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Abstract 
This project was a theoretical and experimental investigation into the feasibility of leaching minerals of 

rare earth phosphate with oxalic acid in order to precipitate rare earth oxalates concurrently. Rare earth 

phosphates are poorly soluble minerals. Oxalic acid is a known precipitant of the rare earths. The 

resulting precipitate, a rare earth oxalate, can be even less soluble than its counterpart phosphate in a 

high concentration of oxalic acid. Therefore, the problem from a theoretical point of view could be 

framed as whether the transfer of rare earth ions from one poorly soluble mineral to another could be 

achieved at a sufficient rate while producing a rare earth oxalate of sufficient purity.  

Since this project had the complexity of transfer from one solid to another, the critical literature review 

was developed into a crude theoretical operating window showing lines of constraint based on 

temperature and concentration of oxalic acid.  

Doubt was cast on prior predominance diagrams showing the line of equal solubility of rare earth 

oxalates and phosphates. An experimental study was carried out to demonstrate and model the 

segregation between rare earths precipitating into layers of rare earth oxalate. It found a logarithmic 

distribution coefficient between the rare earths that may be approximated from the ratio of the 

saturated concentrations of the mono-oxalato complex of each rare earth, the precursor complex to the 

precipitate. This is a new method of determining the distribution coefficient of an organic salt formed 

by a sequence of complexes and remains a hypothesis. The formula suggested for the coefficient is: 

λ!
"
≅
#𝐾#$,&	β',"
#𝐾#$,(	β',!

 

where:  

𝜆 = logarithmic	distribution	coefficient  

𝐾#$,& = solubility	product	of	rare	earth	A  

𝛽',& = stability constant of mono-oxalato rare earth A  

𝐾#$,( = solubility	product	of	rare	earth	B  

𝛽',( = stability constant of mono-oxalato rare earth B 

According to this model and experimental results, the separations between heavy rare earths will be 

greater than that predicted by solubility. 
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The kinetic lines of the constraint were then investigated with a timed study of rare earth phosphate 

dissolution in mixtures of hydrochloric and oxalic acid. In all cases the dissolution rate degenerates 

within about half an hour. An abrupt slowdown appears to be linked to clusters of rare earth oxalates 

forming on the surface of the rare earth phosphate. A smooth slowdown appears to be linked to an 

approach to saturation, where no evidence of reprecipitation of rare earth phosphates on the surface 

was found. It was hypothesised that both these scenarios would cause a degeneration of the dissolution 

rate into diffusion control. This hypothesis was based on first principles, and also on consistent results 

found within the kinetic experiments. 

Two new methods were conceived. The first was the use of a diester of oxalic acid in an attempt to 

provide the solution with the minimum oxalic acid necessary for conversion in order to avoid the 

surface formation of rare earth oxalates. This method is currently subject to Patent Co-operation Treaty 

application WO 2019/227165 A1, a copy of which is presented in Appendix A. This method was 

successful in preventing such surface formations from hampering the conversion kinetics, and also 

provided a way to sequester the oxalic acid away from engagement in side reactions. However, the 

resulting product was rich in rare earth phosphates (and target purities were not achieved). The second 

method was the use of an emulsion of diethyl oxalate and water where droplets were continuously 

passed over the surface of the rare earth phosphate in order to avoid saturation at that surface. This 

method could be promising for materials in order to avoid a degeneration into diffusion control. To the 

best of the author’s knowledge, such an agitated emulsion leaching has not been used before to reset 

the concentration at the surface of a solid in regular, infinitesimal intervals. This kind of ‘intermittent 

leaching’ may be advanced in the short term by theoretical work regarding what happens at the surface, 

and what happens within the droplets.  
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Chapter 1. Introduction 
 

The aim of this study was to understand a system where one poorly soluble phase, rare earth 

phosphate, is being dissolved in acid and where the rare earths are being concurrently precipitated into 

another poorly soluble phase, a rare earth oxalate. Whereas this study initially had aims of developing 

new techniques to process rare earths from ore to element, it was soon found that notions of solubility 

and kinetics are beset by complexity, even more so when the phases are heterogeneous and approach 

saturation quickly. Therefore, the first objective of this study was to develop a conceptual framework 

for understanding the system in terms of solubility and kinetics. The second objective of the study was 

to assess experimentally whether leaching minerals with oxalic acid may be feasible within an 

operating window of solubility and kinetic lines of constraint. The third objective was to conjecture 

some new techniques in an attempt to overcome any limitations identified.  

The second and third objectives offer a scientific value in probing and validating the conceptual 

framework but also have a practical value in maximising the use of oxalic acid (a less hazardous reagent 

than strong mineral acids) in rare earth processing. Oxalic acid is already used industrially as a 

precipitant of the rare earths. Suggestions of another use come from recent attempts to break down 

monazite using oxalic acid (Lapidus and Doyle, 2015a, Lazo et al., 2017). It has also been used in the 

more distant past to selectively precipitate rare earths from each other (Weaver, 1954a, Feibush et al., 

1958).  

The first part of this introduction focuses on the significance of rare earths and the need for alternative 

methods of processing. It will firstly define the rare earth elements and illustrate their significance by 

outlining the demand that makes them an important commodity in the global economy. Next, the need 

for exploring new processes is justified by an outline of the problems with current processing. To 

counter these problems, a set of three ideal processes is imagined in the context of market structure. 

The introduction then justifies exploring the use of oxalic acid as a leaching reagent in a neat extension 

of its prior uses in rare earth processing. Oxalic acid, the oxalate ion and rare earth oxalates are then 

defined. Oxalate esters are also defined. The frontiers of knowledge are then defined for using oxalic 

acid to process rare earths. The last part of the introduction elaborates on the approach of this study 

mentioned above, involving the development of the conceptual framework of solubility and kinetics, 

testing and probing the conceptual framework for a window of feasibility, and conjecturing upon new 

techniques.  
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1.1 Rare earths and their significance 

Rare earth elements are the lanthanide series on the periodic table, as well as yttrium and scandium 

(Krishnamurthy and Gupta, 2015). The light rare earths cover the lanthanide series from lanthanum to 

gadolinium. The heavy rare earths cover the series from terbium to lutetium (Krishnamurthy and 

Gupta, 2015). The rare earths have very similar chemical properties (Lim, 2015) and can substitute for 

each other which implies that the total concentration of rare earths can sometimes be used as a working 

concept in a chemical system, for example in the study by Goyne et al. (2010). Rare earths are obtained 

from ores of phosphate minerals such as monazite, its hydrated relative rhabdophane, and xenotime 

(Krishnamurthy & Gupta, 2015). Monazite is a solid solution of mainly the lighter rare earths (Boatner, 

2002). In its ideal form it has a ratio of one light rare earth to every phosphate (Boatner, 2002). Xenotime 

is a solid solution of mainly the heavy rare earths and yttrium (Boatner, 2002). In its ideal form it has a 

ratio of one yttrium or heavy rare earth to every phosphate (Boatner, 2002). Both monazite and 

xenotime have extremely low solubilities in aqueous solution (Kim and Osseo-Asare, 2012). In the case 

of monazite, the notion of solubility as a two-way equilibrium should be qualified because monazite 

will not precipitate at low temperature from an aqueous solution of rare earths and phosphate 

(Schatzmann et al., 2009). Instead, hydrated crystals of rhabdophane will precipitate with the same ratio 

of rare earth to phosphate (Gausse et al., 2016). 

Rare earth elements are predicted to be in demand for several purposes. Several of the lighter rare 

earths, from lanthanum to dysprosium, are used in the lightweight magnets and batteries of electric 

vehicles (Roderick, 2011). Similar magnets are also used in the generators of wind turbines (Roderick, 

2011). In this sense, the future demand of rare earths is underpinned by a fundamental shift in the 

global economy towards renewable energy. The heavy rare earths found in smaller quantities are used 

in niche advanced technology. One example is the intravenous use of an isotope of lutetium for medical 

imaging in cases of cancer (Barakos et al., 2016). Another application of rare earths is in military 

technology such as guidance systems in missiles and autonomous drones which are currently the 

subject of great military spending in the USA, China and Russia (Barakos et al., 2016). In this sense, 

wars of the future will depend on a supply of rare earth elements. 

1.2 The need for an alternative process 

Of course, this demand would not be a problem were it not for the difficulty of entering the market to 

supply rare earths. One source of difficulty in entering this market is the high capital cost of building a 

processing plant. A plant that can take a rare earth ore and produce an individual rare earth element of 

high purity will cost nearly A$1 billion in the western world (David and Ryan, 2016). This expense 
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cannot be reduced by different rare earth miners sharing a centralised processing plant because each 

rare earth ore responds differently to treatment (Krishnamurthy and Gupta, 2015). Moreover, the rare 

earth ores often contain radioactive thorium and uranium which is difficult to transport between 

countries due to export and import prohibitions on nuclear materials. Thus, some desirable features of 

a new process are the versatility to treat different ore types and the ability remove radioactive elements 

at an early stage.  

Another source of difficulty in entering the market is the complexity and problems of the processing 

itself. The first problem is the extreme conditions used to break down ores of rare earth phosphate such 

as monazite and xenotime. Industrially one method of breaking down monazite is the application of 

70% sodium hydroxide at temperatures higher than 140°C to produce rare earth hydroxides and 

trisodium phosphate, the latter of which is also a commodity (Krishnamurthy and Gupta, 2015). 

However, this caustic cracking does not break down xenotime which is often a key component of ores 

rich in monazite. In this case, sulphuric acid at a purity of 93% must be used at temperatures higher 

than 200°C to produce rare earth sulphates (Krishnamurthy and Gupta, 2015). Both sets of conditions 

are so extreme that they will break down other minerals and consume reagents in the process. They 

also require neutralisation and a subsequent step to isolate the rare earths from other classes of elements 

to reach an intermediate product before downstream separation of the rare earth elements (Sadri et al., 

2017). Overall, these conditions are dangerous, energy intensive, and require convoluted stages after 

the ore is broken down. Thus, some desirable features of a new process are more benign conditions, a 

greater selectivity for the rare earth elements and fewer stages before downstream separation. 

Yet another source of difficulty is processing the radioactive content of some ores of rare earth 

phosphate. Monazite can hold thorium and calcium in solid solution and synthetic monazite is a 

candidate for occluding radioactive waste due to the perceived resistance of monazite to the range of 

geochemical conditions (McCarthy et al., 1978, Boatner et al., 1980, Ewing et al., 1995, Ewing and Wang, 

2002, Terra et al., 2006, Oelkers and Montel, 2008, Dacheux et al., 2013, Gausse et al., 2018). The nature 

of the radiation from monazite is in the form of alpha particles, which are particularly dangerous if 

inhaled or ingested. This means that crushing monazite ore and producing uncontained dust is a 

hazard that must be avoided. Another problem is that multiple stages are required to remove the 

thorium and traces of uranium and radium from the concentrates (Sadri et al., 2017). This results in the 

loss of some of the rare earths to the waste streams. The deportment of the radionuclides must be 

consistent to meet environmental regulations and the specifications of downstream receivers. A process 

to remove only the radioactive elements using oxalic acid was suggested by Lapidus and Doyle (2015a), 

but this method required refinement as only a partial recovery was achieved. A desirable feature of a 
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new process is a simple and clean separation of radioactive elements from the rare earths directly from 

coarse particles of ore in a wet process.  

The difficulties mentioned so far only relate to breaking down the ore. Industrial separation of rare 

earths from each other is imperfect at each stage and requires a convoluted set of hundreds of solvent 

extraction units (David and Ryan, 2016). The solvent extraction units are expensive to build, use 

expensive reagents and great amounts of energy (Krishnamurthy and Gupta, 2015). Thus, a desirable 

process would replace solvent extraction with a method that separates rare earths by greater factors at 

each stage, using simple equipment and common, recyclable reagents.  

The difficulties of separation do not stop with parting the rare earths from each other. The rare earths 

are often made into precursors for mixed rare earth oxides. One such precursor is a mixed rare earth 

oxalate made through precipitation of rare earths with oxalic acid or an oxalate ester that hydrolyses 

into oxalic acid (Graff and Ropp, 1969). In this case, the partitioning of rare earths between solution and 

solid oxalate has been characterised as governed by kinetics and has not in practice achieved the greater 

separation factors predicted by differences in solubility (Feibush et al., 1958).  

1.3 Ideal processes 

Overall, a set of ideal processes can be generalised from the paragraphs above. These three processes 

would be complementary if the same recyclable reagent were used in similarly benign conditions.  

• Standardisation process – uses low capital equipment to remove the radioactive elements from 

coarse particles of different ores in ambient conditions with selective reagents in order to 

produce a standardised, transportable precipitate with a high specific surface area for a 

centralised processing plant.  

• Direct production of intermediates – breaks down coarse particles of ore in ambient conditions 

with selective reagents to produce an intermediate that is ready for downstream separation 

processes.  

• Controlled production of oxalates – uses a predictable method to separate rare earths from each 

other with very few stages into mixed oxalates as precursors for specialty oxides with a focus 

on the magnet metals (neodymium and praseodymium), anode metal (lanthanum), and the 

heavy rare earths of high value due to their rarity.  
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1.4 Oxalic acid as a potential alternative 

Oxalic acid was a versatile choice for exploring new methods. Firstly, it is already used to precipitate 

rare earths from other ions in an intermediate stage of processing between breaking down the ore and 

separation of rare earths (Krishnamurthy and Gupta, 2015). Secondly, recent studies have suggested 

that solid rare earth oxalates may predominate over the phosphates in the ores (Lapidus and Doyle, 

2015a, Lazo et al., 2017). Thirdly, in terms of separation, the rare earth oxalates have significantly 

different solubilities from each other (Sarver, 1927). The segregation of rare earths through oxalate 

precipitation is important for control over the synthesis of mixed rare earth oxalates as precursors for 

smelting specialty metals. There are also conditions in which oxalic acid will dissolve the radioactive 

content from ores while precipitating the rare earths (Lapidus and Doyle, 2015a). Fourthly, prior tests 

on oxalic acid for breaking down ores and separating rare earths were initial endeavours without a 

thorough investigation of constraints so there is significant scope for advances in the state of 

knowledge.  

Oxalic acid (H2C2O4) is a moderately strong organic acid with a pKa of 1.23 for the first ionisation of 

hydrogen (Riemenschneider and Tanifuji, 2000). The oxalate ion C2O42- has a central structure of two 

carbons joined by a single bond. To each carbon is bonded two oxygen atoms. It is often drawn with 

one oxygen having a double bond to the carbon and the other a single bond to the carbon and a negative 

charge. However, the two oxygens form a resonance structure and share the negative charge which is 

available to donate electrons in a complex. One such complex is the precipitated rare earth oxalate 

which has a ratio of two rare earths for every three oxalates (Crouthamel and Martin, 1951). Each unit 

cell comprises a bridging oxalate with a rare earth ion coordinated to the oxygen atoms at both ends. 

Each rare earth ion is also coordinated to the oxygen atoms of another oxalate. The unit cell is hydrated 

when precipitated from aqueous solution. 

Oxalic acid can be added directly as a salt to a solution or it can be synthesised in the solution 

homogeneously from an ester. An ester of an organic acid is where at least one of the dissociating 

hydrogen ions of the acid is replaced with an alkyl group. For example, dimethyl oxalate (COOCH3)2 

has two methyl (CH3) groups whereas oxalic acid has two hydrogen ions. The dimethyl oxalate initially 

hydrolyses into monomethyl oxalate and methanol (Xu et al., 2014). 

Equation 1 

(COOCH3)2	+	H2O	⇌	(COOCH3)(COOH)	+	CH3OH	
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The monomethyl oxalate hydrolyses to oxalic acid and methanol (Xu et al., 2014).  

Equation 2 

(COOCH3)(COOH)	+	H2O	⇌	(COOH)2	+	CH3OH	

The oxalic acid can then precipitate the rare earths. As an aside, methanol has been reported to depress 

the solubility of rare earth oxalates (Graff and Ropp, 1969). 

1.5 State of the art 

Oxalic acid has, of course, been studied before for dissolving minerals of rare earth phosphate and 

selectively precipitating rare earths from each other. This section will trace the most recent research in 

order to describe the boundaries of current knowledge more explicitly. On the use of oxalic acid to 

dissolve rare earth phosphates, a lead came from a series of studies on using organic acids to dissolve 

monazite. Polyakov et al. (2010) tested a variety of humic acids on monazite and suggested that organic 

acids may be used in mineral processing. Goyne et al. (2010) tested oxalic acid and other carboxylic 

acids on dissolving monazite in a geochemical study. These studies were focused on dissolution of soil 

minerals with a very low concentration of organic acids. 

These studies formed the prior art in a topic given to the author in his undergraduate research project 

during 2014 at Curtin University. The original aim of the project was to use organic acids to complex 

the rare earths into solution. It was found that: 

• solid rare earth oxalates could be more stable than phosphates in acidic conditions, according 

to thermodynamic modelling with Medusa software; 

• agitating a monazite concentrate rich in iron oxides in oxalic acid (0.6 M) could dissolve about 

30% of the phosphate in one pass with a liquid to solid ratio of ten; 

• immersing the residue in EDTA at pH 10 could dissolve the rare earths (adapted from a 

titration procedure using EDTA (Misumi and Taketatsu, 1959)). 

The study assumed that solid rare earth oxalates were precipitating in the leach with oxalic acid, 

otherwise the solubility of the phosphate would be too low for the results obtained.  

The question arose as to what was preventing a full breakdown of the monazite in oxalic acid. About 

the same time, Lapidus and Doyle (2015a) used oxalate in acidic conditions on monazite in order to 

dissolve uranium and thorium as a pre-treatment to remove radioactive elements ahead of processing. 
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They found that dissolution of phosphate, uranium and thorium would slow, possibly due to 

passivation of the particles from precipitation on the surface by oxalates or phosphates, according to 

scanning electron microscopy. Precipitation is a separate cause to that found by Lazo et al. (2017) at 

Curtin University who found that oxalic acid was being consumed, according to differential pulse 

voltammetry.  

In terms of using oxalate precipitation to separate rare earths from each other, studies have not obtained 

a separation between pairs of lighter rare earths predicted by differences in solubility. In these studies 

the technique of precipitation from homogeneous solution was chiefly used in which the oxalic acid 

was generated uniformly throughout the solution by hydrolysis of an ester of oxalate. Feibush et al. 

(1958) found, among other things, that the separations followed the logarithmic distribution defined by 

Doerner and Hoskins (1925), but suggested that the separation was controlled by relative rates of 

precipitation that were far from the equilibrium of solubility. Since the differences in the solubilities of 

rare earth oxalates are significant (Sarver, 1927), a key issue is whether this supersaturation can be 

reduced or whether the distribution coefficients are set by some qualified model of solubility.  

On the separation of heavy rare earths, a technique was suggested for modifying oxalate precipitation 

before the era of ion-exchange and solvent extraction (Marsh, 1950). Marsh (1950) suggested 

precipitating rare earth oxalates from a solution with EDTA, a strong complexing agent. He found the 

use of EDTA would provide significant separations between the heaviest rare earths, although he did 

not use hydrolysis of an oxalate ester to achieve a homogeneous solution. A question is whether 

separation between heavy rare earths will be significant if EDTA and an ester of oxalate is used to 

precipitate the rare earths selectively from homogeneous solution. 

1.6 Developing a conceptual approach 

Although the previous paragraphs have described problems to be solved, an assessment of potential 

solutions depends on a relatively fundamental understanding of these systems. Since the system 

essentially involves two solid phases at or near saturation, the first question is how to define solubility. 

The classical notion of solubility as a two-way equilibrium where the phase is being dissolved and 

precipitated at the same time must at least be partially modified in the case of a rare earth phosphate 

dissolving and the rare earth precipitating into another phase, a rare earth oxalate. A more detailed 

way to describe solubility in this system may come from the experimental results, but for now a starting 

concept is required in order to define solubility as a constraint in the system. For now, it can be defined 

as a thermodynamic quantity, an equilibrium constant (if not dynamic equilibrium) that defines the 

product of concentrations at which no more dissolution occurs.  
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An initial assessment is whether leaching with oxalic acid is feasible according to thermodynamics, as 

this is a criterion which cannot be overcome by practical techniques beyond varying the solution 

conditions. The key thermodynamic parameter here is solubility and the key question is whether the 

solubility of the rare earth oxalates is lower than that of the rare earth phosphates. This thesis will first 

cover rare earth phosphates, as they are likely to be more heterogeneous coming from natural ore 

sources, and they cannot be changed by a choice of precipitation conditions like the rare earth oxalates. 

