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Abstract 

 

Stabilization mechanism of lead and arsenic 
in mine waste by basic oxygen furnace slag 

 

Sang Hyun Kim 

Department of Civil and Environmental Engineering 

The Graduate School 

Seoul National University 

 

In abandoned mining areas, mine wastes containing various toxic heavy metals 

are piled up and kept outside. They need to be taken care of with proper 

measures because, otherwise, toxic heavy metals are to be released and 

transported into the surrounding environments such as soil, groundwater, and 

surface water. To this end, stabilization technology could be employed, and 

basic oxygen furnace (BOF) slag, a byproduct of steel-making industry, can be 

a good alternative as a stabilizing agent mainly due to its high content of 

calcium (Ca) oxides and iron (Fe) oxides and its vast amount of production as 

well. Since the stabilization mechanisms are closely related to the stabilization 

efficiency and the long-term stability as well, it is important to understand the 

mechanisms in detail in order to properly use BOF slag as a stabilizing agent. 

In this regard, stabilization of lead (Pb) and arsenic (As) was conducted with 

BOF slag and the mechanisms involved, mainly precipitation and adsorption, 

were determined, and stabilization efficiencies and stabilities of mine waste Pb 

and As were investigated. 
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A BOF slag containing 29.9% of Fe-oxides, 2.6% of Mn-oxides and 

38.7% of Ca-oxides was used to stabilize Pb and As. For comparison, a blast 

furnace slag containing 0.8% of Fe oxide, 0.2% of Mn oxide and 45.8% of Ca 

oxide was used as a stabilizing agent. Scanning Electron Microscopy coupled 

with Energy Dispersive Spectroscopy (SEM-EDS) study revealed that Pb and 

As were not adsorbed onto blast furnace slag. Instead, they seemed to be 

precipitated because of the high content of Ca oxide in blast furnace slag. By 

comparing the stabilization results by the BOF and BF slags, the relative 

contribution of precipitation and adsorption in the presence of the BOF slag 

was determined. Briefly, 0.1 g of each slag was introduced to 10 mL of Pb or 

As solution with the initial concentration of 446.6 or 288.5 mg/L, respectively, 

and then the mixture was agitated for 1 h. HCl or NaOH was added to adjust 

the final pH to the range of 7-13 to find out the effect of pH on stabilization 

mechanism.  

At pH 11 and less, 99.7-100.0% of Pb was stabilized in the presence 

of BOF slag, but the stabilization efficiency dramatically decreased to 24.1% at 

pH 13. When compared with the stabilization result of blast furnace slag, it is 

found that Pb was stabilized mainly through precipitation, and the precipitates 

were identified as Pb-OH compounds by X-ray Diffraction (XRD) analysis. At 

pH 11 and less, 40.7-48.1% of As were stabilized in the presence of BOF slag, 

but the stabilization efficiency dramatically decreased to 16.9% at pH 13. When 

it comes to mechanism, almost all stabilized As was adsorbed onto the surface 

of BOF slag at pH 8-11, but adsorption seemed to decrease as pH increased 

from 11 to 13. Instead, precipitation as Ca-As occurred at the pH range. Since 

the surface of BOF slag (i.e., pzc 6.3) is negatively charged at the pH range 
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tested (i.e., 8-13), it needs to be elucidated that how adsorption of As oxyanions 

is possible. It is hypothesized that a positive metal ion is involved in the 

adsorption of As on BOF slag and Ca2+ can be a candidate due to its abundance 

in BOF slag. An experiment with BOF slag whose Ca2+ was eliminated 

demonstrated a remarkable decrease in As stabilization efficiency from 47.6 to 

22.1%, demonstrating the involvement of Ca2+ in the adsorption of As onto 

BOF slag. X-ray photoelectron spectroscopy (XPS) and thermogravimetric 

analysis (TGA) study with an adsorption-inhibited BOF slag (i.e, As-stabilized 

BOF slag at pH 13) demonstrated the presence of coatings of CaCO3 and 

Ca(OH)2 on the slag surface, and this probably inhibited the formation of Ca 

bridge and thus the adsorption of As was blocked.  

In the presence of mine wastes bearing Pb and As, the ability of BOF 

slag to stabilize the heavy metals was investigated at pH 11. Specifically, the 

effects of water content (i.e., 0.05, 0.2, 0.35, 0.5, 1.0 L/kg) and slag content (i.e., 

3, 5, and 10 wt.%) were determined. Toxicity characteristic leaching procedure 

(TCLP) solution was applied to evaluate the stabilization efficiency. At 3 wt.% 

slag content, the stabilization efficiency of Pb increased from 52.2 to 71.4% as 

water content increased from 0.05 to 1.0 L/kg. As more slag was added at water 

content of 1.0 L/kg, higher stabilization efficiency was obtained, showing 71.4 

and 97.9% of efficiency at 3 and 10 wt.% of slag content, respectively. Unlike 

Pb, As stabilization was negatively affected by water content when slag content 

was low. At 3 wt.% BOF slag, increase in water content from 0.05 to 1.0 L/kg 

decreased As stabilization efficiency from 73.8 to 23.2%, and the stabilization 

occurred mostly by adsorption. XPS and TGA study revealed the presence of 

CaCO3 coating on the slag surface at 1.0 L/kg. This probably resulted in the 
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remarkable decrease in As adsorption to 23.2% through the inhibition of Ca 

bridging (i.e., no Ca-As precipitates). At 10 wt.% slag, however, stabilization 

efficiency was 94.9% at 0.05 L/kg and the efficiency remained essentially the 

same (i.e., 92.2%) at 1.0 L/kg. When compared with the result by the BF slag, 

substantial amount of precipitation mechanism seemed to take place at this 

water content. Since the amounts of leachable Ca2+ from 3 and 10 wt.% BOF 

slags were enough, showing the molar ratios of 2.2 and 7.5, respectively, little 

formation of Ca-As precipitates at 3 wt.% needs to be explained. Another set of 

experiment showed that as the molar ratio of Ca/As increased, more stable Ca-

As precipitates were formed at pH 11. Therefore, the Ca-As precipitates formed 

at 10 wt.% BOF slag was likely to be more stable than those formed at 3 wt.%. 

Stability of Pb and As in mine waste stabilized with BOF slag was 

evaluated. Stabilized mine wastes were exposed to the reduced condition of Eh 

<100 mV for 100 h, and the leaching concentrations of Pb and As were 

determined with time. The leached Pb concentration increased up to 246.7 

mg/kg until 24 h, and then decreased, reaching 95.5 mg/kg at 100 h. Such 

release of Pb is accounted for by the dissolution of Fe-oxides under the reduced 

condition, and the decreased dissolution behavior after 24 h can be ascribed to 

re-adsorption of Pb. For As-stabilized mine waste, reductive dissolution of Ca-

As precipitates as well as Fe-oxides was observed, and the released 

concentration continuously increased up to 51 h, showing 388.4 mg/kg. The 

level was maintained until 100 h.  

The stabilization mechanism and efficiency of heavy metals in the 

presence of the BOF slag were studied. The extent of each mechanism (i.e., 

precipitation and adsorption) differed depending on the stabilization pH, water 
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contents, and BOF slag contents. By adjusting those conditions, high 

stabilization efficiencies could be achieved both for Pb and As. However, 

stabilized heavy metals could be remobilized under the reductive conditions. 

Therefore, stabilization technique using BOF slag seems to be successfully 

applied to manage mine waste heavy metals. Also, it is recommended that an 

aeration system such as ventilation pipe be accompanied with heavy metal 

stabilization technique, to prevent reductive condition at mine waste piles. 

 

Keywords: Mine wastes; heavy metal; stabilization; BOF slag; precipitation; 

adsorption 

Student Number: 2014-21502 



 



vii 
 

Table of Contents 

 

Abstract ···················································· i 

Table of Contents ······································· vii 

List of Tables ············································· ⅹi 

List of Figures ··········································· ⅹii 

 

CHAPTER 1. 

INTRODUCTION ······································· 1 

1.1. Background ................................................................................................ 1 

1.2. Objectives and Scope ................................................................................. 3 

1.3. Organization of Dissertation ...................................................................... 4 

References ......................................................................................................... 6 

 

CHAPTER 2. 

LITERATURE REVIEW ······························ 7 

2.1. Environmental problem at mining area ········································ 7 

2.1.1. Mine wastes from mining activities ··································· 7 

2.1.2. Environmental contamination by mine wastes ······················· 9 

2.2. Heavy metal stabilization technique at mining area ······················· 10 

2.2.1. Heavy metal remediation techniques at mining area ·············· 10 

2.2.2. Heavy metal stabilizing agents ······································· 16 

2.2.3. BOF slags as heavy metal stabilizing agents ······················· 20 

2.3. Stability of stabilized heavy metals under reductive condition ··········· 24 

2.4. Summary of literature review ················································· 31 

References············································································ 32 

 



viii 
 

CHAPTER 3. 

IDENTIFICATION OF pH-DEPENDENT 

REMOVAL MECHANISMS OF HEAVY 

METALS IN THE PRESENCE OF BASIC 

OXYGEN FURNACE SLAG························ 41 

3.1. Introduction ····································································· 41 

3.2. Materials and Methods ························································ 44 

3.2.1. Material preparation and characterization ·························· 44 

3.2.2. Determination of removal mechanisms of Pb and As using BOF slag 

at various pH levels ···················································· 45 

3.2.3. Leaching test of precipitated and/or adsorbed heavy metals ······ 47 

3.3. Results and Discussion ························································ 48 

3.3.1. Characterization of BOF and BF slags ······························ 48 

3.3.2. Relative fraction of precipitation and adsorption to heavy metal 

removal ·································································· 50 

3.3.3. Identification of the removal mechanisms ·························· 53 

3.3.3.1. Pb-OH and Ca-As precipitation ······························ 53 

3.3.3.2. As adsorption on the BOF slag ······························· 55 

3.3.3.3. Hindrance of As adsorption by Ca(OH)2 and CaCO3 at high 

pH ································································ 62 

3.3.4. Stability of the precipitated and/or adsorbed heavy metals ······· 67 

3.4. Summary ········································································ 69 

References············································································ 70 

 

  



ix 
 

CHAPTER 4.  

STABILIZATION EFFICIENCY AND 

MECHANISM OF HEAVY METALS IN MINE 

WASTE USING BASIC OXYGEN FURNACE 

SLAG: EFFECT OF WATER AND BOF SLAG 

CONTENTS ············································· 75 

4.1. Introduction ····································································· 75 

4.2. Materials and Methods ························································ 78 

4.2.1. Mine waste and BOF slag preparation ······························ 78 

4.2.2. Stabilization of heavy metals in mine waste using BOF slag ····· 80 

4.2.3. Effect of the L/S ratio on As stabilization: XPS analysis ········· 82 

4.2.4. Stability of Ca-As precipitates ······································· 83 

4.3 Results and Discussion ························································· 84 

4.3.1. Characterization of mine waste, BOF slag and BF slag samples · 84 

4.3.2. Stabilization efficiencies of Pb and As depending on L/S ratios and 

BOF slag contents ····················································· 86 

4.3.3. Effect of water and BOF slag contents on stabilization mechanism 

of Pb ····································································· 88 

4.3.4. Effect of water and BOF slag contents on stabilization mechanism 

of As ····································································· 93 

4.3.4.1. Inhibition of adsorption mechanism of As by formation of 

CaCO3 coating at excessive water ···························· 93 

4.3.4.2. Contribution of Ca-As precipitation on As stabilization · 101 

4.4 Summary ········································································ 106 

References··········································································· 107 

 

  



x 
 

CHAPTER 5.  

STABILITY OF BOF SLAG-TREATED MINE 

WASTE HEAVY METALS UNDER 

REDUCTIVE CONDITION ························ 111 

5.1. Introduction ···································································· 111 

5.2. Materials and Methods ······················································· 115 

5.2.1. Preparation of BOF slag treated-mine waste samples ············ 115 

5.2.2. Evaluation of stability of BOF slag treated-mine waste heavy metals 

under reductive condition ············································ 117 

5.2.3. Speciation of Pb: Sequential extraction ···························· 118 

5.2.4. Valence change of As ················································· 120 

5.3. Results and Discussion ······················································· 121 

5.3.1. Preparation of BOF slag-treated mine wastes ····················· 121 

5.3.2. Remobilization of Pb and As under reductive condition ········· 123 

5.3.3. Remobilization and re-adsorption of Pb ···························· 125 

5.3.3.1. Reductive dissolution of Fe and Mn oxides ··············· 125 

5.3.3.2. Re-adsorption of Pb ·········································· 128 

5.3.4. Remobilization of As by valence change ·························· 131 

5.4. Summary ······································································· 135 

References··········································································· 136 

 

CHAPTER 6. 

