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Abstract 

In a radioactively contaminated soil, cesium 137 is known to be uptaken by fine particles, 

preferentially by micrometric phyllosilicate particles. Cesium is almost irreversibly adsorbed 

on the planar and frayed edge sites of the phyllosilicates. Particulate froth flotation technology 

assisted by cationic surfactant and operating in continuous mode is studied as a possible method 

to selectively separate fine phyllosilicate particles from soil. As a first approach, the strategy 

was to investigate the potentiality of this modular technology to separate fine phyllosilicates 

from non contaminated soils. Several soils, exhibiting various physicochemical properties were 

floated and compared. The objective was to disclose and understand the influence of soil 

textural and physicochemical properties on the separation of fine phyllosilicate particles. 

Comparison between soils flotabilities indicated that the separation yield and the selectivity on 

fine particles are strongly related to the initial soil properties. Systematic studies of the size-

particle distribution of the separated particles showed that fine phyllosilicate particles (<50 µm) 

removal from soil is possible. Three main size classes are detected in the separated samples: 

the first one is centered on 3 µm and could be attributed to the phyllosilicates class; the second 

one is centered on 10 µm and could be a phyllosilicate aggregates class; the last one, on 30-50 

µm (depending on soil properties and flotation conditions), could be composed of phyllosilicate 

aggregates and/or silica aggregates classes. Finally, the mineralogical composition of the 

separated particles from the various soils were identified by using X-Ray Diffraction analysis. 

Keywords: Flotation technology; soil remediation; separation; surfactant; phyllosilicates; 

colloidal particle 
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1. Introduction 

As a result of a nuclear accident such as Fukushima Dai-ichi nuclear power plant accident 

in Japan in 2011, significant amounts of radioactive cesium 137 aerosols are released and 

transported by wind and rain water to soil [1]. In radiocontaminated soils, cesium is almost 

irreversibly adsorbed on the planar and the frayed edge sites of phyllosilicate particles (mostly 

found in the finest fraction of the soil; from few micrometers to 50 micrometers) [2,3]. 

Furthermore, desorption kinetic of cesium and low ionic strength of soil solution lead to 

consider cesium adsorbed on phyllosilicates as non extractible and very resistant to washing 

[4,5]. As a consequence of cesium trapping in phyllosilicate particles, huge volumes of 

contaminated soil with radiocesium in both the Fukushima Dai-ichi nuclear power plant area 

and its surrounding (up to 20 million cubic meters of contaminated soil) are waiting for 

decontamination technologies and attract considerable concern all over the world [6]. 

Within the last years, several research activities on radiocontaminated soil investigation 

have been published. It was reported that in radiocesium contaminated soils, the contamination 

is strongly related to the soil particles size; the finer the particle, the higher the contamination 

[7-10]. In 2012, JAEA (Japan Atomic Energy Agency) demonstrated that, in Fukushima radio-

contaminated soils, 87% of cesium is fixed on particles smaller than 75 μm [7]. Recently, Saito 

et al. [8] studied the geochemical and grain-size distribution of radioactive cesium in 11 

contaminated soil samples collected in the eastern area of Fukushima Prefecture after the 2011 

accident. They found that cesium was more concentrated in the smaller-grain minerals (silt and 

clay particles) and that micaceous minerals was responsible for the fixation of cesium in soils. 

Tanaka et al. [9] investigated the particle size-dependent distribution of radiocesium in reverbed 

sediments after Fukushima Daiichi Nuclear Power Plant accident. Authors separated soil into 

11 fractions, ranging from granular size (>2000 µm) to clay size (<2 µm) fractions and 

determined the cesium amount in each fraction. They found that cesium was contained in higher 

amount in the smallest particle size fractions, possibly reflecting specific surface areas and the 

mineralogy, in particular the clay mineral content. They also observed a gap in cesium 

concentration between the silt size and sand size fractions. In their work, Ishii et al. [10] 

demonstrated that in contaminated soil the specific activity of a particle is proportional to the 

reverse of its radius (Activity ∝  
1

𝑟
 ). 

