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Abstract
This article discusses the growing importance of using industrial waste, including furnace slag, in the production 
of agricultural fertilizer, recycling raw material for sustainable development and a closed-loop economy. Furnace 
slag, which is generated in coal combustion processes in industrial furnaces, is a valuable waste material, the yield 
of which depends on a number of factors, such as the type of fuel used, dust removal efficiency, and furnace type. 
In addition to furnace slag, other types of slag have been distinguished, such as metallurgical slags and those 
generated after burning municipal waste. Currently, the possibility of recovering metals from slags, especially 
steelmaking slags, and their use in processes such as cementing or geopolymerization is gaining importance. The 
potential use of these wastes as a fertilizer ingredient is also an important direction of management. Nonetheless, 
further research is needed concerning the safety of using these materials in agriculture, due to their high identified 
content of heavy metals and hazardous substances. Of great importance in terms of slag reuse is the monitoring 
of radioactivity parameters, especially in the context of slag’s potential use in fertilizers.

1. INTRODUCTION

In recent years, the issue of using industrial waste in the 
production of agricultural fertilizers has been gaining 
attention, especially in the context of the growing need for 
sustainable development, recycling of raw materials and 
a closed-loop economy. One such material that has found 
wide application in this field is slag generated from the 
combustion of coal in industrial furnaces (furnace slag). 
The amount of combustion waste generated depends 
on the weight of the fuel used, its type and quality, the 
method of combustion (type of furnace), and the efficiency 
of the dust-collection elements installed in the system 
[Olszewski et al. 2012]. The amount of slag generated from 
coal combustion in thermal power plants and thermal 
waste conversion facilities is about 30% [Skoko et al. 2017, 
Poranek et al. 2021]. For example, in China, 244 million tons 
of municipal waste were generated in 2022, of which 195 
million were thermally converted. China also produces 
huge amounts of phosphoric and steelmaking slags, 80 
million tons/year of phosphoric slag, and 160 million tons/
year of steelmaking slag, putting it at the forefront of these 
industries globally. It has a fairly low reuse rate of these 
resources, however, at less than 40% [Shi et al. 2022, Sai et 
al. 2024, Du et al. 2025]. 

It is worth mentioning slags produced from waste from the 
metal smelting industry, such as blast furnace slags (from 
the production of so-called pig iron) and converter slags 
(from the steel smelting process). Slags from metallurgical 
plants (including iron) have a high potential for metal 
recovery in reuse processes, with each ton of iron and steel 
producing about 0.10–0.23 tons of slag [Sitko 2014, Choi 
et al. 2021].
Slags have mainly been used as a sealing material, as 
an element of mortars and binders used in mining, and 
in landfills, road construction and geotechnical work, 
to improve soil structure and stability [Iwanek et al. 
2008, Hycnar 2006, Koda et al. 2010, Gawlicki et al. 2013, 
Poranek et al. 2021, Vukanac et al. 2022, Zhang et al. 2025]. 
In the case of slags classified as hazardous substances 
(mainly from the incineration of municipal waste and 
sewage sludge), popular management methods include 
cementation, geopolymerization, or composite formation 
[Mikuła et al. 2017, Zhang et al. 2023, Sai et al. 2024, Kuranlı 
et al. 2024]. An important and developing direction of 
slag management (especially steelmaking slags) is their 
reprocessing during the recovery of elements from the 
waste material. As part of the expansion of knowledge 
and opportunities for the recovery of elements from slags, 
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initiatives have been established, like the H2020 CHROMIC 
project in Europe, which focuses on the development of 
new technologies for the recovery of elements such as 
chromium or molybdenum. Slags subjected to recovery 
processes can also be an important source of rare earth 
elements [Jonczy 2018].
There are indications of the possibility of using slags 
as an ingredient in fertilizers and soil conditioners, but 
this management direction is controversial and requires 
further research to confirm the environmental safety of 
using these wastes. This is especially important in light of 
the potential radioactivity of slag, which depends on the 
origin of the incinerated substrate, among other factors 
[Hycnar et al. 2014, Skoko et al. 2017].