By heterogeneous it is meant that solubilities will change with particle morphology, chemical 

composition, and solution conditions such as pH and temperature. Particle morphology is especially 

important because the ore minerals have varying degrees of crystallinity. Chemical composition is also 

important because the rare earths form solid solutions which will reduce the solubility of an individual 

rare earth by a factor related to its activity fraction in the surface of the solid.  

The next topic under the question of whether rare earth oxalates are less soluble than rare earth 

phosphates is, of course, the solubility of the rare earth oxalates. While the thermodynamic stability of 

rare earth oxalates has been modelled using software in prior studies, for example (Lazo et al., 2017), 

there has been little discussion of whether the assumptions used in the software are correct. This issue 

needs addressing, because the solubility of a precipitate depends on many things. The first question is 

whether the whole of the solid is in equilibrium with the solution, or just the surface is in equilibrium. 

The second is how the rare earths may have segregated into the layers of the precipitate. For example, 

did the rare earths partition according to the relative solubility of the rare earth oxalates or by some 

other model? These issues are important for defining the thermodynamic constraints of the system, 

because it defines the solid solution of rare earths in equilibrium with the solution. This may have a 

higher solubility if the rare earths of a lower solubility are sequestered in the lower layers of the 

precipitate.  

Another set of constraints will be found in the kinetics of the system. With respect to the kinetics of rare 

earth phosphate dissolution, two scenarios will be covered: kinetics far from equilibrium, and kinetics 

near saturation. Kinetics far from equilibrium covers the kinetics of dissolution where the solution is 

far from saturated at the surface of the mineral and in the bulk solution. This case of kinetics depends 

on the solution conditions but is unrelated to the concentration of the dissolving solute. A study of 

these kinetics allows the simplest description of the factors affecting the rate of dissolution and provides 

a basis for superimposing the constraints that may appear when the solution is near saturation.  

When the concentrations of rare earths and phosphate are near saturation, the kinetics of dissolution 

may change considerably. This is an important consideration and is based on an assumption that solid 

compounds with an extremely low solubility in aqueous solution are likely to be near saturation. In 
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this situation, there are at least three theories or explanations to support a likely slowdown in the rate 

of dissolution. The first comes from the notion of solubility as a two-way equilibrium between 

dissolution and precipitation, where the rate of precipitation will grow faster. The second is from kinetic 

models in the literature. The third is a model proposed by the author and is based on a degeneration of 

rates to that of diffusion through the boundary layer between the particle and the solution. 

On the first theory, the notion of solubility is at first an equilibrium between dissolution of monazite 

and precipitation of the hydrated rare earth phosphate, rhabdophane which is stable in aqueous 

solutions at low temperature according to Schatzmann et al. (2009). This implies that even if the product 

of the rare earth and phosphate concentrations is far below solubility, there will still be precipitation of 

rhabdophane unless the concentrations are negligible. It is necessary to limit this idea to the initial 

dissolution that occurs before a hypothetical time when the surface of the monazite is completely 

covered in rhabdophane, and the solubility reverts to dissolution and precipitation of rhabdophane. 

This imposed limit also highlights a key point of interest of whether the dissolution of uncovered 

monazite has in fact been described in the literature, or whether there is a rapid coverage of the 

monazite by rhabdophane.  

The second theory comes from equations found in the literature. Especially pertinent is the recent study 

by Gausse et al. (2016) in which a kinetic equation is presented with a modification term for when the 

solution is near saturation based on Gibbs free energy. This term results in an exponential decay of the 

dissolution rate as the solution approaches saturation and is worth consideration as it carries the weight 

of authority. 

Another potential model comes from Fick’s Law in that the rate of dissolution may slow to one 

controlled by the rate of transport through the diffusion layer. Fick’s Law can be applied to either rare 

earth or phosphate ions: 

Equation 3 

J = D
dφ
dx  

where in this case J is the amount of the rare earth or phosphate ions passing through an area per unit 

of time, D is the diffusion constant of the rare earth or phosphate ion and dφ is the change in 

concentration of the rare earth or phosphate ion per dx, the change in distance. In the context of leaching 

a particle, )*
)+

 is proportional to the difference in concentration of the rare earth or phosphate ions at the 

surface of the particle and in the bulk solution, and inversely proportional to the thickness of the thin 
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film adjacent to the particle. Now, in the case of a poorly soluble mineral, the question is whether the 

change in concentration will be so minute that diffusion from the surface of the particle to the bulk 

solution will be the slowest step in the dissolution. Notably, as the concentration of the rare earths and 

phosphate in the bulk solution increase towards saturation, the rate of dissolution will also experience 

an exponential decay.  

Kinetics with respect to the precipitation of rare earth oxalates is the final constraint in that the 

dissolution of the rare earth phosphate may be impaired by the formation of crystals of rare earth 

oxalate on the surface. It is likely that the rate of formation of crystals of rare earth oxalates will depend 

on the concentration of oxalic acid on the basis of collision theory. Other factors such as pH and 

temperature are also likely to affect the rate of formation. Like many kinetic constraints, this issue is 

probably best determined by experiment.  

1.7 Specific approach of this study 

The previous paragraphs have discussed the key potential constraints in the system based on the 

classical distinction between thermodynamics and kinetics. These constraints will form the basis of the 

conceptual framework and be used to guide and understand the experiments. The final section of this 

introduction will outline the chapters of the thesis in order to describe explicitly the approach of this 

project in terms of its objectives.  

Chapter 2 will be a critical review of the literature in order to develop a conceptual framework to 

understand a system where a poorly soluble phase, rare earth phosphate, is dissolving and rare earths 

are precipitating into another poorly soluble phase. The chapter is organised into solubility of rare earth 

phosphates, solubility of rare earth oxalates, kinetics of rare earth phosphate dissolution, and kinetics 

of rare earth oxalate precipitation. The output of the chapter is a conceptual framework based on lines 

of constraint, both thermodynamic and kinetic. These lines can be used to form a theoretical window 

in which leaching the rare earth phosphate with oxalic acid is both possible and fast enough.  

Chapter 3 assesses the thermodynamic feasibility of transferring rare earths from phosphate to oxalate 

form, by reference to quantified thermodynamic values from various sources. It also identifies the 

predominant rare earth species in solution in order to assist with interpreting the measured solution 

concentrations.  

Chapter 4 discusses materials and methods, with a particular focus on the rare earth phosphates used. 

Material characterisation is not only important due to the heterogeneity of natural ores, but also because 

the solubility of the rare earth phosphates depends on factors such as morphology, crystallinity and 
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composition. In that sense, this chapter aims to provide more detail to the conceptual framework in 

terms of solubility of the rare earth phosphates. The methods used in the experiments will also be 

described, with an explanation and description of the laboratory experiments. 

Chapter 5 describes experiments to understand and model the precipitation of rare earth oxalates, in 

order to provide more detail to the conceptual framework in terms of solubility of rare earth oxalates. 

This is vital in order to test and validate or reject the prior thermodynamic modelling, and also to adjust 

the line of constraint where the solubility of rare earth oxalates is equal to the solubility of the rare earth 

phosphates.  

Chapter 6 describes experiments to test for a window of feasibility for using oxalic acid to leach rare 

earth phosphates, which is the second objective of the study. It introduces testing of kinetics, but also 

considers the thermodynamic constraints.  

In Chapter 7 the model that dissolution is slowed because of diffusion through the boundary layer is 

tested, along with new techniques to alter the state of the solution in support of the third and final 

objective of this study. This includes using an ester of oxalic acid to provide oxalic acid to the solution 

homogeneously and avoid precipitation of oxalates on the surface of the rare earth phosphate. It also 

includes the concept of emulsion leaching in order to lower the concentration of rare earths and 

phosphates at the surface of the rare earth phosphate.  
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Chapter 2. A conceptual review of leaching rare 
earth phosphates with the aid of concurrent 
precipitation 

This chapter is an attempt to develop a conceptual framework for the transfer of rare earths from one 

poorly soluble phase to another, based on a critical review of the literature. The objective of the chapter 

is to develop lines of constraint on the effectiveness of the process, both thermodynamic and kinetic, 

based on the most significant parameters to be found in an acidic aqueous solution. The initial section 

will recount and discuss the most recent research on using oxalic acid to leach rare earth phosphate. 

The conclusion will be that a conceptual framework is required to analyse why previous attempts have 

been only partially effective. This framework will be based on solubility of rare earth phosphates, 

solubility of rare earth oxalates, kinetics of rare earth phosphate dissolution, and kinetics of 

precipitation. These four categories will be the topic of later sections. The broad format of each of these 

sections will be to present a critical review of the literature, attempt to infer a line of constraint, then 

attempt to derive the research questions based on gaps in the literature pertinent to the feasibility of 

leaching rare earths with oxalic acid.  

2.1 Recent research 

This section will be a consideration of prior cases of dissolving rare earth phosphate in acidic conditions 

by concurrent precipitation of one component to avoid the low solubility of the rare earth phosphate. 

The component is the cation (rare earths, thorium or uranium) that can be precipitated in acidic 

conditions more readily than phosphate which will solubilize as phosphoric acid. This section will not 

cover the conventional processing techniques of sulphuric acid cracking and caustic cracking, which 

also use the transfer of the cation to another solid (sulphates or hydroxides). The reason for this is that 

these processes are studied by their end result rather than the mechanisms during the progress of the 

process because of the harsh conditions. So, the research on conventional processing does not provide 

insight for a leaching process in aqueous, acidic solution. 

That monazite could dissolve in organic acids while the rare earths were precipitating into another 

compound was suggested by a series of articles on the effect of organic acids on monazite. Polyakov et 

al. (2010) studied the effect of humic acids on monazite and suggested a role for organic acids in mineral 

processing. Goyne et al. (2010) found enhanced dissolution of rare earths from monazite in the presence 

of citric, oxalic, phthalic and salicylic acids. The greatest amount of dissolution was found when 0.3 g 

of monazite was immersed in 10 mL of solution of 10 mM citric acid at a neutral pH (Goyne et al., 2010). 
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The amount dissolved was presented as about 50 g of total rare earth elements per kilogram of total 

rare earth elements in the original solid. However, the data for the dissolution of each element per unit 

mass of that element in the original solid shows a maximum of about 7 grams per kilogram. Given that 

the dissolution of the other rare earths was lower, the dissolution of total rare earths could not be more 

than 7 g per kilogram of total rare earths in the original solid. However, Goyne et al. (2010) did 

hypothesise that the non-stoichiometric release of phosphorus could be due to precipitation of a 

different rare earth compound. In this way, these articles found the potential for organic acids, pointed 

to the futility of using organic acids for total dissolution of both components, and suggested the concept 

of concurrent precipitation of rare earths.  

Following this work, an attempt was made to dissolve uranium and thorium selectively from monazite. 

Lapidus and Doyle (2015b) dissolved over 70% of uranium and thorium from 1 g of sample in 20 mL 

of 0.5 M oxalic acid solution at pH 3.3 and room temperature. Monazite was the only mineral 

identifiable by X-ray diffraction and is a common host for uranium and thorium (Lapidus and Doyle, 

2015a). So, unless the monazite grains were coated in thorium and uranium, the monazite may have 

been disintegrating to a large extent while the thorium and uranium dissolved. Since the experiments 

were conducted on crystalline particles with a minimum diameter of 37 µm (not ultrafine) and over a 

relatively short period of 48 hours, there is a significantly greater dissolution rate than that found in the 

kinetic studies at lower pH levels with smaller particle sizes, for example (Gausse et al., 2018). This 

greater dissolution rate could have many explanations. One is that the oxalate ion is accelerating the 

dissolution at the surface of the monazite. The second is in terms of Fick’s Law, in that the oxalic acid 

may have been lowering the concentration of the rare earths in the bulk solution by precipitating rare 

earths as oxalates. Another explanation is that reprecipitation may have been favoured by a higher pH, 

and higher rates of precipitation allowed a higher rate of dissolution of the original monazite. Overall, 

however, the simplest explanation is that the differing materials responded differently to the leaching 

conditions.  

The form of this selective dissolution may have been through reprecipitation of rare earths. Lapidus 

and Doyle (2015a) proposed that a lower concentration of rare earths than thorium or uranium was 

likely to be from the formation of rare earth oxalates or reprecipitated rare earth phosphates. Support 

for a different compound may come from the recovery of rare earths by a subsequent leach in their 

study. The residue was immersed in citric acid at pH 5.9 to recover 11% of cerium and neodymium 

originally in the monazite (Lapidus and Doyle, 2015b). Furthermore, rare earth oxalates are known to 

be soluble in organic acids such as EDTA (Misumi and Taketatsu, 1959, Bhat and Venkateswara Rao, 

1964), and NTA (Beck, 1946). The proportion of rare earths dissolved in the subsequent leach does not 
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by itself match the proportion of uranium and thorium dissolved, so it seems likely that the precipitate 

was a mixture of phosphates and oxalates. Nevertheless, there is strong evidence to indicate that the 

rare earths were precipitating.  

Following this research, an attempt was made to dissolve phosphorus from a monazite concentrate rich 

in iron oxides while precipitating rare earth oxalates. Lazo et al. (2017) immersed the concentrate in 

concentrated oxalic acid at a solid liquid ratio of 1:10 at pH 1 at various temperatures. A maximum of 

about 32% recovery of phosphorus was achieved which was similar to the recovery achieved by the 

author in the same conditions in his prior undergraduate research project under the same academic 

supervisors. Once again, the initial dissolution rate of the monazite was far greater than that found in 

the kinetic studies. Lazo et al. (2017) also found further proof that the rare earths were precipitating by 

XRD analysis of the residue which showed the presence of rare earth oxalates.  

Although the initial dissolution rates of the monazite were very high in oxalic acid, the dissolution 

tended to slow down to the extent that recovery was limited. Lazo et al. (2017) found that consumption 

of oxalic acid was the limiting factor in the dissolution of phosphorus, through a variety of 

measurements including differential pulse voltammetry. Although the evidence for this constraint is 

convincing, they did not disprove the existence of other factors that slow the dissolution. This is 

especially the case for the experiments of Lapidus and Doyle (2015a), who used a purer sample of 

crushed, crystalline monazite with less chance of impurities causing consumption of oxalic acid.  

In a context where the main idea is to precipitate one component to allow dissolution of the other, a 

valid question is whether reprecipitation on the surface of the ore particle is slowing down the 

dissolution. Lapidus and Doyle (2015a) observed the residual particles of monazite under scanning 

electron microscopy, which appeared to show formations of precipitate on the surface. No microscopy 

was undertaken by Lazo et al. (2017). Also, sampling of the timed studies did not occur within the first 

hour to determine whether the dissolution slowed before consumption of oxalic acid took place. 

Overall, it seems that the question of whether surface precipitation is slowing dissolution should be 

resolved by further experiments. These experiments could include scanning electron microscopy in 

greater resolution, a kinetic study to examine dissolution rates with oxalic acid, and methods that 

would remove the precipitation on the surface of the ore particle.  

Overall, partial effectiveness in converting monazite to rare earth oxalates in the above studies show 

that the process is very close to being feasible thermodynamically on the ores tested. While Lazo et al. 

(2017) attributed the partial success to consumption of oxalic acid, they did not address the question of 

what would happen if there were no shortage of oxalic acid. The relatively high initial rates of 
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dissolution slow down for an unknown reason. One possible reason could be that the conversion of the 

monazite, or some grains within it of a certain composition and crystallinity, was only partially 

favoured thermodynamically. Another reason could be that dissolution slowed on an approach to 

saturation of the rare earth phosphate. Another could be that rare earth oxalates were covering the 

particle of rare earth phosphate. To make matters more complicated, for a solid solution with a variety 

of rare earths in the surface of the rare earth phosphates, all of these constraints could be operating 

simultaneously.  

In order to clarify this complex system as much as possible, a framework was devised based on the 

classical distinction of thermodynamics and kinetics. Thermodynamics was divided into the solubility 

of rare earth phosphates and the solubility of rare earth oxalates. Kinetics was divided into the kinetics 

of rare earth phosphate dissolution, and the kinetics of rare earth oxalate precipitation. The aim of these 

categories was to develop a theoretical window of feasibility based on lines of constraint as a function 

of solution conditions, where the lines are both thermodynamic and kinetic.  

2.2 Solubility of rare earth phosphates 

This section will identify and describe the common minerals of rare earth phosphate that are the subject 

of this study. The names of the minerals are monazite, xenotime and rhabdophane. The thermodynamic 

properties of these minerals will then be described qualitatively, with a particular emphasis on how 

these properties change in response to particle morphology and composition, and to the range of 

conditions that may be encountered in an environment of aqueous leaching. These leaching conditions 

are pH level and temperature. Finally, the section will partially develop a line of constraint on the 

leaching of rare earth phosphate with oxalic acid, and then pose the research question most pertinent 

to feasibility.  

As mentioned, monazite, xenotime and rhabdophane have a ratio of one rare earth atom to every 

phosphate group. Monazite and its hydrated relative rhabdophane comprise mainly the lighter rare 

earths from lanthanum to gadolinium, whereas xenotime typically comprises mainly yttrium and the 

rare earths heavier than gadolinium. Monazite in particular has been found to be from different 

geological origins that affect the morphology of the particles. Pristine or unaltered monazite often 

comes from deposits of heavy mineral sands. These particles of monazite sand are highly crystalline 

and have been reported to survive multiple cycles of erosion and deposition of sedimentary rock over 

millions of years (Boatner, 2002) as cited by Dacheux et al. (2013). This pristine monazite can also be 

partially altered into secondary forms of monazite within host rock in contact with aggressive fluids 

(Seydoux-Guillaume et al., 2012) or other hydrothermal fluids (Rasmussen and Muhling, 2007). This 
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can mean that monazite grains can have different zones with different compositions and textures. 

Another key example of secondary monazite is the ultrafine-grained monazite of Mt Weld in Western 

Australia, which has undergone contact with carbonate fluids. Thus, surface morphology and 

composition of grains of rare earth phosphate can vary widely even within the same deposit. A 

simplified context for examining the properties for each rare earth mineral is therefore perhaps degree 

of crystallinity (Kim and Osseo-Asare, 2012) and composition.  

On the type of crystallinity rather than the degree of crystallinity, monazite, rhabdophane and xenotime 

have different structures of unit cells. In monazite and rhabdophane, the rare earths are coordinated to 

nine phosphate ions, whereas in xenotime the rare earths are coordinated to eight phosphate ions 

(Boatner, 2002). Monazite has a monoclinic cell structure, rhabdophane is hexagonal and xenotime is 

tetragonal. The effect of these types of crystallinity on the response to chemical treatment does not seem 

to have been researched publicly. However, it does seem to be known to industry professionals that 

xenotime is more resistant to caustic cracking and that harsher conditions for caustic cracking are 

required than for monazite.  

The solubilities of rare earth phosphates are extremely low in all aqueous conditions. Kim and Osseo-

Asare (2012) have provided a comprehensive review to this effect on the energies of formation of rare 

earth phosphates in prior studies. They referred in particular to the higher solubility of fresh 

precipitates over aged precipitates of the same chemical composition found by Liu and Byrne (1997). 

They then drew up two sets of Pourbaix diagrams, one for amorphous precipitates and one for 

crystalline precipitates, using the data of Liu and Byrne (1997). This showed a striking difference in the 

ranges of pH over which species were predominant. In this sense the degree of crystallinity of the rare 

earth compounds needs to be considered. It can be postulated that monazite sand will have lower 

solubility than secondary monazite.  

It should be noted that these long-term studies of the solubility of rare earth phosphates in aqueous 

solution are necessarily about the solubility of hydrated rare earth phosphates rather than anhydrous 

monazite or xenotime. This is consistent with the fundamental idea of solubility as an equilibrium 

between dissolution and precipitation. For example, the rare earth phosphates precipitating from an 

aqueous solution at room temperature will be rhabdophane which is a hydrated rare earth phosphate 

(Schatzmann et al., 2009). More directly, Jonasson et al. (1988) found that holmium xenotime would 

react with neodymium ions in aqueous solution to form rhabdophane on the surface of the particles. 

