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 Effect of lanthanum chloride addition on monazite floatability was investigated

 Lanthanum ions adsorb strongly on the phosphate groups of the monazite surface

 Lanthanum cations increase the adsorption energy of the carboxylate collectors

 When LaCl3 is used, the monazite hydrophobization by fatty acids is improved

 Combination of LaCl3 and fatty acids enhances the recovery of rare-earth by flotation
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Abstract

Rare earth elements (REEs) are indispensable in our daily life but they naturally occur in minerals, 

which are generally difficult to concentrate by the froth flotation method. Considering the significant 

affinity of lanthanum ions for phosphate species as well as for carboxylate groups, the influence of a 

lanthanum salt (LaCl3) on the adsorption of carboxylate species on monazite surface [(La,Ce,Nd)PO4] 

was investigated by bubble/particle adhesion tests, X-ray photoelectron spectroscopy (XPS), and 

atomistic simulations based on density functional theory (DFT). Both theoretical and experimental 

results demonstrated that lanthanum ions adsorb on the phosphate groups of monazite surface 

under the LaClCO3 form with a significant adsorption energy. Also, the hydrophobization of the 

monazite surface with fatty acids is considerably improved in presence of LaCl3, which is in 

accordance with DFT calculations: the lanthanum ions pre-adsorbed on monazite surface act as 

highly attractive adsorption sites for carboxylate collectors. In particular, these bridging cations 

significantly increase the adsorption energy of carboxylate collectors, from 344 to 420 kJ·mol-1 in 

absolute value. This synergistic adsorption will allow developing new methods for efficient monazite 

recovery from complex ores, a promising step for the recovery of critical raw materials.
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1. Introduction

The world demand for rare earth elements (REE) has considerably increased over the past few years, 

mostly to produce permanent magnets that support the energy transition, in particular the 

development of renewable electricity production and the growing demand for electric vehicles. The 

production of light REEs, mainly used for these applications, is currently largely dominated by the 

exploitation of a few massive carbonatite-related deposits, which results in a supply chain risk for 

importing countries. In the above-mentioned ores, REE-bearing minerals (REM) are exclusively 

concentrated through the froth flotation method. REM flotation is generally achieved with 

deprotonated carboxylic or hydroxamic acids [1–3], also named carboxylates and hydroxamates, 

respectively. These chemical reagents, so-called collectors, adsorb on REM surfaces and make them 

hydrophobic, which allows the air bubbles rising in the flotation machine to collect REM particles in 

the froth. The flotation selectivity directly arises from the difference in the affinity of these 

surfactants for REM surfaces and for gangue mineral surfaces. Therefore, low REM grades as well as 

the presence of certain gangue minerals can result in lower amounts of collector adsorbed on REM 

surfaces.

The fact that the bulk of light REE production is carried on by only a few massive exploitations, 

notably in China, is frequently contested on the view of the supply chain risk for importing countries. 

Many REE deposits and occurrences have also been identified all around the world albeit they have 

been classified as noneconomic primary or secondary sources considering the current economic 

context and the REM flotation practices. In particular, mine tailings can contain significant amounts 

of REEs [4–7] although, compared to classical primary REE deposits, they commonly exhibit lower 

grades, finer liberation sizes, and/or more complex mineralogical associations. In most deposits, 

including mine tailings and secondary ores, REE are contained in monazite [(La,Ce,Nd)PO4]. Hence, it 

is of paramount interest to develop new methods for monazite flotation since it could make the 

exploitation of such non-conventional deposits economically viable.



Many studies highlighted that metal cations affect the adsorption of carboxylates and hydroxamates 

collectors on various minerals by playing a role of a bridge between the mineral surface and the 

collector functional group [8–16]. Therefore, the combined use of the aforementioned collectors and 

a metal cation that display a high affinity for both the collector group(s) and the mineral surface 

group(s) represents an interesting approach to improve the monazite flotation performances. 

Although a few recent studies deal with the use of lead nitrate in combination with hydroxamates to 

improve the monazite flotation performances [14,17], this approach has been relatively unexplored 

and suited metal cations are yet to be identified.

Interestingly, free lanthanum ions are known to form complexes with carboxylate ligands due to their 

considerable affinity for those anions [18–21]. Consequently, carboxylates and carboxylic acids are 

studied and commercialized as extractants for REE solvent extraction [22–25] while 

carboxylic-acid-based ion-exchange resins can be used to entrap lanthanide elements [26]. Besides, 

lanthanum under various forms displays an excellent capacity to bind free phosphate species. 

