emission only occurs if Cu9S5 decomposes and forms the tetragonal Cu2S
phase. The accruing sulfur surplus should be, therefore, the source for the SO2
formation.

High amounts of oxygen which are found by Xps measurements can be only
related to surface compounds, since oxygen containing crystalline phases are not
detected by Xrd measurements. This is similar to CuO, which is found by Xps
but not detected by Xrdmeasurements after Ar /O2 Rf plasma treatments.

However, the formation of new crystalline compounds, as well as the transi-
tion between high- and low-temperature phase of Cu2S is accelerated with P

Rf

and cO2|H2 , which is shown by comparisons between condition (i) and (ii), and
thus, Jtp plays an essential role. That means chemical modifications below the
particle surface are, on the one hand induced by sample heating which depends
on Jtp. On the other hand, also plasma chemical interactions occurring at the
sample surface are influencing the bulk chemistry, as shown by the example of
Cu9S5 formation. For example, one can assume that surface sulfates cannot be
decomposed by interactions in Ar /O2 Rf discharges.
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5. Results and discussion

5.2.3.2. Microwave discharge

Mineral FeS2, CuFeS2 and Cu2S samples were treated by Ar /O2 and Ar /H2 Mw
plasmas at cO2 = 50%, P

Mw = 1000W, p = 250Pa and at the position d = −60mm
while asymmetric plasmas states1, showing maximums of spatial I750.4 distribu-
tions below the Mw resonators center d < 0mm, were used. Figure 5.28 shows
the mass fractions of several crystalline compounds in the unit Xrd%, obtained
from the measured X-ray pattern, as functions of treatment time t in Ar /O2 Mw
plasmas. Compounds which are only detected below 5Xrd% are omitted for
clarity but they can be found in table A.6, where all data are listed. Lines are
included as a guide for the eyes.

For FeS2 samples it is observed that only Fe2O3 is formed as a crystalline struc-
ture while other iron oxides, for example FeO and Fe3O4 are not detected, and
at least since 300s a complete conversion occur, with respect to the Xrd infor-
mation depth. This corresponds to Ms measurement results, showing no SO2
emission anymore. At t = 30s a small dip in the Fe2O3 evolution is observed.
It occurs at about the same time as the SO2 emission minimum between both
peaks, which are related to pure plasma surface modifications and temperature
enhanced mechanisms.

A similar effect is clearly observed for CuFeS2 samples, where approximately
three times the amount of Fe2O3 is formed after 30s before the dip occurs. This
contradicts to the Ms results, at first glance. Similar amounts of the relative sul-
fur removal after the first peak are observed, which would lead to the assumption
that also similar amounts of Fe2O3 should be formed since no other compounds
are yet detected at CuFeS2 samples. One possible reason for this contradiction
might be a significant formation of amorphous compounds seemingly distorting
the Xrd results. Another explanation might be given by the formation of CuSO4.
In this case, parts of the sulfur surplus accruing at Fe2O3 creation are consumed.
This way, more Fe2O3 can be formed at CuFeS2 than FeS2 samples, by emitting
similar amounts of SO2. A confirmation is given by the Xps results, showing that
on the surface of CuFeS2 a higher proportion of sulfates can be found, as well as
a higher relative sulfur amount than at the FeS2 surface remains after 30s.

CuO is the only copper oxide observed and first detected after a plasma treat-
ment of 60s. After 300s the whole amount of CuFeS2 is decomposed while about
9Xrd% of Cu2S is detected. This corresponds to Msmeasurement results, show-
ing a SO2 emission which decreased almost to zero at this point. After 600s only
CuO and Fe2O3 are detected, while their amounts in Xrd% correspond to a com-
pound ration similar to one, which was expected.

Untreated mineral CuS2 samples are contaminated by about 28Xrd% of FeS2,
while this amount increases with t until 60s. This can be explained by the cre-
ation of CuO, since CuO has a smaller atomic weight than Cu2S, influencing the
Xrd%-scale which relates to weight percentages of crystalline phases. Further-
more, the creation of non-detectable amorphous copper compounds can lead to

1A detailed description of different plasma states, occurring in the Mw discharge used, is given
in section 5.1.1.2.
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(a) Crystalline phase fractions of FeS2 sam-
ples:
FeS2 ( ); Fe2O3 ( )
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(b) Crystalline phase fractions of CuFeS2
samples:
CuFeS2 ( ); Fe2O3 ( ); CuO ( );
FeS2 ( ); Cu2S ( )
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(c) Crystalline phase fractions of Cu2S sam-
ples:
Cu2S ( ); FeS2 ( ); CuO ( );
Fe2O3 ( ); Cu2O ( )

Figure 5.28.: Mass fractions of crystalline phases in relation to the total amount
of crystalline matter – given in the unit Xrd% – as functions of
treatment time t. The results are obtained from Xrd pattern of
different mineral samples treated by Ar /O2 Mw plasmas at cO2 =
50%, P

Mw =1000W, p =250Pa, d = -60mm. Lines are included as a
guide for the eyes and data points related to untreated samples are
plotted at t =0s. Phases which exclusively occur below 5Xrd%,
are omitted.
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an increased FeS2 fraction. Copper(I) oxide also known as cuprous oxide (Cu2O)
and Fe2O3 are even formed after 300s. CuO is the main crystalline compound
found after 600s while a small amount of CuS2 left over corresponding to Ms
measurement results where SO2 emission is still observed. Xps measurements
show that already after 10s the whole sulfur appears as sulfates. Hence, one
can assume that sulfate compounds at the sample surface are disabling chemical
reactions at the bulk as similarly suggested for Ar /O2 Rf plasma treatments of
Cu2S.

For treatments by Ar /H2 Mw plasmas, figure 5.29 shows the mass fractions
of several crystalline compounds in the unit Xrd%, obtained from the measured
X-ray pattern, as functions of treatment time t. Lines are included as a guide for
the eyes and compounds which are only detected below 5Xrd% are omitted for
reasons of clarity but they can be found in table A.6, where all data are listed.