This difference in the hydration levels of the compounds does not, however, seem to affect the solubility 

or energies of formation. Gausse et al. (2016) measured similar solubilities of rhabdophane to monazite 

and correlated the decrease in the energy of formation simply to the energy of formation of the water 
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present in the structure. There still remains the question, however, of whether the similar equilibrium 

constant is made up of the same components: the same rate of dissolution and the same rate of 

precipitation for anhydrous and hydrous compounds. 

The chemical composition of the rare earth phosphate compounds is also important with respect to the 

solubility in an aqueous solution. The pure compounds with only one rare earth will be considered. 

The trend of solubility of rare earth phosphates across the rare earth series is especially important if it 

differs from the trend for rare earth oxalates, as this may imply a differing effectiveness for different 

parts of the series. The trend of solubility of rare earth phosphates is subject to two main opinions. 

Firsching and Brune (1991) found by experiment that the solubility of rare earth phosphates increases 

from lanthanum to terbium and decreases through the heavy rare earths to ytterbium. By contrast, Liu 

and Byrne (1997) found by experiment that the solubility generally increases from praseodymium 

through the heavy rare earths to lutetium, although erbium has a lower solubility than holmium. In 

support of their study, Liu and Byrne (1997) noted the magnitude of error in the experiments of 

Firsching and Brune (1991) and claimed their own results were broadly consistent with co-precipitation 

results from a prior study (Byrne et al., 1996). These two arguments need to be evaluated. 

On the first argument about the possible error in the study by Firsching and Brune (1991), reasons for 

possible error in the study by Liu and Byrne (1997) should also be considered. One issue is whether a 

small difference in concentrations of perchlorate ions in the two studies may have changed the rare 

earth concentration through complexation. Liu and Byrne (1997) used a concentration of 0.1 M 

perchlorate and Firsching and Brune (1991) used a slightly lower concentration of 0.091 or 0.0697 M. 

Support for neglecting the role of perchlorate may come from Cetiner et al. (2005), who addressed the 

issue by measuring solubility in two independent ways, one with perchloric acid and the other with 

hydrochloric acid. However, the two methods could not be compared, as the perchlorate ligand was 

assumed to be insignificant based on Johansson (1974) and the rare earth chloride complexes were 

incorporated into extrapolation to infinite dilution. Johansson (1974) actually outlined that the stability 

of rare earth perchlorates has been measured in studies that were criticised, so the stabilities are still 

unclear.  

Support for the significant role of perchlorate may come from an unexplained phenomenon in the study 

by Cetiner et al. (2005). The measured phosphate concentrations were higher than those of rare earths, 

according to atomic emission spectroscopy, especially for the perchlorate experiments. Johansson 

(1974) cited a study (Krumholtz, 1959) which suggested that association between neodymium and 

perchlorate was responsible for spectral changes to neodymium in solution. However, this loose 

connection is not enough to establish a significant role for perchlorate and the question remains open.  
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Another issue is whether the co-precipitation studies of Byrne et al. (1996) lend support to the solubility 

results of Liu and Byrne (1997). Part of this issue is whether the co-precipitation results were expressed 

in a way that allows a valid comparison. The results were presented for each rare earth element as the 

logarithm of final concentration minus the logarithm of the initial concentration. This is based on a 

mathematical model of co-precipitation by Doerner and Hoskins (1925) where the ratio of ion A to ion 

B on the surface of a precipitate is proportional to the ratio of A to B in solution. Integrating this relation 

gives the result: 

Equation 4 

ln(
A	final
A	initial) = K ln(

B	final
B	initial) 

where K is a proportionality constant. The problem with these results is that in this form of logarithmic 

precipitation, a system with a different starting point will have a different end point unless there is a 

coincidence. The co-precipitation experiments of Byrne et al. (1996) had two different starting points. 

Another problem is that the presentation of logarithmic values tends to mute the differences in absolute 

numbers. Thus, a similar end point in logarithmic values does not lend support or cast doubt on the 

results of Liu and Byrne (1997). 

Overall, however, the results of Liu and Byrne (1997) are likely to indicate the correct trend. Their 

results are consistent with other studies (Kim and Osseo-Asare, 2012). The role of the perchlorate ligand 

is conjecture. Finally, the similar results in the co-precipitation experiments do not indicate an error. 

Thus, it is likely that the solubility of rare earth phosphates generally decreases across the series from 

praseodymium to lutetium, with a possible exception for erbium.  

Besides the morphology and composition of the particles, the solubility is, of course, dependent on the 

conditions in the solution, namely temperature and pH. Gausse et al. (2016) recently completed a study 

in which the solubility of rhabdophane was measured as a function of temperature. The solubility was 

found to decrease with higher temperature by a multiple nearing ten between ambient conditions and 

90°C. This is a similar multiple to the decrease in solubility for a crystalline precipitate, as opposed to 

an amorphous precipitate in the study by Liu and Byrne (1997) and would therefore show a marked 

influence on the ranges within a Pourbaix diagram. The level of pH also has a strong effect on solubility 

because phosphate is known to be a strong base that can be tied to acidic hydrogen ions. This means 

that the concentration of free phosphate in the solubility product can be lowered by increasing the 

acidity or lowering the pH. This in turn allows a greater concentration of rare earths in solution. Overall, 
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it can be stated that the solubility of rare earth phosphates is likely to decrease with higher temperature 

and higher pH.  

Overall, the relevant constraint in this system is whether the solubility of the rare earth phosphate will 

be lower than the solubility of the rare earth oxalate. A line of constraint could therefore be constructed 

based on equal solubility, where the solubility of the rare earth phosphate is equal to the solubility of 

the rare earth oxalate. Of course, this partially depends on the concentration of oxalic acid. Excluding 

oxalic acid, however, such a line would be a function of the crystallinity of each phase, composition of 

rare earths in each phase, temperature and pH or acidity. It could be concluded that the rare earth 

phosphate would be less soluble if it had greater crystallinity, less soluble rare earths on the surface, 

and in an environment where the temperature is higher, and the acidity is lower (higher pH). In terms 

of the parameters that can be changed, a suitable line of constraint is simply a function of temperature 

and acidity, with greater temperature and lower acidity breaching the constraint.  

The final part of this section is the selection of the research question most pertinent to assessing the 

feasibility of leaching rare earth phosphates with oxalic acid within the lines of constraint. Since the 

understanding of rare earth phosphate solubility is fairly well understood, probably the question turns 

to characterising the materials used in this study in terms of the understood parameters. This is 

especially important because of the heterogeneity of natural ores of the rare earths noted above. 

Therefore, section 3.1.1 of this study is devoted to materials characterisation.   

2.3 Solubility of rare earth oxalates 

This section will deal with factors affecting the solubility of rare earth oxalates. Section 2.3.1 will 

consider the solution conditions that affect solubility. Section 2.3.2 will consider the crystallinity and 

composition of the rare earth oxalates and how they may affect solubility in theory. Within each section, 

an attempt will be made to construct a line of constraint on the transfer of the rare earths. At the end of 

the last section, an attempt will be made to derive the research question most pertinent to determining 

the feasibility of leaching rare earth phosphate in oxalic acid.  

2.3.1 Solution conditions 

The solution conditions that affect the solubility of rare earth oxalates are oxalic acid concentration, 

acidity or pH, and temperature. There seems to be a paucity of published solubilities for rare earth 

oxalates. Chung et al. (1998) studied the range of rare earths in different concentrations of oxalic acid 

and nitric acid. They found the solubility of rare earth oxalates would decrease with a higher 

concentration of oxalic acid and a lower concentration of nitric acid. A higher solubility was also found 
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with a decreasing pH in the study by Sarver (1927). However, it should be noted that oxalate as a 

moderately strong acid is less likely to be tied to acidic hydrogen than is phosphate, so the effect of 

increasing the acid concentration will be smaller on rare earth oxalates. Then again, when the acidity is 

too high, or the pH is too low, oxalic acid as merely a moderately strong acid will precipitate out rather 

than dissociate. As for temperature, the solubility of rare earth oxalates increases with temperature 

(Sarver, 1927).  

Overall, this means that the thermodynamics of converting rare earth phosphates to oxalates are 

improved with a higher concentration of oxalic acid, slightly lower pH than the natural pH of oxalic 

acid, and lower temperature and higher atomic number. Since pH is such a narrow range already 

without any kinetic constraints, it is perhaps clearest just to stipulate a narrow range of pH as a 

constraint for conceptualising a line of constraint. The line of constraint for equal solubility between 

rare earth oxalates and rare earth phosphate is therefore expressible as a function of temperature and 

concentration of oxalic acid only. 

2.3.2 Formation of the precipitate 

The postulation of line of constraint begs the question, however, of where to fix the line in a certain 

system. This depends on the crystallinity of the precipitate, the chemical composition of the precipitate, 

and the way the precipitate was formed.  

On the question of crystallinity of rare earth oxalates, there does not seem to be any literature on how 

solubility varies with degree of crystallinity, although it could be argued that fresh precipitates of rare 

earth oxalates may have a higher solubility. Then again, rare earth oxalates in industry are known to 

have large well-formed crystals as a result of instantaneous precipitation. Tentatively, it could be 

estimated that rare earth oxalates formed from leaching rare earth phosphates would all have a similar 

crystallinity unless significant co-precipitation of impurities were occurring.  

On the difference between the solubility of each rare earth oxalate, the most thorough study was 

conducted by Chung et al. (1998) who measured the whole lanthanide series and yttrium. They found 

a decreasing solubility across the series until gadolinium, whereupon the solubility would start to 

increase across the heavy rare earths. This is in contrast to the solubilities of rare earth phosphates of 

Liu and Byrne (1997) where the solubility increases across the series. This in turn implies that the 

conversion from phosphates to oxalates is least favoured for the lightest rare earths where the 

phosphate solubility is lower and oxalate solubility is higher.  
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Specifically the conversion of cerium is least favoured, and to this end Lazo et al. (2017) used Medusa 

software to determine where the conversion would take place in relation to concentration of oxalic acid 

and pH. The same conditions were entered into the Medusa software using the simplest algorithm and 

the output is shown in Figure 1, exactly the same as produced by Lazo et al. (2017). Changing the ionic 

strength did not change the location of the lines, as this is a solid-to-solid conversion - any activity co-

efficients of intermediate ions would cancel out if calculated using the same theoretical model. 

 

Figure 1 – Predominance of cerium oxalate over a range of concentration and pH, where concentration of 

phosphate was 233 mM, and concentration of cerium was 102 mM, at 25°C.  

Unfortunately, the algorithm used by Lazo et al. (2017) did not match their experimental conditions, as 

it did not account for the presence of the other rare earths. This would not matter if the oxalic acid were 

being continually replenished, but this was not case for their batch experiments. The more complex 

algorithm offered by the Medusa software can account for the involvement of the other rare earths 

present, including their consumption of the oxalic acid. The result of using this algorithm is shown in 

Figure 2. It shows the transfer of cerium from phosphate to oxalate is less favoured, with an oxalic acid 

concentration of 0.25 M required rather than 0.13 M at the lowest pH modelled. 
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Figure 2 - Predominance of cerium oxalate over a range of concentration and pH, where concentration of 

phosphate was 233 mM, cerium at 102 mM, lanthanum at 62 mM and neodymium at 23 mM at 25°C. 

On top of this minor correction to the modelling of Lazo et al. (2017) to account for the presence of other 

rare earth elements, there may be a greater flaw in the construction of their predominance area diagram 

– the modelling seems to assume that the whole of the solid is in equilibrium with the solution. This is 

to claim that the whole of the crystal structure will rearrange itself in response to the solution. This 

assumption ought to be tested because it seems unlikely that atoms will move within the crystal 

structure in these low temperatures. Therefore, the literature regarding the formation of rare earth 

oxalates should be reviewed.  

The formation of rare earth oxalates has been studied using a method of precipitation from 

homogeneous solution by hydrolysis of esters to generate the precipitant throughout the solution 

slowly and uniformly. Precipitation of rare earth oxalates at a very slow rate involves Doerner–Hoskins 

precipitation, a running equilibrium between the solution and only the surface of the particle (Matsui, 

1966); in other words the whole of a mineral particle is unlikely to equilibrate with the solution in a 

geological setting at low temperature (Thorstenson and Plummer, 1977). The extent of supersaturation 

is minimised so the Doerner–Hoskins coefficient at any one time will be relatively close to the classic 

distribution coefficient (D) defined by Berthelot (1872) and Thorstenson and Plummer (1977), also 

known as the Bertholet-Nernst Law: 
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Equation 5 

D =	
(x,"x!"

)

(m,!
m!!

)
 

where x is the mole fraction of CA and BA in a solid BxC1-xA and m is the molality of aqueous species 

C+ or B+. By contrast, a sudden addition of precipitant may result in a great supersaturation of all ions 

that results in a fast precipitation that is close to the original composition of the aqueous solution (Glynn 

et al., 1990). Both of these rates of precipitation imply that the solid will not rearrange itself to be in 

equilibrium with the solution. Therefore, the composition of the surface only is in equilibrium with the 

solution. This means that the question turns to how the surface of the rare earth oxalates will compose 

itself in response to a dissolving rare earth phosphate. It will be assumed for now that the dissolution 

rate of the rare earth phosphate is closer to a slow precipitation, notwithstanding that the feed of rare 

earths to the solution may vary with the particular strata of the rare earth phosphate.  

Studies of precipitation from a gradually changed solution had achieved some success in rare earth 

separation before the advent of ion-exchange. Beck (1946) dissolved rare earth oxalates (90% w/w 

lanthanum) in sodium nitrilo-acetate and lowered the pH to 6.6 with acetic acid to precipitate 

lanthanum oxalates, although only 75% of the lanthanum in solution precipitated (Beck, 1946). This 

method was largely ignored in the literature but was a pure separation. Other examples of homogenous 

precipitation followed. Weaver (1954a) used a slow evolution of the precipitating agent (oxalate) by 

hydrolysis of methyl oxalate. Marsh (1950) used slow cooling of a solution of rare earths dissolved in 

oxalate and EDTA. Weaver (1954b) changed the pH to precipitate rare earth mandelates from a solution 

of mandelic acid.  

A key example of a homogeneous solution is the hydrolysis of dimethyl oxalate to generate oxalic acid 

uniformly throughout the solution. Weaver (1954a) undertook such separation between pairs of rare 

earths across the range of light and heavy rare earths, as well as for yttrium. He found a trend reversal 

at gadolinium in that the lighter rare earths would precipitate preferentially according to the increasing 

atomic number, whereas the heavy rare earths would precipitate preferentially according to decreasing 

atomic number. Yttrium precipitated at a slower rate than all of the others tested. This reversal of trend 

at gadolinium could indicate that a transfer from rare earth phosphates to rare earth oxalates is most 

favoured for the middle rare earths. However, it is unclear whether the reversal is an indication of 

solubility or kinetics of precipitation.  
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Feibush et al. (1958) undertook an explicit investigation as to whether precipitation of rare earth 

oxalates from homogeneous solution was merely governed by kinetics or was a function of relative 

solubility as would be expected in an ideal precipitation. They found that the precipitation was 

predictable and obeyed a logarithmic distribution law with a Doerner–Hoskins coefficient. However, 

the precipitation appeared to be controlled by kinetics in their experiments.  

Whether the partitioning of individual rare earth into layers of the rare earth oxalates is controlled by 

solubility or kinetics is an important question in predicting the surface composition of oxalates 

produced during a leach of rare earth phosphates with oxalic acid. Whereas Weaver (1954a) found a 

connection with the solubility of the rare earth oxalates, Feibush et al. (1958) found it was controlled by 

kinetics. The fact that Feibush et al. (1958) found the Doerner–Hoskins coefficient to be steady, however, 

lends support to the idea that the coefficient may be modelled and be predicted. Since the partitioning 

of rare earths is not predictable by solubility, and solubility is the only known method of constructing 

a Doerner-Hoskins coefficient from first principles, a research question is to find a new method of 

predicting the Doerner–Hoskins coefficient. This research question is important as a model will assist 

greatly in predicting the surface composition of rare earth oxalates formed during a leach of rare earth 

phosphates with oxalic acid. It is also important because knowing the composition of the surface of the 

rare earth oxalates will allow their solubility to be known. Thus, the line of equal solubility of rare earth 

oxalate and rare earth phosphate can be placed with greater accuracy.  

2.4 Kinetics of dissolving rare earth phosphates 

 
2.4.1 Far from equilibrium 

This section will describe some recent literature on dissolving rare earth phosphates in strong acids 

whose anion is not a precipitant of rare earths. It will consider what factors speed up dissolution. In 

this sense, it will consider how temperature, acidity and crystal composition may affect the dissolution 

rates of monazite without adding the complexity of near saturation conditions that slow the dissolution 

down. These inhibiting factors will be considered in the next section. This section will develop a line of 

constraint on the feasibility of leaching rare earth phosphate with oxalic acid based on temperature. 

The feasible range of pH will be stipulated. The main research question relates to how the differing rare 

earth elements will dissolve from a solid solution of rare earths.  

Numerous kinetic studies have been made on the dissolution of synthetic monazite (Terra et al., 2003, 

Arinicheva et al., 2018, Gausse et al., 2018) and crushed natural monazite (Oelkers and Poitrasson, 2002). 

These studies are consistent with each other in many respects. The dissolution rates in terms of amount 
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of mass per unit area per unit of time are similar considering that the particles have different origins 

and morphologies (Arinicheva et al., 2018). The studies of (Oelkers and Poitrasson, 2002) and (Gausse 

et al., 2018) considered the effect of pH and found that dissolution rates increased with increasing 

concentration of acid. All the studies found an increase in dissolution rate with higher temperature 

(Terra et al., 2003), (Gausse et al., 2018), (Arinicheva et al., 2018), (Oelkers and Poitrasson, 2002). It seems 

that a lower pH and a higher temperature will increase the rate of dissolution.  

While these trends appear to be well-supported in the literature, the dissolution rate also seems to 

depend on which rare earth element is dissolving. Gausse et al. (2018) tested a range of synthetic 

monazites, each pure in one particular rare earth element. To illustrate the differences between 

monazite of different rare earths, Gausse et al. (2018) plotted the dissolution rates of different pure 

elemental monazites as a function of nitric acid concentration, on a log-log graph. To show the 

differences more clearly, the graph was redrawn in Figure 3 without taking the log of the dissolution 

rates for selected rare earth phosphates.  

The trends for the dissolution rate appear to be as follows. In terms of acidity, it appears that the 

dissolution rates are low until a concentration of about 0.6 M nitric acid is present. Notably, the 

dissolution rates show a different trend to solubility. Neodymium phosphate appears to dissolve at a 

faster rate than lanthanum phosphate (across different temperatures as well in Gausse et al. (2018)), 

whereas lanthanum phosphate is more soluble than neodymium phosphate. Cerium phosphate 

dissolves at the slowest rate of all.  
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Figure 3 – Dissolution rates of monazites of pure elemental composition in nitric acid at 25℃: n neodymium 

phosphate, × cerium phosphate, l lanthanum phosphate 

Overall, in terms of a line of constraint on the feasibility of leaching rare earth phosphate with oxalic 

acid, a line can be based on temperature where a minimum temperature is required to raise the 

dissolution rate to a level that is acceptable in industry. It appears that a strong acidity is required at a 

minimum of about 0.6 M strong acid, noting that any increase in acidity is severely limited by the fact 

that oxalic acid as a moderate acid will start to precipitate out in strongly acidic solutions. It also appears 

that the dissolution rate will depend on the composition of the natural monazite.  

A potential rebuttal of the need for about 0.6 M strong acid is that the dissolution rate may be affected 

by the particular anion of the strong acid. This notion has recently gone beyond the observation that 

minerals respond differently to particular strong acids. Crundwell (2014) has proposed a new model of 

dissolution. Part of this model is that the cations and anions dissolving from the surface may act 

independently with respect to forming associations with other ionic species (Bandara and Senanayake, 

2019). While the model of Crundwell (2014) appears to be rigorous and predictive of rate orders from 

first principles, the role of anions of strong acids proposed by Bandara and Senanayake (2019) was 
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perhaps supported by their particular study on the dissolution of calcium and rare earths. However, 

the concentration of the anions was not independently varied with respect to hydrogen ions, so it was 

not possible to determine whether it was the anion alone or a combined effect of anion and hydrogen 

ion. Nevertheless, differing effects of strong acids remain possible.   

