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ABSTRACT 

In this study, the atom substitutions that commonly affect the monazite lattice were considered as 

potential factors affecting the monazite electrophoretic mobility. The influence of light rare-earth 

elements (LREE) substitutions and the presence of thorium, calcium, and silicate within the 

monazite crystal lattice was also examined using a natural monazite and synthetic cerium, 

lanthanum and neodymium monazite materials. Electrophoretic mobility measurements 

performed after treatment in an electrolyte solution equilibrated with air outline that LREE 

substitutions and other substitutions observed in the tested natural monazite did not affect the 

mineral surface properties. 

Conversely, the electrophoretic mobility of the synthetic monazites was found to be significantly 

affected by the amount of dissolved carbonate species present in the aqueous media. More 

precisely, carbonate species were found to decrease the electrophoretic mobility of monazite. 

Unlike tests performed with a solution equilibrated with air, the electrophoretic mobility of 

monazite treated in a CO2 depleted electrolyte solution, under controlled atmosphere, were found 

erratic. This highlights the difficulty in obtaining reliable electrophoretic mobility data when the 

carbonate content in the supporting electrolyte solutions is not controlled. 

 

KEYWORDS: Rare-earth minerals, Lanthanides, Monazite, Electrophoretic mobility, 

Zeta potential, Substitution, CO2, carbonate 

Abbreviations: LREE: Light rare-earth elements, IEP: Iso-electric point, 

PZC: Point of zero charge, XRD: X-ray diffraction, EDL: Electrical double layer 



1. Introduction 

Electrophoretic mobility and potentiometric titration are two crucial techniques to study 

mineral surface properties. Significant discrepancies in the IEPs and the PZCs of monazite and 

other rare-earth semi-soluble salts minerals were found in the literature [1–3]. In the case of 

monazite, published IEPs range mainly from 5 to 6.5, although IEPs outside this range are also 

reported (see Table 1). Beyond variations in apparatuses and analytical protocols, different 

explanations, listed below, were proposed to explain such variability in the monazite surface 

properties. 

A common explanation is that the atom substitutions that commonly affect the monazite lattice 

result in the exposure of the substituting atoms or point defects on the mineral surface changing 

its properties [4,5]. This phenomenon has already been described for certain minerals, such as 

cassiterite or ilmenite [6,7]. In the case of monazite, different types of elements may be naturally 

incorporated in the monazite lattice. Although cerium, lanthanum, praseodymium and 

neodymium are generally predominant, heavier rare-earth elements may be present in significant 

amounts in the monazite chemical composition [8]. To a certain extent, trivalent lanthanides may 

be directly substituted by tetravalent actinides forming lattice vacancies [9]. Coupled 

substitutions of trivalent lanthanides by divalent elements, notably calcium, and tetravalent 

elements are also reported and explains the observed incorporation of up to 31.5 wt% of ThO2 

and 15.6 wt% of UO2 in the monazite lattice [9–11]. Furthermore, coupled substitution of LREE 

and phosphate by actinides and silicate may occur and explain the frequent presence of silicon in 

monazite chemical composition [12]. LREE may also be directly substituted by alkaline earth 

metals, notably calcium and strontium, leading to oxygen vacancies [9]. 

Monazite surface properties are also suggested as being significantly affected by the crystal 

defects caused by the radioactive decay chain of the radiogenic actinides isotopes naturally 

present within the monazite lattice [13]. This assumption is based on the fact that the radioactive 

decay chains of actinides elements, such as thorium, release recoil nuclei, and the induced 



collision cascades are known to generate intense atom displacements, which may ultimately 

induce an amorphisation [14,15]. However, in the case of monazite, the influence of crystal 

lattice defects on zeta potential is likely to be limited, since generally only isolated defects are 

observed [16,17]. A recent study highlights that despite exposure to high doses of radiation, a 

crystalline state is maintained due to the electronic energy loss of released alpha particles that 

heal monazite lattice defects [18]. 

It cannot be excluded that variability in published IEPs is induced by the presence of mineral 

inclusions in monazite crystal, or the presence of middling grains and non-monazite grains in 

analysed materials. Indeed, large and pure monazite specimens are scarce and electrophoretic 

mobility measurements are frequently performed on monazite samples concentrated from heavy 

minerals sands (see Table 1). 

