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Abbreviations and Symbols 

Abbreviations (In order of appearance)  
 

Acronym Full Form 

CAGR Compound Annual Gross Rate 

CRM Critical Raw Material 

EU European Union 

EI Economic Index 

SR Supply Risk 

GPRI Global Phosphorus Research Initiative 

E.O.L End of Life 

RIR Recycling Input Rate 

OB Bridging Oxygen 

TMMPs Transition Metal Metaphosphates 

OER Oxygen Evaluation reaction 

NBO Non-Bridging Oxygen 

Tg Transition Temperature 

To Crystallisation Temperature 

Tp Crystallisation Peak Temperature 

Tl Melt Temperature 

CSP Concentrated Solar Power 

NZP Nickel Zirconium Phosphate 

NMR Nuclear Magnetic Resonance 

SEM Scanning Electron Microscope 

EDS Energy Dispersive Spectroscopy 

EPMA Electron Probe Micro Analysis 

XRD X-Ray Powder Diffraction 
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4 Phosphate Glasses 

Phosphate glasses are made up of phosphorus pentoxide (P2O5) with the addition of 
several metal oxides to modify the glasses' properties.  The chemical structures of 
these glasses consist of PO4 tetrahedra, which are fundamental building blocks, and 
are corner-linked together to generate a chain-like or ring configuration. Given that 
phosphorus has a +5 valence state, one of the four oxygen atoms (bridging) sur-
rounds each phosphorus atom, forming a double or pi bond. The remaining three 
oxygen atoms (non-bridging) can either link to another PO4 tetrahedron or bond 
with metal cations that may be present in the glass structure. P2O5 is classified as a 
network former due to its ability to form glass independently. Pure P2O5 glass can 

be synthesised under specific conditions, despite its high reactivity and hygroscopic 
nature. However, the durability of P2O5 glass can be increased by incorporating 
other components, characterised as network modifiers, for example, calcium oxide 
(CaO) and disodium oxide (Na2O). The addition of these network modifier oxides to 
the glass results in the breakage of the P-O-P bond linkage, leading to the formation 
of non-bridging oxygen (NBO) atoms in the glass. The resulting glass structure is 
distorted and contains both covalent P-O-P bonds and ionic cross-linkages between 
NBOs. This process of structural modification, caused by breaking down the contin-
uous glass network, is commonly known as depolymerisation of the network [56]. 

 

Figure 12: Chemical structure of P2O5 involving P-O-P bridges [57]. 

 The chemistry and structure of phosphate glasses are greatly influenced by how PO4 

tetrahedra are linked. In pure P2O5, these tetrahedra form a 3-D network. However, 
when metal cations are incorporated into the glass structure, they form non-
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the field of optical lenses. Marino et al. [73] investigated that making a compara-
tively durable phosphate glass with a lower Tg is possible. For this reason, the 
amount of glass former P2O5 must be kept as low as possible, and the alumina con-
tent should be greater than 1 mol%. The addition of tin oxide increases chemical 

durability. Phosphate glasses, when melted with fluorides, facilitate the formation 
of fluorophosphate glasses. Researchers have found that phosphate glasses with 
high fluorine content are considered good for optical glasses owing to their positive 
anomalous dispersion. Further, fluoride-based glasses generally have low refractive 
indices. They also exhibit a negative temperature dependence of the refractive index. 
These properties enable these glasses as an alternative to CaF2 single crystals to re-
duce chromatic aberrations in high-performance optics[74].  However, when cal-
cium fluoride (CaF2) is added to alkali and lead phosphate glasses, it decreases the 
glass viscosity and lowers the liquidus temperature, resulting in a substantial in-
crease in corrosion resistance. In these glasses, Ca2+ ions offer more field strength, 

which improves their resistance to hydrolysis in comparison with barium phosphate 
glasses. When Ca2+ ions are introduced into the glass matrix, they also improve the 
thermal stability of the glasses [75].  

When rare earth elements (REEs) are incorporated into the glass matrix as dopants, 
they help in improving glass melting. Rare earth (RE)-doped glasses are highly 
transparent, less expensive, thermally stable, and easy-to-shape materials. Due to 
these characteristics, these glasses are gaining attention in optical devices such as 
visible and infrared solid-state lasers, waveguides, and display devices [76]. Among 
other oxide glasses, their high solubility for rare earth ions helps to increase lumi-
nescence quantum yield [77]. Another RE oxide, commonly known as lanthanum III 
oxide, having the chemical formula La2O3, improves the alkali resistance of the glass. 
Their high refractive index makes these glasses a good candidate for their applica-
tion in solar cells and laser host materials [78]. Phosphate glasses have the ability to 
dissolve rare-earth ions without the formation of clusters. This property makes 

phosphate glasses superior to other glass systems and enables their application in 
lasers and amplifiers [79]. Campbell and Suratwala highlight that the introduction 
of network intermediates (Al2O3), alkali metal oxides (Na2O and K2O), and alkaline 
earth metal oxides (BaO) enhances certain properties of phosphate glasses, such as 
chemical, mechanical, and thermal stability [80]. In the work of Ismail et al. [81] a 
multi-component phosphate glass was prepared, which, upon characterisation, 
showed spectroscopic properties. This glass has potential for photonics applica-
tions.  

