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Abstract

The Bayer process used for production of alumina is not very sustainable, with a large
production of the residue red mud. The residue poses significant environmental chal-
langes with is storage in landfills. An alternative, more sustainable production route is via
the Pedersen process. This process is researched as a part of an EU-project, ensureal, with
the main goal of having zero waste production of alumina in Europe. A part of this is to
investigate the possibility of recovering rare earth elements (REEs) from one of the by-
products of the process, grey mud. This thesis explores the feasibility of REEs recovery
from grey mud though literature, thermodynamics and experimental work. Additionaly, it
forms a basis for possible further work on the topic.

Sammendrag

Bayer prosessen som brukes til produksjon av aluminiumoksid er ikke veldig brekraftig
p grunn av stor produksjon av avfallet rdslam. Dette avfallet skaper miljutfordringer p
grunn av sin ndvendige lagring p land. En alternativ og mer brekraftig produksjonsrute
er via Pedersen prossesen. Denne prosessen er bakgrunnen for et forksningsprosjekt for
EU, som har som hovedml oppn en produksjonsrute med produksjon av null avfall i Eu-
ropa. En del av dette prosjektet er underske muligheten for utvinne sjeldne jordarter fra
biproduktet kalt ”grey mud” som produseres i denne prosessen. Denne avhandlingen un-
dersker muligheten for utvinnning av sjeldne jordarter gjennom litteratur, termodynamikk
og eksperimentelt arbeid. I tillegg legger den til grunne for mulig videre arbeid p temaet.
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Chapter 1
Introduction

Alumina is an important material with increase in production in the past, and a important
usage in the production of aluminium Safarian and Leiv Kolbeinsen (2016). Most of the
world’s alumina is produced through the Bayer process, where Bauxite is used as the alu-
minium source. One of the main drawback of this process is the large production of red
mud, a residue that pose environmental threats due to its storage on land but also addition-
ally results in some loss of aluminium from the bauxite.

An alternative sustainable process is the Pedersen process, where no waste is produced
and all the bi-products have known applications in other industries. Research into this pro-
cess is currently performed as a part of an EU-prject, ensureal (www.ensureal.com). The
main goal being a zero waste production of alumina in Europe. Researchers working on
this project is investigating the different process steps to optimize the overall process to be
energy efficient and more profitable. The project also include smaller projects, such as the
recovery of rare earth elements.

Rare earth elements are a group of 17 chemical elements that have an increasing demand
and growing interest due to uses in technology such as permanent magnets, batteries and
catalysts. Contrary to what the name may indicate their occurrence is not rare compared to
other elements, but the existence of economically exploitable minerals are. Additionally,
the main producer is China, meaning the EU is very much dependant on import to cover
its demand. As a consequence it is desirable to find secondary or other sources for REEs
production. One option is the recovery of REEs from bi-products of other industries, like
alumina production.

This thesis aims investigate the feasibility of recovering REEs from the bi-product grey
mud from the Pedersen process. Additionaly it aims to fill some of the information gap
available on grey mud. This is achieved through literature review, thermodynamic calcu-
lations and experimental work.
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Chapter 1. Introduction
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Chapter 2
Literature Review and theory

2.1 Rare earth elements

The REEs are the fifteen lanthanides (elements of atomic number 57 to 71), scandium and
yttrium (Voncken (2016)). The REEs typically exhibit similar properties and usually occur
together in natural deposits, and although their occurrence is not as rare as the name may
indicate, economically exploitable deposits are. Additionally, they exist in mixtures rather
than as pure rare earth compounds.Hence they occur in different quantities in different
minerals, but mostly as oxides. Their importance for modern society has only increased
in later years, especially being important part of a greener future due to use in permanent
magnets, batteries for electric cars, and catalysts

The inclusion of scandium is discussed in some sources, where some choose to exclude it
from the REEs. The reasoning given is a difference in behaviour between scandium and
the other lanthanides in geochemical systems, and scandium occurring in other forms than
the lanthanides in bauxite and bauxite residue (Vind et al. (2018)). An additional source
indicate that Sc is closer in geochemical behaviour to the ferromagnesian transition ele-
ments (Fe, V, Cr, Co and Ni) because of a smaller atomic radius (Voncken (2016)). The
same source further notes that the difference in behaviour is not as prominent in aqueous
systems. For the purpose of this thesis scandium is included in the term REEs, but it is
important to note that these factors exist and must be considered. Furthermore, the REEs
are commonly divided into two groups, light rare earth elements (LREEs) and heavy rare
earth elements (HREEs) based on their atomic weight.

The main production of REEs are in China, and many depend on their exports to cover
their demand Voncken (2016). The dependence on China became more apparent in 2009
when China changed it position towards the market. The introduction of production quo-
tas, export quotas, and export taxes with more caused anxiety for manufactures dependant
on these resources. As a consequence, the focus on finding new sources for REEs have
increased in newer years as a way to meet an increasing demand and decrease the depen-
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Chapter 2. Literature Review and theory

dence on the Chinese production.