CONCLUSIONS ······································ 141 

 

국문초록················································· 145 

 

 

  



xi 
 

List of Tables 

 

Table 2.1. Literature review and further studies needed 

Table 3.1. Oxide composition of the BOF and BF slags used in this study 

Table 3.2. Comparison of As amounts removed by the fresh and the Ca-reduced 

BOF slag 

Table 4.1. Chemical properties of mine waste, BOF slag, and BF slag used in 

this study 

Table 5.1. Chemical properties of mine waste and BOF slag used in this study 

Table 5.2. Sequential extraction procedure (modified from [Rauret et al., 1999])  

Table 5.3. Stabilization conditions used in this study and the expected 

mechanisms  

  



xii 
 

List of Figures 

 

Fig. 1.1 Structure of this study 

Fig. 2.1. Schematic of mining process and mine waste generation [Lottermoser, 

2010] 

Fig. 2.2. Schematic of encapsulation of mine tailings by soil cover [Ahn et al., 

2011] 

Fig. 2.3. Schematic of stabilization process [US EPA, 2012] 

Fig. 2.4. Types of materials used as stabilization agents at Superfund sites [US 

EPA, 2000] 

Fig. 2.5. Steel slag utilization in Japan, Europe, USA, and China [Guo et al., 

2018] 

Fig. 2.6. Heavy metal stabilization mechanisms by pure Ca and Fe oxides 

Fig. 2.7. Schematic of mine waste piling (modified from [Ribet et al., 1995]) 

Fig. 2.8. Example of Eh range observed near mining area [Ispas et al., 2018] 

Fig. 2.9. Example of Eh range with depth of mine waste pile (yellow line refers 

to pe; [Dold, 2014]) 

Fig. 2.10. Eh-pH diagram for Fe (left) and As (right) [Reeder et al., 2006; Rose, 

2010] 

Fig. 3.1. Removal of Pb and As by BOF and BF slags at various pH values: (a) 

Pb removed by BOF slag, (b) Pb removed by BF slag, (c) As removed by BOF 

slag, and (d) As removed by BF slag. BF slag was used for comparison 

Fig. 3.2. Identification of Pb and As precipitates: (a) XRD result of Pb 

precipitated at pH 11, and (b) EDS result of As precipitated at pH 13 (with XRD 

result shown at the upper right side) 

Fig. 3.3. Mapping image of As adsorbed on the BOF slag at pH 9 captured by 

FESEM-EDS 



xiii 
 

Fig. 3.4. Point of zero charge of the BOF slag used in this study determined by 

zeta potential measurement.  

Fig. 3.5. XPS spectra of the BOF slag surface after As removal. Two pH 

conditions (i.e., pH 8 and 13) were compared; (a) wide scan spectra and the 

quantitative analysis results, and (b) Ca 2p region spectra 

Fig. 3.6. TGA-DTG curves of the BOF slag after As removal at (a) pH 13 and 

(b) pH 8. The amounts of Ca(OH)2 and CaCO3 were calculated from the weight 

loss at 400–450℃ and at 600–700℃, respectively 

Fig. 3.7. Leaching concentrations of immobilized Pb and As tested by TCLP 

Fig. 4.1. Stabilization efficiency of (a) Pb and (b) As in mine waste by BOF 

slag at various L/S ratios and BOF slag contents 

Fig. 4.2. Comparison of Pb stabilization efficiencies by BOF and BF slags at 

1.0 and 5.0 L/kg at 3 wt.% slag contents 

Fig. 4.3. Comparison of Pb stabilization efficiencies by BOF and BF slags at 3, 

5, and 10 wt.% slag contents at the L/S ratio of 1.0 L/kg 

Fig. 4.4. XPS spectra of the BOF slag surface after stabilization of mine waste 

As. L/S ratios of 1.0 and 0.05 L/kg were compared at 3 wt.% BOF slag; (a) 

wide scan spectra with the quantitative analysis results, and (b) Ca 2p region 

spectra with the FWHM value for each peak 

Fig. 4.5. TGA-DTG curves of the BOF slag after stabilization of mine waste 

As at the L/S ratios of 1.0 and 0.05 L/kg at 3 wt.% BOF slag. The amounts of 

CaCO3 was calculated from the weight loss at 600–700℃, respectively 

Fig. 4.6. Comparison of the effects of L/S ratio on stabilization efficiency of As 

at stabilization pH 8.8 and 10.7, at 3 wt.% BOF slag content 

Fig. 4.7. Dissolved concentrations of As from Ca-As precipitates formed at 

various Ca/As molar ratios at pH 11; dissolved concentrations of As were 

predicted in case of the mine waste stabilization process by 3, 5, and 10 wt.% 

BOF slag based on the Ca/As molar ratio. 



xiv 
 

Fig. 4.8. Dissolved concentrations of As from Ca-As precipitates formed at 

various Ca/As molar ratios at pH 11; dissolved concentrations of As were 

predicted in case of the mine waste stabilization process by 3, 5, and 10 wt.% 

BOF slag based on the Ca/As molar ratio. 

Fig. 5.1. Schematic of mine waste piling (modified from [Ribet et al., 1995]) 

Fig. 5.2. Releasing concentrations of (a) Pb and (b) As from BOF slag treated-

mine wastes. Two stabilization conditions for each heavy metal were tested: 

Adsorption dominant- and precipitation and adsorption- conditions 

Fig. 5.3. Experimental Eh and releasing concentrations of Fe and Mn from BOF 

slag treated-mine wastes (i.e., 0.05 L/kg, 10 wt.% and 1.0 L/kg, 10 wt.% 

conditions) by time 

Fig. 5.4. Speciation of remaining Pb in stabilized mine waste before and after 

(100 hr) exposure to reductive condition 

Fig. 5.5. Experimental Eh and releasing concentrations of Fe and Mn from BOF 

slag treated-mine wastes (i.e., 0.05 L/kg, 3 wt.% and 1.0 L/kg, 10 wt.% 

conditions) by time 

Fig. 5.6. Dissolved concentrations of As(total) and As(V) from synthesized Ca-

As precipitates under reductive condition 

Fig. 6.1. Management strategy of mine waste heavy metals using BOF slags 

suggested based on the results in this study 

 



1 

CHAPTER 1. 

INTRODUCTION 
 

1.1. Background 

Heavy metals such as lead (Pb) and arsenic (As) are well known contaminants 

found in soil, surface water, and/or groundwater due to their high toxicity and 

low (or no) biodegradability [Adrees et al., 2015a; Adrees et al., 2015b; Fajardo 

et al., 2015]. One of the major sources for heavy metal contamination is mine 

wastes generated from mining activities including excavation of mineral ores, 

mineral/metallurgical processing [Lottermoser, 2010]. Many mine wastes are 

characterized by high concentrations of heavy metals, and they are commonly 

deposited near the mining area. Without proper treatments, mine wastes can 

potentially spread the heavy metals to the surrounding environments, having 

adverse environmental effects. Mine wastes generation and the potential risk 

by heavy metals in them is global concern, as mine wastes are continuously 

generated in vast amounts. Worldwide production rate of mine wastes is 

estimated to be 350 × 109 ton/yr [Vallero and Blight, 2019]. In order to mitigate 

the potential risk by heavy metal spread from the mine wastes, a proper 

management strategy is needed. 

One option that can be applied is heavy metal stabilization technique. 

Stabilization is a remediation method to chemically reduce the leachability of 

harmful contaminants from wastes [EPA, 2000]. Considering that mine wastes 

are deposited near the mining area when they are generated, stabilization 

technique applied prior to the deposition might successfully mitigate the heavy 

metal contamination spread from the mine wastes. For an efficient stabilization 
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of heavy metals, an appropriate stabilizing agent is needed to chemically 

change the heavy metals into the stable (i.e., less leachable) forms. Basic 

oxygen furnace (BOF) slags, by-products of the steel manufacturing process, 

are expected to act as a good stabilizing agent for heavy metals, since they 

usually contain abundant Ca and Fe oxides [Yildirim and Prezzi, 2015], well 

known materials that are able to stabilize heavy metals. Moreover, BOF slags 

are industrial by-products with vast amounts of production worldwide, so using 

BOF slags for mine waste management can be a good option from an 

environmental and economic point of view. 

In order to use BOF slags as heavy metal stabilizing agents in mining 

area, a research about the stabilization efficiency is essential. And it is a 

common knowledge that the mechanisms involved are of great importance as 

they are closely related to the efficiency. Therefore, to obtain a high efficiency 

of heavy metal stabilization using BOF slags, a detailed understanding about 

the mechanisms involved should be preceded. Although several researches 

about heavy metal stabilization using BOF slags exist, the mechanisms 

involved are still not clearly understood. Therefore, the stabilization 

mechanism of heavy metals by BOF slags, and subsequent stabilization 

efficiency is to be studied in this research. 

However, since the stabilization is a remediation technique of 

mitigating the heavy metal spread, not of removing the heavy metals 

themselves, the stability and/or persistency to any potential environmental 

condition changes needs to be considered. One of the predictable environmental 

condition changes at the mining area is the decrease in redox potential as the 

mine wastes are piled up. To properly manage the mine waste heavy metals 
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using BOF slags, the stability of heavy metals under the reductive condition 

should be evaluated. 

In this regard, this study deals with an in situ stabilization technique 

for managing mine waste heavy metal using BOF slags, especially focusing on 

the related mechanism, efficiency, and also stability under reductive condition.  

 

1.2. Objectives and Scope 

The objective of this study is to develop an in situ stabilization 

technique to treat heavy metals in mine wastes using an industrial by-product, 

BOF slag. This study focused on identifying the related mechanisms, and 

elucidating the effects stabilization conditions on stabilization efficiency and 

stability based on the identified mechanisms. The primary objectives of this 

study are as following: 

 

i. Determination of the relative contribution of two mechanisms, 

precipitation and adsorption on heavy metal stabilization by BOF slag, 

and identification of those mechanisms 

ii. Investigation of the effects of water and BOF slag contents on 

stabilization efficiency of heavy metals in mine waste based on the 

identified mechanisms 

iii.  Evaluation of the stability of the BOF slag treated-mine waste heavy 

metals (i.e., stabilized heavy metals) under a reductive condition 

 



4 

1.3. Organization of Dissertation 

This dissertation consists of five chapters: Chapter 1 is the introduction 

and Chapter 2 is the literature review. Chapter 3 deals with the removal 

mechanisms of aqueous Pb and As by the BOF slag. The relative contribution 

of two mechanisms (i.e., precipitation and adsorption) was determined, and 

each mechanism was identified. In Chapter 4, the stabilization efficiency of Pb 

and As in the mine waste by the BOF slag was investigated, and the effect of 

water and BOF slag contents on the efficiency was elucidated based on the 

stabilization mechanisms. Chapter 5 is about the stability of the BOF slag 

treated-mine waste heavy metals (i.e., stabilized heavy metals) under reductive 

condition. Remobilizations of the stabilized Pb and As were observed under 

reductive condition. Chapter 6 is the conclusion of this study. Fig. 1.1 is the 

structure of the dissertation, summarizing the contents of the study. 
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 Chapter 3. Identification of pH-dependent 
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Fig. 1.1 Structure of this study 
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CHAPTER 2. 

LITERATURE REVIEW 

 

2.1. Environmental problem at mining area 

2.1.1. Mine wastes from mining activities 

Mining activities at mining area include excavation of mineral ores and 

mineral/metallurgical processing. Such series of processes of mining activities 

produce wastes in forms of solid and/or slurry (Fig. 2.1; [Lottermoser, 2010]). 

Those wastes produced from the mining activities including waste rocks and 

mine tailings are defined as mine wastes. Although mining industry is of great 

importance to world economy because it provides a lot of useful mineral 

products, the large size of mining industry is accompanied by large volume of 

wastes [Lottermoser, 2010]. The estimated rate of mine waste production 

worldwide is 350 × 109 ton/year [Vallero and Blight, 2019], and about 

15,000,000 m3 of mine wastes are estimated to exist in South Korea [Kang et 

al., 2005] 
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Fig. 2.1. Schematic of mining process and mine waste generation [Lottermoser, 

2010] 
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2.1.2. Environmental contamination by mine wastes 

When mine wastes are generated from the mining activities, they are commonly 

deposited near the mining area [Babel et al., 2016]. In 2011 in South Korea, 87% 

of the total 5,396 mines were closed, and most of them were abandoned without 

any proper treatments [MIRECO, 2011]. Various environmental problems were 

caused by these abandoned mines, including soil and water pollution by acid 

mine drainage (AMD) and mine wastes. Especially, mine wastes are often 

characterized by high concentrations of heavy metals, and thus, the heavy 

metals contained in mine wastes can cause severe environmental problems. 