The research question to be derived from these uninhibited dissolution rates is based on how a natural 

monazite containing a mixture of rare earths in solid solution will dissolve in terms of selectivity. At 

first it seems that the monazite will simply dissolve from the surface down as a solid is unlikely to re-

arrange itself in these relatively mild conditions. In support of this supposition, Oelkers and Poitrasson 

(2002) found a stoichiometric release of cerium and neodymium from the natural monazite they tested. 

However, if it is postulated that natural monazite comprises grains of differing compositions of rare 

earths, then there may be selectivity in the dissolution rate of these different grains. Oelkers and 

Poitrasson (2002) also found that the heavy rare earths in their natural monazite were released 

preferentially. Whether there is selectivity in terms of grains is also an important question with respect 

to the feasibility of the process to recover all of the monazite at an acceptable speed.  

2.4.2 Near saturation 

This section will consider the factors that slow dissolution when the bulk solution away from the 

surface of the particle of rare earth phosphate is near saturation with respect to rare earths and 

phosphate ions. It will firstly discuss literature that has covered the dissolution rates of rare earth 

phosphate in acidic aqueous media near saturation. It will then discuss three main potential 

explanations for the slowdown in dissolution rate that results from the bulk solution being close to 

saturation. The first explanation is the classical notion of solubility as a dynamic equilibrium between 

a dissolution rate and a precipitation rate. The second explanation is based on transition state theory 

where the dissolution rate slows as a function of the Gibbs free energy of the reaction on approach to 

saturation. The third explanation is a postulation of the author that a solid which is sparingly soluble 

will approach saturation rapidly, and the dissolution rate will likely deteriorate to diffusion control, 

because the concentration gradient of solute ions between the surface of the rare earth phosphate 

particles and the bulk solution is approaching zero. The section will not examine whether the 

dissolution rate may have slowed due to the formation of a precipitate on the surface of the rare earth 

phosphate as this issue will be covered in section 2.5.  

Recent studies have covered the dissolution rates of rare earth phosphate in nitric acid where some of 

the conditions were near saturation. Arinicheva et al. (2018) and Gausse et al. (2018) found that the 

steady states of dissolution rates in their kinetic experiments were near saturation at the higher 
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temperatures. This is consistent with prior studies where the solubility of rare earth phosphates 

decreases with higher temperature (Cetiner et al., 2005). Arinicheva et al. (2018) and Gausse et al. (2018) 

found that while a higher temperature did increase the rate of dissolution, after a threshold temperature 

was reached the rate did not increase as much as would be expected from a process where the chemical 

reaction was the slowest step.  

Various studies found different apparent activation energies and consequently found different rate-

controlling mechanisms at different temperature ranges. Oelkers and Poitrasson (2002) found that the 

dissolution was controlled by the chemical reaction at the surface of the particle all the way up to 230°C; 

the slowest step in the dissolution was the chemical reaction at the surface for this temperature range. 

Gausse et al. (2018) found that the dissolution rate was controlled by the chemical reaction at the surface 

up to 40°C, and then controlled by diffusion of some kind at higher than 40°C. Between these extremes 

were studies by Terra et al. (2003) and Arinicheva et al. (2018) who found a transition from control by 

chemical reaction to control by diffusion at a temperature of about 90°C. Arinicheva et al. (2018) 

attributed the discrepancies to the complex elemental composition of the monazite studied by Oelkers 

and Poitrasson (2002) and the different pH levels used by Gausse et al. (2018). The latter found that the 

increase in dissolution rate with temperature was muted because, as the temperature rose, the 

dissolution process was closer to saturation. In this sense, the smaller change in dissolution rate was 

merely an artefact of the experiments being closer to saturation. Although these reasons appear to be 

valid explanations from a detailed understanding of the experiments, a search for other explanations 

may also provide insight.  

One alternative explanation is to impose the conceptual framework of Fick’s Law in the context of a 

dissolving surface (chemical reaction at the surface). In this sense the different transition temperatures 

ranges may simply be the point at which the speed of the chemical reaction at the surface is equal to 

the rate of diffusion away from the surface. The studies all seem to have had different flow regimes 

which would cause different rates of diffusion away from the particle surface. So, an experimental set-

up with poor diffusion would transfer to diffusion control at a lower temperature or, in other words, a 

lower rate of chemical reaction at the surface.  

Another explanation may come from the idea of solubility as a two-way equilibrium between 

dissolution and precipitation. Whereas Gausse et al. (2018) and Arinicheva et al. (2018) were enquiring 

as to whether a product layer of rhabdophane was forming on the surface of the rare earth phosphate 

and slowing the diffusion down, it is also possible that individual rare earths were reprecipitating due 

to a differing solubility from the other components of the solid solution. Both sets of authors could not 

find unequivocal proof of precipitating rhabdophane, although Arinicheva et al. (2018) found that 
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rhabdophane was likely to form at the higher temperatures of their experiments according to 

thermodynamic modelling. Thus, whether rhabdophane is precipitating is a minor research question 

yet to be posed.  

As mentioned before, Gausse et al. (2018) proposed the explanation that the appearance of a change in 

the rate-controlling step at the higher temperatures was simply caused by an approach to saturation. 

This explanation was based on an equation used to adjust the dissolution rate based on the Gibbs free 

energy of the dissolution reaction at the surface of the rare earth phosphate. The adjustment factor for 

the rate of dissolution, f(Δ-G), is presented in Equation 6 where Δ-G is the Gibbs free energy change of 

the dissolution reaction, R is the universal gas constant and T is the temperature in Kelvin (Gausse et 

al., 2018).  

Equation 6 

f(Δ-G) = 	1 −	e
."/
01  

The Gibbs free energy of the dissolution reaction was calculated using Equation 7 below, where IAP is 

the ionic activity product and K is the solubility product. In this case, the ionic activity product is the 

product of the actual activities of the phosphate ions and the rare earth ions. Gausse et al. (2018) 

correlated a decline in dissolution rate to a more positive Gibbs free energy based on their experimental 

data for rare earth phosphate dissolution. They also found a more positive Gibbs free energy in the 

experiments at higher temperature due to being near to saturation. Based on this reasoning, Gausse et 

al. (2018) were validly suggesting that the muted effectiveness of a higher temperature could be due to 

an approach to saturation.  

Equation 7 

Δ-G = RT	 ln
IAP
K  

On the other hand, the author suggests that while the reasoning of Gausse et al. (2018) is sound, there 

could still have been a switch to diffusion as the slowest step in the dissolution process, based on some 

further development of the adjustment equation above. The equation for the adjustment factor can be 

simplified by substituting Equation 6 into Equation 7 as shown in Equation 8 below. 

Equation 8 

𝑓(Δ-G) = 	1 −	
IAP
K  
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This equation can be further re-expressed by assuming that two components dissolve from the rare 

earth phosphate (a rare earth with activity {A} and a phosphate with activity {B}), and the solution is 

sufficiently dilute to stipulate an activity coefficient of 1.  

(Δ-G) = 	1 −	
{A}{B}
K  

Equation 9 

(Δ-G) = 	1 −	
[A][B]
K  

where [A]	and	[B] are the molar concentrations of A and B respectively. 

Assuming stoichiometric or near stoichiometric dissolution of both components: 

Equation 10 

(Δ-G) = 	1 −	
[A	or	B]

K

2

 

 

Equation 10 shows that in this ideal case, the rate of dissolution will slow on approach to saturation by 

a factor proportional to the concentrations squared. This means that the rate will decline at an ever-

increasing rate. Equation 10 shows the adjustment factor for a simple dissolution system with no 

precipitation where the slowest step in the dissolution process is the chemical reaction at the surface.  

By contrast the adjustment factor for a dissolution process in which diffusion is the slowest step can be 

expressed in terms of the concentration of a saturated solution near the surface (C3), and the 

concentration of the bulk solution C4. 

For diffusion control: 

Equation 11 

Rate	 ∝ 	 (C3 −	C4)	
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For diffusion control, the rate of diffusion will decline with a higher concentration of either component 

in a linear relationship, neglecting the role of ionic strength. By contrast with chemical control, the 

dissolution rate will not decline at an ever-increasing rate.   

These adjustment equations can now be fixed relative to each other. If it is stipulated that the dissolution 

is initially controlled by the rate of the chemical reaction at the surface of the rare earth phosphate, then 

the initial rate of dissolution for chemical control must be lower than what is allowed by diffusion 

control. Also, the rate of dissolution will be zero at saturation according to both the chemical and 

diffusion models. It can therefore be understood that the dissolution rate will always degenerate to 

diffusion control. In descriptive terms, the line representing the dissolution rate allowed by chemical 

control starts lower rate and has an initially lower rate of decline in dissolution rate. Therefore, in order 

to finish at the same end point of no dissolution at saturation, the line must cross over the line 

representing diffusion because its rate of decline in dissolution rate is ever-increasing.  

The result of this development of the adjustment equations is that a chemically controlled dissolution 

process will deteriorate to diffusion control on approach to saturation. This claim is perhaps novel and 

must therefore be tentative and subject to more rigorous analysis. A minor research question is 

therefore whether the dissolution rate of the monazite in mixtures of oxalic and hydrochloric acid will 

deteriorate to diffusion control.  

Overall, regardless of the physical mechanism that slows down dissolution on approach to saturation, 

it is settled in the literature that the dissolution rate of rare earth phosphates will slow down on 

approach to saturation. The line of constraint on the feasibility of leaching rare earth phosphates with 

oxalic acid will follow parallel to the line of equal solubility and be on the feasible side of the range 

(lower temperature and higher concentration of oxalic acid).  

2.5 Kinetics of precipitation 

This section will deal with another factor which may slow dissolution: the precipitation of a product 

layer on the rare earth phosphates, which may form a barrier to the agitated solution. The precipitation 

of rhabdophane has been discussed in the literature in relation to kinetics of dissolution. By contrast, 

discussion of the precipitation of oxalic acid will have to be based on general assumptions. The result 

will be a line of constraint based on concentration of oxalic acid, and research questions based on 

inspection of particle surfaces with respect to formation of precipitates.  

With regard to the formation of rhabdophane, another explanation of the transition temperature is the 

formation of a product layer on the surface of the particle. The product layer could hinder the transport 
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of solute away from the particle. This is consistent with the use of Fick’s Law above in that the 

concentration of rare earths will be at saturation adjacent to the particle surface when the dissolution is 

controlled by diffusion. This saturation would increase the likelihood of precipitation on the surface of 

the particle. Support for a product layer comes from Arinicheva et al. (2018), who found through 

thermodynamic modelling that rhabdophane will form rather than monazite at around 102°C, which 

approximates their transition temperature. However, the formation of rhabdophane at lower 

temperatures has been found in other experimental studies (Jonasson et al., 1988, Schatzmann et al., 

2009). Overall, the simplest interpretation may be that the dissolution is slowed at higher temperatures 

because the solution next to the particle becomes saturated due to the very low solubility of the rare 

earth phosphate.  

If rhabdophane is indeed forming at these lower temperatures, the question becomes how long it takes 

for the surface of the monazite particle to become coated by rhabdophane. This question implies that 

there may be a different rate of dissolution in the initial stages of dissolution. The primary method in 

the studies on dissolution rates has been the use of flow-through reactors to replace the solution in 

order to avoid saturation. The dissolution rate reaches a steady state which is used as measurement. 

The problem is that the initial period of dissolution is not measured. Arinicheva et al. (2018) did 

measure the rates in a stirred reactor as well as a flow-through reactor and found an initially very fast 

rate of dissolution. They conjectured that this was because of surface imperfections in the crystal or 

because of tiny particles stuck to the larger particles and dissolving at a fast rate. While this explanation 

is the most likely to be true based on experimental experience, there still remains a small degree of 

doubt about whether the fast rate of dissolution is from bare, uncovered monazite. On the other hand, 

the research in the studies by Gausse et al. (2018) and Arinicheva et al. (2018) inspected the particle 

surface through microscopy after leaching and did not find conclusive evidence of rhabdophane 

forming.  

In the formation of rare earth oxalates, it appears that the dissolution is at risk of being slowed by the 

precipitation of rare earth oxalates on the surface of the rare earth phosphate. This is because the 

concentration of oxalic acid is high while the concentration of rare earths is possibly near saturation at 

the surface of the particle. That rare earth oxalates will form is supported by the findings of Lapidus 

and Doyle (2015b) and Lazo et al. (2017). Whether rare earth oxalates have been forming on the surface 

of the rare earth phosphate has not been determined. Lazo et al. (2017) claimed that such passivation 

was not occurring because consumption of oxalic acid was the limiting factor; however, this does not 

address the question of whether passivation would occur if consumption were removed as a limit. 

Furthermore, Lazo et al. (2017) did not inspect the surface of the particle through microscopy.  
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Overall, while it is doubtful whether rare earth oxalates will form on the surface of the particle, it could 

be estimated from collision theory that they are more likely to form in higher concentrations of oxalic 

acid. In this line of constraint on the feasibility of leaching rare earth phosphate in oxalic acid, the line 

will be based on concentration of oxalic acid, with the feasible range being on the side with a lower 

concentration of oxalic acid. The main research questions on this topic are whether precipitates of 

rhabdophane or oxalates are forming on the surface, and how these precipitates form in response to 

solution conditions, in particular in response to concentration of oxalic acid.  

2.6 Summary 

Lines of constraint can be drawn to form a theoretical window of feasibility for leaching rare earths 

with oxalic acid, shown in Figure 4. In addition to the lines of constraint defined in the body of this 

chapter, two refinements are made. The line of constraint of surface precipitation of rare earth oxalates 

slopes upward with temperature on the first principle that precipitation as a more ordered exothermic 

process is likely to be deterred by a higher temperature. The second is that the feasible rate of 

dissolution slopes backward to account for the increase in acidity from a higher concentration of oxalic 

acid that will increase the rate of dissolution.  
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Figure 4 – Lines of constraint on the dissolution of rare earth phosphate in oxalic acid, forming a theoretical 

window of feasibility.  

The research questions can be summarised. The first aim of the research is to characterise the materials 

in terms of crystallinity and chemical composition. The second aim is to model how the surface 

composition of rare earth oxalates will evolve in order estimate its solubility. This may involve deriving 

a model to explain the Doerner–Hoskins coefficient from first principle. The third question of the 

research is whether there is selectivity in the dissolution of rare earths due to a variety of grains of 

different compositions. A fourth question is whether the dissolution rate will deteriorate to diffusion 

control. A fifth question is whether precipitates are forming on the surface of the rare earth phosphate 

in response to the solution conditions.  
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Chapter 3. Thermodynamic considerations 
The aim of this chapter is to assess the thermodynamic feasibility of dissolving rare earth phosphates 

and precipitating the rare earths as oxalates. It is also the aim to understand the dominant complexes 

in solution. Although the complexes in solution, and the ionic strength, will not affect the feasibility of 

a solid-to-solid reaction, an understanding may be helpful in interpreting the measured concentrations 

of elements in solution.  

The overall reaction of the process for the conversion of rare earth phosphate to rare earth oxalate is 

presented in Equation 12. Although such a solid-to-solid reaction is unlikely to occur in one step, the 

start and end points can be used to assess the thermodynamic feasibility.  

Equation 12 

2REPO4	+	3H2C2O4	⇌	RE2(C2O4)3	+	2H3PO4	

The linkage between the rare earth ions in the phosphate and in the oxalate is the free rare earth ion. 

The solubility products for rare earth phosphates from various sources are presented in Table 1. The 

solubility products represent Equation 13 which is the molar dissolution of free rare earth and 

phosphate ions in aqueous solution.  

Equation 13 

2REPO4(s)	+	⇌	RE3+(aq)	+	PO43-(aq)	

As discussed in the literature review, the values from Liu and Byrne (1997) were preferred due to their 

consistency with other studies. These values were chosen for calculations.  
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Table 1 – Solubility products (molar) of rare earth phosphates from various sources 

Study 
(Firsching and 
Brune, 1991) 

(Cetiner et al., 
2005) 

(Liu and 
Byrne, 1997) 

Temperature 25°C 23°C 25°C 

Species 
 

Log Ksp ([RE][PO4]) 
 

Y -24.8 -24.6 -25.0 

La -26.2 -24.7 -25.7 

Ce   -26.2 

Pr -26.1  -26.4 

Nd -26.0 -25.8 -26.2 

Sm -26.0  -26.1 

Eu -25.8  -25.9 

Gd -25.4  -25.6 

Tb -25.1  -25.3 

Dy -25.2  -25.1 

Ho -25.6  -25.0 

Er -25.8  -25.1 

Tm -26.1  -25.0 

        Yb -26.2  -24.8 

Lu -25.4          -24.7 
 
 

The solubility products of rare earth oxalates are difficult to find in the literature. The values from two 

sources are shown in Table 2. These values represent Equation 14. Since this equation represents the 

dissolution of two rare earth ions, the square roots of the solubility products are also presented in Table 

2 so that the overall equation in Equation 12 may be obtained by addition.    

Equation 14 

RE2(C2O4)3	⇌	2RE3+(aq)	+	3C2O42-(aq)	

It can be seen by inspection of Table 2 that cerium oxalate is more soluble than the other rare earth 

oxalates by almost an order of magnitude (next most soluble is neodymium oxalate). It can also be seen 

in Table 1 that cerium phosphate has the equal lowest solubility. Since cerium is the most abundant 

rare earth element in monazite, the transfer of cerium from phosphate into oxalate can be used as a 

baseline to assess the thermodynamic feasibility of Equation 12. This transfer was assessed with the 
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predominance area diagram presented in the previous chapter. It was seen that the feasibility was 

marginal and any unfavourable inaccuracies in the thermodynamic data with respect to crystallinity 

could limit the transfer.  

The values from (Chung et al., 1998) show lower solubilities for rare earth oxalate which would make 

the transfer more feasible. Although these values were not used to assess the feasibility of the transfer, 

they were used in modelling of oxalate precipitation as they provide a more complete set of data with 

internal consistency.  

Table 2 – Solubility products (molar) of rare earth oxalates from (Chung et al., 1998) and b, (Kim and Osseo-

Asare, 2012) 

Element 
Solubility 

product, 𝑲𝑺𝒑 `𝑲𝑺𝒑 𝑳𝒐𝒈𝟏𝟎(`𝑲𝑺𝒑) 

Y 5.1	 ×	109:; 2.3 × 109'< −14.65 

La 6.0	 ×	109:; 2.4 × 109'< −14.61 

Ceb 2.9	 ×	1092= 5.4 × 109'> −13.27 

Nd 1.3	 ×	109:' 3.6 × 109'? −15.44 

Ndb 3.7	 ×	1092@ 6.1 × 109'< −14.22 

Sm 4.5	 ×	109:2 2.1 × 109'? −15.67 

Eu 4.2	 ×	109:2 2.0 × 109'? −15.69 

Gd 4.25	 ×	109:2 2.1 × 109'? −15.68 

Dy 2.0	 ×	109:' 4.5 × 109'? −15.35 

Er 9.0	 ×	109:' 9.5 × 109'? −15.02 
 

Since the concentrations or activities of soluble ions or complexes are cancelled out in Equation 12, the 

ionic strength or stability constants of these soluble species does not affect the thermodynamic 

feasibility. However, understanding of these stability constants is helpful in interpreting the measured 

solution concentrations. The stability constants from various sources are presented in Table 3. It can be 

seen that the highest stability constants are for the rare earth oxalates. Since oxalic acid is a stronger 

acid than phosphoric acid, the dominance of these complexes would continue into acidic conditions. 