2. PURPOSE OF THE WORK

The purpose of this study is to evaluate the chemical 
composition and radioactivity of slags from various types 
of combustion and feedstock in terms of their fertilizer 
potential. 
Physicochemical composition of slags by combustion 
source.
 Table 1 above provides summary data on the chemical 
composition of slags by type of feedstock and source, 
according to Polish authors Sybilski et al. [2004], Giergiczny 
et al. [2004], Smarzewski et al. [2015], Jonczy [2013], Baran 
et al. [2017], Ostrowski [2018], Adamczyk et al. [2013], 
Soltys [2016], and Czop et al. [2022]. The table distinguishes 
slags from the combustion of hard coal, lignite, steel 
processing, iron, zinc, and municipal waste. Furnace slags 
from combustion in fluidized bed boilers (EC Żerań) were 
evaluated, and converter slags were taken directly from 
incineration plants and heaps. 
There have been a number of studies in which slag 
composition is analysed with an eye toward its further use 
in construction (mainly for the production of cements). 
In addition to their physical properties relevant for 
construction use, the slags’ chemical properties were 
also studied according to PN-EN 15167-1:2006. In most 
examples, the chemical composition is dominated by SiO2, 
with the highest content for slag from municipal waste 
combustion, at 54.20%;  CaO, which is most abundant in 
slag from ironworks (42.27–45.75%); and Al2O3, which is 
dominant in coal-combustion slag (23.60%). 
Similar relationships were obtained by Jia et al. [2024] for 
slag from municipal waste incineration plants; Choi et al. 
[2021] and Bulut et al. [2022] for blast-furnace slag (steel 
industry); and Huang et al. [2025] for silico-manganese 
slag (smelter slag). Tao et al. (2024) and Feng et al. [2023] 
found this type of relationship in blast furnace slag for 
phosphogypsum production. Du et al. [2025] and Shi et 
al. [2022] found the highest CaO content for steelmaking 
slags, at 36.33–63.30%. 
The composition of slags strictly depends on the 
substrates used in combustion and processing, in addition 
to the place and way in which the slags are produced. For 
example, Fe2O3 was found to have the highest content 

in slag obtained after the production of tin and coal, at 
37.64%–42.30%, followed by SiO2 and CaO [Zulkeplee 
et al. 2023; Lai et al. 2022]. The highest content of TiO2 
was found in titanium slag formed after the smelting of 
vandanium-titanium magnetite (21.46%), followed by CaO 
and SiO2 [Wang et al. 2023], and manganese slag, where, 
in addition to a high proportion of SiO2 and Al2O3, 11.63% 
MnO content was found [Hu et al. 2024].
  Table 2 shows the results for the elemental composition of 
slags from the Ruda Śląska and Chorzów dumps, as well as 
granulated blast-furnace slag. The highest contents were 
recorded for Zn (62.70–83.70 mg/kg) and Pb (53.40–293.85 
mg/kg) in slag from the Ruda Śląska dump. For slags from 
the Chorzów dump, the highest Mn was in the range of 
87.30–866.00 mg/kg and Zn (1–108.00 mg/kg), and the 
lowest for Cd and Ni [Jonczy 2012, Król 2017]. 
In the granulated slag from metallurgical processes, the 
maximum values are much lower for Mn (19.78 mg/kg) 
and Zn (36 mg/kg), and the lowest for Pb and Ni. Jonczy 
et al. [2013] also examined the content of other metals 
(including lanthanides and actinides) in blast-furnace and 
converter slags. They found a high Cr content for converter 
slag (11.20–15.50 mg/kg), and a significant amount of 
As for blast furnace slags (11.80–16.00 mg/kg). By way of 
comparison, at HCM and Boleslaw smelters, 2.2 mg/kg of 
As was found in converter slags, and a trace amount, < 
0.14%, for metallurgical slags [Jonczy 2018]. Also worth 
mentioning are the contents of Ni in blast-furnace slag 
(107–133 mg/kg), as well as Sr (239–240 mg/kg) and V 
(8.16–11.50 mg/kg) in converter slags [Jonczy, 2013].
Table 3 shows data on the elemental composition of 
slags from municipal waste incineration in different 
types of incinerators, from different locations, and metal 
leachability, according to authors Czop et al. [2022] and 
Martysz et al. [2021]. High zinc content (1621.00–2787,00 
mg/kg) and particularly high copper content (21,608.00 
mg/kg), as well as 766.00 mg/kg lead content, were found 
for slag from the waste incineration plant with a sliding 
grate. Also significant is the chromium content, at 277.00–
605.00 mg/kg. However, the composition of municipal 
waste incineration slag is largely determined by the type 
of feedstock, and this is also the case in metallurgical slags.
Kijowska et al. [2024], in a study of chromium content in 
steelmaking slags from municipal waste incineration and 
heaps, showed an average chromium concentration of 
< 440.00 µg/g, with an additional decrease in chromium 
concentration after the storage period. Adamczyk and 
Nowak (2012) found chromium content in the range of 
80–190 mg/kg for furnace slag. Interestingly, in that study, 
the authors also found a  upward trend in chromium 
concentration over 10 years after slag management 
for reclamation purposes. The cadmium concentration 
for municipal waste incineration slag is relatively low 
(0.96–5.80 mg/kg), comparable to the results for biomass 
incineration slag, which achieved concentrations of 0.95–
2.57 mg/kg [Ma et al. 2023].
In addition to the elemental content of slag dry matter, 
elemental leachability studies are crucial for evaluating 
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Table   1. Chemical composition [% by weight] of slags by type of fuel used and type of combustion (examples from 
Poland)
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this material as a potential fertilizer additive. Kubiss et al. 
(2019) and Zhang et al. (2025) investigated the content of 
selected elements in copper slag — Cr(VI), Cd, Pb, Hg — 
as well as chloride, fluoride and sulphate in the aqueous 
extract. None of the parameters exceeded the permissible 
standard for national regulations (Journal of Laws 2015, 
item 1277), and hence it can be concluded that the 
introduction of copper slags into the environment would 
not pose a threat to aquatic organisms — provided that 
their chemical properties are checked each time. Czop et 
al. [2022] and Martysz et al. [2021] found similar results 
for municipal waste incineration slag (Table 3), as did Sai 
et al. [2024] for phosphate slag. Yu et al. [2024] obtained 