For all minerals treated one can see that oxygen containing compounds are
not detected, comparably to the Xrd measurements on Ar /H2 Rf plasma modi-
fied samples. This is consistent with expectations since oxygen-free processes are
used. Therefore, the presumption mentioned above – that high amounts of oxy-
gen, for example in form of sulfates, found on sample surfaces by Xps measure-
ments are the result of adsorption processes and chemical reactions occurring
after plasma treatments at sample contact with air – could be confirmed. For
that reason, surface modifications cannot be solely determined and controlled
by plasma parameters, especially if Ar /H2 plasmas are used and thus, selective
mineral modifications are aggravated or disabled, respectively.

However, as indicated by the H2S emission, the amount of sulfur is reduced
by Ar /H2 Mw plasma treatments and new crystalline compounds are created.
At FeS2 samples iron(II) sulfide (FeS), known as the mineral ferrous sulfide, is
primarily created by increasing t, crystalline iron Fe is produced by degrees while
about 35Xrd% of FeS2 remains after 600s. Since H2S emission does not stop yet,
one can expect that the whole sulfur might be removed from the sample if longer
treatments would be used, and pure Fe remains.

In CuFeS2 samples about 10Xrd% of FeS2 are found on the untreated samples
and even after 600s of Ar /H2 Mw plasma treatment it is not significantly re-
duced. Thus, FeS temporarily observed at t = 60s may be the product of CuFeS2
decomposition which finally results in the creation of pure Cu and Fe phases that
can be observed latest at t = 300s. A complete transition of remaining FeS2 to Fe
can be expected for longer treatments as the Msmeasurement results show.

In agreement with the Ar /H2 Rf plasma treatments of mineral Cu2S, the cre-
ation of CuFeS2 and Cu5FeS4 can be observed after treatment in the Ar /H2 Mw
discharge for 60s while, with further exposure, both compounds are decom-
posed in support of Cu and Fe creation. It should also be noted that the main
crystalline compound of samples – Cu2S – is rapidly decomposed, only approx-
imately 11Xrd% are left after 60s, indicating that CuS2 is less stable than FeS2
and CuFeS2 regarding Ar /H2 Mw plasma treatments.
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(a) Crystalline phase fractions of FeS2 sam-
ples:
FeS2 ( ); FeS ( ); Fe ( )
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(b) Crystalline phase fractions of CuFeS2
samples:
CuFeS2 ( ); FeS2 ( ); FeS ( );
Fe ( ); Cu ( )
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(c) Crystalline phase fractions of Cu2S sam-
ples:
Cu2S ( ); FeS ( ); Cu5FeS4 ( );
CuFeS2 ( ); Cu ( ); Fe ( )

Figure 5.29.: Mass fractions of crystalline phases in relation to the total amount
of crystalline matter – given in the unit Xrd% – as functions of
treatment time t. The results are obtained from Xrd pattern of
different mineral samples treated by Ar /H2 Mw plasmas at cH2 =
50%, P

Mw =1000W, p =250Pa, d = -60mm. Lines are included as a
guide for the eyes and data points related to untreated samples are
plotted at t =0s. Phases which exclusively occur below 5Xrd%,
are omitted.
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5.2.3.3. Conclusions of Xrd measurements

In order to obtain information whether and which new crystalline and mineral-
like compounds are formed, the samples have been investigated by Xrd mea-
surements. On the one hand, this helps to get a better understanding into the
mechanisms of plasma mineral interactions and, one the other hand, the choice
of reagent conditioning used for flotation could be more assessable for pretreated
minerals. The insights obtained can be summarized as follows:

• Iron and copper oxides – Fe2O3, CuO and Cu2O – are crystalline com-
pounds formed during Ar /O2 plasma treatment and, in Mw discharges,
the original mineral structure is almost entirely decomposed, which ad-
ditionally reinforces the assumption of a complete sample conversions for
treatment longer than 300s.

• The formation of Fe2O3 on CuFeS2 is about four times higher than on FeS2
samples after short-time plasma treatments. This selective oxidation could
possibly be utilized for the separation of both minerals by oxide flotation.

• The special behavior of Cu2S at Ar /O2 Rf plasma treatment, the delayed
SO2 emission, is a result of FeS2 which is found in a significantly high
amount in Cu2S samples. Sequential processes, previously assumed, are
indicated yet again: SO2 emission was observed only when Fe2O3 forma-
tion could be detected.

• Sulfates, which are detected by Xps measurements, are only present in the
outermost surface layers, since they could not be found by Xrd. This as-
sumption is based on a combination of the results of both structure analyses
used and their different information depths.

• A reduction of the samples in the way that only pure crystalline Fe and Cu
are left seems to be possible by Ar /H2 Mw plasma treatment, while differ-
ent intermediate crystalline compounds, as for example FeS and Cu5FeS4,
are formed.

• Oxides, which have been found in large amounts by Xps measurements
could not be detected by Xrd and they are, therefore, they are only formed
in the outermost sample surface layers.

5.3. Influence of plasma mineral pretreatment on

froth flotation

This chapter presents the results which have been obtained through batch experi-
ments using a micro flotation cell. The main aim is to show how plasma pretreat-
ments can influence the recovery of the different minerals – FeS2, CuFeS2 and
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5.3. Influence of plasma mineral pretreatment on froth flotation

Cu2S – at two-component mixture flotation. Additionally, MoS2 /CuFeS2 mix-
ture flotation has been investigated in this manner, since copper-molybdenum ore
separation is usually sophisticated [36, 167] and possible improvements through
plasma pretreatments might be figured out with while taking into account this
example.

Two different mineral powders, comminuted and sieved to grain size fractions
between 40µm and 150µm, are mixed in equal mass proportions in order to
prepare the mixtures which have been treated by the microwave (Mw) plasma
at a Downer-type process as described in section 3.2.1. The flotation of treated
and untreated mineral mixtures are compared regarding the recovery of each
component. Against the background of approving plasma surface conversions
from sulfide-sulfide systems into oxide-sulfide systems, potassium amyl xan-
thate (Pax), a common collector in sulfide flotation, and Flotinor Fs-2, one typical
oxide collector, have been used while different pH-values were investigated. De-
pressants are not used, in order not to unnecessarily complicate the mechanisms
leading to collector adsorption and thus to mineral recovery, which leads to a
better monitoring of plasma pretreatment influences.

