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Abstract

Continuous froth flotation process assisted by cationic surfactant was employed in this study,
as cost-effective and environmentally friendly technology, to separate fine phyllosilicates
particles of soil. A continuous flotation column was specifically designed for soil flotation.
The effects of processing parameters, including collector concentration expressed as
collector/soil ratio (0.1-0.4%), froth residence time (45-150 s), suspension concentration (50-
125 g/L) and air flow rate (0.5-2.5 L/min), upon separation performance were investigated in
order to define the operating conditions which led to the best performance. The ability of the
process to separate fine phyllosilicates particles was investigated and scale-up studies were
performed at pilot scale. Flotation results showed that fine particles separation (<100 pm)
from soil is feasible: separation rates between 15% and 40% are reached with low
concentration of surfactant. Granulometric studies showed peak densities around 3, 10 and 40
um, attributed to phyllosilicates, phyllosilicate aggregates and quartz particles. The
mineralogical composition of the extracted particles were identified and discussed. Finally,
the results obtained both at lab and pilot scales emphasized good agreement which provides
valuable evidence to support the technical viability of the soil flotation process for future

exploitation at industrial scale.

Keywords: Foam flotation process; soil decontamination; separation; phyllosilicates;

surfactant; scale-up

1. Introduction

Despite the numerous radioactive soil decontamination technologies such as, soil washing
[1], magnetic separation [2], electrokinetic processing [3], phytoremediation methods [4],

there is a need for environmentally friendly process operating in continuous mode that will
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limit the production of secondary wastes and the use of large amounts of organic chemicals,
and allow reducing the high volumes of contaminated soil. It was reported in previous studies
that in contaminated soils, the contamination is strongly related to the soil particles size; the
finer the particle the higher is the contamination [5, 6]. In 2012, JAEA (Japan Atomic Energy
Agency) demonstrated that, in Fukushima radio-contaminated soils, 87% of contamination is
fixed on phyllosilicate particles smaller than 75 um [7]. In order to decontaminate soils, our
strategy is to separate phyllosilicate particles retaining the contamination due to their strong
cesium adsorption properties [8, 9]. To do this, we propose a froth flotation technology
assisted by cationic surfactant. As a first approach, the strategy was to evaluate the process
efficiency to remove preferably phyllosilicates from non-contaminated soil.

Froth flotation is a physicochemical separation process that separates hydrophobic
particles from a mixture of hydrophobic and hydrophilic particles. This technology is one of
the main industrial applications of ions (ionic flotation) and solid particles (particle flotation)
separation and it has been applied in various technological fields [10-12]. It has initially been
used in mineral processing [13,14] and adopted, in recent years, for the treatment of industrial
waste water [15], the recycling of plastics [16] and the pulp and paper industry for deinking
and recycling of waste paper [17,18]. Flotation has also been employed in bioengineering for
bacteria separation [19].

The most important condition enabling a high efficiency of flotation process is surface
hydrophobicity. In our application, phyllosilicates minerals are hydrophilic negatively
charged particles, that is why a cationic surfactant was selected to perform a partial
hydrophobization. The surfactant adsorption on the phyllosilicates enables both
hydrophobization of particles surface and neutralization of their surface charge. In the whole,
the process involves the following unit steps: (i) generation and dispersion of air bubbles in

the suspension containing surfactant collector, (ii) collision of hydrophobic particles with air



bubbles, (iii) adhesion of hydrophobic particles to air bubbles and formation of particle-
bubble aggregates, (iv) ascension of particle-bubble aggregates from the suspension to the
three-phase froth [20].

Within the last years, few research activities on clay flotation using cationic surfactant have
been published [21-24]. Goldenberg et al. [21] investigated the processes of attachment of
clay particles to bubble surfaces and their transport through an artificial porous medium.
These processes occurred with no addition of traditional collectors. In their works, Huang et
al. [22] performed comparative studies on flotation of aluminosilicate minerals with Gemini
quaternary ammonium salt surfactants (BDDA and EDDA). They compared the flotation
behaviors of pure kaolinite, pyrophyllite and illite. They found that the three phyllosilicates
exhibited good floatability with Gemini cationic surfactants as collectors over a wide pH
range, while BDDA showed a stronger collecting power than EDDA. Jiang et al. [23] studied
the flotation behaviors and adsorption mechanisms of quaternary ammonium cationic
collectors (dodecyltrimethylammonium chloride, DTAC) and (cetyltrimethylammonium
chloride, CTAC) on kaolinite. Xia et al. [24] employed Gemini quaternary ammonium salt
surfactant and its corresponding conventional monomeric surfactant dedecyl trimethyl
ammonium bromide (DTAB) for the flotation of illite, pyrophyllite and kaolinite. They made
a comparative study between the floatabilities of these minerals using the different
surfactants. These previous studies highlighted the necessity to add cationic surfactant to
enhance the negatively charged phyllosilicate particles attachment on bubbles. Although
previous studies have used cationic surfactant to hydrophobize phyllosilicates, the first major
innovative point of our study consists to apply particulate flotation process assisted by
cationic surfactant to a complex mixture of particles such as a natural raw clay soil (real soil)
in order to extract preferentially negatively charged phyllosilicates. The second major

innovative point deals with the column flotation design. This study refers to the first



continuous flotation column dedicated to separate phyllosilicates in soil. Its design permits to
measure the separation rate as a function of foam height (residence time). Moreover Fhe

nnevation-of this study is-te-speey specifies the size of particles floated and separated from

soil, and identifies their mineralogical composition. Fe-the-best-ef-eurknowledge,-our-study-is

