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Abstract: The paper discusses an idea of nanoparticles application to the flotation process. Due to the
growing awareness of the environmental impact of industry and legal restrictions, the directions of
research on new chemicals used in mineral processing, as well as in the other branches of industry are
changing. The flotation reagents of the future should be, or are expected to be, readily biodegradable,
but also their products should be harmless to the environment. A review of the works presented here
presents an overview of the state-of-the-art application of nanostructures from early reported
polystyrene nanoparticles to the most promising cellulose nanostructures which can be successfully
adapted to the desired amphiphilicity parameters through simple functionalization. Limitations on the
use of such nano-sized entities related to control aggregation in the flotation process and the ability to
adsorb at interphase boundaries are also presented. Overall, nanoparticles can become universal
flotation collectors and also an alternative to conventionally used hydrocarbon-based reagents.
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1. Introduction

Froth flotation is a separation process used in many various branches of industry. It has found its widest
application in the mineral processing sector (Fuerstenau et al., 2007). The most important phenomenon
to be discussed is that separation by flotation is the formation of a gas bubble-solid particle aggregate.
On the one hand, what is required to establish such an aggregate is to obtain a critical size of solid
particles. On the other, the wettability of the mineral particles surface must be appropriate for the
process to be selective, i.e. to separate the desired components of the ore from the gangue. Modification
of the wettability of particles is achieved through the use of various flotation agents - chemical reagents
which modify the physicochemical properties of the mineral surface, making them sufficiently
hydrophobic. These days, the main problem is that synthetic substances, which are derivatives of
hydrocarbons mainly obtained from crude oil, are used as flotation reagents. It makes their
biodegradation difficult, and their resources limited.

It is believed that in the field of flotation chemistry, the plateau of innovation has already been
achieved (Nagaraj and Farinato, 2016). This is probably due to the fact that the schemes used for several
decades to target process selectivity are well adapted for the industry. Widely used both synthetic
molecules and natural oils are characterised by good efficiency and low unit cost. This makes them
suitable for use; however, the growing pressure to balance the industry and reduce water consumption
has led to attempts to take a new insight into the development of modern flotation chemicals for over
ten years (Kyzas and Matis, 2019). Unfortunately, progressive ideas proposed by the world of science
do not go hand in hand with industrial applications. To implement a technology developed on
a laboratory-scale in an industrial application expensive and long-term research is necessary. The
implementation of new flotation reagents is also hardly facilitated by the fact that the description of the
physicochemistry of the flotation process has not yet been fully systematised and understood.
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2. General characteristics of nanomaterials used in the flotation process

Application of nanomaterials as flotation collectors is a relatively new approach according to data found
in the literature. The first reported data was published by Yang et al. in 2011, and gave rise to research
on an entirely new group of flotation reagents. This novel class of flotation reagents can be generally
classified according to the characteristics of their material, which can be called "the core", and to which
functional groups are attached as a result of chemical reactions. The aim of covering the surface of
nanostructure with functional groups is to give the nanoparticles their desired properties. Similarly, the
new class of collectors must possess the same specifications as currently used molecular collectors.
Examples of the most popular existing flotation collectors with functional groups that only interact with
particles with specific surface chemistry used for the separation of metal sulphides, are xanthogenate
(Ackerman et al., 1987) or mixtures of different surface-affinity collectors, e.g. xanthogenate and
phosphate (Dhar et al., 2019).

It is well known that an essential property of a flotation collector is the ability to adsorb selectively
on the surface of mineral particles which need to be collected in an ore concentrate instead of on the
gangue. Collector adsorption allows desired mineral particles to become more hydrophobic and easily
attach to the air bubble. Abarca et al. (2018) suggested three features of an excellent nanoparticle
collector related to its surface chemistry, which are as follows:

(1) the character of nanoparticle surface needs to be sufficiently hydrophobic to attach to air bubbles;

(2) the nanoparticles must not be aggregated under the flotation process;

(3) the selectivity should be satisfactory - the nanoparticles' adsorption must be directed towards the
separated mineral, and thus deposition on a gangue should not occur.

Due to the importance of the functionalisation of nanostructures using cationic or anionic groups,
and considering the nature of the core, it is quite challenging to meet all requirements. The
nanoparticles” charge and hydrophilic nature of the core may lead to aggregation which consequently
results in colloid sedimentation.

