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Abstract: As a by-product of the iron and steel industry, steel slag is rich in catalytically active

substances and can therefore be used as a solid catalyst. Many studies have shown that the application

potential of steel slag in catalysis is huge, which provides new development space for its application,

thereby increasing its additional utilization value. This article primarily reviews the research progress

in catalytic fields such as catalytic pyrolysis, organic degradation, electrocatalysis, photocatalysis,

transesterification, and carbon capture and storage, as well as the modification methods of steel

slag. The catalytic performance of the modified steel slag has been further improved, and it has the

meaningful characteristics of high efficiency, cleanliness, and low costs.

Keywords: steel slag; modification; catalysis; hazardous solid waste; additional utilization value

1. Introduction

In 2019, the world’s crude steel production was 2.196 billion tons [1]. According to
the main smelting process, steel slag can be divided into basic oxygen furnace (BOF) slag
(also known as converter slag) and electric furnace (EAF) slag [2]. The molten steel slag
produced from the steelmaking furnace goes through different means of processing, such
as hot steel slag splashing after crushing screening-magnetic separation process technology,
fever steel slag treatment technology, rotary cylinder process technology [3], etc. Steel slag
is a by-product of the steel industry [4]; its production is 15–20% of crude steel production
and cumulative storage exceeds 1.2 billion tons in China [5]. The accumulation of a large
amount of steel slag causes problems such as land occupation, environmental pollution,
and the waste of resources [6]. Although the utilization of steel slag has been continuously
optimized and improved in recent years, the current utilization rate of steel slag in China
is only 22%, which is far behind developed countries such as the United States, Japan,
Germany, and France. The utilization rate of steel slag in these countries is close to 100% [7].
Therefore, there is still a void in terms of development in the resource utilization of steel
slag in China. The differences in steelmaking raw materials and smelting processes result
in different chemical compositions and mineral phase types in steel slag, but most of
its main chemical components are composed of calcium oxide (CaO), magnesium oxide
(MgO), silicon oxide (SiO2), aluminum oxide (Al2O3), ferrous oxide (FeO), ferric oxide
(Fe2O3), manganese oxide (MnO), free calcium oxide (f-CaO), free magnesium oxide (f-
MgO), etc. [8]. Due to the different origins and smelting processes, the percentages of
chemical components are also different, but for most steel slags, CaO, MgO, SiO2, and
FeO/Fe2O3 account for the main part. The chemical composition of certain steel slag is
shown in Table 1 [9]. The main mineral composition of steel slag is dicalcium silicate (C2S),
tricalcium silicate (C3S), dicalcium ferrite (C2F), and solid solution (RO). [10]. Steel slag is
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rich in metal elements, non-metallic elements, and has good structural properties including
porous, high density, high hardness, wear resistance, and high compressive strength; thus,
it has potential for high value-added applications.

Table 1. Chemical composition of steel slag [9].

Type
Chemical Composition (wt%)

CaO MgO Fe2O3/FeO SiO2 Al2O3 MnO SO3 P2O5

Steel slag 40.65 10.88 20.57 10.10 1.70 0.06 0.24 1.04

Currently, steel slag is mainly used in architecture, agriculture, industry, and other
fields. In architecture, steel slag is often used instead of cement to improve the strength
of the mixture due to containing the gel composition in steel slag [11], or used to produce
steel slag bricks [12], concrete aggregates [13], and asphalt mixtures [14]. It is also used for
soil improvement and in chemical fertilizers [15]. In the industrial field, steel slag is not
only recycled by steel mills as a co-solvent to replace limestone, dolomite, and other raw
materials [16], but also it is often used to extract metals [17]. However, the utilization rate
of steel slag in China has not been improved. There may be several reasons: (i) there is a
certain amount of iron particles in the steel slag, which leads to its poor grindability; (ii) the
hydration activity of steel slag is low, especially the early activity because only a few highly
active minerals exist in steel slag [18]; and (iii) the volume stability of steel slag is poor [19]
since the high content of f-CaO and f-MgO leads it to undergo hydration reaction to result
in volume expansion. However, steel slag used in the field of catalysis is not impacted by
the above reasons, and the surplus steel slag will greatly reduce the cost of catalyst raw
materials. In recent years, through the research and exploration of steel slag in catalysis, it
has been found that the application of steel slag in catalysis has great potential—especially
after the modification of steel slag, the catalytic performance is greatly improved. Therefore,
it is feasible to use modified steel slag as a catalyst in terms of both catalytic efficiency and
cost, and it also provides a new way to utilize steel slag. Similarly, studies and exploration
in this area have been carried out in other countries. Lee et al. [20] used steel slag from a
Korean steel plant as a catalyst to enhance the homogenous reaction kinetics of CO2 on
pig manure pyrolysis. When steel slag is used as a catalyst, the reaction kinetics of CO2 to
pig manure was as high as 80%. Matthaiou et al. [21] used steel slag from a steel plant in
northern Spain as raw material and obtained a series of iron-containing catalysts by acid
modification, which were used to catalyze sodium persulfate to produce active substance
to remove propylparaben, and achieved an 80% removal rate. Therefore, the study of
steel slag as a catalyst is not only suitable for China, but also feasible in many countries
in the world. At the same time, it provides guidance for the recycling and utilization of
metallurgical solid waste in China and other countries around the world.