Despite the numerous soil decontamination technologies such as, soil washing [4], magnetic 

separation [11], electrokinetic processing [12,13], phytoremediation methods [14,15], there is 

a need for environmentally friendly process operating in continuous mode that will limit the 
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production of secondary wastes and allow reducing the high volumes of contaminated soils. In 

the present study, we propose a froth flotation process assisted by cationic surfactant as 

promising and cost-effective alternative technology to reduce the contamination of radio-

contaminated soil by directly and selectively separating the finest particles retaining the 

majority of contamination, and collecting them in a minimized volume or mass (15-30% of 

initial weight). Thanks to the flotation process studied at the French Atomic Energy 

Commission (CEA) with AREVA and VEOLIA partnership, it was previously evidenced that 

the volume of initially contaminated soil could be divided into two volumes [16]: 

 A floated froth volume containing the highest radioactivity and enriched in finest soil 

particles, 15 to 30% of the initial volume, i.e. a FCV (Volumetric Concentration Factor) 

of 3 to 7.  

 A volume of non-floated soil recovered at the bottom of the flotation column 

representing 70 to 85% of the initial volume. It contains a lower level of radioactivity 

which makes it possible to consider the decategorization of soil below a threshold for 

radioactivity (around 10 000 Bq/kg for instance). 

Particulate froth flotation has become one of the most common physicochemical separation 

technology used for mineral processing [17-20]. The utility of this technology relies on the 

selective separation of hydrophobic particles from a mixture of hydrophobic and hydrophilic 

particles. By modifying particles surface hydrophobicity (i.e. adding surfactants), froth flotation 

leads to selectively separate the desired particles from a complex mixture of particles by 

attaching them to air bubbles and recovering them laden froth [21]. Froth flotation process has 

received considerable attention and its use has become widespread  thanks to its several 

advantages in relation with conventional physicochemical separation techniques. It exhibits 

numerous benefits such as, its simple implementation, its flexibility, its selectivity, its eco-

friendliness, and its capacity for processing large volumes due to its continuous production 

mode (i.e. flotation column). Moreover, froth flotation is less expensive than other conventional 

methods, making this technique a promising prospect in particules separation realm. During the 

last decades, froth flotation has been widely employed in several areas such as, mineral 

processing [22,23], the treatment of industrial waste water [24], the recycling of plastics [25], 

the paper industry for deinking and recycling of waste paper [26,27], and bioengineering [28]. 

In the present study, particulate froth flotation process is tested to improve soil 

decontamination by separating the negatively charged phyllosilicate particles able to retain the 

majority of contamination accumulated in soil in the case of nuclear facilities accidents. As a 

first approach, froth flotation process was applied on four non-contaminated soils, having 
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various textural and physicochemical properties. The aim of this study was to investigate the 

influence of soil textural and physicochemical properties (i.e. mineralogical composition, 

pH,…) on its floatability, and especially on the separation selectivity to fine phyllosilicate 

particles. The first investigations have been made to specify the behaviors of the studied soils 

in the flotation column, and to correlate the soil floatability (separation efficiency) to its textural 

and physicochemical properties. The final goal of this research was to identify the mineralogical 

composition of the separated particles from soil by froth flotation. 

 

2. Experimental approach 

2.1. Materials 

Four representative soils of the area surrounding the French Nuclear Sites were selected for 

this study: a Calcosol, a Fluvisol, a Cambisol and an Alocrisol (French Soil Reference System). 

They are known to exhibit different textural and physico-chemical properties. Topsoils (horizon 

A) were collected between 0 to 40 cm depth depending on soil type (the respective collection 

depths of Calcosol, Cambisol fluvic (here renamed Fluvisol), Cambisol and Alocrisol are: 0-20, 

0-30, 0-14 and 5-40 cm). Samples were crumbled, air dried for one week and then sieved 

through a 2 mm mesh. Finally, samples were stirred to obtain homogenized materials for 

flotation trials.  

Fig. 1 illustrates a visual aspect of the four soils used in this work. Calcosol and Fluvisol 

support wheat crops and take a yellow to red colour due to presence of iron oxides and humic 

acids. Cambisol is covered by grassland and the Alocrisol by heath. Granitic substract and 

enrichment in organic matter of these soils confer to them a grey to charcoal gray colour. 

 

Fig.1. Photography of the four soils used in this study. 

Tetradecyltrimethylammonium bromide (TTAB) cationic surfactant was the selected 

collector. It was supplied by Fluka with a purity higher than 98%. TTAB chemical formula is 

given in Fig. 2.  
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Fig. 2. Chemical formula of TTAB collector. 

Flotation experiments described in this paper were carried out with soil suspensions 

prepared in Milli-Q grade pure water (15 MΩ.cm at 25 °C). 

 

2.2. Flotation experiments: experimental set-up and procedure 

2.2.1. Experimental set-up  

Flotation experiments were conducted in a flotation column operating in continuous mode 

and able to handle suspensions having relatively high particle sizes (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. 3.  