About 15,000,000 m3 of mine wastes are estimated to be deposited in Korea, 

and these mine wastes leached out heavy metals by contacting with rainwater, 

contaminating surrounding environment [Kang et al., 2005]. Korea Ministry of 

Environment [KMOE, 2014] reported that heavy metal contamination levels of 

soil and/or water at 73 mines of 110 investigated mines exceeded the regulatory 

levels in 2014, indicating that abandoned mines have strong potential to cause 

heavy metal contamination. Various heavy metals such as arsenic (As), lead 

(Pb), copper (Cu), cadmium (Cd), mercury (Hg), and nickel (Ni) were found.  
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2.2. Heavy metal stabilization technique at mining area 

2.2.1. Heavy metal remediation techniques at mining area 

Proper treatment is needed for mine wastes as many heavy metal contamination 

cases have been reported near mining area. Several remediation technologies 

have been developed to remediate heavy metals. One of those technologies is 

heavy metal extraction, which can remove heavy metals from mine wastes. This 

may be the most certain way to prevent heavy metal contamination because 

heavy metals themselves would be removed from the wastes. However, it is not 

efficient to be applied at mining area in practical and economic perspective, 

since it needs an extra treatment system for the extracted heavy metals. Heavy 

metal extraction is often considered when useful metals still exist in mine 

wastes, so they can be recovered by extraction [Hoque and Philip, 2011; 

Velmurugan et al., 2010]. Several studies have used this method to extract 

heavy metals from mine wastes, but most of them focused on the recovery of 

the metals. 

Another way is to encapsulate the mine wastes with a solidified cover, 

blocking mine waste loss and/or leaching of the heavy metals (Fig. 2.2). Several 

materials can be used, such as cement, soil, vegetation, etc. [Ahn et al., 2011]. 

This technology can physically prevent heavy metal contamination. Among the 

covering materials, cement may thoroughly cover the mine waste dumps to 

completely block the spread, but is considered to be too expensive, thus not 

often used. On the other hand, the soil and vegetation cover have advantages in 

economic way compared to cement, however, they may not completely block 

the heavy metal contamination spread. Moreover, Ribet et al., [1995] pointed 

out that the organic compounds contained in soil and vegetation cover might 
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facilitate the activities of microbes in mine wastes, causing heavy metal 

leaching via an accelerated reductive dissolution of Fe oxides. Of those 

disadvantages of encapsulation technology, the crucial one is that it could only 

be applied when the mining activities are finished. That is, encapsulation 

technology is not available while the mine wastes are being generated and being 

dumped. 
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Fig. 2.2. Schematic of encapsulation of mine tailings by soil cover [Ahn et al., 

2011] 
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Recycling mine wastes as the backfill materials for the mine tunnels 

are also being considered [Lottermoser, 2010]. This may have several 

advantages such as limited interaction with soil and surface water, and no risk 

of erosion. However, it is not guaranteed that the backfilled mine wastes are 

chemically and physically secure. If they are placed underground mine tunnels 

below the water table, they have risk of leaching heavy metals, causing severe 

contamination of groundwater.  

Compared to those techniques mentioned above, heavy metal 

stabilization technique could be a proper option to be applied at mining area. 

Heavy metal stabilization is an in situ remediation technique that changes heavy 

metals into chemically stable forms by treating them with stabilizing agents. 

Appropriate stabilizing agents would transform heavy metals into less labile or 

non-labile forms, reducing their leachability, mobility, and/or bioavailability 

[US EPA, 2000]. Stabilization technique does not need extra treatment system 

as it does not extract heavy metals, and is applicable even when mine wastes 

are being generated and dumped because of its simple procedure. Stabilization 

involves a simple mixing of stabilizing agents and water with mine wastes. 

Thus, stabilization can mitigate heavy metal contamination spread from mine 

wastes in relatively short time. Stabilization technique can be an efficient way 

to mitigate and manage the risk at mining area. Fig. 2.3 shows a schematic for 

the process of stabilization technique. 
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Fig. 2.3. Schematic of stabilization process [US EPA, 2012] 
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Usually stabilization is accompanied with solidification which binds 

wastes in a solid block of material and physically traps it in place [US EPA, 

2012], and according to United States Environmental Protection Agency (US 

EPA)’s Superfund Remedy Report [US EPA, 2017], stabilization/solidification 

technique accounts for about 30% of the remediation methods applied at 

Superfund sites at USA in 1982-2011. It is the second most common source 

control treatment technologies used at Superfund Sites [US EPA, 2000] 

followed by soil vapor extraction. In South Korea, stabilization technique has 

been applied at an old smelter site in order to remediate heavy metals including 

As in nearby soil, and subsequently, to mitigate the risk. The successful cases 

of stabilization technique support the viability of applying this technique for 

managing the risk by heavy metals at the mining area. 
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2.2.2. Heavy metal stabilizing agents 

One of the important factors in using stabilization technique as a remediation 

method is selecting an appropriate stabilization agent for the target 

contaminants. US EPA [2000] reported statistics of materials used as 

stabilization agents at Superfund sites (Fig. 2.4). Of the total 59 projects 

investigated, more than 90% (i.e., 55 projects) used inorganic binders such as 

cement, fly ash, lime, and soluble silicates. In general, inorganic binders are 

less expensive and easier to use than organic binders. 
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Fig. 2.4. Types of materials used as stabilization agents at Superfund sites 

[US EPA, 2000] 
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Many researches about heavy metal stabilization used pure calcium 

(Ca) or iron (Fe) based inorganic materials. Ca based materials such as Ca(OH)2, 

CaCO3, and lime have been used by many researchers [Basta and McGowen, 

2004; Chen et al., 2000; Geebelen et al., 2003] to stabilize heavy metals such 

as Pb. These Ca based stabilizing agents generally have high pH, which leads 

to immobilization of Pb by precipitation. Various Fe based stabilizing agents 

have been studied, including Fe sulfate, zero valent iron, and goethite by many 

researchers [Hartley et al., 2004; Kim et al., 2003]. 

Other than the pure Ca or Fe based materials, industrial by-products 

that contain abundant Ca and/or Fe in them are also considered as heavy metal 

stabilizing agents. Industrial by-products such as coal, bio-fuel fly ashes 

gypsum- and lime- rich materials and steel-manufacturing by-products can be 

used beneficially for the reduction of heavy metal mobility [Brown et al., 2005; 

Ciccu et al., 2003; Garrido et al., 2005]. Especially, basic oxygen furnace (BOF) 

slags, by-products from steel-making industry, generally contain a lot of Ca and 

Fe oxides [Yildirim and Prezzi, 2011]. About 9 million tons of BOF slags were 

generated in 2010 in South Korea [KMOE, 2011], and the global production of 

steelmaking slag is estimated to be more than 400 million tons each year [World 

Steel Association, 2018]. Fig. 2.5 shows the steel slag utilization in Japan, 

Europe, USA, and China [Guo et al., 2018]. Slags are being reused for road 

construction and civil engineering, etc., however, large parts of them are being 

disposed, especially in China (i.e., 70.5%). Such vast amounts of production 

and disposal of slags give benefit to recycling BOF slags as stabilizing agents 

in environmental and economic point of view. 
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Fig. 2.5. Steel slag utilization in Japan, Europe, USA, and China [Guo et al., 2018] 
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2.2.3. BOF slags as heavy metal stabilizing agents 

Several researchers have studied about heavy metal stabilization with steel 

slags. Some of them [Lee et al., 2011; Mohan and Pittman, 2007; Moon et al., 

2015] confirmed the high efficiencies of heavy metal stabilization using steel 

slags including BOF slags. The high efficiencies mainly are attributed to the 

abundant amounts of Ca and Fe oxides in the slags [Yildirim and Prezzi, 2011]. 

Stabilization mechanism of heavy metals by pure Ca and Fe oxides are well 

known, and they are mainly precipitation and adsorption, respectively. Ca2+ and 

OH- ions released from Ca oxide dissolution [Dong et al., 2014] are known to 

form sparingly soluble precipitates with heavy metals [Bothe Jr and Brown, 

1999a, b; Martínez-Villegas et al., 2013; Patterson et al., 1977; Tünay and 

Kabdaşli, 1994; Zhou et al., 1999]. Heavy metal stabilization by Fe oxide is 

usually explained by adsorption [Dixit and Hering, 2003; Jeong et al., 2017; Xu 

et al., 2012]. Adsorption mechanism is dominated by the surface charge 

determined by the point of zero charge (pzc) of the adsorbent and surrounding 

pH. The surface of the adsorbent is positively (pzc > pH) or negatively (pzc < 

pH) charged, adsorbing anionic or cationic heavy metals, respectively [Babel 

and Kurniawan, 2003; Cornell and Schwertmann, 1996]. Fig. 2.6 is a schematic 

summarizing the stabilization mechanisms by pure Ca and Fe oxides. 
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Fig. 2.6. Heavy metal stabilization mechanisms by pure Ca and Fe oxides 
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Although researches about heavy metals removal using BOF slags exist, 

however, the mechanisms involved are still controversial. For example, some 

studies [Ahn et al., 2003; Moon et al., 2015] have suggested that the dominant 

mechanism of As removal by the BOF slag was Ca-As precipitation rather than 

adsorption onto the slag surface, while others [Kanel et al., 2006; Oh et al., 

2012] have pointed out that both precipitation and adsorption might be involved. 

Several researchers who have studied the removal of cationic heavy metals 

using steel slags [Liu et al., 2010; Repo et al., 2015; Xue et al., 2009] have 

simply alleged that both precipitation and adsorption were involved. Moreover, 

little is known about which mechanism plays a dominant role in response to 

environmental factors such as pH. Since the mechanisms involved can directly 

affect the stabilization efficiency of heavy metals, detailed understanding about 

the stabilization mechanisms by BOF slags should be further studied. 

Many studies about heavy metal stabilization have focused on the type and 

dosage of stabilizing agents, and increasing the efficiency by adjusting those 

conditions [Kim and Lee, 2017; Moon et al., 2016; Wang et al., 2016]. However, 

few studies have considered the effect of water contents (i.e., L/S ratio) on 

heavy metal stabilization efficiencies. In order for heavy metals to be 

chemically stabilized, water as well as BOF slags needs to be added during the 

stabilization process. Reasonably, water contents would have influence on the 

heavy metal stabilization efficiency, and thus needs to be considered as well. 

 Table 2.1 summarizes the suggested mechanisms and testing 

conditions from previous literature [Kim and Lee, 2017; Moon et al., 2016; 

Moon et al., 2015; Oh et al., 2012; Repo et al., 2015; Wang et al., 2016; Xue et 

al., 2009], and further studies needed. 
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Table 2.1. Literature review and further studies needed 

Reference Target heavy metal Suggested stabilization mechanism Further study needed 

[Moon et al., 2015] Pb, Cu Precipitation 

Detailed understanding about 
heavy metal stabilization 
mechanisms by BOF slags 

[Xue et al., 2009] Cu, Cd, Pb, Zn Adsorption 

[Repo et al., 2015] Co, Ni, Cd, Pb Both precipitation and adsorption 

[Moon et al., 2015] As Precipitation 

[Oh et al., 2012] As Both precipitation and adsorption 

Reference Testing condition Further study needed 

[Kim and Lee, 2017] Type and dosage of stabilizing agents 

Effect of water contents on the 
stabilization efficiency 

[Moon et al., 2016] Dosage of stabilizing agents, curing period 

[Wang et al., 2016] Type and dosage of stabilizing agents, reaction pH 
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2.3. Stability of stabilized heavy metals under reductive 

condition 

Since the stabilization is a remediation technique of mitigating the 

contaminants spread, not of removing the contaminants themselves, the 

stability and/or persistency to any potential environmental condition changes 

needs to be considered. One of the predictable environmental condition changes 

at the mining area is the decrease in redox potential. When the mine wastes are 

generated and piled up near the mining sites [Lottermoser, 2010; Trezzi et al., 

2016], the lower parts of the mine waste piles are possibly isolated from 

atmospheric O2 as in Fig. 2.7. When O2 is limited, a reductive condition might 

be induced at the lower parts of the mine waste piles [Ribet et al., 1995]. Several 

case studies conducted near the mining area have reported that the redox 

potential typically varied from 0 to 600 mV (Fig. 2.8; [Blowes and Jambor, 

1990; Ispas et al., 2018; Yi et al., 2003]) and decreasing tendency of redox 

potential with depth of mine waste pile (Fig. 2.9; [Dold, 2014]). 
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Fig. 2.7. Schematic of mine waste piling (modified from [Ribet et al., 1995]) 
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Fig. 2.8. Example of Eh range observed near mining area [Ispas et al., 2018] 
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Fig. 2.9. Example of Eh range with depth of mine waste pile [Dold, 2014] 
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Redox potential is one of the most significantly influencing factors on 

the chemical speciation and mobility of metals [Borch et al., 2010; Kappler et 

al., 2011; Lee et al., 2019]. One common example is the reductive dissolution 

of ferric oxides [Cornell and Schwertmann, 1996]. Reductive dissolution of 

such oxides may release the heavy metals that were bound to intact oxides, 

increasing the mobility of heavy metals [Chuan et al., 1996; Deonarine et al., 

2016]. Also, arsenic (As), a commonly found heavy metal with high toxicity, 

can be reduced from As(V) to As(III) when the surrounding redox potential 

decreases. As(III) is known to have a higher mobility and about 25-60 times 

higher toxicity than As(V) [Raven et al., 1998]. Fig. 2.10 shows examples of 

Eh-pH diagrams for Fe and As [Reeder et al., 2006; Rose, 2010]. 
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Fig. 2.10. Eh-pH diagram for Fe (left) and As (right) [Reeder et al., 2006; Rose, 

