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Abstract: The froth flotation technique can be considered one of the most efficient methods for the
separation of minerals. Prior to utilizing any physicochemical separation method, the size of the
mined ore must be decreased to facilitate the release of the valuable materials. This practice, along
with the increased exploitation of ores that carry fine mineral particles caused the production of fine
and ultrafine particles which are difficult to recover with classical enrichment methods, due to their
different characteristics compared to coarser particles. It is established that fine and ultrafine particles
are difficult to float, leading to losses of valuable minerals, mainly due to their low collision efficiency
with bubbles. Moreover, fine particles require higher reagent consumption due to the fact that have a
higher specific area, and finally, their flotation is limited by low kinetic energy. Flotation of fines can
be enhanced by either decreasing bubble diameter or increasing their apparent size, or moreover, by
enhancing the collector’s adsorption (their hydrophobic behavior) using alternative reagents (non-
ionic co-collectors). In the present research, flotation experiments on a hybrid electrolytic flotation
column that can produce microbubbles (−50 µm), were carried out for recovering fine magnesite
(−25 µm) particles. In addition, the synergistic effect of anionic/non-ionic collectors were studied for
the enhancement of fines recovery. Experimental flotation results so far designate the enhancement
of fine magnesite particle recovery by approximately 8% with the addition of microbubbles. Finally,
the synergistic effect of anionic/non-anionic collectors led to the improvement of flotation recovery
by almost 12%.

Keywords: froth flotation; column; combined flotation; electrolysis; co-collectors; fine particles; magnesite

1. Introduction

Froth flotation is one of the most important technological achievements of the 20th
century. It is the most widespread mineral beneficiation method and has contributed with
great efficiency to the raw materials industry [1]. Flotation is a separation technique based
on the differences in surface wettability of materials. When air is inserted in an aqueous
dispersion of a mineral mixture only the hydrophobic particles attach to bubbles and rise
to the top where they are recovered, while the hydrophilic particles sink. Given that the
most of the minerals are hydrophilic by nature, surfactants called collectors are added
to selectively adsorb on the targeted minerals and increase their hydrophobicity [2]. The
improvement of flotation efficiency necessitates the simultaneous adjustment of several
variables related to the surface properties of mineral particles, chemical processes of the
pulp, and hydrodynamic conditions in the flotation cell. The simultaneous enhancement of
the three main flotation process components-operational, chemical, and equipment-makes
it feasible to improve the flotation efficiency of complicated ores [3].

As earlier defined by Gaudin et al., the method is particularly successful when applied
to a particle size range of approximately 15–150 µm [4]. In this primary work, the well-
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known “Elephant Curve” illustrates the clear decrease in flotation performance outside
of this size range. This behavior, regarding the larger particles, is mainly attributed to
turbulence and the inability of buoyancy to drive them to the froth phase [5,6]. On the
contrary, the main reason for the low flotation efficiency of fine particles lies in the low
collision efficiency with conventionally sized bubbles [7–10]. Fine particles show differ-
ent behavior compared to coarser particles and their main characteristics are: (1) higher
surface area per unit mass (higher collector consumption), (2) tendency to follow the fluid
flow around a bubble more easily than a larger particle (greater entrainment tendency),
(3) slower flotation rate and (4) more susceptible to the chemistry of the pulp and to the ions
contained in this [5]. Recent advancements have been developed which aim to increase
the bubble-particle collision efficiency, either by reducing the bubble size [11–14] or by
increasing the apparent particle size [15,16]. However, both approaches are practically
difficult to implement on an industrial scale. The former needs selective flocculation of fine
particles [17], which is not always possible [18] and the latter needs bubbles sized <50 µm,
whose production and industrial use are quite demanding processes [15]. However, on a
laboratory scale the use of microbubbles (<100 µm, produced by electroflotation, hydrody-
namic cavitation or gas supersaturation) appears to be a relatively more efficient process
with selectivity which increases the collision efficiency of fine and ultrafine particles with
these bubbles and consequently increase the flotation recovery and rate [19,20]. Another
alternative method to improve fines recovery is by means of using a carrier material [21–23]
i.e., a material that can selectively collect fine hydrophobic materials so that the relative
size of the fines is increased. Flotation recovery can be also increased with the addition
of nonionic reagents or other additives to enhance the selective adsorption of the main
collector or, finally, through recently technological innovations regarding the design of
flotation cells [16–18].

