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Abstract
Froth ﬂotation is still the most prominent mineral enrichiment process, though its origins are over
a century old. Its ample popularity is based on versatile, yet effective operations, and favorable cost
e f ﬁ cie ncy . De sp it e t he hist orical succe ss of t he p roce ss, t he t re nd of d e cre asing g rad e s in available
ore bodies, as well as increasing environmental awareness are driving the mining industry towards
a new era of sustainable and efﬁcient operations. The present work aims to contribute towards this
end by proposing a fundamentally novel type of frother formulation, where typical frothers are
partly substituted with a nontoxic and biodegradable cellulose derivative, namely hydroxypropyl
methyl cellulose (HPMC), thus forming an interactive polymer-surfactant (PS) mixture.
Considering that there are no earlier reports of this speciﬁ c PS-mixture and that this kind of an
approach had not been explored before in ﬂ otation, this thesis presents the ﬁ rst ever scientiﬁ c
i nve s t i g a t i o n t o e va l u at e t h e a p p l i c a b i l i t y o f t h i s no ve l c h e mi s t ry t o b e u s e d as re ag e nt s i n mi ne ral
froth ﬂ otation. All aspects of this study contain a comparison between two commercial frothers
(DowFroth 200 and NasFroth 240), HPMC and their corresponding PS-mixtures.
The ﬁ rst part of this study is focused on interfacial characterization of the PS-mixtures in terms
o f p ro p e rt i e s re l e va n t t o ﬂ o t a t i o n , i .e ., d y n a m i c s u rf a c e t e n s i o n , b u b b l e s i z e , f o a m d e p t h a n d f o a m
stability. The short-term diffusivity of each species was determined based on the surface tension
results. The second part of this study consists of three ﬂ otation campaigns conducted with i)
natural Cu ore; ii) synthetic Cu ore and synthetic Zn ore, iii) Cu containing tailings.
The results of this thesis show that PS-mixtures exhibit a distinct behavior at the air-liquid
interfaces compared with single surfactant species used as commercial frothers. In the ﬁ rst place,
the interactions between HPMC and NasFroth 240 resulted in a faster adsorption rate of the PScomple x, w hich w as re sponsible of ge ne rating smalle r bubble s that we re likle ly maintaine d by the
steric protection provided by the polymeric component. Furthermore, the presence of HPMC
improved foam stability both in single species systems and as a part of a PS-mixture. The observed
PS-synergism and its effect on interfacial properties showed clear improvements in ﬂ otation
performance in all aspects of this thesis. The main advantages were observed as improvements
recovery and ﬂotation kinetics, which were connected to a combination of improved froth stability
and reduced bubble sizes. Furthermore, the self-stability provided by the PS-mixture helped to
maintain a steady level of performance in conditions considered detrimental to ﬂ otation (e.g.,
signiﬁ cantly lower collector concentration or deviance in pH level).
Ultimately, the ﬁ ndings of this thesis indicate the possibility of increasing throughputs by only
changing ﬂ otation chemistry and exploring novel circuit design or ﬂ otation chemicals whose
ap p licat ion re qu ire s an incre ase d f rot h s t abilit y t hat is le s s d e p e nd e nt on mine ral hy d ro p hobicit y .
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Tiivistelmä
Vaahdotus on edelleen yksi merkittävimmistä mineraalien rikastusprosesseista, vaikka sen
alkuperät ovat yli vuosisadan takaiset. Sen suosio perustuu monipuoliseen ja tehokkaaseen
prosessiin sekä hyvään kustannustehokkuuteen. Prosessin historiallisesta menestyksestä
huolimatta, jatkuvasti laskevat arvometallipitoisuudet nykyisissä malmioissa, ja kasvava
ympäristötietoisuus ajavat kaivosteollisuutta kohti ympäristöystävällisempää ja tehokkaampaa,
aikakautta. Tämä väitöskirja pyrkii edistämään tätä muutosta esittelemällä perustavanlaatuisesti
uudenlaisen vaahdotevalmisteen, jossa tyypilliset vaahdotteet korvataan osittain myrkyttömällä
ja biohajoavalla selluloosajohdannaisella, hydroksipropyyli metyyliselluloosalla (HPMC), täten
muodostaen interaktiivisen polymeeri-tensidi (PT) -yhdistelmän.
Ottaen huomioon, että näistä PT-yhdistelmistä ei ole aiempaa tutkimustietoa ja että tällaista
lähestymistapaa ei ole tutkittu vaahdotuksen yhteydessä, tämä työ esittelee ensimmäisen
tieteellisen tutkimuksen, joka arvioi tämän vaahdotevalmisteen soveltuvuutta mineraalien
vaahdotuksessa. Työn kussakin osa-alueessa verrataan kahden kaupallisen vaahdotteen (DowFroth
200 ja NasFroth 240) suorituskykyä HPMC-polymeerin ja näiden PT-yhdistelmiin.
Tutkimuksen ensimmäisessä osassa keskitytään PT-yhdistelmien vaahdotukselle releventtien
ominaisuuksien karakterisointiin (mm. dynaaminen pintajännitys, kuplakoko ja diffuusiokerroin).
Väitöskirjan toinen osa käsittelee kolme vaahdotuskampanjaa, jotka suoritettiin i) luonnolliselle
kuparimalmille; ii) synteettisille kupari- ja sinkkimalmeille; iii) kuparipitoiselle rikastushiekalle.
Työn tulokset osoittavat PT-yhdistelmien käyttäytyvän ainutlaatuisestii ilma-vesi -rajapinnalla.
Ensiksi, HPMC ja NasFroth 240 yhdistelmän käyttö johti PT-kompleksin nopeampaan adsorptioon
verrattuna samoihin yksittäisiin kemikaaleihin. Tämä edesauttoi pienempien kuplien
muodostumisessa, jonka arveltiin säilyivän polymeerin aiheuttaman steerisen esteen ansiosta.
HPMC:n läsnäolo lisäsi vaahdon stabiilisuutta sekä yksinään että osana PT-yhdistelmää. Käytetyn
PT-yhdistelmän vaikutukset ilma-vesi -rajapinnan ominaisuuksiin johtivat selkeisiin hyötyihin
vaahdotuskokeissa. Tärkeimmät edut suorituskyvyn suhteen havaittiin parantuneena
arvomineraalisaantina, sekä kiihdytettynä prosessikinetiikkana, jotka yhdistettiin aiemmin
havaittuun pieneen kuplakokoon sekä vaahdon kasvaneeseen stabiilisuuteen. Lisäksi PTyhdistelmän aiheuttama vaahdon stabiilisuus mahdollisti tasaisen suorituskyvyn myös
olosuhteissa, jotka olivat haitallisia vaahdotukselle.
Tulokset osoittavat, että käyttämällä PT-yhdistelmää vaahdotteena on mahdollista kasvattaa
prosessin tuottavuutta ja tutkia uudenlaisia vaahdotusmenetelmiä, joiden käyttö vaatii parempaa
vaahdon stabiilisuutta, joka on vähemmän riippuvainen mineraalien hydrofobisuudesta.

Avainsanat Vaahdotus; vihreät kemikaalit; hydroksipropyyli metyyliselluloosa; polymeeri-tensidi
-sekoite; vaahdote
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Preface

The Legend begins....
It was a sunny Saturday afternoon on August 29th in the year 2009, when I
was walking towards the campus of Helsinki University of Technology for the
very first time. Not knowing what to expect upon this new chapter in my life, I
decided to face everything with an open mind and utmost curiosity.
Already during the early years of my university studies, I ended up joining the
laboratory of Mechanical Processing and Recycling lead by Prof. Kari
Heiskanen. My job was to run experiments for a doctoral candidate called
Zoltán Jávor. That is how I made my first contact with bubbles. I knew
practically nothing about the topic when I started, but somehow, I thought that
bubbles, and flotation as a technology, seemed truly facinating. But what really
made me enjoy working in the research group was the positive and encouraging
working environment. I am deeply grateful for Prof. Heiskanen, Zoltán Jávor
and Nóra Schreithofer who so kindly welcomed me into the world of
experimental science. At the time, I did not yet think about the future after my
looming graduation, and even brushed off a comment from Zoltán’s opponent
asking, when am I making my phd.
Towards the end of my master level studies in 2015, things had changed.
Helsinki University of Technology had changed to Aalto University already a
long time ago, Prof. Heiskanen had retired and there was a new professor in the
research group. I was offered an opportunity to continue in the team and after
some discussions with Prof. Rodrigo Serna, I decided to embark on this
incredible jorney in the research group of Mineral Processing and Recycling, as
it is nowadays called.
I’ve had the honor of meeting some great people along the years and I am
grateful for all the relationships I’ve formed during my time at the university,
thank you Vuorimieskilta, WKraati011, Kultainen Raati 13 and W-clubi. As a
counterbalance for my highly university-based life, I’ve always been able to chill
with the amazing Skavabölen Turakullit, and even shared an appartment with a
bunch of them for some years during this project, those were the times!
Of course, a research project such as this could not have been possible without
financial support. I am forever grateful of the trust shown by the Steel and Metal
Producers’ Fund (Metallinjalostajien rahasto) by funding the first three years of
my research with a personal scolarship. During this time we noticed that there
may be something special in this project and with the never ending support of
I

Janne Raula we were able to attract further funding for the project. I would like
to express my deepest gratitude for Business Finland and all the associated
people who believed in us.
I wish to thank Tommi Rinne, Eero Jokinen, Joseph Lamberti, Peetu
Westenius and Juho Hentman for their invaluable help with the experimental
work that was necessary to get this thesis done. Special thanks go to our hidden
hero, Janne Vuori, who was always ready to help with practical issues that arose
in the lab. I also wish to thank my past and current colleagues from our extended
lunch group and the hydro group as well as Sebastian Oosten, Valtteri Lehtinen,
Huggins Mkurazhizha and Robert Hartmann for all the inspiring scientific and
not so scientific discussions we had over the years. I am ever grateful that I was
able to meet the late Omar Velazquez Martinez, who was a dear friend and
colleague, may you rest in peace.
As one project is about to end, there is already a hint of a sequel in sight. I
hope that together with Dr. Kari-Pekka Syrjä and our other collaborators in the
CellFroth team we can reach the future success that we are striving towards.
Still, this work would have not been possible without the support of the best
boss I’ve ever had, Prof. Rodrigo Serna. You are the only person I’ve met whose
feedback can totally crush someone in a way that inspires them to reach for
further heights after the befallen destruction, truly amazing. I am wholeheartedly happy that I decided to start this jorney with you all those years ago,
and believe it or not, I have learned so much from you.
Finally I wish to thank my parents for their endless support and care for my
well-being, my brother and his lovely wife for all the shared moments that we
have been blessed with, and of course the limitless support I get at home from
my love, Sanna, and our little doggo, Freija (aka Femelussi, Pempu, Pötkylä).
Espoo, 24 November 2020
Ted Nuorivaara
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Dedicated to my late friend and colleague
Omar Velazquez Martinez
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Introduction

1. Introduction

Mining and refining of metal minerals have been an essential element for the
development of modern societies. Along with the constant population growth
and increasing consumption of metals per capita, there is an ever-accumulating
demand for more raw materials. While some metals can already be recycled
efficiently, most of the supply is still being produced from primary resources,
i.e. mines.
To put the scale of the mining industry in perspective, there are over 2000
known ore deposits around the world just for copper-containing minerals
(Mudd and Jowitt, 2018) and the global annual mine production of copper has
been around 20 million tons in recent years (USGS, 2020). Considering that
over 70% of all mined copper is concentrated with froth flotation (Mudd and
Jowitt, 2018) before further refining the metal, it is evident that flotation has
and will play a key role in the constant supply of essential raw materials.
Flotation is a physico-chemical process with the aim of selectively separating
profitable minerals from heterogeneous mixtures. Such separation is made
possible by exploiting a wide variety of surface phenomena on all three
fundamental phases of matter (i.e. solid, liquid and gas).
In the state-of-the-art industrial practice, flotation occurs in cells or columns,
where air is dispersed through an agitated mineral slurry. The agitation enables
collisions between bubbles and particles, an instance where specific mineral
species attach onto the bubbles as a result of a specific physicochemical
environment, typically after modification of the mineral surface properties
either directly (e.g., through the adsorption of hydrophobic reagents) or
indirectly (e.g., by altering the pulp potential).
The goal is to render specific mineral species hydrophobic while maintaining
others hydrophilic. This allows for selective attachment of these desired
minerals onto the air bubbles to occur. After the hydrophobic particles have
attached onto the air bubbles, their buoyancy lifts the bubble-particle aggregate
towards the surface, where groups of these aggregates form a mineralized foam
called the froth, which is collected as the product of the process. This is called
direct flotation. Alternatively, it is possible to purify a high-grade feed material
by selectively floating the gangue minerals in a process called reverse flotation.
The decision between direct and reverse flotation is usually based on the
concentration of the valuable minerals, logically the smaller fraction is often the
floated species.
1
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One of the biggest benefits of froth flotation technology is the possibility to
adjust the chemical system in order to treat each specific system of interest.
Thus, flotation has become the most important mineral enrichment process
around the world.
While flotation has been successfully operated for over a century, the future
prospects of the industry present new challenges. The sizes of mines have
increased significantly from 1970 to 2000, for example (Rötzer and Schmidt,
2018). Consequently, there is an increasing amount of ore that is being
processed, a trend that is likely to continue due to declining ore grades (Mudd
& Jowitt, 2018). In the past decades, this growth of throughput has been
managed by increasing the sizes of individual flotation cells. However, there is
a theoretical upper limit for cell sizes according to Neethling et al. (2019). In
such work, they explained that a larger flotation cell increases the probability of
transitioning from first to zero order kinetics, a phenomenon that is extremely
detrimental for flotation performance. One of the proposed solutions to the
occurrence of zero rate kinetics was to increase the flow of available surface area,
i.e. either producing smaller bubbles, or more bubbles of similar size, both of
which are difficult to achieve through purely mechanical methods, as an
increase in gas flow often increases bubble sizes as well.
Furthermore, until recent years, beneficiation of metal minerals has partly
occurred at the expense of possible health and especially environmental
hazards. In flotation of some essential metal minerals, chemicals such as
sodium hydrosulfide (NaHS), xanthates (ROCS-2 M+, where R = alkyl; M+ = Na+
or K+), and sodium cyanide (NaCN) are commonly used, all of which are
classified as either hazardous to the environment or toxic to human beings.
Simultaneously, a globally increasing interest on topics such as sustainability,
green chemistry and circular economy has emerged (Stahel, 2016; van
Schalkwyk et al., 2018; Kinnunen and Kaksonen, 2019; Velázquez Martínez et
al., 2019) and the implementation of more sustainable chemicals as well as
reductions in environmental impact has since gained attention in the mining
industry (Huang et al., 2019; Peçanha et al., 2019).
Along with degrading ore grades and increased environmental awareness of
the public, the need for utilization of flotation chemicals to their fullest potential
both in terms of performance and sustainability has been recently
acknowledged by scholars of the mining industry (Nagaraj and Farinato, 2016).
The work presented in this thesis aims to contribute towards a more
sustainable future in the field of minerals processing, while simultaneously
improving flotation performance by introducing a fundamentally new type of
reagent to be used as a flotation frother. The proposed concept revolves around
increasing control over the important froth phase via the use of an
environmentally friendly cellulose derivative, namely hydroxypropyl methyl
cellulose (HPMC). The results of this research project demonstrate the
possibility of utilizing a new type of flotation chemistry by understanding the
fundamental properties that govern flotation performance.
In order to successfully adapt to using cellulose derivatives as flotation
frothers, one needs to contemplate the differences between the fundamental