The stability constants for the rare earths with multiple oxalate ions are not presented as it was found 

by Chung et al. (1998) that higher order complexes of rare earth oxalates are in insignificant quantities.  
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Table 3 – Stability constants of phosphate and oxalate complexes of rare earths 

Study (Cetiner et al., 
2005) 

(Cetiner et al., 
2005) 

(Chung et al., 
1998) 

Complex 
Log β 

[RE(HPO4)2]− 
 

Log β 
[RE(H2PO4)]2+ 

 

Log β 
[RE(C2O4)]+ 

 
Temperature 25°C 25°C 25°C 

Y   7.36 

La 4.10 2.50 7.34 

Ce 4.32 2.43  

Pr 4.45 2.37  

Nd 4.55 2.31 7.66 

Sm  2.23 7.51 

Eu  2.21 7.52 

Gd  2.22 7.54 

Tb  2.19  

Dy  2.20 7.69 

Ho  2.21  

Er  2.24 7.90 

Tm  2.27  

Yb  2.32  

Lu  2.38  
 
 

In summary, it was found that feasibility of transferring rare earths from phosphate to oxalate form 

was marginal and is likely to depend on the crystallinity of the oxalates and the accuracy of the 

thermodynamic data for that particular crystallinity. It was also found that rare earth oxalate complexes 

are likely to be the dominant species of rare earth in solution.  
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Chapter 4. Materials and Methods 
The aim of this chapter is to describe the materials and methods used in the experimental sections of 

this research project. The mineral samples underwent characterisation procedures that will be 

presented in section 3.1 of this chapter. Understanding the crystallinity and morphology of the 

monazite particles is important, as these are factors that will affect the solubility of the rare earth 

phosphates. This is related to the line of constraint of equal solubility between rare earth phosphates 

and rare earth oxalates. Following this topic, the laboratory reagents and methods will be outlined.  

4.1 Materials 

4.1.1 Material characterisation 

A sample of a flotation concentrate of monazite ore was collected from Mount Weld, Western Australia. 

This sample was taken from the crushed and ground high-grade ore that had been upgraded by froth 

flotation. For a study with a minor quantity of solids, the high-grade concentrate was wet screened to 

a sieve diameter range of 36 to 44 µm. A range of 8 µm was as narrow as possible given the availability 

of screen sizes. Assays were conducted on this specific size range and matched fairly closely with the 

assay of the bulk sample with the exception of calcium. Three or more size fractions could not be 

obtained for the effect of particle size as most of the particles were below 25 µm and too small for 

screening.  

Samples of both the original flotation concentrate and the narrowly sized fraction from wet screening 

were taken and were assayed by borate fusion and dissolution followed by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES). The results are presented in Table 4 and indicate a high 

percentage of both phosphorus and rare earth elements, indicating the possibility of monazite, and a 

low percentage of calcium, indicating a minor presence of calcium-containing apatite.  

The mineral phases were analysed with a Panalytical Empyrean X-ray diffractometer and analysis 

software X’Pert High Score Plus. Figure 5 shows the diffractogram produced. The high level of 

background peaks indicates that much of the sample contained amorphous material rather than highly 

crystalline material that shows distinct, clean peaks. The peaks that were visible were compared with 

the reference peaks in Figure 6. The presence of monazite and goethite can be inferred by the matching 

peaks in the diffractogram and reference, however, the presence of amorphous material indicates the 

possibility of a high degree of heterogeneity in the monazite sample.  
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Table 4 – Assays of monazite concentrate  

Element Wt. % 

  -44 +36 
μm 

Mount Weld 
concentrate 

P 6.08 5.78 
Fe 19.6 19.4 
Ca 2.46 1.28 
La 7.40 6.99 
Ce 10.2 9.94 
Nd 5.49 5.42 
Pr 1.43 1.79 
Y 0.105 0.10 

 

 

Figure 5 – Diffractogram of monazite concentrate (36 to 44 µm)  
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Figure 6 – Reference patterns matching monazite concentrate (36 to 44 µm) 

The morphology and surface chemistry of the particles were investigated with a Zeiss 1555 VP-FESEM 

scanning electron microscope with an energy dispersive spectrometer. A back-scattered electron image 

is shown in Figure 7 to distinguish between particles that have atoms of a high atomic weight in the 

crystal structure (lighter shaded particles) and particles with lower weight elements (darker shaded). 

The monazite particles can perhaps be seen in the lightest shade in Figure 7, whereas the darker 

particles are likely to be goethite and clay minerals. Noteworthy is that the morphology of the monazite 

particles appears to take two forms: crystalline particles with a distinct form and also particles that 

seem to be made up of a conglomerate of finer particles of monazite (in the top of the image and to the 

right). This raises the possibility that the monazite is of a heterogeneous nature, and that grains may 

respond differently to the solutions.  
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Figure 7 – Backscattered electron image of sized monazite concentrate (36 to 44 µm) 

In order to confirm whether the particles of a lighter shade were in fact monazite, an analysis using 

energy dispersive spectrometry was made. The results are shown in the images of Figure 8. The 

particles that show a light shade in phosphorus and in neodymium, but not calcium, are likely to be 

monazite and not apatite. The particles rich in phosphorus and calcium, but not neodymium, are likely 

to be apatite. The particles rich in iron were likely to be goethite or another iron oxide. All three minerals 

are present in the sample. The results also show that monazite is indeed taking on a crystalline slab 

form and a conglomerate form which may show at least two different responses to the solutions.  
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Figure 8 – Element mapping with qualitative energy dispersive spectroscopy – a lighter shade indicates a higher 

count for that element. 

4.1.2 Laboratory reagents 

Reagents of an analytical grade were oxalic acid dihydrate (Ajax-Finechem), hydrochloric acid (32% 

w/w), sodium hydroxide pellets and ethylene diamine tetra-acetic acid (EDTA) (Ajax-Finechem). 

Reagents of greater than 99% purity were dimethyl oxalate (Alfa. Aesar) and diethyl oxalate (Sigma-

Aldrich). Deionised water was used in all experiments.  

4.1.3 Leaching procedures 

For most of the leaching experiments, a capped, wide-necked reaction vessel (500 mL to 1 L) was used 

with three baffles built into the walls (GLS80 Duran). A Teflon-coated stirrer was driven by an IKA 

stirrer. The leaching vessel was submerged in a water bath with temperature control to within 0.25°C. 

A weighed amount of dried solid was placed in a set amount of agitated leaching solution equilibrated 

to temperature beforehand. The solution was in most cases fully composed and equilibrated to 
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temperature. In some cases where an insoluble ester was used, the ester was warmed to temperature 

separately and then added to the aqueous solution immediately prior to adding the solids. This was to 

avoid the ester reacting with the water before the experiment began.  

For testing the rate of phosphorus dissolution, a small quantity greater than one millilitre of suspension 

was extracted at timed intervals using a syringe filter. One millilitre of solution from the filtrate was 

quickly extracted by pipette for dilution in HCl (0.1 M) and analysis by ICP-AES.  

The solid residue of the experiments was sometimes collected for assay and inspection by scanning 

electron microscopy. In these cases, the solids were filtered as quickly as possible and washed with 

deionised water. The solids were then dried at ambient temperature in order to avoid dissolution of 

precipitates in a drying oven. The samples for scanning electron microscopy were coated in carbon in 

order to eliminate charging.  

Unfortunately, a mass balance between feed solids, residual solids and solution was not practical as the 

dissolution involved precipitation of rare earths and potentially other elements. As the precipitation 

was at low temperatures, the precipitates were likely to be various hydrates, sometimes with mixed 

salts, which made quantification of masses impossible. Also, some of the precipitate was in the form of 

colloids in a one litre solution: too much solution for centrifuging within a reasonable time period and 

too fine a precipitate to filter.  

4.1.4 Oxalate precipitation procedures 

Rare earth oxides at a minimum of 99.9% purity were obtained from Treibacher Industries in Austria, 

along with certificates of assay. Dimethyl oxalate (99%) was obtained from Alfa Aesar and diethyl 

oxalate (99%) from Sigma Aldrich. Analytical grade hydrochloric acid was used. Brand-new Duran 100 

mL conical flasks were used for each experimental flask.  

The method underwent considerable development. In the original method, each conical flask was 

initially weighed. To each conical flask was added at least two, but up to six, rare earth oxides. The 

amount of each rare earth oxide added was determined by a random number generator in Microsoft 

Excel to be an amount between 0.00 and 0.10 g. As close to this number as possible was weighed and 

added to the flask. Hydrochloric acid was then added to dissolve the rare earth oxides into chlorides 

until a clear solution was obtained. The flask was then heated on a hotplate to evaporate the remaining 

hydrochloric acid and water and leave a precipitate of rare earth chlorides. To the flask was added 

about 100 g of deionized water. The mass of dimethyl oxalate (DMO) required for a complete 

precipitation was calculated and a fraction of this was chosen at random, weighed and added to the 
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flask. The solution was swirled until all the dimethyl oxalate was dissolved. This also had the effect of 

dissolving any residual rare earth particles (either difficult crystals of chlorides or hydroxides). A 

stopper was placed in the opening of the flask. The flask was submerged in a water bath at 25° C and 

left for a week. One week was chosen based on informal testing – after about four days the solution 

could be decanted into another vessel without further precipitation. A sample of the solution was taken 

by pipette and diluted with hydrochloric acid (0.1 M) for analysis by ICP-AES. The density of the 

solution was checked to be 1 g/mL.  

This method produced internally consistent results between yttrium, erbium and thulium. However, 

in the case of lanthanum or neodymium the initial stages of the precipitation proceeded without the 

involvement of one or more of the elements. To minimize the impact of this initial precipitation, a 

higher initial concentration of rare earths was used so the final concentration covered a greater range 

of concentration. Also, to minimize errors of measurement of the initial solution, a stock solution was 

prepared for use in every conical flask. To allow a slower, more gradual precipitation, diethyl oxalate 

(DEO) was chosen as the oxalic acid ester. This appears to have a slower rate of hydrolysis than 

dimethyl oxalate.  

About 5 g of each of lanthanum, neodymium and yttrium oxides were dissolved together in the one 

flask in hydrochloric acid and evaporated to rare earth chlorides. Deionized water and 1 mL of 

hydrochloric acid (10 M) was added to a total of 1000 g. The 1 mL of hydrochloric acid was to dissolve 

any rare earth hydroxides that may be present. The pH was not measured since the acidity during the 

experiment increases as more of the oxalic acid ester hydrolyses, so that a constant pH could not be 

maintained without the use of a buffer that may complex the rare earth ions. To each 100 mL conical 

flask was added to about 100 g of rare earth solution and a weighed amount of diethyl oxalate solution. 

The diethyl oxalate was added by a glass dropper as diethyl oxalate can be a solvent of plastic. A sample 

of the solution was taken by pipette and diluted with hydrochloric acid (0.1 M) for analysis by ICP-

AES. The density of the solution was checked to be 1 g/mL.  
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Chapter 5. Predicting the logarithmic distribution 
factors for coprecipitation into an organic salt: 
selection of rare earths into a mixed oxalate 

5.1 Preface 

This chapter is mainly a verbatim reproduction of a published article (Watts and Leong, 2020). It derives 

a new model for the selective precipitation of rare earths into a mixed oxalate salt from experimental 

results in the present study, and existing thermodynamic data. The model is a modified Doerner-

Hoskins model where the precipitation occurs in layers that become unchanging substrates. It relates 

the proportions of free or weakly complexed rare earth ions in solution to the proportions of those rare 

earths on the surface of the precipitate only. The distribution of rare earths in such a model is governed 

by a distribution coefficient. The form of the model is logarithmic, as will be explained below. In this 

sense, a synonymous term in the literature for the distribution co-efficient in the Doerner-Hoskins 

model is the logarithmic distribution coefficient. The model derived in the present study shows that 

the logarithmic distribution coefficient may be derived from thermodynamic terms, instead of being a 

product of kinetics as was previously thought. Although the model relates the concentrations of free or 

weakly complexed rare earth ions to the composition of the outer layer of the precipitate, the 

distribution co-efficient is curiously based on the last step of the precipitation, between the mono-

oxalato complex of the rare earth and the precipitate.    

5.2 Abstract 

Thermodynamic modelling of a leaching system that involves concurrent precipitation depends on an 

understanding of how the metals distribute into the precipitate before an assessment of solubility can 

be made. It has been suggested in the past that a pair of rare earths (A and B) in solution will separate 

from each other by oxalate precipitation according to a logarithmic distribution coefficient (λ) 

determined by the kinetics of the precipitation. By contrast, the present study hypothesises that λ may 

be approximated from thermodynamic terms including the solubility product (KSp) of each rare earth 

oxalate and the stability constant (β') for the mono-oxalato complex of each rare earth. The proposed 

model was used to calculate λ between pairs of rare earths. An experimental study was conducted to 

determine λ between selected pairs using homogenous precipitation through hydrolysis of diethyl 

oxalate, with fairly close agreement to the values under the proposed model. Though this model 

requires more thorough testing, as well as application to other organic salts, it may provide insight into 

distribution factors of a precipitate formed by a sequence of organic complexes.  
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5.3 Introduction 

In rare earth extraction a common technique for overcoming the poor solubility of rare earth minerals 

is to transfer the rare earth ions into a more stable solid. In sulfuric acid cracking, for example, the rare 

earths are transferred into solid sulphates. In caustic conversion, the rare earths are put into hydroxides. 

In more recent studies, minerals of rare earth phosphates have been dissolved in oxalic acid while the 

rare earths concurrently precipitate as rare earth oxalates (Lapidus and Doyle, 2015a, Lazo et al., 2017). 

In each of these techniques, an effective transfer of the rare earths depends on each rare earth having a 

lower solubility or a higher stability in the destination compound.   

The way that rare earths distribute into an oxalate precipitate has not been modelled beyond describing 

the results of specific experimental conditions. This is despite oxalate coprecipitation being a common 

technique in a broad range of areas. Oxalate coprecipitation is a standard method for producing 

precursor powders that are calcined into mixed metal oxides. Examples in the literature abound, such 

as precursors for magnetic materials (Gadkari et al., 2010), piezoelectric oxides (Choy et al., 1997), 

superconducting materials (Cui et al., 2016, Shter and Grader, 1994) and alloys (Drozd et al., 2004). It is 

also used to separate rare earths and actinides from other ions in solution by precipitation. Breakdown 

of rare earth minerals such as monazite are often done in extreme conditions (Krishnamurthy and 

Gupta, 2015) that dissolve impurity ions along with the rare earths. The very low solubility of rare earth 

and actinide oxalates enables an isolation of rare earths from mixed solutions (Rodríguez-Ruiz et al., 

2018). 

The most advanced modelling of oxalate co-precipitation appears to have come from experiments to 

separate rare earths from each other in controlled precipitation. Oxalic acid was generated 

homogeneously throughout the solution by hydrolysis of dimethyl oxalate in order to minimize 

concentration gradients within the solution and allow separations closer to those predicted by solubility 

(Gordon and Shaver, 1953). Feibush et al. (1958) found, however, that the separations were much lower 

than predicted according to solubility for the rare earths tested in their study. There remained no 

method to predict the separation from fundamental terms and the techniques for oxalate 

coprecipitation more generally appear to be based on trial and error. 

Feibush et al. (1958) did find that the precipitation between pairs of rare earth oxalates follows a 

Doerner–Hoskins or logarithmic distribution coefficient. Such a distribution assumes that the 

precipitating solid does not re-order its whole self to be in equilibrium with the solution; rather the 

precipitated surface is in equilibrium with the solution and once precipitated it forms an unchanging 

substrate for the next surface layer (Matsui, 1966). Doerner and Hoskins were the first to describe this 
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running equilibrium mathematically (Doerner and Hoskins, 1925). It can be described between 

concentrations of rare earth ions [A] and [B] by Equation 15. 

Equation 15 

d[A]
d[B] = λ

[A]
[B] 

Here A[&]
A[(]

 is the ratio of the concentration of A to B lost from the solution in an infinitesimal increment, 

or, in other words, precipitated onto the surface in an infinitesimal increment. The letter 𝜆 signifies the 

logarithmic distribution coefficient. This expression can be integrated to give Equation 16. 

Equation 16 

ln(
[A]final
[A]	initial) = λ ln(

[B]	final
[B]	initial) 

Doerner and Hoskins (1925) did not attempt to correlate the coefficient to fundamental terms, probably 

in the knowledge that different salts may be governed by different terms. Feibush et al. (1958) suggested 

that with rare earth oxalates the coefficient should be the ratio between the square roots of the solubility 

products of the pure rare earth oxalates (square root because each unit of rare earth oxalate has two 

rare earth ions), as shown in Equation 17.  

Equation 17 

λ ≅
#KDE,"	

#KDE,!	
 

This equation is based on 𝐾#$,& as the solubility product for the equation shown in Equation 18. 

Equation 18 

A2(C2O>): 	→ 2A:F + 3C2O>29 

Their experiments, however, showed that the experimental values of the coefficients, while being 

logarithmic in nature, were far from what was predicted by solubility in the form of Equation 17. 

Equation 17 does not form a basis in the present study for further development of a model.  

Some more recent work on the solubility of rare earth oxalates has determined that the saturated 

concentration of rare earth A in a solution of concentrated oxalic acid is determined by Equation 19 

(Chung et al., 1998). 
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Equation 19 

[AGHGIJ] = 	
#KDE,"	
γ:

(a,#K$#%)
9:/2 +

#KDE,"	β',"
γ'

(a,#K$#%)
9'/2 

 

In Equation 19, 𝛽',& is the equilibrium constant for the reaction in Equation 20, with the subscript 

number denoting the number of oxalates in the complex formed. The expression for 𝛽',& is shown in 

Equation 21, where 𝑎 is the activity of the species denoted as subscript. The symbol 𝛾' is the activity co-

efficient for the rare earth mono-oxalato complex and 𝛾: is the activity co-efficient for the free rare earth 

ion, the subscript based on the magnitude of the charge. 

Equation 20 

A:F + C2O>29 → AC2O>'F 

Equation 21 

β'," =	
a",#K$&!

a"'!		a,#K$#%
									 

It can be seen in Equation 19, that the total concentration of rare earth A is made up of two main species, 

the free or weakly-complexed rare earth ion in the first term, and the mono-oxalato complex in the 

second term. In one sense, Equation 19 represents the saturated concentrations of each of these species 

in the particular system. The challenge from a theoretical point of view is how a model of precipitation 

can be constructed if there are complexes present. For example, the precipitate may be formed from a 

sequence of complexation reactions, where the mono-oxalato complex is the precursor to the precipitate 

rather than the free rare earth ion. 

Results 

Table 5 shows which rare earths and ester were in each experimental vessel or conical flask, as well as 

the solution masses used to calculate the initial concentration. The first five experiments used the 

original experimental method. In this procedure, the total solution mass was weighed after the rare 

earth chlorides and dimethyl oxalate were dissolved. The last four experiments used the stock solution. 

In this method, the assayed stock solution was weighed into the conical flask and then the addition of 

diethyl oxalate was weighed.  
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Table 6 shows the calculated initial concentrations and the measured final concentrations in each 

experimental vessel. In Experiment 7, too much diethyl oxalate was added, and complete precipitation 

occurred so that the rare earths were below the detection limit (BDL). 

Table 5 - Identity of solution components and masses for each experiment 

Experiment 
number 

Solution 
components 

Solution 
mass, g Ester Ester mass, g Total mass, g 

1 La, Pr, 
Nd, Y, Er, Tm 

100.00 DMO − 100.00 

2 Y, Er, Tm 100.16 DMO − 100.16 

3 La, Pr, 
Nd, Y, Er, Tm 

100.01 DMO − 100.01 

4 Y, Er, Tm 100.04 DMO − 100.04 

5 Y, Er 100.84 DMO − 100.84 

6 La, Nd, Y  102.62 DEO 2.04 104.66 

7 La, Nd, Y 102.24 DEO 4.20 106.45 

8 La, Nd, Y 102.65 DEO 1.05 103.70 

9 La, Nd, Y 101.50 DEO 3.15 104.65 
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Table 6 - Initial and final solution concentrations for each experiment 

Experiment 
number  

La 
(ppm) 

Pr  
(ppm) 

Nd 
(ppm) 

Y 
(ppm) 

Er 
(ppm) 

Tm  
(ppm) 

1 
Initial 486 880 183 603 450 883 

Final 289 493 90 508 340 621 

2 
Initial − − − 802 661 600 

Final − − − 323 170 168 

3 
Initial 549 115 920 430 191 514 

Final 199 15 66 198 57 158 

4 
Initial − − − 589 493 385 

Final − − − 330 202 163 

5 
Initial − − − 962 274 − 

Final − − − 667 150 − 

6 
Initial 5603 − 4831 3681 − − 

Final 1300 − 40 910 − − 

7 
Initial 5488 − 4732 3606 − − 

Final 𝐵𝐷𝐿 − 𝐵𝐷𝐿 𝐵𝐷𝐿 − − 

8 
Initial 5656 − 4877 3717 − − 

Final 3885 − 1410 2600 − − 

9 
Initial 5542 − 4779 3642 − − 

Final 680 − 4 445 − − 

 

It was decided to plot the results between two rare earths from every experimental vessel on the one 

graph. The graph was based on Equation 2 so that the logarithm of the quotient of the starting 

concentration and final concentration was plotted on an axis for one element, while the same was 

plotted on the other axis for the other element. In this way the slope of the graph should give the 

logarithmic distribution coefficient. The reason why this graphical method was chosen rather than 

tabulating the coefficient for each experiment was because the graph allows checks of internal 

consistency. Firstly, the line of best fit should be passing through the origin. This is because any 

constants of integration would be cancelled out in the integration of Equation 15 to Equation 16. 

