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in the Polish Power Plant Wastes 

The article presents the results of laboratory tests determining the concentration of rare earth elements 
(REE) in coal-burning wastes to assess their economic usefulness. The content of valuable elements was 
determined by the technique of inductively coupled plasma mass spectrometry (ICP-MS) in the material 
collected from three regions of southern Poland. A mixture of waste (including fly ash, furnace slag) from 
heat and power plants using coal for thermal transformation processes was an object for testing. Part of 
the research project was to identify a share of the rare elements in the collected samples with a selected 
grain class of <0.045 mm.
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1.	I ntroduction

Rare earth elements (REE) is a group of 17 elements of key economic importance for devel-
oping advanced technologies. They have a critical status, awarded by the European Commission 
for Raw Materials Supply, due to the effects of economic scarcity. They are used, among others, 
for the production of automotive catalysts, aviation fuselages or hard drives. Commodity market 
forecasts show a steady increase in the demand for REE, doubling by 2060. Contrary to their 
name, rare earth elements are not rare in the Earth’s crust, but their dispersion makes a problem 
of their recovery. Due to the high dispersion of rare earth elements, their concentration in the 
tested material samples is expressed in ppm. The rare earth market is extremely susceptible to 
changes in the economic situation. The largest deposits of these elements are found in China, the 
USA and Russia, whilst in European Union countries, including Poland, do not have deposits 
1	IT G KOMAG, 37 Pszczyńska Str., 44-100 Gliwice, Poland
*	C orresponding author: rbaron@komag.eu

BY NC

© 2022. The Author(s). This is an open-access article distributed under the terms 
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0, 
https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, 
redistribution of the material in any medium or format, transforming and building 
upon the material, provided that the article is properly cited, the use is noncom-
mercial, and no modifications or adaptations are made.

https://orcid.org/0000-0002-7141-8960
https://orcid.org/0000-0002-9393-4309
https://orcid.org/0000-0001-5547-376X
https://orcid.org/0000-0003-1629-486X
mailto:rbaron@komag.eu


26

as the exploitation of which is economically justified. It is necessary to identify REE alternative 
sources to conventional deposits to maintain competitiveness in the global raw material market. 
In Poland, electrical waste equipment, hard coal, or fly ashes and power plant slags are the 
sources of REE [1-11]. 

The production of electricity and heat by burning coal generates a large amount of coal-
burning waste. In Poland, approx. annually 20 million tons of waste is produced during the produc-
tion of electricity and heat. 40% of this waste cannot be reused [12]. In the Silesian Voivodeship 
alone, there are the following 29 industrial waste landfills:

•	 landfills of dangerous and neutral wastes – 13,
•	 landfills of dangerous wastes – 9,
•	 landfills of asbestos-containing wastes – 4,
•	 landfills of mine wastes for neutralization – 2,
•	 landfill of neutral wastes – 1 [13]

The presence of rare earth elements in coal ashes is related to the minerals in the coal, such 
as biotite, hornblende, kaolinite and muscovite. The share of these minerals in coal directly influ-
ences the increase in REE concentration.

Analysis of rare earth elements concentration in fly ashes and furnace slag from three power 
plants located in the Upper Silesian Industrial District (Tab. 1) showed the presence of 6 REE, 
with some diversification in their concentrations. Wastages from coal-fired power plants, which 
to a large extent, had economic usefulness (as an admixture in the concrete production), were 
the object of analysis [14-17].

Table 1

Content of rare earth elements in fly ashes and furnace slags [17]

Material
REE content [ppm]

Scandium 
(Sc)

Yttrium
(Y)

Lanthanum
(La)

Cerium
(Ce)

Neodymium
(Nd)

Europium
(Eu)

Fly ashes –
powerplant 1 8.8 17.3 12.0 <5 <5 5.1

Fly ashes –
powerplant 2 9.4 18.7 15.2 34.0 <5 <5

Fly ashes –
powerplant 3 9.0 17.9 12.5 <5 <5 <5

Furnace slags-
powerplant 1 <5 16.2 <5 13.9 <5 6.7

Furnace slags-
powerplant 2 <5 17.5 <5 16.8 <5 7.3

Furnace slags-
powerplant 3 8.7 29.6 <5 26.5 7.8 9.6

Content of rare earth elements in fly ashes and furnace slag is on the same level varies 
from 5.1 (europium) to 34.0 ppm (cerium). The total content of valuable elements in fly ashes 
is 159.9 ppm, while in furnace slag is 160.6 ppm. Content of the remaining elements (praseo-
dymium, samarium, gadolinium, promethium, terbium, dysprosium, holmium, erbium, thulium, 
ytterbium, lutetium) is <5 ppm [17]. 
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Currently, the European Union is implementing numerous projects aimed for greater raw 
materials independence on the rare earths market. Supporting the activities in developing inno-
vative technologies for the recovery of rare earth elements is the „Horizon“ program objective 
[18]. It is requested to support projects related to the determination of REE content in fly ashes 
from burning the hard coal and lignite in the European coal-fired power plants. 