Europium (Eu) doped phosphate glasses find their applications in optical materials, 
i.e., industrial nuclear glass, due to their excellent luminescence properties [82]. The 
effect of transition metal ions, such as Cu2+, Co2+, and Fe3+, is also significant. These 
ions enhance the optical properties in a way that they create an absorption band in 
the optical spectrum.  It is also observed that the composition and structure of phos-

phate glasses influence the band gap energy. A higher band gap energy normally 
results in a more transparent glass in the visible region, while a lower band gap en-
ergy results in a more absorbing glass.  
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composition [131]. Sukenaga et al. [132] determined the thermal conductivity of so-
dium silicate melts. The study explains that the thermal conductivity of these melts 
is influenced by the phonons. The addition of Na2O decreases thermal conductivity, 
which is attributed to the reduced phonon mean path.  
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Table 3: Distribution behaviour observed in different melt systems. 

Phos-
phate 

Species 

Distribution 
Coefficients 
(Fluid/melt) 

Melt System Controlling Factors 
Refer-
ences 

P2O7, 
QnP 

0.15-0.7 Na2O-SiO2-P2O5 Temperature, pressure [144] 

PO4 <0.2 Na2O-SiO2-P2O5 Temperature, pressure [144] 

P2O5 0.02 to 2 
NaAl-Si3O8-

KAISi3O8- SiO2-
H2O-P2O5 

Temperature, pressure [145] 

P205 High CaO-SiO2-Fe2O3 
T Fe content, lime/sil-
ica ratio, P2O5 content 

[146] 

P2O5 1.30-1.57  
Peraluminous silicic 

melt 
Temperature (moder-

ately insensitive) 
[147] 

P2O5 0.04-0.28  
Na2O-K2O-Al2O3-

SiO2 
Initial P2O5 content. 

degree of melting 
[148]  

REE-
phos-
phates 

Increases with 
(P2O5) 

Carbonate-phos-
phate system 

Phosphate concentra-
tion 

[149] 

 

8.1 Factors Affecting Phosphate Distribution 

In molten slags and melts, Phosphorus forms complex ionic species such as ortho-
phosphates, pyrophosphates, or condensed phosphates. Analysis of slag morphol-
ogy shows that phosphate and silicate slags mainly consist of a silica-rich phase, a 

sodium-rich phase, and a matrix. Silica-rich phase contains no other elements; how-
ever, the possibility of minor elements cannot be ignored. The sodium-rich phase 
contains phosphorus along with sulfur and silica. In this phase, normally, the ele-
ments are present in order of Na>Si>P, S. For better understanding, this can also be 
referred to as a matrix phase. It is also observed that phosphorus is associated with 
sodium, a sodium-rich phase and a matrix. The solubility of phosphorus in different 
phosphates and sulfates varies depending on the starting composition, which later 
hinders the phosphorus distribution. 

8.1.1 Temperature 

Temperature has a considerable effect on the phosphorus distribution. Typically, it 
is observed that elevated temperature results in the evaporation of some material. 
However, the exact effect of temperature on phosphate and silicate melt is unknown. 
The temperature affects these melts in a way that it can influence structural proper-
ties such as, polymerisation and mobility of species. Mysen [150] highlights phos-
phorus dissolution in alkali silicate melts as PO4

3-and P2O7
4- complexes. At higher 

temperatures, the transformation of PO4 to P2O7 could result in depolymerisation of 
the silicate network. 
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9 Phosphorus and REE recovery 

P2O5 is a network former and has a melting point of 644 °C, exhibiting similar struc-
tural behaviour to silicates. It is observed that P2O5 promotes the immiscibility of 
liquids. For instance, in melts containing SiO2, increased silica tends to decrease the 
P2O5 solubility in liquids. There is one possible reason behind this: the low melting 
point of P2O5 compared to SiO2, which has a melting temperature around 1760 °C. 
Studies reveal that Na promotes the  

P enrichment, meaning that easy recovery of phosphorus from phosphate and sili-
cate slags. Ryerson and Hess [152] have investigated the structural role of P2O5 in 
silicate melts and its influence on elemental separation and phase separation. They 
found that P2O5 behaviour in silicate melts is complex, suggesting it can polymerise 
the SiO2 when entering the SiO2 network. In this way, P2O5 promotes the immisci-
bility between coexisting silicate phases. The study also mentions the portioning be-

haviour of REE. The distribution coefficients of La and Yb in P-free melts are 4, 
while 15 in P2O5-bearing melts. This behaviour suggests that REE has strong bond-
ing with P2O5 melts containing metals. The strong P-O-M bonding stabilises the high 
field strength cations and promotes their segregation into phosphate-rich melts. To-
bias Elwert et al. [153]have studied the affinities of REE towards Silico-phosphate 
phases in Al2O3-CaO-MgO-P2O5 -SiO system and concluded that in phosphate-free 
slags, the distribution of REE is not consistent. The addition of P2O5 forms a brith-
olite-like silico-phosphate, which is a result of early solidification. Due to the strong 
affinity of REE for phosphate-rich phases, a phosphate-rich phase containing REE 
is formed, which can be used to separate these elements. However, through this 
idea, the maximum recovery cannot be achieved, and two solutions can be at-

tempted: either REE enrichment should be maximised in the silico-phosphate 
phase, or the grain size of the phase should be increased.  