How critical the REEs are is defined by the European Commission based on economic
importance for the EU and the risk of supply disruption (Mathieux et al. (2017)). In this
report the REEs are defined as being critical raw materials. The supply risk is connected
to China being the main supplier, making the rest of the market dependant on its exports.
As a result the supply chain has previously been categorized as weak. The economic
importance is connected to the high demand in industry and difficulty in finding suitable
substitutes for the REEs. An additional issue connected to the production of rare earths is
the so-called balance problem (Binnemans and Jones (2015)). This describes the reason
for the difference in prices for the individual REEs where some are much more valuable
than others. This is due to an imbalance between the abundance of individual REEs and
their individual demand, where some are oversupplied and others have a high demand.
Ensuring a secure and stable supply of REEs to Europe is one of the main motivations
behind recent projects funded. Ensureal is one such project. Even though the main goal is
not connected to REEs, valiorization of grey mud may be achieved through REEs recovery.

2.1.1 Chemistry
The REEs are most commonly trivalent (3+), although cerium may form 4+ ions and eu-
ropium, ytterbium, and samarium may for 2+ ions (Voncken (2016)). A phenomenon
connected to the REEs are the so-called lanthanide contraction, which is the observed de-
crease in ionic radius from La+3 to Lu+3 (Behrsing et al. (2014)). This trend is illustrated in
Figure 2.1. This figure include the trivalent states, which are the most stable valence state
for most of the REEs, as well as some alternative valency states. This trend is attributed to
the insufficient shielding of the electrons, where the effective nucleus charge experienced
by the outer electrons increases with the increase in atomic number (Gupta and Krishna-
murthy (2005)). Consequently, the contraction increases along the lanthanide series. The
lanthanide contraction is connected to features of the REEs’ chemistry.

2.2 Alumina production
The alumina production is an important industry, especially to the aluminium production.
The prominent process used is the Bayer process, although an alternative process named
the Pedersen process has previously been used.

2.2.1 Bayer process
The Bayer process was invented by Carl Josef Bayer in 1888-1892 (Safarian and Leiv Kol-
beinsen (2016)). A simplified overview of the process is shown in Figure 2.2 (Sellaeg et al.
(2017)). The first step consists of the digestion of bauxite and lime using caustic soda
(NaOH). The main reaction may be written as:

Al2O3(s) + 2NaOH(aq) → 2NaAlO2(aq) +H2O(v) (2.1)

4



2.2 Alumina production

Figure 2.1: The lanthanide contraction (Gupta and Krishnamurthy (2005)).

Figure 2.2: A simplified overview of the Bayer process

This yields a saturated solution with insoluble impurities. The solids are separated from
the solution, resulting in the production of the residue red mud. Currently, there are no
industrialized uses for this residue and it is discarded. Precipitation of aluminum hydroxide
(Al(OH)3) is then achieved through the addition of Al(OH)3 seed crystals, the caustic soda
solution is also reproduced:

Al(OH)−4 (aq) +Na+ → Al(OH)3(s) +NaOH(aq) (2.2)

The caustic soda is recycled and reintroduced back into the process in the initial digestion
step. After filtration some of the produced Al(OH)3 are used as seeds, while the others are
calcined to produce alumina:

2Al(OH)3(s) → Al2O3(s) + 3H2O(v) (2.3)

The main disadvantages of this process the production of red mud which pose environ-
mental treats due to its need for storage as no industrialized applications exists. Currently

5



Chapter 2. Literature Review and theory

Figure 2.3: A simplified overview of the Pedersen process.

the stored residue is around 2.7 billion tonnes, with an annual increase of about 120 mil-
lion tonnes (Klauber et al. (2011)). It is primarily stored in long-term storage, and even
with extensive research into utilization, no industrial utilization appear to exist.

2.2.2 Pedersen process
The Pedersen process was patented by Harald Pedersen in 1920, and used in Hyanger,
Norway between 1928-1969 (Miller and Irgens (2016)). During its use it had an annual
production of around 17 000 metric tonnes (Safarian and Leiv Kolbeinsen (2016)). A
simplified overview is shown in Figure 2.3. In this process bauxite together with lime and
coke undergo a smelting reduction producing pig iron and calcium aluminate slag. The
main reactions of this step is reduction of iron oxides and slag formation:

2Fe2O3(s) + 3C(s) → 4Fe(s) + 3CO2(g) (2.4)

6



2.2 Alumina production

Al2O3(s) +CaO(s) → (CaO ·Al2O3)(s) (2.5)

The slag is used for the alumina extraction, while the pig iron may be used in other in-
dustries. The slag’s size is reduced appropriately and then digested in sodium carbonate
solution (Na2CO3) to extract alumina. This leaching can be described as:

(CaO ·Al2O3)(s) + 2NaAlO2(l) +CaCO3(s) (2.6)

The solution is filtrated an the remaining undissolved solids is the grey mud. The solution
is further used for precipitation of aluminium hydroxide and calcination, similarly to the
Bayer process. The grey mud produced is expected to consist of mainly calcium carbon-
ate, as indicated by the reaction in which it is created. Additionally, it will most likely
contain some undissolved phases.