Indeed, soluble lanthanum compounds are commonly used as phosphate precipitants for 

wastewater treatment and serum phosphate regulation [27–31], while sparingly soluble lanthanum 

compounds are used as phosphate sequestering solutions [30,32,33] and lanthanum-modified 

minerals are commercialized as phosphate-removing materials [34–36].

The affinity of lanthanum ions for both carboxylate groups and phosphate species suggests coupled 

interactions between lanthanum ions, the functional group of carboxylate flotation collectors, and 

the phosphate groups present on the surface of monazite. This study addresses the existence of 

synergistic effects between lanthanum ions and fatty acids (carboxylate collectors) that could 

promote the adsorption of these collectors on the monazite surface, increasing its hydrophobicity 

and thus the monazite floatability. This promoting effect of lanthanum ions on the floatability of 

monazite using carboxylate collectors is investigated in this work by a combination of experimental 

(adhesion tests and X-Ray photoelectron spectroscopy) and theoretical methods (density functional 



theory calculations) since it successfully unraveled complex molecular mechanisms over the past 

decades [37–42].

2. Materials and methods

2.1. Synthetic monazite

Adhesion tests and XPS analyses were performed using a synthetic monazite, obtained by a thermal 

treatment of rhabdophane, i.e. hydrated cerium phosphate, supplied by Alfa Aesar (99% purity). 

Rhabdophane was first compacted into pellets using a cylindrical press, which applied a compaction 

pressure of 80 kg·cm-1. Then, the pellets were thermally treated in an electric muffle furnace 

following the procedure detailed by Geneyton and co-workers [43]. XRD analyses confirmed that the 

obtained product was pure monazite-(Ce), which was then manually crushed in an agate mortar and 

screened to get a -315+125 µm powder used for the adhesion tests. A further pulverization of this 

powder, conducted for 2 h in an agate planetary ball mill was required to meet the material 

requirements for XPS analyses. Although natural monazite generally exhibits a complex lanthanide 

distribution, a lanthanum-free monazite-(Ce) was considered as a material of choice to study the 

interactions between carboxylate collectors and the monazite surface, including in presence of LaCl3 

since trivalent lanthanide substitutions in monazites do not affect significantly these interactions 

[44].

2.2. Reagents

For adhesion tests and XPS analyses, a sodium oleate (C17H33COONa) solution at 1 x 10-6 mol·L-1 was 

used. This solution was produced by treatment of oleic acid (99% purity, supplied by Alfa Aesar) with 

sodium hydroxide (NaOH) in deionized water (18.2 MΩ·cm) at 60°C for 30 min. For some tests, 

before dilution, the sodium oleate solution was premixed with the same volume of lanthanum 

chloride (LaCl3) solution at 1 x 10-3 mol·L-1, produced by dissolution of hydrated LaCl3 salt (99% purity, 



supplied by Alfa Aesar), in deionized water. This LaCl3 solution was also used alone to investigate the 

adsorption of lanthanum species on monazite surface.

2.3. Bubble/particle low-energy adhesion tests

The hydrophobicity of monazite grains surface, after treatment with solutions at low sodium oleate 

concentration, was studied by measuring the average number of grains attached to a bubble that 

was put in contact with a particle bed. The tests comprised a series of low-speed contacts between a 

still bubble and a mobile particle bed. Since the bubble remained perfectly still, stable adhesion 

occurred when the adhesion energy was high enough to lift a coarse particle (-315+125 µm) and, 

mostly, to resist the friction between the attached particle and the particles constituting the particle 

bed.

 

Fig. 1: Measure of the number of particles collected (bubble load) by putting the air bubble in contact with the 

particle bed (left), lowering the particle bed (middle), and detaching the attached particles by shocking while 

counting using a high-speed camera (right).