2010] 
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In this respect, even though mine waste heavy metals are chemically 

stable under oxidative condition via stabilization technique, their stabilities are 

not guaranteed under the reductive condition. Reductive condition is especially 

expected at mining area due to mine waste piling and the consequent limitation 

of O2 at the lower parts. So it is important to evaluate the stability of heavy 

metals under reductive condition to apply stabilization technique to manage 

mining area. 
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2.4. Summary of literature review 

Overall literature review suggests that heavy metal stabilization technique by 

BOF slags might be a good option to manage environmental risk caused by 

mine waste, if proper efficiency and stability are provided. Previous works, 

however, lack a detailed understanding about the mechanisms involved in 

heavy metal stabilization by BOF slags, which would importantly affect the 

stabilization efficiency. Also, few studies about heavy metal stabilization, not 

limited to the ones using BOF slags, have considered water contents on the 

stabilization efficiency. It is reasonably assumed that water contents have 

influence on the efficiency of stabilization, since water is essential for chemical 

reactions to stabilize heavy metals. Therefore, the mechanisms related to heavy 

metal stabilization by BOF slags should be identified, and the efficiencies need 

to be investigated based on the identified mechanisms, especially with regards 

to the effect of water contents as well as slag contents. Finally, the stability of 

the stabilized heavy metals needs to be evaluated under a reductive condition, 

for the proper use of this technique at mining area. 
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CHAPTER 3. 

IDENTIFICATION OF pH-DEPENDENT 

REMOVAL MECHANISMS OF HEAVY 

METALS IN THE PRESENCE OF BASIC 

OXYGEN FURNACE SLAG 
 

3.1. Introduction 

Environmental pollution by heavy metals is a widespread problem due to their 

high toxicity, recalcitrance, and no biodegradability [Adrees et al., 2015a; 

Adrees et al., 2015b; Fajardo et al., 2015]. One way to remediate heavy metal 

contamination is to control their exposure to human beings and ecosystems by 

changing the chemical forms to less mobile forms. In this respect, materials 

bearing Ca or Fe oxide are commonly used to deal with heavy metal 

contamination [Lee et al., 2011; Liang et al., 2017; Xia et al., 2017]. Ca2+ and 

OH- ions released from Ca oxide dissolution [Dong et al., 2014] are known to 

form sparingly soluble precipitates with heavy metals. Ca2+ ions react with 

oxyanionic heavy metals such as arsenic (As), forming precipitates [Bothe Jr 

and Brown, 1999a, b; Martínez-Villegas et al., 2013]. OH- ions increase the 

surrounding pH to the alkaline condition, promoting the dissolution of 

atmospheric CO2 to CO3
2- ions. Precipitation of various cationic heavy metals 

(e.g., Zn, Pb, Cd, Cu, and Ni) with these OH- and CO3
2- ions is a common 

chemical reaction [Patterson et al., 1977; Tünay and Kabdaşli, 1994; Zhou et 

al., 1999]. On the other hand, heavy metal removal involving Fe oxide-bearing 

materials is usually explained by adsorption [Dixit and Hering, 2003; Jeong et 

al., 2017; Xu et al., 2012]. Depending on the surrounding pH and the point of 

zero charge (pzc) of the adsorbent, the surface of the adsorbent is positively 
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(pzc > pH) or negatively (pzc < pH) charged, adsorbing anionic or cationic 

heavy metals, respectively [Babel and Kurniawan, 2003; Cornell and 

Schwertmann, 1996]. 

Basic oxygen furnace (BOF) slags, a by-product of the steel 

manufacturing process, usually contains abundant Ca and Fe oxides [Yildirim 

and Prezzi, 2015]; therefore, they can be used to remediate heavy metal 

contamination. Several researches about heavy metals removal using BOF slags 

exist, however the mechanisms involved are still not clearly understood. Some 

studies [Ahn et al., 2003a; Moon et al., 2015] have suggested that the dominant 

mechanism of As removal by the BOF slag was Ca-As precipitation rather than 

adsorption onto the slag surface, while others [Kanel et al., 2006; Oh et al., 

2012] have pointed out that both precipitation and adsorption might be involved. 

Several researchers who have studied the removal of cationic heavy metals 

using steel slags [Liu et al., 2010; Repo et al., 2015; Xue et al., 2009] have 

simply alleged that both precipitation and adsorption were involved. Moreover, 

little is known about which mechanism plays a dominant role in response to 

environmental factors such as pH.  

It is of great importance to understand the mechanisms involved in 

heavy metal removal, as they are closely related to removal efficiency [Guo et 

al., 2017]. It was hypothesized that the efficiency of heavy metal removal by 

the BOF slag strongly depends on which mechanism, either precipitation or 

adsorption, is dominant. Lab-scale batch tests were conducted to investigate the 

removal mechanisms of lead (Pb) and arsenic (As) by BOF slag at various pH 

levels. To identify which mechanism, either precipitation or adsorption, is 

dominant in heavy metal removal by BOF slag, blast furnace slag (BF) was 

employed for comparison. Several instrumental analyses including powder X-



43 

ray diffractometry (XRD), field emission scanning electron microscope with 

energy dispersive X-ray spectroscopy (FESEM-EDS), X-ray photoelectron 

spectroscopy (XPS), and thermogravimetric analysis (TGA) were conducted to 

identify the mechanisms and to demonstrate the effect of pH on the mechanisms. 

In addition, toxicity characteristic leaching procedure (TCLP) was employed to 

examine the stability of precipitated or adsorbed heavy metals. 
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3.2. Materials and Methods 

3.2.1. Material preparation and characterization 

Two types of steel slags used in this study, BOF and BF slags, were sampled 

from the Gwangyang steel manufacturer of POSCO in Korea. All slag samples 

were crushed using a ball mill, and the fine particles that passed through a 75-

μm sieve were used for the heavy metal removal experiments. The oxide 

compositions of the sieved BOF and BF slag samples were analyzed using X-

ray fluorescence spectrometry (XRF; S4 Pioneer, Bruker AXS, Germany). It 

was confirmed that neither the BOF nor the BF slag used in this study leached 

any Pb or As (under the detection limit; 0.01 mg/L). Two separate heavy metal 

stock solutions, Pb and As, were prepared by dissolving PbCl2 and 

Na2HAsO4·7H2O in distilled water, respectively. 
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3.2.2. Determination of removal mechanisms of Pb and As using BOF slag at 

various pH levels 

Lab-scale batch tests were conducted to remove aqueous heavy metals by 

adding 0.1 g of BOF slag to 10 mL of each heavy metal stock solution at various 

pH levels. A few drops of HCl or NaOH were injected before agitation to adjust 

the solution pH to a neutral-alkaline pH range (i.e., 7–13). Because an alkaline 

material, BOF slag, was used for heavy metal removal, acidic pH conditions 

were not considered in this study. The mixture of the BOF slag and heavy metal 

solution was agitated for 1 h at room temperature; then, the pH was measured 

using a pH meter (Orion 5 star, Thermo Fisher Scientific, USA). The 

supernatant and the solid residue were separated and collected by centrifugation 

followed by filtration through a 0.45-μm syringe filter. The remaining Pb and 

As concentration on the supernatant was analyzed by inductively coupled 

plasma optical emission spectrometry (ICP-OES, iCAP 7400, Thermo Fisher 

Scientific, USA) and used to calculate the removed amount of Pb and As 

through the following equation: 

 

Removed amount (mg/g-slag) = (Cinitial − Cfinal) ⅹ 10 mL/0.1 g ⅹ 10-3 L/mL, 

 

where Cinitial is the initial concentration of Pb or As stock solution, 446.6 mg-

Pb/L or 288.5 mg-As/L, respectively, and Cfinal is the remaining Pb or As 

concentration on the supernatant (in mg/L) after the BOF slag treatment. The 

heavy metal removal experiment described above was conducted using the BF 

slag instead of the BOF slag as well. The amounts of heavy metals removed by 

either the BOF or BF slag were compared to determine the relative 

contributions of precipitation and adsorption to heavy metal removal 
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mechanisms at various pH levels. 

 The solid residues were separated and then analyzed using several 

instrumental analyses including XRD (D8 Advance, Bruker, Germany) and 

FESEM-EDS (SUPRA 55VP, Carl Zeiss, Germany) to identify the removal 

mechanisms of Pb and As by the BOF slag. XPS (AXIS-His, KRATOX, UK) 

was used to observe the surface of the BOF slag samples used for As removal 

at pH 8 and 13. XPS data were recorded with an Al Kα X-ray source (1486.6 

eV) at the Research Institute of Advanced Materials (RIAM) located in Seoul 

National University, South Korea. Casa XPS software was used to deconvolute 

and quantify the XPS data. Wide scan spectra as well as high resolution Ca 2p 

spectra were obtained. To support and verify the XPS results, TGA (Discovery 

TGA, TA Instruments, USA) was further conducted. The samples were heated 

linearly up to 900℃ at the heating ratio of 10°C/min under N2 gas-purged 

atmosphere and the changes in sample weights and their derivative data were 

collected. 
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3.2.3. Leaching test of precipitated and/or adsorbed heavy metals 

A leaching test was conducted to evaluate the stability of the precipitated and/or 

adsorbed heavy metals. The solid residues were collected, and then mixed with 

TCLP leaching solution (5.7 mL-acetic acid/1 L distilled water, pH 2.8–2.9) at 

a L/S ratio of 20 L/kg for 18 h at the room temperature [US EPA, 1992]. The 

supernatant was filtered by 0.45-μm syringe filter after centrifugation, then 

analyzed for the leaching concentration of Pb and As using ICP-OES (iCAP 

7400, Thermo Fisher Scientific, USA). 
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3.3. Results and Discussion 

3.3.1. Characterization of BOF and BF slags 

The chemical composition of the two types of steel slags used in this study, 

BOF and BF were analyzed by XRF. Table 3.1 shows that the major 

components of the BOF slag were CaO (38.7 wt.%), Fe2O3 (29.9 wt.%), and 

SiO2 (15.4 wt.%), with other trace elements such as Al2O3, MgO, MnO, P2O, 

Na2O, TiO2, and SO3, according to XRF analysis. It should be noted that that 

Ca oxide and Fe oxide were abundant in the BOF slag, and they remove heavy 

metals mainly by precipitation and adsorption, respectively, as described above. 

Most components found in the BF slag were similar to those in the BOF slag; 

CaO (45.8 wt.%) represented the largest amount, followed by SiO2 (31.8 wt.%), 

and Al2O3 (13.4 wt.%). A significant difference in the Fe2O3 contents between 

the BOF and BF slags (29.9 wt.% vs. 0.8 wt.%, respectively) was observed. 

Because the BF slag lacked Fe oxide which acts as an adsorbent for heavy 

metals, few amounts of Pb and As would be adsorbed onto the BF slag. EDS 

analysis confirmed that neither adsorption of Pb nor As occurred on the BF slag. 

On the other hand, an abundant amount of CaO is contained in the BOF and BF 

slags; thus, both slags would enable the precipitation of heavy metals. 