2. Feasibility Analysis of Steel Slag as Catalyst

Steel slag contains many metal species that could initiate catalysis, so it can be used
as a catalyst to enhance reaction kinetics. When steel slag is treated by acid modification,
high-temperature activation modification, composite modification, etc., on the one hand,
the content of catalytically active substances in the modified steel slag increases to improve
its catalytic performance; on the other hand, the specific surface area of the steel slag
increases, which leads the catalytic active sites to increase to improve catalytic performance.
It also exhibits highly developed mesoporosity, which is necessary to promote the entry of
reactants into the internal catalytic surface [22]. Therefore, as a kind of solid waste, steel
slag has great catalytic advantages because of its large reserves, strong plasticity, high
efficiency, low cost, and good availability. It had great potential for application in catalysis.
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3. Modification Method of Steel Slag

3.1. Acid Modification

Steel slag contains many alkaline oxides. When in contact with the acid solution,
chemical reactions occur, and soluble salts enter the solution, which changes its structure,
increases its specific surface area and pore size, enlarges the contact surface between the
steel slag and the reactant, and improves the catalytic performance. However, we should
pay attention to the acid concentration during the modification process—too strong an acid
solution may lead to a fragile and unstable surface structure of steel slag [23]. Commonly
used acid modifiers are hydrochloric acid, sulfuric acid, and some weak acids, such as
formic acid and oxalic acid [24–26].

3.2. Alkali Modification

Most of the substances in steel slag are metallic oxides, in which the content of CaO is
about 20–30%, and a large amount of CaO inhibits the nucleation of the crystal phase [27].
When an alkali modifier is added, Ca(OH)2 insoluble or slightly soluble substances are
generated. Due to a large amount of CaO removal, the specific surface area, the pore size of
the steel slag, the percentage of other effective catalytic substances, and the catalytic active
sites increase [22]. Therefore, the catalytic performance of alkali-modified steel slag in some
catalytic applications is better than that of acid modification. Similarly, too high alkaline
solution concentration will destroy the pore structure of steel slag, so it is necessary to pay
attention to alkali concentration during the modification process [23]. Commonly used
alkali modifiers include NaOH and others [28,29].

3.3. High Temperature Activation Modification

High temperature activation modification is a method of heating steel slag under a
certain high temperature condition. Normally, an endothermic reaction occurs during
high-temperature treatment. High temperature is conducive to the decomposition of active
components, thereby generating more fine and catalytically active transition metal oxide
grains [30], resulting in the crystal structure of slag changing and the surface of steel slag
being destroyed. The smoothness is destroyed, the surface becomes rough and shows
various irregular grooves and large loose structures, which is more conducive to the contact
between the reactant and the steel slag, thereby improving the catalytic activity of the
steel slag.

3.4. Compound Modification

Composite modification is a method in which one or several materials are mixed with
steel slag in a certain proportion and then subjected to high-temperature calcination or
other modification treatments. The method, commonly used in the production of composite
modified electrodes slag particles, produces organic material for an electrical solution with
higher catalytic performance and low-cost characteristics [31,32].

3.5. Physical Modification

The physical modification of steel slag mainly refers to the method of mechanical
activation to grind steel slag to reduce its the average particle size. Grinding steel slag
produces lattice distortion and local damage, along with various defects, which increase
its specific surface area and result in catalytic active sites increasing to improve reaction
activity. Due to the poor grindability of steel slag [33], two factors (cost and particle size)
must be considered when grinding. Thus, physical modification method is usually used as
the first step in steel slag modification.

4. Modified Steel Slag as Catalysts

4.1. Catalytic Pyrolysis

In the process of catalytic pyrolysis, the practical application of bio-oil is limited due
to its disadvantages such as high oxygen content, low calorific value, high acidity, high
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thermal instability, and so on [34]. In order to make the properties of bio-oil closer to fossil
fuel to a greater extent, it is necessary to improve the quality of bio-oil. Catalytic cracking
is considered to be a more effective method [35], so it is very important to find a suitable
catalyst. Metal oxides and non-metal oxides are also commonly used in the catalytic
upgrading of bio-oil. For example, Lin et al. [36] carried out catalytic pyrolysis experiments
on wood-polypropylene composites using oxides such as CaO, Fe2O3, and MgO. CaO,
due to its strong alkalinity, can effectively remove the oxygen content in the produced
oil. At the same time, it can reduce the acid compounds in the pyrolysis products and
increased the content of cyclopentanone and olefin. It was reported in [37] that the catalytic
performance of Fe2O3 and MgO is weaker than that of CaO, but MgO has strong chain-
breaking activity, and the increase in olefin is obvious. Fe2O3 can promote the generation
of aromatic hydrocarbons. In short, these three oxides can reduce the oxygen content of
bio-oil and improve its quality. Oxides such as Al2O3, CaO, MgO, CuO, and Fe2O3 were
selected for catalytic pyrolysis experiments in [38]. Due to more decarboxylation or less
dehydration, CaO and Al2O3 have the best performance when considering the yield and
deoxygenation of bio-oil comprehensively. When considering the mass, water content, and
pH value of bio-oil, CaO shows the best performance in the balance of the three conditions.
The oxygen in bio-oil is mainly removed by CO and CO2 through the reaction with oxides,
so the amount of gas in catalytic pyrolysis is increased, and these bio-syngases can also be
used as gas fuel. Therefore, through the catalysis of these oxides, not only can the quality
of bio-oil be improved, but also the gas fuel content can be increased. It can be seen from
Table 1 that the main components of steel slag contain these oxides. As long as we remove
the active components through some simple modification methods and increase the contact
between the pyrolysis products and the active components, the steel slag can show good
catalytic performance to the maximum extent. The following will introduce some research
achievements in the catalytic pyrolysis of modified steel slag in recent years.