 

Fig. 3. Schematic diagram of the continuous flotation column. 

The system operates with a maximum feed flow rate of soil suspension limited at 3.5 L/min. 

It mainly consists of a monitored column (3) constituted by four superimposed Polyvinyl 
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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 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 thanks to specific aerator (5). 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 inlet and had a counter-current contact 

with the ascending air bubbles. The collection zone was fixed at a 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 

formed during the experiment was sucked at the top of the column by a reverse funnel (10) 

connected to a vacuum pump (12). The funnel height was adjusted to set 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). All operations are controlled by a computer 

interface with a LabVIEW software. 

2.2.2. 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. Flotation experiments were performed at a suspension 

concentration of 50 g/L, an air flow rate of 1 L/min and three TTAB/soil ratios: 0.2, 0.3 and 

0.4%. Four froth heights were successively tested during each experiment, resulting in four 

froth residence times: 60, 90, 120 and 150 s. The froth residence time is calculated by dividing 

the froth height by the superficial air velocity.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 
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weighted to evaluate the separation yield of fine particles. The separation yield was calculated 

according to the following equation: 

𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 𝑖𝑛𝑡𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑙𝑢𝑚𝑛 
× 100                (1) 

TTAB concentration was expressed as the following ratio: 

𝑇𝑇𝐴𝐵 𝑠𝑜𝑖𝑙⁄ 𝑟𝑎𝑡𝑖𝑜 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑇𝑇𝐴𝐵 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙
× 100                                                                               (2)                

The froth water content is defined by the volume liquid fraction (𝜀) retained in the froth and 

calculated for each depth according to Eq. (3). It is assumed that the injected air was entirely 

conserved all along the experiment. 

𝜀 (%) =
𝑄𝑤𝑎𝑡𝑒𝑟

𝑄𝑤𝑎𝑡𝑒𝑟 + 𝑄𝑎𝑖𝑟 + 𝑄𝑠𝑜𝑖𝑙
× 100                                                                                               (3) 

where Qi represents the volume flow rates (L/min) of water, air and soil.         

2.3. Analytical methods 

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 using laser diffraction on a 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. Physico-chemical characterization  

Grain-size fractionations were performed by wet siewing and sedimentation following the 

AFNOR NF X31-107 standard. Samples were divided into 5 fractions, each one having 

different particle sizes ranges: coarse sand (>200 µm), fine sand (200-50 µm), coarse silt (50-

20 µm), fine silt (20-2 µm) and clay (<2 µm) ), according to the classification of the IUSS. 

Detailed experimental procedure is presented in supporting information. pHwater of soil express 

the concentration of dissociated protons in soil solution. It was measured on soil suspension 
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respecting soil over pure water ratio (V/V) at 2.5, following the AFNOR NF ISO 10390 

standard. The cation exchange capacity of soils (CEC soil) express the total positive charge 

supported by compensating cations on sorbents negatively charged (i.e. clay minerals and 

organic matter). The CEC and the exchangeable cations (Ca2+, Mg2+, K+, Na+) concentrations 

were determined by exchange with ammonium acetate at pH=7 (NF X31-130 and NF X31-

108). The organic matter was determined by the volatile loss by combustion at 550 °C. 

Exchangeable Al3+ contributes, as H+, to the soil acidity and is measured by soil lixiviation with 

1M KCl solution. Iron free, representing the amorphous iron oxides, is extracted by oxalic acid 

and ammonium oxalate solutions at pH=3 (NF ISO 22036). The total iron is extracted by the 

Mehra Jackson method which combines sodium citrate, sodium bicarbonate and sodium 

dithionite solutions to dissolve cristallized iron oxide and hydroxide. 

2.3.3. X-Ray Diffraction analysis 

X-Ray Diffraction (XRD) measurements were performed on a XRD 5000 INEL powder X-

ray diffractometer using CuKα radiation, equipped with a CPS120 curve detector Si/Li, to 

analyze the mineral structure of the separated particles. The samples for XRD analysis were 

prepared by grinding the materials to less than 50 μm sizes. Powders were dispersed in water 

and suspension deposits were air dryied on glass slides. 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 2θ angle between 3° and 70° and the patterns were recorded on 

the whole 2θ 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. 