The grey mud has an estimated composition as shown in Table 2.1. The main component
is as mentioned the calcium carbonate. The other components are the results of incomplete
leaching of alumina and additionally unleachable minor phases.

Table 2.1: Estimation of the grey mud composition (Vafeias et al. (2018)).

Compound Content
CaCO3 77 %
Al2O3 18 %
SiO2 18 %
CaO 12 %

Sodium losses 12 %
Inactive elements 13 %

Compared to the Bayer process, the Pedersen process is more sustainable with no unusable
waste produced. The grey mud’s high calcium content makes it usable in cement industry
or in agriculture, and compared to red mud it doesn’t contain iron and has a low alkalinity
(Vafeias et al. (2018)). The amount of grey mud produced will be around two times as
much as the produced alumina based on data from the process in Norway. (Miller and
Irgens (2016)) Due to its composition mainly being calcium based it may be possible to
utilize it directly. (Vafeias et al. (2018)) It could also be decomposed to lime and CO2 for
use in the industrial application to lower costs. Additionally, it contains REEs and may
possibly be a secondary source, which is the basis of this thesis.

Ensureal is as previously mentioned focused on the Pedersen process as an alternative pro-
duction route for alumina. The REEs aspect is interesting as the grey mud is enriched in
REEs compared to the bauxite ore. Therefore, the extraction of the REEs previously to the
grey mud being used in other products may be beneficial and provide a source for REEs.

This thesis will therefore attempt to say something about the feasibility of the extraction
of REEs from grey mud using hydrochloric acid. This will mainly be achieved through
some literature review, thermodynamic modelling, and experimental work.

7



Chapter 2. Literature Review and theory

2.3 Previous work
This study is a continuation of the work described in the project ”Extraction of rare earth
elements from grey mud” written as a specialization project that is a part of the mas-
ter degree coursework for materials science and engineering at Norwegian University of
Technology and Science (NTNU) (Salvesen (2018)).

The project consisted of a literature review where hydrochloric acid was chosen as the
acid to be used in the thesis based on it probably yielding a high extraction for the REEs.
Additionally, calcium aluminate slag from Greek bauxite was used to produce grey mud
that was further characterized using SEM, ICP-MS and XRD. The leaching of the slag to
produce grey mud indicated that most of the REEs remained in the grey mud, which is
optimal for further recovery.

8



Chapter 3
Thermodynamic modelling

3.1 Thermodynamic modelling
This section presents some relevant thermodynamic calculations that are relevant to asses
the feasibility of the leaching reactions. The thermodynamic modelling was performed
using HSC 9.0 software.

For the calculations it is assumed that the REEs occur as oxides in the grey mud. For
simplicity a general leaching equation for hydrochloric acid is as shown in equation (3.1).
Where the REE denotes any of the rare earth elements.

(REE)2O3 + 6HCl → 2(REE)Cl3 + 3H2O (3.1)

The calculated thermodynamic data are graphically shown in Figure 3.1 and 3.2 for the
Gibbs free energy and enthalpy change respectively. The calculations were performed
with 1M as a basis. The negative value in both Gibbs free energy and enthalpy means dis-
solution is expected to occur during leaching for all of the REEs, except Lu. The figures
show a close relation between most of the REEs, where they appear to have very similar
values. The main difference is observed for Sc and Lu. Hence it may be expected that
there will be an observable difference in their behaviour compared to the others. Since
Sc has a less negative value it is possible that a lower dissolution may be observed. The
graph also include calcium carbonate, the main component in grey mud. It has a less
negative value than the REEs and may indicate that under the right conditions, the REEs
may dissolve before the calcium carbonate. This would be favourable with the respect of
producing a high content residue containing most of the REEs, but little calcium carbonate.

9



Chapter 3. Thermodynamic modelling

Figure 3.1: Enthalpy of the leaching reaction from HSC 9.0 software.

Figure 3.2: Gibbs free energy of the leaching reaction from HSC 9.0 software.

The slope of the graph helps predict the temperature dependence for the leaching, i.e. if
temperature change will give a drastic change in the leaching efficiency. The graphs in

10



3.1 Thermodynamic modelling

this case are not steep and consequently it is not likely that a change in temperature will
have a large effect on the efficiency. To ensure low cost of the process it may therefore be
more constructive to change other parameters to see if there is a larger change observed by
changing these.

Due to time limitations further calculations by varying the parameters were not performed,
but may be advised to better understand the system at hand in further work.

11



Chapter 3. Thermodynamic modelling
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Chapter 4
Experimental

This chapter explains the experimental work performed as well as describing the set up
and equipment used. All of the leaching experiments were performed in a digestion fur-
nace at department of material science, NTNU. The analysis were performed by technical
staff at department of chemistry at NTNU, as acknowledged previously.