Prior to the adhesion tests, the treatment solution was prepared with its pH adjusted using NaOH or 

hydrochloric acid (HCl) at 0.1%, and was then placed in a closed test tube along with 100 mg of 

(-315+125 µm) synthetic monazite-(Ce) grains. After 24 h of treatment with no stirring, the particles 

were extracted with roughly 7 mL of solution and transferred to a glass cuvette to form a particle 

bed. A bubble with a diameter of 1.5 mm was generated and the particle bed was lifted using a 

micro-translation stage, to enable the contact with the bubble. After a contact time of 20 s, the 



particle bed was smoothly moved down and a shock was applied on the bubble holder to detach the 

collected particles and to count them using a high-speed camera (Fig. 1). The bubble load was 

averaged from 25 adhesion tests for each investigated experimental condition.

2.4. X-Ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectra were recorded using a Kratos Axis Ultra DLD spectrometer (Kratos 

Analytical, U.K.) equipped with a monochromatic Al Kα X-ray source (1486.6 eV) operated at 120 W. 

Calculations of XPS elemental compositions were performed using the Kratos Vision 2.2.11 software 

package including the subtraction of Shirley-type background [45]. For XPS analyses, 100 mg of 

monazite powder was treated for 30 min in a beaker containing 50 mL of the LaCl3 solution. Before 

and during this treatment, the pH was maintained constant at 8.5, a conventional pH for monazite 

flotation, using NaOH. The particles were then recovered by filtration through a nylon filter (0.8 µm 

pore size) and thoroughly rinsed with deionized water. The obtained powders were then placed in a 

desiccator under partial vacuum for soft drying prior to their introduction in the spectrometer.

2.5. DFT calculations

2.5.1. Protocol of modeling and calculation settings

The adsorption configurations and energies of species on the (100) monazite surface were 

determined through DFT calculations using the Vienna Ab initio Simulation Package VASP [46]. First, 

for each system, ab initio molecular dynamics (AIMD) simulations were carried out during 20 

picoseconds to find the area of the phase space accessible at 300 K, i.e. the atoms positions that 

corresponded to a plausible initial condition for a subsequent geometry optimization. For AIMD 

simulations, a Nosé-Hoover thermostat was employed to set the temperature to 300 K with a time 

step of 1 fs.

Then, on this system, a DFT relaxation was performed until all forces were smaller than 0.01 eV·Å-1 to 

calculate the energy of the system and the corresponding contribution of dispersion energy.



The combination of AIMD simulations (at 300 K) with subsequent DFT calculations provided the most 

stable configurations efficiently as well as the adsorption energies with high accuracy. For each 

system, the adsorption energy was determined by subtracting the calculated energies of the isolated 

molecule and the isolated surface to the energy of the system where the molecule is adsorbed on the 

surface.

The following settings have been applied for both AIMD and DFT relaxations. The PAW method 

[47,48] with a plane wave cut-off energy of 450 eV was employed as well as the PBE functional [49] 

with the D2 correction to account for dispersion forces [50]. The Kohn-Sham equations [51] were 

solved self-consistently [52] until the energy difference between the cycles became lower than 

10-8 eV. All the calculations were performed using the Γ-point only due to the large size of the cells. 

2.5.2. Structural Model

First, a primitive cell of LaPO4 was generated [53], fully relaxed, and used to create a (100) surface, 

which represents the most exposed surface for LaPO4 [54–56]. This slab was then expanded to obtain 

a supercell containing 96 atoms (16 La, 16 P, and 64 O) which comprised two layers of eight 

lanthanum atoms associated with eight phosphate groups. The lattice parameters of this supercell 

were a = 6.8313 Å, b = 13.8476 Å, and c = 13.1561 Å. The crystal structure of monazite, shown in 

Fig. 2, consists of an alternation of nine-coordinated lanthanide ions (in enneaoxide polyhedrons) 

and four-coordinated phosphorus ions (in phosphate tetrahedrons). Three oxygen atoms of the 

phosphate group are three-coordinated (bonded to two lanthanum and the phosphorus) while the 

fourth is three-coordinated (bonded to three lanthanum and to the phosphorus). On the (100) 

surface, half of lanthanum ions are seven-coordinated and the other half are eight-coordinated 

whereas, in the LaPO4 bulk, lanthanum ions are nine-coordinated (Fig. 2). A vacuum of 15 Å was set 

between the uppermost atom, including the added molecules, and the upper limit of the cell 

following the a-axis (leading to c = 28.1561 Å) to avoid any unwanted interaction due to the cell 



periodicity. For all the calculations, atoms in the bottom layer of the slab were frozen to their bulk 

positions.