Guo et al. [39] used modified steel slag as a catalyst to improve gas production
efficiency and the conversion rate of tar when studying the properties of pyrolysis and tar
cracking and reforming of materials. For the research, after the steel slag calcined at 900
◦C, relatively stable Fe2O3 and MgFe2O4 crystals formed on the surface of the steel slag to
produce a loose porous structure, which was conducive to the contact between the active
components in the steel slag and the reactants to improve the catalytic activity of the steel
slag. The reduced gas generated in the process of biomass pyrolysis reduced the Fe2O3

in the steel slag to low-valent iron. When the catalytic performance of the steel slag was
further improved, the conversion rate of tar and the efficiency of synthesis gas increased
accordingly with the maximum conversion rate of 94.1% for tar obtained. Steel slag was
effective in long-term applications as a catalyst in the removal of biomass tar. This not
only recycled the steel slag, but also improved the efficiency of biomass pyrolysis and tar
cracking and reforming, and avoided secondary pollution caused by the production of tar
in the process of biomass pyrolysis.

Guo et al. [40] added a small amount of nickel (0–10 wt%) in the slag, then calcined
it at 900 ◦C to prepare nickel-modified steel slag to catalyze pine sawdust native biomass
pyrolysis tar; the specific modification process is shown in Figure 1. The calcined steel
slag was mainly composed of Fe2O3 and MgFe2O4. Granular NiO particles formed on the
surface of the nickel-modified steel slag and were highly dispersed, resulting in a porous
structure of the catalyst. Studies showed that the modified steel slag exhibited good activity
in converting biomass primary tar into synthesis gas (mainly include CO, H2, CH4, etc.).
Within a certain loading range, with the increasing of the loading of nickel, the synthesis
gas yield increased significantly. The reduced gas in the synthesis gas, in turn, reduced
the iron and nickel oxides in the steel slag into low-valent iron and nickel, and new active
centers were formed by the low-valent iron and nickel. Additionally, the surface of the
nickel-supported steel slag owned the stable porous structure, which enabled the steel
slag-supported catalyst to be repeatedly used in the reforming process of biomass tar.
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Figure 1. Nickel-modified steel slag catalysts to catalyze pine sawdust native biomass pyrolysis tar.

Kabir et al. [41] used steel slag-derived zeolite (FAU-SL) to catalyze the pyrolysis of oil
palm mesocarp fiber (OPMF). They used electric arc furnace slag (EAFS) as the precursor
for the synthesis of the target catalyst. EAFS after grinding, sieving, and H2SO4 solution
mixture was stirred separately, then through the heating and cooling the referred FAU-SL
zeolite catalyst was obtained. The modification flowchart is shown in the Figure 2. Studies
showed that the bio-oil yield of OPMF catalytic pyrolysis reached the highest 47 wt% at
550 ◦C. At the same time, the addition of the catalyst changed the organic composition
of bio-oil, the relative content of oxygen-containing organics decreased, and the aromatic
organics increased, which improved the quality of bio-oil. Compared with other common
zeolites, the FAU-SL catalyst had higher efficiency and better catalytic performance.

Figure 2. FAU-SL catalyst modification for pyrolysis of peel fiber.

4.2. Organic Matter Degradation

Studies have shown that the presence of the element Fe in steel slag can produce Fenton
or Fenton-like reactions in the degradation process of organic matter, thus improving the
degradation of organic matter [42]; moreover, the presence of iron made the steel slag
particles present magnetic properties [43], and thus it had a good recycling performance.

Cheng et al. [44] studied the modified slag as a Fenton-like catalyst to treat alachlor
wastewater. Due to the dissolution of calcium minerals in the steel slag, the pH of the
solution rapidly increased to about 10, and the Fenton-like reactions had low reaction
efficiency under high pH conditions [45]. To eliminate this effect, they modified the steel
converter slag (SCS) with salicylic acid-methanol (SAM); the specific process of modification
is shown in Figure 3. The results show that iron oxides in steel slag can be dissociated
into Fe2+ after SAM treatment. Fe2+ and H2O2 react to generate hydroxyl radical (·OH),
and then oxidize and degrade organic pollutants. Secondly, after steel slag is treated with
acid, a large number of calcium minerals can be removed to prevent the steel slag from
dissolving alkaline substances in the catalytic process, which increases the pH and leads to
the precipitation of Fe2+. SAM solution could selectively remove calcium silicate minerals
on the surface of steel slag, and according to the degradation experiment data, it can be
concluded the catalytic ability of the modified steel slag in the Fenton-like reaction is higher
than that of the unmodified steel slag. Further research showed that the prepared SAM
modified steel slag catalyst had high recyclability and can be reused four times without
significant loss of activity. The steel slag modified by the SAM Fenton-like reaction system
had the characteristics of low cost and high catalytic performance, and may be an important
technology for large-scale practical application.



Appl. Sci. 2021, 11, 4539 6 of 18

 
Figure 3. SAM-SCS catalyst modification.