For phyllosilicate clay minerals quantification contained in the 0-2 µm soil fractions, 

patterns were acquired on a Bruker D8 Advance A25 diffractometer using CuKα radiation and 

equipped with a LynxEyey detector. The XRD patterns were measured at 40kV and 40 mA and 

recorded between 2.5 to 35° 2. Samples were prepared as a dryied deposit of clay suspension 

on a glass slide. Measurement were performed on air dried samples and saturated by ethylene 

glycol. Identification of crystallized phases used the ClayXR software [29] and NEWMOD© 

software [30] for quantification. Quantification of the clay minerals in soils is based on the 

quantification of clay minerals contained in the clay size-fraction (< 2 µm) of soils. Reactive 
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mineral content in the clay size-fraction is then weighed by its relative abundance in soil and 

the soil over clay size fraction CEC ratio. 

2.3.4. Scanning Electronic Microscopy 

Raw soil and extract samples were analyzed by Scanning Electronic Microscopy (SEM) on 

FEI Inspect S50 SEM scanning electron microscope equipped with an energy dispersive X-ray 

spectrometer (EDS). The samples were placed on a holder equipped with a double-sided tape 

and then a platinum coating was applied using a Pt electron E-1030 sputter for 1 min. The 

coated samples were used in the SEM analysis. To increase reliability of the results, this 

analysis was repeated at least 5 times for 3 different samples. 

3. Results and discussion 

This section is divided into three subsections. We first present and discuss the results of the 

physico-chemical characterisation of the raw soils. The second part is focused on the 

comparison of the flotation results obtained for the four soils in order to examine the influence 

of soil properties on flotation performance. Finally, the third part focuses on the identification 

of the mineralogical compositions of the separated particles. 

3.1. Physicochemical and textural characterizations of raw soils 

Before flotation experiments, textural and physico-chemical characterization of raw soils 

was conducted in order to examine the influence of soil properties on flotation performance. 

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. 

Grain-size distribution and pHwater measured on the four soils are listed in Table 1. Textural 

analysis reflect the grain-size associations in soils. According to their positions in the soil 

textural diagram [31], the soils were classified, as loamy soils except for the Alocrisol which 

was classified as sandy loam soil. Cambisol and Alocrisol are acidic soils collected in close 

area. Alocrisol less evoluated than Cambisol, shows a dominance of silt and sand fractions with 

a low percentage of clay, whereas Cambisol shows a dominance of the silt size-fraction 20-50 

μm. Fluvisol has a neutral pH and comprises a large coarse sandy fraction, which is passed on 

the clay and silt abundance depletion. Whatever, this grain-size distribution confers it an 

equilibrate loam texture. Calcosol is an alkaline soil and shows a dominance of the fractions 
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20-50 µm and 50-200 µm. It contains the highest clay proportion (18%) in comparison with the 

other soils. 

Particles-size of interest in this study (< 50µm), are increasingly abundant in Alocrisol 

(50%), Fluvisol (53%), Calcosol (66%) and Cambisol (67%). 

Table 1 

Textural characterizations and pHwater values of the four soils used in this study. 

Soil 

Weight percent of particle-size fractions (%) 
 

pHwater 

 

Clay Silt Sand 

0-2 µm 2-20 µm 20-50 µm 50-200 µm 200-2000 µm 

Calcosol 18.22 13.82 33.49 27.28 7.18 7.5 

Fluvisol 16.54 19.53 16.69 18.35 28.89 6.9 

Cambisol 11.28 18.70 35.67 22.29 13.04 5.5 

Alocrisol 2.76 14.23 32.74 25.61 24.66 4 

 

To relate separation rates with soil characteristics, charged species and charge process 

compensation is examined for each soil. Negative charges may be insured by organic acid 

(carboxylic chain) and permanente and variably charged mineral phases. Negative charge are 

compensated by exchangeable cations as mainly Na+, Ca2+, Mg2+ and K+ but also by H+, Al3+ 

and Fe3+. Generally, the sum of exchangeable cation (S) reflect the mineral contribution, 

whereas H+, Al3+ and Fe3+ contribute to medium acidity and to compensate the organic charges. 

Abundance of these components are expressed in Table 2. Organic matter, iron and free Al are 

the most abundantly found in the acidic soil, Cambisol and Alocrisol. Organic charge 

contribution is also reflected in the cation exchange capacity (CEC) of soil which is to be 

compared with the sum of exchangeable cations (S). Saturation rate (S+Al3+/CEC) express the 

charge deficit compensated by H+ in soils, and thus the ability to TTAB to be fixed on soil 

particles. Mineral charge is completely compensated in Calcosol and partially compensated in 

the other soils. Organic matter play a relevant role in the unsaturated soils, when the soil CEC 

value is greater than its S value. It is important to note, that the greater is the abundance of 

organic matter, the more free is Al3+ and the fewer is the S value. Moreover in acidic soils, free 

iron (mainly in ferrihydrite form) may reach around a 50% value of total iron, that involve input 

supported positive, bridging partly organic negative charges with minerals, at these soils pHs. 
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Finally, flotation by TTAB adsorption on soil particules may be expected most efficient on soil 

having saturation rate inferior to 100%. 