Fig. 2: Side view of the monazite-(Ce) (100) facet with highlighted surface oxygen atoms under-coordinations, 

viewed using the VESTA program [57]. The crystallographic axes are indicated by the arrows at the top right of 

the figure.

3. Results and discussion

3.1. Affinity of lanthanum ions for monazite surface

Lanthanum ions are known to have a strong affinity for free phosphate species present in bulk 

solution [28–30]. Hence, it suggests a significant binding ability between lanthanum ions and the 

lattice phosphate groups exposed to the solution, owing to their under-coordinated oxygen atoms. 

However, although the oxygen atoms of the lattice phosphate tetrahedrons are under-coordinated 

on the cleaved monazite surface, their electrons excesses are intrinsically lower than those of the 

oxygen atoms of free phosphate species. Therefore, the adsorption of lanthanum ions on the oxygen 

atoms of the monazite surface phosphate groups had yet to be proven. XPS analyses were then 

performed to determine whether lanthanum ions interact with the surface phosphate groups, as it 



was assumed. The semi-quantitative XPS-determined surface atomic compositions of monazite-(Ce) 

treated with different LaCl3 concentrations are presented in Table 1. 

Table 1: Composition of the monazite surface after treatment in LaCl3 solutions at various concentrations 

(expressed in atomic per cent). n.d. = the content of the element is below the detection limit.

Composition (at.%)
LaCl3 dosage

Ce La O CO3 species C species P Cl
0 mol L-1 13.4 % n.d. 49.4 % 1.3 % 24.4 % 11.6 % n.d.
1.10-5 mol L-1 11.8 % 0.6 % 47.0 % 1.6 % 28.3 % 10.8 % n.d.
1.10-4 mol L-1 11.7 % 2.9 % 49.5 % 1.8 % 23.2 % 10.3 % 0.6 %
1.10-3 mol L-1 7.9 % 5.5 % 45.1 % 4.8 % 26.3 % 8.1 % 2.3 %

First, the amount of lanthanum ions identified on the mineral surface increases with the LaCl3 

concentration in solution, which means that lanthanum ions adsorb on the monazite surface (Table 

1). Furthermore, carbonate species are significantly more present on the monazite surface when this 

mineral is treated in a solution at 1.10-3 mol·L-1 LaCl3 compared to solutions with lower LaCl3 

concentrations (Table 1). Similarly, the amount of chlorine adsorbed on the mineral surface increases 

with the LaCl3 concentration. Considering that the electro-neutrality of the mineral surface must be 

satisfied, the adsorption of lanthanum ions is necessarily accompanied by the adsorption of 

counter-ions. From a thermodynamic perspective, under the given physicochemical conditions 

(pH 8.5 and 1.10-3 mol·L-1 of LaCl3), free lanthanum ions in solution react with carbonate ions to form 

LaCO3
+ and La(CO3)2

- species (Fig. 3), which probably adsorb on the mineral surface during this 

treatment. Hence, the above-mentioned increases in the chlorine, lanthanum, and carbonate 

amounts on the monazite surface can be explained by the adsorption of LaCO3Cl along with other 

species described on Fig. 3.



Fig. 3: Speciation diagram of lanthanum species in an aqueous solution equilibrated with the air, for a total 

lanthanum concentration of 1 x 10-3 mol·L-1. The thermodynamic constants used for this model are those used 

by Geneyton and co-workers [58].

The high-resolution XPS core level spectra recorded after a treatment of monazite-(Ce) in solutions 

with different concentrations of LaCl3 are presented in Fig. 4. First, no significant differences can be 

observed in the XPS Ce(3d) core level spectra of the different monazite-(Ce) powders (Fig. 4a). 

Besides, the variations in the intensity of the La(3d) spectra confirm the adsorption of lanthanum 

ions onto monazite surface (Fig. 4b) while the O(1s) core level spectra present a slight shift of about 

0.25 eV towards higher binding energies when the monazite-(Ce) is treated with LaCl3 solutions, 

regardless the concentration (Fig. 4c). Considering that the extent of this shift is equivalent whatever 

the amount of lanthanum adsorbed on the monazite surface, this could be interpreted as an artefact. 