In aqueous media, free lanthanide ions are known to have a strong affinity for dissolved 

carbonate species [19]. In a previous study, we examined the affinity of monazite surface 

lanthanide ions with carbonate species using synthetic monazites. It was shown that treatment 

with significant amounts of sodium carbonate did not result in mineral surface carbonation after 

thorough rinsing with deionised water [20]. However, in the literature, the monazite 

electrophoretic mobility has been reported tending towards zero, for a broad pH range, when 

measured in a Na2CO3 solution rather than NaCl solution [21]. This may suggest that the 

monazite surface ions react with dissolved carbonate species, although this interaction is not 

strong enough to result in detectable surface carbonation after thorough rinsing. This interaction 

may explain the variability observed in published IEP values and suggest that the aqueous media 

temperature that controls the solubility of carbon dioxide [22], and thus the concentration of 

carbonate species in the bulk, affect the monazite electrophoretic mobility.  



Table 1: Measured IEP values of monazite reported in the literature 

V

alue 
Monazite origin References 

3.

5 
Korea (H.S.) Choi et Whang, 1963 [23] 

4.

7 
China Ren et al., 2000 [24] 

5 Bayan Obo, China (CB) Luo & Xiangyong, 1987 [25] 

5 Namibia (CB) Espiritu & Waters, 2018 [26] 

5.

2 

São Gonçalo do Sapucai, 

Brazil 
Pavez et al., 1996 [27] 

5.

3 
Australia (H.S.) Cheng et al., 1993 [28] 

5.

3 
New Mexico, USA 

Nduwa-Mushidi & Anderson, 2017 

[13] 

5.

3 
China Zhang & Honaker, 2018 [29] 

5.

4 
Bayan Obo, China (CB) Li et al., 2018 [30] 

5.

5 
Near Rosetta, Egypt Abeidu, 1972 [31] 

5.

9 
Brazil Azizi et al.,2016 [32] 

5.

9 
Itambé, Brazil Sarvaramini et al., 2016 [33] 

6 Hebei, China Zhang & Honaker, 2017 [34] 

6.

5 
China Zhang et al., 2017 [35] 

6. Not indicated Abaka-wood et al., 2017 [36] 



5 

7 Namibia (CB) Espiritu et al., 2018 [37] 

Note: H.S. = heavy mineral sands; CB=carbonatite 

The aim of this study is to investigate the effect of atom substitutions on the monazite 

electrophoretic mobility. To this end, a comparative study of the electrophoretic mobility of a 

natural monazite with a complex composition and some synthetic monazite materials with 

various chemical compositions was performed. The natural presence of dissolved carbonate 

species during the treatment of monazite was also considered as a factor affecting electrophoretic 

mobility.  



2. Materials and methods 

2.1. Monazite samples 

A monazite powder was prepared using a monocrystal from Manangotry (Madagascar). 

Further information on the sample origin, crystal size reduction, and impurities removal is 

detailed by Richard et al. (2015), who analysed and prepared this sample [38]. Based on 32 

electron microprobe analyses, they showed that the composition of this monazite powder was 

highly homogeneous. A typical electron microprobe analysis is presented in Table 2. 

Table 2: Electron microprobe analysis of the monazite monocrystal expressed in weight 

percent and reproduced from Richard et al. (2015) [38] 

Composition (wt %) P2O5 SiO2 Ce2O3 La2O3 Nd2O3 Pr2O3 Sm2O3 Gd2O3 Dy2O3 CaO Y2O3 ThO2 UO2 PbO Total 
Average 26.58 1.99 28.31 13.76 9.78 2.91 1.05 0.43 0.04 0.95 0.12 12.93 0.28 0.31 99.44 

Standard deviation 0.30 0.13 0.48 0.41 0.39 0.35 0.28 0.27 0.08 0.08 0.07 0.75 0.09 0.17 - 

 

Pure cerium, lanthanum and neodymium monazite materials were the three synthetic materials 

studied. Cerium, lanthanum and neodymium monazite precursors were obtained through a 

two-step chemical synthesis. Lanthanide nitrates with the formula Ln(NO3)3.6H2O (Ln: 

lanthanides) and USP grade phosphoric acid were used for the monazite precursors synthesis. 