4.1 Equipment and materials

The grey mud used in the experiments were produced from calcium aluminate slag orig-
inating from Greek bauxite. Complete experimental procedure for this process and char-
acterizations of the grey mud may be found in previous work (Salvesen (2018)). The
produced grey mud was leachable and no further preparations were necessary. A picture
of the grey mud used may be seen in Figure 4.1.

Figure 4.1: The grey mud produced from calcium aluminate slag.

13



Chapter 4. Experimental

Figure 4.2: The digestion furnace used in the experiments, where mixing is achieved through
swinging of a plane where the vessels are placed.

4.2 Experimental methods

4.2.1 Grey mud leaching
Leaching experiments were performed in the digestion furnace TR-60 S, pictured in 4.2,
using Parr acid digestions vessels. All experiments followed the same procedure, with
variations only in acid concentration and liquid to solid ratio (L/S-ratio). Vessels contain-
ing the acidic solutions were placed in the furnace, which were then heated to 60◦C within
12 minutes. Upon reaching the temperature, the vessel were moved from the furnace into
to the fume hood where the grey mud was added. The vessels were then placed back into
the furnace for the duration of the leaching with mixing achieved through the swinging
plane in the furnace (see Figure 4.2). The swinging of the furnace plane was set to 46 per
minute for each parallel. More specific experimental parameters may be found in Table
4.1. After leaching the liquid and solids were separated through filtration using a Bchner
funnel with filtration paper assisted by a simple vacuum pump.

Table 4.1: Overview of the experimental parameters used during leaching of the grey mud. For
HCl content the weight percent of the leach solution is included.

Grey mud HCl concentration L/S-ratio Temperature Time
[g] [wt%] [◦C] [min]

1 0.4 10 20 60 60
2 0.4 10 40 60 60
3 0.5 18.5 20 60 60
4 0.5 18.5 40 60 60

14



4.2 Experimental methods

4.2.2 Analysis
Samples from the experiments were analyzed using ICP-MS performed by Syverin Lier-
hagen. Samples were delivered in the original solution and further dilution and preparation
was performed by the operator as necessary. The results from the analysis were normal-
ized, using (4.1) and analyzed using Excel. The raw data of the experiments can be found
in Appendix 6.1.

The normalization was performed using the formula:

z =
xi −min(X)

max(X)−min(X)
(4.1)

Where X is a set of all the calculated percentages, and xi is individual calculated percent-
ages.
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Chapter 5
Results and discussion

5.1 Grey mud leaching

Four parallels were conducted to investigate the aspects of the dependency on L/S-ratio
and acid concentration. This based on temperature reportedly not being a major factor
from thermodynamic calculations. All the parallels used grey mud produced from the
same batch, consequently there is not expected to be much variation in the composition
from each parallel. Of the four parallels included, two parallels (1 and 2) have previously
been included in the specialisation project. The choice of including them in these results
is to provide a better comparison between the different parameters.

The results from the hydrochloric acid leaching is presented in terms of leaching yield,
i.e. how much of the original calcium aluminate content that was leached into solution
during the experiment. The results are calculated based on ICP-MS analyses, the raw data
of which are included in Appendix 6.1. Normalization was performed as previously ex-
plained to avoid negative or over one hundred percent yields in the final results. The main
results for the REEs and other relevant elements are presented in Figure 5.1 and 5.2 re-
spectively.

The extraction yield as a result of hydrochloric acid leaching of grey mud for the REEs
shown in Figure 5.1 has one data point that is considered an outlier. This is the data point
of La for 10 wt% at a liquid to solid ratio of 40 and it will not be included in the discussion.
The background for this is irregular results from the ICP-MS analysis considering this one
element.

Comparing the difference extractions yields for REEs for the two liquid to solid ratio it is
apparent that the difference is larger at a lower acid concentration compared to the higher.
Where little difference is observer for the 18,5 wt% parallels, a much larger difference is
observed for the 10 wt% parallels. However all of the parallels shows a relatively high
leachability of the REEs with the main portion of extractions in the region of 70-90%.

17



Chapter 5. Results and discussion

For each parallel a lower extraction yield is observed for scandium. This can be explained
by the thermodynamic calculations performed previously, where scandium had a notice-
able difference compared to the other REEs. Based on this train of thought it would also be
expected to see similar behaviour when investigating calcium dissolution. However, this is
not the case. This may be explained by the calculations being to superficial, requiring more
thorough calculations, or the large quantity difference of calcium carbonate compared to
REEs may explain why the dissolution of the calcium carbonate would be more rapid.
Meaning, a large weight fraction of calcium carbonate compared to other compounds may
push its equilibrium forward. Further investigation into this aspect of the leaching would
definitely be most beneficial in understanding how the system works.