However, though little significance, this result could also be related to the formation of La-O bonds 

(from LaPO4) on the surface, which shifts the binding energy of O(1s) compared to Ce-O bonds (from 

CePO4). Interestingly, while the peak attributed to adventitious carbon always presents the same 

binding energy (Fig. 4d), the peak assigned to carbonate species (around 289-290 eV) is shifted 



towards higher binding energies with the increase of the LaCl3 concentration in solution (Fig. 5). In a 

previous study, we demonstrated that, under the pH and conditions used for this treatment, 

carbonate species do not naturally adsorb on monazite surface [58]. Therefore, this shift probably 

results from the binding of carbonate ions with adsorbed lanthanum ions rather than with surface 

cerium ions, since these latter exhibit a lower electron vacancy regarding their coordination with 

lattice oxygen atoms (coordination number of seven or eight). However, this shift could also be 

related to an increase in the amount of hydrogen carbonate species adsorbed on the lanthanum-

modified monazite surface: these ions have higher C(1s) binding energies compared to carbonate 

ions [59,60]. The P(2p) core level spectra display no variation with the LaCl3 concentration (Fig. 4e), 

indicating no change in the close chemical environment of P atoms. The presence of chlorine atoms 

on the monazite-(Ce) surface (Fig. 4f) confirms the atomic quantifications (Table 1): in addition to 

carbonate ions, chloride ions also adsorb on the mineral surface to balance the lanthanum ions 

electrical charge.





Fig. 4: High-resolution XPS La(3d) core level spectra and intensity-normalized Ce(3d), O(1s), C(1s), and P(2p) 

spectra of monazite after treatment in lanthanum chloride solutions.

Fig. 5: Detailed view of the peak assigned to the carbonate species on the high resolution XPS C(1s) core level 

spectra. Shirley-type background was not subtracted to improve readability of the lateral shift.

DFT simulations were conducted to gain understanding in the molecular mechanisms involved in the 

adsorption of lanthanum species on the monazite surface. XPS results and thermodynamic 

calculations demonstrated the dominance of LaCO3
+ over the other lanthanum species in solution as 

well as adsorbed on the monazite surface. This led us to investigate the adsorption of LaCO3
+ through 

DFT calculations, which, however, required global electrical neutrality. To address this issue, a 

chloride atom was added close to the LaCO3
+ molecule and the adsorption of LaClCO3 species was 

considered in the calculations. After the AIMD simulation followed by a DFT relaxation (see Section 

2.5.1 for the details of the modeling protocol), the lanthanum, chloride, and carbonate ions establish 

bonds with the monazite surface atoms (Fig. 6). In particular, the lanthanum ion is bonded to two 



surface oxygen atoms (one mono-coordinated and one bi-coordinated), with La-O distances of 2.43 Å 

and 2.53 Å, respectively. Therefore, this simulation confirms that lanthanum ions adsorb on the 

monazite surface by establishing bonds with the under-coordinated oxygen atoms of the lattice 

phosphate groups exposed to the solution. Furthermore, the carbonate ion establishes two O-La 

bonds with two different surface lanthanum ions, corresponding to a bidentate binuclear 

configuration. It is also bonded to the lanthanum ion of the LaClCO3 molecule (Fig. 6), while the 

chlorine ion adsorbs by establishing a Cl-La bond with a surface lanthanum ion. Overall, the LaClCO3 

molecule adsorbs on the (100) monazite surface with ΔEads = -416.7 kJ·mol-1 including 

ΔEdisp = -190.8 kJ·mol-1.

Fig. 6: Monazite surface with one LaClCO3 molecule (a) and monazite surface fully coated with LaClCO3 

molecules (b) after 30 ps of AIMD simulation followed by a DFT relaxation. The green, red, light purple, blue, 

and brown balls represent lanthanum, oxygen, phosphorus, chlorine, and carbon atoms, respectively. The 

crystallographic orientation is the same than on Fig. 2.

Then, AIMD simulations were performed with more LaClCO3 molecules on the monazite surface, i.e. 

with an increased surface coverage. The calculated adsorption energy per LaClCO3 molecule, 

presented in Fig. 7, is similar for the adsorption of one and two LaClCO3 molecules, which is 

consistent with the fact that they do not interact (large distance between them). For three LaClCO3 

molecules, the adsorption energy per molecule increases to -503.7 kJ·mol-1·molecule-1, which 

highlights the existence of intermolecular forces that favor the co-adsorption of LaClCO3 on the (100) 

monazite surface. The addition of another LaClCO3 molecule on the surface results in a decrease of 



the global adsorption energy per molecule, which indicates a slight repulsion of the molecules and, 

thus, that a full coverage is reached. At high coverage, each lanthanum ion of LaClCO3 molecules is 

bonded to three surface oxygen atoms from two different phosphate groups and the carbonate ions 

are bonded to two lanthanum ions from LaClCO3 molecules (Fig. 6).