In order to develop a more comprehensive picture regarding the influence of
plasma pretreatment, selected samples are analyzed by X-ray photoelectron spec-
troscopy (Xps) to investigate surface modifications resulting from Downer-type
prepossessing and these results are compared with changes in the flotation re-
covery. The theoretical background and procedure of batch flotation experiments
and Xpsmeasurements are in detail explained in sections 2.2, 4.5.1, 3.3 and 4.5.2.
Powder sample preparation, batch flotation experiments as well as quantitative
and qualitative recovery determination by inductively coupled plasma atomic
emission spectroscopy (Icp-Aes) were performed by Norman Mletzko at the Insti-
tut für Aufbereitung, Deponietechnik und Geomechanik (Ifad)1.

Figure 5.30 shows comparisons of stepwise accumulated recovery – concen-
trates were collected four times after each frother addition and 300s of flotation
– between untreated and treated FeS2 /CuFeS2 mixtures at pH 9 and pH 11 using
Pax and Flotinor Fs-2 as collectors. These are the usual conditions for Pax flota-
tion of sulfide minerals. The powder mixture was previously treated once by the
Downer-type Mw plasma process at cO2 = 10%, P

Mw = 1000W and p = 250Pa,
process parameters that have shown promising results regarding the selectivity
of surface oxidation. Concerning this matter mass spectrometry (Ms) measure-
ments have shown that the sulfur removal from CuFeS2 occurs about 8.4 times
faster than from FeS2, regarding short-time plasma exposure, which indicates
selective surface oxidations.

The recovery at Pax flotation is not significantly influenced by plasma pretreat-

1Technische Universität Clausthal, Institut für Aufbereitung, Deponietechnik und Geomechanik
(Ifad)
postal address: Walther-Nernst-Straße 9, 38678 Clausthal-Zellerfeld, Germany
Url: www.ifa.tu-clausthal.de
email: katja.geyer@tu-clausthal.de
phone: +49 (0) 5323 72-2735 / 2038
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Figure 5.30.: Comparison of stepwise accumulated recovery between untreated
and treated FeS2 /CuFeS2 mixtures. Pax (left figure) and Floti-
nor Fs-2 (right figure) have been used as collector at pH 9 and
pH 11. The mixtures were treated once by the Downer-type Mw
plasma process at cO2 =10%, P

Mw =1000W and p =250Pa. Step-
wise accumulated recoveries after 1th–4th step by color scale from
left to right:
FeS2
CuFeS2

ments, merely slight decreases are observed, in cases of the pH values investi-
gated. More than 80% of both mixture components, FeS2 and CuFeS2, are recov-
ered after four flotation cycles with and without plasma pretreatment and hence,
flotation selectivity and effectiveness could not be improved. One can assume
that at least parts of the initial FeS2 and CuFeS2 surfaces left after plasma treat-
ment, still sustaining adsorption of the sulfhydryl collector Pax. The fact that
FeS2 /CuFeS2 mixture separation is not obtained for untreated samples at pH 11
– usually high-grade flotation efficiency is achieved at similar conditions – should
result from absence of cyanide, which is a strong depressant for FeS2 [168]. Floti-
nor Fs-2 flotation of the untreated mixtures show a FeS2 recovery of about 30%
at pH 9 and CuFeS2 recovery of about 70% at pH 11 which are lower than at Pax
flotation. This could be expected since Flotinor Fs-2 is a collector for oxides as
Fe2O3. The fact, that both minerals are nonetheless recovered can be explained,
on the one hand, by absence of depressants in the slurry and, one the other hand,
FeS2 and CuFeS2 surface aging might be responsible, if metal oxides are formed.
As shown in figures 5.20, 5.22 and 5.25, high atomic ratios between oxygen and
the main metal components, which have been found on untreated samples by
Xpsmeasurements indicate the formation of oxygen containing compounds. Fur-
thermore, a lower sulfate proportion of sulfur bonds on CuFeS2 surface suggests
increased oxide formation, as compared to FeS2, explaining the differences of
recovery.

The Flotinor Fs-2 flotation of plasma treated samples shows 100% of CuFeS2
recovery after four cycles at pH 9 and pH 11, while not more than about 8% of
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5.3. Influence of plasma mineral pretreatment on froth flotation

Table 5.1.: List of process parameters used for mineral mixture plasma pretreat-
ments.

label plasma process parameter

cO2 P
Mw p nptc

(%) (W) (Pa)

(i) 10 1000 250 1
(ii)a 50 1000 250 1
(iii) 50 2000 250 1
(iv) 50 3000 250 2

a Asymmetric plasmas state with a maximum of the spatial I750.4
distribution above the Mw resonators center d < 0mm. A de-
tailed description of different plasma states, occurring in the
Mw discharge used, is given in section 5.1.1.2.

FeS2 is recovered. Therefore, a selective oxide creation had to occurred, form-
ing Fe2O3, among others, at the surface of CuFeS2 particles, while iron sulfates,
FeSO4 and Fe2(SO4)3, should be the main compounds that contain oxygen on
FeS2 particles after plasma treatment. This can be confirmed by X-ray diffrac-
tion (Xrd) results obtained from Ar /O2 Mw plasma treated minerals. Figure 5.28
shows that the amounts of Fe2O3 at CuFeS2 are considerably higher than at FeS2
samples – with respect to the information depth – after short time plasma ex-
posure. Furthermore, Ms measurements with the equal plasma conditions as
used for Downer-type pretreatments, indicate that sulfur removal from CuFeS2
– presumed as a measure of surface reaction rates – occurs about 8.4 times faster
than from FeS2, as shown in figure 5.17d. Therefore, it is indicated that plasma
pretreatments, using suitable process parameters, can be used to obtain selective
modifications of the mineral mixtures in two respects: regarding the surface’s re-
action rates and in terms of different compounds created during processing. As
a result in the case at issue, the separation of a mixture that solely contains sul-
fide minerals can now be also efficiently achieved by using oxide collectors, as for
example Flotinor Fs-2. Furthermore, the comparison with common Pax flotation
indicates, that it can be operated at lower a pH value of nine and that the use
sulfide depressants could be avoided.