Cerium nitrate (99 wt% purity) and neodymium nitrate (99.9 wt% purity) were supplied by 

Sigma Aldrich, lanthanum nitrate (99.9 wt% purity) was supplied by Merck. A diluted H3PO4 

solution (55 wt% H3PO4) was heated to 90–95 °C, and rare-earth nitrates were added at a weight 

ratio of 1 to 4 (rare-earth nitrates to diluted phosphoric acid). Once complete dissolution was 

achieved, which takes a few seconds, the solution was quenched in a large volume of boiling 

deionised water (18 MΩ cm) resulting in fast precipitation of lanthanide orthophosphates with 

rhabdophane structure. The suspension was removed from the heat, stirred for 30 minutes, and 

filtered. The filtrate was then rinsed several times and dried. 

In a study which will later be the subject of a dedicated paper, we highlighted that the 



rhabdophane-to-monazite thermal conversion is a three steps process. First dehydration of the 

rhabdophane structure occur below 300 °C, then a transitional monazite structure is obtained at 

around 600 °C, and finally, recrystallisation of the monazite occurs at around 1100 °C. In order to 

ensure total conversion of hydrated orthophosphates with a rhabdophane structure into 

dehydrated orthophosphates with a monazite structure, the dried precipitates were successively 

heated at 350 °C, 850 °C, and 1250 °C for 20 min at each temperature. This thermal treatment 

was performed in an electric muffle furnace using glassy carbon crucibles. The XRD 

diffractograms presented in Figure 1 confirmed that the thermal treatment led to the monazite 

structure. Further details on the synthesis of rhabdophane materials and further explanations on 

the selected thermal conversion route will be given in a dedicated paper. 

In order to perform electrophoretic mobility measurements, the natural and synthetic 

monazites were pulverised in an agate planetary ball mill (Fritsch Pulverisette) for 30 minutes. 

2.2. X-ray diffraction (XRD) 

The synthetic monazites were analysed at the LIEC laboratory using a Bruker D8-Advance 

diffractometer equipped with a cobalt anticathode (35 kV - 45 mA) as an X-ray emitting source 

(λ=1.78897 Å), θ-2θ goniometer, and LynxEye energy-dispersive one-dimensional detector. 

XRD analyses were performed with a 2θ angle ranging from 3° to 64°, a step size of 0.034° and 

an acquisition time of 3 seconds. The synthetic materials were identified by comparing their XRD 

patterns to standard line patterns available from the “Powder Diffraction File 2000” database. 

  



 

Figure 1: X-ray diffractograms of the synthetic monazite materials 

(2 columns fitting figure) 

2.3. Electrophoretic mobility measurement and zeta potential calculation 

Electrophoretic mobility measurements were performed using a ZetaCompact zetameter from 

CAD Instruments. With this device, particles are illuminated by a laser sheet and their 

electrophoresis directly observed by camera. This direct observation allowed fine control of the 

absence of settling particles. A distribution of the particle electrophoretic mobility was obtained, 

and the Smoluchowski equation was used to calculate a zeta potential distribution [39]. Prior to 

any series of measurements, the electrodes conductivity was controlled with a solution of 

1 x 10-2 mol L-1 KCl, and the stationary layer setting was controlled with a standard suspension of 

TiO2 whose zeta potential must be in the range of -30 mV to -40 mV. 

In order to see the effect of dissolved carbonate species on the monazite electrophoretic 

mobility, two distinct treatment protocols were followed. With the first protocol, the electrolyte 

solution was generated with deionised water (18 MΩ cm) equilibrated with air by shaking, using 



a mechanical shaker. This equilibrium was achieved at variable room temperature (20 °C or 

30 °C). The monazite treatment was performed in an open beaker at the same room temperature. 

With the second protocol, the electrolyte solution was generated with deionised water boiled for 

two hours to decrease the amount of dissolved carbonate species. After the addition of potassium 

chloride, the electrolyte solution was placed for cooling inside individual sealed vessels. The 

monazite samples were treated in a closed glass reactor equipped with five inlets in which a pH 

probe, an air tube, syringes (containing KOH and HCl solutions), and a sampling pipe connected 

to the zetameter were hermetically inserted (see Figure 2). After pouring the deionised water, the 

air inside the reactor was flushed with pure dinitrogen, and then a dinitrogen overpressure (circa 

15 mmHg) was applied to limit exchanges with the atmosphere and consequent CO2 

contaminations. The same procedure was followed to insert the monazite material. 