The efficient recovery of P from solid and liquid phases in phosphate and silicate 

melts demands careful distribution of P in these phases, and the role of Na2O should 
also be investigated. In this regard, the work carried out by Yu et al. [154] indicates 
that slag modification also helps in segregating the P-rich phases for efficient P re-
covery. For this purpose, the addition of Na2O to slag can lower the melting point 
and improve the fluidity of slag. Du et al. [155] report a similar distribution behav-
iour. The study points out that the distribution ratio of P2O5 increases with the in-
corporation of Na2O, resulting in increased enrichment of P2O5 in the Fe2O3-con-
taining slags. Due to the lower melting temperature of P, it can be volatilized easily 
at high temperatures under vacuum, while REEs (the melting points of REEs are 
over 900 °C) can be retained in the solid solution and can be recovered through the 

leaching technique. Xie et al. [156] developed a process that is able to reduce phos-
phate using the vacuum carbothermal reduction method. Through this process, they 
achieved a 95% REE recovery and volatilisation of P2O5 up to 95%. However. The 
exact mechanism of REE in the solid phases of the silicate melt has not been inves-
tigated enough. Nabyl et al. [157] have investigated the effect of P on REE portioning 
in carbonate and alkaline silicate melts. He concludes that phosphorus, along with 
other elements such as Cl and F, does not have any direct effect on REE distribution 
between carbonate and silicate melts. The behaviour of the REE partitioning in 
these rich and poor melts is no different. However, the presence of SiO2 and the 
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with geological formations and considered a primary source of REEs. Phosphate and 
silicate melts form complexes, and their phase equilibria show that phosphorus 
forms solid solutions or silicate phases. These REEs are embedded or dispersed in 
these phases, which hinders their recovery. This requires very proactive approaches 

to recover REEs.  

9.3 Environmental and Economic Aspects of P recovery 

Phosphorus recovery from phosphate and silicate slags is being considered an alter-
native source amid phosphorus scarcity in the EU. Several industrial processes gen-

erate tons of slags that contain phosphate slags and mine tailings (silicate slags), 
which are a potential source of REE. Recovery of these elements from slags often 
has certain environmental and economic advantages. Peng et al. highlight the envi-
ronmental and economic feasibility of P recovery [163]. Phosphorus recovery helps 
in minimising the environmental problem of eutrophication by reducing phospho-
rus discharge into water streams. Recovery processes, such as struvite crystallisa-
tion, reduce sludge generation, resulting in lowering disposal costs. The byproducts, 
such as struvite, that are obtained can be used as fertilisers. These products have 
certain properties, i.e., low solubility in water and slow nutrient release.  

The economic feasibility of P recovery from phosphate and silicate slags is strongly 
connected with the declining quality of PO4 rock. The alternative recovery methods 
permit an opportunity to replace costly and resource-intensive P production. Crys-
tallisation-based recovery from wastewater streams can recover 10-80% P from 

these streams.  
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10 Research Material and Methods 

 

10.1  Raw Material Preparation 

In the experiments, materials used were pure, reagent-grade laboratory chemicals. 

The description of these chemicals is tabulated in Table 4, and the starting compo-

sitions are provided in Table 5. 

 
Table 4: List of chemicals used. 

Ser  Chemical Chemical   

Formula 

Purity Form Property Supplier 

1 Sodium Sulfate Na2SO4 99 % Powder Hygroscopic Alfa Aesar 

2 Sodium Phosphate 
(Orthophosphate) 

Na3PO4 96 % Power Hygroscopic Sigma Al-

drich 

3 Sodium Pyrophos-

phate decahydrate 

Na4P2O7. 

10H2O 
99 % Powder Hygroscopic Sigma Al-

drich 

4 Sodium phosphate 

monobasic 
NaH2PO4* 99 % Powder Hygroscopic Sigma Al-

drich 

5 Potassium Sulfate K2SO4 99 % Crystals -- Sigma Al-

drich 

6 Potassium Phos-
phate Dibasic 

K2HPO4** 99 % Powder -- Sigma Al-
drich 

7 Potassium Phos-
phate Tribasic 
monohydrate 
(Orthophosphate) 

K3PO4.H2O 95 % Powder Highly Hygro-

scopic 

Sigma Al-

drich 

8 Potassium phos-

phate Monobasic 
KH2PO4*** 99 % Powder Hygroscopic Sigma Al-

drich 

9 Silicon Dioxide SiO2 99.99 % Powder -- Sigma Al-
drich 

10 Lanthanum (III)    

Oxide 
La2O3 99.99 % Powder Hygroscopic Alfa Aesar 

11 Neodymium (III)  

Oxide 
Nd2O3 99.99 % Powder Hygroscopic Sigma Al-

drich 

*  NaH2PO4 was used to form NaPO3 (Metaphosphate) 

** K2HPO4 was used to form K4P2O7 

*** KH2PO4 was used to form KPO3 
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in the furnace for an equilibration time of 24 hours in open atmosphere (air) for 
each experiment. After being held in the furnace for 24 hours, the ampoule was 
quenched in cold water using a drop-quenching method. This was done by cutting 
the Kanthal D wire near the straight end adjacent to the gliding tube, causing the 
ampoule to fall into the quenching vessel containing cold water. The drop-quench-
ing technique has been extensively applied by various researchers in their work, 
such as Avarmaa et al. [165] Ruismäki et al. [166], Wan et al. [167], and Jeon et al. 
[168]. 