Table 2 

Physico-chemical properties of soils. 

Soil 
Organic 

Matter 

Fefree/FeT CECsoil Al3+ free S (S+ 

Al3+)/CEC 

 (g/100g) (-) (cmol/Kg) (cmol/Kg) (cmol/Kg) (%) 

Calcosol 2.03 0.12 9.89 0.116 9.90 100 

Fluvisol 4.39 0.19 12.20 0.120 9.30 76 

Cambisol 4.94 0.57 7.64 0.476 4.35 63 

Alocrisol 7.07 0.48 13.30 5.130 1.84 52 

S : sum of exchangeable cations Na, Ca, Mg, K 

Al3+: Al extracted by KCl 1M 

Fe free: Fe extracted by oxalic acid and ammonium oxalate  at pH 3 

FeT: total iron content in soil including amorphous and crystallized structures 

In order to identify the various charged minerals in the four soils, XRD analysis were 

performed on the raw soils. XRD patterns of the various soils are shown in Figs. A-D in the 

supporting information. It is clear from these spectra that soil is a complex system; numerous 

structures were identified with various amounts (peak intensities) in soils. These soils are 

composed of quartz, feldspar (low negative charged), variable charged iron oxide (goethite) and 

phyllosilicates such as illite, smectite, kaolinite and chlorite. Table 3 illustrates the only main 

negatively charged structures identified in soils which are able to be floated in the froth and 

therefore separated from soil. These negatively charged phases are able to adsorb the cationic 

collector to become more hydrophobic and thus they can be floated and separated from soil. 

Their significant mineralogical differences concern mainly the proportion of smectite and 

goethite. Effectively, smectite represents around 25% of the reactive minerals in Calcosol and 

Fluvisol comparing to 0 to 12% in Alocrisol and Cambisol, respectively. Moreover, in Calcosol, 

goethite represent 21% of the reactive minerals, slightly negatively charged at this soil pH. 

Table 3 

Proportions of dominant reactive minerals in raw soils estimated by XRD. 

Soil Illite Smectite Kaolinite Chlorite Goethite Sum 

Calcosol 6.67 5.02 2.05 1.32 3.98 15.06 

Fluvisol 9.50 7.55 9.34 2.84 2.84 29.24 
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Cambisol 8.25 2.41 4.35 3.94 1.35 18.95 

Alocrisol 7.50 0 4.77 1.70 1.02 13.98 

 

3.2. Comparison between soils floatabilities  

This subsection is focused on the influence of soil textural and physico-chemical properties 

upon the flotation performance via the comparison between four different soils (Cambisol, 

Fluvisol, Calcosol and Alocrisol) floated using the same operating conditions. Separation yields 

were measured at three TTAB/soil ratios 0.1%-0.3%, a suspension concentration of 50 g/L, a 

froth residence time of 120 s (corresponding to a 40 cm froth height), and an air flow rate of 1 

L/min. Results obtained for the various soils are compared in Fig. 4.  

 

Fig. 4. Comparison between flotation separation yields of fine particles for the various soils. 

As can be seen from this figure, at given TTAB/soil ratio, the four soils present diverse 

flotation behaviors and the separation yield is strongly related to the soil type. The comparison 

of flotation results indicated that the separation of hydrophobic particles from Cambisol and 

Alocrisol is much more pronounced than that from Fluvisol and Calcosol where low separation 

yields around 10% were obtained. This difference between separation yields may be related to 

H+ amount compensating mineral and organic charges in soil, expressed by the cationic 

saturation rate (Table 2). TTAB is more selective than H+ for negative charged surfaces. 
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Although Alocrisol is the most unsaturated, it contains the coarsest texture and the highest 

organic matter content figuring mainly as particulate organic matter, which seems unextracted 

by this surfactant, that may explain the lower separation rate of Alocrisol than Cambisol. 

Moreover, this difference may depend on the grain-size and the mineralogical composition of 

soils which influences the adsorption of TTAB on particles surfaces. Indeed, despite the 

comparable particle-size distributions of Cambisol and Calcosol, these soils present different 

separation yields (43% for Cambisol vs. 10% for Calcosol). 