Fine particles mainly derive from the fractionation in an effort to release the useful
minerals from the sterile ones or from the increased exploitation of ores with lower quality
or less pure streams. The impossibility of enriching and utilizing these fine particles which
accumulate unexploited is economically detrimental to the industries and moreover a
burden on the environment. Among some recent technological innovations is a version of
a Jameson cell which promotes high mixing and intensive contact between air bubbles and
mineral particles [19] increasing the probability of particle-bubble collision. In addition, the
HydroFloatTM device uses an aerated dense fluidized-bed of particles where gas bubbles
pass through the bed of particles [24] and the Stack Cell device incorporates a high-shear
bubble-particle contactor, specially designed to efficiently channel energy for the collision
of bubbles with particles [25]. The Concorde cell increases flotation recovery of particle
sizes from 0 to 150 µm [19]. Lately, considerable attention has attracted the oscillating
grid flotation cell (OGC) [2,26–28]. In addition, a flotation device using ultrasound has
been developed which consists of a separation cell, a bubble de-aerator and an ultrasound
transmitter placed inside the reactor [29]. Finally, a hybrid Denver type flotation device was
developed by employing electrolysis units that produce microbubbles by our group [30].

Salt type (carbonate) minerals are recovered by flotation using an anionic surfactant
as the main collector, such as sodium oleate. However, recovery could be increased with
the addition of nonionic reagents or other additives to enhance the selective adsorption
of the anionic collector. A recent study refers to the use of branched alcohols and/or their
alkoxylates as secondary collectors for recovering salt type ores, in combination with a main
collector (anionic or an amphoteric surface active compound) [31]. Non ionic collectors
are adsorbed by forming hydrogen bonds and the adsorption capacity is affected by the
ethoxylation degree. For example, non ionic surfactants with lower ethoxylation degree
show preferential adsorption on silica compared with those with higher ethoxylation
grade [32] due to the steric effect of the ethylene oxide chains on the hydrocarbon chain-
chain interaction at the solid/liquid interface. The hydrophobicity of a mineral surface after
surfactant adsorption has been found to be dependent on the structure of surfactant, as well
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as the adsorption density. These changes in hydrophobicity are interpreted by considering
changes in the orientation of the hydrocarbon chain of the adsorbed surfactant [32].

Based on the aforementioned information it is assumed that either the combined use
of conventional and microbubbles or the synergistic effect of anionic/non-ionic collectors
may increase the flotation of fine magnesite particles. The innovation of this study relies
on the construction of a hybrid flotation column that generates in situ microbubbles, by
employing electrolysis of water, and the use of non-ionic surfactants for improvement
of fine magnesite particle flotation. In the current study, a two-stage flotation process is
proposed, which is a combination of conventional flotation and electroflotation and the
synergistic use of sodium oleate and non-ionic co-collectors. It is believed that employing
electrolysis for micro-bubble generation in support of fine particle flotation enhancement
will be used economically, even on an industrial scale, by employing alternative energy
resources from renewable processes, e.g., solar power. Therefore, research must continue
on a larger scale.

2. Materials and Methods

The present study was conducted by employing magnesite samples (−25, −45,
−100 µm) provided by the Grecian Magnesite Company located in Northern Greece.
The main collector used in this research was the anionic surfactant sodium oleate (NaOl,
≥82% fatty acids, Riedel-de Haen). In addition, the non-ionic co-collectors studied (ethoxy-
lated and alkoxylated alcohols) were Dodecyl Alkoxylate 54, Dodecyl Ethoxylate 3, Isotride-
cyl Alkoxylate 52, Isotridecyl Ethoxylate 3 and Isotridecyl Ethoxylate 10, provided by
BASF. The pH was adjusted using 0.1 M NaOH/HCl (Pancreac) and moreover, pine oil was
employed as afrother to improve the stability of the froth, while promoting the flotation pro-
cess [33]. Sodium chloride (NaCl, VWR Chemicals) was utilized as a background electrolyte,
and throughout the flotation experiments deionized (~10 µS/cm) water was used.

2.1. Experimental Set up-The Hybrid Flotation Column

The laboratory flotation device used for mineral flotation in the present study is a
laboratory-scale custom manufactured column (Scheme 1a). The flotation column consists
of three plexiglass cylindrical sections, connected with two flanges and it is completely
sealed. Plexiglas is a preferential material used for laboratory scale flotation columns
mainly due to its stability and moreover, it serves for the three-phase flow observation. The
column height is 60 cm, its diameter is 7 cm, and the wall thickness is 3 mm. At the top
of the flotation column, around the outer surface, a concentric cylindrical overflow weir
is mounted where the recovered particles are collected. The column can be divided into
two zones (Scheme 1b): the collection zone, where particles collide with the air bubbles
and the froth zone, where the recovered particles are collected.