KOMAG Institute of Mining Technology has the experience recommended by the Polish 
and foreign contractors in implementing innovative technologies. In connection with plans of 
energy transformation and departing from coal-based energy, KOMAG has recently developed 
numerous research projects in determining the concentration of rare earth elements. An example 
of this is in hard coal products and coal flotation tailings [19,20]. Based on the results of REE 
concentration in hard coal and the literature knowledge in this field, the Institute undertook 
research and development work, determining the concentration of valuable elements in coal-
burning wastes deposited in heaps. In this project, under the developed sampling methodology, 
the necessary amount of material determines its suitability in the planned recovery of rare earth 
elements. Under the confidentiality agreement between ITG KOMAG and the entity managing 
the material resources, the information on the entity and the sampling sites is confidential. 

2.	M aterials and methods

The acquired material, consisting of the mixture of fly ashes, furnace slags and unspecified 
industrial waste from the selected places of a heap, was collected in the form of 10 kg samples. 
The sample’s origin resulted from the technological processes of power plants, combined heat 
and power plants, as well as power boilers and other units of energy conversion from coal. The 
samples were selected from coal-burning waste landfills in the first quarter of 2020 in consultation 
with the Polish energy tycoon. The location of the heaps covers the vicinity of Krakow (1 sam-
ple) and the vicinity of Wrocław (2 samples). Material samples from different mining levels and 
sampling sites were collected manually from the landfill surface in each heap.

2.1.	 Preparation of raw material for testing

Correct preparation of the raw sample (Fig. 1) is necessary for reliably determining the 
concentration of rare earth elements in the tested material sample. The preparation of the mix-
ture of power plant waste consisted of selecting the representative 0.5 kg sample using the Jones 
divider (Fig. 2). 

Grains larger than 2 mm in size were crushed using a laboratory crusher to loosen the mate-
rial and release valuable elements (Fig. 3).

Material samples prepared in this way were the subject of laboratory analys es for determin-
ing the REE content.

2.2.	 Preparation of fine fractions for testing

Based on the literature knowledge in determining rare earth elements content, an increased 
concentration of valuable elements in the smallest grain size classes was found [21]. Therefore, 
the share of REE in the separated class <0.045 mm was analysed. The desired, narrow grain size 
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Fig. 1. Raw coal burning waste for testing

Fig. 2. Classification of the material using the sample divider

Fig. 3. Laboratory crusher
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class due to the fine-grained nature of the material was obtained by wet particle sieve analy-
sis using the vibration classifier with sieves of a mesh 2 mm and sieves of a mesh 0.045 mm. 
The 2 mm sieve eliminated the classes with the largest grains, while the 0.045 mm sieve separated 
the material of the required grain class.

Fig. 4. Wet separation with use of the vibrating classifier

The product fraction in the <0.045 mm class was fed by gravity to a tank, where the solids 
sunk by gravity in water (sedimentation). The sediment, after filtration, was dried in a laboratory 
dryer, becoming the material for the laboratory analysis.

2.3.	 Cognitive method

The contents of rare earth elements in the power plant waste were determined at the KOMAG 
Laboratory of Material Engineering and Environment. The solids content in the sample was 
determined, followed by the mineralisation process. The wet mineralisation process was carried 
out in a closed system with the use of microwave mineralisers. The mixture was dissolved to 
a colourless, clear solution. The content of rare earth elements is determined by the mass spec-
trometry method with inductively coupled plasma ionisation (ICP-MS). This method measures 
the intensity of ions stream formed in the plasma, allowing for their separation and detection. 
The application of this cognitive method results from the fine graining of the material and the 
diverse chemical composition of the samples [22,23].

3.	R esults

The scope of laboratory analyses, according to the testing procedure and the PN-ISO 11465: 
1999 standard, included determining the dry solids content and then determining the REE content 
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in the tested samples (Table 2). Depending on the origin, the following symbols were given to 
the samples:

P1 – coal burning waste from Wrocław area.
P2 – coal burning waste from Wrocław area.
P3 – coal burning waste from Kraków area.