Hotation—technology. Likewise, the present study will look at the influence of processing

parameters on flotation efficiency and selectivity to phyllosilicates particles, and the
investigation of the flotation process scalability. At first, this work aims at adapting the froth
flotation process in a continuous operation mode to the separation of fine particles from soil
and studying its performance: separation rate, size distribution and structure of the separated
particles. Second, it aims at investigating the impact of the most significant process
parameters, including collector amount, froth residence time, suspension concentration and air
flow rate upon the separation rate, as well as identifying the process parameters that better
affect the flotation. Finally, it aims at examining the process selectivity to fine particles and
investigating its scalability.

2. Experimental approach

2.1. Materials

The soil used in this study was a loamy acidic soil (pH=5.5, measured in water). This non
contaminated soil sample was collected closed to a French Nuclear Site at a depth between 0-
14 cm. It was then sieved through a 2 mm mesh, dried in ambient air for one week and stirred
to obtain homogenized samples for flotation trials. To maintain the original particle size, we
did not remove any organic material from samples. Tetradecyltrimethylammonium bromide
(TTAB) cationic surfactant was selected as collector, having a CMC of 3.6 mmol/L. It was
supplied by Fluka with a purity higher than 98%. Flotation experiments described in this

paper were carried out with soil suspensions prepared in Milli-Q® grade pure water (15



MQ.cm at 25 °C). To do that, the desired soil amount was added into 40 L of pure water
under stirring 500 round/min during 30 min in order to ensure efficient particles dispersion,
then TTAB was added at the desired concentration, during mixing. Soil-TTAB suspensions

were prepared 20 minutes before starting the flotation experiments.

2.2. Flotation process

2.2.1. Principles and basics

The principle of the flotation operation is schematically presented in Fig. 1. It consists of
the capture by air bubbles of finely dispersed hydrophobic particles to produce the so-called
"three-phase froth". Flotation exploits the differences in surface hydrophobicity of the
different particles dispersed in a suspension and selectively separates the desired particles by
attaching them to air bubbles and recover them in a laden froth. Hydrophobic particles are
attached to the bubble surface due to hydrophobic interaction, whereas hydrophilic particles
remain dispersed in the aqueous suspension [25, 26]. This process is mainly achieved by
adding appropriate chemical reagent (collector) to enlarge the floatability difference between
target particles (hydrophobic) and the other ones (hydrophilic) [24]. Therefore, the collector is
one of the key factors in flotation separation; furthermore, it can be a cationic or an anionic

surfactant.

In general, a typical way to improve flotation efficiency of fine and negatively charged
particles (phyllosilicates in our case) is achieved by the addition of cationic surfactant. When
a small amount of cationic surfactant is added, it acts at first hand as a foaming agent; it
stabilizes bubbles surfaces through the reduction of interfacial tensions. On the other hand, it
acts as collector; it causes the neutralization of particles surface charge, resulting in an
aggregation of fine particles which improve the flotation. In our case, phyllosilicates are

hydrophilic negatively charged particles and therefore they cannot directly attach to air



bubbles, which justifies the addition of cationic surfactant to perform their hydrophobization

and to enhance their attachment to air bubbles.

2.2.2. Experimental set-up

Flotation experiments were conducted in a flotation column operating in continuous mode
and able to handle suspensions having relatively high particle size (the particle diameter can
reach 2.5 mm).

The flotation experimental set-up used in this study to perform flotation tests is

schematically drawn on Fig. 1.
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Fig. 1. Scheme of the continuous flotation experimental set-up.