Fig. 5 shows a comparison between the particle-size distributions of the separated particles 

from the four soils performed by laser granulometry analysis.  

 

Fig. 5. Size distribution of separated particles from the four soils. 

From this figure, it is clear that the separated particles from the four soils present distinctly 

different size distributions. Particles from 1 to 50 µm were separated from Calcosol and from 

1 to 80 µm for Fluvisol. Size distributions of the separated particles from these two soils are 

trimodal and follow nearly the same trend. Three main size classes are detected in the two 

samples: the first one is centered on 3 µm and could be attributed to phyllosilicates class [32], 

the second one on 8 µm and could be phyllosilicate aggregates class, and the third one on 25 

µm for Calcosol and on 40 µm for Fluvisol which could be phyllosilicate aggregates or silica 

aggregates classes. These soils are enrichted with smectite, as compared to Cambisol and 
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Alocrisol, contributing to the aggregates stability. This observation is in concordance with the 

results obtained in previous work conducted in our laboratory on the Illite clay flotation, where 

authors noted the same size distribution in terms of peak location and intensity [32]. The second 

peak could be attributed to other negatively charged particles such as feldspar or quartz, being 

detected by XRD. 

In the case of Cambisol, the particle-size distribution is also trimodal with three main classes 

centered at 3, 12 and 40 µm. Concerning Alocrisol, the size distribution of the separated 

particles is bimodal. A minor size fraction centered on 3 µm (phyllosilicates) and a major one 

centered on 40 µm (phyllosilicate aggregates and/or silica aggregates) were observed. For 

Cambisol and Alocrisol, much larger particles were separated. A very humid froth was observed 

in the case of these two soils, which can explain the relatively large size of the floated particles. 

Indeed, the larger particles observed in the froth were entrained by the liquid phase and not 

attached to air bubbles. Another important point to be taken into account is the fact that 

Cambisol and Alocrisol contain a lot of plant debris (much more than the other soils). These 

debris have very low densities and therefore they can be floated and separated with the other 

mineral particles, which may also interpret the separation of much larger particles from 

Cambisol and Alocrisol. 

The large difference between size distributions of the separated particles form the various 

soils may be attributed to the chemisorption of TTAB in the surfaces of negatively charged 

mineral particles: phyllosilicates, feldspar  and silica (quartz) particles . The magnitude of the 

separation of a given population depends on the affinity of the adsorbing surfactant to the 

surface sites of particles. Moreover, adsorption of TTAB will be favorized by the H+ abundance 

in soil. The neutral the soil, the lower is the TTAB adsorption. Indeed, the higher the adsorption 

of TTAB, the higher is the hydrophobicity of the particle surface and therefore the higher is its 

affinity to air bubble. 

Contrary to Cambisol and Alocrisol, sufficient selectivities for fine particles were obtained 

in the case of Calcosol and Fluvisol (as previously highlighted from Fig. 5). In order to enhance 

the size-selectivity for Cambisol and Alocrisol, additional experiments were performed on these 

two soils with greater froth residence times; two supplementary residence times were tested: 

150 and 180 s. On Fig. 6, the results are compared with those obtained using a froth residence 

time of 120 s (as a reference curve). It can be noticed from this illustration that the particle-size 

distributions of separated particles from both soils shifted towards the smallest sizes when the 

residence time was raised from 120 to 180 s, resulting in a more selective separation, especially 

for Cambisol (Fig. 6A) where the effect is more pronounced mainly at 180 s. For Cambisol 
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(Fig. 6A), the size class centered on 12 µm drastically grows with the froth residence time, 

especially at 180 s where it becomes the major class, preferentially recovered in the froth. In 

the case of Alocrisol (Fig. 6B), it is clear that the effect is less marked, but it is important to 

underline the appearance of a new peak centered on 12 µm at residence times of 150 and 180 s 

in comparison with the size distribution curve obtained at a 120 s residence time value; the 

particle size distribution becomes trimodal at 150 and 180 s. This difference between Cambisol 

and Alocrisol behaviors may be attributed to the difference between the amounts of 0-20 µm 

fraction in the raw soils (see Table 1). Indeed, the amount of 0-20 µm fraction in Alocrisol is 

much lower than that in Cambisol (30% in Cambisol vs. 17% in Alocrisol).  

Consequently, the higher the froth residence time, the more size-selective is the flotation 

separation. 180 s may be considered as an optimum residence time leading to high size-

selectivity separation for Cambisol and Alocrisol, whereas a residence time of 120 s is sufficient 

to obtain size-selective separation in the case of Calcosol and Fluvisol. 
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Fig. 6. Size distribution of separated partciles from (A) Cambisol; (B) Alocrisol at 3 froth 

residence times. 