Influences of the process parameters used during plasma pretreatment on the
Flotinor Fs-2 flotation of FeS2 /CuFeS2 mixtures are shown, amongst others, in
figure 5.31a. The recovery of both components are compared for an untreated,
as well as for treated mixtures after two flotation cycles at pH 11. In Table 5.1
the process plasma parameters used for mineral mixture pretreatments are listed.
Additionally, figure 5.31b shows the sulfate proportion, obtained from S 2p high-
resolution Xps spectra, of FeS2 and CuFeS2 which were separately treated under
conditions listed in table 5.1.
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(b) SO2–
4 proportion from S 2p of FeS2 and

CuFeS2 , as well as Mo bond propor-
tions MoS2 and MoO3 obtained by
Xps measurements. Pretreatment condi-
tions of FeS2 /CuFeS2 and CuFeS2 /MoS2
mixtures are listed in table 5.1.

Figure 5.31.: Stepwise accumulated recovery at Flotinor Fs-2 flotation of pre-
treated and untreated FeS2 /CuFeS2 and CuFeS2 /MoS2 mixtures, as
well as for comparison, S 2p and Mo bond proportions of involved
unmixed mineral samples after plasma treatment obtained by Xps.

One can see that the amount of CuFeS2 recovered is reduced by changing
plasma conditions from (i) to (iii), while the percentage of sulfur, which appears
under the form of sulfates, increases. That means sulfate formation leads to an
increased hydrophilization which interferes with collector adsorption [2, 169].
Despite the fact, that the energy flux density Jtp from the plasma acting on the
mineral particles during Downer-type treatment is difficult to obtain – powders
fall through the inhomogeneous plasma column – one can assume that sulfate
formation on FeS2 and CuFeS2 correlates with the total energy input which in-
crease from condition (i) to (iii). Considering that, indirect evidence is given by
the variation of time exposure of minerals to Ar /O2 radio frequency (Rf) and
Mw plasmas as shown by figures 5.21 and 5.25c. FeS2 recovery could not be
optimized by pretreatments with the plasma conditions used. Thus, on the one
hand, oxide formation might be negligible and on the other hand, sulfate forma-
tion could be too excessive, avoiding the adsorption of Flotinor Fs-2. The recovery
of both untreated mixture components are less than 9% since significant forma-
tion of oxides, as Fe2O3, requires plasma processing. Therefore, only a small pa-
rameter range is suitable for FeS2 /CuFeS2 mixture pretreatments even to enable
and to optimize separation by Flotinor Fs-2 flotation.

Figure 5.31a shows the recovery obtained from CuFeS2 /MoS2 mixture flota-
tion, using Flotinor Fs-2 at pH 9, which is compared between two plasma condi-
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Figure 5.32.: Comparison of stepwise accumulated recovery between untreated
and treated CuFeS2 /MoS2 mixtures. Pax (left figure) and Floti-
nor Fs-2 (right figure) have been used as collector at pH 7 and pH 9.
The mixtures were treated twice by the Downer-type Mw plasma
process at cO2 =50%, P

Mw =3000W and p =250Pa. Stepwise ac-
cumulated recoveries after 1th–4th step by color scale from left to
right:
CuFeS2
MoS2

tions used, (i) and (iv), listed in table 5.1. Proportions of molybdenum occurring
as MoS2 and as molybdenum trioxide (MoO3), obtained from Mo high-resolution
Xps spectra, are given in figure 5.31b for separately treated MoS2 samples at
equal plasma conditions.

It is observed that a pretreatment at condition (i), which generates high se-
lectivity in recovery from FeS2 /CuFeS2 mixtures, more than about 33% of both
minerals, MoS2 and CuFeS2, are recovered. This can be explained since sulfates
are not detected at the molybdenum surface – even not after plasma pretreat-
ment at condition (ii) – so preventing hydrophilization as observed for FeS2 after
plasma treatment, while the formation of MoO3 effects Flotinor Fs-2 adsorption.
After plasma pretreatment at condition (iv) – Jtp is remarkably increased – a high
selectivity of recovery is obtained, ≈ 78% of MoS2 and ≈ 13% of CuFeS2. This
can be explained, on the one hand, by an increased MoO3 formation, enhanc-
ing Flotinor Fs-2 adsorption, and on the other hand, by the sulfate formation on
CuFeS2 which is an advantage in this case leading to avoid collector adsorption.

Comparisons of fourfold stepwise accumulated recovery between untreated
and treated MoS2 /CuFeS2 mixtures at pH 9 and pH 7 using Pax and Flotinor Fs-2
as collectors are shown in figure 5.32. Condition (iv), listed in table 5.1, was used
for plasma pretreatments.

One can see recoveries above 78% for both components of untreated mixtures
after four cycles of Pax flotation. This result is expected since Pax is a sulfide
mineral collector. Significant differences are observed for the pretreated mix-
tures. Especially at pH 7, CuFeS2 recovery decreases to about 17% while even

135



5. Results and discussion

82% of MoS2 is recovered, implying a high selectivity. This result can be justified
since, sulfate formation prevents Pax adsorption on CuFeS2 while even 65% of
molybdenum is present at MoS2 after treatment, which seems to be sufficient for
recovery with Pax. That means, MoS2 can be floated with Flotinor Fs-2 at pH 7,
as well as with Pax at pH 9 while collector adsorption on CuFeS2 is disabled by
sulfate formation. Thus, the plasma pretreatment at condition (iv) is suitable for
significant increase in the separation efficiency of MoS2 /CuFeS2 mixtures, with
respect to the process parameters investigated.

It is notable that Flotinor Fs-2 flotation of untreated MoS2 /CuFeS2 mixtures
shows recovery of more than 81% for both components. This might be explained
by sample oxidation in aqueous solution during conditioning time which could
be significantly enhanced by ions. A proportion of about 7% of Mo5+ could be
detected by Xpsmeasurements of untreated MoS2.

The plasma pretreatment of FeS2 /Cu2S and CuFeS2 /Cu2S mixtures do not
show any significant improvements regarding separation efficiency with respect
to the process parameter investigated. This may be prevented by the strong for-
mation of sulfates upon the Cu2S surface. The results are shown in figures B.14
and B.15 which can be found in the appendix B.

