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Abstract
Mineral process wastes, such as metallurgical slags nowadays, are of significant metals and materials resources in the circular 
economy. The usability of iron-making slag is well established; however, steel slag still needs to be utilized due to various 
physicochemical constraints. In this context, we have reviewed the global steel slag generation, processing, characteristics, 
and potential application with suggestions for futuristic possibilities to address the technical, economic, and environmen-
tal aspects of steel slag recycling. The steel slags inherit characteristics from ore chemistry and their processing routes, 
which may be Blast Furnace-Basic Oxygen Furnace (BF-BOF) or Direct Reduced Iron-Electric Arc Furnace (DRI-EAF) 
steel-making routes with/without treatment in a Ladle Furnace (LF). The average generation of slags in BOF, EAF, and LF 
processes accounts for 110 kg, 70 kg, and 40 kg per tonne of steel, respectively. Considering global steel production of 1878 
million tonnes in 2020, the associated slag by-products possess a significant resource of major components like FeO, CaO, 
 SiO2,  Al2O3, etc. Selecting a recycling technique depends on the slag's end use, logistics, and physicochemical characteris-
tics. BOF and EAF slag are used ~ 48% in road construction applications and ~ 10% for industrial specific metallurgical use. 
EAF slag is preferred as cementitious material as compared to BOF. Hot-stage modification of BOF slag has emerged as a 
preferred method to achieve desired chemical and subsequent mechanical properties for end use. BOF slag has high carbon 
dioxide sequestration potential for in-plant remediation among steel slags.
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1 Introduction

In the twenty-first century, steel has become one of the most 
utilized engineering materials, from house utensils to the 
automotive sector. According to the World Steel Organi-
zation, the world produced a total of 1951 million tons of 
crude steel in 2021, in which China is the top producer of 
crude steel with 1032.8 million tonnes, followed by India 
and Japan with 118.2 and 96.3 million tonnes of crude steel 
[1]. The enormous crude steel production generates massive 

solid waste, i.e., slag. The slags generated by steel making 
in the Basic Oxygen Furnace (BOF), Ladle Furnace (LF), 
and Electric Arc Furnace (EAF) are collectively called steel 
slag. In 2017, Japan claimed ~ 14 million tonnes of steel 
slag production, while China reported 100 million tonnes 
of steel slag in the year 2016 [2, 3], which is in line with the 
available data of 10 to 15% of waste by-product during steel 
production [4]. The percentage of slag production directly 
depends upon the steel-making processes. It also depends on 
the quality of the iron ore and other raw materials, namely, 
fluxes, ferroalloys, etc. Figure 1 shows the schematic dia-
gram of steel production and associated chemical reactions 
for slag formation. Many studies have been published on 
recycling steel industry slags (as shown in Fig. 2) for various 
applications. The published data on the recycling of steel 
industry slag (from 2013 to 2022) is shown in Fig. 2, indicat-
ing that the researchers have paid more attention to recycling 
the steel slags irrespective of the process route.

Looking at the merits and associated benefits, some 
of the top steel-producing countries have adopted or 
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upgraded with a recycling technique of steel slags from 
time to time for various applications (as shown in Fig. 3), 
such as for road construction, soil enrichment, cement pro-
duction, etc. Notably, recycling steel slag for a particular 
application is associated with challenges the scientific 
community strives to overcome by developing and advanc-
ing the existing recycling technique. Therefore, a critical 
review has been conducted highlighting the different phys-
icochemical properties of steel slag, the comparison of 
different recycling techniques developed worldwide, and 
various state-of-the-art applications.

2  Characteristics of Steel Slag

The chemistry of the slag depends on the raw materi-
als, which are quite distinct for EAF and BOF processes. 
Approximately 70% of steel slag produces through the 
BOF process, whereas it is nearly 28.8% through the EAF 
process and around 0.4% from the secondary refining in 
LF. In addition, the rate of slag production by the BOF 
process is also very high compared to the EAF process. 
LF refining slag process has a different chemistry than 
that of BOF and LF due to the addition of desulfurizing 
(Ca, Mg, CaSi,  CaC2) and oxidizing (Si, Al) agents in the 
refining process [6]. Table 1 compares various steel slags 
worldwide, confirming the difference in the physicochemi-
cal properties of BOF, EAF, and LF slag.

Figure 4 shows the total waste generation from the 
steel manufacturing process and how much industry and 
academic research got attention in various applications. 
Their chemical composition, along with BOF, EAF, and 
LF slag, is shown in Table 2. It is apparent that the BOF 
and EAF slags have almost identical chemical compo-
nents, but a higher amount of CaO and MgO in EAF slag 
makes it more alkaline in nature. The LF slags still have 
higher alkalinity due to the presence of CaO and MgO 
compared to the BOF slags and EAF slags (shown in 
Table 2). Besides that, some other solid wastes like flue 
dust, sludge, fly ash, and mill dust get generated during 
the steel manufacturing process. This waste is rich in iron 
and can be recycled with steel slags [8]. Other than its 
chemical properties, the physical properties of slag are 
also examined. In past review studies it is seen the BOF 
slag has a bulk density 2.9–3.7 g/cm2, water absorption 

Fig. 1  Schematic illustration of steel-making processes and associated reactions

Fig. 2  Comparison among various steel slags and their effective utili-
zation (Obtained from Web of Science database on August 10, 2021, 
Keywords used are "use of Steel Slag,” “use of BOF Slag,” “use of 
EAF Slag,” and “use of LF Slag.”)
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of 0.2–2.4%, and specific gravity between 3.1 to 3.7 g/
cm3, a los angeles abrasion value of 12.5–22% [33]. In 
comparison to BOF slag, the EAF slag has higher water 
absorption in the range from 0.95—4.0% with a density 
value of 1.54–3.34 g/cm3[34].

Table 2 lists the main elements found in steel slags: cal-
cium and silicon. Numerous studies have shown that these 
elements have a significant influence on the majority of 
observed phases, including portlandite (Ca(OH)2), calcite 
 (CaCO3), dicalcium silicate  (C2S), tricalcium silicate  (C3S) 
and larnite  (Ca2SiO4). In addition to calcium and silicon, 
the presence of aluminum and magnesium influence phases 
such as the Alkaminite-gehlenite series  (Ca2(Al. Mg)(Si, Al)
SiO7) and Diopside alumina (Ca(Mg)(Al, Si)SiO7) [33, 34]. 
The number of phases in this system is determined primarily 
by the mass percentages of Ca, Mg, Al, and Si. When the 
basicity of the slag is high, the formation of free-CaO and 
free-MgO was seen in their diffraction peaks, especially in 
BOF and LF slag. Furthermore, the BOF and EAF slags 
contain significant iron contents. X-ray diffraction (XRD) 
analysis also revealed the presence of iron in the form of 
fayalite  (Fe2SiO4), wustite (FeO), hematite  (Fe2O3), and 
a trace of magnetite  (Fe3O4) [34, 37]. A few of the other 
minors phases of iron with calcium and/or magnesium were 
also reported in some studies [33, 34].