different results, investigating the leaching rate of heavy 
metals from silicate-manganese slag using the HVM 
method, along with TCLP, which stimulates the natural 
processes of element migration from landfill materials and 
leachate (as in the case of slag in landfills). In the analysed 
case, the TCLP method showed particularly high excesses 
of leached Mn and Cr, reaching the IV class of the Chinese 
standard for groundwater quality GB/T 14848, indicating a 
threat to the aquatic environment  [Yu et al. 2024].
The above table shows the concentrations of natural 
radionuclides 40K, 232Th, 226Ra, along with radioactivity 
indicators, where f1 is the natural radioactive isotope 
content (taking into account potassium, radium and 

Table 2. Elemental composition of heap slags compared to blast furnace slag 

Elemental composition [mg/kg]

Element
Slag heap Ruda Śląska 

(after Zn-Pb, pre- 
metallurgy)

Slag heap Chorzow 
(steelmaking slags)

Granulated blast furnace 
slag

Mn 430-2223 873-86600 1978
Zn 6270-83700 1-10800 36-1580
Pb 5340-29385 6-3200 <83
Cd 32-262 <0.3-136 19-3
Cr 16-69 15-2920 12-372
Cu 66-1859 3-837 22
Ni 25-146 <1-102 <2,5
V 41-74 6-919 10-94

Mo 6-25 <1-8 2-4
Ag 55-140 <0.3-3.5 0.9

Table 3. Elemental composition of slags from municipal waste incineration by type and location of incineration plants

Slags from Municipal waste

Source/
Element

Results on a dry weight basis [mg/kg] Leachability [mg/l]

Waste 
incineration plant 
with sliding grate 

Waste 
incineration plant 
with sliding grate 

Waste 
incineration plant 
with reciprocating 

grate 

Incinerator 
Bydgoszcz (0-

8mm grain size)

Warsaw 
incineration 

plant (0-31.5mm 
grain size)

Zn 2787,00 1621,00 2337,00 0.06 0.03
Cu 21608,00 1918,00 867,00 0.03 0,04
Pb 766.00 687.00 437.00 0.03 0.02
Ni 73.60 81.00 211.00 < 0.01 < 0.01
Cr 277.00 342.00 605.00 0.01 0.05
Cd 5.80 3.35 0.96 < 0.01 < 0.01
As 5.30 16.50 6.07 - -
V 31.80 30.00 30.70 - -
Tl < 1.00  < 1.00 - - -