2

Introduction

properties of current flotation frothers and surface-active polymers and the
physical consequences they provide.
There has been a large divergence in the nature of the experimental
procedures between interfacial studies of flotation frothers and surface-active
cellulose derivatives. For example, the surface tension reducing properties of
cellulose derivatives have often been studied in concentrations significantly
higher compared to frother studies (Grau, 2006; Pérez et al., 2008; Caimno et
al., 2009; Jávor, 2014). In the few investigations at low concentrations of
cellulose derivatives (Nahringbauer, 1995), the property of interest was the
equilibrium surface tension and not the dynamic surface tension, which is often
more relevant in flotation (Jávor et al., 2010). Therefore, it is necessary to i)
build an understanding on the fundamental properties of frothers, along with
the flotation-related phenomena that they facilitate, and ii) identify cellulose
derivatives that present interfacial properties relevant for flotation.
In addition to the theoretical analysis, the main experimental objectives of this
research project were:
1) To measure the interfacial properties of HPMC and its polymersurfactant (PS) mixtures with experimental procedures that are relevant
in froth flotation, including dynamic surface tension, short time
diffusion approximation, bubble size, foam depth and foam stability
measurements.
2) To compare the behavior of the cellulose derivatives at the air-liquid
interface to those of current commercial frothers and to identify the key
differences between the two chemistries with an outlook on flotation.
3) To connect the identified differences in fundamental properties to
flotation performance by conducting flotation experiments and
analyzing the resulting recoveries, grades, separation efficiencies (SE)
and flotation kinetics based on existing information regarding frother,
bubble and froth properties as well as their impact on flotation
performance.
Since there is no prior information of cellulose derivatives being used as
flotation frothers (to the best knowledge of the author’s knowledge) apart from
publications by the author and his supervisor (Nuorivaara and Serna, 2016;
Nuorivaara and Serna, 2020a; Nuorivaara and Serna, 2020b; Nuorivaara and
Serna, 2020c) and Master’s theses that were written under the guidance of the
author and his supervisor (Rinne, 2018; Lamberti, 2019), there is not sufficient
information regarding the synthesis of new cellulose chemistries for this
application. Thus, this aspect was considered beyond the scope of this research.
Therefore, a more reasonable approach was to conduct a study on the interfacial
properties of currently available cellulose derivatives and compare them to the
vast collective knowledge gathered on oligomeric flotation frothers.
Furthermore, the properties of cellulose derivatives and their surfactant
mixtures in the bulk phase were also considered to be outside the scope of this
study.
This thesis consists of a theoretical background investigation that discusses
the role of frothers in flotation as well as their typical fundamental properties,
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which is followed by a review of the interfacial properties of surface-active
cellulose derivatives and their PS-mixtures.
Based on the literature review, it was decided to study HPMC and its PSmixtures together with typical polyethylene and polyglycol type frothers
available commercially, namely NasFroth 240 (NF240) and DowFroth 200
(DF200). These combinations are expected to express a weaker, hydrophobic,
interaction (Brackman, 1990), that is potentially the most suitable alternative
for flotation purposes.
In order to evaluate the applicability of the proposed novel frother chemistry
it was necessary to first characterize its interfacial properties relevant for
flotation and consequently connect these observations to phenomena occurring
in laboratory scale flotation tests.
The thesis is finalized by presenting conclusions of the research project along
with recommendations for further investigations.
The promising results that are presented throughout this thesis were used as
the basis of a patent application (WO2019155116).
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2. Theoretical Background

2.1

Relevance of frothers and froth properties on flotation

In froth flotation, frothers are a group of surface-active reagents that represent
only a small subgroup of surfactants. They have a heteropolar structure which
consists of a hydrophobic hydrocarbon chain (branched or linear), called the
“tail”, and a hydrophilic “head”. The hydrophilic group usually consists of
hydroxyl (OH) groups, carboxyl (COOH) groups, carbonyl (C=O) groups or
ester (COOR) groups (Laskowski, 1998).
Currently, the most common types of molecules used as frothers are either
relatively short chained polyethylene glycols (PEG), polypropylene glycols
(PPG) or aliphatic alcohols (Jávor, 2014; Drzymala and Kowalczuk, 2018).
Energetically, the most satisfying orientation for such a molecule is achieved
when the hydrophobic group(s) are in contact with air and the hydrophilic
group(s) are in contact with water, i.e. settling at the air-liquid interface where
both conditions can be fulfilled. (Figure 1).
In their seminal study, Derjaguin and Dukhin (1961) classified the air-liquid
interface into three different layers: the actual interface, the sublayer and the
bulk solution. The bulk solution is the liquid phase in which the surfactant has
been dissolved. The sublayer is the area close to the interface where the surfaceactive molecules are being transported by diffusion. The adsorption of surfaceactive agents occurs at the actual air-liquid interface. Upon the adsorption of
the surface-active molecules onto the air-liquid interface, the phenomena
occurring in these three layers determine the surface properties of the interface
(e.g. surface tension, surface viscoelasticity and film thickness).
Furthermore, the molecular exchange between the bulk and the interface is
determined by the adsorption-desorption properties of the surfactants (Jávor et
al., 2010). Changes in the fundamental properties of the interface in turn affect
bubble size, foamability, bubble rising velocity and froth stability, thus frothers
govern crucial aspects for flotation performance.

5

Theoretical Background

Figure 1. Image of surfactants at an A/L interface

The frother, or more precisely its structure, can influence the selectivity and
recovery of the flotation process. For example, in a recent series of publications
(Finch and Zhang, 2014; Tan and Finch, 2016; Tan and Finch, 2018a), the
authors observed that the chain length of a frother along with the position of the
hydroxyl group and possible methyl branches affected the concentration at
which bubbles reached minimum rising velocity. Furthermore, the maximum
recoverable particle size decreases with increasing branching of the frother
(Farrokhpay, 2011), while the presence of branches in PPG vs PEG frothers has
been related to more efficient decreases in rising velocity (Tan and Finch,
2018b). Thus, it is generally accepted that no single frother can be exclusively
associated to a certain type of ore (Harris, 1982; Wills and Finch, 2015).
As there are only small differences between frother types and their respective
properties, different classification methods have been established that are based
either on attributes of the molecule itself, e.g. ionic nature, hydrophiliclipophilic balance (HLB), chemical composition, structure etc. or a combination
of its surface and bubble properties (Javor, 2014; Drzymala and Kowalczuk,
2018).
In order to better understand the fundamental functionality of frothers at the
air-liquid interfaces, their experiments are often conducted in two-phase
systems (Grau, 2006; Jávor, 2014; Tan and Finch, 2018b). Although it is
generally accepted that the presence of particles affects surface properties, the
benefits of this approach is that it enables detailed studying of sensitive
interfacial characteristics, such as surface tension; surface elasticity; adsorption
kinetics; bubble rising velocity and bubble coalescence, thus providing valuable
insight to the fundamental phenomena governing frother activity.
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Considering that bubbles are responsible for transporting the mineral
particles from the pulp into the froth and that the froth phase is responsible of
recovering the valuable particles, bubble size and froth stability management
are arguably the most important tasks for a flotation frother. Hence, these two
topics deserve to be discussed in further detail.
One of the key phenomena that determines bubble size is coalescence between
bubbles upon collisions. Bubble coalescence takes place when the contact time
between colliding bubbles is sufficient for drainage to take place in the trapped
liquid film so that a critical film thickness is reached, leading to bubble
coalescence (Marucci, 1969; Chesters, 1991).
The relationship between bubble size and frother is concentration dependent
and there is a critical concentration after which the sauter mean diameter (D 32)
of the bubble population does not decrease, which has been defined as the
critical coalescence concentration (CCC) (Cho and Laskowski, 2002).
Regardless of the CCC value, the minimum sauter mean diameter (D32)
achieved with current frothers (Drzymala and Kowalczuk, 2018) and even their
mixtures (Elmahdy and Finch, 2013) is usually at the same size range at around
1 mm (Neethling et al., 2019). The extensive forther studies conducted in the
past two decades have led to the identification of three different methods for
frothers to affect the bubble size in the flotation cell:
1. Bubble coalescence inhibition (Cho and Laskowski, 2002)
2. Bubble-breakup induced bubble size reduction (Chu et al., 2017)
3. Affecting bubble size already during the initial formation of the bubble
(Jávor et al., 2014).
In terms of the concrete flotation process, it has been shown that smaller sizes
of individual bubbles increase the flotation performance by the means of two
different mechanisms:
1. Increasing the total number of bubbles in the cell and consequently the
probability of bubble-particle collisions due to a larger overall interfacial
area available for the particles to attach onto (Wills and Finch, 2015).
2. Smaller bubbles have smaller buoyancy, thus there is a higher probability of
bubble-particle collisions when observing individual bubbles.
Both phenomena increase the collection rate and consequently the amount of
valuable minerals that report to the froth phase.
Once the valuable particles have successfully been collected to the froth phase,
it still needs to be recovered in order to generate a concentrate and therefore
maintaining proper froth stability is crucial for achieving good flotation
performance. Historically froth stability has been associated with many
properties. Harris (1982) classified such factors as (1) frother surface activity;
(2) adsorption rate on a newly formed surface; (3) surface viscosity of the airliquid interface and (4) the bulk viscosity of the medium. Whereas according to
Jávor (2014), a higher dynamic elasticity of the air-liquid interface renders the

7

Theoretical Background

surface less mobile and consequently inhibits drainage. Such increasing
immobility of the interface also increases the required contact time for bubbles
to coalesce.
An unstable froth causes the bubbles to burst and all associated particles are
drained back to the slurry from where they have to re-attach to a new bubble in
the pulp in order to be collected. This phenomenon decreases the process
kinetics due to increased retention times of particles that loop around between
pulp and froth before finally reporting to the concentrate. The collection
efficiency of the froth is often described with a metric called froth recovery,
which represents the fraction of particles entering the froth that report to the
concentrate.
While it is difficult to measure in continuous processes, some indirect
methods have been proposed (Tsatouhas et al., 2006). A widely accepted
definition of froth recovery is expressed with the help of the first order rate
constants (Savassi et al., 1997):
=

(1)

Where Rf is the froth recovery, k is the overall first order rate constant so that it
treats the collection and froth phases as a single phase and k c is the collection
zone rate constant. As seen from Equation 1, the kinetic constant acts as a proxy
for froth recovery: If less bubbles burst, more bubbles are reporting from the
froth phase into the product, i.e. when the kinetic constant of the process is
higher the froth recovery is often more efficient as well.
Although frothers play a key role in froth stability, it is ultimately a
combination of multiple factors and flotation performance is always dependent
on the overall interactions between all species present in the process (Bulatovic,
2007). For example, some frothers may adsorb onto the mineral surfaces (e.g.
methyl isobutyl carbinol onto carboneus minerals – (Bournival et al., 2015)),
which consequently reduces froth stability (Bulatovic, 2007). Furthermore,
sufficiently hydrophobic particles help stabilizing the froth (Tan et al., 2010),
while particles with low hydrophobicity can stabilize froths when a closely
packed monolayer is formed in the froth film (Bulatovic, 2007).
Many industrial operations still struggle with finding a proper frother for their
process due to froth instability, which has been reported as one of the main
reasons behind reduced froth recovery (Farrokhpay, 2011). Typical causes for
such instability are the lack of sufficiently hydrophobic particles down the
flotation bank (Farrokhpay, 2011), the presence of ultra-fine clay or the presence
of ionic species in the pulp (Bulatovic, 2007).
Another important property for frothers is low sensitivity towards changes at
pH. Often pH levels vary between different stages, which consequently affects
froth properties with many current commercial frothers (Bulatovic, 2007).
Furthermore, as discussed in the introduction, it may be necessary to further
reduce bubble size in the largest scale industrial flotation cells to counteract the
possible occurrence of zero rate kinetics. This may not be possible with the
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existing frother chemistries without affecting flotation performance (Neethling
et al., 2019).
Considering the above-mentioned aspects, careful consideration is necessary
when selecting reagents for a flotation process and it is evident that there is a
need for better performing flotation frothers, especially in terms of robustness
of operations throughout the flotation bank.
Furthermore, it is important to note that different types of frothers with
similar dynamic surface properties do not always yield the same bubble sizes
and vice versa (Jávor, 2014). Thus, it must be kept in mind that the
measurement of a single property may not fully answer the complex questions
of surfactant phenomena on the air-liquid interface. Consequently, a detailed
characterization of interfacial properties is necessary when exploring new
frother chemistries.
Fortunately, decades of thorough frother research has provided the means for
identifying combinations of key properties and working principles of the stateof-art frothers and thus enabled the possibility of studying completely new types
of frother chemistries with a similar outlook.
An option recently explored by some authors to implement green chemistry in
mining operations has been the use of cellulose-based additives. The literature
offers some examples on the use of cellulose derivatives as adsorbents of
metallic ions (Beyki et al., 2014), flocculants (Yang et al., 2014), depressants
(Hamilton et al., 2009, Kor et al., 2014) or collectors (Laitinen et al., 2014;
Laitinen et al., 2016).
While the use of more sustainable solutions is of high interest within the
scientific community, developments towards more environmentally friendly
industrial processes are more likely to occur when the changes also demonstrate
significant advantages in productivity.
The following chapter describes the properties of surface-active cellulose
derivatives and compiles the available information relevant for flotation.

2.2

Properties of surface-active cellulose derivatives

A major advantage regarding the use of cellulose derivatives arises from the
possibility of modifying their properties by substituting the native hydroxyl
groups with other active groups (Wüstenberg, 2015). This introduces the
possibility to synthesize a vast range of unique cellulose derivatives with distinct
properties that are connected to the nature of its functional groups. The most
important parameters impacting the behavior of a cellulose derivative are
degree of substitution (DS), molar substitution (MS), degree of polymerization
(DP) and molecular weight (Mw). (Coffey et al., 2006)
As an example, Figure 2, illustrates the natural cellulose I -structure along
with examples of some cellulose derivative structures.
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Figure 2. Structures of a) Cellulose, b) Methyl Cellulose with a DS of 2 and c) Hydroxypropyl
Cellulose with a MS of 2 (Adapted from Coffey et al., 2006)
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As shown in Figure 2-a, the naturally occurring cellulose I structure has three
hydroxyl groups. These groups are the locations available for possible
functionalization along the cellulose backbone structure. DS is a numerical
value which tells the average amount of hydroxyl groups substitution within a
single anhydroglucose unit throughout the whole polymer. Consequently, its
value is between 0 and 3, where 0 represents no substitution and 3 represents
functionalization at all active sites per anhydroglucose unit (Figure 2-b).
However, DS is only used to describe substitutions occurring at the original
hydroxy groups present in the cellulose I structure. If further chain growth
occurs at a single site, it cannot be described with DS. For example, if the
existing hydroxyl group is substituted with a propylene oxide as the substituting
species, a possible site for further reactions to occur is reproduced. Such cases
of continued chain growth originating from a single hydroxy group are
expressed with MS. In other words, MS describes the number of moles of
alkylating agent per mole of anhydroglucose in the chain. Consequently, the
ratio between MS and DS indicates the average chain length of the side-chain
substitutes within a single anhydroglucose unit (Figure 2-c). DP describes the
average number of monomer units in the polymer and an average Mw can be
derived if DP and MS are known. (Coffey et al., 2006)
Considering the near-infinite amount of potential functional group
combinations introduced into the cellulose backbone, there is a great potential
to use cellulose based chemicals in flotation beyond its current applications
(e.g., as depressants).
As discussed in Section 2.1, in order to match typical properties of
commercial frothers, a suitable cellulose derivative should be: i) water soluble,
ii) sufficiently surface-active and iii) preferably tolerant towards changes at pH
and ionic composition of the solution.
Information on some commercially important water-soluble cellulose ethers
is compiled in Table 1 (Nahringbauer, 1995; Persson et al., 1996; Majewicz and
Podlas, 2000; Coffey et al., 2006; Wüstenberg, 2015; Paraskevopoulu and
Kiossegolou, 2013). As is evident from Table 1, only few of the presented
derivatives meet the required standards. For example, in certain geographical
mining locations, the ambient temperatures may easily exceed 40°C during
summer, which means that derivatives that either gelate or precipitate when
approaching such temperatures may not be suitable for global flotation
applications.
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Table 1. Information on commercially important water-soluble cellulose ethers
Derivative

Solubility

pH
stability

Surface
activity

Reaction
with Ca2+
ions

Impact of
electrolytes

Lower
critical
solution
temperature

Methyl
cellulose (MC)

High

2-12

High

Low

Low

45-50 °C

Hydroxypropyl
cellulose
(HPC)

Soluble in 038 °C

2-11

High

Low

Presence of
salts and
sugar
decrease
flocculation
temperature

40-45 °C

Hydroxypropyl
methyl
cellulose
(HPMC)

High

2-12

Very
high

Low

Low

75-90 °C

Ethyl cellulose
(EC)

Water
soluble at
DS 0.8-1.3 /
Commercial
grades not
water
soluble (DS
2.2-2.8)

1-14

-

Low

Low

-

Ethyl
hydroxyethyl
cellulose
(EHEC)