3  Environmental Concern About Steel Slag

The unscientific dumping of steel slag may lead to several 
environmental implications. Figure 5 shows a schematic 
representation of the interaction of steel slag with the envi-
ronment. Steel slag from a specific iron and steel industry 

contains toxic elements like alkalis, heavy metals, and met-
alloids. These toxic elements get released into the environ-
ment and affect living organisms through water and air. 
Some part of the elements leached out from the landfilled 
slag and traveled up to groundwater and further mixed with 
a significant water source (river, oceans). Researchers have 
also claimed that the leaching tendency of the slags con-
taminated the surrounding soil and changed the pH value of 
agricultural land. The presence of toxic elements and heavy 
metals varies the pH value of water sources, which destroy 
aquatic life and affect the human body once it gets intro-
duced to the food chain [38].

Steel industry slag consists of metals like Cr, Ni, V, Zn, 
and many more [39, 40]. The composition of slags depends 
upon the used raw material and various steel production 
processes. Some studies monitored the leaching potential 
of slag components to the environment. According to the 
U.S. Environment Protection Agency (EPA) standards, less 
than 1 mg/L of metal is under toxicity-leaching potential. 
The metals detected above 1 mg/L are Mn and Ba [40]. The 
leaching potential of V is higher than Cr, affecting soil qual-
ity in the vicinity [41]. Cr in the form of  Cr6+ and V in 
soil reduces the organic matter available in soil [42]. Some 
standard leaching experiments and their parameters are 
shared in Fig. 6 to get an overview of the techniques.

Using steel slag for various landfilling applications 
enhances the soil pH. The steel slags are highly alkaline 
because CaO and MgO are the principal constituents. The slag 
leached out in the presence of groundwater increases the pH 
value of the groundwater up to 10.4–11.8 and increases the 
amount of calcium, chromium, and fluoride in the groundwater 
source [43]. When this alkaline groundwater meets with the 
primary water body, the aquatic life gets affected, as shown in 

Fig. 3  A) Worldwide steel slag 
production [5] and (b) Applica-
tion of steel slag in various 
countries like Japan, Europe, 
the USA, and China [3]
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Fig. 7. These water bodies, if used for plantation, drinking, and 
daily uses, harm the human body [44]. Hence, the leachability 

test of every steel slag should be done mandatorily to ensure a 
minimal environmental effect.

Fig. 4  Schematic representation 
of steel and steel slag applica-
tion in various sectors

Table 2  Chemical composition 
of various wastes from the iron 
and steel industries (in mass%)

Country Generation Rate CaO Fe2O3/FeO Al2O3 MgO SiO2 Other

BOF Slag 110 kg/T 30–55 10–35 1–6 5–15 8–12 1.5–4.7
EAF Slag 75 kg/T 22–60 10–40 3–14 3–13 6–34 1.2–5.1
LF Slag 40 kg/T 35–60 0.1–1.5 5–35 1–10 2–35 0.5–1.89
Fly Ash [33, 35] - 22–60 1–44.7 1–55 1–10 1–44 -
Sludge [34, 36] 15-25 kg/T 6–17 45–65 1–55 0–4.5 1–44 -
Mill scale 10-20 kg/T 0.31 70.2 0.27 0.16 0.55 -
Flue dust 1-2 kg/T 3.66 39.5 3.0 1.34 7.9 -
Blue dust - - 55–65 1–3.5 - 1–4 -

Fig. 5  Effect of landfilled steel slag on the environment, possible reaction and corresponding pH values: a schematic illustration

2063Mining, Metallurgy & Exploration (2023) 40:2059–2086
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4  Industrial Approach to Slag Recycling

Many steel industries worldwide usually use steel slag 
for various construction and civil applications, avoid-
ing landfill and dumping in the open environment. Some 
leading Indian steel industries, such as Jindal Steels and 
Tata Steels, first process the steel slag to recover valu-
able metals, then convert the remaining material into slag 
chips and slag powder for further resources [45]. Nippon 
Slag Association (NSA) of Japan Steel Industries adopted 

a similar approach [46]. However, most of the steel indus-
tries of Japan converted the steel slag into powder form 
to recover valuable metals. However, significant energy 
consumption is the primary constraint in this approach.

As a protocol, the steel industries now follow a series 
of pretreatment processes of steel slag so that the recovery 
process of the metal will be effective. Pretreatment of steel 
slag (such as quenching, crushing, and screening), shown 
in Fig. 8, helps to adjust the requirement for effectively 
recycling steel slag in a specific application. Figure 8(a) 
and (b) show the pretreatment process flowchart of slag 

Fig. 6  Process flow chart of 
leaching technique for recover-
ing ferrous and non-ferrous 
elements

Fig. 7  Environment impact on 
disposing of the large volume of 
steel slag in the surround
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recycling in Japanese industries [47, 48] and India Indus-
tries [45].

The world steel organization report 2019 shows that steel 
slag production is nearly 190 to 280 ×  106 kg/t worldwide. 
Europe recycled around ~ 43% of steel slag in road construc-
tion after extracting valuable metals. Turkey’s steel industry 
has adopted the same practice; however, it stores ~ 80–88% 
of steel slags for reusing and recycling in the plant itself, and 
1% goes for cement production [49]. However, the overall 
rate of steel slag use by japan is almost ~ 98% in various 
sectors [46]. Some of the leading steel producing countries 
like China, India and Russia, still have a low rate of steel 
slag recycling. It is now a unanimous view that if slag man-
agement is not done correctly, it can affect the environment 
badly, irrespective of the economic status of a country.

5  Recycling of Steel Slags

Recycling of steel slag follows an extensive range of 
applications in several sectors. The processing of slags 
to recover the metal values or direct use in metallurgical 
processes is categorized as a metallurgical application. All 
other applications of the steel slag, irrespective of their 
type, are grouped as non-metallurgical applications. Some 
potential applications concerned with steel slag in terms of 
its chemical and physical properties are discussed in this 
section. Recycling studies have been focused on applica-
tions like construction, gas absorption, water filtration, 
and as an ingredient of fertilizer [22]. A schematic pres-
entation of the use of steel slag in various applications is 

Fig. 8  Process flow chart of slag 
recycling adopted by (a) Nippon 
slag association (NSA), Japan, 
and (b) Indian Industries

Fig. 9  Metallurgical and Non-
metallurgical approach for steel 
slag recycling

2065Mining, Metallurgy & Exploration (2023) 40:2059–2086
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shown in Fig. 9. These applications are discussed in detail 
in the following sections.