Cheng et al. prepared a new type of catalyst through acid modification treatment
of steel slag, and studied its degradation rate of sulfamethazine (SMZ) in a Fenton-like
system [26]. In this study, a new type of Fe/Co composite catalyst was synthesized through
the modification of SCS by SAM and cobalt nitrate Co(NO3)2. The modification flowchart is
shown in Figure 4. Given the above discussion, it is known that through acid modification,
steel slag’s catalytic efficiency has been greatly improved. After the addition of Co2+,
Co2+ can also carry out Fenton-like reactions under neutral conditions, which can further
break through the constraining conditions of pH. The results showed that with a Co-SAM-
SCS/H2O2 Fenton-like system with a wide pH range, the SMZ degradation was very
effective. In the initial pH value of 7, the SMZ degradation rate in the Co-SAM-SCS/H2O2

system was 16.21 times that of the unmodified SCS/H2O2 system in the SMZ degradation
rate. The high surface area and synergy of Co-SAM-SCS from Co and Fe introduced in the
sample contribute to good stability and reusability of catalyst. Additionally, Co-SAM-SCS
had low iron and cobalt leaching. All of this showed that this modified method was
effective and reasonable.

 

Figure 4. Co-SAM-SCS catalyst modification for SMZ degradation.

Yoon et al. [46] prepared a new catalyst with magnetically separable steel slag (MSS)
as a carrier on the premise that there were magnetic substances in steel slag that can remove
para-nitrophenol (p-Np) in wastewater. MSS was prepared by the grinding, separation,
impregnation, and calcination of steel slag. After five magnetic separations of MSS, a
Cu loaded catalyst Cu@MSS was prepared by wet impregnation method. The soluble
calcium oxide on the surface of MSS reacts with water to form precipitate through magnetic
separation, which continuously accumulates and removes calcium hydroxide (which is a
known catalytic P-NP reduction inhibitor) [47]. The loaded Cu particles are changed into
reducing Cu(0) in NaBH4 solution, and then p-NP is reduced. However, Fe(0) and Fe(II) in
steel slag can transfer electrons to Cu particles, thus enhancing the activation of Cu particles.
The Fe content of the modified steel slag significantly increased, and the content of Ca
(catalytic inhibitor) relatively reduced. Studies showed that Fe and supported Cu particles
play a role in assisting each other in catalysis; the removal power of p-Np was enhanced,
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so it had good catalytic performance. Through repeated recycling experiments, it can be
known that the Cu@MSS catalyst had good reusability and good stability, which showed
that MSS had good potential as a support material for the synthesis of new metal catalysts
and can be applied in the field of environmental governance and wastewater treatment.

4.3. Electrocatalysis

Electrochemical oxidation is an important advanced oxidation technology (AOT) that
had been successfully used in many fields [48], but conventional AOTs were not very
efficient. Therefore, it was necessary to find more suitable electrode materials and new
technical means. Steel slag contains a variety of metal oxides and non-metal oxides, such
as CaO, Fe2O3, Al2O3, and SiO2 [49]. Considering the composition and characteristics
of steel slag, it was feasible and cost-effective to prepare particle electrodes from steel
slag. Combined with the three-dimensional electrode oxidation reactor, some studies in
recent years found that this was feasible and had good application prospects. The reaction
mechanism of electrocatalysis is as follows: when the electrode is energized, H2O2 will
be generated, and the active component in the catalyst reacts with H2O2 to produce ·OH,
which then degrades the pollutants [50].

Wang et al. [43] ground the clean steel slag into powder, mixed it with clay and a pore-
forming agent, and then rolled the mixture into particles with a diameter of 3–5 mm. The
particles were heated in a tube furnace at 1050 ◦C to obtain a particle electrode, as shown
in Figure 5, which was used in the research of advanced treatment of oil field wastewater.
Studies showed that the electrochemical reactor with magnetic steel slag particles as the
particle electrode can remove more than 85% of the total organic carbon within 2 h, which
was considered to be effective, and had high reusability and better performance in practical
applications. Wang et al. [51] prepared a steel slag particle electrode after heating mixed
particles of steel slag in a tube furnace at 1050 ◦C for 30 min, and studied the use of
modified steel slag particle electrodes for electrocatalytic degradation of rhodamine B
(RhB). In the catalytic process, Fe2+ played a major role in the steel slag electrodes. Fe2+

and H2O2 oxidize to produce the active substance ·OH, and then degrade RhB. In the
process of degradation, air can be passed to ensure the content of H2O2. These new particle
electrodes showed excellent catalytic activity in the degradation of RHB compared with
ceramic particles of other electrode materials. Within 60 min, the degradation rate of RHB
reached an astonishing 82.4% under ventilation and 65.45% without air. The electrode
particles exhibited a very satisfactory cycle performance.

− − −

Figure 5. Steel slag particle electrode catalyst modification process.

The materials commonly used to prepare particle electrodes are activated carbon
particles, ceramic filter materials, and zeolite [52]. The specific surface area and pore
structure of zeolite enabled it to absorb electrolytes and electrochemical reaction species [53].
However, the conductivity of zeolite is poor, leading to high energy consumption, which
hindered the application of electrochemical systems [54]. Zeolite had a certain degree
of adhesion [55]; therefore, a mixture of steel slag and zeolite can prepare a particle
electrode with excellent performance, good electrical conductivity, and low cost. Zhang
et al. [32] used a particle electrode made of modified steel slag in a three-dimensional
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electrocatalytic system for RhB degradation. They mixed steel slag powder, zeolite powder,
and Sn/Mn of the active ingredient in a certain proportion into a spherical shape, and
sintered it in a muffle furnace at 1190 ◦C to obtain Sn/Mn loaded zeolite particles steel slag
electrodes. The modification flowchart is shown in Figure 6. With the addition of ZnO and
MnO2, the catalytic activity of the particle electrode significantly improved, and stronger
and more active substances such as ·OH, ·O2−, ·O− and ·HO2− could be produced. At
the same time, the electrode particles have more active sites and reaction space for the
degradation of RhB by active substances. Catalytic performance will be greatly improved.
The modification flowchart is shown in Figure 6. Results showed that the degradation
rate in the catalytic system reached 95.0%. It showed that the catalytic performance of
the Sn/Mn-supported steel slag zeolite particle electrode was relatively efficient, and
the preparation of the electrode was simple and cheap. Steel slag had great application
potential in electrocatalytic systems, and provided an opportunity for the using of solid
waste to treat refractory organic matter.