High

3-11

Very
High

Unknown

Unknown

28-65 °C

Sodium
carboxymethyl
cellulose
(NaCMC)

High

3-10

Low

High
(gelation or
precipitation)

Presence of
monovalent
ions affect
viscocity
and di/trivalent
cations
cause
precipitation
or gelation

-

Based on the information presented in Table 1, HPMC seems like a viable
alternative, especially since the strength of its surface activity can be varied by
modifying its methyl-to-hydroxypropyl ratio (Camino et al., 2009;
Paraskevopoulu and Kiossegolou, 2013). HPMC is currently used in e.g., the
food and pharmaceutical industries due to its good foam and emulsion
stabilizing properties (Paraskevopoulu and Kiossegolou, 2013). Additionally,
HPMC is non-ionic and biodegradable (Camino et al., 2009; Sannino et al.,
2009), which makes it an interesting prospect for flotation purposes both from
sustainability and performance point of views, the latter since it is expected to
interact only at the air-liquid interface. Considering the above-mentioned
information, a clear understanding of the similarities and differences in
interfacial properties and adsorption behavior between short-chained
surfactants and surface-active cellulose derivatives is integral for identifying the
possibilities of using such polymers as flotation frothers.
A prime example of significant differences in interfacial behavior between
surface-active polymers and short-chained frothers can be found when
comparing their adsorption behavior. The adsorption of typical frothers with
short molecular chains is relatively fast and through a simple mechanism,
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resulting in a perpendicular orientation towards the air-liquid interface (Jávor
et al., 2010) (Figure 1). However, the adsorption of macromolecular species is a
result of a series of stages occurring consecutively and concurrently, namely: 1)
transportation of the polymers from the bulk to the sub-surface; 2)
spreading/unfolding of molecules; 3) adsorption of hydrophobic polymer
segments from the subsurface to the interface and 4) rearrangement of the
adsorbed polymer segments between the interface and the sub-surface
(Nahringbauer, 1995).
Another disparity between low molecular weight and macromolecular
surfactants lies on their mechanisms to achieve local equilibrium between the
subsurface and the interface. In the simple model of smaller surfactants, one
active site per molecule is occupied (Jávor, 2014). This is not the case in polymer
adsorption, where the local equilibrium is reached when a large number of
polymer segments (i.e. active groups along the polymer backbone structure) are
in contact with the surface (Nahringbauer, 1995).
The three-dimensional structure of cellulose derivatives particularly
complicates their adsorption behavior (Norde et al., 1986; Dickinson, 2003).
Furthermore, the structure of a cellulose derivative usually contains unevenly
distributed hydrophobic and hydrophilic regions which can lead to significant
differences in behavior between individual molecules (Pérez et al., 2007). This
structural variance results in a characteristic orientation of adsorbed species,
commonly represented by the train-tail-loop model (Figure 3) (Wollenweber,
2000). The unevenly segmented hydrophobic and hydrophilic regions of the
polymer adsorb on the interface according to their respective properties. Trains
are the hydrophobic segments of the polymer which have adsorbed onto the airliquid interface, loops are unadsorbed segments between two trains and tails are
the non-adsorbed segments that exist in one or both ends of the polymer.

Figure 3. Illustration of the train-loop-train model
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Consequently, interfaces with adsorbed polymers can have a wide variety of
properties based on the orientation of the polymer at the interface
(Paraskevopoulu and Kiossegolou, 2013). According to previous studies
(Nahringbauer, 1995; Pérez et al., 2008), surface-active cellulose derivatives
first adsorb in a flat-like orientation which slowly changes towards a more
perpendicular orientation (Figure 3), where only the most surface-active
segments remain adsorbed onto the interface. Thus, the surface properties are
more strongly influenced by the number of polymer segments adsorbed on the
interface rather than the total number of adsorbed molecules (Nahringbauer,
1995).
Perhaps the most interesting property of cellulose derivatives from the
flotation point of view is the reported capability of forming a protective layer
against coalescence and mechanical stress (Wege et al., 2008; Xhanari et al.,
2011). This could assist in maintaining small bubbles even in turbulent
conditions, something which current frothers cannot accomplish (Jávor et al.,
2014). Furthermore, the active groups along the cellulose backbone reportedly
provide potential adsorption sites for surfactant adsorption and consequent
polymer-surfactant (PS) complexation (Katona et al. 2008).
PS-mixtures have been used in many industries due to their flexibility in
obtaining desirable surface properties in multiple applications (Sannino et al.,
2009; Bureiko et al., 2015; Wei et al., 2018). Depending on the nature of both
the polymer and the surfactant there can be either synergistic, antagonistic or
no interaction between the species (Goddard and Anathapadmanabhan, 1993).
Consequently, a wide variety of surface properties originates from the
synergistic PS-layer being able to access non-equilibrium states (Bain et al.,
2010). While PS interactions can take place either in the bulk or at an interface
(Goddard and Anathapadmanabhan, 1993), in this thesis the focus is solely in
phenomena occurring at the air-liquid interface.
Schreithofer et al., (2011) studied the effects of mixtures of NaCMC and
DF200 on foam and froth properties. They identified interactions as increased
foamability and foam stability in air-liquid systems, which consequently
disappeared when solids were added to the system due to the affinity towards
solids that NaCMC possesses.
In another example, a PS-complex composed of an oppositely charged
polymer and surfactant had strong electrostatic interactions, while a neutral
polymer and an ionic surfactant had a weaker, hydrophobic, interaction
(Petkova et al., 2012). Thus, the strength of the interaction is also dependent on
its nature (e.g. electrostatic vs. hydrophobic).
Furthermore, the interfacial properties are not only defined by the ionic
nature of the components, i.e., each combination of PS-mixtures can have
unique properties regardless of the type of interaction between the components
(Table 2). Additionally, there are two important factors that need to be
considered when studying PS-systems: 1) the prediction of their interfacial
properties, e.g. surface tension, foamability and foam stability, is not trivial
(Petkova et al., 2012) and 2) the properties of a PS-mixed layer at dynamic and
static conditions are not comparable (Bain et al., 2010; Angus-Smyth et al.,
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2013). Thus, novel PS-mixtures require detailed interfacial characterization in
order to assess their compatibility as a flotation frothers.
Table 2. Dynamic adsorption behavior of different PS-mixtures.
Polymer

Surfactant

Type of
polymer

Type of
surfactant

Intermolecular
interaction

Dynamic
adsorption
behavior

Reference

Polydimethyl
diallyl
ammonium
chloride

Sodium
dodecyl
sulfate

Cationic

Anionic

Strong

Enhanced
adsorption rate at
low total
concentrations due
to formation of
more hydrophobic
complexes

Campbell
et al. 2007

Polyethylene
oxide

Sodium
dodecyl
sulfate

Nonionic

Anionic

Weak

Decreased
adsorption of
surfactant in the
presence of
polymer

Angus
Smyth et
al. 2012

Polyethylene
oxide

Tetradecyl
trimethyl
ammonium
bromide

Nonionic

Cationic

No
interaction

Surfactant
displaces polymer
upon small
increases of
surfactant
concentration

Angus
Smyth et
al. 2012

Poly Nvinyl
formamide

Sodium
dodecyl
sulfate

Nonionic

Anionic

Weak

Increased
adsorption of PSmix compared to
pure chemicals due
to formation of
surface-active PScomplex

Petkova et
al. 2012

Polyethylene
imine

Sodium
dodecyl
sulfate

Cationic

Anionic

Strong

Reduced diffusion
rate due to
increased size of
bulk aggregates

Angus
Smyth et
al. 2013

According to Petkova et al. (2012), the observed PS-synergy in a weakly
interacting system is a combination of faster adsorption of the surfactant (which
facilitates foaming) and strong steric repulsion by the PS-complex that
enhances interfacial stability. In bubble formation, this could reflect a
combination of fast surfactant adsorption that decelerates film thinning,
providing additional time for the polymeric species to adsorb before bubble
coalescence occurs. Consequently, the adsorption of polymeric species would
further prevent coalescence theoretically.
Considering the spectrum of possible interfacial properties induced by a PSmixed layer, selecting an appropriate PS-mixture hypothetically enables the
modification of properties at the air-liquid interface without affecting bulk
properties, while simultaneously maintaining similar concentration levels as
with conventional frothers.
While surface-active cellulose derivatives and their PS-mixtures may have the
necessary natural tendencies to adsorb and modify the properties of the airliquid interface, before the present work, it was unknown to what extent their
properties allowed control of bubble size and froth stabilization, particularly
from a froth flotation perspective.
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3. Materials and methods

This section presents the materials used and describes the methodology applied
in the experimental work of this thesis. The studied frothers and other flotation
reagents are presented first, after which all equipment is presented along with
their respective standard procedures. Finally, the experimental campaigns are
discussed in detail, highlighting the possible sources of discrepancy between
campaigns conducted with the same equipment.

3.1

Frothers and other reagents

Throughout this research work, the interfacial properties and flotation
performance of HPMC and its PS-mixtures was compared with representative
commercial frothers. The commercial frothers studied in this thesis were
NF240, a polyethylene glycol, and DF200, a polypropylene glycol (Table 3).
Both frothers were supplied by Nasaco International LLC.
Table 3. Commercial frothers used in this thesis
Name

Abbreviation

Chemical formula

Molecular weight (g/mol)

Dowfroth 200

DF200

CH3(OC3H6)3OH

206.28

Nasfroth 240

NF240

C4H9(OC2H4)3OH

206.28

Two different types of HPMC-molecules were purchased from Sigma-Aldrich
(Products No. H8384 and 423238). A generalized structure of HPMC is
presented in Figure 4. According to the product specifications, Product No.
H8384 has an average molecular weight of 22 kDa with a methoxyl content of
28-30 % and a hydroxypropoxyl content of 7-12 % and is hereby labeled as
HPMC22k. Product No. 423238 has an average molecular weight of 10 kDa with
a methoxyl content of 29 % and a hydroxypropyl content of 7 % and is referred
to as HPMC10k in this thesis. Further details provided by the supplier are found
in Table 4.
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Figure 4. General structure of HPMC (adapted from the product specification of the supplier)
(Nuorivaara and Serna, 2020a)
Table 4. Details of the two HPMC molecules according to the supplier
Product
number

Name

Methoxy
content
(w-%)

DS

Poropylene
oxide content
(w-%)

MS

Average molecular
weight of repeating
segments (g/mol)*

423238

HPMC
10k

29

1.8 - 2.0

7

0.2 - 0.3

186.45

H8384

HPMC
22k

28 - 30

Not
specified

7 - 12

Not
specified

190.77

*Calculated by the author based on the average methoxy and propylene oxide contents provided by the
supplier

Due to the extensive amount of concentrations and PS-mixture combinations
used in this thesis, a name code was implemented to facilitate this discussion.
The code is explained next and these coded labels are used in this thesis from
hereon. When PS-mixture formulations and their concentrations are discussed,
the type of PS-mixture is denoted as Mix10k or Mix22k depending on the HPMC
molecule (10k or 22k) used. This is followed by the concentration of the mixture
components, presented as “NX” or “DY” for the commercial frother and “HZ”
for the polymer, where N stands for NF240, D stands for DF200, H stands for
HPMC, and X, Y or Z describes the concentration of the respective species in
parts per million (ppm). As illustrative examples 1) Mix22k-N8-H16 refers to a
PS-mixture of 8 ppm NF240 and 16 ppm HPMC22k and 2) Mix10k-D16-H16
refers to a PS-mixture of 16 ppm DF200 and 16 ppm HPMC10k.
In addition to frothers, a series of chemical reagents listed in Table 5 were used
during flotation. All chemicals used in this research work were used as received,
without any further purification.
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Table 5. Details of other reagents used in this thesis
Name

Abbreviation

Use

Supplier

Catalog No

Purity

Calcium
hydroxide

Ca(OH)2

pH regulator in
flotation
experiments

VWR
Chemicals
Belgium

470300-588

>98 %

Sodium
hydroxide

NaOH

pH regulator in
bubble size and
foam property
measurements

Merck

106495

300*

Sodium
isobuthyl
xanthate

SIBX

Collector in Cubearing mineral
flotation

Industrial
grade

-

-

Sodium ethyl
xanthate

SEX

Collector in Zn
bearing mineral
flotation

TCI

E0195

>95 %

Copper
sulfate

CuSO4 · 5H2O

Activator in Zn
bearing mineral
flotation

VWR
Chemicals
Belgium

23165.298

>98 %

Zinc sulfate

ZnSO4 · 7H2O

Depressant in
Cu ore
experiments

Industrial
grade

-

-

*According to internal quality standard of the Merck Group

3.2

Equipment and methods

This section presents the equipment used in this thesis, along with a general
description of their standard operating procedures. Specific details of
conditions used in each experimental campaign are compiled at the end of this
section.
In all aspects of this thesis, the frother concentration was determined in ppm
as a mass ratio between frother and the total mass of liquids in solution. For
example, a dilution to 10000 ppm was created by adding 1 g of frother (or
HPMC) to 99 g of water. In flotation experiments, the mass of frother was
related to the mass of process water used in each experiment.
3.2.1

Characterization protocol of interfacial properties

The experimental procedure and conditions used in air-liquid interface
experiments was based on the preliminary work presented in Publication I.
This first publication revolved around building a protocol for proper
characterization of the interface for both the frothers and the surface-active
polymers in terms of properties relevant for flotation. These established
measurement procedures are presented in the following two Sections (3.2.2
and 3.2.3).
3.2.2

Dynamic surface tension

The influence of reagent type and concentration on the dynamic surface tension
(DST) of an aqueous solution was measured in a BPA-800P bubble tensiometer
(Attension, formerly KSV instruments). For each measurement, 100 ml sample
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of aqueous solutions with known frother concentrations were prepared into a
glass container with a diameter of 8 cm and a height of height 4.7 cm. The BPA800P automatically determines the dynamic surface tension values as a
function of bubble lifetime by using the maximum bubble pressure method.
A brief explanation on the experimental procedure used with this equipment
is provided next. The needle of the apparatus descends into the frother solution
while feeding a continuous stream of air bubbles. The equipment monitors the
fluctuations in bubble pressure within the capillary. The pressure increases
steadily until the radius of the bubble grows as large as the diameter of the
capillary itself. This is the point where the maximum bubble pressure is
observed (Jávor, 2014). A schematic illustration of the evolution of bubble
pressure as a function of time is presented in Figure 5. The water used in DST
experiments was purified to 18.2 MΩ with a Millipore Direct-Q water
purification system, referred as ultra pure water (UPW) from now on.