Therefore, the relative fraction of precipitation and adsorption by the BOF slag 

was determined by comparing the amounts of heavy metal removed by the BOF 

and BF slags. 
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Table 3.1. Chemical composition of the BOF and BF slags used in this study 

Element as oxide 
Content in wt.% 

BOF slag BF slag 

CaO 38.7 45.8 

Fe2O3 29.9 0.8 

SiO2 15.4 31.8 

Al 2O3 5.1 13.4 

MgO 4.0 4.7 

MnO 2.6 0.2 

P2O5 2.1 0.0 

Na2O 0.6 0.3 

TiO2 0.6 0.6 

SO3 0.5 1.7 
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3.3.2. Relative fraction of precipitation and adsorption to heavy metal removal  

Aqueous Pb and As with initial concentrations of 446.6 and 288.5 mg/L, 

respectively, were mixed with the BOF slag at the pH 7–13 range, and the 

removed amounts were obtained. The relative fraction of the two removal 

mechanisms (i.e., precipitation and adsorption) in the presence of the BOF slag 

was investigated by comparing the results by the BOF and BF slags. Fig. 3.1 

shows the removal of Pb and As by the BOF and BF slags. Almost all Pb was 

removed by the BOF slag at pH 7-11 (i.e., more than 99%), whereas only 10.8 

mg/g-slag (i.e., 24%) was removed at pH 13, as shown in Fig. 3.1a. The BF slag 

showed similar results of Pb removal (Fig. 3.1b), which indicates that 

precipitation was the predominant mechanism for Pb removal at all levels of 

pH tested. Decrease in Pb removal at pH 13 was probably because not only Pb 

precipitates but also Pb(OH)3
- and/or Pb(OH)42- ions were formed, due to the 

amphoteric nature of Pb. Wang et al. [2016] reported a similar result in which 

Pb removal by lime was inhibited at high pH above 10.4 due to the formation 

of Pb(OH)42-. Approximately 41–48% of initial As (11.7–13.9 mg/g-slag) was 

removed by the BOF slag at pH 8–11, and the efficiency was sharply reduced 

to as low as 17% (4.8 mg/g-slag) as pH increased to 13 (Fig. 3.1c). On the other 

hand, As removal by the BF slag increased from 1.0 to 3.3 mg/g-slag as pH 

increased from 11 to 13, while no As was removed at pH 8 and 9 (Fig. 3.1d). 

Such tendency indicates that As precipitation increased as pH increased from 

11 to 13. Since As removal by the BOF slag decreased at pH 11 to 13, but the 

precipitation mechanism increased, reasonably adsorption mechanism of As 

might have decreased. This result clearly provides the likelihood that proportion 

of removal mechanisms is related to efficiency. 
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Fig. 3.1. Removal of Pb and As by BOF and BF slags at various pH values: (a) 

Pb removed by BOF slag, (b) Pb removed by BF slag, (c) As removed by BOF 

slag, and (d) As removed by BF slag. BF slag was used for comparison 
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3.3.3. Identification of the removal mechanisms 

3.3.3.1. Pb-OH and Ca-As precipitation 

X-ray analyses including XRD and EDS confirmed the formation of Pb and As 

precipitates by the BOF slag treatment. Fig. 3.2a shows that the Pb precipitation 

mechanism was attributed to a Pb-OH precipitate, Pb3Cl(OH)O2. A similar 

result was reported by Chen et al. [2009], in which they detected another form 

of Pb-OH precipitate, Pb(OH)2, after treating Pb solution with fly ash and lime. 

Fig. 3.2b shows the X-ray analysis results of the As precipitate (Ca-As 

precipitates) which was formed at pH 13. Since the As precipitate presented 

XRD spectrum of amorphous compounds (Fig. 3.2b upper right side), it was 

not possible to identify the As precipitate merely by XRD analysis. Therefore, 

EDS analysis was further conducted, and found out that the precipitate mainly 

consisted of Ca, As, and O. This EDS analysis result showed that As 

precipitation was probably associated with the formation of Ca-As precipitates. 

Calcium arsenate precipitation was only observed at high pH (> 11) in this 

experiment, which is consistent with the results from other researchers [Ahn et 

al., 2003b; Moon et al., 2004] who pointed out that alkaline pH promotes stable 

calcium arsenate precipitation. 
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Fig. 3.2. Identification of Pb and As precipitates: (a) XRD result of Pb 

precipitated at pH 11, and (b) EDS result of As precipitated at pH 13 (with XRD 

result shown at the upper right side)  
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3.3.3.2. As adsorption on the BOF slag 

Fig. 3.3 shows the FE-SEM image with EDS mapping results of the BOF slag 

surface after As removal at pH 9, where adsorption dominantly occurred. The 

EDS mapping result shows that As existed on the slag particles, indicating that 

As was adsorbed.  
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Fig. 3.3. Mapping image of As adsorbed on the BOF slag at pH 9 captured by 

FESEM-EDS 
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Prior to investigating the adsorption mechanism of As on the BOF slag, 

the point of zero charge (pzc) of the BOF slag used in this study was measured. 

The pzc was determined by measuring the zeta potential at various solution pH 

values. Briefly, the BOF slag samples were suspended in distilled water (0.1 g 

BOF slag in 200 mL solution) where the pH was adjusted using HNO3. The 

mixtures were agitated for 48 hours to reach the pH equilibrium, and the pH 

was measured. Then, the zeta potential of the suspended BOF slag was 

measured using JP/ZC-2000 (Microtec, Japan). As a result, the point of zero 

charge (pzc) of the BOF slag samples used in this study was determined to be 

6.3 (Fig. 3.4). Since the experimental pH conditions (i.e., pH 7–13) were all 

above the pzc of the BOF slag, the surface of the BOF slag would be mostly 

negatively charged, indicating that As oxyanions are not likely to be directly 

adsorbed on the BOF slag surface. 
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Fig. 3.4. Point of zero charge of the BOF slag used in this study determined by 

zeta potential measurement.  
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Although As oxyanion is not likely to be directly adsorbed onto the 

negatively charged surface, the adsorption is still possible if a cation (such as 

Ca2+) links As and the slag surface. Lin et al. [2004] observed that divalent or 

trivalent cations such as Ca2+, Mg2+, Fe3+, Al3+, and Mn2+ contributed to 

bridging As and humic substance. Tavakkoli et al. [2015] and Muneer and 

Oades [1989] also showed the presence of soil mineral-organic association 

through bridging effect by several multivalent cations including Ca2+. To verify 

this presumption, Ca-reduced BOF slag was tested. Ca-reduced BOF slag was 

prepared by treating fresh BOF slag with Al(NO3)3·9H2O. Briefly, the BOF slag 

sample was mixed with 0.15 M Al(NO3)3·9H2O solution at a 5 L/kg ratio for 48 

hours. Al solution was selected to reduce Ca from the BOF slag, expecting to 

promote the dissolution of CaO from the BOF slag. When Al dissociated from 

Al(NO3)3·9H2O consumes OH- by forming Al(OH)3, the equilibrium of CaO 

dissolving reaction would be promoted. After the Al pretreatment, the 

supernatant was removed to obtain the residual BOF slag (i.e., Ca-reduced BOF 

slag). The residual BOF slag was rinsed with distilled water to remove any 

remaining Al(NO3)3·9H2O. When the specific surface area was analyzed by the 

Brunauer-Emmett-Teller (BET) method, the Ca-reduced BOF slag showed a 

larger value (20.2844 m2/g) compared to the fresh BOF slag (4.7797 m2/g). 
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Adsorption experiment using the Ca-reduced BOF slag was tested at 

pH 8 to exclude any effects of Ca on the As precipitation mechanism. Table 3.2 

shows a significant decrease in the removed amount of As when Ca-reduced 

BOF slag was used (6.4 ± 0.7 mg/g-slag) compared to when the fresh BOF slag 

was used (13.8 ± 1.2 mg/g-slag). The higher efficiency by the fresh BOF slag 

despite the smaller specific surface area clearly indicates that Ca served as a 

major factor in As adsorption. This supports the idea that Ca2+ bridged As and 

the negatively charged slag surface, enabling As adsorption.  
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Table 3.2. Comparison of As amounts removed by the fresh and the Ca-reduced 

BOF slag 

BOF slag Removed As (mg/g-slag)* 

Fresh 13.8 ± 1.2 

Ca-reduced**  6.4 ± 0.7 

*The test was conducted at pH 8 where adsorption was the dominant removal mechanism 

** Ca-reduced BOF slag was prepared by Al(NO3)3·7H2O pretreatment 
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3.3.3.3. Hindrance of As adsorption by Ca(OH)2 and CaCO3 at high pH 

Since As adsorption decreased with increasing pH (pH 12 and 13) as shown in 

Fig. 3.1, the BOF slags used to remove As at pH 13 and 8 were collected and 

compared in their surfaces using XPS analysis. XPS analysis was conducted 

from a (a) wide scan and at (b) Ca 2p regions. As shown in Fig. 3.5a, amount 

of each element on the slag surface was quantified using the wide scan spectra 

for pH 13 and 8. O 1s showed the highest amounts of all for both pH 13 and 8 

(52.44 and 53.17 at.%, respectively), probably due to abundant oxide 

compounds contained in the BOF slag. C 1s was the second highest followed 

by Ca 2p and Si 2p. Fe 2p and As 3d were also detected in trace amounts on the 

BOF slag surface. High resolution Ca 2p spectra were obtained (Fig. 3.5b), and 

were calibrated by the adventitious C 1s peak to 284.5 eV. Each pH condition 

exhibited a pair of Ca 2p3/2 and Ca 2p1/2 doublet peaks (Fig. 3.5b). The 

doublet peaks were separated by 3.55 eV distance and had areas with a ratio of 

2:1 [Wanger et al., 1979]. No significant energy shifts were observed in Ca 2p 

region between pH 13 and 8. 

 It was notable that the amount of Ca 2p at pH 13 (8.65 at.%) was more 

than double the one at pH 8 (3.89 at.%), indicating that there were more Ca on 

the BOF slag surface at pH 13 than at pH 8. Such difference in the amounts of 

Ca between pH 13 and 8 may be attributed to several Ca-related compounds in 

this experimental condition: They could be calcium arsenate precipitates and 

Ca bridge between As and the slag surface as determined in this study. Ca(OH)2 

and CaCO3 might be formed from Ca2+ ions from the BOF slag and the 

surrounding alkaline pH condition. Furthermore, the components of the BOF 

slag itself, such as Ca-Fe-O and Ca-Si-O, can be possible sources [Huijgen et 
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al., 2005]. Among four candidates for the Ca peaks described above, Ca-Fe-O 

is known to dissolve at much lower pH (below 5.1; [Huijgen et al., 2005]) than 

the experimental pH range, therefore the amounts are not likely to differ 

between pH 13 and 8. Besides, since both Si 2p and As 3d showed higher 

amounts at pH 8 compared to at pH 13, neither the Si- nor As-related 

compounds (such as Ca-Si-O, calcium arsenate, nor Ca bridge) would be 

responsible for the difference in Ca amounts. Accordingly, Ca(OH)2 and CaCO3 

are expected to account for the difference in Ca amounts between pH 13 and 8. 
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Fig. 3.5. XPS spectra of the BOF slag surface after As removal. Two pH 

conditions (i.e., pH 8 and 13) were compared; (a) wide scan spectra and the 

quantitative analysis results, and (b) Ca 2p region spectra  
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 The result of TGA analysis quantitatively confirmed the presence of 

Ca(OH)2 and CaCO3 onto the surface of BOF slag samples at pH 13. Sample 

weights (TG) as well as their derivative data (DTG) were recorded, and the 

weight losses were observed on both pH samples (Fig. 3.6). The TG curve of 

pH 13 sample exhibited two points of sharp declines as determined by the DTG 

peaks (i.e., 400-450℃ and 600-700℃). Those two temperature ranges well 

correspond with the reported ones at which the dehydration of Ca(OH)2 and the 

calcination of CaCO3 occur [Brand and Roesler, 2015; Chang et al., 2012]. 