− − −

Figure 6. Preparation method of Sn/Mn loaded steel slag zeolite particle electrode.

Kaolin had the advantages of a large surface area, high mechanical strength, and
low costs. It can improve the stability of the catalytic oxidation reaction. Combined with
the high catalytic performance of steel slag, a kaolin/steel slag particle electrode can be
developed. Wang et al. [31] used kaolin and steel slag as raw materials, calcined to prepare
kaolin/steel slag particle electrodes (KSPEs), and the prepared particle electrode was
degraded in a three-dimensional electrolytic cell for wastewater containing norfloxacin
(NOR). First, raw materials and NaHCO3 were mixed in a certain proportion to form
spherical particles with a diameter of 1–3 mm, and then calcined in a muffle furnace
at high temperature for a period of time to obtain KSPEs. The modification process is
shown in Figure 7. KSPEs are polarized by electrostatic induction to form microelectrodes.
KSPEs and Fe2+ react with oxygen to produce hydrogen peroxide (Equation (1)) at the
cathode production ·OH (Equation (2)). NOR, under the attack of ·OH, were degraded as
intermediates, and KSPEs eventually degraded small molecules, such as carbon dioxide
and water (Equation (3)). Fe3+ by microelectrode and cathode electron transfer of Fe2+

(Equation (4)) repeated degradation. The results show that when the voltage is 4V, the
initial pH value is 3.0, and the initial NOR concentration is 20 mg/L, the degradation rate
of NOR by KSPEs can reach 96.02% within 30 min, and the removal rate of total organic
matter (COD) in wastewater can reach 93.45%. In addition, the yield of ·OH of KSPEs
was much higher than that of the blank kaolin particle electrode. After 10 degradation
cycle tests, the degradation rate of NOR decreased by 8.76%, and the removal rate of COD
decreased by 18.52%. Therefore, it can be seen that KSPEs have high catalytic activity
and stability, indicating that KSPEs have great potential in the electrochemical treatment
of wastewater.

O2 + 2H+ + 2e− → H2O2 (1)

Fe2+ + H2O2 → Fe3+ + ·OH + OH− (2)

NOR + ·OH → Intermediates + CO2 + H2O (3)

Fe3+ + e− → Fe2+ (4)
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− →

−

Figure 7. KPEs catalyst production for catalytic degradation of NOR.

4.4. Photocalysis

Sarkar et al. [24] modified the steel slag with hydrochloric acid, dimethylformamide
solvent, p-phthalic acid, and methylene blue (MB) to prepare MIL-53(Fe)/SiO2 photocata-
lyst; the modification process is shown in Figure 8. Using photodegradation experiment
of MB to evaluate its photocatalytic efficiency, the results showed that the prepared MIL-
53(Fe)/SiO2 photocatalyst had more photoexcited electrons (e−) and holes (H+) under UV
irradiation, and these electron holes can generate oxygen-free radicals and hydroxyl-free
radicals, and then degrade MB. Moreover, the electron hole pair generated by the steel
slag modified catalyst has a long life. Studies have shown that the long life of the electron
hole pair [56] also contributes to the improvement of degradation efficiency. Moreover,
the modified steel slag had large photocatalytic active sites on the photoluminescent sur-
face. Under ultraviolet light, the maximum photodegradation of methylene blue reached
66.3%, which was higher than other similar photocatalysts. Chen et al. [57] used steel slag
as a carrier and industrial titanium liquid as a raw material, and used a sol-gel method
followed by calcination at 500 ◦C to prepare a TiO2 photocatalyst supported on steel slag,
and studied its catalytic degradation performance for phenol. The results showed that the
photocatalytic performance of the catalyst was better under the irradiation of ultraviolet
light, and with the increased dosage of catalyst, the number of photogenerated electrons
and photogenerated hole pairs generated by ultraviolet light will also increase, thus im-
proving the photocatalytic reaction efficiency. The degradation of phenol was up to 78.3%
when 10 g/L of catalyst was added into 100 mL of phenol (40 mg/L). When the number
of loading times is three, the photocatalytic degradation rate of phenol can reach 86.7%,
which indicates that the proper increase inthe loading times can help to improve the light
catalytic properties of the modified steel slag.

Figure 8. Preparation of MIL-53(Fe)/SiO2 photocatalyst for photodegradation of MB.