Secondly, the ratios between a pair should be expressible in terms of the others; for example, pairs in a 

triplet should multiply to one as illustrated by Equation 22 
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Equation 22 

K"
!
=	K,

!
	× K"

,
	 

because the logarithmic distribution coefficient should be consistent between a pair regardless of how 

many rare earths are in the system.  

Figure 9, Figure 10 and Figure 11 show the results of the experiments with diethyl oxalate and 

concentrations of lanthanum, neodymium and yttrium. In addition, Figure 12 shows the result of the 

experiments with dimethyl oxalate and yttrium and erbium in which the intercepts were also small so 

that the use of diethyl oxalate was not required. The graphical results involving thulium also had a 

small intercept but are shown later as no thermodynamic data for thulium could be found for 

correlating the slopes of the graphs, and the graph is relevant to a discussion of separating heavy rare 

earths.  

 
 

Figure 9 - Enrichment of Nd against La: logarithm of the quotient of the starting concentration and final 

concentration for each rare earth. 
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Figure 10 - Enrichment of La against Y: logarithm of the quotient of the starting concentration and final 

concentration for each rare earth. 

 

 
Figure 11 - Enrichment of Y against Nd: logarithm of the quotient of the starting concentration and final 

concentration for each rare earth. 
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Figure 12 - Enrichment of Y against Er: logarithm of the quotient of the starting concentration and final 

concentration for each rare earth. 

It can be seen in Figure 9, Figure 10, Figure 11 and Figure 12 that the results have an internal consistency 

with the lines of best fit having an intercept close to the origin. Also, when the slopes of Figure 9, Figure 

10 and Figure 11 are multiplied together as a triplet, the product is very close to one indicating another 

internal consistency. The data points also fit fairly closely to a straight line although deviations will 

appear to be diminished somewhat by the logarithmic axes.  

It would have been preferable to have had a greater number of data points on each graph. However, 

each data point comes from a separate experimental vessel and there was no exclusion of outliers apart 

from Experiment 7 in which the precipitation was complete. In terms of repetition, in one sense each 

data point on the one graph is a repetition of the same separation, although repetition of the same 

specific conditions would also provide greater confidence. Overall, it seems that the slope values in 

Figure 9, Figure 10, Figure 11 and Figure 12 can be described as the logarithmic distribution coefficient 

(λ) found experimentally.  

Figure 13 shows the separation between erbium and thulium with dimethyl oxalate as the ester. As 

mentioned before the intercept is small which is consistent with the slope being the logarithmic 

distribution co-efficient.  Figure 14 shows the separation between erbium and thulium in the presence 

of EDTA (0.1 M).  
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Figure 13 – Enrichment of Er against Tm: logarithm of the quotient of the starting concentration and final 

concentration for each rare earth 

 
 

 

Figure 14 – Enrichment of Er against Tm in the presence of EDTA (0.1 M): logarithm of the quotient of the 

starting concentration and final concentration for each rare earth 
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5.4 Discussion 

Given that Equation 17 did not describe the distribution coefficient λ (Feibush et al., 1958) and that it is 

based on the solubility of the free or weakly-complexed rare earth ion, an alternative basis for 

describing λ was needed. It was hypothesized that the precipitation was governed by the energy 

difference between the solid rare earth oxalate and the mono-oxalato complex in Equation 23.  

Equation 23 

AC2O>'F 	↔ 	0.5	A2(C2O>):	 

Equation 24 was posed as a way to describe λ because it represents the ratio of the equilibrium constants 

for Equation 23, which in turn is based on Equation 18 and Equation 20. It also approximates the ratio 

of the saturated concentrations of the mono-oxalato complexes of each rare earth in question on the 

basis of Equation 19, assuming that the activity coefficient 𝛾' is similar between rare earths. The term 

in Equation 19 for the free or weakly-complexed rare earth ion was neglected as it seemed unlikely that 

solid rare earth oxalates would form directly from this simple species.  

Equation 24 was used to calculate theoretical values in Table 7. The experimentally found values match 

these theoretical values fairly closely.  

 

Equation 24 

λ!
"
≅
#KDE,"	β',"
#KDE,!	β',!

 

 

Table 7 - Comparison between theoretical and experimentally obtained values for the logarithmic distribution 

coefficient 

Pair Theoretical Experimental 

Nd/La 3.25 3.36 

La/Y 0.96 1.00 

Y/Nd 0.32 0.30 

Y/Er 1.47 1.47 
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The theoretical values for λ were calculated using Equation 24 on the results obtained by Chung et al. 

(1998) shown in Table 8. The theoretical values for λ for the range of rare earths for which data is 

available are shown in Table 9.  

Table 8 - Solubility products (Chung et al., 1998), equilibrium constants (Chung et al., 1998) and their 

products #𝐾#$	𝛽'. 

 

Element 
Solubility 

product, 𝑲𝑺𝒑 
Equilibrium 
constant, 𝛽' `𝑲𝑺𝒑 ∙ 𝜷𝟏 

Y 5.1	 ×	109:; 2.3	 ×	10= 5.2	 ×	109N 

La 6.0	 ×	109:; 2.2	 ×	10= 5.4	 ×	109N 

Nd 1.3	 ×	109:' 4.6	 ×	10= 1.7	 ×	109N 

Sm 4.5	 ×	109:2 3.2	 ×	10= 6.8	 ×	109@ 

Eu 4.2	 ×	109:2 3.3	 ×	10= 6.8	 ×	109@ 

Gd 4.25	 ×	109:2 3.5	 ×	10= 7.2	 ×	109@ 

Dy 2.0	 ×	109:' 4.9	 ×	10= 2.2	 ×	109N 

Er 9.0	 ×	109:' 8.0	 ×	10= 7.6	 ×	109N 

 

 
Table 9 - Calculated logarithmic distribution coefficients (precipitation of the element in the horizontal row for 

every one of the elements in the vertical column). 

Element La Nd Sm Eu Gd Dy Er 

Y 0.96 3.1 7.7 7.7 7.2 2.4 0.68 

La  3.25 7.9 8.0 7.5 2.5 0.71 

Nd   2.4 2.5 2.3 0.76 0.22 

Sm    1.0 0.94 0.31 0.09 

Eu     0.94 0.31 0.09 

Gd      0.33 0.10 

Dy       0.29 

 

The reason why Equation 24 should approximate λ is a conundrum. Firstly, the most abundant form of 

each rare earth will be the mono-oxalato complex only in a concentrated solution of oxalic acid 

according to Equation 19. In the present case, a hydrolyzing ester will only produce a very dilute 

concentration of oxalic acid before precipitation occurs, meaning that the most abundant form of rare 

earth in solution will be the free or weakly-complexed ion according to Equation 19. This implies that 

the measured final concentrations are mainly made up of free or weakly-complexed rare earth ions and 
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that the model is still a relation between the concentration of these ions and the fractions on the surface 

of the precipitate. Yet, according to Equation 11, the free rare earth ion is not involved in that 

equilibrium directly.  

Nor is there an obvious kinetic argument, as a higher stability of mono-oxalato complex will cause less 

precipitation into the solid oxalate compound under this particular model. It would perhaps be 

expected that a higher concentration of mono-oxalato complexes would lead to a higher rate of 

collisions leading to precipitation.  

The notion of a stepwise formation of organic complexes into an organic salt also does not yield an 

adequate explanation. The concentration of the mono-oxalato complex of each rare earth would be 

determined by the stability constant in Equation 21 as well as the activity fraction of the free rare earth 

ion. Adding the chemical equations for the formation of the mono-oxalato complex (Equation 20), and 

the formation of the precipitate from the mono-oxalato complex (Equation 23) merely yields Equation 

18 which represents the solubility product.  

The system is behaving as though the ratio of the concentrations of the mono-oxalato complex of each 

rare earth is the same as that for the free rare earth ions. It may be conjectured that Equation 20 for the 

formation of the mono-oxalato complex is not attaining equilibrium before precipitation is occurring. 

It is possible that this may be connected to the very low concentration of oxalic acid and the very low 

solubility of the oxalate precipitate. Overall, it remains difficult to explain the model from kinetic and 

thermodynamic principles.  

The coefficients may be greater between heavy rare earths, as trends in Table 8 indicate that for the 

heavy rare earths past gadolinium, both the solubility product and equilibrium constant are generally 

increasing with atomic number. The experiments in Figure 13 between erbium and thulium with 

dimethyl oxalate indicated a coefficient of 1.13 for the enrichment of erbium in the precipitate which is 

significant for these elements which are notoriously difficult to separate. When EDTA was added to the 

solution to further increase the solubility of the thulium in Figure 14, the coefficient was magnified to 

2.28. 

5.5 Conclusions 

It was found that the logarithmic distribution co-efficient λ for precipitation between a pair of rare 

earths was fairly close to the ratio of the equilibrium constants for the step from mono-oxalato complex 

to the rare earth oxalate salt. This novel model relates the total concentration of rare earths (mostly free 

rare earth ions) to the fractions precipitating into the solid, so it is unclear why only the last step of the 
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precipitation counts for λ. There appears to be no simple kinetic explanation either, with λ being derived 

from thermodynamic terms and the curious result that a higher stability of mono-oxalato complex 

results in less precipitation. 

This model also confirms that precipitation of rare earths occurs in layers, in substrates that once 

precipitated are occluded from the solution and do not change. More precisely, the rare earths with a 

lower solubility oxalate salt and a lower stability constant for the mono-oxalato complex will tend to 

precipitate first and become occluded out of the system, resulting in the more soluble rare earths 

occupying the solution and the outer layer of the precipitate. Consequently, the mixed rare earth oxalate 

will tend to become more and more soluble as the precipitation progresses. This means that the transfer 

of rare earths from phosphate to oxalate becomes less favourable thermodynamically.  
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Chapter 6. Constraints on the dissolution rate of 
natural monazite in aqueous mixtures of oxalic and 
hydrochloric acid 

6.1 Summary 

In this chapter, the constraints on the dissolution rate of various natural monazites in aqueous mixtures 

of hydrochloric and oxalic acid will be described through an experimental study. In all conditions 

tested, cerium would dissolve in a much lower proportion than expected from its fraction in the solids 

and the solubility of its pure end member. The next highest constraint appears to be related to an 

approach to saturation. This constraint appeared to slow the dissolution in all experiments, including 

the more amorphous monazite from Mount Weld, and when the rare earths were concurrently being 

transferred into solid rare earth oxalates. Another constraint was the formation of clusters of rare earth 

oxalates on the surface of the monazite in oxalic acid when the concentration of oxalic acid was high.  

6.2 Introduction 

This chapter covers an atypical kinetic study of the factors affecting the dissolution rates from monazite 

in aqueous mixtures of oxalic and hydrochloric acid. It is atypical because monazite has an extremely 

low solubility and the rare earths are likely to be reprecipitating as either hydrated rare earth 

phosphates or as oxalates. This means that rates are likely to be affected by approaches to solubility 

and the formation of crystals on the surface of the monazite. This in turn makes a qualitative study 

more achievable than a quantitative measurement of rates from an unknown surface.  

One particular way it differs from prior studies on dissolution rates of monazite is that it focuses on the 

initial period of dissolution rather than a study over a few days. Arinicheva et al. (2018) found in their 

study that there was an initially very fast dissolution rate and conjectured it was likely to be from a 

more leachable fraction in the sample. This assumption is arguably the most likely and reasonable 

explanation when there is a heterogeneous solid sample undergoing dissolution, and is often found by 

practitioners. With monazite and its extremely low solubility, however, there is a risk that the 

dissolution is slowed by an approach to saturation soon after it commences. Another risk is that the 

rare earths were re-precipitating and changing the nature of the surface of the monazite, perhaps with 

a layer of hydrated rhabdophane. It is true that Arinicheva et al. (2018) as well as Gausse et al. (2018) 

used experimental set-ups that continuously removed the products of dissolution in order to decrease 

this risk. Of course, a passing comment on an initially fast dissolution rate is not by itself enough to 
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mount a hypothesis for an experimental program. Preliminary timed studies by the author also found 

a rapid rate of dissolution at the outset.  

This study also differs from another recent publication on the dissolution of monazite in oxalic acid in 

that it uses a small fraction of solids compared with the reagents on a stoichiometric basis. Lazo et al. 

(2017) used a solid to liquid ratio of one to ten by mass for their experiments and claimed that 

consumption of oxalic acid was the limiting factor. Although the evidence for consumption was 

thorough, the timed samples in their study were taken over large intervals of time and so did not 

determine whether the dissolution was slowed by another factor before consumption of oxalic acid 

slowed it down further. It was hoped that the use of a vast excess of oxalic acid and shorter time 

intervals in this study would be more likely to address this question.  

Because the dissolution of such an insoluble mineral is likely to be complicated by reprecipitation, it 

was necessary to impose a method of reading the essentially qualitative graphs of the dissolution extent 

against time. A system of coloured lines was used in order to make the different phases of dissolution 

clearer. A red line was used to indicate the rapid period of dissolution at the start of the experiment. A 

blue line was used to indicate the time period in which rare earth oxalates were precipitating. This time 

period was inferred as the period when the concentration of rare earths flattened out while the 

concentration of phosphorus continued to increase, indicating that the rare earths were precipitating 

without the phosphorus. This blue segment was used to compare the time that rare earth oxalates first 

nucleated with the time that the dissolution experienced a sudden slowdown. A green line was used to 

indicate the period in which the dissolution rate of phosphorus or rare earths had degenerated to a 

slow, steady rate only marginally different to the other rates of dissolution with the change of only one 

parameter.  

6.3 Results and discussion 

6.3.1 Effect of stirring speed 

Figure 15 shows the effect of changing the stirring speed from 300 revolutions per minute (rpm) to 510 

rpm on the dissolution of phosphorus from monazite in oxalic acid (0.6M) at 25°C. Stirring speed 

appears to have made little difference to the dissolution rates after the abrupt slowdown within the 

first hour (shown in green). This period where stirring speed makes little difference is likely to mean 

that the rate of dissolution is slowed either by the chemical reaction at the surface of the particle (as 

found by Arinicheva et al. (2018) and Gausse et al. (2018)) or by diffusion of the reactants or products 

through a physical structure such as a product layer. The weight of authority suggests that the former 

is more likely.  
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The effect of stirring speed on the extent of dissolution achieved at a fast rate (shown in red) appears to 

show a greater extent at the lower stirring speed, although there is uncertainty in the curves between 5 

and 30 minutes. The end of this fast period of dissolution may be related to the precipitation of rare 

earths. Figure 16 shows the dissolution of lanthanum in the same experiment. Lanthanum was chosen 

to represent the other rare earths that showed a similar trend. The dissolution of lanthanum was 

markedly less than that of phosphorus from the outset. This shows that lanthanum was precipitating 

at the outset. It was likely to be forming an oxalate (Lazo et al., 2017). If the precipitation of rare earth 

oxalate was causing the abrupt slowdown, it appears there is a delay before the precipitation has an 

influence, possibly because of the time it takes for the crystals to grow in size.  

The rate of stirring may have had an effect on the rate of precipitation. The concentration of lanthanum 

shown in Figure 16 rises with the lower stirring rate throughout the experiment, whereas it reaches a 

plateau after one hour with the higher stirring rate. This could be related to the greater chance of 

collision between rare earths and oxalate with a higher degree of agitation in the solution due to the 

greater speeds and distances travelled by the ions. It should be noted that the effect of stirring speed 

on the rate of precipitation of rare earth phosphates on the surface of the monazite could be very 

different – the rare earths and phosphates are dissolving away from the surface (already close to each 

other) and it would be expected that transport away from the surface would be improved by greater 

agitation.  
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Figure 15 - Dissolution of assayed phosphorus from three grams of particles (36 to 44 µm) in one litre 

of oxalic acid (0.6 M) at a stirring speed of u 300 rpm and n 510 rpm at 25°C. 

 

 
Figure 16 - Dissolution of assayed lanthanum from three grams of particles (36 to 44 µm) in one litre of oxalic 

acid (0.6 M) at a stirring speed of u 300 rpm and n 510 rpm at 25°C. 
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6.3.2 Effect of hydrochloric acid alone across temperature 

Figure 17 shows the effect of hydrochloric acid alone on monazite across different temperatures. The 

extent of dissolution at the fast rate (shown in red) is much greater with higher temperature. The far 

greater dissolution at the higher temperature of 55° C indicates that the limit for the dissolution at 25° 

C is not merely due to a fraction of rare earths in the concentrate that is more leachable. It is also 

noteworthy that the monazite will dissolve rapidly at the outset in the absence of oxalic acid.  

The congruence of the lines of dissolution for each element tends to indicate that dissolution is not 

slowed by one rare earth being more intractable. It also shows that reprecipitation is not occurring in 

this experiment. The concentrations of each rare earth appear to approach a plateau (shown in green). 

Thus, it appears that dissolution in this case is slowed by an approach to solubility which is accelerated 

by a higher temperature.  

 

Figure 17 – Fractions of rare earths released – dissolution of assayed n yttrium, × praseodymium, l neodymium, 

u lanthanum and o cerium from three grams of particles (36 to 44 µm) in one litre of hydrochloric acid (2 M) 

at 55°C (line) and 25°C (dashes) at a stirring speed of 510 rpm. 

Notably, the rates of dissolution between the rare earths are different. The rate of dissolution of cerium 

is the lowest, followed by lanthanum, and then neodymium. This is the same order found by Gausse et 
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al. (2018) who studied the dissolution rates of pure phosphates of these rare earth elements. Since the 

dissolution appears to be congruent, it appears that different grains within the monazite samples are 

dissolving at different rates, with the grains high in cerium dissolving at the slowest rate.  

6.3.3 Effect of oxalic acid alone across temperature 

Figure 18 shows the effect of oxalic acid alone on monazite at different temperatures. The extent of 

dissolution at the fast rate (shown in red) is greater with higher temperature. Once again, the end of 

this fast rate may be related to precipitation of rare earths – lanthanum is precipitating at the outset. 

The higher temperature may inhibit the precipitation of rare earths. The solubility of the rare earth 

oxalates is noticeably higher with temperature, as shown in Figure 18. This is also supported by 

literature (Sarver, 1927, Neckers and Kremers, 1928). This higher solubility would allow a greater 

amount of rare earths (and phosphorus) to dissolve before precipitation occurs.  

After two hours the rates degenerate to a similar level (shown in green) across the range of temperature. 

Although the lines appear to be parallel, the reactions at higher temperatures still maintain a slightly 

higher rate consistent with the effect of temperature in the studies of Arinicheva et al. (2018) and Gausse 

et al. (2018). Although all of the rates decrease significantly, the dissolution rates at lower temperature 

appear to reach a steady level sooner. Figure 19 shows the concentrations of lanthanum for the same 

experiment, although it should be noted that the relative error is large for such low concentrations. At 

25° C the concentration of lanthanum steadies after about half an hour. By contrast, at a temperature of 

55° C the concentration of lanthanum dips at half an hour, possibly due to oversaturation, and then 

increases markedly. This may be consistent with an inhibition of the formation of rare earth oxalates at 

higher temperature, however, it is difficult to draw a precise conclusion with the potential error.  
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Figure 18 - Dissolution of assayed phosphorus (line) and lanthanum (dashes) from three grams of particles (36 to 

44 µm) in one litre of oxalic acid (0.6 M) at a stirring speed of 510 rpm at u 25°C l	35°C,	×	45°C and n 55°C. 