The above attributes can be achieved by modifying the surface of the cores. The functional
nanostructures presented in the literature have cores that can be categorised into the following
subgroups (Fig. 1):

e polystyrene nanoparticles,

¢ cellulose nanocrystals/nanofibers,

¢ inorganic nanoparticles.

Two of them, based on styrene and cellulose, are distinguished by their ability to easily modify
surface physicochemistry. Inorganic nanoparticles are usually not chemically functionalised due to their
structural nature. Although the functionalisation of inorganic nanostructures is a well-established
process (Sperling and Parak, 2010), it has not been applied in the context of flotation collector
development. Their use is mainly to stabilise the froth properly or to control bubble coalescence. In the
next paragraph, all the listed groups will be discussed extensively, starting from the synthesis or
preparation stage, to flotation studies involving metal ores. Their particular role in different stages of
the flotation process is also presented.

Core type of nanoparticle collector ‘
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Fig. 1. Different types of cores used to make flotation reagents

2.1. Polystyrene nanoparticles as collectors

The first report on the potential use of polystyrene nanoparticles as a flotation collector was published
by Yang et al. in 2011. The main idea of the proposed technology was to create hydrophobic nano-
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entities larger than typical flotation collectors, i.e. approx. 46-120 nm compared to ~1 nm, which can
adsorb on the hydrophilic glass bead surface and induce the flotation process. The polystyrene
fabrication process based on batch emulsion polymerisation resulted in two nanostructures stabilised
by cationic moieties attached to its surface: amidine - emulsifier-free method (Goodwin et al., 1979) and
quaternary ammonium - monomer-starved method (Sajjadi, 2006). The water wetting contact angle of
the obtained polystyrene nanoparticles, determined by sessile drop method, was 91 and 85 degrees
respectively. The Authors concluded from flotation experiments that for hydrophilic spherical glass
beads the process is sufficiently effective if the surface coverage by nanoparticles is less than 10%, and
that smaller sizes and greater hydrophobicity of nanoparticle flotation collector can increase the
efficiency of separation.

Further research on polystyrene nanoparticles concerned the influence of hydrophobicity (Yang et
al.,, 2011), diameter (Yang et al., 2012) and softness of nanoparticles on the recovery of glass beads. It was
found that flotation recovery was more significant if the hydrophobicity of the nanoparticles was bigger
(Yang and Pelton, 2011). The ability to modify surface wettability has been confirmed by a test of both
advancing and receding wetting contact angle measurements for different degree of glass beads surface
coverage and for a thin polymeric film immobilised on the glass surface. The most important result of
this work was to determine the minimum value of wetting contact angle for water, necessary to create
a three-phase contact achieved after successful bubble attachment to the solid-liquid interface (Kosior
et al.,, 2018) (Fig. 2B). The highest flotation recovery, assumed here as a measure of efficiency, was
achieved for the value of the water wetting contact angle between 51-85°. The measurements were taken
on a glass slide made of quartz with the same chemical composition as the hydrophilic glass beads used
in the flotation experiment. The surfaces were coated with the film, providing the same surface character
as that of nanoparticles that were employed for separation performance. These results refer to a surface
almost completely saturated with this collector. If the saturation was insufficient, the surface was too
hydrophilic, and there was no three-phase contact. In the case of glass slides covered with nanoparticles
and then dried, flotation was found to be most effective at the contact angle of 30-40°. Taking into
account the diameter of the nano-sized polystyrene collector in the range 46-2227 nm, the flotation
efficiency increases with a decreasing nanoparticle diameter (Yang et al.,, 2012). This relationship is
mainly explained by the fact that smaller particles can diffuse more rapidly to the interfacial boundary.
It was correlated with the statement that if the concentration is too low to cover the entire surface of the
glass, a certain mass of nanoparticles with a smaller diameter covers a larger area of the solid. These
nanoparticles have a larger specific surface area and therefore increase the hydrophobicity more
effectively. Comparing it to conventionally used flotation collectors, one can say that size limits the
diffusion rate and thus determines the kinetics of adsorption on the surface of glass spheres. The smaller
molecules/nanoparticles are, the faster the diffusion and adsorption occur.