10.3 Sample Characterisation 

10.3.1  Preparing the samples 

The rounded shape of the ampoule makes it challenging to cut in half, as is typically 
done in conventional epoxy methods, which complicates the grinding and polishing 
process required to obtain a flat surface. To meet this purpose, the ampoule was 
broken, and a small amount of the sample material was extracted and cast in epoxy 
moulds (FixiForm 25mm, Struers S.A.S., France) for a period of one day. The epoxy 
samples were taken out of the moulds and ground using traditional metallographic 
SiC abrasive paper. Various grades of SiC abrasive papers, including P400, P800, 
P1200, and P4000, were used for grinding the epoxy-mounted samples. The grind-
ing was performed dry, with-out the use of water, and the samples were not taken 
to the polishing stage. This was done to prevent exposure to moisture, as most of the 

salts used are highly hygroscopic (in most standard polishing methods, water is typ-
ically used). After grinding, the polished samples were cleaned with an ultrasonic 
cleaner (FinnSonic, M3, Finland) to remove dirt and unwanted particles from the 
sample surface. Subsequently, the polished and ultrasonically cleaned samples were 
coated with carbon in a vacuum evaporator (JEOL, IB-29510VET, USA) in order to 
make the surface of the sample conductive enough for further characterisation. Fig-
ure 20 explains the steps involved in the characterisation of the samples. Figure 21 
gives the depiction of the cross sections of samples before and after coating. 
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Figure 20: Steps involved in sample preparation: a. Epoxy casting, b. Grinding 

setup, c. Ultrasonic cleaning, d. Carbon coating setup. 

 

 
            
Figure 21: Samples before and after the carbon coating. 

 

A flow chart of the entire experimental work is given as Figure A1 in the Appendix.  

10.3.2  SEM-EDS 

The microstructures of the samples and compositions of different phases were de-

termined with SEM-EDS. The microstructure images were acquired using backscat-

tered electrons (BSE). The equipment used was a Scanning Electron Microscope 

(SEM, JEOL, JSM-IT800HL, Japan) equipped with "In-lens Schottky Plus field 

emission electron gun". It was coupled with Energy Dispersive Spectroscopy (EDS, 

Oxford Instruments, AZtec Live Premium Ultim Max 100, UK). The acceleration 

voltage of the SEM was set to 15 kV, and the beam current was around 2 nA. For 

elemental concentration quantifications, the electron beam was measured against a 

pure copper sample before analysis, and factory standardisation was used. Each 

spectrum was analysed for 20 seconds, and large areas were selected on the samples 

whenever possible due to migration of Na and K under a focused electron beam. 
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11 Results 

11.1 Microstructures 

During the thesis work, an extensive portion of experimental data was recorded, i.e., 

microstructure images and elemental composition of different phases. All experi-

ments were conducted as a function of temperature in an open-air atmosphere.  

The microstructures of the samples were collected using a back-scattered electron 

imaging mode with SEM (JEOL, JSM-IT800HL, Japan). Backscattered electrons 

(BSE) are primary electrons that provide compositional contrast in imaging. In 

SEM, the atomic number of an element (Z) serves as a basis for microanalysis [169]. 

During analysis, the samples containing different phases exhibit different bright-

ness. The brightness of these phases is dependent on atomic number; elements with 

higher Z appear brighter due to increased elastic scattering [170]. When the Z in-

creases, the interaction volume becomes more compact and spherical, enhancing 

resolution and enabling better material differentiation at higher magnifications. For 

low atomic number elements like carbon, the BSE yield is approximately 6%, while 

it is around 50% for high atomic number elements such as tungsten or gold[171].  

Figure 22 shows the characteristics of the microstructure of a sample. Silica and slag 

are visible as dark regions that are distinguishable from the epoxy resin, which ap-

pears in a solid black colour. 