Hg 0.04 0.24 < 0.01 - -

- = no data
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thorium) as a dimensionless indicator; f2 is the radium 
content of 226Ra in Bq/kg. In the case of f1, a value of no more 
than 1.2 is considered acceptable, while the acceptable 
limit for the activity index f2 is 240 Bq/kg according to the 
EU criteria adopted for constructed materials (OJ/L 157 of 
27.5.2014, p.76) [Isajenko et al. 2014]. 
Analysing the above indicators, particularly high results 
were shown for post-copper slags, with f1 in the range of 
1.62–1.65 and f2 ranging from 320.19–344.08 Bq/kg. These 
results would preclude the possibility of managing these 
slags in light of existing regulations. Radionuclides present 
in the environment can pose a threat as a type of external 
radiation, as the decay products of radium and thorium 
emitting γ-rays can damage the body’s cells [Wang et al. 
2025]. The results of radionuclide activity measurements 
for various types of slags can be compared with those for 
soils or naturally-occurring sands, as well as with averages 
of concentrations of global radionuclide activity available 
in the literature for granulated blast furnace slag. For 226Ra, 
the average is 35 Bq/kg, and for 232Th, it is 30 Bq/kg. Higher 
values were found in almost all cases analysed. Meanwhile, 
the global average for 40K is 420 Bq/kg, with values higher 
than this average also found in CHP Siekierki and Żerań 
(furnace slag) and copper slags [Bulut et al. 2022]. 
Radionuclide concentrations obtained for slags are similar 
to or lower than those found in soils of various origins, 
including Croatia and China [Skoko et al. 2017, Wang et al. 
2025].  In the context of using slags for fertilizer purposes 
in light of their potential radioactive properties, Skoko et 
al. [2019] used the ERICA tool to estimate an ash and slag 
storage site’s radiological risk to flora and fauna. Several 

groups of plants, and all types of organisms present, were 
studied. The risk of impact on plants in the study area was 
considered negligible, with animals such as earthworms 
and small mammals hypothesized to have reduced 
reproductive capacity or higher mortality.

3. CONCLUSIONS    

The chemical composition of slags varies depending on 
the source, combustion method and feedstock. The high 
content of alkali oxides in slags may determine their 
potential in regulating the pH of acidic soils, while their 
macronutrient content after thermal conversion processes 
is relatively low.
Most of the smelter and furnace slags analysed show 
unacceptable levels of heavy metals such as lead, zinc, 
copper and chromium, and thus cannot be used as 
substrates for the production of mineral-organic fertilizers 
or other soil improvers. The leachability of the above-
mentioned elements depends on a number of factors, 
however, and  this aspect should be studied more 
extensively in the context of the possibility of using slags 
for fertilizer purposes (especially since most of the available 
analyses refer to the use of slag in construction).
Slags, depending on their origin, can be successfully 
managed for the recovery of metals and other elements; 
metallurgical and potassium slags are particularly 
important sources. 
The radioactive properties of most slags indicate no risks to 
the aforementioned wastes in terms of their radioactivity. 
The values of f1 and f2 are within the limits of the standard 

Table 4. Results of γ-spectrometric analysis (Bq/kg) and radionuclide concentrations in different types of slag and 
other materials

Electric plant 40K 232Th 226Ra f1 f2

CHP plant Siekierki 254.00–731.00 57.30–124.00 52.90–113.00 0.47–1.12 57.30–124.00
CHP plant Żerań 364.00–691.00 44.20–113.00 39.10–89.70 0.46–1.01 44.20–113.00

Municipal waste incineration 
plant (Bydgoszcz and Warsaw) · · · < 0.61 < 75.3

Copper slags 749.00–961.02 40.10–50.47 320.19–400.00 1.62–1.65 320.19–344.08
Steel production (Croatia) 45.30–62.90 12.90–15.40 15.20–21.40 · ·