 

Figure 19 – Lanthanum concentrations in solution from three grams of particles (36 to 44 µm) in one litre of 

oxalic acid (0.6 M) at a stirring speed of 510 rpm at p 25°C,	n	45°C and l 55°C. 
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6.3.4 Effect of hydrochloric acid added to oxalic acid 

Figure 20 shows the effect on the dissolution rate of monazite of adding hydrochloric acid to oxalic acid 

(0.6 M). The extent of dissolution at the fast rate (shown in red) is greater with a greater addition of 

hydrochloric acid. However, an anomaly is that two periods of precipitation of rare earths occur when 

the amount of hydrochloric acid added is two mole per litre. The lanthanum appears to precipitate from 

the outset over the first five minutes, after which there is an abrupt slowdown in dissolution similar to 

the other experiments. However, the concentration of lanthanum then rises with the phosphorus until 

two hours from the start, after which it flattens. It is possible to conjecture that different rare earth 

phases were precipitating. The extra chloride concentration may have resulted in the initial formation 

of rare earth oxalo-chlorides (Vickery, 1961) and been followed by the more stable rare earth oxalates. 

Alternatively, mixed rare earth phosphate-oxalates may have been forming similar to those found by 

Pilkington and Wylie (1952). This is only speculation, however, and it the increased relative error for 

these low concentration measurements should be noted here as well.  

Figure 20 also shows that the dissolution rates tend to decrease to similar rates again (shown in green), 

although the dissolution rates with a greater addition of hydrochloric acid are slightly higher. This is 

once again consistent with the finding of Arinicheva et al. (2018) and Gausse et al. (2018) that a greater 

acidity will increase the dissolution rate. There is an admittedly vague similarity of their studies to the 

decreased dissolution rates shown in green across the experiments. Their studies show very low 

dissolution rates, which support the idea of monazite having an exceptional chemical durability. By 

contrast, the rapid dissolution at the start of experiments in this project shows a volatile monazite that 

is initially reactive until something slows down the dissolution abruptly. This apparent contradiction 

will need to be resolved in any description of this dissolution process at the conceptual level. 
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Figure 20 – Different additions of hydrochloric acid – dissolution of phosphorus (line) and lanthanum (dashes) 

from three grams of particles (36 to 44 µm) in one litre of u oxalic acid only (0.6 M), and oxalic acid (0.6 M) with 

hydrochloric acid l	0.5 M,	×	1 M and n 2 M, at 25°C and a stirring speed of 510 rpm. 

6.3.5 Hydrochloric or oxalic acid across temperature 

Figure 20 also shows a marked increase in the concentration of lanthanum with hydrochloric acid (2 

M) at 25°C, suggesting a rise in solubility of rare earth oxalates. A comparison was made between the 

effects of hydrochloric and oxalic acid with temperature in Figure 21. At the higher temperatures of 

55°C and 75°C, the initial rates of dissolution were indistinguishable. The rates of dissolution of the rare 

earths were also similar, indicating no precipitation of rare earth oxalates. This suggests that rare earth 

oxalates may become more soluble than rare earth phosphates with higher temperature in strong 

solutions of hydrochloric acid.  

This does not necessarily mean that the solubility of rare earth oxalates will be higher than phosphates 

in these conditions when there is a higher concentration of solids. The congruence of dissolution from 

the monazite found in Figure 17 indicates that the solid is not reordering itself to be in equilibrium with 

the solution. This implies that only the surface of the monazite is in equilibrium with the solution at 

stoichiometric saturation, as described by Thorstenson and Plummer (1977), Glynn et al. (1990), and 

Gamsjäger et al. (2000). A higher concentration of solids means that the solubility of rare earth 
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phosphates will be reached after a different extent of dissolution, at an exterior shell of the particle that 

may have a different composition and solubility. 

Given that the absence of oxalic acid in Figure 21 did not lower the dissolution rate, it can be suggested 

at a minimum that oxalate does not enhance dissolution at the surface of the monazite. In other words, 

a high concentration of oxalic acid is not needed for fast dissolution and does not act as an accelerant 

of dissolution in these conditions. 

At the lower temperature of 25°C in Figure 21, the extent of the rapid dissolution of phosphorus (shown 

in red) was lower in the presence of oxalic acid. This occurred in the period mentioned above at the 

outset of dissolution when an initial but separate precipitation of lanthanum occurred. The lower 

phosphorus at five minutes in the presence of oxalic acid could lend support to the idea that a minor 

amount of phosphate is precipitating along with the rare earths and oxalate. However, this argument 

is based on an interpretation of a rapidly evolving solution and it must be acknowledged that it is weak 

without more evidence. 

 

Figure 21 – Absence of oxalic acid - dissolution of phosphorus with oxalic acid (line) and without oxalic acid 

(dashes) from three grams of particles (36 to 44 µm) in one litre of hydrochloric acid (2 M) at a stirring speed of 

510 rpm at l 25°C and 0.6 M oxalic acid,	n 55°C and 1 M oxalic acid, and ×	75°C and 1 M oxalic acid. 
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6.3.6 Effect of oxalic acid concentration 

Despite the weakness of the argument, the abrupt slowdowns in dissolution of phosphorus appear to 

coincide with the precipitation of rare earth oxalates in all experiments with oxalic acid. This raises the 

issue of what exactly the oxalic acid does to the surface of the monazite. Figure 22 shows the effect of 

different concentrations of oxalic acid at 25° C. The extent of the high dissolution rate (shown in red) 

appears to be similar for all concentrations of oxalate. Curiously, the rate of decline in this initial 

dissolution rate was more rapid with higher oxalic acid concentration from 0.2 M and 0.8 M. This is 

consistent with a higher concentration of oxalic acid causing a faster growth in oxalate crystals on the 

surface of the particle. Evidence of this can perhaps be found in Figure 23 which shows the effect of 

oxalic acid concentration on the concentration of lanthanum in the same experiments. It can be seen 

that the concentration of lanthanum plateaus with a higher concentration of oxalic acid (0.4 M or 

greater) but continues to increase with a lower concentration of 0.2 M or lower.  

Figure 22 shows that this trend is then reversed in the extent of the decline of the dissolution rate; the 

dissolution rates degenerate to similar levels (shown in green) with slightly higher dissolution rates for 

higher concentrations of oxalic acid. This is again consistent with the findings of Arinicheva et al. (2018) 

and Gausse et al. (2018) that a greater acidity will increase the dissolution rate. What is perhaps more 

pertinent in the context of the conceptual framework is that the dissolution rates have shown a decrease 

to a fairly straight line after two hours in all experiments. A straight line is indicative of diffusion control 

over the dissolution of a particle. Given the evidence of chemical control at the outset, the experimental 

results all seem to show a change from chemical control to diffusion control. This lends a consistency 

to the theoretical finding that dissolution processes that start off with the chemical reaction being the 

slowest rate will inevitably shift into a diffusion control.  
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Figure 22 – Different concentrations of oxalic acid – dissolution of assayed phosphorus from three grams of 

particles (36 to 44 µm) in one litre of oxalic acid at ×	0.1 M,	p 0.2 M, n 0.4 M, u 0.6 M and l 0.8 M with no 

pH adjustment at 25°C and a stirring speed of 510 rpm.  

 

Figure 23 – Different concentrations of oxalic acid – dissolution of assayed lanthanum from three grams of 

particles (36 to 44 µm) in one litre of oxalic acid at ×	0.1 M,	p 0.2 M, n 0.4 M, u 0.6 M and l 0.8 M with no 

pH adjustment at 25°C and a stirring speed of 510 rpm.  
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The reason should be identified for the more rapid decline in the initial dissolution rate with higher 

oxalic acid in conditions where oxalate precipitation is occurring. Lapidus and Doyle (2015a) asked 

whether rare earth oxalates were passivating the surface of the particle. The monazite particles before 

immersion are shown in the lightest shade in Figure 24. Figure 25 shows that the immersion brought 

about the clusters of crystals identified as rich in rare earths without phosphorus by energy dispersive 

spectroscopy. It seems likely that these expansive clusters would impede transport to some extent. The 

crystals protrude into the solution, indicating they are formed from an intermediate reaction in 

solution. However, they also seem to seed at the surface of monazite particles in particular, possibly 

due to the higher concentration of rare earths diffusing and colliding with oxalate ions. If that conjecture 

is right, then a lower concentration of oxalic acid should allow more of the rare earths to diffuse away 

from the particle. The extent of this phenomenon can be seen in Figure 26, which shows a great many 

oxalate particles covered in thatches of rare earth oxalate.  

 

Figure 24 - Back-scattered electron image of particles (36 to 44 µm) before immersion.  
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Figure 25 - Back-scattered electron image of particles (36 to 44 µm) after eight hours in oxalic acid (0.6 M) at 

25°C. 

 

Figure 26 - Back-scattered electron image of particles (36 to 44 µm) after eight hours in oxalic acid (0.6 M) with 

hydrochloric acid (1 M) at 25°C. 



74 
 

6.3.7 Prevention of rare earth oxalates on the monazite surface 

So far there has been support for the idea that formation of rare earth oxalates on the surface of the 

monazite particle is causing an abrupt slowdown in the dissolution rate. This support has come from 

the repeated temporal coincidence of oxalate precipitation with the abrupt slowdown, the more rapid 

slowdown with higher oxalate concentration, as well as the coverage of monazite particles by thatches 

of rare earth oxalates seen in images of scanning electron microscopy. Further support for this idea 

would come from testing whether dissolution would be greatly enhanced by preventing the formation 

of rare earth oxalates on the surface of the monazite. In consequence, this study changed its focus to 

finding methods of preventing the formation of these surface oxalates.  

The first technique was to try seeding of rare earth oxalates in the bulk solution in order to provide 

alternative sites for rare earth oxalates to nucleate. Mixed rare earth oxalate hydrate (5 g) was added at 

the start to three experiments on dissolving monazite in oxalic acid in conditions previously tested 

without seeding. Figure 27 shows the dissolution of phosphorus from monazite was very similar with 

and without seeding. Although a small increase was seen in the experiments with seeding, it can be 

stated that seeding was not effective in preventing the abrupt slowdown in these conditions.  

The concentrations of lanthanum for these experiments are shown in Figure 28. The largest difference 

between seeding and no seeding can be seen at an oxalic acid concentration of 0.1 M. The lanthanum 

concentration in this case is much higher with seeding at the outset and actually matches the 

concentration of phosphorus after five minutes. A possible explanation is that the concentration of 

lanthanum with seeding represents roughly the solubility of the lanthanum in the bulk solution. This 

same solubility will apply at the surface of the monazite particle, so if there is a concentration gradient 

in the solution without seeding, the lanthanum will precipitate at the surface according to its solubility, 

while the remainder dilutes upon transport into the bulk solution. Another explanation is a difference 

in the crystal properties of the seeded oxalates and those forming at the surface of the monazite. The 

seeded oxalates were formed suddenly and were probably amorphous with a higher solubility than the 

crystalline oxalates seen in the scanning electron microscopy. This is perhaps consistent with the other 

concentrations of oxalic acid, where the solutions with seeding also have higher concentrations of 

lanthanum after a few hours.  
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Figure 27 – Effect of seeding – dissolution of assayed phosphorus with seeding (dashed line) and without seeding 

from three grams of particles (36 to 44 µm) in one litre of p oxalic acid (0.1 M), n oxalic acid (0.6 M) and l 

oxalic acid (0.6 M) with hydrochloric acid (1 M) at 25°C and a stirring speed of 510 rpm.  

 

Figure 28 – Effect of seeding – dissolution of assayed lanthanum with seeding (dashed line) and without seeding 

from three grams of particles (36 to 44 µm) in one litre of p oxalic acid (0.1 M), n oxalic acid (0.6 M) and l 

oxalic acid (0.6 M) with hydrochloric acid (1 M) at 25°C and a stirring speed of 510 rpm.  
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6.4 Conclusions 

All experiments showed an initially high rate of dissolution that increased with temperature. This 

indicates a kinetic line of constraint on the dissolution rate far from equilibrium that shows feasibility 

on the side of the line with higher temperature. The high rate was followed by a slowdown and then a 

decrease to what appears to be diffusion control. It seems that a line of constraint on the dissolution 

rate must also be drawn on the approach to saturation of the rare earth phosphates. Such a line would 

be parallel to the line of equal solubility and show feasibility on the side of lower temperature. Each 

rare earth dissolved congruently from the sample with the other rare earths. In this context, the lower 

rate of dissolution for cerium, followed by lanthanum, perhaps indicates that grains of different 

compositions of rare earths were dissolving at different rates. In higher concentrations of oxalic acid, 

the dissolution rate appeared to slow because of the formation of clusters of rare earth oxalates on the 

surface of the rare earth phosphate. This shows a line of constraint based on concentration of oxalic 

acid. The line shows the concentration of oxalic acid at which rare earth oxalates will form on the surface 

of the rare earth phosphate. Below the line, at lower concentrations of oxalic acid, is the feasible side 

where no precipitation of oxalates will occur.  
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Chapter 7. Trial of oxalate esters in order to remove 
constraints on dissolution rates of monazite  

7.1 Summary 

This study investigated two original techniques in the feasible range of concentration of oxalic acid. 

The first idea was to focus on being below the line of constraint above which oxalates will precipitate 

on the surface of the dissolving rare earth phosphate. The technique was to use an ester of oxalic acid 

to generate oxalic acid homogeneously throughout the solution. The aim of this technique was to ensure 

that only a minimum concentration of oxalic was provided in order to allow the transfer of rare earths 

from phosphate to oxalate. Another aim of this technique was to minimise the concentration of oxalic 

acid available for consumption in side-reactions. Whereas the dissolution of monazite was improved 

with the use of an ester of oxalic acid in this technique and was successful in preventing the formation 

of rare earth oxalates on the surface of the dissolving particle, it was found that the use of a minimum 

concentration of oxalic acid was too close to the line of equal solubility between rare earth phosphates 

and oxalates. This resulted in the production of what appeared to be mixed rare earth oxalates-

phosphates that were insoluble in later treatment stages.  

A second technique was identified to lower the concentration of rare earths and phosphate at the 

surface of the dissolving particle in order to speed up the dissolution. The idea of the technique was to 

use diethyl oxalate, the ethyl ester of oxalic acid, which is in liquid form at room temperature, in an 

agitated emulsion with water. The intermittent presence of the aqueous solution on the surface of the 

dissolving particle, through the agitation of droplets, would in theory reset the concentration at the 

surface of the dissolving particle to the concentration of the bulk solution or droplet before it could 

build up to being saturated.  

7.2 Introduction 

The potential for the use of an oxalate ester to dissolve monazite rather than oxalic acid was identified 

with the intent of preventing the formation of rare earth oxalates on the surface of the dissolving particle 

of rare earth phosphate, as this seemed to be a key constraint on dissolution in the experiments of the 

previous chapter. The idea was for the ester to hydrolyse via steps into oxalic acid at a minimum rate 

for precipitation of rare earth oxalates so that the rare earths had a greater chance of being transported 

away from the surface of the monazite. The hydrolysis steps are shown in Equation 1 and Equation 2.  
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Equation 25 

(COOCH3)2	+	H2O	⇌	(COOCH3)(COOH)	+	CH3OH	

The monomethyl oxalate hydrolyses to oxalic acid and methanol (Xu et al., 2014).  

Equation 26 

(COOCH3)(COOH)	+	H2O	⇌	(COOH)2	+	CH3OH	

The rate of production of oxalic acid would in theory match the rate of dissolution of rare earths because 

the rate of hydrolysis of the ester into oxalic acid was inversely proportional to the concentration of 

oxalic acid (Xu et al., 2014). This means that precipitation of oxalic acid would result in the production 

of more oxalic acid according to Equation 1 and Equation 2. Another potential advantage of using an 

ester of oxalate rather than oxalic acid is that it may minimise consumption of oxalic acid in side-

reactions. Consumption of oxalic acid was identified by Lazo et al. (2017) with thorough evidence as 

being the main limiting factor in dissolving monazite in a concentrate rich in iron oxides. This chapter 

includes a trial of using oxalate esters on a similar concentrate of monazite rich in iron oxides. The aim 

of this trial was an assessment of whether recovery can be improved with oxalate esters on a slurry 

with a high content of solids.  

The ester was used in two novel ways. The first method was to dissolve the ester in water and allow 

oxalic acid to generate homogeneously throughout the solution during the leach. The aim of this 

method was to minimise the concentration of oxalic acid required to effect a transfer of rare earths from 

phosphate to oxalate. The feasibility of the transfer of rare earths from phosphates to oxalates was 

discussed in Chapter 3. This technique operated below the line of constraint based on concentration of 

oxalic acid, where rare earth oxalates will precipitate on the surface of the rare earth phosphate if the 

concentration is too high. The second method was to use an excess of oxalate ester, the diethyl oxalate 

in liquid form, to form an emulsion of water and ester droplets. It aimed to improve the quality of the 

precipitate and the speed of dissolution when the conditions are close to the saturation line and to the 

line of equal solubility of rare earth oxalates and phosphates 

7.3 Results and discussion 

7.3.1 Dissolution experiments with dissolved ester 

An initial screening test was conducted to test whether rare earth oxalates would form from solution, 

independently of the seeding provided by the particles of rare earth phosphate. A minor amount of 

monazite, the same sample as used in Chapter 6 on dissolution rates, was placed in a solution of water 
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and dimethyl oxalate and left to sit. The solids and fluid were not agitated but merely left to sit for two 

days. A whitish precipitate formed on top of the solids and was subject to back-scattered electron 

microscopy, as shown in Figure 29. Independent crystals of rare earth oxalate could indeed be observed 

in the diamond-shaped particles of a white shade in Figure 29. The square shaped particles of a darker 

shade are likely to be crystals of calcium oxalate.  

 

Figure 29 – White residue after 1 g of monazite immersed without agitation in 27 g of deionized water and 3 g of 

dimethyl oxalate.  

After this test, the ester of oxalic acid was trialled in agitated leaches with a higher concentration of 

solids. Figure 30 shows a trial in which 100 g of monazite concentrate was agitated in one litre of 

dimethyl oxalate (1 M) at different temperatures. The monazite concentrate was not sieved to a narrow 

size range and was an as-received ore that had been upgraded through flotation. The dissolution of 

phosphorus increases with temperature up to 70°C. There appear to be periods of fast dissolution 

(shown in the red line) and lower rates of dissolution (shown in the green line) in these experiments as 

well as in the study of Chapter 5. The extent of dissolution under fast dissolution is a maximum at 70°C. 

The period of time for fast dissolution is also greatest at 70°C. This may imply that the higher 
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temperature may inhibit the factor which decreases this fast rate of dissolution. The degenerated rate 

of dissolution is also slightly higher at 70°C, which again shows a slight consistency with the recent 

kinetic studies of Arinicheva et al. (2018) and Gausse et al. (2018). At temperatures higher than 70°C the 

dissolution rates appear to flatten at between one and two hours. 

 

Figure 30 – Dissolution of assayed phosphorus from 100 g of concentrate in dimethyl oxalate at × 45°C, p 60°C, 

n 70°C, l 80°C, and u 90°C at a stirring speed of 510 rpm. 

Oxalic acid is known to be consumed by iron oxides rapidly at temperatures higher than 70°C (Lee et 

al., 2007) and this was examined in a trial shown in Figure 31. The rate of dissolution of iron in Figure 

31 at 90°C has an abrupt slowdown at three hours, which is consistent with a sudden consumption of 

all the oxalic acid where the oxalic acid was accelerating the dissolution of iron. At 80°C, however, the 

slowdown is less abrupt, and it is difficult to infer whether the oxalic acid was consumed in total or 

whether the dissolution rate in the initial period up to three hours was simply slower because of the 

lower temperature. This less acute slowdown at 80°C is consistent with the less acute slowdown in 

phosphorus dissolution at 80°C compared with 90°C. Although the evidence is not unequivocal, the 

rapid decrease in the rates of phosphorus dissolution at temperatures higher than 70°C is supported by 

the dissolution of iron at 90°C and is consistent with the dissolution of iron at 80°C.  
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Figure 31 – Dissolution of assayed iron from 100 g of concentrate in dimethyl oxalate at × 45°C, p 60°C, n 

70°C, l 80°C, and u 90°C at a stirring speed of 510 rpm. 