The research discussed above was a milestone in the application of nanoparticles as flotation
collectors. However, it focused on the study of the phenomenon of creating three-phase aggregates,
where flotation recovery was considered as a measure of efficiency. It was realised by way of a study of
the flotation system with a mineral model conception-based solid. The use of glass balls with the same
surface physicochemistry did not allow to determine how selectively a particular nano-collector works.
It is known, though, that the most critical parameter that determines the efficiency of the flotation
process is the yield of the component that one wants to separate from the gangue rock.

An original technological solution was therefore to design and use appropriately functionalised
nanoparticles as collectors in a pentlandite flotation. Yang et al. (2013) proposed the incorporation of
amidine, vinyl imidazole and quarternary ammonium groups into polystyrene nanoparticles. Flotation
of ultramafic nickel ore was performed in the Denver flotation cell. The authors chose imidazole
substituents due to their affinity for complexation and protonation of Ni2* cation, which was reported
earlier (Lippert et al., 1985), and also as a chelating agent for sulphides, such as chalcopyrite, chalcocite,
covellite, bornite and pyrite (Ackerman et al., 1999). The results of flotation experiments have shown
that imidazole-functionalised styrene nanoparticles can be such of equal or even better effectiveness
compared to potassium amyl xanthate (PAX), which is widely used in the mineral industry to separate
pentlandite ores. Despite this better performance, the collector consumption was six times greater than
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PAX (13 mgg versus 2.5 mgg! for PAX). The authors suggested an application of such nano-collectors
may lie only in complex systems where conventional chemicals do not work at a satisfactory level.

Raw polystyrene nanoparticles were useful in the separation of coal from high ash coal fines (An et
al., 2015). In this case, it was possible to separate coal from ashes successfully, but the consumption of
nanoparticles was significant (of about 2.5 mgg?). There was also an observed weak colloidal stability
and a low ability for selective adsorption.

Anetal. (2019) proposed a method of synthesis and application of tetrahydrofurfuryl-functionalized
polystyrene nanoparticle in the flotation of low-rank coal. In comparison with commonly used oil
collectors, a collector based on functionalised polystyrene has increased the hydrophobicity of coal
surface. It was also found that the roughness of the surface increased in nanoscale. This has also been
confirmed by SEM microphotographs it. In this case, the collector-mineral selective adsorption
mechanism was explained based on specific interactions of tetrahydrofurfuryl groups with functional
groups containing an oxygen atom (especially hydroxyl one) located on the surface of low-rank coal.

Regarding the stability of colloids, in general, the most important factors are ionic strength and pH.
It is known that these parameters are easily controlled in model systems, and more challenging to
control in real systems, consisting of ores of different chemical composition. During the flotation process
under conditions determined by the presence of raw material (flotation feed), nanoparticles tend to
aggregate (Valle-Delgado et al., 2003). To solve this issue of control, there are two options to consider.
One of them is related to the proper functionalisation of surface groups so that particles do not aggregate
in a wide range of changes of the double electrical layer. Considering such a modification, it is important
to remember that possible attached surface-functional group cannot limit nano-collector interactions
with the mineral surface, and to keep in mind to decrease the hydrophobization potential of
nanostructures (Abarca et al., 2015). The other way may be to control the system parameters mentioned
above, such as pH and ionic strength. It should be noted that high ionic strength and high pH lead to
nanoparticles' aggregation. However, it should also be considered that any change of one parameter of
the system implies changes in its entire physicochemistry.
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Fig. 2. Schematic representation of A - criteria for effective polystyrene nanoparticle collectors applied to the
flotation process, B - three-phase flotation aggregate. Based on Robert H. Pelton conception (Abarca et al., 2015,
2018)