Fig. 7: Influence of the coverage of LaClCO3 on the adsorption energy per LaClCO3 molecule.

3.2. Influence of lanthanum ions on the adsorption of carboxylate collectors on the 

monazite surface

3.2.1.Adhesion tests

Two sets of adhesion tests were performed to determine if the presence of lanthanum ions in bulk 

solution influences the adsorption of sodium oleate on the monazite surface. In the first set, the 

monazite-(Ce) grains were treated in solutions that only contained sodium oleate while, in the 

second set, the monazite-(Ce) grains were treated with solutions that contained both sodium oleate 

and LaCl3. The average number of monazite grains collected by a bubble is plotted as a function of 

the equilibrium pH in Fig. 8. The use of low amounts of lanthanum chloride significantly promotes the 



adhesion of monazite grains over a wide pH range, which frequently results in the saturation of the 

bubble surfaces, as shown in Fig. 1. This enhanced hydrophobization of monazite surfaces in 

presence of LaCl3 is probably related either to a stronger adsorption of sodium oleate on the 

monazite surface or to a better organization of the adsorption layer.

Fig. 8: Effect of lanthanum chloride on the number of monazite-(Ce) grains collected by a bubble

3.2.2. DFT simulations

In order to understand this experimental result, the adsorption of carboxylate collectors on the 

monazite surface was studied using DFT simulations. Considering the high computational costs 

induced by AIMD simulations, we choose the sodium octanoate molecule, i.e. with a chain that 

comprises only 8 carbon atoms, to represent the carboxylates commonly used in flotation. This 

assumption could be done since the polar group of the collectors mainly controls the interactions 

between the collector and the surface, probably responsible for the synergistic effects observed 

here, while the chain length is involved in the collector-collector co-adsorption processes. Moreover, 



in a previous study, we demonstrated that the aliphatic chain length does not influence the 

configuration of the carboxylate functional group when it adsorbs onto semi-soluble mineral surfaces 

[61]. We also decided to not include water molecules in the simulations although the flotation 

process is performed in water. Very few studies investigated the hydration mechanisms of monazite 

albeit most sparingly soluble minerals are hydrated through molecular water physisorption [62–64]. 

The global objective of this study is to compare the adsorption of fatty acids onto a bare monazite 

surface and onto a monazite surface treated by LaClCO3. Therefore, the water desorption or 

dehydroxylation process is strictly the same for the two cases and can be neglected for the 

comparison, albeit it will change the absolute values of ΔG. Three simulations were conducted to 

investigate the adsorption of a sodium octanoate molecule on the (100) monazite surface. The 

objective was to assess the influence of lanthanum chloride addition in flotation systems by 

determining the adsorption energies of the most favorable configuration for sodium octanoate on 

the bare and LaClCO3-coated (100) monazite surfaces.

On the bare (100) monazite surface, sodium octanoate adsorbs by establishing La-O bonds between 

the two oxygen atoms of the carboxylate group and two surface lanthanum atoms, in a bidentate 

binuclear configuration (Fig. 9). The two La-O bonds are roughly equivalent, their lengths being 

2.52 Å and 2.55 Å. Moreover, the two C-O bonds in the carboxylate group are strictly equivalent 

(d = 1.28 Å and d = 1.29 Å), confirming the electron delocalization due to the presence of the sodium 

atom in the vicinity of the carboxyl group. Indeed, during the DFT calculation, a valence electron is 

transferred from the sodium atom to the carboxyl group, which forms R-COO- and Na+, the 

traditional species encountered in flotation systems. The sodium atom adsorbs on two surface 

oxygen atoms from two different phosphate groups, in the vicinity of the carboxylate group. Overall, 

sodium octanoate adsorbs with ΔEads = -343.5 kJ·mol-1 including ΔEdisp = -131.1 kJ·mol-1, which is in 

moderate accordance with the -422 kJ·mol-1 reported in the literature [8].