These two treatment protocols shared common steps. 60 mL of the solution of deionised water 

containing 10-3 mol L-1 KCl as supporting electrolyte was pH adjusted with hydrochloric acid or 

potassium hydroxide solutions produced with CO2-depleted or air-equilibrated deionised water. 

24 mg of milled monazite was added in the reactor, and the suspension was stirred for 10 minutes 

under continuous pH adjustment. The mineral suspension was then pumped into the zetameter 

located in a second room whose temperature was maintained at 20 °C. It is thus important to 

differentiate the variable treatment temperature and the fixed measurement temperature of 20 °C. 

A delay of 10 minutes was required for settling coarse particles inside the zetameter measuring 

cell and detecting solely fine particles whose motion was Brownian in nature. A population of 

between 500 and 1500 particles on the stationary layer was typically observed after coarse 

particles settling. For each pH condition, measurements were repeated five times. Calculated 

standard deviations typically ranged from 0.1 to 0.3 mV and did not exceed 0.5 mV. 



 

Figure 2: Schematic drawing of the glass reactor used in this study 

(1 column fitting figure) 

3. Results and discussion 

3.1. Zeta potential of monazite treated in an electrolyte solution equilibrated with air 

As discussed in the introduction, it is suspected that dissolved carbonate species influence the 

monazite electrophoretic mobility. Therefore, in the case of monazite, the temperature that affects 

the carbon dioxide solubility and thus the carbonate species concentration in the bulk may be a 

determining parameter of zeta potential. A slight increase of the temperature of the electrolyte 

solutions may indeed significantly decrease the carbon dioxide solubility [22]. Therefore, in order 

to see the influence of LREE substitutions and the treatment temperature, the synthetic monazites 

were treated at a room temperature of 20 °C and 30 °C and in the pH range of 4 to 9 using an 

electrolyte solution equilibrated with the atmosphere. The obtained zeta potential values reported 

in Figure 3 outline the influence of the treatment temperature. Indeed, the zeta potential of the 

synthetic cerium monazite treated at 20 °C was found closer to 0 mV than when treated at a 

higher temperature. Since the zeta potential of the standard TiO2 suspension was unchanged and 

the temperature of each cerium monazite suspensions was stabilized at 20 °C after the settling 



period inside the zetameter, those zeta potential differences may be explained only by a 

difference in the treatment temperature, and thus a possible difference in the amount of dissolved 

carbonate species. 

 

Figure 3: Effect of the chemical composition of synthetic monazites and treatment 

temperature on the evolution of zeta potential as a function of pH in an electrolyte solution 

equilibrated with air 

(1.5 columns fitting figure) 

The data presented in Figure 3 also highlight that when using electrolyte solutions equilibrated 

with air, the electrophoretic mobilities of the synthetic monazites are identical. The IEP of the 

three synthetic monazites treated at 30 °C was observed at pH 5.9. These results suggest that 

LREE substitutions will not affect the monazite surface properties. In order to see the effect of 

the other atom substitutions that may occur in the monazite lattice, the electrophoretic mobility of 

the cerium monazite material was compared to that of a natural monazite sample with a complex 

chemical composition. For this comparison, an electrolyte solution equilibrated with air was used, 

and both monazite treatment and measurement were performed at a temperature of 20 °C. As 

depicted in Figure 4, the electrophoretic mobility of monazite was found to be unaffected by the 

presence of substituting atoms such as thorium, contrary to what was suggested in the literature.  



 

Figure 4: Effect of the complex chemical composition of the natural monazite on the 

evolution of zeta potential as a function of pH in an electrolyte solution equilibrated with air 

and at a room temperature of 20 °C 

(1.5 columns fitting figure) 

3.2. Zeta potential of monazite treated in CO2 depleted electrolyte solution 

In order to confirm the influence of dissolved carbonate species on the monazite 

electrophoretic mobility, the synthetic cerium and lanthanum monazites were treated at 30 °C, in 

a controlled atmosphere, using a CO2 depleted electrolyte solution. The obtained zeta potential 

values are presented in Figure 5. From a general perspective, although erratic zeta potential 

values were observed, it seems that the presence of lower amounts of dissolved carbonate species 

led to higher electrophoretic mobilities. Certain zeta potential values obtained when treating 

monazite under controlled atmosphere are similar to the ones obtained when the electrolyte 

solutions were equilibrated with air. Therefore, we assume that the inconsistency of the zeta 

potential values was caused by carbon dioxide contamination. A trendline of the expected zeta 

potential in absence of carbon dioxide contamination may be drawn, pointing out the shifting of 

zeta potential towards the values observed when treating monazite in open atmosphere, and thus 

in the presence of larger amounts of dissolved carbonate species. Interestingly, this trendline 



reveals an IEP similar to the one obtained when the electrolyte solutions were equilibrated with 

air.  

