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Abstract—The possibility of flotation extraction of lanthanum and cerium (III) compounds from diluted 
sulfate solutions was shown by using finely dispersed solid solutions of different radical phosphine oxide in 
paraffin. Optimal conditions for conducting the flotation have been determined. The effect of electrolyte 
additions on the process efficiency was studied. In addition, the mechanism of interaction of rare earth 
metal compounds with flotation collector was proposed.     
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INTRODUCTION

Rare�earth elements (REE) and REE�based compounds possess unique properties making them irreplace�
able in many branches of technology, such as metallurgy and oil refining, production and processing of optical 
materials, quantum electronics and radioelectronics, nuclear engineering, optics, production of new con�
struction materials, etc. [1]. The rapid development of these branches facilitates the growing need of industry 
in REE that results in increasing quantities of waste waters containing REE compounds which are toxic sub�
stances [2] that negatively affect the living organisms. Therefore, the search for new effective methods of aque�
ous solution treatment from REE compounds is a vital problem. 

The flotation process can be expediently applied for extraction of small quantities of dissolved compounds 
from large volumes of aqueous solutions [3]. For the extraction of ions of rare earth elements (including 
cerium and lanthanum) it is proposed to use for flotation collectors the potash soaps of fatty acids and potas�
sium abietate [4], diphenylguanidine [5], polyphos [6], dialkyl phosphoric acids [7], sodium dodecylsulfate 
[8–10], and others [11]. However the consumption of these collectors is fairly high (3 moles of SAS is usually 
required per 1 mole of REE), and their regeneration is a difficult task. Finely dispersed solid solutions of SAS 
in paraffin [12] are proposed for the extraction of ions of heavy metals by the sorptive flotation method or flo�
tation with carrier [3]. Such reagents (carriers) are characterized by simple regeneration and the possibility of 
repeated use, significantly reduced consumption, and the elimination of secondary contamination of treated 
solutions with SAS. 

The purpose of this paper is to study the possibility of using the finely dispersed solid solution of different 
radical phosphine oxide (DRFO) in paraffin as a carrier during the flotation extraction of rare�earth metal 
compounds from diluted aqueous solutions (using a case study of lanthanum and cerium (III)).

EXPERIMENTAL 

The targets of research in this study included sulfate solutions of lanthanum and cerium (III) with concen�
trations 5–50 mg/dm3. The concentration of sulfate ions amounted to 0.02 mol/dm3. The initial values of 
solution pH were 2. Additions of salts (sodium, calcium and aluminum nitrates, sodium and magnesium sul�
fates, and calcium chloride) were introduced into the specified solutions in the form of 1% aqueous solutions 
before the addition of carrier.

Finely dispersed 0.5�M DRFO solid solution in paraffin was used as a carrier. It was prepared using homog�
enized paraffin with melting point 53 ± 2°C. DRFO has the following structure:
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The DRFO choice was determined by its high stability to acidic media, good complexation properties, bio�
logical safety, availability (this reagent is produced at the pilot�scale production facility in the Institute of 
organic chemistry, NAS of Ukraine). Solid solutions of DRFO in paraffin were prepared by dissolving the 
required amount of DRFO in liquid paraffin heated to 60–70°C with subsequent cooling of the solution. 

The dispersion of DRFO solid solutions in paraffin was performed by using an UZG13–01/22 ultrasonic 
disperser with a strictor frequency of 22 kHz during 300 s. Prior to dispersion the water and dispersible sub�
stance (for melting) were heated to 60–70°C. During the dispersion of DRFO solid solution in paraffin the 
SAS molecules were oriented on the surface of paraffin particles in such way that their polar groups were 
directed into water (polar liquid). The resultant emulsion was cooled to the indoor temperature.

The carrier was introduced into REE sulfate solutions in a form of 0.5% aqueous suspension in a amount 
of 1.25 mol of DRFO per 1 mol of REE in two–three minutes before the beginning of flotation (except the 
tests directed on studying the effect of the time of suspension agitation (maturing) on the efficiency of the flo�
tation process). The flotation treatment of suspensions was performed on a setup for flotation by way of passing 
the air dispersed by the porous material through the solution. This setup represented a glass column having 
height 0.11 and diameter 0.03 m. The glass porous plate served simultaneously as the column bottom and the 
air disperser. The volume of solution poured into the column amounted to 5 × 10–2 dm3; flotation duration 
was 15 min (except the tests directed on the study of the flotation process kinetics). The air was fed into col�
umn from bottom through the porous plate at the rate of 5 × 10–7 m3/s. The tests were conducted at room 
temperature. Sublates (the products of interaction of REE compounds with the carrier) formed at the surface 
of solutions during flotation were removed mechanically. 