5.1  Metallurgical Applications

5.1.1  Recovery of Metals From Slag

Steel slag from different steel-making processes has an 
extensive range of beneficial constituents, as shown in 
Table 1. Its components are mainly divided into ferrous 
(iron) and non-ferrous (calcium, silica, phosphorus, alu-
minum, manganese, and many more). Various studies have 
also suggested that the constituents present in steel slag 
can be recovered by three major approaches: (a) mechani-
cal separation, (b) acid leaching, and (c) carbothermic 
reduction. The process flow chart for different metal recov-
ery techniques from steel slag is schematically shown in 
Fig. 10. However, the selection of a metal recovery tech-
nique depends upon the nature and properties of components 
extracted from the steel slag.

Mechanical Separation Method Mechanical separation is 
an effective technique to recover ferromagnetic metals like 
iron and nickel from steel slag. In this approach, the mag-
netic property separates the ferromagnetic metals from the 
rest of the slags [50]. However, the size reduction process is 
performed before the separation process for efficient libera-
tion. Figure 11 shows different process flow charts (conven-
tional, modified non-ferrous removal process, and optimized 
method) for extracting various ferrous constituents.

Fig. 10  Process flow chart of various metal recovery techniques from 
steel slag

Fig. 11  Process flow chart of the extraction of various ferrous constituents (a) Original Process, (b) Modified Process, (c) Non-ferrous removal 
Process, and (d) Optimized Process

2066 Mining, Metallurgy & Exploration (2023) 40:2059–2086
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The iron recovery can rise to 45% for 10–20 mm par-
ticles and 75–80% for micron particle size of iron of steel 
slag [51]. The addition of screening equipment by Lan et al. 
[52] further improved the mechanical process by mapping 
sample size with the screening equipment's help. They have 
improved the efficiency of the magnetic separator by more 
than 8% compared to the original process (shown in Fig. 11a 
and b). A numerical study [53] concludes that the particles' 
size and shape are reasonably dependent upon magnetic 
roller speed and intensity. An experimental study revealed 
the effect of sample size and magnetic intensity relation 
during the magnetic separation [54]. Low magnetic power 
(hand-magnet) can achieve more than 95% recovery effi-
ciency for sample sizes greater than 4 mm, which reduces 
to 50% for a sample size of less than 4 mm. Therefore, a 
high magnetic intensity with a current intensity of 1A was 
suggested to improve the separation efficiency, which shows 
about 95% efficiency for 0.3 mm sample size. Apart from 
separating the ferrous material, the magnetic separation 
technique has also been used to recover non-ferrous mate-
rial like phosphorous using a magnetic separation tube [55]. 
The relevant process flow chart is shown in Fig. 11c. Using 
a magnetic separation tube helps recover up to 80% phos-
phorus. Other oxides of slag can also be retrieved, giving an 
extra advantage to the whole process. Figure 11d shows the 
optimized method for iron extraction by magnetic separa-
tion route.

Hydrometallurgical Method The hydrometallurgical method 
involves leaching metallic values from the slag in an aque-
ous acidic or alkaline medium. The typical process steps 
are shown in Fig. 12. However, a prior slag grinding to a 
fine powder is necessary to effectively leach the metals. The 
finely grounded slag particles are mixed with the appropriate 
leaching agent in the required solid/liquid ratio and stirred 

for a fixed time at a specific temperature to obtain the met-
als-laden pregnant leach solution (PLS). The PLS is fur-
ther processed by solvent extraction to separate the desired 
metal selectively. Based on the materials and leaching pro-
cess, acid (HCL,  NH4Cl,  CH3COOH, and  H2SO4), alkali 
 (Na3C6H5O7 and  C2H7NO2), both types of solvent can be 
used for the recovery of valuable metals. The acidic-based 
solution mainly extracts calcium, iron, and silicon metals 
[56, 57]. The alkaline leaching solution extracts chromium, 
vanadium, etc. [58]. However, a prior oxidation or reduc-
tion roasting of slag makes it more amenable to leaching, as 
shown in Fig. 12(a-c) [59]. Figure 12a illustrates an indirect 
reduction process for reducing iron and manganese using 
reduction gas agents like CO and  H2. With the help of indi-
rect reduction, 80% of magnesium and 50% of iron can be 
extracted from steel slag. Similarly, recovery of chromium 
by using alkali roasting is discussed in Fig. 12b. The alkaline 
salt like NaOH or NaOH +  NaNO3 is used as an oxidizing 
agent combined with the water leaching process. The pro-
cess operates at a higher temperature, and the maximum 
chromium recovery achieved was 46%. Figure 12c shows the 
recovery of zinc by using the acid-leaching method.

Pyrometallurgical Method Pyrometallurgical methods 
essentially involve heating slag for the chemical conversion 
of one or more constituents in oxidizing or reducing condi-
tions. The carbothermic reduction-based recovery process 
for steel slag is shown in Fig. 13(a,b), where size reduction 
followed by carbothermic reduction at higher temperatures 
(1000- 1800 °C) occurs in the presence of coal/coke. The 
flow chart for metal/non-metal and phosphorous separation 
via carbothermic reduction and microwave heating is shown 
in Fig. 13b [60]. Coal acts as a reducing agent under the 
heating by a microwave source [60, 61] as shown in Fig. 13a. 
The advantage of this process over other processes is that 

Fig. 12  Process flow chart for removing different metals from steel slag using different leaching techniques
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it can provide sensible and lateral heat for other operations 
[62]. The significant advantage is that the secondary slag, 
i.e., CaO-SiO2 slag is now free from phosphorus and can be 
subjected to an application similar to that for typical blast 
furnace slag.

As far as the extraction of valuable metallic elements 
from the steel slags is concerned, it can be concluded that 
the steel industries slag contains a wide range of valuable 
metals and non-metals (like Fe, Ni, Mg, Al, V, Si, P, and 
Ti) in which some materials like V and Ti are present in 
small amounts (Table 1). The researchers have claimed that 
the carbothermic reduction-based recycling process is suit-
able for Fe,  P2/P4, and Mg elements. On the other hand, the 
mechanical separation techniques for iron and zinc elements 
have been found suitable. The elements like V, Si, Mg, and 
Cr are easily recycled using the selective leaching process 
in a suitable leaching solvent, as the acid leaching process 
involves an acidic solvent that has to be recycled effectively 
so that the environment remains unaffected.