5.3.1. Conclusions from flotation experiments

In order to show which, if any, influences on the recovery of mixture flotation re-
sult from plasma pretreatments took place, batch flotation tests were performed
using a micro flotation cell. The collectors used were Pax or Flotinor Fs-2, com-
monly used in sulfide or oxide flotation, respectively. For the purpose of having
a system which gives clear evidence on plasma influence, activators and depres-
sants have not been used for slurry conditioning, preventing complexity and am-
biguities in interpreting the results obtained. Therefore, it was not the primary
objective to optimize settings of the flotation system in such a way to improve
separation efficiency, but rather to demonstrate the influence of mineral mix-
ture’s plasma pretreatment on the recovery from froth flotation. The Mw dis-
charge was used as a downer reactor to handle the required amount of powder
for treatments, 22.5g at a minimum. Thus, the effective treatment time is in the
order of 0.5s per treatment cycle.

The main outcomes can be summarized as follows:

• The recovery of CuFeS2 form a FeS2 /CuFeS2 mixture, using the common
oxide collector Flotinor Fs-2, could be significantly increased to 100% after
plasma pretreatment while the FeS2 recovery was below 8%. Hence, the se-
lective formation of Fe2O3 on CuFeS2 particles could be achieve by treating
the mixture once, at plasma conditions which have shown promising effects
in this respect by investigations previously discussed.

• The recovery of Pax flotation has not been significantly changed using the
treatment conditions mentioned above, which indirectly shows that a com-
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5.3. Influence of plasma mineral pretreatment on froth flotation

plete surface conversion is not necessary to significantly change the recov-
ery Flotinor Fs-2 as collector.

• The main reason of a decrease in the CuFeS2 recovery at Flotinor Fs-2 flota-
tion with increasing the oxygen concentration of the process gas cO2 , the
transmitted Mw power P

Mw or the number of plasma treatment cycles nptc
can be identified at surface sulfate creation, blocking the collector adsorp-
tion.

• This effect can be advantageous when separating a mixture consisting of
sulfides that have the tendency to sulfate creation during plasma Ar /O2
treatment and sulfides which do not. This has been successfully demon-
strated at for CuFeS2 /MoS2 mixture separation whereas the use of both
collectors could be significantly improved. While CuFeS2 recovery by Pax,
as well as by Flotinor Fs-2 is decreased by sulfates, particles, which surfaces
contain MoS2 and MoO3 after pretreatment, are well recovered by both col-
lectors.

• The pretreatment of FeS2 /Cu2S and CuFeS2 /Cu2S does not significantly in-
fluence Pax and Flotinor Fs-2 flotation since selective surface modifications
could not be obtained with respect to the plasma conditions investigated.

However, for both examples mentioned above, separations of CuFeS2 / FeS2 and
CuFeS2 /MoS2 mixtures, give clear evidence that plasma pretreatment of mineral
mixtures are suitable to achieve selective surface modifications which can be used
to absolutely change the flotation properties. These are promising results since
high a selectivity of recovery could be obtained even without using depressants,
as cyanide, also at lower pH values as commonly used in xanthate-based sulfide
flotation, as well as without any optimizations of equipment and operation com-
ponents. Therefore, the number of operation steps and the amount of reagents
used might be reduced at industrial applications, especially at CuFeS2 /MoS2 sep-
aration which involves a lot of effort and expenses.
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6.1. Conclusions

The main objectives of this work were to investigate the interactions between
low-temperature plasmas and sulfide minerals and to show, if there could be any
relevance in improving froth flotation by plasma pretreatment of the feed.

Two different discharge types, a capacitively coupled Rf and a Mw excited
plasma, operating in Ar /O2 and Ar /H2 process gas mixtures, were used for the
mineral treatments. Since there is a broad spectrum of common applications in
sulfide flotation, pyrite (FeS2), chalcopyrite (CuFeS2) and chalcocite (Cu2S) have
been chosen for investigations, but also due to them being frequently processed
in mining industries. The discharges has been characterized by means of dif-
ferent plasma diagnostic methods – Langmuir and Thermal probe measurements
as well as different optical emission spectroscopy (Oes) techniques – in order to
obtain the influence of plasma parameters on mineral modifications. At treat-
ment processes in situ mass spectrometry gave information about the quantity
of gaseous reaction products formed, which have been used to estimate reaction
rates of processes which were taking place. Structural changes of the minerals, as
a result of plasma treatment, have been obtained by means of Xps and Xrdmea-
surements. Influences of the plasma pretreatments onto the flotation of mineral
mixtures have been carried out by batch flotation tests using a micro flotation
cell. Therefore, larger sample amounts, several grams, had to be treated in the
Mw discharge which was utilized as a Downer-type reactor for this purpose.

Plasma diagnostics have shown that the use of both discharge types is suitable
in covering a wide range of plasma parameters to investigate the influences on
minerals. Inhomogeneous plasma conditions along the Mw source’s discharge
tube are observed while at least two different plasma modes could be identified.
Therefore, a sample treatment position could be chosen which would allow at
least a rough control of plasma parameters through the external settings, simpli-
fying interpretation regarding mineral modifications.

Sulfur dioxide (SO2) and hydrogen sulfide (H2S) were verified by Msmeasure-
ments, being the sole gaseous reaction products at sulfide mineral treatment by
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Ar /O2 and Ar /H2 plasmas, respectively. Therefore, in situ quantification of their
concentration gave information about sulfur removal rate from samples as func-
tion of treatment time, which have been used as measure for reaction rates of
plasma mineral interactions. It was found that two fundamental mechanisms
can be separated, pure plasma surface interactions and reactions enhanced by
sample heating. Comparison of reaction rates at pure plasma induced processes
have shown high selectivity between different minerals for Ar /O2 Mw discharge
treatments at certain conditions. CuFeS2 reacts up to 8 and 19 times faster than
FeS2 and Cu2S, respectively. This effect could not be observed at Ar /H2 Mw
plasma mineral treatment.

Structure analysis, Xps and Xrd have used to detect sample modifications,
showing the formation of new crystalline mineral-appearing compounds. Ox-
ides, as for example hematite (Fe2O3) and cupric oxide (CuO), are formed by
Ar /O2 plasma treatments, while, amongst others, ferrous sulfide (FeS), bornite
(Cu5FeS4) and even pure crystalline iron and copper are created during Ar /H2
plasma treatments. Especially a selective formation of Fe2O3, preferentially on
CuFeS2 was found, according to the selectivity of reaction rates estimated by Ms
measurements. Additionally, a surface formation of sulfates have been detected,
even after Ar /H2 plasma treatments, showing that in this case the modification
of sulfide minerals is not exclusively determined by the plasma process.