After the steel slag was treated with aqueous solution containing alkaline, Zhang
et al. [29] synthesized a novel nickel and calcium cementitious materials-based catalyst
with a two-step reaction of polymerization and ion exchange, then the catalyst for the pho-
tocatalytic degradation of MB dye. The modification process is shown in Figure 9. Results
showed that under ultraviolet light, the degradation rate of MB can reach 94.39% by using
nickel and calcium cementitious material-based catalysts, which was much higher than that
without catalysts. In the photocatalytic oxidative degradation process, Ni2+ and iron oxide



Appl. Sci. 2021, 11, 4539 10 of 18

played an important role in the catalytic process. Among them, Ni2+ contributed to the
generation of photo-generated electrons, while iron oxides contributed to the generation of
the catalytic potential of electrons, both of which increased the photocatalytic efficiency.
Shao et al. [58] used alkali modification to convert steel slag into steel slag-derived calcium
silicate hydrate (CSH), used CSH to adsorb heavy metals, and then carried out photocat-
alytic degradation experiments on organic pollutants. Studies showed that this kind of CSH
modified by steel slag showed good adsorption performance for heavy metals and good
catalytic performance for the degradation of organic pollutants. Under low-power visible
light conditions, the MB removal rate with this modified photocatalyst can reach 63% in 8 h.
Using steel slag-derived CSH to adsorb heavy metals and photocatalysts in wastewater
not only met the requirements of high performance, but also met the requirements of low
cost. This research had important significance for the resource utilization of steel slag
and provided a reference for seeking more reasonable and efficient steel slag utilization
methods, and at the same time, provided a reliable method for the treatment of heavy
metal and organic pollutants in wastewater.

 

,

Figure 9. Nickel and calcium cementitious materials-based catalyst for the MB dye photocatalytic

degradation experiments.

4.5. Transesterification

Renewable energy has been one of the hot topics in the field of energy research. Among
renewable energy sources, biodiesel has attracted much attention from researchers due to
its similar properties to petroleum diesel: non-toxic and harmless, higher flash point, higher
lubricity, and renewable advantages [59]. Biodiesel is catalyzed by the transesterification of
triglyceride and methanol, so the preparation of highly efficient, recyclable, and low-cost
catalysts plays an important role in the yield of biodiesel [60]. So far, a variety of solid
catalysts have been developed for transesterification reactions, such as Ca/Al/Fe3O4,
Fe2O3/CaO, and basic zeolite [61–63]. Zhu et al. [64] prepared a heterogeneous CaO/Ag
nano-catalyst and applied it to the transesterification of soybean oil to prepare biodiesel.
The yield of biodiesel was optimized by response surface methodology (RSM), and the final
yield of biodiesel could reach over 90%. Under the same reaction conditions, the yield of
biodiesel catalyzed by CaO can also reach more than 85%, and all of them have good cycling
performance. Li et al. [65] prepared a novel magnetic mesoporous polyphase basic catalyst
(Fe@C-Sr) for the transesterification reaction to produce biodiesel. The catalyst has the
characteristics of rich source, easy separation, environmentally friendly, and high catalytic
efficiency, and its conversion rate is still 91.93% after four cycles. Xie et al. [66] prepared
a magnetic Fe2O3/SiO2 composite catalyst for the simultaneous transesterification and
esterification of low-cost oil into biodiesel. Under suitable reaction conditions, a 93.3%
oil conversion rate and complete conversion rate of free fatty acids can be achieved, and
the catalyst can be reused many times without obvious catalytic activity. Through the
summary and analysis of the above studies, we can see that when preparing catalytic
biodiesel catalysts, cost, efficiency, recyclability, and the impact on the environment should
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be considered at the same time, and steel slag contains Fe2O3, Fe3O4, CaO, and SiO2 and
other active oxides. First of all, the application potential of steel slag in this field can be
analyzed from its composition. Steel slag, as a kind of rich metallurgical solid waste, will
greatly reduce the cost and pollution of solid waste when it is used as a catalyst for the
esterification of biodiesel. Therefore, steel slag has great potential in this field.

As a by-product of biodiesel [67], glycerol carbonate (GC) produced through trans-
esterification reaction has high utilization value, such as a cement composite aggregate,
lithium-ion battery carrier, and fuel additive [68]. Catalysts play a very important role in
the conversion of glycerol. Nowadays, the main catalysts commonly used for transesterifi-
cation are double-layer hydrotalcite based on calcium oxide, magnesium oxide, Ca or Mg,
and alkaline alumina materials [69–71]. These catalysts have high catalytic performance
for GC yield. Therefore, the advantages of steel slag containing many metal oxides and for
a low cost can be taken advantage of, and it is considered to be a kind of transesterification
catalytic material with broad prospects.

Liu et al. [72] used modified steel slag to catalyze the transesterification reaction
of dimethyl carbonate (DMC) and glycerol to synthesize glycerol carbonate (GC). They
processed the steel slag through acid modification, co-precipitation, high-temperature
calcination, and alkali modification to obtain the S-CaMgAlMO catalyst. The highly basic
O2- and Ca-O in the metal oxides of S-CaMgAlMO catalyst split hydrogen and oxygen
on the glycerol molecule, then react with DMC to form the target product GC, and finally
separate from the metal part of the catalyst. Therefore, the catalytic activity and the number
of recyclable uses of catalysts are important reference indices. Modified steel slag enhanced
the anti-leaching ability of the active center, making it reusable and stable. Secondly, the
S-CaMgAlMO catalyst showed good catalytic performance. Under the conditions of 3 wt%
catalyst, DMC and glycerin molar ratio of 1:3, reaction temperature of 75 ◦C, and reaction
time of 90 min, the conversion rate of glycerol was 98.3% and the GC yield was as high
as 96.2%. After several cycles, the conversion rate of glycerol and the yield of GC can
still reach > 90%. S-CaMgAlMO also had the advantages of mild reaction conditions
and low production costs, and showed great potential in the transesterification reaction.
Okoye et al. [28] also used the modified steel slag catalyst of the ladle furnace (LF) for the
transesterification reaction. They prepared the NaOH-LF catalyst by alkali modification
and high temperature calcination of steel slag. During the calcination process, Na+ can
uniformly diffuse into the calcium oxide structure to form NaO, thus increasing the basicity
of steel slag. Experimental research showed that, compared with unmodified steel slag
catalyst, the catalytic performance of NaOH-LF catalyst was enhanced, and weak active
sites became stronger with good reusability and stability. Under the best conditions, a
glycerol conversion rate of 99% and a GC yield of 96.59% were achieved.