5.1.2  Use of Slag as a Metallurgical Flux

A large amount of CaO presence in the slag can be used 
as a flux to iron making process after some treatment, as 
shown in Fig. 14. The use of steel slag as charging material 
(fluxing agent for iron making) in the iron-making process 
is an innovative way to recycle waste. Depending upon the 
pretreatment process, the size of the slag lies in the range of 
millimeters to centimeters (asymmetry in size). Agglomera-
tion of fine ore and lime (obtained from slag) can be attained 
by sintering [63] or palletization [64] techniques. The pel-
letization technique is more effective than the sintering 
technique as it restricts the use of micron-size fine particles 
[65]. The product can be more economical if the steel slag is 
reused for iron making. However, the scientific community 
has not explored steel slag as a charge flux for iron mak-
ing. The recycling technique of steel slag can be improved 
further in pellet preparation by adopting micro-pelletizing 
technology [65].

Fig. 13  Carbothermic reduc-
tion flowchart for (a) metal and 
non-metal separation and (b) 
Phosphorus

Fig. 14  Schematic illustration 
of the pretreatment of steel slag 
for the iron-making process
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5.2  Non‑Metallurgical Applications

Steel slag usage for non-metallurgical applications covers a 
wide range of recycling outside the iron-steelmaking indus-
tries. The various potential applications concerned with steel 
slag in terms of its chemical and physical properties are dis-
cussed in this section. The following applications have been 
established in the non-metallurgical area.

5.2.1  Rail Ballast

The steel slag has been used for railway track beds as bal-
last. The ballasted track has two individual layers of crushed 
stones: the ballast layer and the sub-ballast layer. Ballast 
use is essential for normalizing rail shaft load by spread-
ing large ballast sites and preventing plant growth [66]. 
The researchers have compared the slag-based ballast with 
standard ballast (granite ballast, limestone ballast) and found 
that the slag-based ballast has higher shear strength [67], 
lower deformation [68], better track stiffness, good stabil-
ity, greater strength, and excellent durability than standard/

conventional ballast [69]. Since steel slags are abundant, 
using slag as rail ballast may help decrease the price, 
maintain cost, and reduce environmental impact, and it is 
undoubtedly an alternative to natural aggregate. Figure 15 
illustrates a process flow chart for reusing steel slag as a rail 
ballast [70]. According to Indian Standard, the information 
about rail ballast quality and protocols is given in Table 3.

5.2.2  Road Construction

A large volume of industrial waste, primarily steel slag, is 
used in road construction without compromising the road's 
quality or performance/durability. The presence of steel 
slag in the raw mix helps to enhance hydraulically bound 
mixes with natural aggregates[72], which develops bond-
ing between steel industries slag and natural aggregate and 
produces better working performance in terms of mechani-
cal and physical properties like water absorption, apparent 
and bulk specific gravity and abrasion value(as shown in 
Fig. 16) [73].

Using 100% of the fine and coarse aggregate of steel 
industries wastes is not preferred for hot mixing asphalt, as 
this combination generates a large air voids structure which 
allows air and water to pass through it and weaken the over-
all system causing the bulking and flushing problem. Two 
commercial methods are used for highway research pro-
grams: Marshall mix design and Hveem mix design. The 
process flow charts are shown in Fig. 17. The Marshall mix 
design is the most common because of its simple test steps 
and equipment. However, the Marshall method has some 
limitations with significant parameters. Another way, i.e., the 
Superpave mix design, is usually followed during the Stra-
tegic Highway Research Program using mixed composition.

Different combinations of slag with natural aggregates 
such as slag + dolomite, water + crushed quartz + crushed 
dolomite [74], reinforced with synthetic fiber [75], and 
slag + bottom ash [76] have been used. The primary sample 

Fig. 15  Pretreatment and test required for using steel industries slag 
as a rail ballast material

Table 3  Standard Quality of 
Rail ballast material (in India) 
[71]

Sl. No Classification Unit Criteria Requirement Test Methods

1 Size mm 65,40, 20 –-
2 Aggregate Crushing Value %  > 25 AS 1141.21
3 Aggregate Abrasion Value %  < 30 IS 2386, Part 4 1963
4 Sample Hardness N/mm2  > 20 ASTM D2240
5 Compressive Strength N/mm2  > 80 ASTM C170
6 Absorption % 2 ASTM C127
7 Soundness 5-cycle %  < 7 ASTM C88
8 Bulk specific gravity - 2.90 ASTM 127
9 Impact Value % 20 IS 2386, Part 4 1963
10 Harmful Components %  < 3 ASTM C142

ASTM C123
AASHTO T 189–70

2069Mining, Metallurgy & Exploration (2023) 40:2059–2086



1 3

preparation, testing, and properties for road construction 
related to asphalt binder and a combination of asphalt binder 
and fiber are shown in Fig. 18 [75, 77]. The combination 
of waste slag and natural aggregates has helped to enhance 
fatigue performance. It was also observed that a higher slag 
content with a minimum mixture of dolomite, water, and 
sand decreases the sample's strength [74]. The free lime and 
magnesia in the steel slag lead to volume expansion when it 
comes in contact with water and leads to structural failure 
[75].

Some advantages and disadvantages are shown in Table 4 
for different uses of steel slag and the challenges faced dur-
ing road construction. Hence, using 100% slag for road con-
struction is not considered since the free  Ca2+ and  Mg2+ ions 
have the property of expansion with time. Pure steel slag 
sample also shows swelling when it interacts with water, 
ultimately forming local cracks. The prolonged water treat-
ment helps reduce the slag's free lime and magnesia content 
by up to 68%. Using steel industry slags with furnace bottom 
ash also avoids the volume expansion problem. However, 

the literature has reported that the furnace bottom ash has a 
lower strength value than steel, with more significant iron 
oxides  (Fe2O3/FeO) enhancing the mechanical properties 
[76]. Hence, the bulk use of steel industry slag for road con-
struction is impossible in the current scenario unless treated 
with water.