Figure 5. Evolution of bubble pressure as a function of time in BPA-800p (Adapted from Jávor,
2014)

The DST measurements were conducted separately for each studied frother
system, i.e. NF240, HPMC10k, HPMC22k and PS-mixtures thereof. A thorough
characterization of the dynamic adsorption behavior was conducted for
mixtures consisting of NF240 and HPMC22k. The concentrations of frother
solutions measured with these experiments are presented in Table 6. The
studied concentrations were selected characterize the formulations within a
concentration range expected to be used in industrial flotation processes.
Furthermore, the DST experiments were conducted in the neutral pH of the
UPW (5.5), in order to study the behavior of each frother formulation in as
pristine conditions as possible. The results presented in Section 4.1 are mean
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values of all measured repetitions. Additionally, reference measurements were
conducted in UPW as benchmark.
Table 6. Surfactant concentrations used in DST measurements
NF240
(ppm)

HPMC22k
(ppm)

HPMC10k
(ppm)

Mix22k with constant
NF240 and varying
HPMC22k (ppm)

Mix10k with
constant NF240
(ppm)

Mix10k with
constant
HPMC10k (ppm)

8a

8a

8a

N8 + H8b/16b/32a/48a

N16 + H8a/16a/32a

N8a/16a/32a + H16

16a

16a

16a

N16 +

32a

32a

32a

N32 + H8a/16a/32b/48b

48a

48a

48a

N48 + H8a/16a/32a/48a

a)
b)

H8a/16a/32 a/48a

3 repetitions
2 repetitions

The mean DST results were used to determine a single value for the diffusion
rate of corresponding frother formulations. This was calculated by applying the
short time approximation of the Ward-Tordai equation, combined with the
Gibbs-isotherm (Nahringbauer, 1995; Eastoe and Dalton, 2000; Kanokkarn et
al., 2017):
( )

→

=

−2

(2)

where γ(t) is surface tension at time t expressed in seconds (which needs to be
close to zero, to represent the early stage diffusion-controlled region), γ0 is the
initial surface tension, n = 1 for nonionic surfactants and 2 for ionic surfactants,
R is the universal gas constant (8.314 J mol-1 K-1), T is the absolute temperature
(K), Cb is the total bulk concentration in mmol/l, D is the diffusion coefficient
and π equals 3.1416. The form of Equation (2) originates from the fractional
derivation used to solve the initial Ward-Tordai problem (Hristov, 2016). The
BPA800-P monitors the temperature of the solution, which was on average 23.4
°C in the experiments that were used to determine diffusion coefficients.
Equation 2 was solved by plotting γ vs. √ using DST data from the first 0.85
seconds of each measurement and equaling the slope to 2nRTCb / .
It is important to note that Equation 2 can only be applied to polymers in
dilute concentrations (< 400 ppm) and by using the concentration of polymer
segments in the solution as the value of Cb (Nahringbauer, 1995). The molecular
weight of HPMC segments used in this work are presented in Table 4 and were
calculated as an average value based on the specifications provided by the
supplier (Section 3.1).
DST results measured with BPA are reported in Publication I, III and IV.
3.2.3

Bubble size, foam depth and foam stability

To determine the bubble size and foam properties of the frother systems studied
in this thesis, the experimental setup presented in Figure 6 was used. The setup
consists of a 1.5 l stirred vessel for the continuous mixing of an aqueous frother
solution that is fed through a previously calibrated peristaltic pump to the
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bottom of a flotation column. The laboratory-scale column consists of a
Plexiglas® cylindrical vessel with a volumetric capacity of 10 l, manufactured
in-house. Air is introduced at the bottom of the column through a sparger with
opening sizes of 5 μm. The air flow rate was set at 0.4 l/min with a manual
control valve attached to a rotameter.

Figure 6. Schematic diagram of the laboratory column experimental setup for measurement of
foam properties (Nuorivaara and Serna, 2020a; Nuorivaara and Serna, 2020b)

To measure the bubble size distribution, a sampling tube was immersed into the
column, at the aqueous-phase level. The sampling tube was connected to a
viewing chamber with a red background light and a glass screen. A digital singlelens reflex camera (Nikon D750) was used to take pictures of the collected
bubbles at intervals of four seconds. The camera parameters used were: F9.0,
shutter speed 1/20000 and ISO1000. The water used in bubble size and foam
property measurements was treated with an Elga Purelab Option-R 7/15
purifier, up to a resistance of 15 MΩ, referred to as pure water (PW) from now
on. The pH was controlled with NaOH in bubble and foam property experiments
conducted in elevated pH levels. The elevated pH level was selected based on
typical pH-levels for chalcopyrite flotation (Bulatovic, 2007), and to corroborate
whether the proposed tolerance towards changes in pH for HPMC (Coffey,
2006) were applicable also in bubble and foam properties at low concentrations.
The bubble size and foam property measurements for NF240, HPMC
molecules and their PS-mixtures were conducted using reagent concentrations
presented in Table 7 and were done in triplicate in order to ensure
reproducibility. The conditions presented in Table 7 were based on a previously
measured CCC value for NF240 (Jávor, 2014) as well as an assumption of a
suitable concentration range to be studied for HPMC and its PS-mixtures. The
results in Sections 4.4 and 4.5 are presented as mean values of the repeated
experiments. After each frother addition, the aqueous solution was circulated
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through the column for at least 40 minutes before starting the measurement.
This ensured a homogeneous frother concentration throughout the
experimental setup, as calculated through mass balance and corroborated by
DST measurements conducted on samples taken after the 40-minute
homogenization period.

Table 7. Concentrations of bubble size and foam property measurements of NF240, both HPMC
molecules and their PS-mixtures
Pure chemicals

NF240

HPMC 10k

HPMC 22k

Concentrations (ppm)

8/16/32/48 *

8/16/32/48

8/16/32/48 *

Mixtures

Mix10k

Mix22k

Combinations

Mix10k-N16-H8/16/32

Mix22k-N16-H8/16/32 *

Combinations

Mix10k-N8/16/32-H16

Mix22k-N8/16/32-H16 *

* Measurements conducted at pH 10 as well

The obtained bubble images were processed using a MATLAB® routine to
measure their diameter, thus generating a bubble size distribution. The routine
consists on finding an adaptive threshold level, defining the edges of the bubbles
and fitting to an ellipse on these edges, finally calculating the equivalent
diameter based on the maximum and minimum diameter of the ellipse using
Eq. 3 (Jávor et al., 2015):
=

∙

(3)

It should be noted that the minimum bubble diameter detected with this
method was of 0.02 mm. The Sauter mean diameter (D32) of each measured
concentration was calculated based on the diameter results received from the
MATLAB® routine (Jávor et al., 2015).
=

∑

(4)

∑

After determining the D32 for each frother system and concentration, the results
were used to calculate the concentration for 95 % reduction in bubble size
(CCC95) values for each frother formulation according to the following model
(Cho and Laskowski, 2002; Quinn et al., 2014)
=

+

⋅ exp(− ⋅ )

(5)

where Dl is the limiting (i.e. minimum) bubble size achieved with each frothing
agent, A is the range between D32 of pure water and Dl, b is a decay function
constant and C is the frother concentration. Consequently, CCC95 can be
determined from the following Equation (6):
=

.

(6)
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For all measured frother concentrations, foam depth and stability were also
measured. Foam depth was measured directly at the column through its
transparent Plexiglas® walls with a measuring tape at 2 points around the
column diameter. Foam stability was measured as the time it took for half of the
existing foam to collapse after the air flow was turned off (Tsatouhas et al.,
2006).
Bubble size measurements conducted with this set up are reported in
Publication I, II, III and IV.

3.2.4

Interfacial property studies of DF200

In addition to the thorough interfacial studies conducted with NF240 as the
surfactant component in the PS-mixtures, a brief interfacial characterization
was conducted with DF200. Considering that DF200 and NF240 are similar
frothers with the same molecular weight and only a minor variance in their
structure (Jávor, 2014), it was reasonable to assume that their behavior as a
component in the PS-mixtures was going to be comparable as well. In order to
corroborate this hypothesis, it was decided to run interfacial characterization
for DF200 formulations in the same conditions that were studied in the flotation
of Zn model ore (Section 3.2.7.2).
This set of experiments consisted of measuring DST as presented in Section
3.2.2, as well as bubble size, foam depth and foam stability as presented in
Section 3.2.3 in conditions compiled to Table 8. It is important to note that
the bubble size and foam characterization experiments were conducted in pH
11.1 in order to study these properties in similar conditions compared to the
flotation experiments.

Table 8. Experimental conditions for DST, bubble size, foam depth and foam stability measurements for DF200 and its PS-mixtures
Frother system (repetitions)

Total concentration (ppm)

DF200 (x3)

30

Mix10k-D15-H15 (x2)

30

Mix22k-D15-H15 (x2)

30

Interfacial characetrization conducted for DF200 and its PS-mixtures are
reported in Publication III.
3.2.5

Mineral sample preparation

The mineral samples that were obtained as rocks or pebbles (Cu ore,
Chalcopyrite, Sphalerite) were crushed in two stages: first, with a laboratoryscale jaw crusher (Wedag MN 931/1 with a 200x125 mm gap and a minimum
opening of 12 mm) and second, with a laboratory-scale roller crusher (Wedag)
to a nominal particle size of <2.8 mm. After this initial crushing stage, the
samples were divided into representative samples of specific weights so that the
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targeted total mass of a sample used in a single flotation experiment was 600 g.
The target weights for each mineral or ore were determined separately for each
experimental Campaign (details in Section 3.2.6). This stage of sample
preparation was conducted with a Retsch rotary sampling device and the masses
of the samples were verified with a Precisa XB 6200D laboratory scale. Even
when samples did not need crushing (e.g., quartz, Cu-containing tailings), they
were divided into representative samples as explained above.
3.2.6

Grinding

Depending on the properties, type and mass of the studied mineral samples, the
grinding was conducted either completely in a laboratory scale ball mill
(Technical research center of Finland, type 14MK3/9), or dry ground in a ring
mill (Fritsch Pulverisette 9) with tungsten carbide rings as grinding media. The
volume of the ball mill was 5.67 l, and the grinding was conducted with a ball
charge of 5.5 kg and with a 1:1 solid-to-water ratio.
The grinding time required for each mineral sample was determined
separately with milling curves of grinding time vs. particle size (e.g. d80)
obtained experimentally. The particle sizes were measured with a laser
diffraction particle size analyzer (Mastersizer 3000).
3.2.7

Flotation Campaigns

The operating conditions used in the experiments of each specific flotation
campaign are presented at the end of this chapter. The general procedures
applied in sample preparation were presented in Sections 3.2.4 and 3.2.5.
Additionally, a digital camera was used to capture video footage of the froth
during all flotation experiments. These videos were used for qualitative froth
analysis between different frothers.
After the comminution steps presented above, the mineral samples were
inserted in an Outokumpu 1.5 liter laboratory scale flotation cell. Before
commencing each experiment, an initial wetting and conditioning procedure
was conducted. While the exact procedure varied between Campaigns (details
presented later), the general conditioning procedure was as follows:
1. The sample was stirred with an impeller speed of 1300 rpm for 5 minutes
2. Reduction of impeller speed to 900 rpm for the duration of reagent
additions
3. Addition of activator or depressant (if applicable), let mix for 3 minutes
4. Addition of collector (if applicable), let mix for 3 minutes
5. Addition of frother, let mix for 3 minutes
6. Increase of impeller speed back to 1300 rpm and turning on the air flow
PW was used in all flotation experiments. The natural pH PW is 5.5 and Ca(OH)2
was used to elevate the pH already in the water used in the grinding mill, when
basic pH was required.

25

Materials and methods

When using PS-mixtures, the commercial frother component (DF200 or
NF240) was always added first and immediately afterwards the respective
HPMC (22k or 10k). Finally, turning on the air flow was regarded as the
beginning of the flotation experiment (i.e. t = 0). The operating parameters
constantly used throughout all flotation experiments are presented in Table 9.
Table 9. Constant conditions used in flotation experiments
Parameter

Value

Air flow rate

4 l/min

Impeller speed

1300 rpm

Mass of solids

600 g

Solids content

33 %

Total volume of suspension

1.5 l

Different total flotation times were used in each campaign. Regardless of the
total flotation time, all experiments followed the same pattern of collecting froth
fractions: 0-3; 3-6; 6-10; 10-14; 14-20 and 20-30 minutes. The maximum
flotation time for each Campaign is presented later in this chapter. Additionally,
the same froth scraping pattern was used throughout all flotation experiments
as follows: in the first 10 minutes, the froth was scraped 10 times every 30
seconds; from 10 to 20 minutes, 15 times every 60 seconds; and from 20 to 30
minutes 20 times every 120 seconds. In all experiments, additional water
containing the corresponding frother at its target concentration was added
between each collected froth fraction in order to maintain the original pulp level.
After each flotation experiment, the collected froth fractions, as well as the final
tailings, were dewatered, first by filtration in a funnel and finally by heating
overnight in a convection oven at 50 °C.
The flotation performance of the studied frothers in all experimental
Campaigns was evaluated in terms of grade, recovery, mass pull, SE and the first
order kinetic constant. The grade of each fraction was determined with an
Oxford Instruments, X-Met5100 x-ray fluorescence (XRF) gun with a specific
setting for high sulfur grade mineral samples. A sub-group of the samples was
additionally characterized with induced coupled plasma (ICP) elemental
analysis. A correction factor for the XRF data was determined based on the ICP
results, which was subsequently applied to all results. This procedure was
performed separately for each flotation Campaign. The recoveries of species
were calculated based on the measured mass balances and grades of the
fractions. Furthermore, the feed grade values were always determined
separately for each flotation sample based on these assays.
The SE for each flotation experiment was calculated with the method
presented by Wills and Finch (2015), where separation efficiency is determined
according to Eq. 7:
=
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where SE is Separation Efficiency, Rm is % recovery of the valuable mineral, Rg
is % recovery of the gangue into the concentrate, C f is the fraction of total feed
weight that reports to the concentrate, f is % of metal in the feed, c is % of metal
in the concentrate, and m is % of metal content in the valuable mineral (varied
between Campaigns).
In all flotation experiments, a first-order flotation rate was assumed, and thus,
the flotation kinetic constant was calculated for each experiment with Equation
(8) (Wills and Finch, 2015).
(8)

[1 − exp(− )]

=

where Rt is total recovery at time (t), Rmax is maximum theoretical recovery, k is
kinetic constant, and t is time in seconds.
Equation (8) was solved using an iterative routine in Microsoft Excel™, which
determined the values of k and Rmax that was based on the measured cumulative
recovery values.
Additionally, a partial least squares (PLS) model created with the MODDE
software was applied to the flotation results from experiments conducted with
synthetic ores (Section 3.2.7.2) with the goal to evaluate the sensitivity of each
frother system towards changes in experimental conditions (i.e., collector
concentration and pH). This was achieved by comparing the values of the
coefficients of each factor in the model. The model created by MODDE follows
the form presented in Equation 9:
=

+

∗

+

∗

+

∗

∗

(9)

Where Y is the response (e.g. recovery or grade of the froth product), C 0-3 are
model coefficients, CCol is the collector concentration and CpH is the pH level and
the model also considers the interaction of the two.
3.2.7.1 Flotation Campaign 1 – Chalcopyrite natural ore
The first mineral sample studied in this thesis was a chalcopyrite containing
sulfidic ore provided by First Quantum Minerals Ltd.’s Pyhäsalmi mine in
Finland. The provided sample was in pebble form (up to few centimeters) and
was collected after the primary crushing stage. The valuable metallic minerals
that are industrially separated from this ore are sphalerite and chalcopyrite.
Based on the elemental characterization of the sample, it is expected to have ca.
1 % Cu; 1.5 % Zn and >30 % of Fe. The majority of Fe is present in the form of
pyrite, as this ore is known to be exceptionally rich in this mineral.
The ore was received as rocks and thus it was crushed before dividing it into
representative samples of approximately 600 g (see Section 3.2.5). The
particle size distribution of the ore sample used for flotation experiments is
presented in Table 10.
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Table 10. Particle size distribution of Pyhäsalmi ore after 45 minutes of grinding in a laboratoryscale ball mill
d10 (μm)

d50 (μm)

d90 (μm)

4.5

40.5

115

In order to reproduce the conditions of the Pyhäsalmi concentrator plant as
closely as possible, the flotation chemical reagents were added during sample
grinding. After 15 min of grinding, ZnSO4 (depressant) was added and, after 30
min, SIBX (collector) was added. After the total grinding time of 45 minutes, the
sample was transported from the mill into the laboratory-scale flotation cell. At
this point, stirring and frother addition was carried out. The froth fractions were
collected at six time periods up to 30 minutes.
Due to the complex nature of flotation and the unknown nature of the studied
systems, particularly HPMC and its PS-mixtures, a systematic preliminary
study (not included in this thesis) was carried out to select a suitable range of
chemical dosages to identify the differences in flotation performance between
the studied frother systems (Rinne, 2018). For example, the preliminary studies
showed that, in the presence of pure HPMC, no froth formed in concentrations
smaller than 30 ppm. Additionally, as will be presented in Section 4.5, 30 ppm
is beyond the CCC of NF240 and both HPMC molecules and the D 32 in the
presence of the respective PS-mixtures also sufficiently small. Furthermore,
overdosing of frother is to be avoided to obtain acceptable performance.
Therefore, this was selected as the concentration level of the total frother dosage
for the experimental conditions used in this set of experiments. The pH level
was set at 12.4 in an effort to depress the pyrite present in the ore. The
experimental conditions used in this campaign are compiled in Table 11.
Table 11. Experimental conditions of flotation experiments conducted with Cu ore
Experiment
name

Frothing agent
used

Concentration
of frothing
agent (ppm)

SIBX
(g/t)

ZnSO4
(g/t)

pH

Calculated
Head grade
(%)