In addition to catalyzing GC with dimethyl carbonate, glycerol can also produce
hydrogen under other catalytic conditions. Osman et al. [73] used titanium oxide doped
alumina extracted from aluminum foil waste as a catalyst to perform photocatalytic re-
actions on glycerol under the condition of light. Under the optimal conditions, the yield
could reach 4.7 mmol H2 gTiO2

−1h−1 through light irradiation for 180 min. Compared
with the similar catalyst prepared with industrial alumina, the new catalyst has higher pho-
tocatalytic activity. Martín-Gómez et al. [74] carried out the photo reforming experiment
on glycerol for hydrogen production after physical mixing of CuO and TiO2. The results
showed that 88 mmol g−1 hydrogen production products could be obtained after a 5 h
reaction with the catalyst. Charisiou et al. [75] prepared Al2O3, CeO2-Al2O3, MgO-Al2O3,
and La2O3-Al2O3 catalysts using Al2O3 as support for hydrogen production from steam
reforming of glycerol. All the catalysts showed good stability during the reaction, and the
glycerol conversion rate reached about 90%. The hydrogen yield can reach 2.4–2.9 mol
H2 mol−1. In the previous section, we introduced the application of steel slag in the field
of photocatalysis and found that the modified steel slag as a photocatalyst has potential,
combined with the composition of steel slag. We can determine that the steel slag has a
great potential in the field of glycerol photo reforming hydrogen production. Mustapha



Appl. Sci. 2021, 11, 4539 12 of 18

Aissaoui et al. [76] used Fe/Mg-bearing metallurgical waste (UGSO) as raw material for the
first time to prepare CaO-UGSO10/NiO mixed sorbents-catalyst material, and tested the
performance of glycerol adsorption enhanced steam reforming. After 30 min of reaction,
hydrogen with 95% purity was obtained, and the catalyst showed good stability. Therefore,
steel slag has certain research potential in the field of hydrogen production from glycerol,
both in terms of preparation cost and environmental governance.

According to the above, modified steel slag catalyst has been studied extensively in
the field of GC preparation by transesterification reaction, and it shows good catalytic
performance. At the same time, although no research has been carried out on the prepara-
tion of biodiesel and glycerol for hydrogen production, the above analysis and summary
show great potential, providing new guidance for solid waste utilization and synthesis
of efficient heterogeneous catalysts. This will increase the additional utilization value of
steel slag, reduce solid waste pollution, and further promote the development of renewable
energy. In Table 2, we summarize the research of steel slag in the above catalytic fields
in the current research stage. The results showed that the modified steel slag as catalyst
has the advantages of low cost, environmental friendliness, high catalytic efficiency, and
good reusability.

Table 2. Application of modified steel slag as catalysts in five catalytic fields.

Catalysis Field Raw Material Modification Method Reference

Catalytic pyrolysis

1. Steel slag
1. Physical modification
2. High-temperature activation modification

[39]

1. Pine sawdust
2. Steel slag

Loaded with Ni by wet impregnation and high
temperature calcined

[40]

1. Electric arc furnace slag
2. H2SO4 and NaOH

Compound modification [41]

Organic matter degradation

1. Steel converter slag (SCS)
2. Methanol and salicylic acid (SAM)

1. Physical modification
2. Acid modification

[44]

1. Steel converter slag (SCS)
2. Methanol and salicylic acid (SAM)
3. Co(NO3)2

1. Physical modification
2. Acid modification

[26]

1. Steel slag
2. Cu

Compound modification [46]

Electrocatalysis

1. Steel slag
2. Clay
3. Pore

1. Physical modification
2. High-temperature activation modification

[43,51]

1. Steel slag
2. Zeolite
3. Pore-forming

Compound modification [32]

1. Kaolin
2. Steel slag
3. NaHCO3

Compound modification [31]

light catalytic

1. LD slag
2. HCl
3. Dimethylformamide
4. Terephthalic acid

Acid modification [24]

1. Steel slag
2. Industrial Titanium Liquid
3. Ammonia and H2O2

Compound modification [57]

1. Steel slag
2. NaOH

Alkali modification [29]

Transesterification

1. Steel slag
2. HCl3. NaOH and Na2CO3

1. Acid modification
2. Alkali modification
3. High-temperature activation modification

[62]

1. ladle furnace steel slag
2. NaOH

1. Alkali modification
2. High-temperature activation modification

[26]
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4.6. Carbon Capture and Storage

With the massive global burning of fossil fuels, the emission of CO2 has an increasingly
serious impact on global warming. At present, the global artificial emission of carbon
dioxide is more than 3.2 billion tons, while the total utilization of carbon dioxide is less
than 200 million tons per year. Compared with the emissions, the utilization rate is far less
than the emissions [77], and CO2 capture and storage technology (CCSU) is considered
to be a very promising approach to carbon dioxide emission reduction [78]. Therefore, it
is very necessary to strengthen the research on CCSU. It is estimated that 1.4 tons of CO2

will be emitted for each ton of steel produced in steel plants [79]. Steel slag and CO2, as
wastes of the steel industry, can be treated by means of “using waste to treat waste”, thus
achieving economic synergies.