 

It is well-known that the froth flotation mechanism involves three competing phenomena: 

(i) attachment of the particle to air bubble or the so-called true flotation, (ii) entrainment and 

(iii) drainage [33-35]. The entrainment which occurs in the suspension zone is totally 

unselective and collects relatively large particles (both hydrophobic and hydrophilic particles). 
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The froth zone is dynamic and subject to water drainage which leads to eliminate large and 

hydrophilic entrained particles from the froth stream by the descending water flow, resulting in 

a selective separation of the smallest ones. The fact that the drainage is enhanced at higher 

residence times [32] could explain the observation that the separation is more size-selective at 

higher residence times. 

To confirm this explanation and underline the drainage phenomenon, froth liquid fraction 

measurements were carried out on the two soils at the tested residence times (120, 150 and 180 

s). Froth liquid fractions at lower residence times (60 and 90 s) were also evaluated in order to 

disclose the trend of the evolution of froth volume liquid fraction as a function of residence 

time. The results are plotted in Fig . 7, showing a decrease of the volume liquid fraction in the 

froth with residence time due to water drainage. The longer the residence time, the less humid 

is the froth and therefore the greater the bubble sizes are, as illustrated in Fig. 8. These results 

highlight the drainage phenomenon which leads to the elimination of large and entrained 

particles, resulting in a size-selective separation. This phenomenon is more pronounced at the 

lower froth residence times (first stage 60-120 s) for both soils. 

 

Fig. 7. Evolution of froth volume liquid fractions 𝜀 (%) as a function of residence time at 

0.3% TTAB/soil ratio for Cambisol and Alocrisol. 
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Fig. 8. Photography of the generated froths at the various residence times, illustrating the 

drainage phenomenon. 

 

3.3. Identification of the mineralogical composition of the separated particles 

3.3.1. Visual aspect of the separated particles in froth 

Fig. 9 illustrates a visual aspect of the froth and its behavior in the column, and SEM images 

of raw Fluvisol and separated particles in the froth. Fig. 9a represents a photography of the froth 

taken during flotation experiment, showing a froth stabilized by fine colloidal particles with a 

moderate humidity. SEM image of the raw soil (Fig. 9b) showed irregular shaped particles with 

a board size distribution between few micrometers and about 1 millimeter. Likewise, organic 

matter in the form of stems (plant debris) was observed in the raw soil. Froth separated particles 

(Fig. 9c) revealed more regular and narrow size distribution with few micrometers (less than 

50 µm approximately). Identification of the mineralogical composition of these separated 

particles in froth are addressed in the following subsections. 
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Fig. 9. (a) Visual aspect of the collected froth stabilized by colloidal particles; (b) SEM image 

of raw Fluvisol; (c)  SEM image of the separated particles in the froth. 

  

3.3.2. Mineralogical composition of all particles separated in froth 

Mineralogical composition of froth-separated particles were determined by XRD (Fig. 10). 

Whatever the original raw soil, it appears that clay minerals as illite, smectite, kaolinite and 

chlorite are extracted with some accessory minerals as quartz and feldspars. In XRD patterns, 

peaks relative to quartz and feldspars are expressed with the highest intensity due to the good 

crystallinity of these minerals which is independent of their relative amount in the froth. 
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Fig. 10. X-ray patterns of froth separated particles from the four soils. 

 

3.3.3. Mineralogical composition per granulometric class 

To identify the mineralogical compositions of the various granulometric classes of the 

separated particles from Cambisol (taken as example, 0.3% of TTAB/soil ratio, 120 s of 

residence time), particle-size fractionation in water was applied on this sample. The samples 

were fractionated into 5 granulometric classes: 0-2 µm, 2-20 µm, 20-50 µm, 50-200 µm and 200-

2000 µm, according to the standardized protocol described in supporting information. The 

relative abundance of each granulometric class is given in Table 4. 
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Table 4 

Relative abundance of the different granulometric classes of separated particles in froth from 

Cambisol. 

Weight percent of particle-size fractions (%) 

0-2 µm 2-20 µm 20-50 µm 50-200 µm 200-2000 µm 

4.58 23.43 47.37 23.95 0.67 

 

X-ray diffraction analyses on the three grain-size fraction of Cambisol froth (Fig. 11) were 

performed on oriented deposites on glass slide in order to evidence the phyllosilicates minerals 

occurrence in each sample. Phyllosilicates minerals, as illite (I) smectite (S), chlorite (Ch) and 

kaolinite (K) are well evidenced in the finest particles, < 20 µm. These particules yield 28% 

w/w of the dry froth. The larger particules (> 50 µm) are mainly composed of non reactive 

minerals such as quartz (Qz) and feldspars (A). Here, phyllosilicates minerals are slightly 

evidenced by XRD analysis with a small peak intensity compared to finest particules. 