Because it would be very time consuming to develop anovel collector that would allow for an
effective flotation process, Abarca et al. (2015, 2018) has proposed a strategy called high throughput
screening. This strategy is aimed to eliminate the ideas for functional groups, which attached to
polystyrene nanoparticle would not work as an effective flotation collector. The technology is based on
the combinatorial synthesis of PEG-containing nanoparticles with modified surface properties. The
number of tested surface groups is impressive. The authors created a library consisting of 78
nanostructures with different surface character by click chemistry modification of polystyrene-azide
nanoparticles (Abarca et al., 2018). The evaluation of such massive amount of potential flotation
reagents was possible by correlating the water contact angle with the critical coagulation concentration
determined in the presence of sodium carbonate for obtained nanoparticles (Fig. 2A). The authors
believe that the confrontation of these two parameters in the initial stage of designing new collectors
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enables an estimation of their usefulness. Nanoparticles showing hydrophobicity above 40° were
considered useful for further evaluation in the flotation tests. However, it is suspected that the flotation
domain for nanoparticles should be above 70° to ensure sufficient hydrophobicity.

2.2. Functionalised nanocelluloses - novel and greener alternative for synthetic reagents

Reagents based on cellulose are considered environmentally friendly due to their easy biodegradability
and renewability. This non-branched biopolymer is the most common natural macromolecule of linear
topology. Due to the big specific surface area, these molecules can be covered by groups that can interact
with other entities (Suopéjarvi et al., 2015). Cationic and anionic groups can be distinguished among
them. Relatively simple synthesis routes make nanocelluloses promising candidates for selective
flotation reagents in order to facilitate a programmable functionalization. The literature on the
mechanisms of nanostructures adsorption at the interphase boundaries is continually growing;
however, the issues related to the application of nanocellulose in mineral processing require more
extensive studies. The properties of nanocelluloses that affect adsorption at the interphase include
charge, size and concentration, which can be controlled during the synthesis process. A more complex
molecular architecture characterizes such nanostructures compared to conventionally used reagents,
hence their influence on the flotation system is more difficult to describe.

The conclusions presented so far suggest that cellulose nanostructures with attached functional
groups can be effective flotation collectors. Table 1. summarises the methods of nano-fibrillated
celluloses (NFC) functionalisation and provides information about mineral particles used for flotation
process performance. The first application of NFC to the flotation process was reported by Laitinen et
al. in 2014. Separation of hematite and quartz in the presence of functionalised NFC was investigated.
Two different types of NFC were produced through sequential periodate-chlorite oxidation (Sirvio et
al., 2011; Liimatainen et al., 2012). The hydrophilic functionalisation was done by reaction with sodium
chlorite. The diameter of the final product - dicarboxylic acid nanocellulose - was 3-8 nm, with a length
from 100 nm to several micrometres. The amphiphilic structures were obtained by introduction of three
butylamine isomers (tert-, iso- and n-butylamine) to the cellulose backbone. In this case, the nanofibres
diameter was in the range of 3-6 nm, and the length ranged from 50 to 200 nm. These dimensions were
characterized by the analysis of images obtained through transmission electron microscopy.

Table 1. Data on flotation research using functionalised NFC

Mineral type Modification of celluloses References
. Chlorite oxidation
Hematite
o . . . Laitinen et al., 2014
Amination with tert-, iso-, n-butylamine
Quartz Amination with n-butylamine Hartmann et al., 2017
Aminati ith ) o o o 3
. mination with methyl-, ethyl. , n-propyl-, n-butyl-, n-hexyl Laitininen et al, 2016
Aluminum amine
oxide
t.
Qua.r z . . Krivoshapkina et al.,
Rutile Catalytic solvolysis
2019
Anatase
Quartz .. . .
5 Amination with butyl- and hexyl-amine Hartmann et al., 2018
Hematite
Chal it
2 copy.rl i Amination with butyl-amine Lopéz et al., 2019
Sphalerite

An interesting comparison made in this study was to confront NFC with commercial flotation
reagents typically used in such a system. Dicarboxylic acid NFC was a better depressant for hematite
(pH 6, 0.1% dosage) than starch. The mechanism of this phenomenon was linked to hydrophilization of
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hematite surface due to the presence of anionic functional groups in the NFC structure. Moreover, for
NEFCs treated with butylamine isomers, it was observed that they could act as hematite collectors at pH
above 8. This effect was most substantial for iso- and butyl-amine treated structures. Such results can
also be explained by modifying the character of the surface, in this case, its hydrophobization, and
changing surface potential. Good selectivity can be achieved in this system because, as was also
observed, at pH 6 amine-functionalised structures acted as a collector for quartz at a similar level as the
commonly used amine ether collector. Experiments conducted in the presence of different background
electrolytes (NaCl and MgSO,) resulted in finding optimum conditions for flotation with butyl-
aminated NFCs at pH 9. For hexyl-aminated NFC, the best flotation recovery was achieved in the
presence of magnesium sulphate as a background electrolyte at pH 7 (Hartmann et al., 2018).