Ca(OH)2 dehydration and CaCO3 calcination are expressed as following 

equations: 

 

Ca(OH)2 (s) → CaO (s) + H2O (g) 

CaCO3 (s) → CaO (s) + CO2 (g) 

 

Therefore, Ca(OH)2 and CaCO3 could be quantified using the weight losses at 

400-450℃ and 600-700℃, and turned out to be 3.04 and 7.00 wt.%, 

respectively. On the other hand, such sharp declines in sample weight were not 

observed on the pH 8 sample, indicating that neither Ca(OH)2 nor CaCO3 

existed on the BOF slag at pH 8. The TGA results verified that Ca(OH)2 and 

CaCO3 were on the BOF slag at pH 13 but not at pH 8. This could support the 

XPS results that more Ca(OH)2 and CaCO3 were formed on the BOF slag 

surface at pH 13 compared to at pH 8. XPS and TGA results revealed that the 

BOF slag surface was covered by Ca(OH)2 and CaCO3 at pH 13, which 

probably blocked As adsorption. 
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Fig. 3.6. TGA-DTG curves of the BOF slag after As removal at (a) pH 13 and 

(b) pH 8. The amounts of Ca(OH)2 and CaCO3 were calculated from the weight 

loss at 400–450℃ and at 600–700℃, respectively 
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3.3.4. Stability of the precipitated and/or adsorbed heavy metals 

The TCLP leaching test was conducted to evaluate the stability of precipitated 

or adsorbed heavy metals. It seemed that precipitated Pb was stable enough to 

endure the TCLP leaching solution regardless of pH, as Pb went almost 

unleached (< 0.5 mg/L) as shown in Fig. 3.7a. On the other hand, the leached 

amount of As differed depending on the pH (Fig. 3.7b). As which was mainly 

adsorbed on the BOF slag (removal pH 8, 9, and 11) were more leachable (38.2, 

45.0 and 9.2 mg/L, respectively) compared to when both adsorption and 

precipitation occurred (3.2 and 2.4 mg/L for removal pH 12 and 13, 

respectively). It was interesting that As adsorption at pH 11 seemed much more 

stable compared to adsorption at pH 8 or 9. This probably resulted from the 

different existing forms of As anion at those pH levels. As species, such as 

H3AsO4, H2AsO4
-, HAsO4

2-, and AsO4
3-, are determined from the surrounding 

pH. Taking into account the pKa values for As (pKa1 = 2.3, pKa2 = 6.9, and pKa3 

= 11.4 [David, 1994]), it could be assumed that HAsO4
2- was the dominant form 

at pH 8 and 9, while AsO43- and HAsO4
2- both existed near pH 11. AsO4

3- would 

be more strongly adsorbed because of the charge difference with Ca2+ ions 

compared to HAsO42-, considering that As was adsorbed through Ca bridge. 

This study demonstrated the pH-dependent removal mechanisms of Pb and As 

by the BOF slag, and their strong influences on heavy metal removal. 
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Fig. 3.7. Leaching concentrations of immobilized Pb and As tested by TCLP 
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3.4. Summary 

The study in this chapter identified the dominant removal mechanisms of Pb 

and As by BOF slag at various pH levels. Almost all Pb was removed mainly 

by the precipitation mechanism at pH up to 11, forming Pb-OH precipitate. At 

a higher pH, removal efficiency of Pb decreased probably because Pb(OH)3
- or 

Pb(OH)42- ion was formed. On the other hand, adsorption was the dominant 

mechanism for As removal at pH 8–11, and Ca-As precipitation was involved 

as well at pH 11–13. At such high pH, As adsorption was hindered due to the 

formation of Ca(OH)2 and CaCO3 on the slag surface, which was confirmed by 

XPS and TGA analyses. The different strength of the two removal mechanisms 

was also confirmed; precipitation mechanism seemed to more strongly 

immobilize heavy metals compared to adsorption mechanism. Overall, the 

results indicate that the pH-dependent removal mechanism of Pb and As by 

BOF slag affected the removal efficiency of the heavy metals. 
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CHAPTER 4. 

STABILIZATION EFFICIENCY AND 

MECHANISM OF HEAVY METALS IN MINE 

WASTE USING BASIC OXYGEN FURNACE 

SLAG: EFFECT OF WATER AND BOF SLAG 

CONTENTS 
 

4.1. Introduction 

Heavy metals are common contaminants found in soil and/or groundwater 

and are great concerns due to their high toxicity and carcinogenicity [Ahn et 

al., 2003; Kim et al., 2002; Lee et al., 2006; Lim et al., 2008]. Several 

Korean regions near mining sites were reported to be contaminated with 

heavy metals above the regulatory level [Jung et al., 2002; Ko et al., 2003]. 

Mine wastes, defined as the wastes generated from mining activities such as 

the excavation of ores and mineral processing [Lottermoser, 2010], are the 

main causes for heavy metal contamination at mining sites. Although mine 

wastes are generally characterized by high concentrations of heavy metals 

including Pb and As [Karna et al., 2016; Kumar and Maiti, 2015; Schwab et 

al., 2007; Yang et al., 2016], most of them are merely deposited near the 

mining sites [Lottermoser, 2010; Trezzi et al., 2016]. The piles of mine 

wastes have high risk of heavy metal contamination spread to the 

surrounding environment unless properly managed.  

  
Significant portions of this chapter were published in Kim et al (“Stabilization 
mechanism of arsenic in mine waste using basic oxygen furnace slag: The role of 
water contents on stabilization efficiency”, Chemosphere, 208, 916-921, Copyright 
(2018)) 
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Stabilization is considered to be a potential option for mitigating 

heavy metal contamination spread from the mine waste deposits. The term 

stabilization refers to the process of remediation involving chemical 

reactions to reduce the leachability of the waste [US EPA, 2000]. 

Stabilization process involves the mixing of a waste and stabilizing agent 

with addition of water [US EPA, 2012]. An appropriate stabilizing agent can 

transform heavy metals in mine wastes into chemically stable forms, thus 

preventing the spread of heavy metal contamination near the mining sites.  

Since basic oxygen furnace (BOF) slags generally contain a lot of 

oxide substances including Ca and Fe oxides [Yildirim and Prezzi, 2011], 

they are also considered as stabilizing agents for mine waste heavy metals. 

Due to their vast amount of generation [Yildirim and Prezzi, 2011], the 

application of BOF slags for heavy metal stabilization has been a favorable 

research topic recently. Several researchers [Lee et al., 2011; Mohan and 

Pittman, 2007; Moon et al., 2015] confirmed the high efficiencies of heavy 

metal stabilization using steel slags including BOF slags. Although many 

studies have focused on the stabilization efficiencies with various contents of 

the stabilizing agents, few studies have considered the effect of water 

contents (i.e., L/S ratio) on heavy metal stabilization efficiencies. In order for 

heavy metals to be chemically stabilized, water as well as BOF slags should 

be added during the stabilization process. Reasonably, water contents would 

have influence on the heavy metal stabilization efficiency, and thus needs to 

be considered.  
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The purpose of this study was to evaluate the stabilization efficiencies 

of Pb and As in a mine waste using a BOF slag. In detail, the effects of water 

contents and BOF slag contents on the stabilization efficiency were 

investigated, based on the identified mechanisms (i.e., precipitation and 

adsorption) on Chapter 3. Lab-scale batch tests were performed to observe the 

stabilization efficiencies with water to mine waste (L/S) ratios and various 

BOF slag contents. X-ray photoelectron spectroscopy (XPS) and 

thermogravimetric analysis (TGA) were conducted on the BOF slag in order 

to elucidate the effects of stabilizing conditions (i.e., L/S ratio and BOF slag 

contents) on stabilization efficiency and the related mechanism. 
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4.2. Materials and Methods 

4.2.1. Mine waste and BOF slag preparation  

The Pb and As bearing mine waste used in this study was collected from a 

Pb-Zn mine located in Bonghwa-gun, Kyoungsangbuk-do, Korea. The mine 

waste samples were air-dried and then passed through a 75-μm sieve. The 

aqua regia extraction method [US EPA, 1996] and toxicity characteristic 

leaching procedure (TCLP; US EPA, 1992) were conducted to determine the 

total As concentration and As leaching concentration from the mine waste, 

respectively. All tests were carried out in triplicates. Concentrations of Pb 

and As were analyzed using inductively coupled plasma optical emission 

spectrometry (ICP-OES, iCAP 7400, Thermo Fisher Scientific, USA). The 

field capacity of the mine waste samples was determined to be 0.2 L/kg 

according to ISO 11274 method [ISO, 1998]. 

The stabilizing agent, BOF slag used in this study was sampled 

from Gwanyang steel manufacturer of POSCO in Korea, and was prepared 

by crushing and sieving. Two different particle size ranges of the BOF slag 

samples were obtained: Under 75-μm and between 150- and 600-μm. The 

BOF slag samples below 75-μm particle size were used in the main 

stabilization experiment, and the other samples were used for the XPS 

analysis. X-ray fluorescence (XRF, S4 Pioneer, Bruker AXS, Germany) was 

performed to investigate the chemical composition in BOF slag samples. The 

pH of the BOF slag was measured by mixing with 5 L/kg of distilled water. 

After one hour of mixing, the supernatant pH was measured using a pH 

meter (Orion 5 star, Thermo Fisher Scientific, USA).  
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In order to determine the stabilization mechanism, either 

precipitation or adsorption, blast furnace (BF) slag samples were sampled 

Gwanyang steel manufacturer of POSCO in Korea as well, and crushed and 

sieved to obtain under 75-μm samples. XRF analysis was performed to find 

out the chemical composition. 
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4.2.2. Stabilization of heavy metals in mine waste using BOF slag 

The lab-scale batch experiment was carried out to stabilize Pb and As in 

mine waste using the BOF slag. Various L/S ratio (0.05, 0.2, 0.35, 0.5, and 

1.0 L/kg) and BOF slag contents (i.e., 3, 5, and 10 wt.% relative to the mine 

waste samples) were used in the experiment. Distilled water was added to the 

mixture of the mine waste and the BOF slag, and they were shaken for one 

hour at room temperature. The mixture was dried in the 65 °C oven and 

TCLP was carried out to determine the Pb and As leaching concentrations 

from the mine waste samples stabilized by BOF. The stabilization efficiency 

was calculated using following equation: 

 

Stabilization efficiency (%) = (cuntreated - cstabilized) / (cuntreated) × 100 

 

where, cuntreated is the Pb or As leaching concentration from the untreated 

mine waste samples, and cstabilized is the Pb or As leaching concentration from 

the mine waste that was stabilized using the BOF slag. The leaching tests 

were carried out in triplicates. The pH during the stabilization process was 

also determined. Since it was not possible to directly measure the pH during 

the stabilization process due to too small amount of water to use pH meter, 

the supernatant pH (mixing distilled water with the mine waste and BOF slag 

samples, at a 5 L/kg samples to water ratio) was measured after the 

stabilization process. Stabilization pH did not differ by the stabilization 

conditions (i.e., L/S ratios and BOF slag contents), showing the range of pH 

10.7–11.4.  



81 

 Another set of stabilization experiments was conducted using the 

BF slag. The stabilization results by BOF slag and BF slag were compared to 

investigate the stabilization mechanism of Pb and As in mine waste in the 

presence of the BOF slag. A few drops of NaOH were added during the 

stabilization process by BF slag in order to adjust the stabilization pH 

similarly to the stabilization pH by BOF slag (i.e., pH 10.7–11.4).  
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4.2.3. Effect of the L/S ratio on As stabilization: XPS analysis 

XPS (AXIS-Hsi, KRATOS, UK) analysis was conducted to find out the 

differences of the surface of the BOF slag samples at low and high L/S ratio 

(i.e., 0.05 and 1.0 L/kg). XPS was recorded with an Al Kα X-ray source 

(1486.6 eV) using an AXIS-HSi instrument at the Research Institute of 

Advanced Materials (RIAM) located in Seoul National University, Korea. 

The Casa XPS program was used to de-convolute and quantify the XPS data. 

The binding energy data were collected from a wide range and from the Ca 

region (i.e., binding energy of 358.0–342.0 eV). The C 1s peak of 284.5 eV 

was used to calibrate the spectra. 
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4.2.4. Stability of Ca-As precipitates 

Ca-As precipitates were synthesized at various Ca/As molar ratio (i.e., 2, 2.5, 

3.3, 4, 5, and 10) at the pH 11. Various concentrations of two solutions, 

CaCl2 and Na2HAsO4·7H2O, were prepared separately to meet the target 

Ca/As molar ratio. The two solutions were mixed to form white-colored 

precipitates immediately. The precipitate formed at each Ca/As molar ratio 

was collected and dried. Then the precipitates were mixed with distilled 

water and the concentrations of As in the supernatant were measured using 

ICP-OES. 
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4.3 Results and Discussion 

4.3.1. Characterization of mine waste, BOF slag and BF slag samples 

Table 4.1 summarizes the chemical properties of the mine waste and the BOF 

and BF slags used in this study. Total Pb and As concentration of the mine 

waste sample was 4,139.9 ± 284.5 and 165,946.0 ± 8,417.0 mg/kg, 

respectively. The mine waste leached 23.0 ± 0.6 mg/L of Pb and 8.5 ± 0.3 

mg/L of As, which were the concentrations expected to be reduced through 

stabilization using the BOF slag in this study. XRF analysis showed that the 

major components of the BOF slag were CaO (38.7 wt.%), Fe2O3 (29.9 

wt.%), and SiO2 (15.4 wt.%), with other trace elements such as Al2O3, MgO, 

MnO, P2O, Na2O, TiO2, and SO3 (Table 4.1). Most components found in the 

BF slag were similar to those in the BOF slag; CaO (45.8 wt.%) represented 

the largest amount, followed by SiO2 (31.8 wt.%), and Al2O3 (13.4 wt.%). A 

significant difference in the Fe2O3 contents between the BOF and BF slags 

(29.9 wt.% vs. 0.8 wt.%, respectively) was observed. Based on the TCLP test, 

the concentration of Pb and As leached from the BOF slag was negligible (< 

0.01 mg/L). As described at Chapter 3, little adsorption of Pb and As by the 

BF slag was confirmed, and therefore, the BF slag was used for comparison 

to find out the relative contribution of precipitation and adsorption 

mechanisms in the presence of the BOF slag.  
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Table 4.1. Chemical properties of mine waste, BOF slag, and BF slag used in 

this study 

Sample Property Value 

Mine 
waste 

Total concentration (mg/kg) 
Pb 4,139.9 ± 284.5 

As 165,946.0 ± 8,417.0 

Leaching concentration (mg/L) 
Pb 23.0 ± 0.6 

As 8.5 ± 0.3 

Slag 

Element as oxide (wt.%) BOF slag BF slag 

CaO 38.7 45.8 

Fe2O3 29.9 0.8 

SiO2 15.4 31.8 

Al 2O3 5.1 13.4 

MgO 4.0 4.7 

MnO 2.6 0.2 

P2O5 2.1 0.0 

Na2O 0.6 0.3 

TiO2 0.6 0.6 

SO3 0.5 1.7 
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4.3.2. Stabilization efficiencies of Pb and As depending on L/S ratios and 

BOF slag contents 

Lab scale stabilization experiments were carried out to reduce the leaching 

concentration of Pb from the mine waste using the BOF slag. As shown in 

Fig. 4.1a, the stabilization efficiency of Pb slightly increased from 52.2 to 

71.4% as the L/S ratio increased from 0.05 to 1.0 L/kg at 3 wt.% of BOF slag. 