NF

NF240

30

30

500

12.4

1.08

HPMC

HPMC22k

30

30

500

12.4

0.89

Mix 1

Mix22k-N16-H16

16 + 16

30

500

12.4

1.01

Mix 2

Mix10k-N16-H16

16 + 16

30

500

12.4

0.97

Mix 3

Mix10k-N10-H20

10 + 20

30

500

12.4

1.03

Mix 4

Mix10k-N20-H10

20 + 10

30

500

12.4

0.99

The results with natural ore containing chalcopyrite are presented in
Publication II.
3.2.7.2 Flotation Campaign 2 - Model ores
Although some advantages were reported with the experimental HPMC-based
frothers during the flotation campaign presented in Section 3.2.7.1, a deeper
understanding of the froth stabilization mechanisms of PS-mixtures was
needed. Thus, the focus was shifted towards more ideal systems, i.e. by studying
flotation performance using model ores. Two parallel experimental Campaigns
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were performed, the first one with a chalcopyrite (CuFeS2) containing model ore
and the second with a sphalerite [(Zn,Fe)S] containing model ore. The goal of
these two Campaigns was to identify specific strengths and limits of the
proposed formulations while simultaneously verifying their applicability in
selective flotation of with ores containing minerals other than chalcopyrite.
The first model ore consisted of a mixture of chalcopyrite (CuFeS2) and quartz
(SiO2). Chalcopyrite samples were ordered from Ward’s Science (Catalog No.
470025-376), originating from Durango, Mexico, with an approximate Cu grade
of 27.14 % according to ICP analyses conducted in-house. The gangue mineral
in the synthetic ore sample was quartz (SiO2) provided by Sibelco Nordic Oy Ab.
The declared nominal purity of the quartz was 99.2 % and the nominal particle
size was 0.1-0.6 mm.
The second model ore consisted of a mixture of sphalerite and quartz.
Sphalerite samples were ordered from Ward’s Science (Catalog No. 470025804), originating from Piedras Verdes, Chihuahua, Mexico, with an
approximate Zn grade of 54 % according to ICP analyses. The gangue mineral
in the synthetic ore sample was quartz (SiO2) provided by Sibelco Nordic Oy Ab
(same as above).
The chalcopyrite and sphalerite samples had to be crushed before dividing
them into representative samples of approximately 50 g and 90 g, respectively.
Consequently, the quartz was divided into representative samples of
approximately 550 g and 510 g. The head grade of these samples was 2.2 % on
average for Cu and 8.27 % for Zn as verified by ICP-analysis.
Due to the differences in the hardness of the minerals, the components of the
synthetic ore were ground separately. The pure chalcopyrite and sphalerite
samples were ground in the ring mill for 12 seconds and 25 seconds respectively.
Whereas the quartz was ground in the ball mill for 45 minutes and 50 minutes
(see Section 3.2.6). The target particle size of the Cu model ore was d80 = 100
μm and d80 = 90μm for the Zn model ore.
The conditioning procedure for Cu model ore was conducted without the
additions of depressant or activator, while for the Zn model ore, the
conditioning phase was done exactly as in Section 3.2.7 with only activator
addition as the third step. The froth fractions were collected up to 20 minutes
for Cu model ore and up to 14 minutes for Zn model ore.
The three frother systems evaluated with the Cu model ore were i) pure
NF240, ii) pure HPMC10k and iii) their PS-mixture (Mix10k formulations 1:1
ratio) at a total concentration of 32 ppm (Table 12). For the Zn model ore, the
different frother systems studied were 1) DF200, 2) HPMC 10k, 3) HPMC 22k,
4) Mix 10k, (DF200 + HPMC 10k as a 1:1 mixture) 5) Mix 22k, (DF200 + HPMC
22k as a 1:1 mixture) at a total frother concentration of 30 ppm (Table 13). The
frother concentrations for each ore type were chosen so that the CCC of each
commercial frother is exceeded (Jávor, 2014), while attempting to avoid
excessive concentarions, which can be detrimental for flotation performance.
The experimental conditions for the two synthetic ores are presented in Tables
11 and 12. The factor 1 values for collector concentration and pH represent those
typically used in industrial applications, while the factor 2 values were chosen
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to demonstrate operating conditions considered detrimental for froth stability
and flotation performance according to previous studies. Indeed, pH 12 for
chalcopyrite and pH 11.1 for sphalerite flotation are commonly used in their
respective industrial flotation processes (Bulatovic, 2007). Whereas, species of
reduced hydrophobicity are reportedly forming at the varied pH levels; iron
hydroxide formation on the surface of chalcopyrite at pH < 6 (Bulatovic, 2007)
and colloidal cupric hydroxide formation on copper activated sphalerite at high
pH levels (Chandra and Gerson, 2009).
Table 12. Factorial Design of synthetic Cu ore experiments
Factor

Factor value 1

Collector (g/t)

30

Factor value 2
5

pH

12

5.5

Frother formulations studied in each condition
NF240 = 32 ppm
HPMC10k = 32ppm
Mix10k-N16-H16
Table 13. Experimental set up of the flotation experiments conducted with synthetic Zn ore
Factor

Factor value 1

Collector (g/t)

80

20

pH

11.1

12.3

CuSO4 (g/t)

Factor value 2

1565
Frother formulations studied in each condition
DF200 = 30 ppm
HPMC10k = 30ppm
HPMC22k = 30ppm
Mix10k-D15-H15
Mix22k-D15-H15

Furthermore, the reproducibility of these Campaigns was evaluated by running
separate sets of additional experiments for both synthetic ores (samples Cu1Cu8 for synthetic Cu ore and samples Zn1-Zn6 for synthetic Zn ore) in
conditions according to Tables 14 and 15. The experimental error was evaluated
in terms of standard error of the mean (σx) and 95 % confidence interval (CI).
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Table 14. Conditions of repeated experiments for synthetic Cu ore
Sample
Cu1-Cu8

Frother
Mix10k-N16-H16

Collector concentration (g/t)
20 g/t

pH
10

Table 15. Conditions of repeated experiments for synthetic Zn ore
Sample

Frother

Collector concentration (g/t)

pH

Zn1

DF200

80

12.3

Zn2

DF200

80

12.3

Zn3

DF200

80

12.3

Zn4

DF200

80

12.3

Zn5

DF200

20

12.3

Zn6

Mix22k-D15-H15

20

12.3

Cu model ore results are presented in Publication V and Zn model ore results
are presented in Publication III.
3.2.7.3 Campaign 3 - Flotation of Cu tailings
The final flotation campaign was conducted on low grade Cu-containing
tailings. The goal of this campaign was to evaluate the applicability of the
proposed frother formulations with a feed material that is known to be
exceptionally difficult to process effectively.
A sample of real tailings was obtained from First Quantum Minerals Ltd.’s
Pyhäsalmi mine located in Central Finland. The sample was obtained in the
form of a wet cake with moisture content determined experimentally to be 2.8
% and did not undergo any further processing before the flotation experiments.
To properly assess the flotation behavior of this Campaign, it is important to
mention that the tailings produced by the Pyhäsalmi concentrator are the result
of the sequential flotation of chalcopyrite, sphalerite and pyrite. Therefore, the
tailings have undergone conditioning for pyrite flotation as the last flotation
stage before reaching the tailings pond. In previous studies, the main
components of the tailings have been reported as pyrite (FeS2), Barite (BaSO4),
plagioclase [(Na,Ca)Al(Al,Si)Si2O8], quartz (SiO2), hornblende [(Ca,Na)23(Mg,Fe,Al)5(Al,Si)8O22(OH,F)2] as well as residual sphalerite [(Zn,Fe)S] and
chalcopyrite (CuFeS2) (Nuorivaara et al., 2019).
An initial XRF analysis of the tailings showed a negligible amount of Ba (< 0.5
%), high concentration of Fe (> 30 %) and intermediate amounts of Ca (ca. 6 %).
According to ICP analysis, the average Fe content was 36.7 % and the Cu content
was 0.10 %. The samples were divided into representative samples of 600 g.
Because the extent of the remnant hydrophobicity of the tailings was unknown
and their particle sizes were within ranges acceptable for flotation, it was
decided to run flotation tests first in the presence of untreated tailings, followed
by a set of experiments where a short (i.e., 7.5 minute) regrinding procedure in
the ball mill, which was applied with the goal of liberating or reactivating
chalcopyrite surfaces, rather than to further decrease particle sizes. The particle
size distributions of unground and reground tailings samples are presented in
31

Materials and methods

Figure 7. The conditioning step of the tailings included an extended initial
wetting period of 10 minutes, since a more intensive initial stirring improved
the flotation performance in the presence of tailings in a recent study
(Nuorivaara et al., 2019). Furthermore, the only flotation reagent type used in
this set of experiments was the frother.
The conditions studied in the presence of tailings are presented in Table 16.
While tailings have a reputation of being notoriously difficult to float efficiently,
the aim of this Campaign was to study the possibility of recovering Cu from
tailings with as little modification to the chemical conditions as possible. Along
with the omission of xanthates, it was decided to silghtly increase the frother
concentrations compared to previous Campaigns in an effort to aid in
maintaining a propert froth phase during flotation. Consequently, the altered
pH level was chosen to represent slightly less extreme conditions. As seen, the
tailings flotation campaign consisted of experiments exploring the flotation
performance with the three frother systems for untreated and re-ground
tailings.
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Figure 7. Cumulative particle size distribution for as is and reground tailings samples
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Table 16. Experimental design of the flotation tests conducted with Cu-bearing tailings (NF:

NF240, HP: HPMC 22k, Mix: PS-mixture 22k, AI: as-is, i.e., not re-ground, RG: re-ground, F:
frother only, 5: pH 5.5, 10: pH 10)
Experiment

Chemicals

pH

Re-grinding

NF-AI-F-5

NF240 48ppm

5.5

No

HP-AI-F-5

HPMC22k 48ppm

5.5

No

Mix-AI-F-5

Mix22k-N32-H16

5.5

No

NF-AI-F-10

NF240 48ppm

10

No

HP-AI-F-10

HPMC22k 48ppm

10

No

Mix-AI-F-10

Mix22k-N32-H16

10

No

NF-RG-F-5

NF240 48ppm

5.5

Yes

HP-RG-F-5

HPMC22k 48ppm

5.5

Yes

Mix-RG-F-5

Mix22k-N32-H16

5.5

Yes

NF-RG-F-10

NF240 48ppm

10

Yes

HP-RG-F-10

HPMC22k 48ppm

10

Yes

Mix-RG-F-10

Mix22k-N32-H16

10

Yes

Cu tailings results are presented in Publication V.
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4. Main results and discussion

The main results of this research project are summarized in this section. First,
the fundamental interfacial properties of aqueous systems in the presence of the
studied frothers are presented. This is followed by the froth flotation
experiments of various mineral species. As will be presented, there appears to
be a correlation between the observed interfacial behavior of the experimental
frothers and their flotation behavior.

4.1

Preliminary interfacial characterization

The first experiments in this project were conducted with an aim to determine
a suitable measurement protocol for characterizing the interfacial properties of
commercial frothers, HPMC and their PS-mixtures. As mentioned in the
Introduction, apart from studies directly connected to this research project
(Nuorivaara and Serna, 2016; Rinne, 2018; Lamberti, 2019; Nuorivaara and
Serna, 2020a; Nuorivaara and Serna, 2020b; Nuorivaara and Serna, 2020c) no
prior work has studied the interfacial properties of surface-active polymers with
methods utilized in frother studies. Thus, the findings of Publication I could
be regarded as identifying a reliable method for measuring and interpreting the
results of surface-active polymers at the air-liquid interface. These findings were
later applied in the thorough interfacial characterization of the studied species
(presented from Sections 4.2. to 4.5).
The results obtained in Publication I showed the first indications of the
unique behavior of HPMC as foam stabilization reagent. Therefore, the results
of this first study can be considered as the source of the initial incentive to
further study the applicability of HPMC as a flotation frother.

4.2

Dynamic adsorption properties

While it is known that HPMC can significantly affect the surface tension of the
air-liquid interface (Camino et al., 2009; Paraskevopoulu and Kiossegoulu,
2013), most of the data available in the literature present values of surface
tension at thermodynamic equilibrium (Nahringbauer, 1995; Pérez et al., 2008;
Caimno et al., 2009). Furthermore, as discussed in the Introduction section,
the strength of surface activity in HPMC varies depending on the ratio of its
hydroxypropyl and methoxy groups along the cellulose backbone. Considering
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that the nature of flotation is highly dynamic and bubble lifetimes in a flotation
cell are typically within the range of a few minutes (Diaz and Yianatos, 2010), it
was necessary to study the surface tension of HPMC and its PS-mixtures with
short bubble lifetimes as provided by the BPA. This approach was used as the
first step in characterizing the influence of new frother formulations on surface
tension in comparison with commercial frothers. The behavior of the frothers
are first presented as aqueous mixtures of a single surfactant species.
Afterwards, the properties of their mixtures were compared with those of the
single frother systems. The results presented in this section are mean values of
all experiments performed in each of the conditions.
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Figure 8. Evolution of γ in the presence of pure reagents (note the change in the scale of y-axis)
(Nuorivaara and Serna, 2020b)

The results presented in Figure 8 showcase the differences between the interfacial behavior of small surfactant molecules and surface-active polymers. NF240
adsorbs rapidly on the interface, resulting in significant reductions to γ at short
bubble lifetimes and low concentrations. However, in the presence of HPMC,
the results indicate the existence of an induction time before the polymer starts
to significantly affect γ.
As discussed in Section 2.2, the initial orientation of adsorbed polymers is
flat and it slowly changes towards a perpendicular arrangement. According to
previous studies (Nahringbauer, 1995; Pérez et al., 2006) this phenomenon is
dependent on both time and concentration. Such observations are corroborated
by the results presented in Figure 8, although the results also demonstrate an
additional affiliation to the size of the polymer. Indeed, when comparing the
results of HPMC10k and HPMC22k, a rapidly decaying γ with the former is
already observed at 32 ppm concentration. On the other hand, the first
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indications of γ reduction within 10 s are observed only at 48 ppm of HPMC22k.
Based on these observations it can be claimed that the uncoiling and
rearrangement of polymer segments occurs faster for shorter polymers, which
is observed as a shorter induction time for HPMC10k. The results presented
here thus demonstrate that the length of the induction time is also determined
by the polymer chain length. However, the size of the polymer is not expected
to alter the equilibrium surface tension, which has been connected to the
amount of polymer segments adsorbed at the interface and thus are
independent of polymer size (Nahringbauer, 1995).
When the interfacial behavior of single species systems is compared to their
PS-mixture counterparts (Figure 9), their behavior is not merely an average of
their pure components. Instead, they seem to mimic the most active component
of the mixture. For example, when observing Mix22k formulations, the mixtures
always achieved lower γ values compared to pure NF240 during the first few
seconds. This effect was most evident in the HPMC-rich mixture in 48 ppm total
concentration (Mix22-N16-H32, Figure 9-C). After the initial adsorption, their
γ values approach those of pure NF240 towards the end of each experiment.
These results indicate that the presence of the studied PS-mixtures leads to i)
accelerated adsorption of surface-active species and ii) comparable surfaceactivity of the adsorbed species to NF240 at bubble lifetimes of approximately
10 s.
In Mix10k formulations the initial adsorption behavior is similar to Mix22k
formulations. However, at bubble lifetimes exceeding the induction time of
HPMC10k, a significant drop in γ is observed (Figure 9 D & E), thus achieving γ
values significantly smaller compared to pure NF240. Similar to pure
HPMC10k, the decrease of γ is accelerated by increasing the total concentration
of Mix10k formulations.
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Figure 9. DST comparison of PS-mixes and pure components at total concentrations of 16, 32
and 48 ppm. Mix22k formulations are presented in the left column and Mix10k formulations are
presented in the right column (Nuorivaara and Serna, 2020b)

Evidently, the rate of γ change and its final value depend on the total
concentration of the applied frother formulation and the ratio between the
polymer and the surfactant (when using PS-mixtures). Nonetheless, there are
clear indications of synergistic acceleration in γ dynamics observed in the
presence of PS-mixtures. According to Bain et al. (2010), the decreased γ values
can be regarded as concrete evidence of synergistic PS-complexation at the
interface. As discussed above, such interactions were observed already in the
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initial stages (t < 0.85 s) of adsorption in the presence of both PS-mixtures.
Similar observations have been made by scholars studying various PS-mixtures
(Noskov et al., 2007; Petkova et al., 2012; Slastanova et al., 2020), but the
results presented here represent the first such observations with a nonionic
polymer and a nonionic surfactant pair (to the best knowledge of the author).
In summary:
I.
There is an induction time for HPMC, after which the γ starts rapidly
decreasing.
II.
The induction time of HPMC is dependent on time, concentration
and molecular weight.
III.
At similar total concentrations, the presence of PS-mixtures
accelerated the reductions of γ during the initial adsorption
compared to the pure reagents.
IV.
After the initial adsorption, the behavior of the PS-mixed layer
mimicked that of the more surface-active component at each
concentration.
V.
At 10 s bubble lifetime, the surface-activity of PS-mixed layers are
comparable to those of NF240 and thus can be regarded as a suitable
frother formulation.