Ground
granulated blast furnace slag 235.60 66.50 167.40 · ·

Non-ferrous Metal Slag 171.59 15.74 42.74 · ·
Slag (coal) 97.86 95.99 145.43 · ·

Phosphorus slag 221.60 23.48 153.08 · ·
Blast Furnace Slag (Mixed 

Material) 121.54 102.13 157.33 · ·

Slag (bituminous coal) 177.65 7.36 23.44 · ·
Solid Waste Contaminated Soil 663.95 47.84 33.77 · ·

Soil 269.00–561.00 26.20–73.30 33.20–120.00 · ·
River sand 404.30 28.10 26.70 · ·

· = no data
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according to the criteria adopted for construction 
materials, although this aspect should be studied more 
extensively due to the low availability of data. The isotope 
content for the slags in this study is close to the values 
naturally occurring in the soil (except in the slags from 
municipal waste incineration). From this perspective, no 
negative environmental impact can thus be expected from 
using slag.

REFERENCES AND LEGAL ACTS

ADAMCZYK Z., NOWAK J. 2012. Zmiana składu 
chemicznego żużli paleniskowych w składowisku 
izolowanym od środowiska [ Change in the chemical 
composition of furnace slags in a landfill isolated from 
the environment]. Górnictwo i Geologia 7(2): 7–21.

ADAMCZYK Z., NOWIŃSKA K. 2013. Phase composition 
of metallurgical zinc and lead slags. Civil and 
Environmental Engineering Reports 11: 13–21.

BARAN T., FRANCUZ P., SKAWIŃSKA A., TKOCZ A. 2017. 
Kształtowanie właściwości cementów żużlowych  
z dodatkiem granulowanego żużla wielkopiecowego  
o różnej zawartości fazy szklistej [Shaping the 
properties of slag cements with the addition of 
granulated blast furnace slag with different glassy 
phase contents]. Prace Instytutu Ceramiki i Materiałów 
Budowlanych 10(31): 7–10.

BULUT H. A., ŞAHIN R. 2022. Radiological characteristics of 
self-compacting concretes incorporating fly ash, silica 
fume, and slag. Journal of Building Engineering 58: 
104987.

CHOI Y. S., LEE S. M. 2021. Fundamental properties and 
radioactivity shielding performance of concrete 
recycled cathode ray tube waste glasses and electric arc 
furnace slag as aggregates. Progress in Nuclear Energy 
133: 103649.

CZOP M., KAJDA-SZCZEŚNIAK M., ZAJUSZ-ZUBEK E., BISS 
W., BOCHENKO A., BRZEZINA Ł., CZECH D., TURYŁA 
K. 2022. The role of slag from the combustion of 
solid municipal waste in circular economy. Inżynieria 
Mineralna 2: 145–150.

DU W., MA L., YIN X., LIU H., XIE L., LUO Y., ZHANG W., YANG J.,  
DAI Q. 2025. Low-temperature and low-carbon thermal 
decomposition of phosphogypsum by steel slag and 
H₂S: Thermodynamic, kinetic and DFT studies. Chemical 
Engineering Journal 504: 158897.

FENG Y., XUE Z., ZHANG B., XIE J., CHEN C., TAN J., ZHAO 
C. 2023. Effects of phosphogypsum substitution on 
the performance of ground granulated blast furnace 
slag/fly ash-based alkali-activated binders. Journal of 
Building Engineering 70: 106387.

GAWLICKI M., MRÓ R. 2014. Badania immobilizacji metali 
ciężkich w zaczynach cementowych zawierających 
popioły lotne [Studies on the immobilization of 
heavy metals in cement pastes containing fly ash]. 
Budownictwo, Technologie, Architektura 2: 64–66.

GIERGICZNY Z., GAWLICKI M. 2004. Popiół lotny jako akty-
wny składnik cementów i dodatek mineralny do betonu 
[Fly ash as an active ingredient in cements and a mineral 
additive to concrete]. Mat. Konf. Dni Betonu, 11(13): 3–17.

HAUSTEIN E., GRABARCZYK L. 2012. Wpływ współspalania 
biomasy z węglem kamiennym na wybrane właściwości 
fizyczno-chemiczne popiołu lotnego [The influence of 
co-combustion of biomass with hard coal on selected 
physicochemical properties of fly ash]. Polityka 
Energetyczna, 15(2): 87–103.