BOF slag content also had positive influence on the stabilization efficiency 

of Pb, showing 71.4, 81.3, and 97.9% at 3, 5, and 10 wt.% slag, respectively, 

at the L/S ratio of 1.0 L/kg.  

Unlike Pb, the stabilization efficiency of As was negatively affected 

by water content at 3 wt.% BOF slag (Fig. 1b). The stabilization efficiency 

was the highest (i.e., 73.8%) at L/S ratio of 0.05 L/kg, and it decreased 

gradually as the L/S ratio increased, yielding 23.2% at 1.0 L/kg. The extent 

of decrease in stabilization efficiency was relatively small at 5 wt.% BOF 

slag. Only 12.7% reduction (i.e., from 92.3 to 79.6%) was observed as L/S 

ratio increased from 0.05 to 1.0 L/kg. Such water content-dependent 

decrease in stabilization efficiency was not observed at 10 wt.% BOF slag, 

and the stabilization efficiency remained essentially the same (i.e., 

92.2-94.9%).  

Such apparent effects of water content and BOF slag content on the 

stabilization efficiency might have resulted from the stabilization 

mechanisms involved. 
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Fig. 4.1. Stabilization efficiency of (a) Pb and (b) As in mine waste by BOF 

slag at various L/S ratios and BOF slag contents 
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4.3.3. Effect of water and BOF slag contents on stabilization mechanism of 

Pb 

The L/S ratio affected the stabilization efficiency of Pb at 3 wt.% slag 

content. To find out the effect of the L/S ratio on the stabilization mechanism 

of Pb, the mechanisms were investigated by comparing with the results by 

the BF slag. Since it was not possible to adjust the stabilization pH by the BF 

slag to the similar value by the BOF slag under the L/S ratio of 1.0 L/kg due 

to too little amount of water, a L/S ratio of 5.0 L/kg was tested. As shown in 

Fig. 4.2, the stabilization efficiencies of Pb by both the BOF and the BF 

slags increased from 71.4 to 87.3% and from 58.4 to 86.2%, respectively, as 

the L/S ratio increased from 1.0 to 5.0 L/kg. Considering that precipitation 

mainly occurs when the BF slag is used (refer to Chapter 3), it can be 

presumed that the higher stabilization efficiency by the BOF slag at higher 

water content (i.e., 87.3% at 5.0 L/kg) resulted from the promoted 

precipitation mechanism of Pb.  

This could be attributed to the reduced ionic strength at the high 

water content. When the ionic strength was measured on the supernatant 

after the stabilization process, a lower ionic strength of 0.018 ± 0.000 M was 

observed at 5.0 L/kg water content, compared to 0.030 ± 0.002 M at 1.0 L/kg. 

Indeed, Ca ion, the most leachable component from the BOF slag, was less 

leached at 5.0 L/kg water content (i.e., 342.8 ± 4.1 mg/L) compared to at 1.0 

L/kg water content (i.e., 625.5 ± 41.7 mg/L). Ca in the BOF slag exists in 

various forms such as Ca(OH)2, Ca-Si-O, and Ca-Fe-O, and they have 

different solubility products [Huijgen et al., 2005]. The leaching amount (i.e., 

mg) of Ca from the BOF slag might not proportionally increase with the 

increase in L/S ratio, therefore, the leaching concentration (i.e., mg/L) of Ca 
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was lower at 5.0 L/kg water content compared to at 1.0 L/kg water content. A 

lower ionic strength at 5.0 L/kg water content would induce a higher activity 

coefficient of Pb, leading to the increase in the precipitation of Pb. This 

result presumably suggests that the increase in L/S ratio from 0.05 to 1.0 

L/kg also promoted the precipitation mechanism.  
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Fig. 4.2. Comparison of Pb stabilization efficiencies by BOF and BF slags at 

the L/S ratio of 1.0 and 5.0 L/kg at 3 wt.% slag contents 
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Pb stabilization efficiency also increased as the BOF slag content 

increased (i.e., 71.4, 81.3, and 97.9% at 3, 5, and 10 wt.% slag, respectively, 

at the L/S ratio of 1.0 L/kg). The relative contribution of precipitation and 

adsorption was investigated by comparing with the stabilization result by the 

BF slag (Fig. 4.3). Unlike the result by the BOF slag, stabilization efficiency 

by the BF slag did not differ by the slag contents (i.e., 58.4-62.3%), 

suggesting that the extents of precipitation mechanism were almost the same 

at 3, 5, and 10 wt.% slag contents. Therefore, the increase in the stabilization 

efficiency by the BOF slag seems to result from the increase in the 

adsorption mechanism. This might be due to the increase in adsorption site as 

the BOF slag content increased. 
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Fig. 4.3. Comparison of Pb stabilization efficiencies by BOF and BF slags at 

3, 5, and 10 wt.% slag contents at the L/S ratio of 1.0 L/kg 
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4.3.4. Effect of water and BOF slag contents on stabilization mechanism of 

As 

4.3.4.1. Inhibition of adsorption mechanism of As by formation of CaCO3 

coating at excessive water 

In an attempt to elucidate the decrease of As stabilization efficiency at high 

water content, XPS analysis was carried out with the surface of BOF slag 

after stabilization. Two different L/S ratios, 0.05 and 1.0 L/kg, were 

compared at 3% BOF slag content. XPS analysis was conducted from a (a) 

wide scan and at (b) Ca 2p region. Ca 2p region was specifically observed 

since the adsorption of As on the BOF slag was enabled by Ca2+ bridge 

formation as demonstrated in Chapter 3. As shown in Fig. 4.4a, amounts of 

each element on the slag surface at the L/S ratios of 1.0 and 0.05 L/kg were 

quantified using the wide scan spectra. O 1s showed the highest amounts of 

all for both L/S ratio conditions (43.77 and 46.02 at.%), probably due to 

abundant oxide compounds contained in the BOF slag. C 1s was the second 

highest followed by Si 2p and Ca 2p. As 3d and Fe 2p were also detected in 

trace amounts on the BOF slag surface. The amounts of the components 

quantified from the wide scan data were similar between the two L/S ratio 

conditions. 
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High resolution Ca 2p spectra were obtained, and were calibrated 

by the adventitious C 1s peak to 284.5 eV. Each L/S ratio condition exhibited 

two pairs of Ca 2p3/2 and Ca 2p1/2 doublet peaks (Fig. 3.5b). Each pair of 

doublet peaks was separated by 3.55 eV distance and had areas with a ratio 

of 2:1 [Wanger et al., 1979]. No significant energy shifts were observed in 

Ca 2p region between 1.0 and 0.05 L/kg conditions, however, the full width 

at half maximum (FWHM) values were different. The FWHM values of the 

pairs of doublet peaks marked as b and b’ at 1.0 L/kg were 2.155 and 2.275, 

respectively, while those at 0.05 L/kg were 3.509 and 4.239, respectively. 

The FWHM of a XPS peak is an indicator of chemical state changes. 

Broadening of a peak leads to the increase in FWHM value, which may 

indicate a change in the number of chemical bonds (reference, basics 

quantification of XPS). Therefore, the difference in the FWHM values 

between 1.0 and 0.05 L/kg could presume the different existing forms of Ca 

on the slag surface at these two L/S ratio conditions (Fig. 4.4b). 
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Fig. 4.4. XPS spectra of the BOF slag surface after stabilization of mine 

waste As. L/S ratios of 1.0 and 0.05 L/kg were compared at 3 wt.% BOF slag; 

(a) wide scan spectra with the quantitative analysis results, and (b) Ca 2p 

region spectra with the FWHM value for each peak 
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TGA analysis was further conducted to find out the Ca-related 

compound responsible for the different existing form of Ca on the slag 

surface at 1.0 and 0.05 L/kg. Sample weights (TG) as well as their derivative 

data (DTG) were recorded, and the weight losses were observed on both pH 

samples (Fig. 4.5). The TG curve of 1.0 L/kg sample exhibited a decline at 

600-700℃, the range of which corresponds well with the CaCO3 calcination 

temperature range [Brand and Roesler, 2015; Chang et al., 2012]. CaCO3 

calcination is expressed as the following equation: 

 

CaCO3 (s) → CaO (s) + CO2 (g) 

 

CaCO3 was quantified using the weight losses at 600-700℃, and turned out 

to be 3.6 wt.%. On the other hand, such declines in sample weight were not 

observed on the 0.05 L/kg sample, indicating that no CaCO3 existed on the 

BOF slag at this L/S ratio condition. The TGA results verified that CaCO3 

was formed on BOF slag after stabilization process when excessive water 

(i.e., 1.0 L/kg) was added. Excessive water could promote the diffusion of 

CO2 (reference) into the pores of BOF slag, which probably is a favorable 

condition for CaCO3 to be formed. Obviously, higher water content (i.e., 1.0 

L/kg) might dissolve more atmospheric CO2 into water to produce CO32- ions, 

and release more Ca2+ ions from the BOF slag, which also could promote 

CaCO3 precipitation. CaCO3 formation at 1.0 L/kg determined by TGA result 

could support the XPS result that Ca existed in different forms on the slag 

surface at 1.0 and 0.05 L/kg. 
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 The XPS and TGA data indicate that CaCO3 coating was formed on 

the BOF slag surface at excessive water content (i.e., 1.0 L/kg), which 

probably blocked As adsorption. 
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Fig. 4.5. TGA-DTG curves of the BOF slag after stabilization of mine waste 

As at the L/S ratios of 1.0 and 0.05 L/kg at 3 wt.% BOF slag. The amounts 

of CaCO3 was calculated from the weight loss at 600–700℃, respectively 
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 In order to verify the inhibition of As adsorption by CaCO3 coating 

at excessive water, another set of stabilization experiment was conducted at a 

lowered stabilization pH. The stabilization pH was lowered to pH 8.8 by 

adding a little NaHSO4 during the stabilization process, expecting for less 

CaCO3 to be formed [Hu et al., 2015; Wojtowicz, 1998] compared to the 

intact stabilization pH (i.e., 10.7). Note that the selected pH, 8.8, is still 

higher than the point of zero charge of the BOF slag used in this study (i.e., 

6.3 as determined in Chapter 3). At pH 8.8, stabilization efficiency of As was 

maintained high even when the L/S ratio increased (i.e., 75%, 79%, and 80% 

at L/S ratios of 0.05, 0.2, and 1.0 L/kg, respectively) as shown in Fig. 4.6. 

This supports the idea that CaCO3 formed by excessive water inhibited 

adsorption of As. 
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Fig. 4.6. Comparison of the effects of L/S ratio on stabilization efficiency of 

As at stabilization pH 8.8 and 10.7, at 3 wt.% BOF slag content 
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4.3.4.2. Contribution of Ca-As precipitation on As stabilization 

Such reduction in stabilization efficiency caused by CaCO3 coating at 

excessive water content was less or not observed at 5 and 10 wt.% BOF slag. 