The system operates with a maximum feed flow rate of soil suspension limited at 3.5
L/min. It consists mainly in a monitored column (3) constituted by four superimposed
Polyvinyl chloride (PVC) modules of 8 cm diameter and 160 cm height. Soil suspension
samples were previously prepared and loaded in the suspension feed tank (1). The column
was filled with the soil suspension to be treated by using a peristaltic feeding pump (2). The
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suspension was then recirculated at a flow rate of 10 L/min by means of a volumetric pump
(4) equipped with a frequency variator in order to avoid the soil particles sedimentation at the
bottom of the column. Air was injected at the column bottom, in the 15 cm height aeration
region, thanks to a specific aerator (5). The aerator was placed on the recirculation circuit and
makes it possible to control, through a mass flow meter, the air flow rate injected into the
column. Air flow creates a liquid aeration and the bubbles generation. Two cross-shaped anti-
vortex systems (9) were placed at 2.5 cm above and below the air inlet in order to avoid the
formation of a vortex and bubble axial clustering. Soil suspension was injected at 60 cm
height and had a counter-current contact with rising air bubbles. The collection zone was
fixed at 85 cm height. This level was measured by a differential pressure sensor (14) and
controlled by a discharge electrovalve (7). Both are connected to a computer interface (15).
The interface suspension/froth level was maintained constant by the automatically regulation
of the floated suspension flow. The froth continuously generated during the experiment was
allowed to stay in the column few minutes (z residence time in seconds) and than sucked at a
define height in the column by a reverse funnel (10) connected to a vacuum pump (12). The
funnel height was adjusted to modify the froth residence time in the column before removal.
The treated soil was recovered at the bottom of the column by means of a peristaltic discharge
pump (8).

In the collection area, the air bubble size was determined using an intrusive bubble sampling
system constituted by a long pipe (1 cm diameter and 80 cm length) immersed in the
suspension. Bubbles are conveyed up to a lighted viewing chamber (11) on which is focused a
high speed camera. All operations are controlled by a computer interface with a LabVIEW

software.

2.2.3. Experimental procedure



For a typical experiment, 40 L of soil suspension were prepared 20 min before starting the
experiment and kept under continuous stirring. The suspension feed flow rate was fixed at 0.5
L/min for all flotation tests. TTAB was added to the suspension 20 min before introducing the
mixture into the column within the required time to have it adsorbed on the surface of the
hydrophilic negatively charged fine particles. The air was injected when the collection zone
was filled. Flotation was started after aeration. Because the gas hold up was unstable during
the first minutes of experiment (when the column was in unsteady-state conditions), data
acquisition was started only after 10 min. Four froth heights were successively tested during
each experiment. The froth was collected during 10 min at each height and weighted. The
collected froth was then dried in an oven at 105°C for 24 h and weighted to evaluate the
global separation rate. The global separation rate was calculated according to the following

equation:

mass of dried separated particles

Global separation rate (%) = initial mass of soil x 100 (D

TTAB concentration was expressed as the following ratio:

mass of TTAB
initial mass of soil

TTAB /soil ratio (%) = x 100 (2)

The froth water content is defined by the volume liquid fraction (&) retained in the froth
and calculated for each height according to Eq. (3). It is assumed that the injected air

entrapped in the froth was entirely conserved all along the experiment.

x 100 = X 100
Vwater + Vair + Vsoil Qwater + Qair + Qsoil

< (%) — Vwater Qwater (3)

Where V; and Q; represent the volumes and flow rates of water, air and soil.

Scale-up studies were performed, well supported by modeling and by experiments carried

out at lab and pilot scales (40 L and 400 L, respectively). The lab flotation column had the
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following dimensions: 8 cm of diameter and 160 cm of height, and the pilot column diameter
is 20 cm of and the height of 220 cm. The section of the pilot column is multiplied by 6.25.
The air flow rate/suspension flow rate ratio and the air superficial velocity were adopted as
scale-up criteria. The upscaling studies were performed at the three following operating
conditions, where C; is the soil concentration and 7 is the froth residence time in the

column:

- Run 1: TTAB/soil ratio=0.3%, C,=50 g/L, 7=120 s and air flow rate/suspension flow
rate ratio=2.

- Run 2: TTAB/soil ratio=0.2%, C,=50 g/L, t=150 s and air flow rate/suspension flow
rate ratio=2.

- Run 3: TTAB/soil ratio=0.2%, C,=100 g/L, 7=90 s and air flow rate/suspension flow

rate ratio=2.

2.2.4. Controlled parameters and operating conditions

The flotation experiments were conducted over a broad range of experimental conditions.
Four parameters were investigated, including TTAB/soil ratio, froth residence time,
suspension concentration and air flow rate. The froth residence is calculated by dividing the
froth height by the superficial air velocity. The details of the flotation processing parameters

investigated in this work as well as their variation ranges are summarized in Table 1.

Table 1

Flotation operating conditions at lab and pilot scales.

Installation Parameter Range

Ratio TTAB/soil 0.1-0.4%
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Lab scale Froth residence time 60-150 s

Suspension concentration 50-125 g/L
Air flow rate 0.5-2.5 L/min
Suspension feed flow rate 0.5 L/min
Ratio TTAB/soil 0.2-0.3%
Froth residence time 90-150 s
Pilot scale Suspension concentration 50-100 g/L
Air flow rate Maintained at 6 L/min
Suspension feed flow rate 3 L/min

2.3. Characterization techniques

2.3.1. Particle-size Distribution

To highlight the flotation process efficiency to selectively separate fine particles, particle-
size distribution of various floated samples were compared. Particle-size distribution
measurements were carried out by laser diffraction on CILAS 1090 analyzer (CILAS,
Orléans, France) in Milli-Q® water. Ultrasonication (50 W) was applied to disperse the
particles before and during analysis with a total ultrasonication time of 3 minutes. Previous
studies showed that size distribution is no longer impacted by ultrasonication after 3 minutes.
Particle-size distribution tests were at least duplicated for each condition, and the average

values were presented to ensure the repeatability and the accuracy of the experimental data.