Based, on the results briefly summarized above, a strategy was developed in or-
der to give confirmation that plasma pretreatments of mineral mixtures could be
suitable to improve their separation by froth flotation. For this purpose, the se-
lective surface modification, observed during Ar /O2 plasma treatments, should
be applied in such a way to change a sulfide-sulfide into an oxide-sulfide system
with respect to the outermost surface layers. This prevents unnecessary require-
ment of energy, which would be needed in case of full particle conversion, and
might enable the use of flotation reagents which are completely different from
the commonly used ones. Both goals could be achieved.

The pretreatment of CuFeS2 / FeS2 mixtures, with an Ar /O2 Mw plasma in the
conditions which have been shown to give promising results regarding selective
Fe2O3 formation, allows their efficient separation by froth flotation using Floti-
nor Fs-2, a common oxide collector. The recovery of CuFeS2 could be significantly
increased to 100%, while even less than 8% of FeS2 was recovered. This is a de-
cent result and it verifies the possibility to change the surfaces of mineral mixture
components in order use alternative regimes of flotation reagents. Additionally,
it is notable that depressants – one example is cyanide commonly used in sulfide
flotation – were not used, demonstrating that sulfide separation might be effi-
ciently handled without depressant agents after selective pretreatment. The fact
that CuFeS2 / FeS2 mixtures are only treated once – the treatment time is less than
0.5s – proves that pure surface modification of at most a few atomic layers are
sufficient for fundamental changes of collector adsorption.

Sulfates, which can obstruct collector adsorption, are increasingly formed as
the plasma energy input of Ar /O2 plasma pretreatment increases and as a result,
they reduce the recovery of CuFeS2. It has been demonstrated that this effect
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could be useful for the separation CuFeS2 /MoS2 mixtures. A very selective re-
covery was achieved using Pax, as well as Flotinor Fs-2 collector flotation. This is
of special importance since the concentration of MoS2 ores is very complex and
expensive at common processing.

Nevertheless, investigations on the interactions between low temperature plas-
mas and minerals, presented in this work, are unique as yet and a fundamentally
new approach for mineral separation by froth flotation is suggested.

6.2. Outlook

Investigations on the interactions between low temperature plasmas and sulfide
minerals are presented in this work, and therefrom the achieved insights has
been used to develop a strategy that would use mineral mixture pretreatments
to enhance froth flotation separation efficiency. Since this is a fundamentally
new approach, the content has to classified as basic research. Therefore, further
investigations now have to show feasibility for industrial processes which include
at least the following subtasks:

• Upscaling of the plasma source for material throughputs of an industrial-
scale.

• An atmospheric pressure plasma process has to be developed since very
large vacuum devices would unnecessarily raise acquisition and operational
costs.

• Estimating the economic efficiency to investigate if potential improvements
justify the additional efforts of plasma processing.

However, if this would succeed, plasma pretreatments of mineral mixtures for
their separation by froth flotation might contribute to save energy and costs, to
develop raw material resources and to limit the hazard it may have on the envi-
ronment, therefore, becoming more eco-friendly in future.

141





A
Appendix

143



A. Appendix

T
a
b
le

A
.1
.:

P
ri

nc
ip

al
co

m
p

on
en

t
an

d
co

nt
am

in
an

ts
m

ea
su

re
d

by
X
r
d

–
gi

ve
n

in
th

e
u

ni
t
X
r
d

%
w

hi
ch

re
p

re
se

nt
s

m
as

s
fr

ac
ti

on
s

of
cr

ys
ta

ll
in

e
p

ha
se

s
in

re
la

ti
on

to
th

e
to

ta
l

am
ou

nt
of

cr
ys

ta
ll

in
e

m
at

te
r

–
as

w
el

l
as

th
e

ca
lc

u
la

te
d

p
ro

p
or

ti
on

of
el

em
en

ts
of

th
e

m
in

er
al

s
u

se
d

.

m
in
e
r
a
l

a
ss
a
y

c
o
m
p
o
si
t
io
n

(o
ri

gi
n)

(a
t.

%
)

(X
r
d

%
)

Fe
C

u
S

p
ri

nc
ip

al
p

ri
nc

ip
al

ot
he

r
co

m
p

on
en

t
su

lfi
d

ic
co

nt
ai

nm
en

t
co

nt
ai

nm
en

t

py
ri

te
Fe

S 2
66

.7
–

33
.3

10
0

py
ri

te
–

–
(P

as
-d

e-
C

al
ai

s,
Fr

an
ce

)

ch
al

co
py

ri
te

C
u

Fe
S 2

16
.6

14
.2

33
.2

72
ch

al
co

py
ri

te
8

py
ri

te
20

qu
ar

tz
(B

ad
G

ru
nd

,G
er

m
an

y)

ch
al

co
ci

te
C

u
2
S

16
.6

14
.2

33
.2

72
ch

al
co

ci
te

28
py

ri
te

–
(B

is
be

e,
A

ri
zo

na
,U

SA
)

144



Table A.2.: Various sample parameters of the different grain size fractions sieved
for each mineral used: total sulfur mass of untreated mineral sam-
ples, calculated for a sample mass of 50mg,mS,0, specific surface area
As,sample and density ρsample. As,sample has been determined by using
the Malvern Mastersizer 2000 particle size analyzer with the disper-
sion unit for the measurement of wet samples.

mineral grain size parameter
fraction

mS,0 As,sample ρsample
(10−3 g) (m2 g−1) (gcm−3)

pyrite FeS2 < 25µm 26.7 0.207 4.8–5.2
25µm–80µm 26.7 0.067 4.8–5.2
25µm–125µm 26.7 0.055 4.8–5.2

chalcopyrite CuFeS2 < 25µm 14.5 0.217 4.1–4.3
25µm–80µm 14.5 0.099 4.1–4.3
25µm–125µm 14.5 0.088 4.1–4.3

chalcocite Cu2S < 25µm 13.8 0.186 5.5–5.8
25µm–80µm 13.8 0.106 5.5–5.8
25µm–125µm 13.8 0.112 5.5–5.8
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Table A.3.: List of devices used at the Rf plasma source.