Comparing both the rare earth extraction yield and the major elements extraction yield it
appears that Sc is more attached to the Fe and Ti containing phases, while the other REEs
are more closely associated with Ca. Upon researching this trend there are some indica-
tions that scandium may act differently than the other REEs in geological systems, see rare
earth elements section of the literature review. However, no definitive examples related to
this type of system was found to give any further explanation as to why this may occur.
Anyhow, looking into the possibility of enhancing this effect may be interesting, as the
result may yield a scandium rich residue without the other REEs. Hence, further purifica-
tion may be much easier than purification of a residue or solution containg all of the REEs.

Comparing the calcium extraction to the rare earths it does not appear that a selective
leaching is achieved. It would be interesting in further experiments to test this aspect more
closely. An aspect previously discussed in the specialization project was the possibility
of performing experiments were a closed lid would restrict the formed gas to escape and
cause a build up of pressure. This is an interesting aspect that may be considered for fur-
ther work. It was not performed in this thesis due to large amounts of bubbling occurring
as the grey mud was initially added to the vessel. Consequently, the main initial formed
gas was not tapped and sufficient pressure build up appeared unlikely.

The major elements in the grey mud does not appear to share an overall trend in leacha-
bility. Calcium, titanium and magnesium is mainly found in the acidic solution while iron
and silicon appears to remain in the solid. Ideally these would behave in a more unison
way, such that a selective leaching of these elements or the REEs may be achieved. Since,
this does not appear to be possible it would be most interesting to focus on the most abun-
dant elements in further experiments as these make up most of the grey mud.

Due to low amount of residue produced in the experiments, no further analysis was possi-
ble to determine which phases remained in the residue. This would have been beneficial
as it may provide some insight to the chemistry behind which elements remains in the
residue, and if this is in accordance to the ICP-MS results. To achieve this information it
may be advised to scale up the experiment to achieve a larger portion of residue that may
be further analyzed and characterized. From the extraction yield it would be an assumed
to contain Sc, Fe, and Si as it main components. Further literature review may provide

18



5.1 Grey mud leaching

Figure 5.1: The extraction yield of hydrochloric acid leaching of grey mud for the rare earth
elements, with the parameters provided in weight percent and solid:liquid ratio. These percentages

are calculated based on the initial slag composition.

Figure 5.2: The extraction yield of hydrochloric acid leaching of grey mud for some relevant
elements, with the parameters provided in weight percent and solid:liquid ratio. These percentages

are calculated based on the initial slag composition.
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Chapter 5. Results and discussion

Table 5.1: The extraction yield from grey mud compared to the original content of the slag. The
percentages are the normalized version of the calculated yield from the data in Appendix 6.1

Grey mud extraction yield
18.5% HCl 10% HCl

1 : 20 1 : 40 1 : 20 1 : 40
Ce 80.98 % 84.56 % 66.05 % 88.74 %
Nd 94.44 % 90.78 % 72.75 % 91.58 %
La 86.88 % 89.65 % 98.70 % 11.88?? %
Y 83.60 % 87.47 % 69.74 % 93.09 %
Sc 50.59 % 50.84 % 39.36 % 52.48 %
Pr 76.86 % 75.90 % 64.11 % 82.95 %
Sm 79.98 % 81.84 % 66.77 % 80.93 %
Dy 88.96 % 91.29 % 72.96 % 92.25 %
Gd 83.43 % 77.85 % 70.46 % 88.30 %
Yb 97.25 % 96.84 % 78.95 % 98.91 %
Er 89.10 % 90.52 % 76.80 % 95.96 %
Eu 79.47 % 81.38 % 68.79 % 81.68 %
Ho - - - -
Tb 85.44 % 87.63 % 71.97 % 89.49 %
Lu 87.39 % 89.36 % 75.51 % 96.44 %
Tm 84.14 % 85.49 % 71.42 % 88.86 %
Pm - - - -
Fe 14.93 % 20.96 % 11.34 % 16.25 %
P 19.45 % 21.00 % 14.36 % 35.70 %
Al 17.69 % 16.88 % 15.50 % 17.24 %
Ca 77.08 % 77.06 % 63.22 % 83.34 %
Si 14.24 % 10.28 % 12.57 % 12.34 %
Ti 88.06 % 94.76 % 71.55 % 100.?? %

Mg 87.16 % 80.88 % 70.84 % 90.34 %

some insight, but no such sources were found during the duration if the thesis to provide
any further theories.

5.2 Recommendation for further work
It would be recommended for further work to spend some time setting up experiments
that will yield results not included in this thesis, mainly more characterization would be
favourable to be able to perform a more detailed analysis of the system. The most unan-
swered question from this thesis is mainly what chemical compounds remain in the residue
after leaching, which may be answered if a larger batch is used to produce enough residue
to be further analyzed.
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5.2 Recommendation for further work

The thesis is also unsuccessful in determining the major factors that may increase the se-
lectivity and control of the overall process. This is attributed by many factors; the lack
of extensive experimental work, good available literature to give hints as to what may be
the cause, and little characterization of the experiments apart from the ICP-MS analysis.
In the future it would be recommended to perform several more experiments at a wide
range of concentrations and liquid to solid ratios to possibly determine the most impactful
parameter.