2.3.2. Particle-size fractionation
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In order to characterize the soil textural properties and to compare the particle-size
distribution obtained on separated particles with raw soil (in absence and in presence of
TTAB), a particle-size fractionation method was applied, based on the standardized AFNOR
NF X 31-107 method. Particle-size fractionation enables to quantify the relative abundance of
each grain-size fraction in the sample by separating particles in water according to their size.
Samples were divided into 5 fractions, each one having different particle sizes: coarse sand
(>200 pm), fine sand (200-50 pm), coarse silt (50-20 um), fine silt (20-2 um) and clay (<2
pm), according to the classification of the 1USS. Particle-size fractionation experiments were
performed according to the following protocol: 13 g of each sample were suspended into 150
mL of Milli-Q® water and stirred under continuous vibration stirring for 12 h in order to
reach a stabilized dispersion state. First, coarse and fine sand particles (>50 pum) were
separated by using a wet sieving method with 200 and 50 pum screens meshes. Particles
trapped on each screen were collected, dried at 105 °C and weighted. Then, the suspension
coming through the 50 um screen (containing particles <50 pm) was sonicated for 3 min and
transferred into a sedimentation cylinder. Particles smaller than the silt size fraction (<50 pum)
were further separated by sedimentation according to Stokes’ law, given in the following
expression [27]:

2r%2gAp
v=———

9. 4)

Where v is the particle velocity, r is the particle radius, Ap (1.6 g/cm®) is the density
difference between the particles and the fluid, g (9.8 m/s°) is the gravity acceleration, and u

(107 Pa.s) is the fluid viscosity.

By this method, it is assumed that the particles have a spherical form and an average density

at 2.6 g/mL.
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The sedimentation was performed in a graduated 1.2 L glass cylinder filled with 30 cm of
suspension at 20 °C. The sampling was performed via a vacuum pump and a pipette
positioned at the chosen depth (10 cm below the meniscus of suspension). Calculated settling
times 4 min 48 s, and 8 h were respectively assigned to the 20-2 um and <2 um particle-size
fractions. The 50-20 um fraction is the final residual fraction, purified from the finest
particles. The suspension contained in the cylinder was stirred and placed stand during the
required time for sedimentation. The suspension containing <2um or 2-20um particles was
thus sucked and centrifuged at 10000 rpm for 40 min. This process was repeated five times so
that the suspension is depleted of the targeted fraction. Finally, centrifuged solids were dried

at 105 °C in an oven and weighted.

2.3.3. X-Ray Diffraction analysis

X-Ray Diffraction (XRD) measurements were performed on XRD 5000 INEL powder X-
ray diffractometer using CuKa radiation, equipped with a CPS120 curve detector Si/Li, to
analyze the mineral structure of the raw soil and the separated particles. Samples for XRD
analysis were prepared by grinding to less than 50 pum sizes (in the case of raw soil) and
inserted into sample holder. The XRD powder patterns were recorded during 1h at 30 kV and
30 mA for a Cu-target tube at room temperature of 25 °C. All samples were scanned with a 26
angle between 3° and 70° and the patterns were recorded on the whole 26 range and
cumulated each few seconds during 1h in order to optimize the signal/noise ratio. The data
were processed to analyze patterns including the mineral phases identification. Peaks
locations and heights were compared with those of standard minerals by means of Match!2
software using the COD-Inorg Rev 81284 database to characterize mineral structures
contained in the samples. Minerals quantification was unavailable due to the too complex

mineralogical assemblages of samples.
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3. Results and discussion

3.1. Raw soil characterizations

Although organic materials may have an influence on mineral particles flotation, we gave
higher importance to maintaining the original sample conditions, where organic matter is
expressed as particulate organic matter or associated with mineral particles in soil aggregates.
Before flotation experiments, a series of granulometric analysis was conducted in order to
fractionate particles and quantify the proportion of each fraction in the raw soil used in this
study by separating particles in water according to their size. The particle-size distribution of
the raw soil is listed in Table 2. There is a wide range of particle-size distribution that confers
to this soil an equilibrated texture. According to its position in the soil textural diagram [28],
the soil was classified as loamy soil. It shows a dominance of the silt fraction 20-50 um. The
raw soil have an acidic character, its pH is equal to 5.5, measured in water based on the

standardized AFNOR NF ISO 10390 method.

Table 2

Textural characterization of the raw soil used in this study.