Two Boron Doped Diamond (BDD) electrodes serve as an electrolysis unit, as described
in a previous study [30]. The electrodes were placed horizontally and parallel and the
unit is supported on the inner wall of the flotation column 6 cm above the bottom of the
columns (Scheme 2), so that the produced microbubbles can be dispersed homogeneously
in the column’s volume. The electrolysis unit is connected to an external power supply.
There is a large number of studies indicating that combining conventional-sized bubbles
with microbubbles leads to the enhancement of fine particle recovery [34–36]. The hybrid
column is capable of producing bubbles anwith average bubble diameter of less than
40 and over 400 µm. The resulting hybrid flotation column is called BBD-Hybrid Column
(BDDHC, Boron Doped Diamond Hybrid Column) and is capable of producing bubbles
with different bubble size diameters enhancing the flotation of fine mineral particles.
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Scheme 2. (a) Ceramic porous sparger, (b) BDD electrolysis unit.

2.2. Flotation Experiments

The flotation experiments were realized in the hybrid column, where no agitation
is carried out (absence of mechanical parts and an impeller), with the use of an aeration
system (ceramic porous sparger/ microbubble generator) in the slurry. Initially, in a
2000 mL beaker, 1750 mL of deionized water was added with 17.5 g of the mineral and the
desired concentration of the collector. At this stage, when the synergistic effect between
anionic and non-ionic collectors was examined, the co-collector was also added. pH was
adjusted to the values of interest using NaOH and HCl. Continuous stirring was performed
for 5 min [30] at a rate of 500 rpm. At this time, conditioning of the hydrophilic particles
took place. The preferred concentration of the frother was added and stirring continued
for an additional minute. The suspension was then transferred to the flotation column.
During the experiments performed in the presence of microbubbles, conditioning of fine
magnesite particles with microbubbles was conducted (20 min) after conditioning with the
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collector/co-collector and prior to the induction of dispersed (coarse) bubbles. Experiments
were performed at room temperature (RT; ~20–25 ◦C).

The dispersion of air in the column was carried out through a ceramic sparger, located
at the bottom of the column with an average pore diameter of 10–16 µm. The airflow of
conventional/coarse bubbles was adjusted by a calibrated flowmeter (0.7 L/min). Upon the
flotation process completion (after 5 min), the recovered mineral particles were collected
from the concentric cylindrical weir on the top of the column and were dried and weighed.
The recovery of the mineral particles in the froth product (R) was computed as:

R% = 100 c/f (1)

where, c: mass of concentrate, f: mass of feed.
Moreover, flotation experiments were performed in triplicate, and the values represent

the mean value of independent experiments. The obtained data were presented as average
and standard error mean (SEM) values of multiple sets of independent measurements.
Recovery percentages and SEMs were calculated for each individual group.

Some of the recovered particles were analyzed regarding their size in order to ascertain
the effect of microbubbles on the recovered particle’ size. The particle size analysis was
conducted in wet sample dispersion (Malvern 2000). In the framework of flotation experi-
ments kinetic studies have been performed in an effort to study the recovery rates with
regard to (i) particle size and (ii) the presence of microbubbles. On this base, for both cases,
concentrates were collected at 1–6 min of flotation time and the corresponding recoveries
were calculated.

The experimental data deriving from the experiments represent the mean value of
at least three single and independent experiments. Subsequently, the obtained data are
presented as average and standard error mean (SEM) values of sets of independent mea-
surements. Recovery percentages and SEMs are calculated for each individual group.

The effect of conditioning time (0–20 min) with microbubbles, pH (2–12), collector
(0–120 mg/L), and electrolyte concentration (0–1 M), with regard to bubble size were
investigated. Some of the flotation products were analyzed concerning their particle size
distribution in an effort to define the contribution of the electrolytic bubbles to fine and ul-
trafine particle recovery. Moreover, the synergistic effect of nonionic-anionic surfactants on
fine magnesite particles was examined as an alternative approach to enhance fines recovery.