Another unanswered question is the possible effect of the gas formation on the rate of
calcium carbonate dissolution. It would be advised to change the equipment setup to test
effect of no ”ventilation” of the digestion vessel. i.e. explore the possibility of decreasing
gas formation and less dissolution of calcium carbonate to see if REEs will leach more
efficiently. Not possible with the current setup as a lot of bubbles were produced in the
initial addition, where the lid was completely taken off.

Further thermodynamic modelling may give further insight into the nature of the experi-
ments. Testing out different concentrations, closer to the actual concentrations achieved
in the experiments could be a beneficial route to see if any additional information may be
provided. Such an effort may help predict results of experiments to a more accurate degree
and limit time spent doing experiments that ultimately does not yield any new information.

Overall the feasibility of REEs extraction shows potential. The setup used in this thesis was
based on the literature review performed during the previously mentioned specialization
project, where hydrochloric acid was chosen as it showed the highest potential of yielding
a high extraction of the REEs. In hindsight it may be more appropriate to also investigate
nitric and sulfuric acid as these may be easier to tailor in order to control the leaching
of the different elements. For this it would be recommended to consider whether a high
leachability is the most important aspect or not.
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Chapter 5. Results and discussion
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Chapter 6
Conclusion

The present study has investigated the possibility of rare earth elements extraction from
grey mud through literature review, thermodynamic calculations and experiments. The
main findings indicate that there are possibilities for extraction, however the work was not
extensive enough to provide a good experimental setup that will guarantee selectivity and
control over the process. Hence, further experimental work and possibly thermodynamic
calculations is advised to give a clearer insight into the process.

For leaching of the grey mud the overall leachability was high, mainly around 70-80%
for most of the REEs. The exception being Sc, which showed a much lower extraction at
around 40-50%. This was partly attributed to information achieved from thermodynamics
and literature indicating that Sc may sometimes behave different compared to the other
REEs.

Some general features for extraction of REEs have been found based on literature and the
experimental work:

• The REEs (excluding Sc) can easily be leached from the grey mud

• The selectivity of REEs appears to be limited to Sc vs the other REEs, with little
possibility of selectively dividing the other REEs

• Hydrichloric acid appears to have low selectivity towards any specific elements
within the parameters tested in this thesis

The leaching results were limited due to only ICP-MS being the available for collecting
information. Ideally classification of the residue after the leaching would be helpful in
making any further conclusions.

The thesis also uncovered some weaknesses in the experimental setup with respect to be-
ing able to control certain parameters. Particularly the initial gas formation where large
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parts of the grey mud were dissolved without the possibility of achieving a build up in
pressure limited the investigation into some aspects of the parameters. A suggestion was
made to alter the setup if such experiments are to be attempted in the future.

Overall the conclusion of the feasibility of the extraction is that it shows potential. The
choice of using hydrochloric acid was made to achieve high extraction, but in the future
investigating another acid that may possibly yield a higher selectivity may be beneficial.
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Appendix
6.1 Experimental data
The experimental data from the ICP-analysis performed for the experiments are included
in Table 6.1 for the REEs and other relevant elements.

Table 6.1: Raw data for the ICP-analysis for the leachate solutions from the leaching of the grey
mud.

Ce Nd La Y Sc Pr Sm Dy
[µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L]

1 8 669.84 2 366.21 3 201.89 2 215.42 1 151.86 579.70 478.47 499.63
2 4 927.99 1 260.25 1162.99 1 251.07 1649.86 317.31 245.35 267.26
3 7 949.75 2 304.87 2 111.15 1 987.90 1 092.35 519.17 428.56 456.59
4 4 491.35 1 196.53 1 178.25 1 125.40 1593.38 277.00 237.14 253.41

Gd Yb Er Eu Ho Tb Lu Tm Pm
[µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L]

1 424.98 360.53 320.97 101.95 - 74.38 52.65 48.89 -
2 225.32 191.09 169.69 151.22 - 39.13 28.45 25.73 -
3 376.67 333.53 279.17 188.06 - 66.14 45.66 43.11 -
4 189.68 179.50 153.36 148.77 - 36.69 25.25 23.69 -

Fe P Al Ca Si Ti Mg
# [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L] [µg/L]
1 26 275.40 108.70 704 022.71 16 497 460.88 219 160.61 495 795.80 121 888.46
2 16 836.54 549.00 437 055.07 19 264 556.06 190 692.08 295 314.61 166 132.87
3 26 661.67 498.40 823 922.65 14 910 130.51 136 751.08 452 159.54 111 131.85
4 21 028.48 293.08 384 635.15 18 056 817.57 168 741.00 263 390.08 155 649.46
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6.2 Risk assessment
The main results from the risk assessment performed in connection to the experimental
work is summarized in the following pages.