Suspensions (solutions) after flotation were periodically analyzed for the content of lanthanum or cerium 
(III). The analysis was performed using the standard technique [13]. The efficiency of flotation process was 
assessed in terms of the extraction degree of lanthanum and cerium from solution (α).

Infrared spectra of the carrier and sublates separated from solutions with pH 8.5 and pelletized with KBr 
were recorded on an infrared spectrometer with Fourier transformer Perkin Elmer 2011 in the wavelength 
interval of 400–4000 cm–1. The interpretation of findings was performed in accordance with the known cor�
relations [14–15].     

The attraction energy of sublate particles toward air bubbles (Um) determined by the action of Van der 
Waals�London forces was calculated by equation describing the interaction of two spheres [16]:

, (1)

where A* is the complex constant of Hamaker’s molecular attraction forces assumed to be equal to 4.04 ×
10–14 erg [16];  is the averaged radius of sublate particles (0.5 × 10–6 m) [17],  is the averaged radius of 

air bubbles equal to ~ 7.5 × 10–5 m [18]; H is the thickness of the solution layer separating the air bubble and 
sublate particle.

The energy of ion�electrostatic interaction of air bubbles and sublate particles (Ui) determined by the over�
lapping of their double electric layers was determined by the following equation [16]:
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where χ = (8πe2 ∑nizi
2/εkT)1/2 is the Debye parameter (quantity inverse to the effective thickness of double 

electric layer) depending on the charge (zi) and concentration (ni) of counter�ions; k is the Boltzmann con�
stant; e is the charge of electron; T is the absolute temperature. 

The averaged Stern potentials of sublate particles ( ) and air bubbles ( ) were assumed to be equal to 
their electrokinetic ξ�potentials due to the impossibility of their direct measurement. ξ�potentials of sublate 
particles and paraffin balls simulating air bubbles were determined by the microelectrophoresis method [19]. 
The possibility of simulating the air bubbles with paraffin balls is based on the fact that the latter, similar to air 
bubbles, are hydrophobic; the surface of paraffin balls and air bubbles is immobile (they can be viewed as rigid 
spheres at the bubble size of 7.5 × 10–5 m); the formation of double electric layer on paraffin balls and air bub�
bles occurs in accordance with the same mechanism [20, 21]. 

The total amount of interaction energy of air bubbles and sublate particles or the energy barrier of repulsion 
U was calculated by the following equation [17]:

U = Um + Ui. (3)

Values of solution pH were changed by using 1M KOH solution and measured by a multipurpose EV�74 
ionometer with a glass electrode.

RESULTS AND DISCUSSION

The investigations showed that the finely dispersed solid solution of DRFO in paraffin could be used as a 
carrier during the flotation extraction of compounds of rare�earth metals (lanthanum and cerium (III)) that 
were present in diluted sulfate solutions (Figs. 1, 2). The process efficiency depends on the solution composi�
tion (its concentration and pH, content of electrolytes), the amount of introduced carrier and conditions of 
process implementation (duration of flotation and agitation).

Medium pH essentially affects the flotation recovery degree of lanthanum and cerium (III) (see Fig. 1a). 
The maximum flotation recovery degree of REE is observed at pH 8.5. As a result of hydrolysis of sulfate com�
plexes of these metals, the cation hydroxocomplexes of lanthanum and cerium (III) are formed as well as their 
hydroxides [9] having the molecular degree of dispersity that can interact with polar groups of DRFO and can 
be extracted by flotation.

The study of the mechanism of interaction of extractable compounds with carrier involves the need of per�
forming the infrared spectroscopic investigations of the carrier, lanthanum� and cerium�containing sublates 
recovered by flotation from the solutions of metal salts at optimal pH values.  

The comparison of infrared (IR) spectra of the carrier and sublates shows (Table 1) that they contain 
absorption band corresponding to the stretching and deformation vibrations of hydrocarbon radicals and polar 
groups of SAS. The difference lies in the fact that IR spectra of sublates include weak absorption bands with 
maximums at 890 and 850 cm–1 that can be referred [16] to deformation vibrations of the Me–OH group and 
also the absorption bands with maximums at 618 cm–1 that can be referred to stretching vibrations of Me–O 
bond. The aggregate of obtained data makes it possible to suggest that the composition of sublates along with 
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Fig. 1. Relationship of the extraction degree of lanthanum (1) and cerium (2) from sulfate solutions using the finely dispersed 
solid solution of DRFO in paraffin as a function of the solution pH (a) and the carrier consumption (nDRFO / nMe) (b) (solu�
tion pH 8.5). The initial concentration of solutions of rare�earth elements is 50 mg/dm3; electrolytes are not added.
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DRFO includes hydroxides and hydroxocomplexes of recoverable metals. The band shift of stretching vibra�
tions of P–O group of carrier (1157cm–1) in the direction of lower frequencies occurring in IR spectra of sam�
ples of lanthanum� and cerium�containing sublates (1124 and 1123 cm–1, respectively) indicates the interac�
tion of the phosphoryl group with compounds of recoverable metals owing to the formation of coordination 
and hydrogen bonds.

The maximum recovery of lanthanum and cerium (III) from solutions at optimum pH involves the need 
of adding 1.25 mol of DRFO per 1 mol of metal present in solution (see Fig. 1b). At a smaller consumption of 
the carrier not all extracted REE compounds get bound in sublate, while the introduction of large surplus of 
the carrier results in the reduced degree of REE extraction  owing to the competition of sublate and carrier 
particles for the place on the surface of air bubbles. 

Table 1. Infrared spectra of the carrier, lanthanum�containing (A) and cerium�containing (B) sublates

Reference of bands

Samples under study

Collector A B

, cm–1

ν (OH) 3436 3436 3436

ν (CH3) 2957 2957 2957

ν (CH2) 2874
2849

2918
2849

2918
2849

δ (O–H) 1632 1630 1631

δas (C–CH3) 1473 1473 1473

δ (–CH2–) 1463 1463 1463

δs (C–CH3)
ν (P = O )

1379 1378 1379

ν (P = O)
in terms of hydrogen bond

1157 1124 1123

δ (Me–OH) – 889
851

891
838

ρ (–CH2–)n 730
720

730
720

730
720

ν (Me–O) – 618 617

ν̃
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Fig. 2. Relationship of the flotation extraction degree (α) of lanthanum (1) and cerium (2) using the finely dispersed solid solu�
tion of DRFO in paraffin as a function of the agitation duration (a) and flotation (b). The initial concentration of REE solu�
tions is 50 mg/dm3, solution pH 8.5. Electrolytes are not added.
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The use of finely dispersed solid solutions of DRFO in paraffin makes it possible to achieve an effective 
recovery of REE compounds from solutions with initial concentration (C0) of 30–50 mg/dm3 (lanthanum) 

and 40–50 mg/dm3 (cerium):

C0, mg/dm3 ……….5      10     20     30     40     50

α(La), % …………. 50     55     60     71     64     63
α(Ce), % …………. 26     27     39     41     56     60

One of the ways for enhancing the metal recovery efficiency is the agitation (maturing) of sublate suspen�
sions prior to flotation. This operation is performed for the sake of improving the interaction of the collector 
with extractable compounds, and also for upsizing the sublate particles due to the dehydration of their surface 
and the loss of aggregate stability. It has been found out that the agitation of suspensions of lanthanum� and 
cerium�containing sublates during 15–60 min leads to the maximum (under the specified test conditions) 
degree of REE extraction from solutions at pH 8.5 (see Fig. 2a).

The time required for achieving the maximum possible degree of flotation extraction of lanthanum and 
cerium using the finely dispersed solid solution of DRFO in paraffin amounts to 10–15 min (see Fig. 2b). The 
kinetics of process is described by the first�order equation. The values of speed constants found by experiment 
amount to (s–1): 1.58 × 10–3 (lanthanum) and 1.03 × 10–3 (cerium). The first order of the process indicates 
that the limiting stage is diffusion of sublate particles to the surface of air bubbles. This process is not hampered 
by laminar coagulation of sublate particles at the liquid–gas interface. 