 

 
Figure 22: SEM image of the microstructure of the sample KPS-1 at 230x magnifi-

cation. 
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11.2  Microstructural Features Observed 

Certain issues arose during the experimentation and analysis phase. In metallic and 

slag samples, it is easy to obtain large phase areas, as highlighted in the study by 

Sukhomlinov et al. [172]. However, this does not seem to hold for salt-containing 

samples. Phosphate and sulfate salts used in this work were in powder form, and 

after quenching, they appeared in crystals and an amorphous, spongy form. These 

crystals were irregular in shape and size. Only small areas were exposed after pol-

ishing. It is also important to note that some portion of the sample mass was lost 

through volatilisation and accumulated on the inner walls of the ampoule. EDS re-

sults confirm that the deposited material contains slight amounts of sodium, sulfur, 

phosphorus, and silicon. The microstructures of sodium and potassium phosphates, 

sodium and potassium sulfates, and silica appear to be generally similar. Certain 

systems exhibited two distinct phases, for instance, silica and sodium salt phase, 

while others displayed three phases, including the silicate phase. This can be at-

tributed to the effect of the temperature and initial composition. Since sodium and 

potassium phosphate behave in a similar manner, their microstructures appear 

identical with slight differences. One of these samples, containing NaPO3-Na2SO4-

SiO2, showed no evaporation or volatilisation of the pellet inside the ampoule after 

quenching, while the sample having composition Na3PO4 showed partial melting as 

compared to all other samples. Figure 23 shows different phases observed, denoted 

by numbers in different samples. 
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SPS-1       SPS-2      SPS-3

 
 
Figure 25: micrographs of samples SPS-1, SPS-2, and SPS-3 samples at 1000 °C, 

1100 °C, and 1200 °C, showing the presence of different phases at each temperature. 

Scale bars are provided for each micrograph. 

11.3.3  Silicate Slag Phase 

During EDS analysis, it is revealed that another phase of different chemical compo-

sition is found in two samples, SPS-1 at 1200 °C and SPS-3 at 1000 °C, respectively, 

as shown in Figure 25. The major element in this composition is silicon, followed by 

sodium, phosphorus, and sulfur. The surface morphology of the silicate phase has 

similar features to those of the Na salt phase.   

11.4  Potassium Phosphate Experiments 

11.4.1 Silica Phase 

Both Na and K lie in the same group in the periodic table. Theoretically, there should 

not be that much difference in their structure and surface morphology, which holds 

true during analysis. Figure 26 shows that silica grains in samples KPS-1 and KPS-

3 are distributed heterogeneously throughout the samples. These grains are elon-

gated with sharp and round edges. In the sample KPS-2 at 1000 and 1200 °C, the 

silica phase appears dense and relatively homogeneous, though interspersed with K 

salt liquid phase. In KPS-3 at 1000 °C, silica appears more crystalline or devitrified 
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in nature, with polygonal features and higher contrast interfaces with the K salt re-

gions. At 1100 °C in KPS-1, the silica phase consists of larger grains within the sili-

cate phase, but in the sample KPS-2, the silica phase appears with irregular edges. 

The silica grains are fine and gathered in piles. In KPS-3, the silica phase appears 

sparsely distributed as individual dark grey grains with angular geometry and ran-

dom orientation. At 1000 °C, the silica phase in KPS-1 is present in a large matrix 

on lower magnification, but as fine, smooth, and homogeneous crystals embedded 

in the silicate phase at higher magnification. An interesting feature of the silica 

phase is that cracks propagate along the silica grains and through the surrounding 

silicate phase, but they terminate at the boundaries of the silica grains. One thing 

that is noticeable in the sample KPS-1 is that silica grains appear as clusters through-

out the sample.  

11.4.2  Silicate Slag Phase 

The silicate slag in potassium phosphate experiments is found in KPS-1 at all tem-

peratures. and in KPS-2 at 1200 °C. The silicate phase exhibits intermediate contrast 

between the dark silica matrix and the bright K salt phases. This suggests that partial 

chemical modification of the silicate by P and S species has occurred. This change is 

likely due to the limited ability of phosphate and sulfide species to mix with the silica 

network. This phase is absent in KPS-2. In the KPS-3, the silicate phase is not very 

prominent. The presence of this phase indicates that phosphorus is not entirely se-

questered in the K-rich melt but may partially integrate into the silicate matrix, 

thereby affecting its recovery potential. At 1100 °C, the silicate phase in KPS-1 is 

large and is an amorphous slag phase between silica grains. The silicate phase forms 

the bulk matrix and some inclusions on the surface.  At 1000 °C, the silicate phase 

appears as fine, smooth, and homogenous patches with some cracks running 

through these patches. The following figures show the phases present in KPS-1, KPS-

2, and KPS-3.  
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KPS-1       KPS-2      KPS-3

 

Figure 26: SEM (BSE) images of KPS-1, KPS-2, and KPS-3 samples at 1000 °C, 1100 

°C, and 1200 °C, showing silica phase, salt phase, and silicate slag . 

11.4.3  K Salt Liquid Phase 

The K salt liquid phase appears as segregated pools or inclusions. In KPS-2, the K 

salt liquid phase is more dominant and better segregated. It formed large, well-de-

fined regions. This shows that K3PO4 has a higher tendency to separate from the 

silicate network. The K salt liquid phase in sample KPS-1 at 1100 and 1200 °C ap-

pears more fragmented and less extensive than at 1000 °C, indicating a lower degree 

of segregation or less fluid melt.  