device manufacturer and details

pressure gauge and control

capacitive 105 Pa ≥ p ≥ 102 Pa Baratron Mks
display unit Mks Pr-2000
capacitive 102 Pa ≥ p ≥ 10−1 Pa Baratron Mks
display unit Vat butterfly control Sb-2
butterfly valve Vat
cold cathode p ≤ 10−1 Pa Edwards
display unit Edwards

gas flow

mass flow controller Mks 10sccm
control unit multi gas controller 647B

plasma

generator Advanced Energy Ceasar 136
matching box Advanced Energy Vm1000A

pumps

scroll pump Scrollvac Sc15D
turbomolecular pump Leybold Tw 300H
control unit Turbo.Control 300

mass spectrometer

cold cathode gauge p ≤ 1Pa Balzers Ikr 260
display unit Balzers Tpg 251
diaphragm pump Vacuubrand Mz 2D
turbomolecular pump Pfeiffer Vacuum Tpu 65
contlol unit Pfeiffer Vacuum Tcp 015
Qma Balzers Prisma Qme 200 Faraday/Wolfram
software Balzers QuadstarTm 422

heating system

heating tape Horst
control unit Horst Ht31N
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Table A.4.: List of devices used at the Mw plasma source.

device manufacturer and details

pressure gauge and control

capacitive 103 Pa ≥ p ≥ 1Pa Baratron Mks
capacitive 10Pa ≥ p ≥ 10−2 Pa Baratron Mks
display unit Mks Pr-4000

gas flow

mass flow controller Brooks Tr 5850 1000sccm
control unit BrooksMicroprocessor

Control & Read Out Unit 0154
mass flow controller Mks 10sccm
control unit multi gas controller 647B

plasma

generator Sairem Gmp 60 Kec
power meter Anritsu Ml 2438A

pump

rotary vane pump Leybold Trivac D16B

mass spectrometer

cold cathode gauge p ≤ 1Pa Pfeiffer Vacuum Ikr 261
rotary vane pump Pfeiffer Vacuum Uno/Duo 2.5 A
turbomolecular pump Pfeiffer Vacuum Tmu 065
contlol unit Pfeiffer Vacuum Tcp 015
Qma Balzers Qma 430
Sev Balzers Av 420
software Balzers QuadstarTm 422
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Table A.5.: List of emission lines for the different Oes techniques used and their
theoretic peak position λ, summarized from the National Institute of
Standards and Technology database [170].

name notation λ
(nm)

actinometry

Ar actinometer line 4p′[1/2]0→ 4s′[1/2]◦ 750.4
O deexcitation 3P→ 3S 844.6

rotational H2 temperature
Fulcher-α (2–2)Q band

(2–2)Q1 d3Π−u,ν
′ = 2,N ′ = 1→ a3Σ+

g ,ν
′ = 2,N ′ = 1 622.5

(2–2)Q2 d3Π−u,ν
′ = 2,N ′ = 2→ a3Σ+

g ,ν
′ = 2,N ′ = 2 623.0

(2–2)Q3 d3Π−u,ν
′ = 2,N ′ = 3→ a3Σ+

g ,ν
′ = 2,N ′ = 3 623.8

(2–2)Q4 d3Π−u,ν
′ = 2,N ′ = 4→ a3Σ+

g ,ν
′ = 2,N ′ = 4 624.9

(2–2)Q5 d3Π−u,ν
′ = 2,N ′ = 5→ a3Σ+

g ,ν
′ = 2,N ′ = 5 626.2

(2–2)Q6 d3Π−u,ν
′ = 2,N ′ = 6→ a3Σ+

g ,ν
′ = 2,N ′ = 6 627.8

(2–2)Q7 d3Π−u,ν
′ = 2,N ′ = 7→ a3Σ+

g ,ν
′ = 2,N ′ = 7 629.6

[H] / [H2] determination

Hα n = 3→ n = 2 656.3
Hβ n = 4→ n = 2 486.1
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Table A.8.: Mass fractions of crystalline phases in relation to the total amount of
crystalline matter – given in the unit Xrd% – as functions of applied
Rf power P

Rf. The results are obtained from Xrd pattern of Cu2S
samples treated by Ar /O2 Rf plasmas at cO2 =50% and p =5Pa –
condition (i) – as well as cO2 =90% and p =5Pa – condition (ii).

condition (i)

plasma Xrd phase percentage
power
(W) (Xrd%)

Cu2S

monoclinic tetragonal Σ FeS2 Cu9S5 Fe2O3

0 75 0 75 25 0 0
80 74 5 79 21 0 0
100 46 12 58 42 0 0
130 50 13 63 37 0 0
160 0 5 5 23 60 12

condition (ii)

plasma Xrd phase percentage
power
(W) (Xrd%)

Cu2S

monoclinic tetragonal Σ FeS2 Cu9S5 Fe2O3

0 75 0 75 25 0 0
80 66 10 76 24 0 0
100 38 7 45 33 22 0
130 0 12 12 35 53 0
160 0 41 41 33 0 26
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Table A.9.: Mass fractions of crystalline phases in relation to the total amount of
crystalline matter – given in the unit Xrd% – as functions of applied
Rf power P

Rf. The results are obtained from Xrd pattern of Cu2S
samples treated by Ar /H2 Rf plasmas at cH2 =10% and p =5Pa –
condition (i) – as well as cH2 =50% and p =5Pa – condition (ii).

condition (i)

plasma Xrd phase percentage
power
(W) (Xrd%)

Cu2S

monoclinic tetragonal Σ FeS2 CuFeS2 Cu5FeS4 Cu

0 75 0 75 25 0 0 0
80 66 8 74 26 0 0 0
100 69 7 76 24 0 0 0
130 65 13 78 22 0 0 0
160 63 17 80 16 4 0 0

condition (ii)

plasma Xrd phase percentage
power
(W) (Xrd%)

Cu2S

monoclinic tetragonal Σ FeS2 CuFeS2 Cu5FeS4 Cu

0 75 0 75 25 0 0 0
80 69 0 69 29 0 0 2
100 58 10 68 31 0 0 1
130 0 32 32 41 7 18 2
160 0 32 32 15 21 28 4
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Figure B.1.: Electron density ne, electron temperature Te, plasma potential φp
and floating potential φfl as functions of process gas’ oxygen concen-
tration cO2 at different applied Rf powers P