3. Results
3.1. Effect of Conditioning Time with Electrolytic Bubbles

In order to examine the enhancement of fine and ultrafine magnesite particles (−25 µm)
recovery flotation experiments were carried out in the hybrid flotation column. In these
experiments, the effect of the presence of microbubbles (~45 µm) was studied. Initially,
the treatment time of magnesite particles with microbubbles was investigated. Figure 1 il-
lustrates the effect of the conditioning time of the mineral with microbubbles, produced
by water electrolysis, once it has been treated with the collector and before introducing
dispersed air (coarse) bubbles (~210 µm) into the slurry. The size of bubbles is determined
by capturing bubble images using a high-resolution digital camera (a 20MP Canon EOS
70) equipped with macro lenses and extension tubes for efficient image magnification A
custom-made image analysis software (BubbleSEdit software, Laboratory of Chemical and
Environmental Technology, School of Chemistry, Thessaloniki) is used to automatically
detect the bubbles contour and measure their size and consequently obtain the correspond-
ing bubble size distributions [30]. The results show that the treatment of magnesite with
electrolytic bubbles enhances the flotation recovery, and the maximum recovery is achieved
when the treatment time reaches 20 min. Further conditioning does not improve recov-
ery. It is considered that 20 min is the time required for the electrolytic bubbles to act as
selective flocculants, promoting the formation of large aggregates, which are easier to float
by dispersed-air bubbles. In particular, the recovery of magnesite particles in the absence
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of electrolytic bubbles is 70% and when magnesite is conditioned with microbubbles for
20 min the recovery reaches 81%.
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particle size −25 µm, pH 10, CSO = 120 mg/L, mMgCO3 = 17.5 g, frother = 0.2 mL pine oil.

The results indicate the importance of the presence of smaller bubbles in the en-
hancement of fine particle recovery. This is attributed, most likely, to the formation of
hetero-aggregates (mineral particles and microbubbles) under the effect of electrostatic
attraction between particles and microbubbles [37], which leads to the increase of the ap-
parent minerals’ particle size. It is experimentally and theoretically clear that the flotation
rate increases when particle size increases [7,14,38–41]. The hetero-aggregates formed can
be floated more sufficiently by the coarser bubbles, due to the fact that particles with larger
sizes exhibit higher collision efficiency with conventional bubbles.

3.2. Effect of pH and Collector Concentration on Combined Magnesite Flotation

Figure 2a illustrates the effect of pH on the recovery of magnesite in the presence of
sodium oleate as a collector with regards to (i) dispersed, (ii) electrolytic, and (iii) combined
air. The pH values tested ranged from 2 to 12. The graph shows that for all three cases,
the behavior along the pH values is similar; recovery of magnesite is very poor in acidic
conditions and increases when the pulp pH value increases. The solubility of magnesite
in acidic pH values cannot be excluded. When pH values are lower than 6 adsorption of
sodium oleate (anionic collector) does not occur effectively, so flotation is not promoted at
pH values due to the fact that the surface is positively charged. This is probably because
adsorption of the collector on the magnesite surface occurs possibly through chemisorption.
At pH 7–10 the recovery of magnesite in presence of dispersed air increased from 66.5 to
78.4% and from 74.2 to 85.4% when combined air is utilized. The recovery of magnesite
increases significantly as the pH value increases, reaching the maximum value for pH
10, while further increase decreases recovery. The results are consistent with a previous
study of magnesite flotation [42]. Adsorption of the collector on a magnesite surface is not
favored in acidic conditions, so a very small percentage of particles recover [43]. Electrolytic
bubbles alone cannot float magnesite particles.
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The experimental findings indicate that the highest recovery is achieved in the presence
of combined air. The results prove that the treatment of magnesite with microbubbles
(20 min) enhances the recovery of fines leading to a recovery improvement of about
7%–8% when compared to recovery achieved in the presence of single dispersed air. Based
on the literature, electrolytic bubbles act as ‘bridges’ increasing the apparent size of fine
particles and thereby enhancing their flotation [44]. Rulyov et al. established the hetero-
aggregation of fine particles with microbubbles in a non-uniform hydrodynamic field for a
flotation cell [34]. More specifically, the microbubbles act as carriers of the fine particles, thus
enabling their collision with the coarse bubbles. Therefore, flotation of particle-microbubble
hetero-aggregates by conventional bubbles is more efficient than when using exclusively
conventional-sized bubbles.

Figure 2b demonstrates the effect of collector concentration on fine magnesite particles
in the presence of (i) dispersed air, (ii) electrolytic air, and (iii) combined air. Maximum
recovery occurs at the concentration of sodium oleate 120 mg/L for all cases. With fur-
ther increase of collector concentration, the recovery of magnesite was stable; therefore,
120 mg/L can be defined as the maximum collector dose. When sodium oleate concen-
tration becomes 240 mg/L recovery decreases. This is due to the fact that an excess of
collector concentration is able to create a new adsorption layer which renders the particles
hydrophilic again, thus reducing the flotation efficiency [45]. In a previous study, Yin et al.
studied the effect of sodium oleate on the recovery of magnesite fraction with grain size
smaller than 74 µm and larger than 38 µm (+38–74 µm) [46]. The results showed that the op-
timal collector concentration was 90 mg/L and further increase of the concentration did not
increase the recovery of the mineral [46]. The −25 µm magnesite particles fraction requires
an increased amount of collector (120 mg/L), due to their larger specific surface [47]. In
addition, it is evident that maximum recovery is achieved after treating magnesite particles
with electrolytic microbubbles. In particular, the recovery increased by 8% compared to the
experiments conducted exclusively with dispersed air.

3.3. Effect of Electrolyte Concentration on Combined Flotation

The presence of an electrolyte is of great importance during water electrolysis, mostly
for increasing the conductivity of the solution and furthermore by ensuring the efficiency of
the process. More specifically, an electrolyte increases the ion conductivity of the solution
and decreases the resistance (Ohm law), and therefore there is more voltage available to in-
duce the electrolysis reaction. The current density (J) of the electrolysis unit (I = 0.1 Ampere,
a = 50 mm = 5 cm, b = 25 mm = 2.5 cm, c = 1 mm = 0.1 cm, where a, b, c are the dimensions
of the electrodes) is: J = 2 × (current intensity/surface area) = 2 × (0.1 A/26.25 cm2) =
0.008 A/cm2 = 80 A/m2. The voltage used was 15 V and the volume of electrolyzed water
was 1750 L. Moreover, an inorganic electrolyte increases the surface hydrophobicity of the
mineral particles, thus increasing their adhesion to the bubbles diffused in the slurry [48].
In addition, Marrucci et al. argue that the presence of an inorganic electrolyte leads to
the avoidance of bubble aggregation and the formation of a stable froth zone [49]. Fur-
thermore, Uchida et al. established that the presence of NaCl can improve the stability
of oxygen microbubbles for even more than seven days [50]. On an industrial scale, the
salt usage expense could be equilibrated by the higher floated material and/or possibility
of using seawater, recycled water, or renewable energy sources. The electrolyte used in
the current study was sodium chloride (NaCl) and parameters such as pH (10), collector
concentration (120 mg/L), and current density (0.1 A) were kept constant throughout
the experiments. The results (Figure 3) illustrate that the addition of electrolyte initially
enhances the microbubble-assisted flotation recovery, but when the NaCl concentration
exceeds 0.1 M recovery decreases.
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Figure 3. Effect of the background electrolyte concentration on the flotation % of magnesite by
employing combined bubbles: particle size −25 µm, pH 10, CSO = 120 mg/L, mMgCO3 = 17.5 g,
frother = 0.2 mL pine oil.

The addition of an electrolyte to the slurry leads to an increase of the surface electric
potential of the bubbles, thus promoting repulsive forces between bubbles and particles [51],
however in cases of excess concentration of mineral salts during flotation, the pulp may
have a suppressive effect on the recovery of some particles [52], while bubble aggregation
has also been observed [50]. Nevertheless, high electrolyte concentration leads to high
electrical conductivity, which results in lower voltage values at the same current density
values. This leads to lower energy consumption [53].

3.4. Particle Size Distribution of Froth Products

Subsequently, particle size analysis of the froth products was performed (Figure 4).
The analysis was carried out in the framework of determining the particle size range
of magnesite that floated with the experimental conditions studied (combined air). The
analysis was carried out on flotation products recovered in the presence and absence of
electrolytic bubbles in order to ascertain the contribution of microbubbles to the flotation of
fine particles and moreover to conclude which particle fraction affects more. The technique
of laser diffraction is to measure the particle size and particle size distribution of materials.
This is achieved by measuring the intensity of light scattered as a laser beam passes
through a dispersed particulate sample. This data is then analyzed to calculate the size
of the particles that created the scattering pattern. Figure 4 illustrates the particle size
distribution of (i) magnesite floated by dispersed air bubbles and (ii) magnesite recovered
after treatment with electrolytic bubbles. When exclusivelydispersed air bubbles were
used, the froth product contained 27.5% magnesite particles sized between 1 and 5 µm,
19 and 20% particles in the range of 6–10 and 11–15 µm respectively, while the largest
particles 35–39 and 45–63 µm occupied 4 and 6% of the froth product, respectively. When
magnesite was treated with electrolytic bubbles recovery of finer mineral particles occurs.
More specifically, the sample contains 44% of particles sized between 0 and 5 µm and
the percentage of recovered ultrafine particles has increased by 37.4%. In addition, it is
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observed that the recovered particles sized in the range of 6–10 µm were increased by 16.2%.
Finally, the percentage of larger particles (22–25 µm) decreases by 37%.
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Figure 4. Particle size distribution of magnesite that floated by employing dispersed air bubbles and
magnesite recovered by combining electrolytic and dispersed-air bubbles: pH = 10, [SO] = 120 mg/L,
[NaCl] = 0.1 M, frother = 0.2 mL pine oil.

The recovery percentage of particles with size >10 µm to some extent decreases and
that indicates that the concentrate that derives from combined flotation consists mostly of
finer particles Particle size analysis of the recovered mineral is an important indicator that
proves that the use of combined air results in fine and ultrafine mineral particle flotation
enhancement.

3.5. Flotation Mechanism

In order to further investigate the mechanism regarding the hetero-aggregates of
microbubbles and mineral fine particles a high-resolution camera was employed to capture
indicative Schemes that prove the corresponding assumption. Figure 5a is a Scheme of the
formed hetero-aggregates of microbubbles and particles of magnesite after conditioning
occurs. Electrolytic bubbles act as selective flocculants, promoting the formation of particle-
microbubble aggregates (flocs), which are then more possible to collide and adhere with
conventional flotation bubbles (Figure 5b) [37].

This observation along with experimental findings regarding the promotion of finer
particle flotation when combined air is applied is strong evidence that the use of different
bubble sizes is beneficial for increasing flotation recovery. These findings confirm the
principles of the combined micro-flotation process [54].
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3.6. Flotation Kinetics Study

The most important parameters that affect the performance of a flotation device are
the kinetics of the process and the type of flow that dominates during the process. These
two parameters conduce to the prediction of the yield of the process and furthermore can
contribute to a possible optimization of the method [54]. The recovery rate of the finest
particles is faster, and this is attributed to the fact that flotation columns favor the flotation
of finer particles due to the fact that they produce bubbles with smaller diameters (spargers),
and in addition, a milder turbulent flow field prevails. Fine and ultrafine particles are more
likely to attach to smaller bubbles and rise to the froth phase, whereas, in the presence of
larger bubbles, they tend to follow the flow lines around them. However, their existence
is important for creating turbulence increasing the frequency of bubble particle collisions,
and moving the slurry. First and second-order flotation kinetic models were fitted to the
experimental data of Figure 6 and the results are given in Table 1. The second-order kinetic
model failed to fit the results and therefore the corresponding model parameters are not
presented. To that end, kinetic experiments were performed and the effect of flotation
time on the recovery of three different grain sizes of magnesite samples (−100, −45, and
−25 µm) was examined (Figure 6). The experimental data depict that the finer particles
(−25 µm) recover more satisfactorily (by 10%) that the coarser particles. Moreover, the
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finer fraction (−25 µm) accomplishes the maximum recovery even at the second minute
(plateau) while the process for the other two fractions −45 µm and −100 µm completes
after 5 min.
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−100 µm, pH = 10, [SO] = 120 mg/L, frother = 0.2 mL pine oil.

Table 1. Flotation rate constants and maximum recovery, Rmax for magnesite fractions −25, −45,
and −100 µm, were obtained by fitting the experimental recovery versus time data with the classical
first-order model.

Kinetic Model Magnesite Fraction k (min−1) Rmax (%) R2

First
order

−100 µm 0.61 ± 0.004 78.95 ± 1.83 0.990
−45 µm 0.89 ± 0.11 78.27 ± 2.80 0.980
−25 µm 2.01 ± 0.19 87.17 ± 1.50 0.990

The recovery rate of the finest particles is faster, and this is attributed to the fact that
flotation columns favor the flotation of finer particles due to the fact that they produce
bubbles with smaller diameters (spargers) in addition, a milder turbulent flow field prevails.
Fine and ultrafine particles are more likely to attach to smaller bubbles and rise to the froth
phase, whereas, in the presence of larger bubbles they tend to follow the flow lines around
them [55]. First and second-order flotation kinetic models were fitted to the experimental
data of Figure 6 and the results are given in Table 1. The second-order kinetic model failed
to fit the results and therefore the corresponding model parameters are not presented.
First-order model R = Rmax × (1 − e kt) k corresponds to the first-order rate constant
(deterministic) and Rmax to the maximum achievable recovery at t→ ∞ [55].

The correlation coefficients (R2) show that the experimental data fit the first-order
kinetic model and suggest a uniform dispersed feed and average flotation rate values and
show that the particle floatability is constant [56]. Moreover, the results of Table 1 illustrate
that the finer particles (−25 µm) have the a higher rate constant (2.01 s−1) compared to
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the coarser fractions, confirming the fact that the maximum recovery of finer particles is
accomplished faster compared to the coarser ones.

In order to investigate the possible contribution/change of the flotation rate of fine
(−25 µm), magnesite particles in the presence of microbubbles kinetic experiments occurred.
Figure 7 shows the effect of flotation time on the recovery of the finer magnesite fraction in
the presence and absence of microbubbles. The graph shows that the flotation process is
completed for both cases after 2 min. In addition, higher recovery (by 6%) is achieved in
the presence of microbubbles after the third minute.
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Figure 7. The recovery of magnesite particles (−25 µm) as a function of flotation time in the presence
and absence of microbubbles: pH = 10, [SO] = 120 mg/L, frother = 0.2 mL pine oil.

The data were fitted to the first-order kinetic model and the continuous lines in Figure 7
represent the corresponding fits. Table 2 presents the kinetic parameters: flotation constant
k and the value of maximum recovery Rmax, obtained in the presence and absence of
electrolytic bubbles. The flotation constant increases from 2.1 to 2.2 min−1(increase by 5%)
in the presence of microbubbles, while the addition of microbubbles leads to an increase of
the maximum recovery, indicating that magnesite particles that could not float (probably
the finest particles with a flotation rate constant close to zero) are now floating.

Table 2. Flotation rate constant, k, and maximum recovery, Rmax, in the absence and presence
of microbubbles, obtained by fitting the experimental recovery versus time data with a classical
first-order model (kmb and kb refer to the rate constants in the presence and absence of microbub-
bles, respectively).

k (min−1) Rmax (%) kmb/kb R2

In presence of
microbubbles (mb) kmb = 2.2 ± 0.2 85 ± 1.7

1.05 ± 0.4
0.983

Absence of
microbubbles (b) kb = 2.1 ± 0.2 80 ± 1.3 0.990
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3.7. Synergistic Effect of Anionic/Non Ionic Collectors on Fine Magnesite Flotation

Mainly, carbonate minerals are recovered by using anionic collectors, such as sodium
oleate. Anionic collectors have been shown to be effective for carbonate minerals; however,
they are not selective between different carbonate minerals. Thus, the addition of nonionic
reagents or other additives is often required to enhance the selective adsorption of the
anionic collector (main collector). Indeed, the non-ionic surfactants (co-collectors) used in
the flotation of carbonate ores are usually synthetic organic reagents produced via fatty
alcohol ethoxylation. In mineral flotation that employs fatty acids as the main collector,
the use of ethoxylated or alkoxylated modifiers (co-collectors) is quite widespread in
industry [57–63] mainly due to the efficiency they provide, as well as their low cost.
The main purpose for adding the nonionic surfactant is to increase the selectivity of the
main collector. Moreover, its addition increases the recovery of the target mineral since it
enhances the adsorption of the main collector on its surface through the hydrogen bonds
that are formed. As a consequence, the density of the adsorbed collector’s layer is increased
on the surface of the target mineral, while the repulsive forces of the ionic heads of sodium
oleate reduce [31,64–69].

Figure 8 shows the effect of single (sodium oleate) and mixed collector systems (non-
ionic co-collectors &sodium oleate) on the recovery of magnesite in the presence of dis-
persed air, at pH 10. It is observed that magnesite recovery takes different values in the
presence or absence of the co-collectors. Three co-collector:collector ratios were studied:
50:50, 25:75, and 5:95. When magnesite was conditioned with single sodium oleate recovery
reaches 78.4%. The results show that the most effective ratios were 5:95 and 25:75. More
specifically, magnesite recovery reached 85 and 89% for the mixtures sodium oleate and
Isotridecyl Alkoxylate 3 and Isotridecyl Alkoxylate 10, respectively for the ratio 5:95. When
the mixture ratio between co-collector:collector was 25:75 flotation recovery was enhanced
by 11.5, 12 and 10% for the co-collectors Dodecyl Ethoxylate 3, Dodecyl Alkoxylate 54 and
Isotridecyl Alkoxylate 52, respectively. The ratio of 50:50 resulted in about a 20%–40%
reduction in recovery for all five mixtures, indicating that the excess of the co-collector
possibly creates an additional adsorption layer making magnesite particles hydrophilic
again [45].

There are three main effects of an anionic/nonionic collector mixture: (1) enhancing
the adsorption selectivity of the main collector, (2) enhancing the adsorption of the main
collector on target minerals, and subsequently (3) increasing mineral recovery [21,49]. The
adjuvant effect of the addition of the non-ionic reagent addition is mainly due to their co-
adsorption and thus the creation of a mixed adsorption layer. The hydrogen bonds formed
increase the density of the adsorption layer and moreover contribute to the reduction of
repulsive forces between the ionic heads of the main collector. Overall, this aims to such
adisposition of the non-ionic and ionic co-collectors’ heads that enhance the hydrophobicity
of the mineral and therefore its recovery. The collector molecules occupy positions on the
mineral surface between the existing anionic collector molecules. Therefore, the interactions
between the anionic collector molecules are reduced leading to a stronger adsorption layer
of the collector ions on the mineral particles and thus its flotation enhancement [65,69,70].
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Figure 8. Effect of the co-collector’ (a) Isotridecyl Ethoxylate 3, (b) Dodecyl Ethoxylate 3, (c) Dodecyl
Alkoxylate 54, (d) Isotridecyl Alkoxylate 52, (e) Isotridecyl Ethoxylate 10 presence (5:95, 25:75,
50:50–co-collector: sodium oleate), on the flotation recovery % of magnesite: particle size −25 µm,
[SO] = 120 mg/L, pH = 10, mMgCO3 = 17.5 g, frother = 0.2 mL pine oil.
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4. Conclusions

In the current research, the construction of a hybrid flotation column (BDDHC) ca-
pable of producing bubbles of different sizes by combining conventional-sized bubbles
(dispersed air) and micro-bubbles (electrolysis of water) conducted and employed for
flotation experiments that lead to fine mineral particles recovery enhancement.

During flotation experiments, the effect of conditioning time with electrolytic bubbles,
pH, collector, and electrolyte concentration, with regards to bubble size was studied and
moreover, the synergistic effect of anionic/non ionic collectors was examined. The experi-
mental data depict that the presence of electrolytic bubbles enhances the flotation recovery
of fine magnesite particles by 7%–8%. Furthermore, particle size analysis of the froth
product showed that the presence of electrolytic bubbles enhances the flotation recovery of
finer particles more than when employing dispersed-air bubbles exclusively.

• The experimental results can be concluded as:
• The maximum treatment time of magnesite fine particles with electrolytic microbub-

bles with the optimal recovery was 20 min.
• Flotation experiments realized on the hybrid column with combined air showed an

increase of about 8% in fines recovery. In addition, the particle size distribution of the
recovered mineral showed an increase of about 37.4% in 0–5 µm particles compared
to experiments conducted with dispersed air bubbles exclusively. To this end, it is
distinct that the use of combined air favors the recovery of ultra-fine particles.

• The experimental data deriving from the kinetic study revealed that the experimen-
tal data follow the first-order model and furthermore that the particles of smaller
particle size (−25 µm) are recovered faster than the other two fractions (−45 and
−100 µm).The hybrid column kinetic study showed a 5% increase in the flotation rate
of magnesite fines.

• The maximum ratios between sodium oleate and the non-ionic collectors were 5:95 and
25:75. In addition, maximum recovery was achieved when Dodecyl Alkoxylate 54 was
utilized as the co-collector in a ratio of 25:75 increasing magnesite fines recovery by
almost 12%.

As a future challenge, the current research can be continued on alarger scale. Moreover,
utilization of the hybrid flotation device in a broader range of fine minerals and over a
broad range of conditions (collectors, bubbles size, etc.) is encouraged.
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