Ca/Mg-rich phase is used to capture and fix carbon dioxide through mineral car-
bonation, and carbon dioxide combines with Ca/Mg to eventually generate carbonate
products [80]. Studies have reported that 70–85% of Ca/Mg is extracted from steel slag or
magnesium silicate rock [81]. Therefore, it is very necessary to study the leaching of Ca/Mg
phase in steel slag. Zhao et al. [82] investigated the leaching rate of chromium element
and Ca/Mg in stainless steel slag, and they first added MnO to the slag, and then carried
out acid leaching treatment. The results show that the content of MnO and acid treatment
have great effects on the fixation of chromium and the leaching of Ca/Mg from stainless
steel slag. When the content of MnO is about 5%, the pH of acid leaching solution is 2, the
leaching time is 120 min, and the temperature is 20 ◦C, the leaching rates of Ca and Mg are
about 65% and 55%, respectively. Frederic J. Doucet [81] took BOF and EAF as research
objects and successfully extracted from them calcium and magnesium, respectively.

In addition to extracting carbon sequestration substances from steel slag for CO2

capture and storage, steel slag can also be directly used for CO2 capture and storage after
removing impurities by simple modification. Walther-Dario et al. [79] synthesized lithium
silicate-based CO2 adsorbents using iron and steel metallurgical waste residue as raw
material. Using steel slag as a silicon source, lithium silicate group was synthesized by
adding (10–30 wt% K2CO3). The eutectic phase is formed between K2CO3 and Li2CO3,
which promotes the diffusion of CO2 to the adsorption material, thus improving the
capture efficiency of CO2. Under the condition of 600 ◦C, the CO2 capture rate of steel slag
adsorption material containing 20 wt% K2CO3 reached the maximum. After 10 cycles, the
capture efficiency of CO2 only decreases by 10%, indicating that the lithium silicate base
has good stability. Li et al. [83] enhanced CO2 absorption capacity by adding steel slag to
seawater. The results show that MgO, CaO, and Fe2O3 in the steel slag can enhance the
CO2 collecting capacity of seawater. Moreover, MgO and CaO have a strong synergistic
effect on CO2 capture by seawater. Fe2O3 has more significant CO2 capture ability than
other steel slag components. Under the optimal conditions, the addition of steel slag can
ensure that the CO2 capture rate of seawater can reach 90%. This is feasible both in terms of
efficiency and cost, and will provide some coastal steel mills with a more rational method
of handling steel slag while reducing CO2 content.

5. Conclusions

Through the research and exploration of the application status of steel slag in the
fields of catalytic pyrolysis, organic degradation, electrocatalysis, photocatalysis, and trans-
esterification, it is found that steel slag has great potential and advantages in the field of
catalysis. Through acid modification, alkali modification, high temperature modification,
composite modification, and physical modification, the surface area and pore diameter
of steel slag can be increased by acid modification, alkaline modification, high tempera-
ture modification, compound modification, and physical modification, and the relative
content of active substances can be increased. Through calcination and some composite
modification methods, the stability of the active substance in steel slag can be enhanced,
and the steel slag catalyst can then be reused many times. Steel slag is modified so that
its catalytic performance is more efficient than that of similar types of catalysts, such as
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zeolite and some ceramic catalysts. At the same time, in some catalytic reactions, steel slag
will react with certain substances (such as copper and nickel), forming a virtuous cycle,
speeding up the catalytic process and improving the catalytic performance. At the same
time, through the summary of steel slag in the above catalytic fields, it can be seen that steel
slag will participate in the reaction in the catalytic process. It also shows great potential in
lipid exchange to produce biodiesel and glycerol to produce hydrogen. At present, it is
difficult to obtain the ideal steel slag catalyst by a single modification, as most methods are
compound modifications. Therefore, efficiency, cost, and complexity should be considered
in the selection of modification methods.

At the same time, we can see that the modified steel slag has a good activity for
the degradation of organic matter in some wastewater. In China and all over the world,
various factories such as dye factories, textile factories, and printing factories discharge a
large amount of wastewater organic pollutants every year, causing serious environmental
pollution, so the demand for solid catalyst is very large. Considering the cost and perfor-
mance, steel slag is expected to be widely used in wastewater treatment field. It not only
realizes the purpose of “using waste to treat waste”, and achieves energy saving, emission
reduction, and pollution reduction, but also relieves the massive accumulation of steel slag
and improves the additional utilization value of steel slag. In order to further improve and
perfect the study of modified steel slag catalyst preparation, the following prospects are
put forward, hoping to provide some references for the research in this field:

(1) At present, catalysts were widely used in various fields. Selecting suitable catalysts
with high catalytic performance and low costs had been a research hotspot. Modified steel
slag had a good development prospect in the field of catalysis. Through the comparison of
several catalytic fields, it can be found that the modified steel slag catalyst shows better
catalytic performance in wastewater treatment and organic degradation than other fields.
Nowadays, the treatment process of wastewater and sewage is complicated and the cost is
high. If steel slag can be widely used in this area, it will greatly reduce the cost of sewage
treatment. At the same time, it will provide a new direction for the resource utilization of
steel slag;

(2) The modification for steel slag using high concentrations of acid and alkali was
easy to lead to leaching of other elements, which increased by-product treatment processes.
At the same time, it was necessary to strengthen the analysis, including composition of
the catalyzed steel slag, metal precipitates, and the effect on the catalytic reaction so as to
prepare an efficient catalyst.
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