HU C., LUO Y., YANG S. 2024. Grey correlation analysis and 
molecular simulation study on modification mechanism 
of red mud mixed manganese slag. Case Studies in 
Construction Materials 20: e02757.

HUANG, Y., LI, Y., ZHOU, Z., CHENG, Z. 2025. A novel process 
for low-cost preparation of large-volume cast stone 
from molten silicomanganese slag. Construction and 
Building Materials 473: 141063.

HYCNAR, J. J., SZCZYGIELSKI, T., LYSEK, N.,  RAJCZYK, K. 2014. 
Kierunki optymalizacji zagospodarowania ubocznych 
produktów spalania węgla [Directions of optimizing the 
management of coal combustion by-products]. Piece 
Przemysłowe & Kotły 5-6: 16–27.

ISAJENKO K., PIOTROWSKA B., STAWARZ O., OBIGOWSKI 
Ł., ŁUKASZEK-CHMIELEWSKA A. 2016. Możliwość 
wykorzystania w budownictwie surowców odpadowych 
pochodzących z elektrociepłowni warszawskich (2005-
2014) [The possibility of using waste raw materials from 
Warsaw’s CHP plants in construction (2005-2014)]. ZN 
SGSP 60(4): 27–39.

IWANEK P., JELONEK I., MIRKOWSKI Z. 2008. Wstępne 
badania popiołów z kotła fluidalnego w aspekcie ich 
zagospodarowania [Preliminary studies of fluidized bed 
boiler ash in terms of its management]. Gospodarka 
Surowcami Mineralnymi, 24(4): 91–104.

JIA T., CHEN S., TENG L., ZHANG R., YUAN G., CHEN Y., YIN 
L. 2024. Characteristics and mechanism of slagging in a 
500 t/d MSW incinerator. Journal of the Energy Institute 
114: 101585.

JONCZY I. 2012. Formy występowania wybranych 
metali w żużlach hutniczych na tle ich właściwości 
geochemicznych [Forms of occurrence of selected 
metals in metallurgical slags in the context of their 
geochemical properties]. Gospodarka Surowcami 
Mineralnymi 28(1): 63–75.

15



Evaluation of chemical composition and radioactivity of slags in terms of their potential for reuse for fertilizer purposes — a literature review

16

JONCZY I. 2018. Charakterystyka geochemiczna wybranych 
pierwiastków krytycznych w żużlach po hutnictwie rud 
Zn-Pb [Geochemical characteristics of selected critical 
elements in slags from Zn-Pb ore smelting]. Chemistry, 
Environment, Biotechnology 21: 19–25.

JONCZY I., LATA L. 2013. Charakterystyka składu 
chemicznego żużli konwertorowych i wielkopiecowych 
[Characteristics of the chemical composition of 
converter and blast furnace slags]. Górnictwo i Geologia 
8(4): 51–61.

KIJOWSKA M., KOZIARA N., RĘBACZ M., TRZOP N. 2024. 
Porównanie zawartości chromu i potasu w ekstraktach 
z wybranych rodzajów żużli [Comparison of chromium 
and potassium content in extracts from selected types 
of slags]. Analit 14: 10-18.

KODA E., OSINSKI P., GLAZEWSKI M. 2010. 
Agrogeotechniczne umacnianie skarp budowli 
ziemnych [Agro-geotechnical strengthening of slopes 
of earth structures]. Scientific Review Engineering and 
Environmental Sciences 19(4): 50.

KRÓL A. 2017. The role of the granulated blast furnace 
slag in sustainable cement production and waste 
management. Economic and Environmental Studies 
17(43): 613–624.

KUBISSA W., JASKULSKI R., GIL D., WILIŃSKA I. 2020. 
Holistyczna analiza odpadów betonu na bazie żużla 
miedziowego metodą EIPI. Budynki 10(1): 1. https://doi.
org/10.3390/buildings10010001.

KURANLI Ö. F., BAYRAM M., NIŞ A., UYSAL M.,  
OZBAKKALOGLU T. 2024. Recycling of various types of 
slags as SCMs and aggregates. Treatment and Utilization 
of Combustion and Incineration Residues, Elsevier (20), 
351–383. 