Fig. 9: Sodium octanoate adsorbed on bare monazite surface (a), monazite surface with one LaClCO3 molecule 

(b), and monazite fully coated with LaClCO3 (c) after 20 ps of AIMD simulation followed by a DFT relaxation. 

The green, red, light purple, blue, yellow, and brown balls represent lanthanum, oxygen, phosphorus, chlorine, 

sodium, and carbon atoms, respectively. The crystallographic axes are indicated for graph (a) and they are the 

same for the three graphs.

Besides, a similar simulation was conducted with a LaClCO3 molecule previously adsorbed on the 

(100) monazite surface, placed in the fully relaxed configuration. Sodium octanoate adsorbs in a 



bidentate binuclear mode by establishing a La-O bond with a surface lanthanum atom along with a 

La-O bond with the lanthanum atom of the LaClCO3 molecule (Fig. 9). As previously, the two C-O 

bonds are strictly equivalent, with a bond length of 1.28 Å for both. The La-O bond between the 

surface lanthanum atom and the carboxylate oxygen atom is 2.50 Å long, which is similar to the 

adsorption of sodium octanoate on the bare surface. However, the La-O bond between the 

lanthanum of the LaClCO3 molecule and the carboxylate oxygen atom is 2.37 Å long, which is 

significantly lower compared to lanthanum surface atoms. Consistently, the adsorption energy is also 

significantly higher in absolute value: when the LaClCO3 molecule is pre-adsorbed, sodium octanoate 

adsorbs with ΔEads = -420.2 kJ·mol-1 including ΔEdisp = -118.7 kJ·mol-1. This can explain the 

improvement of the monazite surface hydrophobicity when LaCl3 is added prior to the collector 

addition, since its adsorption (under LaClCO3 form) increases significantly the adsorption strength of 

the fatty acids on the monazite surface. Interestingly, the adsorption mechanisms are different on 

the monazite surface treated with LaClCO3 compared to the bare surface: during the AIMD 

simulation, the sodium atom moves far from the octanoate (d>4.5 Å), which can be interpreted as an 

exchange between sodium atom and the lanthanum atom of the LaClCO3 molecule.

3.2.3. Structure of the adsorption layer

Finally, the effect of the LaCl3 concentration on the collector adsorption was assessed by adsorbing a 

sodium octanoate molecule onto a surface fully coated by LaClCO3 molecules, i.e. with four 

molecules. In this configuration, the sodium octanoate adsorbs onto the LaClCO3 layer by establishing 

a La-O bond between a lanthanum atom from LaClCO3 layer and an oxygen atom of the carboxylate 

group. Also, it forms a Na-O bond while the sodium atom penetrates the LaClCO3 layer to adsorb on a 

phosphate group of the monazite surface. The Na-O and La-O bond lengths are 2.23 Å and 2.25 Å, 

respectively, which is significantly lower compared to the surface with only one LaClCO3 molecule or 

to the bare surface. Consistently, sodium octanoate adsorbs on the fully coated surface with 

ΔEads = -559.4 kJ·mol-1 including ΔEdisp = -29.9 kJ·mol-1, which represents a very high adsorption energy 

in absolute value compared to the previous systems. Hence, it can be assessed that increasing the 



LaCl3 in the conditioning stage, i.e. increasing the LaClCO3 coverage, will favor the adsorption of 

sodium octanoate in terms of adsorption energies. This crucial result demonstrates that the addition 

of LaCl3 in the early stage of the flotation process affords an improved adsorption of fatty acids and 

could therefore lead to a better monazite recovery or a better flotation selectivity in favor of 

monazite. To complete this preliminary and promising finding, we also investigated the organization 

of the adsorption layer, and in particular the influence of LaCl3 species (LaClCO3 at pH 8.5) on it. 

Hence, additional atomistic simulations were performed with increasing sodium octanoate coverage 

on the surface with one LaClCO3 and on the bare surface (Fig. 10). At low to moderate coverage, i.e. 

for 1-3 octanoate molecules, the adsorption energies per octanoate molecule are significantly higher 

in absolute value for the surface with a pre-adsorbed LaClCO3. For 2 octanoates molecules, they do 

not interact with each other, which induce very similar adsorption energies per molecule than for a 

sole octanoate molecule. When the coverage increases, the adsorption energies per octanoate 

molecule become similar, indicating a low influence of the LaClCO3 molecule on the surface. At high 

coverage, i.e. for 5-6 octanoate molecules, the molecular adsorption energies decrease in absolute 

values for both cases indicating that interactions between molecules and the surface become 

weaker, probably due to a significant polar repulsion between the carboxylate groups. Some 

artefacts can be present in Fig. 10, mainly due to the complex stabilisation of the aliphatic chains 

during the calculations and the initial locations of the sodium octanoate molecules on the surface. 