 

 

Fig. 11. X-Ray Diffraction patterns of <2µm, 2-20µm and 20-50µm particle-sizes extracted in 

the cambisol froth (0.3% TTAB, residence time 120 s): illite (I), kaolinite (K), smectite and 

chlorite (S/Ch), quartz (Qz) and feldspar (A). 
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By combining, grain-size distribution of separated particles (Fig. 6A) and their 

mineralogical composition, it is evidenced that particules < 20 µm contain the most reactive 

particules of the froth. By optimizing the residence time (120 to 180 s) for acidic soil such as 

Cambisol, the increase of finest particules (< 20 µm) uploaded in the froth coincides with the 

selective reactive phase separation. 

4. Conclusion 

Continuous particulate froth flotation, as an eco-friendly and cost-effective process, was 

used in the present study to separate negatively charged particles from various soils. Four soils, 

which were collected close to French Nuclear Sites, and presented various textural 

characteristics and physicochemical properties, were studied. This study illustrated the 

potentiality of the flotation technology in continuous mode to separate selectively the fine 

particles (< 50 µm) from soil. Comparison between the separation yields of the different soils 

indicates that the separation performance is strongly related to the soil texture and its 

physicochemical properties. It depends on the structures of negatively charged particles in the 

soil and the soil acidity. The more acidic is the soil, the greater is the separation yield value of 

fine particles and the poorer is the separation size-selectivity. Size-selective separation was 

obtained with a 120 s residence time of the froth for Calcosol and Fluvisol, and a 180 s residence 

time for Cambisol and Alocrisol. Thanks to XRD analysis, it was shown that phyllosilicates 

particles are separated from soil; phyllosilicates (illite, smectite, chlorite and kaolinite) and 

phyllosilicates aggregates are transferred into the froth, but other particles seem to be also 

extracted such as silica particles (Quartz). 

This study is going on with complementary flotation experiments, using reconstituted model 

of mineral soils,  which are artificial mixtures of clays and silica (80:20) and (50:50) in order 

to evaluate the transfer mechanisms of each kind of particle structures: phyllosilicate versus 

silica. The aim will be to enhance as much as possible the selectivity of the process for 

phyllosilicate particles. 
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A. X-Ray Patterns of raw soils 

 

 

 Fig. A. X-Ray Pattern of the raw Calcosol. 
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 Fig. B. X-Ray Pattern of the raw Fluvisol. 

 

 

 Fig. C. X-Ray pattern of the raw Cambisol. 
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 Fig. D. X-Ray pattern of the raw Alocrisol. 

 

 

B. Particle-size fractionation protocol 

Particle-size fractionations were performed on raw soils and Cambisol froth based on the 

standardized AFNOR NF X 31-107 method. Particle-size fractionation enables particles to be 

separated in water into different classes according to their sizes. Samples were divided into 5 

fractions, each one having different particle sizes: coarse sand (>200 µm), fine sand (200-50 

µm), coarse silt (50-20 µm), fine silt (20-2 µm) and clay (<2 µm), according to the classification 

of the IUSS. 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 µm) were separated by using a wet sieving method with 200 and 

50 µm screens meshes. Particles trapped on each screen were collected, dried at 105 °C and 
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weighted. Then, the suspension coming through the 50 µm screen (containing particles <50 

µm) was sonicated for 3 min and transferred into a sedimentation cylinder. Particles smaller 

than the silt size fraction (<50 µm) were further separated by sedimentation according to 

Stokes’ law, given in the following expression [36]:  

𝑣 =
2 𝑟2 𝑔 ∆𝜌

9 𝜇
                                                                                                                                                      (𝐵1) 

Where 𝑣 is the particle velocity, 𝑟 is the particle radius, ∆𝜌 (1.6 g/cm3) is the density difference 

between the particles and the fluid, 𝑔 (9.8 m/s2) is the gravity acceleration, and 𝜇 (10-3 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. 

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 of 4 

min 48 s, and 8 h were respectively assigned to the 20-2 µm and <2 µm particle-size fractions. 

The 50-20 µm 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 <2µm or 2-20µm 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. 

 

 

 


