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Abstract

Froth flotation is an effective method for separating fine solid particles from aqueous solutions based on
surface properties. The most important phenomenon in this issue is the formation of solid-gas bubble
accumulation. Appropriate selection of operating conditions such as size, shape, charge and
hydrophobicity of nanoparticles, concentration, pH solution, flow rate and gas velocity, bubble size and
flotation reagents such as surfactants for hydrophobicizing particles is essential to increase absorption by
gas bubbles and collect them in the froth. In this article, an attempt has been made to examine the
potential and limitations of the process of flotation of nanoparticles and their separation from solutions, or
the use of nanoparticles as collectors, reinforcements and stabilizers of the froth, and the existing
challenges and solutions to overcome them should be explained. According to the progress made in the
field of equipment and reagents used, the flotation method could be a promising method to remove,
separate, recover and purify nanoparticles from the solution.
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1. Introduction

Froth flotation is one of the oldest processes of
mineral processing and particle separation and is
also used in non-mineral industries such as pulp
and paper processing, water and wastewater
treatment. The flotation method has been
considered as a reliable, economic method from
the beginning due to its simplicity, speed and low
operating cost. Flotation is a process that
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selectively separates materials and particles based
on their hydrophobicity or hydrophilicity. In this
method, the desired particles are physically
separated from the liquid phase due to the
difference in their ability to stick to air bubbles,
based on their hydrophobicity. Hydrophobic
particles are carried to the surface by air bubbles,
forming a foam that can be removed, while
hydrophilic particles remain in the liquid phase.
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Inorganic nanoparticles and organic nanoparticles
have wide applications due to their reactivity,
specific surface area, and tunable nature.
Therefore, their recovery, purification and
separation by an easy and low-cost method is
expected. At the same time, few studies have
been carried out to investigate the separation,
recovery and purification of nanoparticles using
the froth flotation method (Abdolkarimi-
Mahabadi and Manteghian, 2015a). In this article,
an attempt has been made to investigate the
potential and challenges of the flotation method
as a suitable method for the processing and
recovery of nanoparticles.

2. The mechanism of particle flotation

The flotation process key is the absorption of
particles by the bubble, which is the result of 1)
collision of particles with the bubble, 2)
attachment (sticking) of particles to the bubble,
and 3) stabilization of the particle-bubble
intraction. Three dominant mechanisms are
considered: interception, gravity (sedimentation)
and Brownian diffusion. The combination of
these three transfer mechanisms allows
determining the transition between Brownian
diffusion and hydrodynamic gravity collection
mechanisms.

3. The role of nanoparticles as a
flotation agent

The potential of using nanoparticles as reagents
(collector, enhancer and stabilizer of froth, etc.) in
flotation processes has increased significantly in
recent years. Nanoparticles have unique
properties such as high surface area, tunable
surface chemistry, and enhanced colloidal
stability, which can improve the flotation
performance of fine and ultrafine particles.
Attempts have been made to investigate
hydrophobic nanoparticles as a new class of
flotation aggregates that can be classified into
several subgroups: polystyrene nanoparticles,
cellulose nanocrystals/cellulose nanofibers, and
inorganic nanoparticles and styrene and cellulose.
Their ability to modify and the physicochemical
improvement of the surface are distinguished,
while inorganic nanoparticles are usually not
chemically functional due to their structural
nature.

There is also great potential to improve the
properties of silica nanoparticles by making
changes in the synthesis method. The
performance of nanoparticles can be improved
through properties such as shape, size and
structure to the expected properties of the final
product. Nanoparticles such as alumina, titanium
dioxide and iron oxide have been investigated as
foaming agents, and good results have been
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obtained. The combination of these nanoparticles
with nano-silica can potentially improve the grade
and recovery of minerals. It should be noted that
nanobubbles can be used in the flotation of
nanoparticles to expand the application of
flotation and the selectivity of nanoparticles
(Chen et al., 2019).

4. Separation of nanoparticles by
flotation method

Several studies have been conducted on the
separation of nanoparticles by flotation method
and with the help of nanobubbles or surfactants
(Hu et al., 2015, Oliveira et al., 2021, Zhang and
Guiraud, 2013, Zhang et al., 2017). Liu et al
showed that more than 99% of silica
nanoparticles can be removed from simulated
wastewater by flotation (Liu et al., 2013).