Therefore, the LaClCO3 molecule adsorbed on the monazite surface does not significantly affect the 

organization of the adsorption layer. The adsorption of the first, second, and third carboxylate 

molecules is favored when a LaClCO3 molecule is pre-adsorbed compared to the bare monazite 

surface. Consequently, the pre-adsorbed lanthanum ions constitute high activity adsorption sites on 

the monazite surface but do not control the tightness or the organization of the adsorption layer, 

which is mostly led by the packing area of the carboxylate species. Furthermore, the high coverages 

presented in Fig. 10 are probably never attained in realistic flotation systems since the formation of 



an adsorption layer implies the maximisation of the lateral chain-chain interactions and the 

minimisation of the polar repulsion between the anionic groups.

Fig. 10: Influence of the presence of one LaClCO3 molecule on the monazite surface on the adsorption energy of 

sodium octanoate (adsorption energy per molecule)

4. Conclusion

In this work, we have investigated the existence of synergistic effects between carboxylate collectors 

and lanthanum ions to increase the monazite flotation performances, considering the high criticality 

of REEs. First, the affinity between lanthanum ions and the under-coordinated surface phosphate 

groups of a monazite-(Ce) was studied using XPS analyses and DFT simulations. XPS analyses 

confirmed that lanthanum ions adsorb on the monazite surface along with chloride and carbonate 

anions that act as counter-ions. Moreover, the DFT simulations performed in this work indicated that 

LaClCO3 adsorbs onto monazite surface with ΔEads = -416.7 kJ·mol-1, which illustrates the strong 

affinity existing between free lanthanum species and surface phosphate groups. 



Besides, adhesion tests demonstrated that the hydrophobicity of a monazite-(Ce) surface is stronger 

when the mineral is conditioned in presence of LaCl3 prior to sodium oleate compared to when it is 

conditioned with sole sodium oleate. The considerable synergistic effects existing between LaCl3 and 

sodium oleate species were also highlighted by the DFT simulations, which were performed to 

investigate the adsorption of sodium octanoate on the monazite surface. The adsorption energies 

are significantly lower in absolute value when the collector is adsorbed on a bare monazite surface 

(-343.5 kJ mol-1) rather than when the collector adsorbs on a bridging lanthanum cation 

(-420.2 kJ mol-1). Furthermore, when the surface is completely coated by LaClCO3 molecules, sodium 

octanoate adsorbs with ΔEads = -559.4 kJ mol-1, which represents a significant value. Hence, the 

lanthanum ions, pre-adsorbed on the monazite surface, play an active role since they correspond to 

highly attractive adsorption sites for carboxylate collectors. However, they do not influence the 

organization and the tightness of the adsorption layer as increasing the coverage in terms of sodium 

octanoate molecules results in similar adsorption energy per molecule in presence or absence of 

LaClCO3 molecules. These results indicate that lanthanum ions added prior to carboxylate collector 

act as chemical bridges between the monazite surface and the carboxylate collectors functional 

group, increasing the affinity of these latter for the mineral surface. 

This new approach of using a soluble rare earth salt to improve the floatability of a REM may be 

regarded as irrelevant from an economic point of view. Nonetheless, the use of metal salts to 

activate or depress the adsorption of collectors on mineral surfaces is a widespread industrial 

practice in flotation, its economic sustainability being assured if the required dosage of metal salts is 

reduced. Overall, this study is the first step towards the development of a new approach in the 

flotation of monazite for REE extraction: soluble lanthanum salts exhibit significant synergistic effects 

with carboxylate collectors and could therefore be used as a promoter to increase the REE recovery 

from low grades, fine-grained, or complex ores. The results and the methodology presented in this 

study promise tangible progress on the selective recovery of monazite throughout flotation 

operations though it could be applied to most non-metal ores processed by flotation nowadays.
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