5.2.3  Landfilling Covering Material (Structural Fill)

Landfills are an alternative approach to reducing gas emis-
sions and leaching processes. It minimizes the interaction of 
steel slag with the environment. Many researchers have scru-
tinized the stability of steel industry slag for a longer time 
and the effect of the aging process [82]. The old slag leached 
under the detection limit [83]. The schematic diagram for a 
basic understanding and its working principle of landfilling 
cover and processing steps are depicted in Fig. 19a, b. Dur-
ing landfilling, the samples are kept in a chamber so the slag 
cannot interact with the environment. However, the leakage 
of the chamber walls is continually monitored using a pH 

Fig. 16  Comparison of different mechanical properties studies 
between steel slag and natural stone aggregate used samples. A-G 
shows the various natural stones used during past studies. A- Granite; 
B- Basalt; C- Limestone; D- Natural Aggregate; E- Crushed Stone; 

F- Dolerite; G- Flint Gravel (a) Bulk specific gravity, b Apparent 
specific gravity, c Water Absorption and (d) Aggregate Soundness 
([70] and reference therein)
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Fig. 17  Flow chart for asphalt mix design (a) Marshall Mix Design, b Hveem Mix Design, and c Superpave Mix Design

Fig. 18  Flowchart for sample 
preparation steps and testing 
procedure for road construction
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monitoring system. It is suggested that combining EAF slag 
with LF slag can replace a large amount of construction 
material for landfill cover material [84]. More research is 
necessary for this domain to explore the optimum factors 
further to enhance the utilization of steel slags.

5.2.4  Acid Mine Drainage (AMD) Neutralizer

Acid mine drainage (AMD) is the formation and move-
ment of highly acidic (pH < 5) water rich in metals. It forms 
through the chemical reaction of water (rainwater) with 
rocks containing sulfur-bearing minerals. Untreated AMD 
significantly decreases the pH value of the soil and water 
resources. It destroys the surrounding plantation and aquatic 
life in the vicinity. The oxidation reaction during AMD for-
mation is shown in Fig. 20a [85]. The technologies to use 
alkaline wastes to minimize the toxic nature of AMD are 
well-established and widely adopted in many countries [86].

The steel slag with pH > 9 acts as a leaching bed for 
AMD, in which the slag helps add alkalinity to the AMD 
system and neutralizes its acidic effect [87]. An experimental 

test concludes that steel industry slag can have the potential 
to leach for up to 9 months; after this period, the efficiency 
of the leaching process get decreases drastically [86]. Apart 
from its neutralizing property, steel slag has been extensively 
studied to remove hazardous material from the AMD [88]. 
Steel slag as an adsorbent efficiently removes the cations 
 (Cu+2 and  Cd+2) and anions  (SO4

2−,  PO4
2−) pollutants from 

the AMD (Fig. 20b). The mechanism of removal is based on 
the formation of Ca(OH)2 &  CaSO4, which acts as adsorbent 
to these pollutants. The SEM characterization of the steel 
slag after the intersection with the AMD is shown in Fig. 20c 
[89, 90]. The CaO/Ca(OH)2 in steel slag reacts with sulfate 
forming a sheet or rod-type structure identified as gypsum 
(Fig. 20c). The resulting sludge is useful as a supplemen-
tary cementitious material. Nonetheless, CaO/Ca(OH)2 is a 
neutralizer agent while mixing AMD with steel slag [91].

5.2.5  Glass Ceramics

Ceramic materials have many applications in the chemi-
cal, electric space, and manufacturing industries [92]. The 

Table 4  Importance of steel industries slag used for road construction

Application Advantages Disadvantage

Binder Steel industries' replacement of natural aggregate fraction 
slags at asphalt mix improves the fatigue failure resistance 
[78]

CaO and MgO in steel slag increase volumetric instability in 
asphalt mix [78]

Asphalt Layers The use of steel industries slag with a binder in asphalt mix 
enhance moisture damage resistance [79, 80]

A large amount of steel industry slag used in asphalt mix 
needs a large amount of binder [78]

Mixing the higher amount of steel industry slag makes the 
process economical [79]

Due to the high specific gravity of slag, transportation costs 
get increase [81]

Resultant outcomes Improvement of skid resistance, rutting resistance, and 
fatigue failure resistance by replacing natural aggregate 
with steel industry slag [70]

Free lime or calcium carbonate gets clogs drainage

Fig. 19  A) Standard fabrication 
and monitor steps for landfilling 
covering (b) process flow chart 
of the landfilling
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Fig. 20  A) Chemistry behind the neutralizing acidic effects, (b) mechanism of slag reacting with acid mining drainage, and (c) SEM image of 
steel industries slag before and after reacting with acid mining drainage [84]

Fig. 21  Process flow chart of the recycling of the steel slag to fabricate (a) porous ceramic, b glass–ceramic, and (c) foam ceramics
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silica, aluminum, calcium, and magnesium in steel slag 
can add value to ceramic fabrication like porous ceram-
ics [93], glass–ceramic [94], and foam glass–ceramics 
(Table 1) [95]. A different way to fabricate various ceramic 
materials from the steel slag is discussed in Fig. 21. A 
range of properties like porosity, compressive strength, 
thermal conductivity, and many more, with the help of 
other ceramic fabrication techniques.

For instance, glass ceramic is usually used for deco-
rating materials of buildings like floor tiles, floor cover-
ing, and wall construction [96]. It is fabricated using two 
primary methods, sintering, and melting, as shown in 
Fig. 21a. The process requires a low temperature with suf-
ficient applied pressure [97] often resulting in unavoidable 
breakage during fabrication. The steel slag generally has 
primary crystalline phases, which can be seen in the ter-
nary phase diagram shown in Fig. 21b. These crystalline 
phases tend to enhance the property of the glass–ceramic 
[98]. Using steel slag improves physical properties like 
low water absorption, high corrosion resistance, and bend-
ing strength energy [99]. The literature has mentioned that 
more than 30% of CaO and 10% of MgO has provided 
a low bending strength to the final product [100]. The 
ceramic obtained from steel slag is denser and acquires 
better physical and mechanical properties up to crystalline 
temperature. However, the ceramic porosity gets increased, 
and the mechanical properties get reduced when the opera-
tion temperature crossed the crystalline temperature of the 
material (as shown in Fig. 21(c)) [97]

Therefore, using steel slag for fabricating porous ceramics 
is cost-effective and performs excellently since it contains 
various crystal phases suitable for different ceramics produc-
tion [101].

5.2.6  Concrete (As an Aggregate)

Using steel slag as aggregate depends on the factors like 
aggregate sizes, aggregate properties, curing temperature, 
and bonding with the cement paste [66]. The process flow 
charts to use the natural aggregate and the slag aggregate 
in concrete are compared and shown in Figs. 22, 23a and b. 
The general approach for natural and steel industries slag has 
the same production steps. Interestingly, it is found that the 
steel industry slag gives rise to better properties than natural 
aggregate for the same cement content during concrete pro-
duction. A comparison of natural aggregate and EAF/BOF 
slag is shown in Fig. 23c [102].