4.3

Diffusion rate

The diffusion rates of the studied chemicals were calculated as described in
Section 3.2.2 in order to further understand the adsorption behavior of these
new PS-mixtures. Figure 10 presents the diffusion results of all measured
Mix22k formulations. The reported natural tendency of decreasing diffusion
rates with increasing total concentration (Eastoe and Dalton, 2000; Guzmán et
al., 2016) is also observed in Figure 10. However, there is an apparent difference
in the behavior of pure surfactant systems compared to their PS-mixtures. PSmixtures with small amounts of HPMC have similar rates of diffusion as pure
NF240, yet when the ratio of HPMC is increased, the resulting diffusion rate is
accelerated compared to their pure component counterparts. Furthermore, the
decrease in diffusion rate is smaller when the total concentration is increased
purely by adding more HPMC into the mixture. Such phenomenon is indicative
of a highly influential role of the HPMC22k molecule on the adsorption kinetics
of this particular PS-mixture. This is further corroborated when observing the
results obtained in mixtures with less than 50 % HPMC22k, where the diffusion
rates match closely to those of pure NF240, thus indicating the dominance of
the surfactant fraction. These results show clear evidence of the importance of
the polymeric component in the observed acceleration of the diffusion rate.
Considering that pure HPMC does not present faster diffusion properties
compared to NF240, the acceleration of diffusion rates represents concrete
evidence of synergistic effects between the components in the PS-mixtures. A
reasonable explanation to this was found to the work of Babak et al. (2007).
Accordingly, the interaction of the surfactant towards the polymer can
effectively resemble an additional active group, thus working as a driving force
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towards faster adsorption kinetics and diffusion rates of the polymeric
component of the mixture.
In summary:
I.
Mixtures with ≥ 50 % HPMC demonstrated faster diffusion rates
compared to their pure reagent counterparts.
II.
The results indicate that the presence of HPMC is highly influential
in increasing diffusion rate.
III.
This observed acceleration is the very first concrete evidence of
synergistic adsorption of the components in this specific PS-mixture
(according to the best knowledge of the author).
IV.
Based on the results presented in this section, PS-mixtures with ≥ 50
% HPMC seem more attractive formulations to be used in flotation.
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Figure 10. Diffusion rates of different concentrations of Mix22k with static NF240 concentration
and increasing HPMC concentration. The labels in the figure display the molar concentration ratio
of HPMC22k in the mixture, while the lines serve as a visual guide that helps following a single
static NF240 concentration (Nuorivaara and Serna, 2020b)

4.4

Bubble size

After identifying the synergistic adsorption tendencies of the proposed frother
formulations, their bubble size reducing properties were studied in terms of D32
and bubble size distribution. D32 results of the pure component systems are
presented in Figure 11 and the results of their PS-mixtures are presented in
Figure 12. According to Figure 11, the bubble size reducing properties of NF240
and both studied HPMC molecules are comparable. However, when the
components are mixed together (Figure 12), a second synergistic phenomenon
is observed as the measured bubble size further decreases, compared to those of
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the pure component systems. Previous reports of frother mixtures have shown
a successful reduction in the CCC concentration, but the minimum bubble size
was unaffected regardless of the frother mixture used (Elmahdy and Finch,
2013). This further reduction in bubble size was the most substantial in
mixtures where its HPMC concentration was kept constant and the NF240
concentration was increased beyond its pure component CCC. These results
indicate that the synergistic interaction between components of the PS-mixtures
also assists in the formation of smaller bubbles compared to single surfactant
species.
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Figure 11. D32 as a function of total frother concentration and determined CCC95 values for pure
frother systems at pH 5.5 (Nuorivaara and Serna, 2020)
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Figure 12. D32 as a function of total frother concentration and determined CCC95 values for PSmixture systems at pH 5.5 (Nuorivaara and Serna, 2020b)

In order to fully understand the underlying reasons behind this behavior, it is
necessary to also investigate the bubble size distribution of the studied frother
formulations (Figure 13). The most peculiar observation from Figure 13 is the
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spontaneous formation of a bi-modal distribution in the presence of both
samples of pure HPMC molecules. It is known that pure water exhibits a bimodal bubble size distribution, which has been connected to different bubblebubble interactions (Quinn and Finch, 2012). According to the current frother
knowledge, the distribution always progresses towards a uni-modal distribution
when the frother concentration approaches its CCC, as is observed in the case of
pure NF240 (Finch et al., 2008; Jàvor, 2014). The fact that the amount of both
HPMC molecules used in the experiments of Figure 13 exceed their CCC-values,
proves that this macromolecular surfactant offers bubble stabilization
properties that have not been reported earlier in association with frother
studies. It is likely that one of such properties provided by HPMC is a superior
coalescence prevention compared to commercial frothers, reflected by the large
population of bubbles with diameters smaller than 0.5 mm which, in
combination with larger bubbles may be advantageous for flotation (Tao et al.,
2005).
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Figure 13. Bubble size distribution in the presence of pure water and different frother formulations
at pH 5.5 (Nuorivaara and Serna, 2020b)

Based on the results presented in Figures 11-13, a viable explanation for the
observed bubble size reduction is connected to a description of PS-mixed layers
by Petkova et al. (2012). They claimed that during film formation in PS-mixed
systems, the surfactant adsorbs fast and consequently decelerates the film
thinning during the initial stages of film formation. Thus, additional time for
polymer adsorption is provided before film rupture can occur. Considering that
an induction time was necessary in order for HPMC to start affecting the surface
tension of the interface (as presented in Section 4.2), it is likely that the
coalescence prevention properties provided by HPMC are also time dependent.
Therefore, bubbles that collide early will coalesce, while bubbles that collide
after a critical induction period already experience the steric protection of
HPMC. The combination of these events results in a bi-modal bubble size
distribution. Furthermore, when a frother is added to the system, it helps
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preventing coalescence during the above-discussed critical time, resulting in a
uni-modal distribution. Based on these results, the use of PS-mixtures offers the
possibility of further reducing bubble sizes beyond the smallest possible
diameter obtained with commercial frothers. Considering that the current
consensus among flotation scholars is that, within the typical range used in
flotation, the effective bubble size in the process should be as small as possible
(Bulatovic, 2007; Wills and Finch, 2015) before reaching a limiting size (ca. <
0.2 mm) where bubbles will not have sufficient buoyancy to float particles
efficiently (Farrokhpay et al., 2020). Thus, the results presented in this section
can be considered as the first concrete advantage provided by the PS-mixture.
In summary:
I.
The synergistic effects identified for PS-mixtures in surface
adsorption and diffusion rate studies manifested as further
decreased bubble sizes.
II.
The most significant reductions in bubble sizes were observed when
the HPMC concentration was kept constant and NF240
concentration was increased.
III.
The spontaneous formation of a bi-modal bubble size distribution in
the presence of pure HPMC was attributed to a strong steric
protection that was initiated only after an induction period, which
enabled bubble coalescence during short bubble lifetimes and
consequently prevented bubble coalescence at longer bubble
lifetimes.
IV.
In PS-mixtures the surfactant species adsorbed faster and inhibited
film thinning during short bubble lifetimes, as a concequence there
was less coalescence before the stronger coalescence prevention of
HPMC was enforced, resulting in a smaller overall bubble
population.
V.
Based on bubble size results, mixtures with 16 ppm HPMC and ≥ 16
ppm NF240 seem most compelling as these formulations
demonstrated steadily decreasing bubble sizes. Although, the final
decision on the total frother concentration depends on the ore and
associated froth properties.

4.5

Foam properties

The final bubble-related property studied in this thesis was foam depth and
stability, presented in Tables 17 and 18 respectively. According to the results
presented in Table 17, there is a clear difference between NF240, HPMC and
their PS-mixtures. The foam depth is almost negligible in the presence of NF240
and it collapsed immediately after the air flow was turned off. As discussed in
Section 2.1, it is generally accepted that sufficiently hydrophobic particles help
maintaining froth stability in three-phase flotation and evidently NF240 is a
frother that requires the presence of such particles in order to prevent froth
collapse (Tan et al., 2010).
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However, HPMC and its PS-mixtures were capable of building up a significant
amount of foam and maintain it for a measurable period of time. Additionally,
it seems that, in the presence of the PS-mixture, the amount of HPMC dictates
the degree of foam stability and especially foam depth. This can be noticed by
comparing the mixtures with constant HPMC concentration (Mix10kN8/16/32-H16 & Mix22k-N8/16/32-H16) with those increasing HPMC levels
(Mix10k-N16-H8/16/32 & Mix22k-N16-H8/16/32). In the experiments with
constant concentration of HPMC, the addition of NF240 had no influence on
the foam depth, whereas in those with constant NF240, the foam depth
increased as HPMC concentration was elevated. These results indicate that the
improved coalescence prevention provided by HPMC also results in a more
stable foam. As discussed in Section 2, froth instability has been a major issue
in many flotation processes, therefore a moderate improvement in foam
stability can be beneficial from a flotation point of view, while simultaneously
considering that excessive froth stability can be detrimental for the process
(Farrokhpay, 2011).
In summary:
I.
The foam depth and stability were neglectable in all concentrations
of pure NF240, while the presence of HPMC increased foam depth
and stability as its concentration increased. Additionally, these
effects were further enhanced when the larger HPMC22k polymer
was used in concentrations exceeding 16 ppm.
II.
In PS-mixtures the concentration of HPMC seemed to be the
defining factor for both foam depth and stability.
III.
The results indicate that PS-mixtures with high HPMC
concentrations (≥ 32 ppm) may attribute towards significantly stable
froths, which is considered detrimental for flotation.

Table 17. Foam depth (in mm) in the presence of frothing agents at pH 5.5 and pH 10 in paren-

theses when applicable (Nuorivaara and Serna, 2020b)
Total
concentration

Foam depth (mm)

Pure frothers

NF240

HPMC 10k

HPMC 22k

8 ppm

3 (2)

7

3 (14)

16 ppm

4 (2)

9

9 (21)

32 ppm

4 (1)

10

12 (30)

48 ppm

5 (1)

Mix10k

Mix10k-N16H8/16/32

Mix10kN8/16/32-H16

Mix22k

12
Mix22k-N16H8/16/32

17 (50)
Mix22kN8/16/32-H16

24 ppm

6

11

24 ppm

6 (11)

8 (19)

32 ppm

10

10

32 ppm

9 (18)

9 (18)

48 ppm

12

12

48 ppm

12 (43)

8 (19)
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Table 18. Foam stability in the presence of frothing agents at pH 5.5 and pH 10 in parentheses
when applicable (Nuorivaara and Serna, 2020b)
Total
concentration

Foam stability (s)

Pure frothers

NF240

HPMC 10k

8 ppm

0 (0)

5.6

0 (18.9)

16 ppm

0 (0)

8.3

10.7 (23.3)

32 ppm

0 (0)

12.3

24.9 (33.0)

48 ppm

0 (0)

16.6

Mix10k

4.6

HPMC 22k

24.7 (54.4)

Mix10k-N16H8/16/32

Mix10kN8/16/32-H16

Mix22k

Mix22k-N16H8/16/32

Mix22kN8/16/32-H16

24 ppm

9.6

10.6

24 ppm

15.5 (18.8)

14.8 (25.7)

32 ppm

14.2

14.2

32 ppm

19.2 (23.8)

19.2 (23.8)

48 ppm

15.3

19.6

48 ppm

26.6 (46.1)

20.1 (25.1)

DF200

In order to corroborate the initial hypothesis of DF200 demonstrating similar
properties as a component in PS-mixtures as NF240, a brief interfacial property
study was conducted.
The first studied property of DF200 and its PS-mixtures was their DST. The
results presented in Figure 14 show fast adsorption and an overall weak effect
on the surface tension provided by DF200. These observations are in line with
Jávor et al. (2010). The two PS-mixtures show a tendency that slightly varies
from what was observed in Section 4.2. Indeed, in the presence of the PSmixtures, the initial γ is much closer to that of UPW compared to results
presented in Figure 9. However, similarly to the NF240 mixtures, the γ values
approach that of pure DF200 towards the end of the experiments. While it is
difficult to evaluate the underlying reasons behind this slightly different
behavior during short bubble lifetimes based on measurements conducted in a
single concentration, it can be assumed that all studied PS-mixtures have
similar tendencies in terms of surface-activity at bubble lifetimes relevant for
flotation.
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Figure 14. DST results of DF200, Mix10k-D15-H15 and Mix22k-D15-H15

In addition to the DST measurements, the bubble and foam properties of DF200
and its PS-mixtures were studied. The measured D32 in the presence of each
frother formulation was in the same size range (Table 19). Furthermore, their
corresponding bubble size distributions demonstrated a narrow uni-modal
distribution (Figure 15). Considering that the concentration used in these
experiments was such that the CCC of DF200 was exceeded (Jávor, 2014) and
mixtures of NF240 and HPMC demonstrated small bubble sizes in similar
concentrations (Figure 12), the observed results seemed reasonable, while
further confirming the initial hypothesis.

Table 19. D32 of DF200, Mix10k-D15-H15 and Mix22k-D15-H15
Frother

D32

DF200

1.02 (0.05)

Mix10k-D15-H15

1.04 (0.08)

Mix22k-D15-H15

1.05 (0.04)
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Figure 15. Bubble size distributions of DF200, Mix10k-D15-H15 and Mix22k-D15-H15

The final aspect under inspection for DF200 and its PS-mixtures was the foam
depth and foam stability. In the presence of pure DF200 the foam formation
and stability were negligible similar to what was observed in the presence of
pure NF240 (Tables 17 and 18). Correspondingly, the foam depths measured for
these DF200 and HPMC mixtures (Table 20) were in line with results obtained
for NF240 mixtures, considering the elevated pH that was used here. Although
the foam stability that these mixtures demonstrated was slightly higher
compared to those of the NF240 mixtures, it is reasonable to consider the
behavior of the DF200 mixtures akin to NF240 mixtures.
In summary:
I.
Based on the results presented in this section, it is reasonable to
assume that the initial hypotothesis of NF240 mixtures having
similar properties as DF200 mixtures is acceptable within the
conditions studied in this thesis.