At 1100 °C, the K salt liquid phase in KPS-1 is present in the form of small circular 

and irregular inclusions, which are embedded within a fine-grained matrix. How-

ever, it behaved differently in KPS-2. This phase is observed as distinct, elongated, 

and irregular patches. Crack propagation is visible in this phase. In KPS-3, polygo-

nal morphologies are formed that follow the fracture network, forming a continuous 

liquid phase. Some inclusions are also visible, varying in size. Some areas are ob-

served with larger cracks, while some are observed with minor cracks. At 1000 °C, 

the amount of K salt liquid phase in KPS-1 is very small and it is in the form of clus-

ters and dispersed heterogeneously. Some isolated, irregular, smooth globules are 

also observed, showing droplet-like features. The chemical composition of these 

grains shows that phosphorus has completely dissolved in these grains, forming a 

miscible liquid. Interestingly, similar globules are observed with different morphol-

ogy and texture in KPS-2. The K salt liquid phase in KPS-1 at all temperatures forms 
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Figure 29: Atomic % of elements in silica phase in SPS samples: A) SPS-1, B) SPS-2, 

C) SPS-3. 

 

In the Na salt phase in all samples, sodium is the second most abundant element 

after oxygen, lying between 24 to 30 at%. However, small variations are observed 

depending on the starting composition of the sample and temperature. The sodium 

concentration in salt phase of SPS-1 decreases with temperature, SPS-2 remains sta-

ble, and SPS-3 shows a little increase. Phosphorus and sulfur are present in 
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11.6.2  Potassium Phosphate Experiments 

The silicon in the silica phase of all three samples is a major element along with 

oxygen, with silicon values lying in the range of 33 at. % to 36 at. % across the inves-

tigated temperatures. Minor concentrations of phosphorus are found in silica in 

KPS-1 and KPS-2. Sulfur content in silica in all samples was very low, and it seemed 

to decrease when the temperature was increased. Potassium is present in very low 

quantities in all samples (< 1.5 at. %).  All in all, P, S and K showed a very limited 

solubility in the solid silica phase.  

 

 
Figure 32: Atomic % of elements in silica phase in KPS samples: A) KPS-1, B) KPS-

2, C) KPS-3. 
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Figure 37: Distribution coefficient of P, S, La, and Nd in REE composition. 

 
The distribution of Nd and La in salt and silicate phases at 1100 °C and 1200 °C is 

homogeneous and smooth, while at 1000 °C, Nd and La appear as segregated parti-

cles.  Nd and La, as compared to other phases, appear visible and distinguishable in 

both phases. It is worth mentioning that most of REEs often prefer to go into the 

liquid phase. In experiments, silicate slag has appeared as liquid phase containing 

some solid silica inclusions. Silica remained solid at the experimental temperatures; 

hence, REEs observed no possibility of going into the silica phase.  Figure 38 shows 

their distribution at 1000 °C in SEM-EDS mapping mode. In the top image of Figure 

38, REEs can be seen accumulated in the salt phase. To better visualise their pres-

ence, mapping mode was employed, clearly showing La in purple and Nd in blue. 
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Figure 38: Distribution of La and Nd in SEM-EDS mapping mode. 

 

Adding to that, the classic Ellingham diagram shows that Nd and La are more stable 

oxides than silica. In fact, their reduction from oxides is somewhat difficult; instead, 

they can be recovered in the form of phosphates and sulfides. According to the El-

lingham diagram, La2O3 and Nd2O3 are more thermodynamically stable than SiO2, 

meaning that their oxides are difficult to reduce. Therefore, REEs are more effec-

tively mobilised and recovered in systems where they exist as phosphates or sulfides 

rather than as oxides. 

Weight percentages were used to calculate the distribution coefficients of the ele-

ments. The weight percentages (wt. %) and standard deviations of all elements pre-

sent in different phases of all samples are presented as Tables A1-A7 in the Appen-

dix.  
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13 Conclusions 

Several mine tailings often contain phosphates, sulfate-rich compounds, and some-

times REE in the form of silicate slags and salts.  Recovery of phosphorus and REE 

is of great importance in order to secure future resources for human needs. There-

fore, understanding the behaviour of phosphates in molten salts and silicate slags is 

important.  Distribution of phosphates helps us to evaluate the recovery of phospho-

rus and other significant minerals from tailings, ashes, and sludges.  

 

The objective of the thesis was to study the distribution of phosphates between salts 

and slags and to assess the potential pathways to recover phosphorus and REEs, 

with the combination of experimental work, analysis, and modelling. Prior studies 

in the field of inorganic chemistry, specifically salts and their oxides, were reviewed 

to find the behaviour of different species in solids, liquids, and silicate slags. How-

ever, due to insufficient data available for some salts, their melting and decomposi-

tion at different temperatures, it was challenging to model them. 