The majority of the research approaches involving BOF 
slag, EAF, LF, and AOD slag report an improvement in the 
concrete properties [103, 104] and EAF [105–107] Only a 
few studies saw a negative impact or no improvement in 
their experimental study [108]. The comparison of various 
mechanical properties between natural aggregate and steel 
industries slag as an aggregate is shown in Fig. 24(a–c).

Apart from the slag types, the mixing ratio, slag size, and 
curing temperature are essential parameters to improve the 
mechanical properties of the concrete sample. Compressive 
strength and bulk density have contrasting effects. The void 

Fig. 22  A) The process flow chart of the glass–ceramic using steel 
industries slag by melting method and sintering method, (b) ternary 
phase diagram of steel slag (CaO-MgO-Al2O3-SiO2) at 10 wt % 

 Al2O3 [94], and (c) the SEM image of glass–ceramic obtained at dif-
ferent temperatures [94]
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Fig. 23  Concrete production flowchart for (a) natural aggregates, (b) steel industries slag, and (c) comparison of mechanical properties of con-
crete with natural aggregate (REF) with EAF and BOF slag [63, 100]

Fig. 24  Comparison of various mechanical properties of natural 
aggregate for concrete and use of steel industries slag for concrete (a) 
compressive strength, b flexural Strength, c split tensile strength, and 

(d) comparison of mechanical properties for natural aggregate and 
different steel industries slags [63]
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volume in the concrete decreases with the increase in its 
bulk density, as shown in Fig. 25(b). Besides, the compres-
sive strength gets reduced with the decrease in the size of 
the slag material. Nonetheless, the impact of size on the 
mechanical properties is prominent because of slag particle 
size ~ 100 mm (as shown in Fig. 25c). Thus, removing the 
finer fraction of the steel slag aggregate is advisable before 
subjecting it to concrete admixture to obtain better mechani-
cal properties. The curing time and curing temperature show 
analogous impacts on the compressive strength, as shown in 
Fig. 25(d) [66]

5.2.7  Cement

Steel slags have been used as a cement ingredient in many 
countries over the last two decades. The studies have claimed 
that the raw materials’ hydraulic properties (ability to absorb 
water) are essential to use as a cementitious material. The 
raw material with higher alkalinity is assumed to be rich in 
hydraulic properties and considered a suitable cementitious 

material [108]. Here, it is noteworthy that the LF slag is 
the most alkaline in nature, followed by EAF and BOF slag 
(Table 1).

The slag from various steel industries contains the dical-
cium silicate  (C2S) and tricalcium silicate  (C3S) phases. The 
presence of di and tricalcium silicate reduces the activation 
factor of steel slag compared to available cement clinker; the 
reason is ascribed to the crystal size and less porous structure 
formed due to high-temperature operation [109]. Apart from 
the alkalinity, the slag's cooling technique also contributes 
to the reactivity of the available phases of slags, as shown 
in Fig. 26 [110]. Free-CaO and -MgO in slag show hydrau-
lic nature when used with cement, improving the cement 
products' mechanical behaviors [111]. Some mineral phases 
are shown in Fig. 27. The presence of the  C2S γ − phase in 
slag makes it non-hydraulic in nature [114], which restricts 
the binding properties of materials. The presence of the 
RO phase (solid solution of CaO-FeO-MnO-MgO) limits 
the hydration process and performs unfavorable mechani-
cal properties. However, the RO phase helps to create an 

Fig. 25  Relationship of steel industries slags used with different parameters (a) compressive strength, b Volume of Permeable void, c relation 
between sample size and compressive strength, and (d) relation between curing temperature with compressive strength and curing time
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interface bridge between available phase particles and the 
availability of C-S–H gel in hydrated cement. The presence 
of free  Ca2+ and  Mg2+ ions or  CaCO3 also negatively affects 
soundness, swelling, expansion, and shrinkage. Steel slag 

can be used as an alkaline binder instend of cement supple-
mentary material every time. Due to the above reason, direct 
uses of steel slag in the blended cement have not been rec-
ommended. Among the BOF slag, EAF slag and LF slags, 

Fig. 26  The effect of the mineral phase when the different cooling technique is used to cool molten steel industries slag (a) Original, b water 
granulation, c Water splashing, d Air cooling, e controlled furnace cooling [106]

Fig. 27  SEM images confirm 
the presence of various mineral 
phases when slag is used as 
cement [110–113]
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the LF slag and BOF slag were found better than EAF slag 
in terms of the resulting mechanical properties [111].

5.2.8  CO2 Sequestration

Carbon dioxide  (CO2) emission is one of the biggest envi-
ronmental problems the world is facing. The primary 
 CO2 emission from the steel industries is about 3–4% of 
worldwide emissions [115]. Lately, steel slag is a good 
 CO2 absorption material, rich in calcium and magnesium, 
with basicity always > 1 [116]. So far, two different direct 
carbonization processes, (i) solid–gas carbonization and 
(ii) liquid–gas carbonization, have been studied. Working 
flow charts of those methods are depicted in Fig. 28a. Dry 
carbonation (also known as solid–gas carbonation) is one 
of the direct types of dry carbonation techniques available 
for  CO2 absorption. In this process,  CO2 gas flows through 
alkaline porous slag at optimized temperature and pressure 
[117]. The schematic diagram of the chemical interaction of 
carbon dioxide and alkaline slag is shown in Fig. 28b. The 
exothermic heat of the process can be further used for elec-
tricity generation. Parameters involved during the solid–gas 
carbonation experimental study are mentioned in Table 5 
with the carbonization efficiency.

On the other hand, the aqueous carbonation (also known 
as liquid–gas carbonation) method is preferably a direct wet 
carbonation technique in which carbon dioxide gets absorbed 
with the help of alkaline waste minerals in the presence of 
an aqueous medium. The carbonate precipitation starts when 
 CO2 dissolves to yield carbonic acid  (H2CO3). The dissocia-
tion of  H2CO3,  H+ ions, and bicarbonate  (HCO−

3) initiate 
the series of reactions where  H+ ions help to emancipate free 
metal ions  (Mg2+ or  Ca2+) from available minerals. Finally, 
bicarbonate ions and metal ions react to form metal carbon-
ates [121], as shown in Fig. 28b. Alternatively, the aque-
ous process can be carried out in two steps: the Ca/Mg ions 
leached out in the first step, then carbon dioxide dissolved 
in the leached solution, leading to carbonate precipitation 
[122]. Table 6 summarizes the studies on the use of steel 
slag for  CO2 sequestration by the aqueous method. Process 
effluent has a pH ̴ 8, which is almost near neutral. A sche-
matic illustration of the indirect aqueous  CO2 sequestration 
in Fig. 29 shows essential steps in the indirect process [123, 
124].