If iron dissolution is consuming the oxalic acid when oxalate esters are used at temperatures higher 

than 70°C, then it is possible that the use of oxalic acid alone would result in consumption of oxalic acid 

and limit the dissolution of phosphorus at 70°C. This is because the oxalic acid may not have the 

function of sequestering the oxalate ion from side reactions as in the use of the ester. Figure 32 shows a 

comparison of using oxalic acid, dimethyl oxalate and diethyl oxalate at 70°C. The dissolution of 

phosphorus does indeed decrease rapidly for oxalic acid. However, the amount of iron dissolved in the 

oxalic acid experiment was similar to that in the dimethyl oxalate experiment. This does not mean, 

though, that the same amount of oxalate was consumed in both experiments. Figure 31 appears to show 

two phases of iron dissolution at 90°C, an accelerated rate up to three hours and a lower rate afterwards, 

whereas at 70°C the phases are more similar. It is possible to conjecture that the greater concentration 

of oxalic acid at 70°C led to more iron dissolution that was accelerated by the presence of oxalate on the 

surface of the iron oxide particle – this mechanism is well-known (Lee et al., 2007). On the other hand, 

the decrease in the dissolution rate of phosphorus in the presence of oxalic acid may be due to the 

formation of rare earth oxalates on the surface of the particles. However, the evidence found in the 

previous chapter related to relatively coarse particles whereas the concentrate of monazite in this study 

had particles mostly less than ten microns in size. On the whole, it seems more likely that consumption 
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was the cause of the decrease in dissolution rate in this experiment because there is a total degradation 

in the dissolution rate and also because of the evidence found by Lazo et al. (2017) on a concentrate of 

similar composition.  

 

Figure 32 – Dissolution of assayed phosphorus from 100 g of concentrate in one litre of solution × diethyl oxalate, 

p oxalic acid and n dimethyl oxalate at 70°C and a stirring speed of 510 rpm. 

Figure 32 also shows the dissolution of phosphorus at 70°C when diethyl oxalate is used instead of 

dimethyl oxalate. There appears to be an induction period of around one hour before the dissolution of 

phosphorus commences when diethyl oxalate is used. This is likely to be due to slower hydrolysis of 

the diethyl oxalate. The evidence for this is that the pH levels took a lot longer to drop from the initial 

neutral pH when diethyl oxalate was used instead of dimethyl oxalate. This slower hydrolysis of 

diethyl oxalate, not studied in the literature, may have application in the selective precipitation of rare 

earths in downstream separation. After this initial period, the degenerated rate appears to be faster 

with diethyl oxalate, which indicates it may also have potential in leaching phosphorus from monazite.  

Figure 33 shows the dissolution of phosphorous from a solution of dimethyl oxalate (1 M) at 70°C with 

different amounts of solids. The addition of 200 g rather than 100 g appears to result in a rapid decrease 

of the dissolution rate and suggests that the oxalate was being consumed. The dissolution rates at 50 g 

and 100 g are similar apart from a slightly lower dissolution rate for 100 g during the first six hours. 

This may be due to the higher concentration of phosphorus in the solution, or due to higher occlusion 
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of phosphorus in the precipitate. It should be noted that the apparent degeneracy in the rate of 

phosphorus dissolution for 50 g to a similar level as that for 200 g can be explained because the 50 g 

sample has roughly a quarter of the surface area of the 200 g sample at the start, and an even lower 

fraction at the end due to the greater extent of dissolution.  

 

Figure 33 – Dissolution of assayed phosphorus in dimethyl oxalate (1 M) at 70°C with p 50 g, n 100 g and l 

200 g of solids in one litre of solution at a stirring speed of 510 rpm. 

Figure 34 compares the dissolution rates for two amounts of solid (100 g and 200 g) and two 

concentrations of dimethyl oxalate (1 M and 2 M). The rapid decrease of the dissolution rate of 

phosphorus for 200 g of solid and dimethyl oxalate (1 M) is compared with an additional concentration 

of dimethyl oxalate (2 M). This provides more support for the idea that oxalate is being consumed in 

that the dissolution rate does not abruptly decrease and instead decreases to a steady rate.  

The dissolution rates at 100 g provide a comparison of the effect of dimethyl oxalate concentration in 

the case where there is no shortage of dimethyl oxalate. Interestingly the dissolution rates are very 

similar. This may indicate the dissolution rates are related to something intrinsic in the solids or the 

concentrations of rare earths and phosphate, but not so much to the concentration of oxalate. The 

difference in concentration of oxalic acid between the solutions with an initial concentration of 1 M and 

2 M dimethyl oxalate will be decreased because a greater concentration of oxalic acid (from the 2 M) 
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will deter further hydrolysis In addition, the buffering ability of oxalic acid as a moderately strong 

organic acid is excellent, and so it is conceivable that the dissolution rates were initially subject to 

chemical control, followed by a degeneracy to diffusion control, as predicted by the conceptual 

framework.  

Figure 35 shows the dissolution rates of iron across the same experiments. Doubling the concentration 

of dimethyl oxalate results in a greater dissolution of iron. This lends support to the idea that the oxalic 

acid is accelerating the dissolution of iron. Doubling the concentration of solids results in a dissolution 

of iron that is not far below double. This lends support to the idea that the dissolution of iron is related 

to the amount of solids present.  

 

Figure 34 – Dissolution of assayed phosphorus at 70°C with a dimethyl oxalate concentration and solids content 

of × 2 M and 100g, p 1 M and 100 g, n 2 M and 200 g, and u 1 M and 200 g in one litre of solution at a 

stirring speed of 510 rpm. 
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Figure 35 – Dissolution of assayed iron at 70°C with a dimethyl oxalate concentration and solids content of × 2 

M and 200g, l 1 M and 200 g, n 2 M and 100 g, and u 1 M and 100 g in one litre of solution at a stirring speed 

of 510 rpm. 

7.3.2 Recovery of rare earths from oxalates 

The residues from the dissolution experiments using a dissolved ester of oxalic acid were subject to a 

second stage in order to dissolve the rare earths from a residue depleted in phosphorus. This second 

stage was developed by the author in his undergraduate thesis from a titration technique by Misumi 

and Taketatsu (1959), which was later published without any modification by a PhD student with the 

same academic supervisors of the author. It involved immersing the residue in EDTA at a pH of 10 in 

which rare earth oxalates are soluble.  

The result of this second stage of the experiment was a clear failure to recover more than a few percent 

of rare earths from the residues. This result needed investigation because often the settled residues 

would have a visible, white layer on top, which was presumed to be a product of the dissolution 

reaction. In order to assess the residue within the limits of capability of the scanning electron 

microscope, an experiment was conducted on the larger sized monazite sample used in Chapter 5 with 

a higher concentration of solids than in the initial screening test. Figure 36 shows a large degree of 

disintegration in the particles and the formation of a precipitate with crystals that are smaller in 

diameter than in the original monazite. However, the crystals are not the well-defined rare earth oxalate 
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crystals found in the previous screening experiment. Rather, they are elongated crystals that appear to 

be a mixture of rare earth oxalates and rhabdophane.  

 

Figure 36 – Agitation of 10 g of monazite in 100 mL of solution initially with a concentration of DMO (1 M) at 

70°C.  

The production of this mixed precipitate is the result of using a higher concentration of solids with the 

ester. It contrasts with the use of oxalic acid at a higher concentration of solids, which produces rare 

earth oxalates that are readily soluble in EDTA at a pH of 10. Rare earth phosphate, on the other hand, 

are very insoluble at a pH of 10. Since oxalic acid alone does not appear to seed the reprecipitation of 

rare earth phosphates, it would seem that the cause of the mixed precipitate may be related to the 

thermodynamics of the system. The system may be too close to the line of equal solubility between rare 

earth oxalates and rare earth phosphates.  

7.3.3 Effect of acidity 

The first question to ask is whether the lower concentrations of oxalic acid in the leaches using the ester 

would cause a lower acidity in the solution, which would be unfavourable in terms of thermodynamics. 

The pH was measured in still solutions of oxalic acid and dimethyl oxalate at 70°C over time. It should 
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be noted at the outset that pH measurement in a solution that contains an alcohol (one of the hydrolysis 

products of dimethyl oxalate) will underestimate the acidity – the readings on the pH meter will be 

higher than the actual pH of the solution (Bates et al., 1963). It was of some surprise then that the pH of 

an initial solution of dimethyl oxalate evolves to read lower than that of oxalic acid, as shown in Figure 

37. This was unexpected because the concentration of oxalic acid should be lower in the solution that 

initially contained dimethyl oxalate due to it reaching an equilibrium involving Equation 1 and 

Equation 2. 

 

Figure 37 – Free hydrogen ion concentration in oxalic acid (1 M) n, and in initial dimethyl oxalate (1 M) l at 

70°C. 

The next question was whether the increase in apparent acidity in the solution initially with dimethyl 

oxalate was caused by the monomethyl oxalic acid (an intermediate hydrolysis product) or by an 

interaction caused by the methanol. Figure 38 shows that the pH of oxalic acid will indeed decrease 
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with addition of methanol up to a certain extent of addition, before it reverts back to a plateau that is 

still lower than the original pH.  

 

Figure 38 – Free hydrogen ion concentration in oxalic acid (0.6 M) with an initial volume of 100 mL and additions 

of methanol.  

Given that pH readings are likely to be higher in aqueous solutions with alcohol, it would seem that 

the alcohol is increasing the acidity of the oxalic acid. It is difficult to conjecture what the precise cause 

of this is, however, it should be noted that oxalic acid is known to be more soluble in ethanol than it is 

in water, so there may be some intermolecular bonding involved.  

Overall, the unexpected increase in acidity in the solutions with the ester of oxalic acid shows that a 

lowering in acidity is unlikely to be the cause of the mixed precipitate in the leaching experiments. It 

could then be concluded tentatively that the mixed precipitate is still caused by a change in 

thermodynamics related to the solubilities of the rare earth oxalates and rare earth phosphates in these 

solutions. This could be related to the lower concentration of oxalic acid or perhaps related to the 

presence of alcohol, which is likely to depress the solubility of ionic solids in solution. Overall, it can be 

conjectured that the failure of using dimethyl oxalate to produce a clean, soluble rare earth oxalate is 
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because the conditions were too close to the line of equal solubility between rare earth oxalates and 

phosphates.  

7.3.4 Emulsion leaching 

Aside from the failure of this process to produce rare earth oxalates of an acceptable purity without 

phosphate, the other major issue is the deterioration of the rate of dissolution to what appears to be 

diffusion control. While this may be inevitable when leaching a poorly soluble mineral, a conceptual 

method has been identified that may possibly speed up dissolution. The use of an agitated emulsion of 

an aqueous leaching solution and an immiscible organic phase may create droplets that allow the 

aqueous droplets to pass over the surface of the particle of rare earth phosphate intermittently. This 

would imply that when the organic phase is in contact with the surface of the particle, the concentration 

of solute will be reset to zero, so that when an aqueous droplet next collides, the surface concentration 

of solute will be reset to the concentration of the bulk solution or droplet. This may have the effect of 

keeping the surface concentration of solute (rare earths and phosphates) at a lower level throughout 

the course of the leach. Although the dissolution will occur only intermittently, the increase in 

dissolution during the leach interval could perhaps be greater than the dissolution that would have 

occurred during the organic phase interval.  

This result could be effected by using diethyl oxalate. Diethyl oxalate is an organic liquid at room 

temperature and has a greater density than water. It is only partially soluble in water, and in excess 

will form an emulsion under conditions of agitation. The water droplets would then contain oxalic acid 

from the hydrolysing diethyl oxalate that did dissolve, and this concentration of oxalic acid would be 

replenished by the organic phase of diethyl oxalate.  

7.4 Conclusions 

The use of oxalate esters shows an improvement over the use of oxalic acid in terms of dissolving 

phosphorus from monazite in an environment where the oxalate ion is being consumed by iron oxides. 

However, consumption of the oxalate ion remains an issue. Moreover, the dissolution rates of 

phosphorus dropped to a very slow rate after an initial rapid rate in all conditions tested.   
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Chapter 8. Conclusions and recommendations 
The original aim of this project was to develop an effective technique of leaching rare earths from 

monazite using oxalic acid. When the difficulties of this technique became apparent the focus of this 

project changed to developing a conceptual framework for understanding the system so that further 

work may be carried out in a more structured manner. The framework was based on constraints on the 

feasibility of transferring the rare earths from one poorly soluble phase, rare earth phosphate, to another 

poorly soluble phase, rare earth oxalate. The constraints were categorised into two thermodynamic 

constraints and two kinetic constraints. The constraints were the solubility of rare earth phosphates, 

solubility of rare earth oxalates, kinetics of rare earth phosphate dissolution, and kinetics of 

precipitation. The structure of this conclusion will be to cover each constraint in turn, from predictions 

in the literature to experimental results, in order to define further research questions.  

A diagram of the lines of constraint is presented again in Figure 4. It will be explained in the following 

pages but is presented to provide an overview at the outset. It shows a theoretical operating window 

in which the transfer of rare earths from phosphate to oxalate is feasible in terms of thermodynamics, 

speed, and quality of rare earth oxalates produced. The window may not exist in practice.  

On the solubility of rare earth phosphates, the literature review identified that the solubility is likely to 

be lowered by a more highly crystalline material, a composition of the more poorly soluble rare earth 

phosphates, a higher pH within a small range, and a higher temperature. In terms of crystallinity and 

composition, the materials characterisation in Chapter 4 showed the presence of the mineral monazite, 

but also showed that the monazite was in at least two forms: a highly crystalline slab form and a 

conglomerate of smaller particles of monazite. The mineral sample that was the subject of this study 

also had a high degree of amorphous phases and it is unclear whether rare earth phosphates were also 

present in the amorphous phases as well as monazite. This raised the possibility that different segments 

of the mineral sample would respond differently to the leaching solutions. It also raised the possibility 

that the grains would differ in chemical composition. In terms of future research, experiments would 

clearly benefit from the use of a homogeneous sample of monazite.  
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Figure 39 – Lines of constraint on the dissolution of rare earth phosphate in oxalic acid, forming a theoretical 

window of feasibility.  

On the solubility of rare earth oxalates, the literature review identified some minor problems with the 

thermodynamic modelling in prior studies (an incorrect algorithm). However, the underlying and more 

fundamental problem was that there was no model to predict how rare earths would segregate into a 

precipitate of rare earth oxalates. In Chapter 5, an experimental study was conducted to model this 

segregation. A new method was used to construct the logarithmic distribution coefficient from 

fundamental terms. Instead of building the distribution coefficient from the solubility products of each 

pure rare earth oxalate, the co-efficient was based on the saturated concentration of the mono-oxalato 

complex of each rare earth. The physical explanation is that the mono-oxalato complex is likely to be 

the precursor to the formation of the rare earth oxalate precipitate.  

The formula suggested for the coefficient is:  

λ!
"
≅
#KDE,"	β',"
#KDE,!	β',!
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where:  

𝜆 = logarithmic	distribution	coefficient  

𝐾#$,& = solubility	product	of	rare	earth	′A′  

𝛽',& = stability	constant	of	mono − oxalato	rare	earth	′A′  

𝐾#$,( = solubility	product	of	rare	earth	′B′  

𝛽',( = stability	constant	of	mono − oxalato	rare	earth	′B′  

This model may aid the growing field of understanding organic salts that are also used as precursors 

to making specialty alloys. The model also suggests a possible method for separating heavy rare earths. 

A trial showed that erbium and thulium could be separated in one stage by a factor of greater than two 

by using an ester of oxalic acid, diethyl oxalate, in a solution of EDTA to precipitate selectively. Erbium 

and thulium are adjacent rare earths with the closest chemical properties are notoriously difficult to 

separate.  

Within this study, however, the model suggested that the least soluble oxalates will tend to precipitate 

first and be covered by the more soluble oxalate, but not to the extent predicted by solubility. This 

means that the apparent solubility of the rare earth oxalates will be higher than predicted by 

thermodynamic modelling.  

A line of constraint can now be theorised where the solubility of rare earth oxalate is equal to the 

solubility of rare earth phosphate. This is simply because the solubility of the rare earth oxalate must 

be lower than that of the rare earth phosphate for the transfer to be possible. Such a line of constraint 

can be based on oxalic acid concentration and temperature, neglecting pH due its limited range. In 

fixing this line to actual data points, the line would be higher in terms of oxalic acid concentration than 

previously thought, due to the new model of how rare earths segregate into the oxalate precipitate. The 

line may also be at different levels for different segments of the mineral sample.  

The next lines of constraint to be investigated were the kinetic lines relating to the rate of dissolution. 

In Chapter 6, a kinetic study was conducted to test the dissolution rates of a narrowly sized section of 

the mineral sample under various conditions. In relation to the temperature required for a dissolution 

rate that is acceptable to industry, it was found that the phosphate and some rare earths would initially 

dissolve quickly at the higher temperatures of 70°C. However, this appears to apply only to grains 

richer in neodymium, as cerium dissolution was markedly lower. Although the rates of dissolution 
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decrease in a short period of time, the decrease is likely to be due to the operation of another constraint, 

an approach to solubility. In relation to the dissolution rates and the concentration of oxalic acid, it 

appeared that the presence of oxalate ions did not affect the rate of dissolution, but a slight increase in 

acidity would increase the rate of dissolution. A line of constraint can therefore be constructed that is 

based primarily on the minimum temperature required for an acceptable rate of dissolution.  

An approach to solubility appeared to be another constraint on the rate of dissolution. That dissolution 

rates will deteriorate on approach to saturation was well known in the literature. It was proposed that 

a dissolution rate initially controlled by the rate of chemical reaction at the surface of the mineral will 

inevitably deteriorate to diffusion control. The kinetic studies in Chapter 6 and 7 all showed a 

deterioration in the dissolution rate to a straight line, which is a feature of diffusion control over 

dissolution from a particle. The rapid deterioration of the dissolution rates in experiments with 

hydrochloric acid and the esters (without an initially high concentration of oxalic acid) tends to show 

that saturation levels of the rare earths and phosphates are very low even in moderately acidic 

conditions. This means that a line of constraint on the dissolution rates is likely to be a line parallel to 

the thermodynamic line of equal solubility between rare earth phosphates and oxalates, on the side 

with a lower temperature and higher concentration of oxalic acid.  

Another constraint on the rate of dissolution appears to be the formation of rare earth oxalates on the 

surface of the particle. In the experiments of Chapter 6 with oxalic acid, clusters of crystals were forming 

on the monazite particles when the concentration of oxalic acid was high. The timing of the formation 

of these crystals was coincidental with a rapid and abrupt deterioration in the rate of dissolution. The 

deterioration was more abrupt than with the experiments with hydrochloric acid where the slowdown 

was smooth. It seems likely that a line of constraint can be drawn based on oxalic acid concentration, 

where rare earth oxalates will precipitate on the particle surface if the concentration of oxalic acid is too 

high.  

In order to test whether the formation of surface rare earth oxalates was the only cause of a slowdown 

in the case of oxalic acid leaching of rare earth phosphates, two new methods were devised to remove 

this constraint. A diester of oxalic acid was trialled on leaching solutions, in order to minimise the 

concentration of oxalic acid in the solution to a level where the transfer of rare earths to oxalates only 

just takes place. The diester appeared to be successful in preventing the formation of rare earth oxalates 

and increased the extent of dissolution of phosphorus significantly over oxalic acid in the same 

conditions. This may in part be due to a higher acidity found when the diester was used instead of 

oxalic acid, which was an unexpected result. Overall, however, the method of using a diester of oxalic 

acid still suffered from a rapid deterioration in the dissolution rate. Moreover, the rare earth oxalates 



94 
 

produced appeared to be high in phosphates and were insoluble in the EDTA solution that can readily 

dissolve rare earth oxalates. Further research is recommended to improve the quality of the precipitate.  

The second method was merely a conjecture. It involved the use of an emulsion containing an aqueous 

leach phase and an immiscible organic phase. The agitation of the emulsion would in theory reset the 

concentration of rare earths and phosphate at the surface of the monazite. During a pass over by the 

organic phase, the concentration would be set to near zero. During a pass over by the aqueous phase, 

the concentration would be set to that found in the bulk solution or droplets. In theory this lower 

concentration of rare earths and phosphate could increase the dissolution rate by more than enough to 

counter the loss of dissolution during the organic phase pass. Such intermittent leaching would require 

further research into the effects on dissolution rates and the formation of precipitates within a droplet 

of varying pressures.  

The method of using a diester of oxalic acid is subject to Patent Co-operation Treaty application: WO 

2019/227165 A1. It is presented in Appendix A.  
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