Since flotation is done for solutions, it is
possible to simultaneously use solution analysis
techniques such as spectrophotometry to measure
solution concentration and flotation efficiency
(Abdolkarimi-Mahabadi et al., 2021). In most of
the synthesis reactions of nanostructures in
chemical solutions, nanoparticles remain in stable
suspension and it is difficult to precipitate and
separate them. Therefore, in this case, using the
flotation method, separation or purification of
nanoparticles is facilitated.

In our previous study, for the separation and
quantitative dilution of solutions containing
graphene oxide nanoribbons, the froth flotation
method using CTAB surfactant was used. The
presence of CTAB in the solution causes
hydrophobicity of nanostructures and increases
the performance of absorption into bubbles and
ultimately improves flotation and separation
(Abdolkarimi-Mahabadi and Manteghian, 2015b).

Changchamronkit and colleagues used the
froth flotation method to separate carbon black
from silica gel and also to purify carbon
nanotubes (Chungchamroenkit et al., 2009).

5. Conclusions

The flotation of nanoparticles and sub-micron
particles does not follow the conventional
collection theory based on interception and
collision mechanisms and predicts a very low
collection efficiency for nanoparticles. Brownian
diffusion and colloidal forces strongly influence
the collection of such particles by air bubbles in
flotation. In general, in order to increase the
adsorption efficiency of bubbles to nanoparticles
and, as a result, to improve the flotation
performance of nanoparticles, according to the
properties of nanoparticles and the colloidal
behavior of suspensions, the following are
important:
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(&) Using surface functionalized nanobubbles to
increase the electrostatic and hydrophobic
attraction between nanoparticles and bubbles
in the flotation process.

(b) Increasing the mass, apparent size and
surface hydrophobicity of nanoparticles by
modifying or reducing the surface energy of
nanoparticles.

By changing the physicochemical conditions
of the suspensions (pH adjustment and/or the help
of organic substances/collectors), the
accumulation of nanoparticles and the subsequent
increase in the size of the particles occur. In this
case, interception can be the dominant collision
mechanism between these particles and bubbles
and their removal can be facilitated by using
flotation. Also, the efficiency of flotation can be
improved by increasing Brownian diffusion and
then colloidal interaction through the use of
nanobubbles and surface modification of bubbles.

In recent years, nano-based flotation reagents
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and technologies, such as nanobubble producers,
play an essential role in the flotation process.
However, apart from traditional surfactants and
coagulants/coagulants, new and environmentally
friendly flotation aid reagents are still needed.
Fortunately, flotation technology has made many
advances in many dimensions, including process
equipment, flotation components and materials.

However, the existing methods for the
synthesis of nanoreagents and nanobubble
production have low efficiency, non-uniform
bubble size distribution and low stability, so more
research should be done on their controlled
synthesis (size, quantity and hydrophobicity) in
the future. Also, due to their complex technology,
nanobubble production devices are expensive and
made on a laboratory scale.

Therefore, despite the high potential of the
flotation method and the above-mentioned
limitations, this method shows promise for use in
the separation, purification or removal of
nanoparticles from solutions or wastewater
efficiently and at low cost.
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Fig. 2. Schematics of the (1) interception (2) gravity (3) Brownian transport mechanisms for fine particles
towards a rising bubble in a rotationally symmetrical coordinate system (r, 0). The thick lines describe
the particle trajectory while the thin lines describe the liquid streamlines (Nguyen et al., 2006)
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(a)

(¢)

Fig. 3. Schematic of the four types of particles loading onto a bubble surface: a) monolayer loading; b) multilayer
loading; c) loading of particle clusters; d) loading of particles-small-bubbles clusters (Wang et al., 2023)
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Employed
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No. type ?;]zr;a:)* reagent percentage* Method Reference
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1 TiO, 100> Humic acid 90 D'ffzzgtelgr?” Guiraud, 2013
Zhang et al., 2017)
Anionic and
2 TiO, 50 cationic - Foam floatation (Shen, 1998)
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SiO; and CTAB and . (George et al.,
4 ALOs 40-160 dowfroth 250 79-86 Froth floatation 2004)
. Dissolved air (Lien and Liu,
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sodium oleate
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9 CuO 100> CTAB ~95 Foam floatation (Hu et al., 2015)
10 CuO 100> PEAIE- >90 Floatation (Long et al., 2023)
gemini
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nanoribbons Manteghian,
2015b)
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Carbon Ethoxylated . (Chungchamroenkit
13 nanotubes alcohol 8 Froth floatation et al., 2008)
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