It is apparent from Tables 5 and 6 that the aqueous car-
bonation can absorb more  CO2 per kg slag than the dry car-
bonation process. The following equation calculates the steel 
slag's carbonization degree �Ca(%) [130].

Fig. 28  A) Flow chart for the 
use of steel industries slag for 
carbon dioxide sequestration by 
various techniques and (b) sche-
matic diagram for carbonation 
process for gas–solid interaction 
and gas–liquid interaction
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where  Catotal is the total calcium content in slag,  MWCa and 
 MWCO2 are the molar mass of calcium, and the molar mass 
of  CO2. However, this equation only works for carboniza-
tion by calcium, negating the effect of magnesium and other 
components. Yadav and Mehra [130] used the thermogravi-
metric analysis (TGA) to measure the carbonization degree 
on the slag sample using Eq. (2) follows between the car-
bonated sample ( ΔmCaCO

3
 ) and the non-carbonation sample 

( mat27oC ). The  CO2 sequestration efficiency was monitored 
by the weight of the slag sample after and before the car-
bonization process.

Equations (1) and (2) signify that solid carbonation 
has a low degree of carbonization compared to aqueous 
carbonation due to carbon dioxide's slow carbonization 
chemical reaction with calcium or magnesium oxide. It is 
reported that the response gets faster if the carbon dioxide 
is converted to bicarbonate. Environmental parameters 
like pressure and temperature significantly affect the car-
bonation process. A scanning electron microscopy study 
showed a significant impact of working temperatures and 
pressure on forming a carbonate layer on slag samples 
[120]. Table 7 summarizes the effect of direct and indirect 
carbonation on the various physicochemical properties of 
slag. Direct carbonation forms calcite and silico-carbonate 
of calcium, whereas indirect carbonate captures the  CO2 
as calcite and aragonite. The porosity and density are also 

(1)�Ca(%) =

CO
2
(wt%)

100−CO
2
(wt%)

×
MWCa(kg∕mol)

MWCO2
(kg∕mol)

Catotal(kg∕kg)

(2)CO
2
(wt%) =

ΔmCaCO
3

mat27oC

× 100

affected by carbonation. The leaching of heavy metals like 
chromium decreases after the direct carbonation of slag.

Table 7 summarizes the direct and indirect carbonation 
study for carbon dioxide sequestration using steel slag.

6  Future Aspects

Furthur developments and improvements in old process for 
holistic utilization of slag requires innovative approaches. 
Besides, a viable process for economically extracting metals 
from slag is much required to save natural resources. How-
ever, the scalability and fit ability of the type of steel slag in 
a particular application is a matter of further research. An 
unexplored area is entails the recent trends for decarbonizing 
the steel making process. The modified steel making pro-
cesses would have slag byproducts with different physico-
chemical properties. It is advisable to be ready beforehand 
with the new compositions of steel slag for conventional and 
newer applications. The suggested techniques need to be 
more innovative and economical so that the utilization rate 
of steel slag can increase and quickly be adopted by indus-
tries. Another metallurgical applications, for instance, the 
lime content in steel slag can be exploited in various metal-
lurgical processes such as binder in the sintering process, as 
a slag conditioner for high alumina slags. Another approach 
could be based on generation of calcium by metallothermic 
reduction of steel slag under vacuum. However in-depth 
theoretical and experimental investigation are necessary to 
understand the fundamentals to establish the processes. The 
basic understanding will help to up scale the process. It is 
also recommended for utilizing the iron recovered from steel 
slag back into the conventional steelmaking process. It can 

Table 5  Carbon dioxide sequestration by solid–gas carbonation of steel slag and fly ash

Material type & compo-
sition (in mass %)

Particle size (mm) Temp. (oC) CO2 Pressure (Bar) Reaction Time Max. Amount Reference

LF Slag 0.00161 350–600 Atmospheric 1 h 159.4 kg/t of slag [117]
CaO – 39.68
MgO – 10.05
Fly ash  < 1 mm 30 2–10 bar 0.5-4 h 26.33 g/kg of ash [118]
CaO-6.74
MgO-2.22
Fly ash  < 0.2 45 15 135 min 180 kg/t slag [119]
CaO-31.95
MgO-2.22
Fly ash N/A 160 6 60 min 117.kg/t [120]
CaO-31.95
MgO-2.22
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Table 6  Carbon dioxide sequestration by liquid–gas carbonation (Aqueous carbonation) of steel slag

Material type & 
composition (in 
mass %)

Particle size 
(mm)

Temp (oC) CO2 Pressure 
(Bar)

Stirring rpm L/S ratio (L/Kg) Reaction Time Max  CO2 g/kg 
of slag

Ref

BOF 0.038–2 25–225 1–30 500 5–20 2–30 min 250 [116]
CaO- 31.7
MgO- 6.0
EAF  < 0.150 27 1 500 10 1–72 h 200 [125]
CaO- 32.8
MgO- 10.0
LF  < 0.150 27 1 500 10 1–72 h 420 [125]
CaO- 58.1
MgO- 6.20
EAF  < 0.425 30–50 1–10 - 0–0.6 0.5-24 h 180 [126]
Ca-352 g/kg
Mg-24.6 g/kg
AOD  < 0.425 30–50 1–10 - 0–0.6 0.5-24 h 300 [126]
Ca-403.3 g/kg
Mg-14.3 g/kg
Fly ash  < 0.048 70 1 - 10 240 min 250 [126]
CaO- 31.86
MgO- 5.23
BOF  < 0.048 70 1 - 10 240 min 286 [127]
CaO- 51.11
MgO- 4.17
Fly ash  < 0.044 160 48.2, 89.6 - 10 1–12 h 37.5 [128]
CaO- 31.86
MgO- 5.23
EAF 0.14–0.33 100 10 - 0.3–5 24 h 280 [129]
CaO- 49.3
MgO- 4.1
BOF 0.14–0.33 100 10 - 0.3–5 24 h 403 [129]
CaO- 29.9
MgO- 6.3
EAF 0.025–0.075 25;90 1 700 30 2–30 min 24.3 g [130]
CaO- 34.2
MgO- 6.33
LF 0.025–0.075 25;90 1 700 30 2–30 min 24.3 g [130]
CaO- 45.76
MgO- 6.026
BOF 0.025 25 30 250–750 20 60 min 284 g [131]
CaO- 36.72
MgO- 4.50
BOF 0.021–0.033 50 1.3–10 - 10 0.15–4 h 21% by mass of 

BOF
[132]

CaO- 51.0
MgO- 3.5
EAF 0.021–0.033 50 1.3–10 - 10 0.15–4 h 12% by mass of 

EAF
[132]

CaO- 45
MgO- 12
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be done by subsequent refining by EAF route to make alloy 
steel.