However, even under optimal conditions for running the process, the extraction degree of lanthanum and 
cerium (III) compounds did not exceed 77% and 74%, respectively; therefore, for enhancing the efficiency of 
this process we studied the effect of additions of inorganic salts on the flotation extraction degree of lanthanum 
and cerium compounds using the proposed reagent. 

Optimal concentrations of salts (Table 2) were determined that ensured the rise of lanthanum and cerium 
extraction degrees by 5–13 and 10–16%, respectively. Positive effect of cations and anions increases with the 
increasing positive hydration of ions [22], i.e., with the strengthening effect of water orderliness in the close 
neighborhood of ions. It results in hydrophobization of sublate particles and enhances the sublate flotation 
recovery. 

The efficiency of flotation process depends on the cation charge of the metal entering into composition of 
added salt. Hence, for example, additions of sodium nitrate insignificantly affect the extraction degree of lan�
thanum and cerium, while at the same time additions of calcium nitrate and aluminum nitrate enhance the 
REE extraction degree by 12–15% and 5–11%, respectively. These findings can be explained by the fact that 
particles of the dispersive phase of sublates are charged negatively (Table 3); therefore the metal cations rep�
resenting counter ions compress double electric layer (DEL) of sublate particles thereby reducing their ζ�
potential and the energy barrier of repulsion between sublate particles and air bubbles that contributes to fix�
ation of sublate particles on air bubbles. 

The results of calculations based on the DLVO theory (see Table 3) show that the value of the energy repul�
sion barrier is reduced from 29 kT (in the absence of electrolyte) to 6 kT (with addition of 7.4 × 10–5 mol/dm3

of aluminum nitrate). The size of the secondary minimum increases in the case of transition from the sublate 
obtained in the absence of electrolytes to the sublate obtained in the presence of aluminum nitrate additions. 

Table 2. Flotation extraction degree (α) of REE compounds and their residual concentration (Cres) in solution at optimal 
concentrations (Cel) of added electrolytes (the initial concentration of REE solutions is 50 mg/dm3, solution pH 8.5,  
agitation duration is 20 min)

Indicator Na2SO4 MgSO4 NaNO3 Ca(NO3)2 Al(NO3)3 CaCl2 

Flotation extraction of lanthanum compounds

Cel, g/dm3 1.4 2.2 1.8 2.2 0.04 0.8 

α, % 90 85 70 89 82 89 

Cres, mg/dm3 3.0 4.5 9.0 3.6 5.4 3.3 

Flotation extraction of cerium compounds  

Cel, g/dm3 1.0 1.6 1.8 2.6 0.04 1.4 

α, % 90 90 80 89 85 87 

Cres, mg/dm3 3.0 3.0 6.0 3.6 4.5 3.9 
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Small values of energy repulsion barriers between the sublate particles and air bubbles explain reasonably high 
extraction degrees of REE.

CONCLUSIONS

Thus, the possibility in principle of using the finely dispersed solid solution of DRFO in paraffin as a carrier 
during the flotation extraction of rare�earth metals (lanthanum and cerium) has been experimentally shown. 
Under the optimal condition of flotation process the recovery degree of lanthanum and cerium amounts to 
90%.   

The authors express their gratitude to V. I. Kal’chenko and S. I. Miroshnichenko (The Institute of Organic 
Chemistry, NAS of Ukraine) for provision of the different radical phosphine oxide used in our investigations.
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Table 3. Chemical�and�colloidal characteristics of particles of cerium�containing sublates and air bubbles (initial data 
for calculations) and calculation results of the energy of their interaction using the DLVO theory 

System Cel, mol/dm3 α, %
ζp ζb χ, cm–1 Umax Umin

mV kT

Ce(III) + DRFO – 74 –15.6 –7.8 1.6 × 106 29 –

Ce(III) + NaNO3 + DRFO 2.15 × 10–2 80 –11.6 –21.2 6.95 × 106 13 –1.5

Ce(III) + Ca(NO3)2 + DRFO 5.9 × 10–3 88 –8.4 –21.6 3.63 × 106 11 –2.5

Ce(III) + Al(NO3)2 + DRFO 7.4 × 10–5 85 –5.5 –4.8 1.86 × 106 6 –6
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