One of the criteria that qualifies a substance as a good flotation collector is the ability to make the
mineral surface sufficiently hydrophobic. Fig. 3 shows the wetting angle values published in several
works.

For the system composed of aluminium oxide and quartz, successful flotation was performed at pH
7.5 with 0.05% dosage of n-pentyl- and n-hexyl- aminated NFC. In this case, nanocellulose works better
as a collector for quartz than for aluminium oxide (Laitinen et al., 2016). For an attempt at a sustainable
Panasqueria ore flotation, n-butyl-amine NFC was used (Lopéz et al., 2019). Application of
functionalised nanocelluloses resulted in better flotation efficiency and selectivity in the separation of
chalcopyrite occurring in this ore, than for originally used thiol collector. Moreover, the recovery of
undesirable ore components such as arsenopyrite and sphalerite was reduced up to the level of lesser
than 10%.
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Fig. 3. Comparison of wetting contact angle values for NFC with introduced amine derivatives (sessile drop
technique)

During the investigation of the surface modification ability of alkyl-aminated NFC, it was also
observed that longer chain induced hydrophobicity of solid on which it was adsorbed. Also, the
efficiency of quartz flotation is directly relevant to the hydrophobicity of generated nanostructures.
Based on wettability studies for pellets coated with alkyl-aminated NFC, it was believed that surface
free energy is lowering with increasing alkyl chain length (Hartmann et al., 2016), what could be
attributed to real systems where the particles are naturally rough. Hartmann's subsequent study
conducted using reverse gas chromatography demonstrated that each NFC modified by reductive
amination reduce sufficiently free surface energy, and no correlation to the length of the alkyl chain was
found (Hartmann et al., 2017). The study of interactions between quartz particles and gas bubbles in the
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presence of different NFC led to the conclusion that only hexyl-aminated NFC can sufficiently modify
quartz surface, leading to high flotation recoveries. The significant forming of a flotation aggregate is
related to the total physical adsorption phenomena in a flotation system that consists of functionalised
nano-cellulose, mineral particle and gas bubble, which interact electrostatically with each other
(Hartmann et al., 2018).

In the studies presented above, the size of the cellulose fibres was reduced from micrometric to
nanometric by high-pressure homogenisation. Another size reduction method applies only to chemical
processes. An example of cellulose nanostructures obtained by catalytic solvolysis carried out in the
mixture with acetic acid and octanol-1 (Torlopov et al., 2015) is presented in a paper of Krivoshapkina
et al. (2019). Cellulose nanoparticles were 20 nm diameter and 220 nm length. The idea of this froth
flotation conducted with these nanostructures was to separate titanium in its oxidised forms (rutile and
anatase) from silica. Flotation was successful in the pH range 2-3 due to the formation of oppositely
charged structures consisting of titanium oxide with adsorbed nanocellulose. It was also observed that
cellulose nanostructures did not interact with silica particles.

Nanocelluloses may also be applied in flocculation processes. The ability to aggregate particles into
larger units is particularly useful for the separation of fine particles. This feature can be useful in
wastewater treatment as well as in the recovery of low-grade ores, mostly when the particles must be
finely ground to liberate valuable components (Kemppainen et al., 2016). In this case, nano-fibrillated
cellulose was functionalised using sodium metabisulfite, giving anionic sulfonated cellulose and
anionic dicarboxylic acid cellulose obtained by chlorite oxidation. In a mixture of fine particles of quartz
and hematite, the hematite was capable of selective flocculation.