 

To fulfil the objectives of the thesis, seven samples of different compositions were 

prepared: three samples of sodium phosphates and sulfates, three samples of potas-

sium phosphates and sulfates, and one sample with sodium phosphate, sulfate, and 

La and Nd-oxides. All these samples were treated in sealed ampoules at 1000 °C, 

1100 °C, and 1200 °C for 24 hours. SEM-EDS analysis revealed that the majority of 

the samples formed two phases: solid silica and liquid salt; however, in some sam-

ples, a third phase, i.e. silicate slag, was also observed.  In microstructures, it is evi-

dent that silica remains largely solid. Salt phases behaved differently when sodium 

or potassium phosphates were added. However, salt and silicate phases have more 

P and S in their final composition, as a fact that phosphorus and sulfur have a great 

affinity towards salt phases in phosphate-rich systems. Sulfur emerges as a temper-

ature-sensitive element, showing an increasing distribution coefficient trend with 

temperature increase in the potassium phosphate systems. In contrast, phosphorus 

shows a mixed behaviour but generally follows the same trend. In the case of La and 

Nd, distribution happened more in salt and silicate phases.   

 

In both potassium and sodium systems, compounds NaPO3 and KPO3 are present 

in the salt phase, suggesting that phosphorus gets dissolved as a stable phosphate 

species. Controlling the starting salt composition and limiting its reaction with the 

silicate phase could help to get phosphorus in a recoverable form. La and Nd are 

partitioned into both the salt phase and the phosphate-rich areas (silicates). This 

approach makes their recovery from the salt phase plausible.  

 

Factsage modelling of the salt system shows that our compositions in both sodium 

and potassium systems remain in the liquid region, which is in line with other liter-

ature studies. These results will help to modify the existing databases because there 

is not much work done on such systems. The results presented in this thesis present 

a modest approach to study the behaviour of phosphates and look into the pathways 

to recover phosphorus and REEs. Overall, the discussion can be summarised as fol-

lows: 
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Appendix 
 

 

 
Figure A1: Flow chart of experimental work carried out in thesis. 
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Table A1: Chemical composition of silica phase in SPS samples. 

 

Silica Phase 
Temp. 
(°C) 

Samples Unit O Na Si P S 

1000 

SPS-1 
wt. % 51.15 1.75 45.90 0.55 0.63 
Std. Dev 0.65 1.83 2.88 0.81 0.81 

SPS-2 
wt. % 50.85 0.21 48.77 0.08 0.07 
Std. Dev 0.31 0.22 0.36 0.09 0.09 

SPS-3 
wt. % 50.02 2.06 44.56 1.18 0.99 
Std. Dev 1.25 1.94 3.03 1.16 0.96 

1100 

SPS-1 
wt. % 50.90 2.45 45.93 0.49 0.216 
Std. Dev 0.66 2.17 2.16 0.43 0.20 

SPS-2 
wt. % 51.96 0.08 47.93 0.00 0.01 
Std. Dev 0.67 0.05 0.62 0.00 0.02 

SPS-3 
wt. % 51.00 0.28 48.36 0.19 0.14 
Std. Dev 0.75 0.66 1.37 0.51 0.38 

1200 

SPS-1 
wt. % 49.24 0.25 50.22 0.08 0.09 
Std. Dev 0.68 0.15 0.67 0.07 0.07 

SPS-2 
wt. % 51.31 0.54 47.78 0.17 0.18 
Std. Dev 0.37 0.53 0.86 0.28 0.20 

SPS-3 
wt. % 50.86 0.798 47.88 0.26 0.17 
Std. Dev 0.816 1.56 1.58 0.54 0.25 

 

Table A2: Chemical composition of silicate phase in SPS samples. 

 

Silicate Phase 

Temp. 
(°C) 

Samples Unit O Na Si P S 

1000 SPS-3 
wt. % 47.60 14.76 26.61 5.90 5.11 

Std. Dev 1.04 1.58 3.90 1.07 1.38 

1200 SPS-1 
wt. % 45.58 13.21 35.88 2.67 0.67 

Std. Dev 0.40 1.064 0.83 0.03 0.05 
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Table A3: Chemical Composition of salt phase in SPS samples. 

 

Salt Phase 

Temp. 
(°C) 

Samples Unit O Na Si P S 

1000 

SPS-1 
wt. % 41.92 33.84 0.644 11.22 12.36 

Std. Dev 1.31 1.06 0.85 1.07 0.90 

SPS-2 
wt. % 40.21 33.49 0.42 12.79 13.06 

Std. Dev 1.03 0.72 0.08 1.36 1.11 

SPS-3 
wt. % 44.3 27.330 0.52 14.42 13.36 

Std. Dev 2.02 1.01 0.58 0.66 0.60 

1100 

SPS-1 
wt. % 44.02 29.94 5.20 9.64 11.18 

Std. Dev 1.53 0.85 0.6 0.48 0.44 

SPS-2 
wt. % 42.07 32.493 1.16 9.35 14.91 

Std. Dev 0.80 1.99 2.71 0.81 1.10 

SPS-3 
wt. % 42.71 28.79 1.32 14.46 12.70 

Std. Dev 0.20 1.00 1.77 0.50 0.46 

1200 

SPS-1 
wt. % 41.67 29.76 2.82 12.1 12.83 

Std. Dev 1.34 0.875 1.52 0.31 0.83 

SPS-2 
wt. % 41.11 33.66 0.19 8.18 16.84 

Std. Dev 0.32 0.30 0.06 4.53 4.46 

SPS-3 
wt. % 44.27 28.90 0.27 14.89 11.65 

Std. Dev 0.99 0.72 0.15 0.88 0.95 
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Table A4: Chemical Composition of silica phase in KPS samples. 