 

Figure 5: Effect of the exchanges with the atmosphere during the treatment on the 

evolution of zeta potential of synthetic monazite as a function of pH and at a room 

temperature of 30 °C 

(1.5 columns fitting figure) 

For pH below the IEP, the treatment of monazite under open atmosphere rather than controlled 

atmosphere, and thus the presence of higher amounts of dissolved carbonate species in the 

electrolyte solution, decrease its zeta potential. This decrease may be attributed to chemical 

adsorption on surface lanthanide ions of bicarbonate ions, which are present in relatively low 

quantities in the bulk according to the speciation diagrams presented in Figure 6. This decrease 

may also be attributed to a concentration of bicarbonate ions in the EDL that compensates the 

positively charged monazite surface. However, at pH above the IEP, an increase in the amount of 

dissolved carbonate species induced higher zeta potential values, which is inconsistent with a 

simple presence of additional negative charges in the EDL or on the mineral surface. In a 

previous study, we suggested that the under-coordinated lanthanide ions on the monazite mineral 

surface may react with dissolved carbonate species [20]. However, in this study, as mentioned in 



the introduction section, after treatment with sodium carbonate and thorough rinsing with 

deionised water, surface probing did not highlight a significant carbonation, suggesting that the 

interactions between the monazite surface ions and dissolved carbonate species are not strong in 

nature. It may be proposed that at pH above the IEP, the presence of carbonate species on the 

mineral surface or within the EDL significantly affect the monazite surface properties or the EDL 

structure, resulting in a decrease of electrophoretic mobility. At around pH 9, despite higher 

stability of dissolved carbonate species in aqueous media (see Figure 6), and thus higher kinetics 

of CO2 solubilisation, the influence of these species on the monazite electrophoretic mobility 

seems limited. Therefore, it is hard to conclude whether carbonate contamination becomes too 

significant or hydroxide ions become the major potential determining ions. 

 

Figure 6: Carbonate species concentrations (left) and related speciation diagram (right) 

in the case of an aqueous solution equilibrated with the atmosphere 

(2 columns fitting figure) 

To conclude on the effect of dissolved carbonate species, it was shown that when equilibrating 

the electrolyte solutions with air and controlling the room temperature, no erratic zeta potential 

values were observed. The compilation of all these results highlights that significant erraticness 

of zeta potential values appeared when attempting to decrease the amount of dissolved carbonate 

species without fine control of exchanges between the electrolyte solutions and the atmosphere. 



Hence, we recommend the use of a glove box and monitoring of dissolved CO2 to study the 

influence of carbonate species on the monazite zeta potential. 

4. Conclusions 

This study demonstrates the limited effects of the monazite chemical composition on its 

electrophoretic mobility. The electrophoretic mobilities of synthetic cerium, lanthanum and 

neodymium monazite materials and of a natural monazite sample which present a complex 

chemical composition were found identical when measured in electrolyte solutions equilibrated 

with air.  

Conversely, it was shown that dissolved carbonate species have a strong influence on the 

monazite electrophoretic mobility. Indeed, the monazite treatment protocol (controlled and open 

atmosphere) and the temperature of the electrolyte solution during this treatment significantly 

affect the monazite electrophoretic mobility. The results underscore that carbonate species reduce 

the monazite electrophoretic mobility. The decrease of electrophoretic mobility at pH above the 

IEP may not be easily explained and suggests that the influence of dissolved carbonate species on 

the monazite surface properties or on the EDL structure is complex. 

Electrophoretic mobility measurement is a common method to determine the zeta potential of 

a mineral and to study the phenomena that occur on the mineral surface, such as the adsorption of 

surfactants of metal species. Therefore, in the case of monazite, we suggest to strictly control the 

temperature and amount of dissolved carbonate species in order to achieve reliable zeta potential 

comparisons and surface mechanism deduction. Furthermore, this control appears essential to 

avoid erraticness of zeta potential values that decrease the precision of the IEP calculation. 
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