Rf. The results have been
obtained by Langmuir probe diagnostics at p =5Pa at the Ar /O2 Rf
plasma center: 160W ( ); 130W ( ); 100W ( ); 80W ( )
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Figure B.2.: Electron density ne, electron temperature Te, floating potential φfl
and plasma potentialφp as a function of applied Rf power P

Rf at dif-
ferent process gas’ oxygen concentrations cO2 . The results have been
obtained by Langmuir probe diagnostics at p =5Pa at the Ar /O2 Rf
plasma center: 90% ( ); 50% ( ); 10% ( )
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Figure B.3.: Electron density ne, electron temperature Te, plasma potential φp
and floating potential φfl as functions of process gas’ hydrogen con-
centration cH2 at different applied Rf powers P

Rf. The results have
been obtained by Langmuir probe diagnostics at p =5Pa at the
Ar /H2 Rf plasma center: 160W ( ); 130W ( ); 100W ( ); 80W ( )
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Figure B.4.: Electron density ne, electron temperature Te, floating potential φfl
and plasma potential φp as a function of applied Rf power P

Rf

at different process gas’ hydrogen concentrations cH2 . The results
have been obtained by Langmuir probe diagnostics at p =5Pa at the
Ar /H2 Rf plasma center: 70% ( ); 50% ( ); 10% ( )
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Figure B.5.: Examples of spectra obtained by Oes from an Ar /O2 Mw plasma at
cO2 =50%, P

Mw =1000W, p =250Pa and d =60mm.
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Figure B.6.: Examples of spectra obtained by Oes from an Ar /H2 Mw plasma at
cH2 =90%, P

Mw =1000W, p =250Pa and d =60mm.
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Figure B.7.: Normalized intensity Ĩ844.6 as a function of axial distance from Mw
resonator center d measured in Ar /O2 discharges at different process
parameters. Gray shaded areas mark the non-accessible d range for
Oes and lines are included as a guide for the eyes.
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(b) ĨHα as a function of d at cH2
=50% and

p =250Pa for different P
Mw:

0.6kW ( ); 1kW ( ); 1.5kW ( );
1.8kW ( )

- 2 0 0 - 1 0 0 0 1 0 0 2 0 0
0 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0
3 . 5
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Figure B.8.: Normalized intensity ĨHα as a function of axial distance from Mw
resonator center d measured in Ar /H2 discharges at different process
parameters. Gray shaded areas mark the non-accessible d range for
Oes and lines are included as a guide for the eyes.
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Figure B.9.: Energy flux density Jtp (top figures) and estimated equilibrium tem-
perature Ttp,the (bottom figures) as functions of axial distance from
Mw resonator center d for different process gas compositions cO2|H2 .
The results have been obtained by Ptp diagnostics at Ar /O2 (left fig-
ures) and Ar /H2 (right figures) Mw discharges at P

Mw =1000W and
p =250Pa. Lines are included as a guide for the eyes.
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Figure B.10.: Energy flux density Jtp (top figures) and estimated equilibrium tem-
perature Ttp,the (bottom figures) as functions of axial distance from
Mw resonator center d for different plasma powers P

Mw. The re-
sults have been obtained by Ptp diagnostics at Ar /O2 (left fig-
ures) and Ar /H2 (right figures) Mw discharges at cO2|H2 =50% and
p =250Pa. Lines are included as a guide for the eyes.
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2000W ( )
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Figure B.11.: Energy flux density Jtp (top figures) and estimated equilibrium tem-
perature Ttp,the (bottom figures) as functions of axial distance from
Mw resonator center d for different process gas pressures p. The
results have been obtained by Ptp diagnostics at Ar /O2 (left fig-
ures) and Ar /H2 (right figures) Mw discharges at cO2|H2 =50% and
P
Mw =1000W. Lines are included as a guide for the eyes.
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Figure B.12.: Rate of sulfur removal ṁS by Ar /O2 Mw plasma treatments of
FeS2 (top), CuFeS2 (middle) and Cu2S (bottom) at different process
parameters. Variations of the of process gas’ oxygen concentration
cO2 (left figures) and the transmitted Mw power P

Mw (right figures)
are shown for minerals of the smallest grain size fraction <25µm
treated at a pressure p of 250Pa:
90%O2 ( ); 1200W ( );
70%O2 ( ); 1000W ( );
50%O2 ( ); 800W ( );
30%O2 ( ); 600W ( );
10%O2 ( ) 400W ( )
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ṁ

S
in

1
0
−6

g
s−

1

t in s

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0
0

1 0

2 0

3 0

 
ṁ

S
in

1
0
−6

g
s−

1

t in s

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0
0

1 0

2 0

3 0

 
ṁ
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Figure B.13.: Rate of sulfur removal ṁS by Ar /H2 Mw plasma treatments of
FeS2 (top), CuFeS2 (middle) and Cu2S (bottom) at different process
parameters. Variations of the of process gas’ hydrogen concentra-
tion cH2 (left figures) and the transmitted Mw power P

Mw (right
figures) are shown for minerals of the smallest grain size fraction
<25µm treated at a pressure p of 250Pa:
90%O2 ( ); 1500W ( );
70%O2 ( ); 1200W ( );
50%O2 ( ); 1000W ( );
30%O2 ( ); 800W ( );
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Figure B.14.: Comparison of stepwise accumulated recovery between untreated
and treated FeS2 /Cu2S mixtures. Pax (left figure) and Flotinor Fs-
2 (right figure) have been used as collector at pH 9 and pH 11. The
mixtures were treated once by the Downer-type Mw plasma pro-
cess at cO2 =10%, P

Mw =1000W and p =250Pa. Stepwise accumu-
lated recoveries after 1th–4th step by color scale from left to right:
FeS2
Cu2S
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Figure B.15.: Comparison of stepwise accumulated recovery between untreated
and treated CuFeS2 /Cu2S mixtures. Pax (left figure) and Floti-
nor Fs-2 (right figure) have been used as collector at pH 9 and
pH 11. The mixtures were treated once by the Downer-type Mw
plasma process at cO2 =10%, P

Mw =1000W and p =250Pa. Step-
wise accumulated recoveries after 1th–4th step by color scale from
left to right:
CuFeS2
Cu2S
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