28



1718

5LVN�DVVHVPHQW

5HVSRQVLEOH� 0DOLQ�6DOYHVHQ 9DOLG�WR�

����������

+6(

8QLW� 'HSDUWPHQW�RI�PDWHULDOV�VFLHQFH�DQG�HQJLQHHULQJ�± )DFXOW\�RI�QDWXUDO�VFLHQFHV � 1718

3DUWLFLSDQWV��0DOLQ�6DOYHVHQ��VWXGHQW���-DIDU�6DIDULDQ��VXSHUYLVRU���)DELDQ�,PDQDVD�$]RI��FR�VXSHUYLVRU�

5LVN�DVVHVPHQW IRU�PDLQ�DFWLYLW\� 0DVWHU WKHVLV IRU�0DOLQ�6DOYHVHQ� ³([WUDFWLRQ�RI�UDUH�HDUWK�HOHPHQWV�IURP�JUH\�PXG�XVLQJ�K\GURFKORULF DFLG´

([LVWLQJ�GRFXPHQWDWLRQ�XVHG�IRU�WKH�ULVN�DVVHVVPHQW�

Ͳ +\GURFKORULF�DFLG �+&O� DQG FDOFLXP�FDUERQDWH �&D&2�� VDIHW\�GDWD�VKHHW
Ͳ ���0�3DUU�DFLG�GLJHVWLRQ�YHVVHOV�LQVWUXPHQW PDQXDO ± SURYLGHG�WKH�OLPLWV�RI�PD[LPXP��J�RI�LQRUJDQLF�VDPSOH�DQG�D�PD[LPXP�YROXPH�RI����PO�WR�EH�XVHG�

LQ�WKH�YHVVHO��

3HUVRQDO�SURWHFWLYH�HTXLSPHQW WR�EH�XVHG��*ODVVHV��ODE�FRDW��JORYHV��ZKHUH�DSSURSULDWH��DQG�FORVHG�VKRHV��$GGLWLRQDOO\ ZRUN�LV�SHUIRUPHG�LQ�D�IXPH�KRRG�DV�
PXFK�DV�SRVVLEOH��

$FWLYLW\
3RVVLEOH�XQZDQWHG�
LQFLGHQW�KD]DUG

3UREDELOLW\ &RQVHTXHQFH

5LVN
&RPPHQWV

3URSRVHG�DFWLRQV,'
QU

�����
+HDOWK
�$�(�

(QYLURPHQW
�$�(�

0DWHULDO�
YDOXHV
�$�(�

5HSXWDWLRQ
�$�(�

� 'LOXWLRQ�RI�DFLGV

+HDW�JHQHUDWLRQ GXULQJ�
DGGLWLRQ�RI�DFLG�WR�ZDWHU

� $ � $ � $�
,W�LV�OLNHO\�WKDW�KHDW�LV�JHQHUDWHG�ZKHQ�DFLG�
LV�GLOXWHG DV�LW�LV�H[RWKHUPLF��7KH�HIIHFWV�DUH�
OLPLWHG�E\�VORZ�DGGLWLRQ�DQG�FDXWLRQ��

:URQJO\�DGGLQJ�ZDWHU�WR�
WKH�DFLG

� % % % � %�
8VLQJ�WKH�PDQWUD�³V\UH�L�YDQQ�JnU�DQQ��YDQQ�
L�V\UH�EOLU�XK\UH¶¶ WKH�OLNHOLKRRG�LV�OLPLWHG��

$FLG�VSLOOLQJ � % % % � %�

8QOLNHO\�WKDW�ODUJH�VSLOOV�ZLOO�RFFXU�GXH�WR�WKH�
DPRXQWV�XVHG��$GGLWLRQDOO\� D�IXPH�KRRG�
DQG�SURWHFWLYH�JHDU�LV�XVHG WR�OLPLW�
FRQVHTXHQFHV�DQG�OLNHOLKRRG�RI�GDPDJH��

�
6DPSOH�SUHSDUDWLRQ�
LQ�3DUU�GLJHVWLRQ�

YHVVHO

$FLG�VSLOOLQJ�ZKHQ�
WUDQVIHUULQJ GLOXWHG�DFLG�

LQWR�YHVVHO
� % % % $ %�

+&O�VSLOOLQJ�PD\�FDXVH�VNLQ�LUULWDWLRQ�RU�
ZRUVH��WRJHWKHU�ZLWK�SRVVLEOH�VSLOO�LQWR�VLQN��
3URWHFWLYH�JHDU�DQG�IXPH�KRRG�GHFUHDVH�
WKH�SUREDELOLW\�DQG�FRQFHTXHQFH�RI�WKH�
LQFLGHQW��

,QKDODWLRQ�RI�IXPHV�IURP�
DGGLWLRQ�RI�JUH\�PXG�WR�
YHVVHO�FRQWDLQLQJ�DFLG

� % � � � %�

&2� LV�FUHDWHG�LQ�UHDFWLRQ�EHWZHHQ�FDOFLXP�
FDUERQDWH�DQG K\GURFKORULF�DFLG�
3UHSDUDWLRQ�LQ�IXPH�KRRG�PLQLPL]HV�WKH�
OLNHOLKRRG�

�
8VH�RI�WKH�

GLJHVWLRQ�IXUQDFH
([SORGLQJ�YHVVHO�GXH�WR�

SUHVVXUH�EXLOG�XS
� % % % � %�

$�OLG�ZLWK�D�KROH�PD\�EH�XVHG�VLQFH JDV�
IRUPDWLRQ��&2���LV�H[SHFWHG��



1718

5LVN�DVVHVPHQW

5HVSRQVLEOH� 0DOLQ�6DOYHVHQ 9DOLG�WR�

����������

+6(

+LJK�WHPSHUDWXUH � % � � � %�
7HPSHUDWXUHV LQVLGH�WKH�IXUQDFH ZLOO�UHDFK�
��R&��DQG�PD\�FDXVH�KRW�VXIDFHV��

+RW�YHVVHO�WR�EH�UHPRYHG�
DIWHU�SURJUDP�LV�ILQLVKHG

� % � � � %�
9HVVHO�ZLOO�EH�KRW GXULQJ�UHPRYDO��1RUPDO�
FDXWLRQ�LV�DGYLVHG��WRJHWKHU�ZLWK�WKH�XVH�RI�
JORYHV WR�DYRLG�EXUQV�RU VLPLODU�LQMXULHV��

�
)LOWUDWLRQV�RI�VROLGV�
IURP�OHDFK�VROXWLRQ

$FLG�VSLOOLQJ�ZKHQ�
WUDQVIHUULQJ�YHVVHO�FRQWHQW�
LQWR�ILOWUDWLRQ�HTXLSPHQW

� % % % %�
/LNHOLKRRG�DQG�FRQVHTXHQFH PLQLPL]HG�E\�
WKH�XVH�RI�SHUVRQDO�SURWHFWLYH�JHDU�DQG�
IXPH�KRRG�

�
+DQGOLQJ�WKH�
ILOWUDWHG�VROLGV

)LOWUDWHG�VROLGV�DUH�ZDVKHG ZLWK�ZDWHU��GULHG DQG VWRUHG�

�
6DPSOH�SUHSDUDWLRQ�
IRU�WKH�,&3�06

$FLGLF VSLOOLQJ�ZKHQ�
WUDQVIHUULQJ�OHDFK�VROXWLRQ�

WR�VDPSOH�FRQWDLQHU
� % % % � %�

8QOLNHO\�WKDW�ODUJH�VSLOOV�ZLOO�RFFXU�GXH�WR�WKH�
DPRXQWV�XVHG��$GGLWLRQDOO\��D�IXPH�KRRG�
DQG�SURWHFWLYH�JHDU�LV�XVHG�WR�OLPLW�
FRQVHTXHQFHV�DQG�OLNHOLKRRG�RI�GDPDJH�

� 'LVSRVDO�RI�ZDVWH
1R�ZDVWH�LV�H[SRVHG�RI GXH�WR�UHVLGXH�EHLQJ�VWRUHG�IRU�SRVVLEOH�IXUWKHU�WHVWV�DQG�OLTXLG�VROXWLRQV�EHLQJ�VHQW�WR�DQDO\VLV� 2QO\�
ZDVKLQJ SHUIRUPHG�DIWHU�H[SHULPHQWV�SURGXFH�ZDVWH�WKDW�FDQ�DSSURSULDWHO\�EH�GLVSRVHG�RI�LQ�WKH�VLQN��

�
:DVKLQJ�RI�
HTXLSPHQW

&XW�GXH�WR�EUHDNLQJ�JODVV�
HTXLSPHQW

� % � % � %�
&DXWLRQ�VKRXOG�EH�XVHG�VR�WKDW�JODVV�
HTXLSPHQW�LV�QRW�GURSSHG RU�RWKHUZLVH�
EURNHQ��

)LQDO�HYDOXDWLRQ� %DVH�GRQ WKH ULVN�DVVHVVPHQW LW LV�FOHDU�WKDW�WKH�PDLQ�KD]DUGV�DUH�FRQQHFWHG�WR�WKH�SDUWLFLSDQW�SHUIRUPLQJ�WKH�H[SHULPHQWV�DQG�QRW�D�
GDQJHURXV�QDWXUH�RI�WKH�H[SHULPHQWV�LWVHOI��,W�LV�WKHUHIRUH�LPSRUWDQW�WKDW�WKH�SDUWLFLSDQW�LV�YLJLODQW�GXULQJ�WKH�SHUIRUPDQFH RI�WKH�H[SHULPHQWV�DQG�DUH�IDPLOLDU�DQG
FRQVFLRXV RI�WKH�SRVVLEOH�KD]DUGV�SUHVHQWHG�LQ�WKLV�RYHUYLHZ��


