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Abstract
Steel slag has been proven to be an effective environment remediation media for acid neutralization, and a
potential aid to mitigate acid mine drainage (AMD) in passive treatment process. In application, the acid
neutralization capacity (ANC) of the steel slag is often decreased after a period of use because of the precipitate
formation. However, the characteristic of the formation process are unclear yet. In this work, we tested the ANC of
the commonly used Basic Oxygen Furnace (BOF) steel slag by titration of simulated AMD (H2SO4, 0.1M) and real
AMD from abandoned coal mine drainage in the southwestern of China. The result indicated that there was a linear
relationship between pH value and titrated AMD amount, for both simulated AMD and real AMD. When the pH
decreased to 7, the titrated AMD amount and ANC were about 40ml and 8mmol H+/g slag for simulated AMD. At
the beginning of the titration process, dissolution and hydration reactions of the easily dissolved calcium-
containing constitute played a dominant role, and then were the precipitation formation reactions. The turning point
for the two reactions was occurred when 20 % of the total titrated amount was titrated. Meanwhile, the BOF slag
surface became smooth, and the dissolution reactions were hindered when the slag surface was clogged by the
new formed crystallized gypsum. Further titration experiments results by real AMD also con�rmed the ANC
variation of BOF samples during the neutralization process.

1 Introduction
Steel slags are a category of alkaline industrial waste produced in steel making process. The crude steel output
from China was 1053.3 million tons in 2020, accounting for 56.7% of the whole world (Yang et al. 2021). The
amount of steel slag produced in 2020 was 158 million ton according to the ratio that there were 150 Kg steel slags
produced per ton of crude steel (Mohammed and Yaacob 2016, Feng et al. 2004, Zhang et al. 2020). As the largest
crude steel production country, China’s steel slag utilization ratio was only 30%, it is lower than that of the
development countries, shown in Table 1.

Table 1
Utilization ratio of steel slag in different countries (%)

  Inner
recycling

Road Cement Construction Temporary
storage

Others Unutilized Reference

Japan 20.8 32.4 3.4 34.8 - 7 1.6  

USA - 49.7 3.3 16 - 15.4 15.6  

China 7.4 7.6 10.3 - - 4.7 70  

Europe 11 43 5 6 19 3 13  

Nowadays the most common utilization patterns include road project construction, cement production, plant
recycling and et al. (Saha et al. 2019, Yang et al. 2021). Although many efforts were made to increase the steel slag
recycling ratio in the construction materials, however, the performance of the produced construction materials was
frequently substandard (Zvimba et al. 2017), because the free CaO, MgO and other easily hydrated components in
steel slag could deteriorate the cement stability associated with the volume stability of the products (Zhang et al.
2020, Yu et al. 2015). It was reported that the acceptable contents of f-CaO and MgO should be lower than 7% and
4% when the steel slags were used in unbound and bitumen bound layers (Zhang et al. 2020). Therefore, it is
necessary to explore new ways to increase the utilization ratio of steel slags, such as the soil remediation (Sheng,
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Huang et al. 2014), metal adsorption (Tabelin et al. 2020, Sithole et al. 2020, Zhan et al. 2019, Asere et al. 2019),
AMD neutralization (Zvimba et al. 2017, Saha et al. 2019)and other pollution control applications.

When steel slag was applied at the AMD neutralization process, the acidity of the drainage could be neutralized by
the alkaline components of steel slag, like dicalcium silicate (C2S), tricalcium silicate (C3S), free calcium oxide (f-
CaO), free magnesium oxide (MgO) and et al. (Kruse et al. 2012). Previous researches con�rmed that the steel
slags are more excellent in alkaline production than the traditional materials, such as lime stone (Molahid et al.
2019), lime, soda alkaline and dolomite (Sukati et al. 2018). The alkalinity concentrations of limestone leach bed
were around 5 mg/L CaCO3/L, with maximums concentration at around 80 mg/L CaCO3/L, whereas they are
usually above 100 mg/L CaCO3/ L for steel slag leach beds (SSLB) (Goetz and Rie�er 2014a, Kruse et al. 2012).
Besides, the neutralization ability of lime will become worse with the increase of treatment time, while the
maximum alkaline concentrations of steel slag could reach 2000 mg/L CaCO3/L even after many years of service
(Wang and Yan 2010, Goetz and Rie�er 2014b, Kruse et al. 2012).

The running results of steel slag leach beds (SLB) indicated that its performance was in�uenced by many factors,
including the e�uent quality (Goetz and Rie�er 2014b), slag alkalinity loadings (Name and Sheridan 2014), slag
particle size distribution (Alizadeh and Naseri 2014) and et al.. Comparing the treatment results of SLBs built for
one year and historical data of previous years, it was found that the precipitates in the e�uent piping and within
the slags reduced the ANC of the slag, and the e�uent pH value was lower than the designed value (Tabelin et al.
2020, Goetz and Rie�er 2014b). To meet the AMD emission standards, it is necessary to replace the slags in SLB
before the e�uent was substandard. Therefore, it is signi�cant to clarify the steel slags characteristics during the
AMD neutralization process.

In the present study, the variation of slag properties, including acid neutralization capacity (ANC), leaching behavior
and the micromorphology during the neutralization process were systematically investigated. SLB treatment
process was simulated by titration experiments with simulated AMD and real AMD. The experiment results were
aim to explain the precipitate formation mechanism, and to provide fundamental guide for SLB operations.

2 Materials And Methods

2.1 Steel slag sampling
The basic oxygen furnace (BOF) steel slag samples used in the present study were obtained from Shougang Group
Shuicheng Steel Company, Guizhou Province, China. The fresh slags were sampled after crushing, drying overnight
at 105°C and screening through sieves of 20 mesh, 50 mesh, 100mesh and 200 mesh before used.

2.2 Material Characterization
Compositions of the BOF steel slag samples were quantitatively analyzed by X-ray �uorescence (XRF) using an
XRF-1800 Analyzer (Shimadzu Corp., Kyoto, Japan). The phase compositions were performed by Powder X-ray
diffraction (XRD) using a Smartlab X-ray diffractometer (Rigaku Corp., Tokyo, Japan) with the operating
parameters of Cu Kα radiation (λ = 1.5418 Å) and 40 kV/200 mA power generator. An angular range of 0 − 90° 2θ
was measured with a step size of 0.02° and a 1 s counting time per step. The identi�cations of all crystalline
phases were undertaken with JADE6 software (Materials Data, Inc., Livermore, CA, USA) and the PDF-2 2004
database (International Centre for Diffraction Data, Newton Square, PA, USA). The morphology of the BOF steel
samples was observed using a scanning electron microscopy (SEM) (Zeiss, Oberkochen, Germany). All slags
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samples were sputtered coated with an approximately 5 nm-thick layer of carbon before observation. The
concentrations of elements Ca, Mg, Si, Al, Mn, Fe and Cr in solutions were determined by inductively coupled
plasma (PerkinElmer Avio 500).

2.3 Alkalinity releasing property of steel slag
To know the releasing properties of slag samples, alkalinity of the leached solutions were determined according to
the acid titration method SL83-1994 China. The leached solution was prepared by taking 1.0g steel slag into
100mL DI water with a rotating speed of 100r/min for various set time. When reached the set time, the mixtures
were separated by �ltration of a 0.45 µm �lter (Merck). Then the pH and alkalinity of the collected �ltrate were
determined, the alkalinity was calculated and expressed as calcium carbonate (CaCO3).

2.4 Steel slag ANC determination procedure
The ANC solution was prepared �rstly by adding 1.0 g slag to 100 ml DI water and stirred at 500 rpm for 4 h; then
adding the simulated AMD (0.1 mol/L H2SO4) and real AMD into the ANC solution by drop pipette at the rate of 1–2
ml one titration. The pH of the solution was determined once after titration procedure. It was found that, before the
next titration, the pH had a re-rise because the alkaline components in steel slag could neutralize the titrated
simulated AMD in solution. With the amount of the AMD amount increasing, the alkaline components in slag would
be exhausted, and the endpoint was reached. The titration endpoint was regulated that at the time when the re-rise
value of pH was less than 0.05 after titration. After reaching the endpoint, the mixture were separated by �ltration
of a 0.45 µm �lter (Merck) and preserved in pre-cleaned polypropylene bottles. As previously described, the �lter
liquor and residue were determined by ICP, XRD, SEM, respectively.

2.5 Leaching ratio
To investigate the slag leach ability during the titration process, leaching ratios of element in slag samples were
calculated according to formula (1).

r =
c1 ∙ V
c2 ∙ m

1

Where, r is the leaching ratio for speci�c element; c1 is the concentration in �lter liquor; V is the �lter liquor volume; 
c2 is the mass percentage in slag samples; m is the mass of the slag samples.

3 Results Experiment
3.1 Chemical characteristic of raw steel slags. 

Table 2 Compositions of steel slag sample (%)

Composition CaO Fe2O3 SiO2 MgO MnO Al2O3 P2O5 V2O5 Cr2O3

Content 41.82 25.05 11.89 6.61 5.48 2.18 1.59 0.73 0.69

The main chemical compositions of the BOF steel slag were shown in Table 2. Except for the listed components in
Table 2, there were some coexisted minor constituents in the slag samples, like ZnO, SrO, MoO3, KO, CuO. These
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substance proportions were very small and made negligible contribution to the ANC of steel slag, therefore, only the
main components concentrations of Ca, Fe, Si, Mg, Al, Cr and Mn in the �lter liquor were determined, other minor
components were not considered in the study.

The XRD components of steel slag sample were shown in Fig.1 (a). It is known the slags are heterogeneous
materials consisting of a mixture of crystalline phases. The analysis of the diffraction lines revealed that the major
constituent phases in steel slag matrix were Ca2SiO4 (calcium silicate), Ca3SiO5 (tricalcium silicate), CaFe2O4

(calcium ferrite) CaO (lime) and RO phase, however, the f-CaO diffraction peak was not prominent. 

The SEM image of slag samples and the magni�ed SEM image were shown in Fig 1(b) and Fig. 1(c). It can be seen
that the slag particles had a loose amorphous microstructure. 

The alkalinity releasing results of slag samples were shown in Fig. 1(d). The alkalinity concentration was close to
stable after 60 min. For the mentioned L/S ratio (1:100), the stable alkalinity was in a range of 100-110 mg/L and
the corresponding pH of the �ltrate was 10.5. 

Calcium containing components in BOF slags were mainly originated from �ux materials during the steel making
process, like lime, limestone. (Zvimba et al. 2017). The unreacted limestone was transformed to free CaO and was
left in slag, while the reacted lime stone were transfer to dicalcium silicate (C2S) and tricalcium silicate (C3S), and
calcium ferrite et al. (Manchisi et al. 2020). For this reason, the percentage of the free CaO in slags was limited.
Therefore, the f-CaO diffraction peak in XRD was not prominent in this sample. The alkalinity releasing tests results
veri�ed that the alkalinity concentrations in solution was abundant, which was in consistence with observation in
the previous study (Goetz and Rie�er 2014a). Meanwhile, the enlarged SEM image con�rmed the loose amorphous
microstructure of slag, which had positive in�uence on the metal removal by providing big surface area and inner
channels (Yang et al. 2021). 

3.2 Steel slag ANC determination

The ANC results titrated by simulated AMD was shown in Figure 2 (a). With the simulated AMD amount increasing,
the pH value of the solution decreased to 2.15 gradually. When reaching the endpoint, the total titrated simulate
AMD amount was 115ml for 1 g slag. And it was about 40 ml when the pH decreased to the neutral rang 7.07. The
relationship between pH and simulated AMD amount was basically with the linear law in the whole process, the
square R was 0.94. To know the in�uence of particle size on the ANC, slag samples of 20, 50 and 100 mesh were
also titrated shown in Fig. 2 (b). The results indicated that the particles size of the slag had signi�cant in�uence on
the ANC. The total titrated amounts of simulated AMD were 8 ml, 14 ml and 45 ml for steel slag particles of 20, 50
and 100 mesh. It means the ANC increased dramatically when the particle size became small. Particles size
distribution was an important designed parameter in practice. The recommended size of slag was less than 3mm
in SLB (Alizadeh and Naseri 2014). However, the �ne particle slags in SLB were more likely to precipitate on the
bottom of the beds, and to increase the running resistance (Alizadeh and Naseri 2014 , Iakovleva et al. 2015),
especially for the passive treatment applications. Therefore, for slag applications, it is necessary to optimize the
steel slag particle size distribution according to the ANC demand and the geographical environment of remediation
site, so as to balance the advantages and disadvantages of the �ne particle size.

3.3 Slag leaching behavior characteristics
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It was reported that the f-CaO and other Ca-containing components in BOF slag samples would react with acid
�rstly, because they are easily dissolved in acidic solution (Mulopo et al. 2012). But the dissolution behaviors of
other components in samples were unknown yet. Based on the ANC results, the intermediate process of the titration
were sample when the accumulative amount were 20 %, 40%, 60% and 80% of the total amount at the endpoint, i.e.
the intermediate amount were 23ml, 46ml, 68ml and 92ml. The procedure was consistence with the ANC
determination mentioned above. The experimental results were shown in Fig. 3. It was found that the leaching
ratios of all the tested elements in solution were increased with the AMD amount increasing, but each element
exhibited distinctive characteristics. 

Ca content in the slag was 41.82 % calculated as oxide. In leaching results, its leaching ratio was increased �rstly
and then decreased. The maximum value was 28.73 % when the titration amount was 46mL, and the
corresponding concentration was 9.20 mg/l. Both concentration curves and leaching ratio curves had similar
variation trends.  

For Mg and Mn containing constitutes, their concentrations in solution increased directly with the increase of the
titrated simulated AMD amount. Mg had the maximum leaching ratio of 56.75 %. However, the percentages of MgO
and MnO in steel slag were relatively few. At the titration endpoint, the �nal concentrations of element Mg and Mn
in solution were 2.03 mg/l and 0.06 mg/l, which had minor in�uence on the the slag alkalinity.

For elements Al, Fe and Cr, the leaching ratios were close to zero till the titrated AMD was more than 69 ml,
particularly for Al and Fe. The pH variation result in Fig. 3 indicated that for the solution titrated 60 ml simulated
AMD, the solution pH was 7. In other words, when the titrated AMD amount was less than 60 ml, the solution was
alkaline. Thus, Al and Fe were likely to precipitate as hydroxide in alkaline solution. Elements concentration in Fig.
3(b) also showed that the concentration of Al, Fe, and Cr were very 0.31 mg/l, 2.14 mg/l and 1.06 mg/l at the
endpoint. 

4. Mechanism Discussion
4.1 Component phase variation

The interaction of these components with the AMD changes the steel slag characteristics and causes the phase
transformation. Fig. 4 showed the phase transformation of slag samples characterized by XRD during the
simulated AMD titration process. It can be seen that the diffraction intensity of the titrated steel slag was much
higher than of the raw steel slag in Fig. 1 (a). It may be caused by the removal of the amorphous materials when
the sample was washed by DI water and simulated AMD. For the steel slag sample titrated by 23 mL simulated
AMD, the diffraction intensity of C2S, C3S and RO were weaker than of the raw steel slag. Meanwhile, the gypsum
diffraction peaks were emerged. For the steel slag samples adding 46 mL and 69mL simulated AMD, the diffraction
intensity of the gypsum became stronger. For the sample titrated 115 mL simulated AMD, only gypsum diffraction
peaks were present in the XRD pattern result. 

As mentioned above, the steel slag was a complicated heterogeneous solid mixture produced in a molten state at
high temperature and cooled down by various process (Sithole et al. 2020). According to the dissolution amount,
the alkaline components in steel slag could be classi�ed into three groups, the �rst group were f-CaO, MgO, calcium
ferrite and dicalcium ferrite (2CaO·Fe2O3); the second group included weakly bound CaO, MgO and some loosed
bound C2S; while the third group contained some tightly bound lime (C3S C2S, MgO and wustite (FeO)) (Bodurtha
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and Brassard 2000). Gibbs free energy of the reactions showed that the reaction sequence of components with
simulated AMD were CaO, MgO, FeO, C2S, C2F, C3S under room temperature. It means that the dissolved CaO, MgO
and FeO had priority to react with simulated AMD over C2S, C3F2 and C3S. (Manchisi et al. 2020, Bodurtha and
Brassard 2000, Xue et al. 2013). The dissolution and hydration reaction occurred in the titration process were listed
in Table 3.

Table 3 The reactions in the titration process

 

Slag components transformation process could be speculated according to the leaching results and XRD results.
The overall reaction process between AMD and slag samples could be divided into dissolution stage and
precipitate stage. In the dissolution stage, the f-CaO, MgO and some loosed bound CaO would be released into the
solution and hydrated with the acidic component in AMD, resulting in the rise of calcium concentration and
leaching ratios, and the weakness of C2S and C2F peaks in XRD results. While in the precipitate stage, the hydrated
calcium ions would react with the sulfate anions in AMD and form gypsum, leading the decrease of the calcium
concentration and leaching ratios, and the immergence and growth of gypsum peaks in XRD results. The titration
amount of 46 ml, i.e. the 40 % of the endpoint was a turning point of the two stages.

 4.2 The morphology transformation

To further observe the phase transformation during the titration procedure, the microstructure and morphology of
the sample particles were determined by SEM. 
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It can be seen that the majority ingredients of the slag samples were in circular shape from SEM images Fig. 5 (a)
and (b). They had similar morphology as the raw samples in Fig.1. The two samples contained few large plate
particles with a diameter of about 15μm. But for samples treated by 46 mL, 92 mL and 115 mL simulated AMD in
Fig. 5 (c) , (d) and (e), the majority components of the slags were long crystallized trips with a length of 10-20 μm.
With the titration amount increasing, the crystal size of gypsum became bigger and surface became smoother.
What is more, the SEM image results were also con�rmed the turning point of dissolution step and precipitate step
speculation mentioned above.

4.3 AMD neutralization mechanism discussion 

The detail of the neutralization process between steel slag and simulated AMD could be concluded as in Fig.6.  (I)
Slag component, such as f-CaO, MgO, CaO·Fe2O3, loosed bound C2S on the surface of the samples particles are
easily dissolved and they reacted with AMD �rstly; (II) With the simulated AMD addition increasing, the titrated AMD
transferred to the inner channel of the slag particles, and react with the alkaline substance in steel slag; (III) With
the acid amount further increasing, some tightly bound C2S and few C3S in steel slag were decomposed releasing
the calcium containing substance, simultaneously new formed gypsum were precipitated on the surface of the slag
particles. With the gypsum precipitation going on, the inner pores of the steel slag particles were blocked and the
alkaline releasing behaviors were gradually stopped. External coating, armors of iron hydroxides were also found
when AMD was neutralized by lime in the passive treatment (Skousen et al. 2019 , Manchisi et al. 2020). The
formation process was similar to the gypsum in the present study.

5. Slag Anc Con�rmation Test By Real Amd
To investigate the ANC property of the slag samples in application, real AMD (pH = 2.35) from an abandoned coal
mine in Guizhou Province China was used. Composition of the real AMD was shown in Table 4.

Table 4
Composition of real AMD with titration (mg/L)

Composition Na Mg Al K Ca Mn Fe Co Ni Zn SO4
2−

Content 67.34 123.13 43.16 9.80 85.35 1.56 495.82 0.32 0.42 1.17 2689.96

Titration procedure was consistence with that of the simulated AMD, the obtained pH variation trend with the real
AMD amount was described in Fig. 7. The results indicated that the total titrated real AMD amount was 670 mL for
1g slag sample, and there was a linear relationship between pH and real AMD amount with the square R 0.92,
shown in Fig. 7 (a). When the pH reached the neutral vale (pH was 7), the titrated amount of real AMD was about
230 ml.