 

Silica Phase 

Temp. 
(°C) 

Samples Unit O Si P S K 

1000 

KPS-1 
wt. % 49.95 47.74 0.47 0.08 1.75 

Std. Dev 1.086 1.465 0.46 0.10 1.43 

KPS-2 
wt. % 50.78 46.27 0.54 0.29 2.10 

Std. Dev 0.766 1.238 0.31 0.30 1.26 

KPS-3 
wt. % 51.88 47.26 0.11 0.12 0.61 

Std. Dev 0.38 1.148 0.19 0.19 0.72 

1100 

KPS-1 
wt. % 52.1 47.25 0.03 0.02 0.60 

Std. Dev 0.24 0.435 0.05 0.02 0.2 

KPS-2 
wt. % 51.11 45.35 0.61 0.37 2.55 

Std. Dev 0.41 1.79 0.31 0.40 1.44 

KPS-3 
wt. % 50.48 49.23 0.05 0.01 0.22 

Std. Dev 0.61 0.54 0.02 0.008 0.03 

1200 

KPS-1 
wt. % 51.2 48.5 0.01 0.008 0.2 

Std. Dev 0.76 0.59 0.02 0.01 0.23 

KPS-2 
wt. % 50.87 48.33 0.17 0.02 0.60 

Std. Dev 0.96 0.775 0.12 0.02 0.2 

KPS-3 
wt. % 50 49.43 0.20 0.01 0.34 

Std. Dev 0.94 1.00 0.30 0.02 0.45 
 

 

Table A5: Chemical Composition of silicate phase in KPS samples. 

 

Silicate Phase 

Temp.  
(°C) 

Samples Unit O Si P S K 

1000 KPS-1 
wt. % 48.37 29.41 3.27 1.003 17.93 

Std. Dev 1.20 1.41 0.78 0.18 1.86 

1100 KPS-1 
wt. % 49.58 29.21 2.92 0.97 17.31 

Std. Dev 0.48 0.474 0.06 0.04 0.34 

1200 KPS-1 
wt. % 47.81 34.89 3.13 0.74 13.43 

Std. Dev 0.24 0.06 0.00 0.005 0.17 
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Table A6: Chemical Composition of salt phase in KPS samples. 

 

Salt Phase 

Temp.  
(°C) 

Samples Unit O Si P S K 

1000 

KPS-1 
wt. % 42.73 1.22 6.28 10.45 39.32 

Std. Dev 2.39 0.21 6.2 6.24 2.288 

KPS-2 
wt. % 43.33 2.64 10.58 5.88 37.57 

Std. Dev 1.87 1.65 4.12 4.13 1.753 

KPS-3 
wt. % 38.15 1.45 10.24 10.95 39.2 

Std. Dev 1.68 1.48 0.78 0.69 0.97 

1100 

KPS-1 
wt. % 40.03 4.56 6.34 10.03 39.03 

Std. Dev 1.27 1.00 0.93 0.39 1.45 

KPS-2 
wt. % 37.68 3.65 4.50 12.89 41.19 

Std. Dev 0.93 0.97 1.42 1.46 0.64 

KPS-3 
wt. % 37.84 0.87 9.03 12.39 39.86 

Std. Dev 0.93 0.45 1.40 0.99 0.87 

1200 

KPS-1 
wt. % 40.45 2.08 6.37 11.75 39.35 

Std. Dev 1.16 0.37 1.55 1.32 1.30 

KPS-2 
wt. % 43.09 3.72 6.69 9.38 37.12 

Std. Dev 1.44 0.98 1.39 1.70 1.54 

KPS-3 
wt. % 39.3 1.61 7.34 12.65 39.1 

Std. Dev 1.87 1.01 1.87 1.88 2.02 
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Table A7: Chemical Composition of salt and silicate phases in SPS-REE sam-

ples. 

 

Salt phase 

Temp. 
(°C) 

Unit O Na Si P S La Nd 

1000 
wt. % 40.66 32.20 0.32 9.76 13.08 1.82 2.13 

Std. Dev 0.33 0.62 0.47 0.30 0.43 0.15 0.16 

1100 
wt. % 41.68 30.10 3.77 9.65 12.03 1.37 1.36 

Std. Dev 1.10 0.99 1.20 0.45 0.86 0.27 0.211 

1200 
wt. % 40.20 30.10 3.26 10.79 12.60 1.44 1.57 

Std. Dev 1.20 1.15 1.60 0.76 1.06 0.51 0.42 

Silicate Phase 

1000 
wt. % 45.18 9.06 34.9 2.05 0.50 3.90 4.87 

Std. Dev 0.97 2.06 2.1 0.15 0.11 0.41 0.52 

1100 
wt. % 44.87 13.13 30.96 3.37 0.99 3.088 3.56 

Std. Dev 1.39 1.64 1.15 0.21 0.26 0.20 0.18 

1200 
wt. % 44.87 12.00 32.43 3.29 0.79 2.96 3.62 

Std. Dev 1.21 1.87 0.52 0.11 0.03 0.09 0.09 
 

 