KUTERASIŃSKA J., KRÓL A. 2014. Żużel pomiedziowy 
jako surowiec w produkcji alkalicznie aktywowanych 
spoiw żużlowych [Copper slag as a raw material in 
the production of alkali-activated slag binders]. Prace 
Instytutu Ceramiki i Materiałów Budowlanych. 7(17): 
21–36.

LAI Z., CEN K., ZHOU H. 2022. Applicability of coal slag 
for application as packed bed thermal energy storage 
materials. Solar Energy 236: 733–742.

MA D., SUN J., ZHANG Y., SUN Z., WANG X., ZI J., 
STOJILJKOVIĆ D., MANIĆ N., TAN H., RAHMAN Z. U., & 
VUJANOVIĆ M. 2023. Evaluation of ash/slag heavy metal 
characteristics and potassium recovery of four biomass 
boilers. Biomass and Bioenergy 173: 106770.

MARTYSZ G., WĘGLIŃSKI SZ. 2021. Laboratoryjne 
badania żużla ze spalania odpadów komunalnych dla 
zastosowań w budownictwie drogowym [Laboratory 
tests of slag from municipal waste incineration for use 
in road construction]. Przegląd Budowlany 92: 11–12.

OSTROWSKI M. 2018. Wpływ powierzchni właściwej 
granulowanego żużla wielkopiecowego i współczynnika 
w/c na rozwój wytrzymałości cementów hutniczych 
[The influence of the specific surface area of granulated 
blast furnace slag and the w/c ratio on the development 
of the strength of blast furnace cements]. Prace Instytutu 
Ceramiki i Materiałów Budowlanych 11(33): 38–48.

PORANEK N., ŁAŹNIEWSKA-PIEKARCZYK B., PIKOŃ 
K., CZAJKOWSKI A. 2021. Ocena możliwości 
zagospodarowania odpadów wtórnych z ITPOK 
[Assessment of the possibilities of managing secondary 
waste from the ITPOK]. Nowa Energia 4: 8–13.

RAJCZYK K., ROLKA G., GAMBAL P. 2016. Kruszywa z żużla 
powstającego przy produkcji miedzi i możliwości ich 
wykorzystania w świetle wymagań ochrony środowiska 
[Aggregates from slag generated in copper production 
and the possibilities of their use in the light of 
environmental protection requirements]. Prace Instytutu 
Ceramiki i Materiałów Budowlanych 9(27): 84–94.

ÓŻYCKA A., KOŁODZIEJ Ł., & PETRI M. 2008. Wpływ rodzaju 
popiołu na mikrostrukturę i właściwości alkalicznie 
aktywowanych cementów [The influence of ash type 
on the microstructure and properties of alkali-activated 
cements]. Referat Dni Betonu.

SAI A., BAOMIN W., & WENXIU C. 2024. The cementitious 
properties of alkali-activated municipal solid waste 
incineration fly ash-phosphorus slag-secondary 
aluminum dross matrix composites and the mechanism 
of solidification of heavy metals. Construction and 
Building Materials, 438: 137254.

SHI C., WANG X., ZHOU S., ZUO X., WANG C. 2022. 
Mechanism, application, influencing factors and 
environmental benefit assessment of steel slag in 
removing pollutants from water: A review. Journal of 
Water Process Engineering 47: 102666.

SITKO J. 2014. Technologie utylizacji żużli metalurgicznych 
– studium literaturowe [Metallurgical slag utilization 
technologies – literature study]. Systemy Wspomagania 
w Inżynierii Produkcji 2(8): 200–210.

SKOKO B., BABIĆ D., MAROVIĆ G., PAPIĆ S. 2019. 
Environmental radiological risk assessment of a coal 
ash and slag disposal site with the use of the ERICA 
Tool. Journal of Environmental Radioactivity 208–209: 
106018.

SKOKO B., MAROVIĆ G., BABIĆ D., ŠOŠTARIĆ M., JUKIĆ M. 
2017. Plant uptake of 238U, 235U, 232Th, 226Ra, 210Pb 
and 40K from a coal ash and slag disposal site and 
control soil under field conditions: A preliminary study. 
Journal of Environmental Radioactivity 172: 113–121.

SMARZEWSKI P., BAMAT-HUNEK D. 2015. Mechaniczne 
i mikrostrukturalne właściwości betonu wysokowar-
tościowego z dodatkiem żużla paleniskowego  
[Mechanical and microstructural properties of high-per-
formance concrete with the addition of furnace slag]. 
Izolacje, 10: 2–8.

SOFILIĆ T., BARIŠIĆ D., SOFILIĆ U. 2011. Natural radioactivity 
in steel slag aggregate. Archives of Metallurgy and 
Materials 56(3): 627–634.

SOŁTYS A. 2016. Wpływ żużli stalowniczych na wybrane 
właściwości samozagęszczalnej mieszanki betonowej 
i stwardniałego betonu [The influence of steel slags 
on selected properties of self-compacting concrete 
mixture and hardened concrete]. Referat – Dni Betonu.

SYBILSKI D., KRASZEWSKI C., DUSZYNSKI A. WILENSKI P.,  
PACHOWSKI J.  2004. Ocena i badania wybranych 
odpadów przemysłowych do wykorzystania w 

16



17

Adriana Solecka, Gworek Barbara, Igor Kondzielski, 
Paulina Chaber-Jarlachowicz

konstrukcjach drogowych [Assessment and research of 
selected industrial waste for use in road constructions]. 
Instytut Badawczy Dróg i Mostów w Warszawie.

TAO L., DENG F., XU K., DONG X., XU D., LIAO Y., TANG S.  
2024. Effect of calcium sulfoaluminate cement 
on the hydration process and water resistance of 
phosphogypsum slag cement. Journal of Materials 
Research and Technology 33: 5375–5383.

VUKANAC I., ŠEŠLAK B., KANDIĆ A., ČELIKOVIĆ I., 
MLADENOVIĆ NIKOLIĆ N., MILANOVIĆ T., OBRADOVIĆ Z.,  
ĐURAŠEVIĆ M. 2022. A comparison of alpha-particle and 
gamma-ray spectrometry methods for determination of 
235U, 238U and 226Ra activity concentration in samples of 
coal, slag and fly-ash. Radiation Physics and Chemistry 
193: 109933.

WANG F., GENG S., WU C., DU H., ZHANG X., SONG Y., CHEN Y.,  
WANG M., HUANG T., ZHAO X., LI F.,  LI G. 2025. Analysis 
of cement raw materials radioactivity in Chongqing. 
Applied Radiation and Isotopes 220: 111756.

WANG W., WANG J., SHEN J., & GUO P. 2023. High titanium 
heavy slag powder as a sustainability filler and its 
influence on the performance of asphalt mortar. Journal 
of Materials Research and Technology 25: 5586–5599.

YU W., BU Y., YAO J., ZHANG S., ZHAO Y., HUANG X., NI W. 
2025. Leaching behavior and stabilization/solidification 
characterization of heavy metals from silicomanganese 
slag. Journal of Hazardous Materials 485: 136915.

ZHANG C., YU H., QIAN G., GONG X., LI T., LOU M., ZHANG 
Y., DAI W., GE J. 2025. Study on the effect of limestone 
replacement by steel slag on the interface interaction 
between asphalt and aggregate. Construction and 
Building Materials 471: 140709.

ZHANG D., WANG X., KANG S., CHENG G., WU W. 2023. The 
effect of slag and fly ash content on the properties of 
electric furnace nickel slag-based geopolymer used for 
repair materials. Case Studies in Construction Materials 19.

ZULKEPLEE S. A., AHMAD N. E., SANUSI M. S. M., HASHIM S.,   
GHOSHAL S. K. 2023. Improved toxic and radioactive 
elements immobilization in tin slag-blended lithium 
aluminate borate glass. Radiation Physics and Chemistry 
207: 110853.

Commission Delegated Regulation (EU) No 568/2014 of 
18 February 2014 amending Annex V to Regulation 
(EU) No 305/2011 of the European Parliament 
and of the Council as regards the assessment 
and verification of constancy of performance of 
construction products (25.5.2014, Official Journal of 
the European Union L 157/57).

Regulation of the Ministry of Economy and Labor of 
July 16, 2025 on the criteria and procedures for 
admission of waste to respective landfill types 
(Poland Journal of Laws 2015, item 1277).

17