For BOF samples in the present study, the calculated ANC were about 8mmol H+/g slag when the pH decreased to
7. EAF steel slag was titrated by similar method using HNO3 (1M) as simulated AMD. When the solution pH

decreased to 7, the calculated ANC of EAF was about 5.5 mmol H+/g slag and 7.5 mmol H+/g slag for short and
long experiments (Jinying Yan 2000). Therefore, the experiments results were basically consistence considering the
difference of slag composition, ion strength of the simulated AMD. But, for the real AMD titration experiment, the
�nal ANC results was only 0.85 mmol H+/g slag and 2.34 mmol H+/g slag when the pH decreased to 7 and the
endpoint. So there was a big gap between the simulated AMD results and the simulated AMD, which may be



Page 9/17

caused by the reactions between metal ions in real AMD and the hydrated OH-, like Mg2+, Al3+, Fe2+ et.al. These
metal ions would consume some alkaline components in real AMD and decreased the ANC value (Sephton and
Webb 2019, Tabelin et al. 2020). Further to determine the formation of the metal caused precipitate, element
distribution on samples surface titrated by real AMD was determined by EDS. The results were shown in Fig. 7 (b).
As can be seen, components containing Ca, S, Mg, Si, Al and Fe were obvious on the surface of the slag sample.
Among them, the calcium enrichment areas were the same as that of element S, it can be speculated there gypsum
formation as described of the simulated AMD sample. Fe, Si and Mg enrichment on the surface was also evident,
but at different areas from Ca and S.

6. Conclusions
AMD neutralization remediation by steel slag could make full use of the alkaline substances in steel slag. With the
dissolution of slag proceeding, calcium and magnesium concentration in solution increased. The maximum
leaching ratio of Ca was 28.73% when 20% of the endpoint amount simulated AMD used. It can be considered as
the turning point of dissolution stage and precipitate stage. The produced crystallized gypsum on the surface of
slag was smooth and clean, which prevented the dissolution of the inner constitutes in slag. The ANC results
indicated that there was a linear relationship between pH variation and AMD amount for both simulated and real
AMD. When the pH decreased to 7, the calculated ANCs were 8 mmol H+/g slag and 0.85 mmol H+/g slag for
simulated AMD and real AMD, respectively. In addition, the particle size distribution had signi�cant in�uence on the
ANC property of slag. Therefore, the utilization ratio of alkaline substances in steel slag was not high, especially for
large particles employed in the AMD treatment application. To further improve the alkaline substance usage rate,
the precipitate process on the surface of slag should be arrested and investigated in future investigation.
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Figure 1

Characterization results of the raw slag sample. (a) XRD patterns of steel sample, (○ ) Hedenbergite, CaFeSi2O6;
(▲) Mg-Al hydrotalcite; ( )lime, CaO; (▼) Calcium silicate, Ca2SiO4; ( ) RO, (Mg, Mn, Ca)x Fe1-xO, (□) Tricalcium
silicate, Ca3SiO5; (b)  SEM image; (c) enlarged SEM image; (d) alkalinity and pH variation with time.
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Figure 2

ANC determination results (a) pH variations with titration of simulated AMD; (b) in�uence of particle sizes on the
ANC of slag samples

Figure 3

Leaching behavior of slag samples in the titration process (a) Leaching ratios; (b) Leaching concentrations
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Figure 4

XRD patterns of simulated AMD titrated slag samples (a) titrated by 23 mL simulated AMD, (b) 46 mL, (c) 72 mL,
(d) 95mL, (e) 115 mL. The following compounds were identi�ed: (■) CaSO4·0.5 H2O; (○) CaFeSi2O6; (▲) Mg-Al
hydrotalcite; ( ) CaO; (▼) Ca2SiO4; ( ) RO, (Mg, Mn, Ca)x Fe1-xO;(□), Ca3SiO5
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Figure 5

SEM images of the slag samples titrated with various simulated AMD amounts: (a) 23ml, (b) 46ml, (c) 69ml, (d) 92
ml, and (e) 125ml.
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Figure 6

Mechanism of steel slag variation process
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Figure 7

Slag ANC titrated by real AMD results (a) pH variation with the titration of real AMD (b) the elements distribution on
slag surface titrated by real AMD. 
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