In order to ensure maximum utilization, newer non-
metallurgical niche area applications like flame retardants, 
screed uses, and carbon-slag composites must be tried. Pro-
cess innovation for bulk utilization is critical for futuristic 
technology development. Most studies focus on making con-
struction materials such as concrete, cementitious, and road 
construction. So far, steel slag could replace about 15% of 
construction material due to the deleterious effect of iron 
on strength and durability when it comes in contact with 
water and oxygen. Recently, Tata Steel, India has launched 
a product called “Tata Agreto,” a BOF slag-based material 
to replace aggregates for road making. It is believed to con-
serve about 16,500 tonnes of natural aggregates for every 
kilometer of road. Such an innovative approach is the need 
of the hour to put the so-called waste slag back into the 
circular economy.

The process developed must have the potential to 
integrate with existing plants. The resulting slag may 
find application in a variety of sectors. For instance, a 
study for the carbothermic reduction of BOF slag can 
produce pig iron and modified slag for subsequent steel 
and cement-making applications. However, a thorough 
thermodynamic investigation and tests on a pilot scale 
are necessary for acceptance by the industry. A hot stage 
slag modification on a tonnage scale needs to be tested 
in industrial EAF for subsequent in-plant integration 
where the slag from the BOF can be directly received in 
an EAF for necessary modification like removal of iron 
and phosphorus. Besides, other applications like refrac-
tory materials, radiation shield materials, 3D printing 
materials, and heat transfer applications, which have not 
been much explored till now, must be attempted to con-
serve the natural resource and minimize environmental 
alteration.

Fig. 29  Schematic diagram for 
indirect carbonation experiment 
with various essential parame-
ters used during carbon dioxide 
sequestration

Table 7  Differences observed in steel industry’s slag during direct and indirect carbonation [133]

Process Property Outcomes

Direct Carbonation Density Get decreased from 3.56 to 2.47 g/m3

Particle Size Slag particles get coarser due to agglomeration of carbonates on surface
Porosity Decreases due to calcite formation the surface
Mineralogy Formation of  CaCO3,  Ca5(SiO4)2CO3

Leaching Cr heavy metal leaching gets reduced
Indirect Carbonation Particle size Spherical agglomeration take place on slag particles up to 20 microns thick

Particle shape Needle and plate-like structure at ~ 90 °C
Cube structure of calcite

Mineralogy Introduction of calcite at 40–80 °C
Introduction of aragonite at ~ 90 °C on the slag surface
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Hence, further research focusing on a sustainable solu-
tion to the holistic utilization of steel slag is essential in the 
circular economy. Extensive upscale tests, particularly field 
trials, must be attempted to achieve a higher Technology 
Readiness Level. Moreover, the recommended solution aris-
ing from this research should be scalable and integrated with 
the current industrial setup. In addition, the environmental 
impact and ecological benefits of recycling steel slag must 
be continually discussed. If the direct use of steel slag has 
a low-economical effect, its long-term environmental and 
ecological impact should also be considered.

7  Conclusions

Steel slag is a by-product of various steel manufacturing 
steps. The authors in this study have reviewed the generation 
volume, chemical/physical characteristics of the steel slag, 
and all the recycling processes. The environmental concerns 
in the unscientific dumping of slags have also been reviewed. 
It was revealed that the average generation of slags in BOF, 
EAF, and LF processes was 110 kg, 70 kg, and 40 kg per 
tonne of steel, respectively. Approximately 70% of steel 
slag produces through the BOF process, whereas it is nearly 
28.8% through the EAF process and around 0.4% from the 
secondary refining in LF. The actual use of these slags is 
meager, in the range of 10–15%, in a helpful manner. The 
steel slags contained large amounts of valuable metals, such 
as Fe, Si, etc., and toxic elements, such as Cr, Ni, V, and Zn.

Thus, the slag must be further recycled and refined 
towards environmentally friendly resource recovery. Sug-
gested methods for metallurgical recycling comprised 
recovery of Fe values by mechanical, hydrometallurgical, 
or pyrometallurgical methods. The mechanical methods are 
based on crushing-grinding-magnetic separation unit opera-
tions. A low magnetic intensity (hand-magnet) could achieve 
more than 95% recovery for sample sizes greater than 4 mm, 
whereas a high magnet with 1 T intensity was sufficient to 
recover 95% metal values from a size less than 0.3 mm. Acid 
or alkali leaching followed by solvent extraction works well 
to recover elements like V and Cr. However, the recovery 
of these elements remains very low and consumes a large 
quantity of reagents. Pyrometallurgical steel slag process-
ing by roasting/smelting effectively recovers the iron value. 
BOF slag was successfully used in iron ore pellet and sinter, 
supplying necessary CaO for binding. Direct use of slag in 
non-metallurgical applications such as rail ballast, aggregate 
in road construction and concrete, landfill covering material, 
neutralizing agent for acid mine drainage, and raw material 
for glass ceramics and cement manufacturing has been dem-
onstrated. The presence of iron in the steel slag is a limiting 
factor to achieving desirable properties in many applications. 
For instance, it affects the strength of the structure when slag 

is used as construction material. The modified slag obtained 
after the recovery of iron finds subsequent use in other non-
metallurgical applications. Being rich in CaO and MgO, the 
steel slags have been a successful candidate for  CO2 seques-
tration, preferably by a wet method where an acidic solution 
leaches  Ca2+ and  Mg2+, and  CO2 is captured as correspond-
ing carbonates/bicarbonates. Despite evident progress in this 
field, some technical and environmental challenges/problems 
still exist. Therefore, improving the recycling efficiency and 
removal/immobilization of harmful elements to address 
environmental concerns is necessary. Thus, improved pro-
cesses for the metallurgical and non-metallurgical recycling 
and modification of steel slags for high recycling and energy 
efficiency and minimum secondary environmental pollution 
should be the focus of the research and development trend 
in this area.
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