2.3. Inorganic nanoparticles as flotation enhancers

Foam stability is an important aspect of the final stage of the flotation process. Flotation aggregates
accumulate on top of the flotation tank and then are removed. After dewatering the froth, the process
is completed, and the concentrate is obtained. The presence of nanoparticles reduces foam formation
but increases foam stability. It enables a reduction of the consumption of frothers in the flotation
solution when the surfaces of nanostructures are ionic in nature (Arriaga et al., 2012). This phenomenon
has been explained both by studies on the kinetics of liquid film drainage (Legawiec and Polowczyk,
2020), and electrostatic interactions at interphase boundaries (Liu et al., 2013). In general, nanoparticles
retard foam ageing processes such as coalescence. Foam stability improvement can be seen in Fig. 4A.
After introducing 0.01% w/w of silica nanoparticles (SNPs) in a system with anionic (sodium
dodecylsulfate) or cationic (cetyltrimethylammonium bromide) surfactant the foam degradation was
slowed compared to the system consisting of a surfactant only. The measurements of transmittance
change with sample height in time (Fig. 4B) give exact results, helpful in determining the foam drainage
kinetics.

Inorganic nanoparticles are usually not used as collectors because they have a weak interaction with
the surface of the mineral (Hajati et al., 2016; Hajati et al., 2018) and consequently do not provide a
sufficient mineral particle hydrophobicity. The adsorption of inorganic nanoparticles (raw silicon
dioxide and both modified by sulfonation and PEG-ylation) was investigated in the systems of quartz
and calcite (Metin et al,, 2012). The authors concluded that in this case, adsorption of SNPs is
insignificant.

Nasirimoghaddam et al. (2019) found that ALOs, Fe;Os, SiO; and TiO; can promote column flotation
of copper ore as froth stabilisers. By using AlO3 nanoparticles (20 nm diameter), with a dosage of 6
mgg?, it is possible to achieve the best both recovery and grade. The recovery of precious metals by
flotation is another example of successful inorganic nanoparticles application. Mallampati et al. (2018)
used flotation for the recovery of metals such as Ag, Au, Pt, Pd, Rh, Ru, Ir, Cu and Al from milled
scrapped end-of-life vehicles. The separation process was realised in the presence of nano-Fe/Ca/CaO
mixture and MIBIC as a collector. In such a system, an exciting mechanism was identified. Precious
metal cations were bound selectively by the cementation process (see also Mallampati et al., 2016).
Cement-like shells gave a sufficient hydrophobicity and improved bubble attachment. Furthermore, as
a result, in this application, the presence of inorganic nanoparticles enhanced foam stability. According
to the authors, the process is economically beneficial and environmentally friendly.
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3. Conclusions and future perspectives

This review summarises and organises information about attempts to use nanoparticles as flotation
enhancers. The main conclusions are as follows:

It is possible to produce polystyrene nanoparticles with modified surface chemistry to obtain an
effective flotation collector, not only for model systems but also for metal ores. The real problem to
be confronted is the long-term research to find functional groups that can be attached to the
polystyrene core and which would give the nanostructures the properties characteristic for
a flotation collector. Another aspect is the impact of polystyrene on the environment and human
beings. For most synthetic organic nanostructures, the greatest danger is that they can accumulate
not only in surface and underground waters but also in living organisms.

Functionalised cellulose nanostructures can possess a tuneable hydrophobicity and adsorb at the
interphase boundaries. In the case of the functionalisation of cellulose by amine derivatives, it is
possible to obtain a reproducible hydrophobicity; therefore, it will be possible to precisely describe
the behaviour of these structures at the interphase depending on the parameters of the functional
groups attached.

Inorganic nanoparticles can also be used as flotation enhancers. The most significant benefit of their
use is to increase froth stability. It can contribute to a reduction of frother reagents consumption, and
it is another opportunity to control froth stability during the flotation process.

The main problem of replacing conventional molecular collectors with nanostructures is the
economics aspect. Research published so far shows that the dosage must be higher for
nanostructures than for conventional collectors.

The most promising property of collectors based on nanostructures is their relatively simple
functionalisation. By attaching various functional groups, it is possible to improve the selectivity of
the flotation process. This suggests it is necessary to continue research in order to find more
convenient and more effective methods of nano-collector functionalisation. Strategies already
known, such as high throughput screening, will be helpful for this purpose. Additionally, one of the
most exciting directions of research can be to try to reduce the levels of applied concentrations of e.g.
xanthogenates by using adequate mixtures containing nano-collectors and conventional flotation
reagents.
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