Clay Silt Sand
size 0-2 um 2-20 ym 20-50 pm  50-200 pm  200-2000 pm
weight percent  11.28 18.70 35.67 22.29 13.04

Identification of the different minerals present in the raw soil was performed on the XRD
diffractogram acquired on the raw soil, shown in Fig. A in supplementary material. It is clear
from this figure that soil is a complex system; numerous structures were identified and

expressed in various amounts (various peak intensities). Six negatively charged structures
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were identified: four phyllosilicate clays (illite, montmorillonite, kaolinite and chlorite),
quartz and feldspar. These negatively charged phases are able to adsorb cationic collector to
become more hydrophobic and thus they can be floated and separated from soil. Other
hydrophilic and/or positively charged particles were identified in the raw soil (i.e., goethite,

calcite, iron aluminum oxide hydroxide, gypsum).

3.2. Impact of process parameters upon the separation performance

In column flotation, the separation of fine particles from soil is significantly affected by
the processing variables related to: (1) collector concentration (TTAB/soil ratio), (2) froth
residence time (t), (3) feed suspension concentration (Cs), and (4) gas dispersion, such as air
flow rate (Qq;r) (or superficial air velocity (J,)). This issue is addressed in the following

subsections.

3.2.1. Impact of collector concentration

The impact of collector concentration, as one of the key variables that affect the transport
phenomena occurring during the flotation process, on the separation rate was examined at
=120 s, C,=50 g/L and Q,;-=1 L/min. Flotation results are depicted in Fig. 2, showing the
global separation rate plotted against TTAB/soil ratio. It is worth noting that the separation
rate is highly sensitive to the collector concentration; it increases drastically from 5% to 70%
when the TTAB/soil ratio was raised from 0.1 to 0.4%.

In the case of negatively charged particles, increasing cationic TTAB collector
concentration increases the cationic compensation of the particles surface charge by TTAB
and therefore changes their surface properties by electrostatic adsorption. On one side, the
surface becomes more hydrophobic and the affinity to air bubbles increases, leading to an
enhancement of particles attachment to the bubble surface due to hydrophobic interaction. On

the other side, negative surface charges are dominantly compensated by the surfactant which
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contributes to smallest particles aggregation and therefore improve their capture probability
by bubbles [29].

Nonetheless, it is interesting to note that a further increase of the TTAB/soil ratio beyond
0.4% does not result in a perceptible improvement in the separation rate. On the contrary, at
TTAB/soil ratios above 0.4%, an instable hydrodynamic system characterized by the
disappearance of the suspension/froth interface and multidirectional particles movement was
observed. Above this TTAB/soil ratio, the venturi aerator generated very small air bubbles,
stabilized by free TTAB (TTAB not adsorbed on particles), that were not able to rise up to the
suspension surface and accumulate in the column which generates random movements. So,
0.4% can be considered as a critical TTAB/soil ratio, a ratio not to be exceeded to have a

stable hydrodynamic flotation with a well-defined suspension/froth interface.
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Fig. 2. Impact of collector amount on the global separation rate. Global separation rate versus
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To study the process selectivity to fine particles and identify the specific information on
the morphology and particle-size distribution of the separated particles at each TTAB/solil
ratio, laser granulometry analysis were performed on samples floated at the different
TTAB/soil ratios (0.1, 0.2, 0.3 and 0.4%). Particle-size distributions of the separated particles
are compared in Fig. 3. Particle-size distribution of the raw soil sieved at 200 pm is also
reported as reference curve. Results revealed that the separated particles at different
TTAB/soil ratios present distinctly different size distributions. Particles from 1 um to 100 pm
were transferred into the troth. Three main particle-sizes are detected for the separated
particles samples: a minor particle-size centered at 3 um which can be mainly attributed to
phyllosilicates [29], and two major particle-sizes centered at 10 um and 30-50 um (depending
on flotation conditions). The first major particle-size could be dominated by phyllosilicate
aggregates [29] and the second one could be composed by a phyllosilicate and quartz mixture.
Furthermore, it can be seen from the figure that the particle-size distribution shifted towards
small particle diameters when the TTAB/soil ratio was decremented from 0.4 to 0.1%. So, the
lower the TTAB/soil ratio, the more size-selective is the separation. Particles can be
transported from suspension to froth by two competing phenomena: attachment to bubble and
entrainment. This last phenomenon is totally unselective and may collect large particles (both
hydrophobic and hydrophilic particles) [30]. It was shown that entrainment is amplified at
high froth liquid fraction which is in turn amplified at high collector concentration [31]. This

could explain the removal of larger particles at higher TTAB/soil ratios.
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Fig. 3. Particle-size distribution of the froths particles separated at different TTAB/soil ratios.

As discussed above, the separation performance strongly depends on the collector

concentration, but other parameters affecting the separation rate are also to be considered.