Table 20. Foam depth and foam stability of DF200, Mix10k-D15-H15 and Mix22k-D15-H15

4.7

Frother

Average foam depth (mm)

DF200

0

Foam stability (s)
0

Mix10k-D15-H15

23.5

40

Mix22k-D15-H15

19

35

Flotation results

After characterizing the relevant bubble properties of HPMC and its PSmixtures, it was necessary to determine their performance in actual froth
flotation experiments. These tests work as a proof of concept for the proposed
frother formulations both in terms of fundamental behavior analysis and
productivity performance. In other words, their goal is to show that the PSmixtures preferentially act on the air-liquid interface and that the identified
beneficial bubble properties are manifesting as concrete improvements in
flotation performance.
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4.7.1

Cu Ore

The first proof of concept for the proposed frother formulations was conducted
in the presence of a Cu-containing natural ore from First Quantum Minerals
Ltd.’s Pyhäsalmi mine in central Finland. The main source of Cu in this ore was
in the form of chalcopyrite. While there was also approximately 1.5 % of Zn in
the ore, mainly as sphalerite, the beneficiation was focused purely on
chalcopyrite in this part of the study. Because the natural ore used in this
Campaign was extremely high in pyrite (Fe > 30 %) and no cyanide was used in
the laboratory flotation studies, in all studied frother systems the results showed
relatively low Cu grades (< 5 %) compared to previous reports of 10-15 % with
the same ore and collector (Leppinen et al., 1997). Figures 16 and 17 illustrate
different performance parameters (Grade, Rec, SE & Mass pull) of Mix22k and
Mix10k formulations as a function of the HPMC proportion in the PS-mixture,
with pure NF240 on the left side and pure HPMC on the right side of the x-axis.
A multitude of preliminary experiments in varying conditions were conducted
in the presence of pure HPMC in an effort to determine which conditions would
be most favorable. These results are not a part of this thesis but are detailed in
the work of Rinne (2018). According to such work there was a critical minimum
concentration for pure HPMC (approximately 30ppm) under which froth formation was negligible. The proposed explanation for poor performance for both
pure HPMC species in Figures 16 and 17 was this inability to generate a stable
froth. The aforementioned work further explains that, when the concentration
of HPMC22k was increased to 40 ppm, the grade of Cu in product decreases
significantly indicating a loss of selectivity. In such conditions, only a relatively
good performance (SE ≈ 38 %) was obtained. While measurements with pure
HPMC were conducted for further characterization and comparison in the campaigns to follow, the results of this first flotation Campaign indicated that only
the PS-mixture formulations could compete with commercial frothers from a
performance point of view, as will be discussed next.
The most unexpected aspect in these results was that the performance of the
PS-mixtures was not an average result from between its pure component
counterparts. As seen in Figures 16 and 17, the recovery of Cu is significantly
higher in the presence of both PS-mixtures. Consequently, the grades obtained
with the mixtures were lower compared to pure NF240. However, the tradeoff
between grade and recovery is well known in the flotation industry (Wills and
Finch, 2015). The significantly higher recoveries with PS-mixtures also manifest
as higher SE values. When the polymeric component of the mixture was
substituted to the smaller polymer (HPMC10k), it only resulted in a slight
decline in recovery, while simultaneously significantly improving grade. This
resulted in improved SE levels compared to the Mix22k formulation. Another
interesting aspect from the Mix10k results was the slight differences in
performance between different HPMC ratios. Based on the results presented in
Figure 17, it seems possible to fine-tune the performance of the flotation process
by varying the HPMC ratio of the PS-mixture. The latter provides a possibility
for prioritizing recovery over grade or vice versa if significant variation in the
feed quality is observed. Additionally, slightly faster flotation kinetics were
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observed with most PS-mix formulations: Mix 1 = 0.00163; Mix 2 = 0.00143;
Mix 3 = 0.00120; Mix 4 = 0.00147 vs. NF = 0.00132.
In summary
I.
These results were the first proof of concept for this specific PSmixture being used as a frother to selectively separate chalcopyrite
from a natural ore.
II.
The PS-mixtures provided better recoveries and SE while flotation
kinetics were slightly faster compared to NF240.
III.
Mix22k formulation provided the highest recovery and Mix10k
formulations the best SE.
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Proportion of HPMC in the mixture
Figure 16. Comparison of the flotation performance at the end of Cu ore experiments between
NF240, HPMC22k and Mix22k-N16-H16 (Mix 1). (Nuorivaara and Serna, 2019)
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Figure 17. Comparison of the flotation performance at the end of Cu ore experiments between
NF240, HPMC10k, Mix10k-N10-H20 (Mix 3), Mix10k-N16-H16 (Mix 2) and Mix10k-N20-H10 (Mix
4). The hollow data points represent repetitions of Mix 2 and results for HPMC10k in conditions
close to what was used in this campaign, data reproduced from Rinne (2018). (Nuorivaara and
Serna, 2019)

4.7.2

Model ores

In an effort to explicitly identify the working principles behind the benefits and
limitations of the proposed frother formulations, the proof of concept conducted
with natural ore was followed by two model ore campaigns. The first model ore
comprised chalcopyrite (CuFeS2) as the valuable mineral and quartz (SiO2) as
the gangue mineral. The three different frother systems studied with this
material were NF240, HPMC10k and Mix10k formulations. The second model
ore consisted of sphalerite (Zn(Fe)S) and quartz (SiO 2), and was tested with five
frother formulations (DF200, HPMC10k, HPMC22k, Mix10k & Mix22k).
Both campaigns were evaluated in three different operating conditions that
represented at least: i) typical industrial practice (Figures 18 and 19), ii) changes
at pH (Figures 20 and 21); and finally, iii) reductions in collector concentration
(Figures 22 and 23). This approach allowed the decoupling of different
phenomena taking place when operational conditions were varied.
In experiments conducted under conditions comparable to industrial
practices, the performance of the commercial frothers (NF240 & DF200) and
their PS-mixtures was significantly better compared to pure HPMC
formulations. As seen, the results in Figures 18 and 19 confirmed that the
studied PS-mixtures are capable of selectively separating valuable sulfidic
minerals from non-sulfidic gangue (NSG) with grade and recovery levels
comparable with commercial frothers.
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Figure 18. Grade-recovery curves of synthetic Zn ore in industrial conditions (80 g/t collector and
pH 11.1), all data points follow the same tendency of time fractions as exemplified for HPMC 22k
(the dotted lines are visual references representing SE threshold values) (Nuorivaara and Serna,
2020a)
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Figure 19. Grade-recovery curve of synthetic Cu ore in industrial conditions (30 g/t collector and
pH 12), all data points follow the same tendency of time fractions as exemplified for NF240 (the
dotted lines are visual references representing SE threshold values) (Nuorivaara and Serna,
2020c)

When the pH was altered, a negative impact in grades and recoveries was
observed in the presence of the commercial frothers (Figures 20 and 21). The
critical role of pulp pH in terms of flotation performance is generally accepted
among flotation scholars. Depending on the ore composition, changes on pH
level can have positive (Farrokhpay and Zalin, 2012) or negative effects (Sheni
et al., 2018).
Based on a visual assessment in Zn experiments at elevated pH, the froth
produced by the commercial frother decayed into an extremely brittle state
which collapsed immediately and almost completely when the froth was
attempted to be scraped. A similar decline in performance was observed by
Goryachev et al. (2015), who reported a reduction in sphalerite recovery in the
presence of methyl isobutyl carbinol when pH was above 12. Indeed, sphalerite
is known to float poorly without copper activation at pH levels over 6.5-7 due to
its iso-electric point (Göktepe, 2002). However, according to Chandra and
Gerson (2009), precipitation of colloidal Cu(OH) 2 on sphalerite surfaces upon
copper activation occurs at high pH levels, which consequently reduces the
surface hydrophobicity of sphalerite. It is thus reasonable to assume that the
underlying reasons behind the loss of performance in the case of the commercial
frother is related to such reductions in surface hydrophobicity.
While the froth produced by the commercial frother was not as brittle in the
Cu flotation, the bursting of bubbles was significantly more frequent at lowered
pH levels. In this case, the decline in flotation performance was expected to be
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caused by the formation of iron hydroxide on the mineral surfaces at pH <6
(Bulatovic, 2007).
The observed sensitivity of commercial, polyglycol-based frothers to pH
changes can be understood for two main reasons: i) state-of-art frothers are
known to require sufficiently hydrophobic particles to form a stable froth (Tan
et al., 2010) and ii) polyglycol-based frothers are known to be sensitive towards
changes at pH even in two-phase foams (Sheni et al., 2018).
Ultimately, for both synthetic ores the decline in froth stability caused by
reduced surface hydrophobicity impaired flotation kinetics and overall recovery
in the presence of the commercial frothers. As a result, they presented the worst
overall flotation performance when pH levels deviated from those used ideally
in current industrial practice.
However, the performance of HPMC and its PS-mixtures remained largely
unchanged. Films stabilized by HPMC are known to possess relatively high
tolerance towards changes at pH (Coffey, 2006). This phenomenon seems to be
present also in flotation. Thus, it is reasonable to assume that the self-stabilizing
effects observed in Section 4.5 are responsible for the observed superior froth
stability, which consequently enables the flotation of less hydrophobic particles.
This manifests as a more robust flotation performance under varying pH levels
Based on the results presented in Figures 20 and 21, such robustness remains
when HPMC is a part of a PS-mixture.
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Figure 20. Grade-recovery curves of synthetic Zn ore in increased pH (80 g/t collector and pH
12.3), all data points follow the same tendency of time fractions as exemplified for DF200 (the
dotted lines are visual references representing SE threshold values) (Nuorivaara and Serna,
2020a)
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Figure 21. Grade-recovery curve of synthetic Cu ore in reduced pH (30 g/t collector and pH 5.5),
all data points follow the same tendency of time fractions as exemplified for Mix10k (the dotted
lines are visual references representing SE threshold values) (Nuorivaara and Serna, 2020c)

In the final experimental conditions, the collector dose was reduced
significantly (down to 5 g/t for Cu and 20 g/t for Zn) compared to its initial
concentration (Figures 22 and 23). As seen, with commercial frothers there
were only minor variations in performance with the synthetic Cu ore, while the
performance of the single component formulations declined significantly with
the Zn ore. Considering that collectors usually are solely responsible for
hydrophobizing the valuable minerals (Bultovic, 2007), a diminished
performance with lower concentration is expected, and similar results have
been reported by other scholars as well (Celic, 2015).
However, a similar decline in flotation performance was not observed in the
presence of the PS-mixtures. The results presented here further highlight the
observation from above, where the improved foam stability observed in
Section 4.5, is maintained in three-phase flotation, and consequently renders
the interfacial stability less reliant towards the hydrophobicity of the particles
in the froth, thus enabling the selective separation of less hydrophobic particles
compared to the commercial frothers. These findings seem feasible, since both
increased froth stability and small bubble sizes (Section 4.4) observed in the
presence of the PS-mixtures have been connected to improved flotation
performance (Wills and Finch, 2015). While this seems like suitable explanation
for the observed robust performance of HPMC and its PS-mixtures, it is still
unknown whether there is any interaction with particles. Although this aspect
was considered to be outside the scope of this thesis, it is something that needs
to be highlighted and confirmed in further characterization experiments.
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The results hereby presented demonstrate the potential of a new type of
frother formulation that provides a highly stable yet selective flotation
performance that is able to match commercial frothers in industrial conditions
and significantly outperform them throughout a wide variety of conditions.
Considering that the observations were much alike with both synthetic ores, the
results indicate that the performance of the studied PS-mixtures is not mineral
dependent with sulfide minerals.
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Figure 22. Grade-recovery curves of synthetic Zn ore in decreased collector concentration and
increased pH (20 g/t collector and pH 12.3), all data points follow the same tendency of time
fractions as exemplified for HPMC10k (the dotted lines are visual references representing SE
threshold values) (Nuorivaara and Serna, 2020a)
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Figure 23. Grade-recovery curve of synthetic Cu ore in reduced collector and pH (5 g/t collector
and pH 5.5), all data points follow the same tendency of time fractions as exemplified for NF240
(the dotted lines are visual references representing SE threshold values) (Nuorivaara and Serna,
2020c)

The degree of robustness provided by the PS-mixtures could be quantified by
creating separate PLS models for each frother system. The coefficient values
provided by the model represent the tolerance that each formulation has
towards variance in operational conditions. A smaller coefficient value is
indicative of higher tolerance towards changes, while a larger value suggests a
significant influence of operating parameters on the frother in question. The
results presented in Figures 24 and 25 further highlight the high tolerance of
HPMC, and especially its PS-mixtures, towards changes in operational
conditions. Indeed, the largest coefficient values for each model ore were
observed in the presence of the commercial frother.
Within the conditions studied, the biggest influence on flotation performance
when using commercial frothers occurred due to changes in pH in the Cu
measurements and in Zn measurements variance in collector concentration was
the most influential.
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Figure 24. Coefficient values of each frother system in terms of recovery, grade and maximum
SE in flotation of synthetic Zn ore (Nuorivaara and Serna, 2020a)
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Figure 25. Coefficient values of each frother system in terms of recovery, grade and maximum
SE in flotation of synthetic Cu ore (Nuorivaara and Serna, 2020c)
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The final performance factor evaluated was the flotation kinetics. In simple
terms, higher kinetics reflect better productivity and are thus preferred. The
results presented in Table 21 show superior kinetics in the presence of the PSmixtures in all measured conditions with both synthetic ores. The kinetics of the
commercial frothers slowed down in direct proportion to reductions in mineral
hydrophobicity as the conditions were varied. The kinetics of the PS-mixtures
maintained higher performance levels regardless of the changes in conditions.
This observed improvement is likely due to higher froth stability and reduced
bubble size provided by the PS-mixture (Farrokhpay et al., 2020), resulting in a
lower dependency on the presence of highly hydrophobic minerals (Ahmed and
Jameson, 1989; Tan et al., 2010; Wei et al., 2018).
A combination of such selective, robust and accelerated flotation performance
by modifying the chemical system of the process can significantly impact the
approach to industrial flotation practices in the future. While improved kinetics
can be translated to higher throughputs in existing industrial circuits, the use of
PS-mixtures can also initiate a new perspective on flotation by the means of
reducing cell sizes or by utilizing a completely new type of circuit design, cell
design or chemical system that is based on the unique properties provided by
this novel frother chemistry. Admittedly, all these aspects can only be realized
by further studying the peculiarities of the PS-mixtures.
Table 21. Values of first order kinetic constant in s -1 for experiments with model ores under various
operating conditions (Nuorivaara and Serna, 2020a; Nuorivaara and Serna, 2020c)
Kinetic constant in flotation of synthetic Zn ore
Frother

Industrial conditions
(80/11.1)

Increased pH (80/12.3)

Reduced collector (20/12.3)

DF200

0.0111

0.0137

0.0100

HPMC 22k

0.0067

0.0085

0.0056

HPMC 10k

0.0107

0.0098

0.0100

Mix 22k

0.0159

0.0204

0.0140

Mix 10k

0.0202

0.0186

0.0146

Kinetic constant in flotation of synthetic Cu ore
Frother

Industrial conditions
(30/12)

Lowered pH (30/5.5)

Reduced collector (5/5.5)

NF240

0.0264

0.0114

0.0123

HPMC10k

0.0254

0.0100

0.0136

Mix10k

0.0267

0.0127

0.0169

Finally, the reliability of these campaigns was evaluated by running repetitions
in selected experimental conditions (see Tables 14 and 15 for details). The
results of these measurements are presented in Tables 22 and 23. The flotation
experiments seem sufficiently reproducible with only minor CI values at a 95 %
confidence when observing experiments with a high amount of repetitions (>4).
A larger variance in 95 % CI is observed for synthetic Zn ore in both repetitions
with 20 g/t collector and pH 12.3 (factors 2 & 2). However, the CI determination
is based on the t-distribution and thus is highly dependent on the amount of
repetitions. For example, the t-value used with two observations is 12.71; with
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three observations 4.303 and with four observations 2.776. Thus, even minor
standard errors can result in a very high 95 % CI due to a limited amount of
repetitions. Nonetheless, the relatively small standard error values obtained
from only two experiments combined with the good reproducibility of
experiments with more repetitions imply that the other experiments would have
acceptable 95 % CI as well if more repetitions were made. Therefore, it can be
concluded that the flotation experiments presented in this section are within an
acceptable degree of confidence. Considering that the experimental
methodology used in all flotation experiments was similar throughout all
flotation Campaigns and that the other Campaigns were conducted in
conditions common for flotation, it is reasonable to assume that flotation results
in the other two Campaigns are also reliable.
In summary:
I.
The studied PS-mixtures were capable of matching commercial
frothers when floating model ores in industrial conditions.
II.
The performance of commercial frothers declined when pH levels
were altered, while HPMC and its PS-mixtures were maintaining
high performance levels.
III.
Reductions in collector concentration further reduced SE levels of
the commercial frothers while the PS-mixtures maintained their
performance.
IV.
PS-mixtures demonstrated equal or faster flotation kinetics
compared to the commercial frothers in all studied conditions.

Table 22. Results of reproducibility measurements for synthetic Cu ore
Sample

Final Mass Pull (%)

Final Grade (%)

Final Recovery (%)

Max SE (%)

k (s-1)

Cu1

15.08

14.00

98.72

90.33

0.0111

Cu2

14.17

14.86

99.12

92.92

0.0196

Cu3

11.86

17.66

99.14

94.07

0.0138

Cu4

11.47

18.33

99.04

93.66

0.0125

Cu5

14.25

15.74

98.96

91.90

0.0147

Cu6

14.21

15.28

99.48

92.52

0.0134

Cu7

13.67

15.61

98.43

91.33

0.0122

Cu8

14.56

14.47

98.17

90.11

0.0115

Statistic

Final Mass Pull (%)

Final Grade (%)

Final Recovery (%)

Max SE (%)

k (s-1)

Mean

13.66

15.74

98.88

92.11

0.0136

σx

0.49

0.57

0.16

0.55

0.0010

CI (95 %)

1.13

1.32

0.37

1.27

0.0024
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Table 23. Results of reproducibility measurements for synthetic Zn ore
Sample

Mass pull (%)

Recovery (%)

Grade (%)

Max SE (%)

k (s-1)

Increased pH (80/12.3)
Original DF200

14.04

76.54

47.81

71.90

0.0137

Zn1

14.17

72.25

47.71

67.50

0.0109

Zn2

14.59

78.06

44.62

72.48

0.0119

Zn3

15.82

80.37

43.93

74.10

0.0119

Zn4

15.21

76.39

45.44

70.72

0.0119

Statistic

Mass pull (%)

Recovery (%)

Grade (%)

Max SE (%)

k (s-1)

Mean

14.77

76.72

45.90

71.34

0.0121

σx

0.33

1.33

0.80

1.10

0.0005

95 % CI

±0.93

±3.69

±2.21

±3.07

±0.0013

Sample

Mass pull (%)

Recovery (%)

Grade (%)

Max SE (%)

k (s-1)

Original DF200

11.22

55.83

42.85

51.18

0.0100

Zn5

17.21

56.92

32.84

48.59

0.0106

Statistic

Mass pull (%)

Recovery (%)

Grade (%)

Max SE (%)

k (s-1)

Mean

14.21

56.38

37.85

49.89

0.0103

σx

3.00

0.55

5.01

1.29

0.0003

95 % CI

±38.09

±6.96

±63.64

±16.45

±0.0040

Sample

Mass pull (%)

Recovery (%)

Grade (%)

Max SE (%)

k (s-1)

Original Mix22k

29.78

96.03

28.75

87.42

0.0140

Zn6

23.88

98.87

35.16

90.19

0.0132

Statistic

Mass pull (%)

Recovery (%)

Grade (%)

Max SE (%)

k (s-1)

Mean

26.83

97.45

31.96

88.81

0.0136

σx

2.95

1.42

3.20

1.39

0.0004

95 % CI

±37.46

±18.05

±40.70

±17.62

±0.0049

Reduced collector (20/12.3)

Reduced collector (20/12.3)

4.7.3

Tailings

The final evaluation of the studied frother formulations was conducted with Cubearing tailings. Considering that the previous Campaigns showed promising
results in terms of floating minerals of low hydrophobicity, tailings seemed like
an adequate material to truly test the limits of these new formulations.
The first clear observation was the significant difference in the froth when
comparing its properties in the presence of different formulations. As seen in
Figure 26, the froth is shallow and bright in the presence of NF240, indicating
both minuscule amounts of particles present on the bubble interfaces and low
froth stability. These observations further highlight the reliance on hydrophobic
particles, that has been connected to oligomeric glycol frothers (Tan et al.,
2010). On the contrary, the presence of HPMC by itself or as a part of the PSmixture, demonstrated an entirely different behavior by generating a stable,
mineral rich froth.
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Figure 26. Images of flotation froths of the studied frother systems (NF-RG-F-10, HP-RG-F-10 &
Mix-RG-F-10 respectively) (Nuorivaara and Serna, 2020c)

The observed froth behavior was reflected as clear differences in the mass pull
of each formulation. The results presented in Table 24 show that HPMC
contributed to a larger mass pull of minerals compared to pure NF240 in all
conditions of this Campaign, while the use of mixtures resulted in an
intermediate mass pull from between the pure components. This behavior
suggests that HPMC is the main contribution to the increased mass pull in the
presence of the PS-mix. Considering that the tailings had been conditioned for
pyrite flotation before being directed to the tailings pond, a remanent degree of
hydrophobicity can be expected in them. These results are thus in line with the
observations from Section 4.7.2, where HPMC and its mixtures were capable
of separating minerals with lower levels of hydrophobicity. The differences in
mass pull are connected to the self-stabilizing properties of HPMC and its
mixtures, as was observed in Section 4.5. The faster flotation kinetics observed
in the presence of HPMC and its PS-mixtures (Table 24) can also be connected
to increased froth stability and the consequent increases in froth recovery
(Savassi et al., 1997).
Table 24. Cumulative mass pull and flotation kinetics of flotation experiments (NF: NF240, HP:

HPMC 22k, Mix: PS-mixture 22k, AI: as-is, i.e., not re-ground, RG: re-ground, F: frother only, 5:
pH 5.5, 10: pH 10) (Nuorivaara and Serna, 2020c)
Not ground

Final mass pull (%)

k (s-1)

NF-AI-F-5

0.27

0

HP-AI-F-5

38.35

0.0096
0.0015

Mix-AI-F-5

27.29

NF-AI-F-10

0.45

0

HP-AI-F-10

27.52

0.0051

4.94

0.0013

Mix-AI-F-10

Re-ground
NF-RG-F-5

2.41

0.0012

HP-RG-F-5

10.14

0.0079

Mix-RG-F-5

4.50

0.0021

NF-RG-F-10

3.69

0.0017

HP-RG-F-10

14.34

0.0100

Mix-RG-F-10

6.24

0.0031
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One of the most important aspects of frothers is to provide conditions that favor
true flotation, i.e. the froth should be selective, and the effect of entrainment
should be minimized. Although thorough entrainment studies were outside the
scope of this thesis, it was deemed necessary to briefly assess the degree of
entrainment in the presence of the studied frother formulations. While the
results of Section 4.7.2 demonstrated that HPMC and its PS-mixtures are
capable of selective flotation, the results of Table 24 could suggest significant
entrainment levels. However, upon a deeper examination, these observations
are in contradiction with classical entrainment. For example, there was a larger
mass pull in the experiments without regrinding.
Nevertheless, it was of interest to assess the degree of entrainment under the
use of HPMC and PS-mixtures. One of the most common ways of assessing the
degree of entrainment is to compare water recoveries with gangue recoveries.
In this thesis, it was decided to use pure quartz as a proxy for entrainment, since
it is known to be a highly hydrophilic mineral and it has a tendency of remaining
in the water due to its repulsive van der Waals forces (Gilles et al., 2005). Thus,
all quartz recovery can be assumed to occur via entrainment. This is further
corroborated by the results presented in Figure 27, as the relationship between
quartz recovery and water recovery is linear (Neethling and Cilliers, 2002; Yang
et al., 2019). However, the amount of quartz recovered purely by entrainment is
significantly smaller compared to the mass pulls in Table 24, implying that
tailings flotation is not solely the result of entrainment.
8%

Particle recovery by entrainment (%)

7%
y = 0,04379 + 0,05695x
R2 = 1

6%
5%

y = 0,00832 + 0,11196x
R2 = 0,99428

4%

y = -0,01874 + 0,1551x

3%

R2 = 0,97937

NF240
HPMC 22k
PS-mix 22k
Lin. NF240
Lin. HPMC22k
Lin. PS-mix22k

2%
1%
0%
0%

10%

20%

30%

40%

50%

60%

Cumulative water recovery (%)
Figure 27. Degree of entrainment in quartz flotation experiments (Nuorivaara and Serna, 2020c)
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This claim is further verified when inspecting the XRF measurements of
experiments conducted in RG-10-F conditions. The results in Table 25 show a
steady grade of Fe and Ca with NF240, which is indicative of an unselective
recovery of both sulfidic and non-sulfidic species. However, in the presence of
HPMC or its PS-mixture, the grade of Fe is high in the early froth fractions and
decreases with longer flotation time, while the behavior of Ca was the exact
opposite. This behavior represents a selective separation of Fe-containing
minerals that cannot be a result of entrainment only.
Table 25. XRF-results of entrainment experiments (Nuorivaara and Serna, 2020c)
NF240

HPMC 22k

PS-mix 22k

Flotation time

Fe

Ca

Fe

Ca

Fe

Ca

0-3 min

30.99

2.23

33.77

0.36

34.02

0.30

3-6 min

29.31

3.19

32.28

1.60

33.33

1.08

6-10 min

30.41

3.05

-

-

32.21

2.11

10-14 min

30.09

3.20

-

-

32.49

2.40

14-20 min

30.57

2.92

-

-

32.04

2.90

20-30 min

30.49

3.07

-

-

29.68

3.57

Tailings

33.21

0.57

31.84

0.75

31.70

0.66

Although entrainment is not investigated in more detail, the presented results
imply that the high levels of mass pull obtained in the presence of HPMC and
the PS-mixture were due to true flotation, which was facilitated by the bubble
properties and froth stability provided by HPMC. This seems viable since
reportedly some frother mixtures have been able to reduce the degree of
entrainment while increasing froth stability (McFadzean et al., 2016).
Admittedly, it is important to note that this inspection regarding entrainment is
not comprehensive enough to claim conclusive results about the degree of
entrainment in all operating conditions with the studied frothers.
When the experiments are observed from the grade and recovery point of
view, the results in Figure 28 demonstrate the superior performance of the PSmixtures that was based on a combination of higher recovery and acceptable
grade. Thus, the PS-mixtures present the capability of outperforming
commercial frothers even with a material that is known to be notoriously
difficult to float.
The robustness of PS-mixtures observed in previous sections seems to be
present also in flotation of tailings. Considering that the maximum grade
obtained in the presence of the PS-mixture was 0.7, it would be possible to
redirect a product of this quality into a scavenging bank in order to recover as
much Cu as possible.
In summary:
I.
The observed mass pull was significantly higher in the presence of
HPMC and its PS-mixtures compared to pure NF240.
II.
Based on a brief entrainment assessment, the observed high mass
pull was not solely due to entrainment and thus a significant degree
of true flotation occurred.
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III.

Higher recoveries and faster flotation kinetics in the presence of
HPMC and its PS-mixtures were connected to self-stabilizing
properties identified in two-phase studies.

SE = 20 % SE = 24 %

SE = 10 %

1,0%
0,9%
0,8%

Cu Grade

0,7%
0,6%

6

0,5%

3

0,4%

10 14

2030

NF-RG-F-5
HP-RG-F-5
Mix-RG-F-5
NF-RG-F-10
HP-RG-F-10
Mix-RG-F-10

0,3%
0,2%
0,1%
0,0%
0%
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10%

15%

20%

25%

30%

35%

40%

Cu Recovery
Figure 28. Cu grade-recovery curves and Separation Efficiency (SE) for flotation with re-ground
samples using NF240 (NF-RG-F-5, NF-RG-F-10), HPMC (HP-RG-F-5, HP-RG-F-10) and HPMCNF240 mixture (Mix-RG-F-5, Mix-RG-F-10) at pH = 5.5 (hollow) and pH = 10 (full). All data points
follow the same tendency of time fractions as exemplified for Mix-RG-F-10 (the dotted lines are
visual references representing SE threshold values) (Nuorivaara and Serna, 2020c)
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5. Conclusions

This thesis represents the first ever thorough compilation of a research project
studying the use of polymer-surfactant mixtures as flotation frothers. The thesis
comprises of various experimental campaigns that studied both interfacial
properties and flotation performance in the presence HPMC and its PSmixtures using typical commercial frothers as benchmark. The results highlight
unique bubble formation and froth stabilization properties observed in the
presence of PS-mixtures.
In the detailed campaign studying interfacial properties, a synergistic
adsorption of the PS-mixture was observed during DST measurements, which
further decreased the initial γ compared to its corresponding pure components.
The faster initial adsorption of γ was identified to occur due to the synergistic
acceleration in diffusion of the PS-mixture in contrast to the single species
systems, a phenomenon that has not been reported before. It was further
noticed that the acceleration in diffusion rate was higher in PS-mixtures with a
higher proportion of HPMC.
A spontaneous creation of a bi-modal bubble size distribution was observed in
the presence of pure HPMC even in concentrations that exceeded its CCC. This
phenomenon was connected to the presence of an induction time in the dynamic
adsorption of HPMC and an increased coalescence prevention provided by
steric repulsion of the polymer. When mixed with NF240, the synergistic
adsorption manifested as a combination of smaller initial bubbles while
maintaining their size via steric hinderance provided by the polymeric species
of the mixture. The most efficient decrease in bubble sizes was observed when
the concentration of HPMC was kept constant and the amount of NF240 was
increased.
The presence of the PS-mixtures contributed towards better foamability and
foam stability compared to their commercial frother counterparts. The effect
was further promoted with an increasing concentration of HPMC in the
mixture. However, it is important to note that too stable froth is considered
detrimental for flotation and thus it is necessary to carefully choose a suitable
formulation for such PS-mixtures to enable effective and selective flotation.
The observed synergistic adsorption and its consequences on bubble
properties reflected clear improvements in laboratory bench-scale flotation
experiments within the conditions studied in thesis. Indeed, in all flotation
conditions, the PS-mixtures consistently outperformed the commercial frothers
used as benchmarks. The most evident advantages were identified as better
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recovery, higher maximum SE and faster flotation kinetics. Furthermore, within
the studied conditions, the PS-mixtures displayed a unique tolerance towards
changes in operational conditions that hindered the hydrophobicity of the
targeted minerals, thus demonstrating a remarkable robustness towards
significant changes in the operating conditions.
This special combination of properties could enable numerous benefits in
industrial flotation processes and because of that, the results presented in this
thesis have been used as the basis of a patent application (WO2019155116). The
laboratory-scale results presented hereby suggest the possibility to increase the
throughput of mineral concentrators by simply modifying the chemical system
utilized and without extensive additional capital expenses. Furthermore, the
capability of reducing xanthate consumption without major decline in flotation
performance could be a vital benefit for mines in the future, as environmental
permits are getting increasingly strict regarding hazardous chemicals. Finally,
the findings of this thesis indicate the possibility of utilizing novel circuit design,
cell design or operational conditions that have previously been regarded as
impractical due to froth instability (e.g., flotation of tailings), but that may
become a significant source of valuable materials in the not-so-distant future.
While it is reasonable to expect that the studied PS-mixtures can be applied
successfully in various conditions and with different types of ores, it is important to note that the presented results represent a limited set of operating
conditions. Thus, the proposed improvements in performance and robustness
can only be considered as indicative of the behavior of PS-mixtures for these
specific minerals and conditions. Consequently, performance in other systems
needs to be confirmed with further experiments before these properties can be
conclusively claimed as more universal traits of the PS-mixtures.
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6. Recommendations for future
investigations

While the results presented in this thesis show great potential for partly
substituting current frothers with sustainable polymers, there are two specific
aspects of research that the author would like to highlight as the most important
features to study in the future.
While the synergistic adsorption behavior of the studied PS-mixtures was
successfully identified, there are still various fundamental aspects that remain
unknown. First of all, only two different types of HPMC molecules were studied
in this thesis and, as discussed in the Introduction, it is possible to craft an
HPMC molecule with distinct properties in terms of MS, DS and DP. Therefore,
it is theoretically possible to tailor the structure of the applied polymer to
perfectly match flotation purposes. Such detailed fundamental study would be
of great interest. Furthermore, the results presented in this thesis cannot be
used to comment on the possible interaction between HPMC and mineral
surfaces, such as adsorption and the consequent changes in hydrophobicity. In
order to have a more comprehensive understanding of PS-mixtures interaction
with mineral surfaces, further characterization is necessary. One interesting
possibility could be contact angle measurements complimented with contact
timer analysis as presented by Hartmann and Serna (2020). According to
Schulze-Zachau and Braunschweig (2017), the ratio between the polymer and
the surfactant can have a significant impact on the surface properties provided
by the PS-mixture. Considering that the scope of this thesis only allowed the
study of a limited number of HPMC-to-surfactant ratios, a thorough
characterization over a wider range of PS-mixture compositions would be
beneficial. The importance of different unique PS-mixtures cannot be
overlooked either. It is possible that the mixtures studied in this thesis represent
only a small portion of possible PS-mixtures that can be applied successfully in
the flotation process.
In addition to the fundamental aspects highlighted above, the author proposes
further flotation studies to be conducted with the proposed frother formulations
presented in this thesis. Since there are only two different valuable minerals
targeted in this manuscript (chalcopyrite and sphalerite), experiments
conducted with different minerals are proposed as well. In particular, flotation
of oxide minerals species may be of interest, since the results of this thesis imply
that the proposed formulations perform well in flotation of sulfidic minerals.
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Finally, perhaps the most important feature to study, in terms of the
formulations presented in this thesis, is scale up experiments along with a
complete cost analysis of such campaign. It is generally accepted within the
industry that scaling up from laboratory scale into industrial scale is not a trivial
task and therefore the necessary steps towards this objective are highly
recommended by the author.
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