Table 2

Content of REE in coal burning waste

Sample REE content [ppm]

P1

Sc Y La Ce Nd Pr Sm Eu
32.64 20.47 6.69 9.40 28.58 9.01 21.66 10.32

Gd Tb Dy Ho Er Tm Yb Lu
27.37 9.02 22.47 6.95 18.62 5.03 23.63 7.56

P2

Sc Y La Ce Nd Pr Sm Eu
31.03 18.81 5.72 13.0 47.76 7.96 19.01 9.05

Gd Tb Dy Ho Er Tm Yb Lu
23.79 7.97 19.75 6.23 16.45 4.56 20.91 6.73

P3

Sc Y La Ce Nd Pr Sm Eu
34.40 19.80 6.34 12.5 27.92 8.90 21.50 10.54

Gd Tb Dy Ho Er Tm Yb Lu
27.17 9.01 22.16 6.87 18.44 4.94 23.52 7.46

According to the adopted standard, the content of rare earth elements in the separated grain 
class <0.045 mm of the waste from the coal-burning process were also analysed.

Table 3

Content of rare earth elements in the separated grain class <0.045 mm of the waste  
from coal burning process

Sample REE content [ppm]

P1

Sc Y La Ce Nd Pr Sm Eu
18.88 <0.1 3.50 15.14 3.57 1.54 0.97 0.85

Gd Tb Dy Ho Er Tm Yb Lu
1.45 0.10 1.14 0.17 0.62 <0.1 0.66 <0.1

P2

Sc Y La Ce Nd Pr Sm Eu
17.64 <0.1 3.76 28.12 6.94 2.03 0.30 1.12

Gd Tb Dy Ho Er Tm Yb Lu
3.06 0.40 3.10 0.58 1.83 0.21 1.94 0.19

P3

Sc Y La Ce Nd Pr Sm Eu
16.67 <0.1 2.10 12.63 2.42 1.30 0.45 0.70

Gd Tb Dy Ho Er Tm Yb Lu
1.19 <0.1 0.98 0.14 0.51 <0.1 0.55 <0.1
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3.1.	A nalysis of the results

The tests of fractions below 0.045 mm using the mass spectrometry technique with ionisa-
tion in inductively coupled plasma, showed a diversified content of each rare earth element from 
power plant waste. From this, sixteen elements were discovered. The amount and concentration 
of these elements exceeded the contents of the samples, which consisted of fly ashes and furnace 
slags before classification. For a significant part of the elements, their contents in fine grains 
class were several times higher. Consequently, the material of lower economic usefulness has 
a higher potential for economically viable recovery of valuable elements.

3.1.1.	Results of the REE concentration of the collected  
material Samales

Analysis of rare earth elements content showed the presence of almost all valuable elements:
•	S candium (Sc)	 –	 within the range of 31.03-34.40 ppm. 
•	Y ttrium (Y)	 –	 within the range of 18.81-20.47 ppm. 
•	L anthanum (La)	 –	 within the range of 5.72-6.69 ppm. 
•	C erium (Ce)	 –	 within the range of 9.40-13.00 ppm.
•	N eodymium (Nd)	 –	 within the range of 27.92-47.76 ppm. 
•	 Praseodymium (Pr)	 –	 within the range of 7.96-9.01 ppm. 
•	S amarium (Sm)	 –	 within the range of 19.01-21.66 ppm. 
•	E uropium (Eu)	 –	 within the range of 9.05-10.54 ppm. 
•	 Gadolinium (Gd)	 –	 within the range of 23.79-27.37 ppm. 
•	T erbium (Tb)	 –	 within the range of 7.97-9.02 ppm. 
•	 Dysprosium (Dy)	 –	 within the range of 19.75-22.47 ppm. 
•	 Holmium (Ho)	 –	 within the range of 6.23-6.95 ppm. 
•	E rbium (Er)	 –	 within the range of 16.45-18.62 ppm. 
•	T hulium (Tm)	 –	 within the range of 4.56-5.02 ppm.
•	Y tterbium (Yb)	 –	 within the range of 20.91-23.52 ppm. 
•	L utetium (Lu)	 –	 within the range of 6.73-7.56 ppm.

Content of each element, presented in Fig. 5, shows a very similar distribution of REE, 
regardless of the place of the sample origin.

The highest concentration of rare earth elements was found in sample P2, containing 
47.76 ppm of neodymium. The lowest concentration of elements was also recorded in sample 
P2 – 4.56 ppm of thulium.

The total concentration of all rare earth elements in each sample was the following:
•	 P1 – 259.4 ppm.
•	 P2 – 258.7 ppm.
•	 P3 – 261.5 ppm.

It was estimated that the concentration of REE at 1000 ppm makes their economic recov-
ery possible. The analyses showed that the found valuable elements do not meet the economic 
recovery conditions.
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3.1.2.	Results of REE concentration analysis in the selected grain class

Based on the literature knowledge, the REE content in the class <0.045 mm was analysed, 
and results of the content for each element were as follows:

•	S candium (Sc)	 –	 within the range of 16.67-18.88 ppm. 
•	Y ttrium (Y)	 –	 <0.1 ppm. 
•	L anthanum (La)	 –	 within the range of 2.10-3.76 ppm. 
•	C erium (Ce)	 –	 within the range of 12.63-28.12 ppm. 
•	N eodymium (Nd)	 –	 within the range of 2.42-6.94 ppm. 
•	 Praseodymium (Pr)	 –	 within the range of 1.30-2.03 ppm. 
•	S amarium (Sm)	 –	 within the range of 0.30-0.97 ppm. 
•	E uropium (Eu)	 –	 within the range of 0.70-1.12 ppm. 
•	 Gadolinium (Gd)	 –	 within the range of 1.19-3.06 ppm. 
•	T erbium (Tb)	 –	 within the range of <0.1-0.40 ppm. 
•	 Dysprosium (Dy)	 –	 within the range 0.98-3.10 ppm. 
•	 Holmium (Ho)	 –	 within the range of 0.14-0.58 ppm. 
•	E rbium (Er)	 –	 within the range of 0.51-1.83 ppm. 
•	T hulium (Tm)	 –	 within the range of <0.1-0.21 ppm. 
•	Y tterbium (Yb)	 –	 within the range of 0.55-1.94 ppm. 
•	L utetium (Lu)	 –	 within the range of <0.1-0.19 ppm.

Sc Y La Ce Nd Pr Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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Fig. 5. Concentration of each REE in coal burning waste
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The results of the concentration of each rare earth element in the class <0.045 mm (ex-
cept for scandium and cerium) showed their trace share. Content of each element, is shown  
in Fig. 6
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P1 <0,045 mm P2 <0,045 mm P3 <0,045 mm

Fig. 6. Concentration of each REE in the separated class <0.045 mm of coal burning waste

Sample P2 had the highest REE concentration, containing 28.12 ppm of cerium, while the 
concentration of terbium, thulium, and lutetium was <0.1 ppm. 

The total concentration of all rare earth elements in each sample for the class <0.045 mm 
was as follows:

•	 P1 – 48.6 ppm.
•	 P2 – 71.2 ppm.
•	 P3 – 39.6 ppm.

3.2.	 Comparison of the results

When comparing the concentration of rare earth elements in coal-burning wastes, a signifi-
cant disproportion in their content is noticeable between the sample containing all grain classes 
and the selected class <0.045 mm (Fig. 7).

In the class <0.045 mm, the content of rare earth elements is much lower compared to the 
results of the entire sample. The exception is the cerium content, showing increased concentra-
tion in the separated fine-grain class.

The presented relationship proves the uneven distribution of rare earth elements in each 
grain class after the sieve analysis. 
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The total concentration of rare earth elements in the collected samples is very close, oscil-
lating around 260 ppm. The content of valuable elements in the selected classes <0.045 mm of 
three samples is divergent, differing almost by the concentration fold (the REE concentration in 
the P3 sample is 44.38% lower than in the P2 sample).

When interpreting the obtained results, it should be assumed that the higher concentration 
of valuable elements is in the grain classes of higher granulation. Due to the uneven distribu-
tion of REE in the selected grain class and the balanced equation, the share of grain classes 
(>0.045 mm) should be assumed, containing more than 260 ppm (concentration in REE in the 
raw feed) of valuable elements. 

4.	 Discussion

Due to the growing demand and the lack of natural deposits of rare earth elements in Poland, 
the concentration of elements dispersed in the earth’s crust was analysed. Due to the economic 
usability of energy waste and the proven share of valuable environmental waste in fly ash and 
furnace slag, waste from power plants was the subject of laboratory analysis. 

The applied cognitive method (ICP-MS) determining the content of rare earth elements 
showed their presence in the waste from power plant heaps. The share of REE in products be-
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ing a mixture of waste from thermal coal conversion processes is higher than in raw fly ash 
and furnace slag from power plants. The disproportion in the content of REE between raw 
material and in the selected class <0.045 mm, in connection with the balance equation, proves 
an increase in the content of rare earth elements in classes of higher granulation. Therefore the 
full-grain size samples should be analysed to determine the grain class of the highest content of 
valuable elements.
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