3.2.2. Impact of froth residence time

This part evaluates the effect of froth residence time over the separation performance at a
broad range of experimental conditions. Twelve flotation tests were conducted at residence
times between 60 and 150 s and at three different TTAB/soil ratios (0.1, 0.2 and 0.3%).
Experiments were performed at a suspension concentration of 50 g/L and an air flow rate of 1
L/min. Fig. 4 presents the relationship between froth residence time and separation rate at
different TTAB/soil ratios. It can be noticed that at a fixed TTAB/soil ratio, the residence time
increase penalized the separation rate. All profiles follow the same trend, with a slope

increasing with TTAB/soil ratio. For example, at given TTAB/soil ratio of 0.2%, a noticeable
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rate loss from 52 to 27% was observed when the froth residence time is doubled from 60 to

120 s.
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Fig. 4. Global separation rate versus residence time at different TTAB/soil ratios.

The separation rate decreases classically with the froth residence time. Indeed, H-is-weH-
knewn-that the froth particulate flotation mechanism involves three essential phenomena: (1)
attachment of the particle to air bubble or the so-called true flotation, (2) entrainment and (3)
drainage [26, 29, 32]. The two first elementary processes, (1) and (2), occur in the collection
zone (suspension zone), whereas the third one occurs in the froth zone. Fhe-eleaning-zene-In
the froth zone, is-dynamicand-subject-te free water gravitational drainage occurs which leads
to liquid film thinning, in which interfacial forces become important governing further
stability of the liquid film between the gas-liquid and solid-liquid interfaces [33]. Particles can

be entrained by the water flow or remain attached to air bubbles and form aggregates which
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can slowdown the water drainage [34]. In our case, the higher the residence time, the greater
is the drainage duration and thus the lower is the separation rate. The drainage in the froth
allows to get rid of the unattached entrained particles and froth is selective of the attached
particles as usually observed in the literature [35-37]. Rahman et al. [35] noted in their study
on the effect of flotation variables on the recovery of different silica particle size fractions, a
strong effect of froth residence time upon the separation rate and the size distribution of the
recovered particles. They attributed this behavior to the detachment of particles at higher froth

residence times (higher froth depths).

In order to evaluate more precisely the drainage phenomenon efficiency, a set of froth

liquid fraction (¢) measurements was performed at two TTAB/soil ratios (0.2 and 0.3%) and
several residence times (between 60 and 150 s). Froth liquid fractions (&) were calculated
according to Eq. (3) described in the experimental section. The & values measured on froths
obtained at these conditions are tabulated in Table 3. It can be noted that at equivalent
TTAB/soil ratio, the longer the residence time the lower is the froth liquid fraction. Relatively
dry froths were obtained at higher residence times, but froths became more humid below a
residence time of 60 s with liquid fraction values reaching 4.0 and 5.1% at TTAB/soil ratios
of 0.2 and 0.3%, respectively.
The froth liquid fraction decrease, along with a residence time increase, emphasizes the
drainage process and consequently particles entrainment downstream.

Another important point to be highlighted is the fact that, at a given residence time, froth
liquid fraction values obtained at 0.2% of TTAB/soil ratio are lower than those obtained at a

ratio of 0.3%. It confers to the froths made with a TTAB/soil ratio of 0.2% a potentially better
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stability than those obtained at TTAB/soil ratio of 0.3%. Most likely, that is why the effect of

froth residence time on the separation rate is more pronounced at higher TTAB/solil ratios.

Table 3

Froth volume liquid fraction (%) obtained at different residence times.

Ratio TTAB/soil (%) Froth residence time ()
60 90 120 150
0.2 4.0 15 0.9 0.7
0.3 51 2.4 1.3 1.0
4 4 B Raw soil sieved at 200 pm
® Residence time=60s
A Residence time=90s
1 v Eesigencetime:?gOs Py .-“
— ¢ Residence time=150s o g *n
.E 3
=
-E? |
2
O 2
S
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e
o 15
D
0O
0

Particle diameter (pm)

Fig. 5. Particle-size distribution of the froths particles separated at different residence times

with 0.2% TTADB/soil ratio.
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Fig. 5 compares the particle-size distributions of the froths particles separated with a ratio
TTAB/soil of 0.2% and collected at four residence times (60, 90, 120 and 150 s). The results
indicated that the particle-size distribution shifted towards the smallest sizes and the mean
particle diameter decreased when the residence time was incremented from 60 to 150 s. This
behaviour could be attributed to the detachment of the heaviest particles or the particles badly
attached (particles having an incomplete hydrophobization). This confirms the finding that the
drainage process leaded to remove the large particles from the froth stream, resulting in a

selective separation of the smallest ones.

To conclude this part of the impact of froth residence time, increasing the froth residence

time would enhance the drainage phenomenon, thereby decreasing the separation rate and

enhancing the separation size-selectivity.

3.2.3. Impact of suspension concentration

In the experiments described above, the feed suspension concentration was 50 g/L. In
order to examine the impact of suspension concentration on the separation rate, a series of
experiments was carried out at four suspension concentrations: 50, 75, 100 and 125 g/L, and
at different froth residence times (90, 120 and 150 s). These experiments were performed at
Q4i»=1 L/min and TTAB/soil ratio=0.2%. Fig. 6 presents the separation rate evolution as a

function of the suspension concentration obtained at the several residence times studied. It is
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clear that, at a fixed residence time, a significant rate gain was noticed when the suspension
concentration is increased from 50 to 100 g/L. More stable froths were formed when
increasing suspension concentration from 50 to 100 g/L. The improvement of collision
(particle/air bubble) and capture probability at higher suspension concentrations was thought
of as a possible explanation leading to the formation of heavily charged froths at 100 g/L,
stabilized by fine particles.

It could be furthermore observed from this illustration that the separation rate is more
sensitive to suspension concentration at prolonged froth residence times. Indeed, with the
same residence time increase, the separation rate gains the maximum change at higher
residence times, especially when the suspension concentration was doubled from 50 to 100
g/L.

Another noteworthy aspect from the plot illustrated in Fig. 6 emerges from the comparison
between the separation rates obtained at 100 and 125 g/L at each froth residence time. Indeed,
an additional increment of suspension concentration from 100 to 125 g/L showed no farther
significant rate enhancement whatever the residence time. The air bubbles saturation with
particles may be responsible for this observation.

A similar trend was observed by Luo et al. [38] in their work about the investigation of the
critical importance of pulp concentration on the flotation of galena from a low grade lead—
zinc ore. Authors noted that the recovery of galena minerals increases drastically with the

pulp concentration at lower concentrations to reach a plateau at higher pulp concentrations.
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Fig. 6. Impact of suspension concentration on the global separation rate. Global separation

rate versus suspension concentration at different residence times.
3.2.4. Impact of air flow rate

Concerning the air flow rate study over the separation behavior, various flotation experiments
were conducted at five air flow rates: 0.5, 1, 1.5, 2 and 2.5 L/min. The resulting air superficial
velocities were: 9.9, 19.8, 29.8, 39.7 and 49.7 cm/min, respectively. Air superficial velocities
were calculated by dividing the volumetric air flow rate by the cross-sectional area of the
column. It is worth noting that the other flotation parameters were fixed, namely t=120 s,
C,=50 g/L and TTAB/soil ratio=0.2%. The influence of air flow rate on the separation rate is
shown in Fig. 7. Based on these results, it is important to underline that the separation rate
considerably increased when air flow rate was raised from 0.5 to 1.5 L/min, especially from
0.5 to 1 L/min where the separation rate is multiplied by a factor of 2.5. This is in agreement
with literature: many authors observed that the separation rate increases significantly with air
superficial velocity and attributed this behavior to the increase of the air bubbles number and

the enhancement of the particle/bubble collision and capture probability [39, 40]. Moreover a
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larger increase of the air flow rate (from 1.5L/min to 2.5L/min), corresponding to
intermediate air superficial velocity from 29.8 to 49.7 cm/min, has no more effect onto the
global separation rate as shown on Fig. 7. The separation rate reached a maximum around 1,5-
2 L/min. This was previously observed in literature for chalcopyrite : after a plateau value, a
drop of the separation rate at higher superficial velocities due to high bubbles coalescence was
described at higher air flow rate (over 6L/min when superficial velocity exceeds 120 cm/min)
[41]. In our case, it means that coalescence of the bubbles seems to start around 1,5L/min and

leads to a decrease of the bubbles surface area where particles can be attached and a limitation

of the global separation rate, even if the amount of gas increase into the column.
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Fig. 7. Impact of air flow rate on the global separation rate at =120 s, C,=50 g/L and

TTAB/soil ratio=0.2%.

3.3. Determination of partial separation rates

Particle-size fractionation analysis, applied on the raw soil and the froth particles, was
investigated in order to identify the specific information on the partial separation rates. The
results are presented in Fig. 8. The analyzed froth sample was floated at the following
conditions: TTAB/soil ratio=0.3%, 7=120 s, C,=50 g/L and Q,;-=1 L/min. In order to disclose
an impact of the collector on the initial soil particle-size distribution, the same analysis was
carried out on the raw soil in presence of TTAB collector (soil + 0.3% TTAB). Based on
these findings illustrated in Fig. 8, the most relevant insights that can be noticed are as
follows. The raw soil exhibits a predominance of the 20-50 um fraction with a relative
abundance of 35%. The presence of TTAB collector introduced before flotation process did
not significantly alter the particle size distribution of the raw soil. An enrichment of the 2-20
um and 20-50 pum fractions was measured in the froth sample: rise of 22% for the 2-20 um
fraction and 39% for the 20-50 um fraction. Whereas, a depletion of the fraction <2 um and
especially the fraction > 200 um in the froth sample was noted. For the 50-200 um fraction, a
slight enrichment was observed. As demonstrated by laser diffraction granulometry (Figs. 3
and 5), there are no particles greater than 100 um in the froth and therefore the 50-200 um
fraction (measured according to the standardized classification of the IUSS) depicts actually

the 50-100 pm fraction.
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Fig. 8. Particle size distributions according five fractions of raw soil, soil+TTAB and

separated particles.

Fig. 9 is extracted from Fig. 8, presenting the separation rates per granulometric fraction
(or partial separation rates). The partial separation rates were calculated via the following

equation:

) ) mass of the class i in the froth
Partial separation rate (%) = — — % 100
mass of the class i in the raw soil

mass percentage of the class i in the froth

mass percentage of the class i in the raw soil

X Global separation yield (5)

The profile of partial separation rate follows the same trend than that of the grain-size
distribution. The 2-20 um, 20-50 um and 50-100 pum fractions (presented as 50-200 pm in

Fig. 9) were mostly separated with partial separation rates of 55%, 58.5% and 47%,
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respectively. The fraction <2 pum is poorly removed: only 20% of particles <2 um were
transferred to the froth. This could be explained by the fact that the finest particles do not
have sufficient kinetic energy to cross the streamlines created by the bubbles [34] or remain
aggregated into larger particle-size. Another possible explanation could be the fact that the
finest particles have too much kinetic energy to be adsorbed onto bubbles.

These findings emphasize the process selectivity to particles between 2-100 pm.
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Fig. 9. Separation rates per granulometric fraction.

3.4. Identification of the separated structures

XRD analysis were conducted on froth sample in order to identify the mineralogical
structures of floated particles. Fig. B presented in supplementary material shows the XRD

pattern acquired on 2-20 um froth fraction. Pattern analysis indicated a large abundance of
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well crystallized quartz (silica). Froth particles contain phyllosilicates, identified as kaolinite,
illite, montmorillonite and chlorite, known to entrap trace metals.

Organic matter content was determined in each sample (raw soil, separated particles in the
froth and treated soil) by mass loss obtained after calcination at 950°C during 4 h of
dehydrated samples. The mass loss by calcination at 950 °C includes destruction of organic
matter and calcium carbonate. However, this acidic soil type is originally devoid of calcium
carbonates, given that original host rock is a granitic formation. The obtained results are:
7.5% in the raw soil, 4.2% in the froth and 20.9% in the treated soil. In the treated soil
(unfloated soil), organic matter content is three times higher than in the raw soil. It is present
in these two samples as humic substances and particulate organic matter. Likewise, organic
matter taking stems form (plant debris) was observed in the raw and treated soils. The froth
contains the lowest organic matter content, which indicates that particulate organic matter is
excluded from the froth. Moreover, this floated organic matter is contained as organo-mineral

complexes and/or organic particles smaller than 50 pum.

3.5. Scaling-up

Comparison between flotation results obtained at lab scale and those obtained at pilot
scale is given in Fig. 10. The differences observed in some separation rates may be explained
by the differences between the systems used to inject air bubbles in the column. Indeed, in the
lab scale, one aerator was used to introduce air into the column, whereas in the pilot scale two
aerators were employed to inject air bubbles and limit sedimentation in the collection zone.
The results obtained at lab and pilot scales evidenced a global good agreement, which
legitimates the validity of the adopted scale-up criteria and provides valuable evidence to
support the technical viability of the soil flotation process for future exploitation at industrial
scale. The recommended scale-up criteria in such case is therefore the constancy of the air

flow rate/suspension flow rate ratio and the air superficial velocity.
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Fig. 10. Comparison of flotation results obtained at lab and pilot scales.

4. Conclusion

This study exhibits a new direction for soil decontamination by separating fine particles
carrier of contamination using the flotation technology. A continuous particulate froth
flotation process, as an environmentally friendly and cost-effective process, was employed in
this present work to separate negatively charged particles, including phyllosilicates, from raw
soil. Comparison between separation rates at different collector concentrations indicates that
the separation performance strongly depends on TTAB/soil ratio. Using granulometry and
XRD analysis, it was showed that phyllosilicate aggregates are transferred into the froth, but
other bigger particles are removed such as silica particles (Quartz). The global separation rate

depends on the structures of initial negatively charged particles in the soil.
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Flotation was performed through a wide range of experimental conditions in order to
investigate and understand the influence of the key processing parameters on the separation
performance. This work illustrates the feasibility and the potentialities of the flotation
technology in a continuous operation mode to separate selectively the fine particles (<100
pm) from soil. The parametric study of the process demonstrates that TTAB/soil ratio, froth
residence time and suspension concentration were the most significant parameters that affect
the global separation rate. TTAB/soil ratio has a positive effect on the separation rate and a
negative effect on the separation size-selectivity, whereas the froth residence time penalizes
the separation rate and enhances the selectivity to fine particles.

The upscaling studies evidenced good agreement between results obtained at lab and pilot
scales, which legitimates the validity of the adopted scale-up criteria and provides valuable
evidence to support the technical viability of the soil flotation process for a future exploitation

at industrial scale.
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Fig. B. X-Ray Diffractogram of the 2-20 um froth particles separated from soil. Standards:

quartz (green lines), illite (black lines), chlorite (violet lines), kaolinite (red lines).
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