This was possibly attributed to another stabilization mechanism other than 

adsorption through Ca2+ bridge. Another potential mechanism of As 

stabilization is the formation of calcium arsenate. Bothe Jr. and Brown 

[1999a, b] found that Ca/As ratio is one of the major factors affecting the 

precipitation of Ca-As and its stability. To find out the possibility of Ca-As 

precipitation during the mine waste stabilization process by 3, 5, and 10 wt.% 

BOF slag, Ca-As precipitates were synthetically formed at various Ca/As 

molar ratio (i.e., 2, 2.5, 3.3, 4, 5, and 10) at the pH 11 (i.e., the pH during the 

stabilization was 10.7-11.4 in this study), and their stabilities were 

investigated. It was found that Ca/As ratio greatly influenced the stability of 

the precipitates with an inverse relationship between Ca/As ratio and stability 

(white circles in Fig. 4.7). At Ca/As ratio of 2, the leached concentration of 

As was the highest, and decreased dramatically as the Ca/As ratio increased. 

A similar trend in calcium arsenate stability with different Ca/As ratios were 

observed by Moon et al. [2004]. This results indicates that at higher Ca/As 

molar ratio, more stable Ca-As precipitates were formed.  

  



102 

The dissolved concentrations of As were predicted in case of using 

3, 5, and 10 wt.% BOF slags to stabilize mine waste As, based on the Ca/As 

molar ratio. The content of free CaO of the BOF slag, which indicates CaO 

that can be dissolved in water, and the TCLP-leachable As of mine waste, 

0.17 mmol-Ca/g-slag and 0.002 mmol-As/g-mine waste, respectively, were 

used to calculate the Ca/As molar ratio, yielding 2.2, 3.7, and 7.4 of Ca/As 

molar ratios for 3, 5, and 10 wt.% BOF slag contents, respectively. Fig 4.4 

shows that as the slag content increased, more stable Ca-As precipitates 

could be formed, suggesting that Ca-As precipitation mechanism possibly 

contributed to As stabilization at the higher BOF slag content.  
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Fig. 4.7. Dissolved concentrations of As from Ca-As precipitates formed at 

various Ca/As molar ratios at pH 11; dissolved concentrations of As were 

predicted in case of the mine waste stabilization process by 3, 5, and 10 wt.% 

BOF slag based on the Ca/As molar ratio. 
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 The relative contributions of precipitation and adsorption 

mechanisms to As stabilization were investigated to verify Ca-As 

precipitation mechanism at higher BOF slag content (i.e., 10 wt.%). Fig. 4.8 

shows the comparison of As stabilization efficiencies by the BOF and the BF 

slags. Increase in the BF slag content from 3 to 10 wt.% substantially 

increased the stabilization efficiency from 5.2 to 59.4%, which suggests that 

As precipitation mechanism, Ca-As precipitation, would be promoted, as 

expected. Overall, even at the excessive water content (i.e., 1.0 L/kg), high 

stabilization efficiency (i.e., 92.2%) could be maintained in the presence of 

the BOF slag, since the precipitation mechanism occurred to a substantial 

amount when 10 wt.% BOF slag was added. 
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Fig. 4.8. Dissolved concentrations of As from Ca-As precipitates formed at 

various Ca/As molar ratios at pH 11; dissolved concentrations of As were 

predicted in case of the mine waste stabilization process by 3, 5, and 10 wt.% 

BOF slag based on the Ca/As molar ratio. 
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4.4 Summary 

The results in this chapter indicate that both adsorption and precipitation 

were involved in the stabilization of Pb and As in mine waste by BOF slag, 

and their relative contribution to overall Pb and As stabilization efficiency 

seems to be dictated by the amount of water and BOF slag contents. 

Obviously, pH is also an important factor, but pH was maintained around 11 

by the addition of BOF slag so that it was not in this study. It was determined 

that Pb stabilization efficiency increased as the L/S ratio and BOF slag 

content increased. On the other hand, the stabilization efficiency of P As was 

largely affected by L/S ratio when the BOF slag content is low (i.e., 3 wt.%) 

due to CaCO3 coating on the BOF slag surface which blocks the Ca2+ 

bridged-adsorption of As. Less or no effects of the L/S ratios on the 

stabilization efficiency at 5 or 10 wt.% BOF slag contents were explained by 

the Ca-As precipitation. These findings indicate that stabilizing conditions 

can affect the stabilization mechanism, and therefore greatly influence the 

stabilization efficiency.  
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CHAPTER 5. 

STABILITY OF BOF SLAG-TREATED MINE 

WASTE HEAVY METALS UNDER 

REDUCTIVE CONDITION 
 

5.1. Introduction 

Mine waste, defined as the wastes generated from mining activities such as the 

excavation of ores and mineral processing [Lottermoser, 2010], is one of the 

major heavy metal contamination sources, and can potentially spread the heavy 

metals to the surrounding environment . Several Korean regions near mining 

sites were contaminated with heavy metals above the regulatory level [Jung et 

al., 2002; Ko et al., 2003]. In order to prevent the heavy metal spread from mine 

wastes, proper treatment is needed. Stabilization using a basic oxygen furnace 

(BOF) slag, which involves chemical reactions of heavy metals with the BOF 

slag, changing them to less labile forms to reduce the leachability [US EPA, 

2000], was proved to be a potential option for mitigating heavy metal 

contamination spread from the mine wastes from Chapter 3 and 4 of this study.  

However, since the stabilization is a remediation technique of 

mitigating the contaminants spread, not of removing the contaminants 

themselves, the stability and/or persistency to any potential environmental 

condition changes needs to be considered. One of the predictable environmental 

condition changes at the mining area is the decrease in redox potential. When 

the mine wastes are generated by the mining activities such as ore excavation 

and mineral processing, most of them are piled up near the mining sites 

[Lottermoser, 2010; Trezzi et al., 2016]. As the piling is processed, the lower 

parts of the mine waste piles are possibly isolated from atmospheric O2 as in 
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Fig. 5.1. When O2 is limited, a reductive condition might be induced at the 

lower parts of the mine waste piles [Ribet et al., 1995]. Besides, under such O-

limited condition, several microorganisms are known to play an important role 

on decreasing the redox potential of their surrounding environment and 

accelerate the formation of a reductive condition [Lovley and Coates, 1997; 

Wang et al., 2017]. Several case studies conducted near the mining area have 

reported that the redox potential typically varied from 0 to 600 mV [Blowes 

and Jambor, 1990; Ispas et al., 2018; Yi et al., 2003] and decreasing tendency 

of redox potential with depth of mine waste pile [Dold, 2014]. 

  



113 

 

Fig. 5.1. Schematic of mine waste piling (modified from [Ribet et al., 1995]) 
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Redox potential is one of the most significantly influencing factors on 

the chemical speciation and mobility of metals [Borch et al., 2010; Kappler et 

al., 2011; Lee et al., 2019]. One common example is the reductive dissolution 

of ferric oxides [Cornell and Schwertmann, 1996]. Under a reductive condition, 

iron (Fe) or manganese (Mn) oxides might be dissolved through the valence 

reduction of Fe(III) or Mn(IV) to Fe(II) or Mn(II). The valence changes of Fe 

or Mn weaken the structural bonds of the oxides, causing dissolution [Cornell 

and Schwertmann, 1996]. Reductive dissolution of such oxides may release the 

heavy metals that were bound to intact oxides, increasing the mobility of heavy 

metals [Chuan et al., 1996; Deonarine et al., 2016]. Also, arsenic (As), a 

commonly found heavy metal with high toxicity, can be reduced from As(V) to 

As(III) when the surrounding redox potential decreases. As(III) is known to 

have a higher mobility and about 25-60 times higher toxicity than As(V) [Raven 

et al., 1998]. 

Therefore, even though mine waste heavy metals are chemically stable 

under oxidative condition via stabilization technique, their stabilities are not 

guaranteed under the reductive condition. Reductive condition is especially 

expected at mining area due to mine waste piling and the consequent limitation 

of O2 at the lower parts. So it is important to evaluate the stability of heavy 

metals under reductive condition to apply stabilization technique to manage 

mining area. In this study, lab-scale batch experiments were conducted to 

investigate the stability of BOF slag-treated mine waste heavy metals (i.e., 

stabilized heavy metals) under reductive condition. Several stabilization 

conditions (i.e., L/S ratio and BOF slag contents) that showed high stabilization 

efficiencies under oxidative condition were tested. 



115 

5.2. Materials and Methods 

5.2.1. Preparation of BOF slag-treated mine waste samples 

The same mine waste and BOF slag samples used in the experiments of Chapter 

4 were used in this study. The properties of the mine waste and the BOF slag 

are described in Table 5.1. Briefly, total Pb and As concentration of the mine 

waste sample was 4,139.9 ± 284.5 and 165,946.0 ± 8,417.0 mg/kg, respectively. 

The mine waste leached 23.0 ± 0.6 mg/L of Pb and 8.5 ± 0.3 mg/L of As. XRF 

analysis showed that the major components of the BOF slag were CaO (38.7 

wt.%), Fe2O3 (29.9 wt.%), and SiO2 (15.4 wt.%), and a significant difference in 

the Fe2O3 contents between the BOF and BF slags (29.9 wt.% vs. 0.8 wt.%, 

respectively) was observed (Table 5.1).  

In order to stabilize Pb and As in the mine waste, BOF slag and 

distilled water were introduced to the mine waste, and the mixtures were 

agitated for 1 h at room temperature. L/S ratios and BOF slag contents were 

selected based on the results of Chapter 4 to obtain high stabilization 

efficiencies with different mechanisms. Two stabilization conditions were 

selected for each heavy metal, that is, 0.05 L/kg of water and 10 wt.% of slag 

and 1.0 L/kg of water and 10 wt.% of slag for Pb, and 0.05 L/kg of water and 3 

wt.% of slag and 1.0 L/kg of water and 10 wt.% of slag for As. After 

stabilization, the mixture was dried in the 65 °C oven. 
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Table 5.1. Chemical properties of mine waste and BOF slag used in this study 

Sample Property Value 

Mine 
waste 

Total concentration (mg/kg) 
Pb 4,139.9 ± 284.5 

As 165,946.0 ± 8,417.0 

Leaching concentration (mg/L) 
Pb 23.0 ± 0.6 

As 8.5 ± 0.3 

BOF 
slag 

Element as oxide (wt.%) 

CaO 38.7 

Fe2O3 29.9 

SiO2 15.4 

Al 2O3 5.1 

MgO 4.0 

MnO 2.6 

P2O5 2.1 

Na2O 0.6 

TiO2 0.6 

SO3 0.5 
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5.2.2. Evaluation of stability of BOF slag-treated mine waste heavy metals 

under reductive condition 

Lab-scale batch experiments were conducted under the reductive conditions 

induced by 0.1 M sodium ascorbate solution. Sodium ascorbate solution with 

0.1 M concentration was selected as the reducing agent to lower Eh under 100 

mV, and to set pH range to 7.0-8.0 which is the range when synthetic rain water 

(i.e., synthetic precipitation leaching procedure (SPLP) solution; [US EPA, 

1994]) contacts with BOF slag treated mine waste. The 40 mL reducing agent 

(i.e., 0.1 M sodium ascorbate solution) was added to 0.05 g of the BOF slag-

treated mine waste samples. The mixtures were agitated for 100 h at room 

temperature, and about 0.5-1 mL were sampled and filtered by 0.45-μm syringe 

filter at 0, 10, 24, 51, and 100 h time. Concentrations of Pb, As, Fe, and Mn 

were measured on the sampled supernatant using inductively coupled plasma 

mass spectrometer (ICP-MS, 7800 ICP-MS, Agilent, USA). Eh was measured 

by time with redox potential electrodes (Orion Metallic Combination 

Electrodes, Thermo Fisher Scientific, USA). 
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5.2.3. Speciation of Pb: Sequential extraction 

Speciation of Pb remaining in BOF slag-treated mine waste was analyzed using 

sequential extraction known as modified BCR sequential extraction [Rauret et 

al., 1999]. BOF slag-treated mine waste samples before and after 100-h 

exposure to reductive condition were collected, and analyzed. The sequential 

extraction consisted of four fractions; fraction 1 for weak extractable Pb, 

fraction 2 for reducible Pb, fraction 3 for oxidizable Pb, and fraction 4 for 

residual Pb. Extraction procedure for each fraction is described in Table 5.2. 

Between each step of extraction, the sample was rinsed with distilled water at 

the ratio of 20 mL/g for 15 min. The weights of samples were recorded before 

each step, to consider any loss of the samples during the filtering process. 

Supernatants for each fraction were collected by centrifugation and filtering 

through 0.45-μm syringe filter, and then Pb concentrations were measured 

using ICP-MS. 
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Table 5.2. Sequential extraction procedure (modified from [Rauret et al., 1999])  

Fraction Reagent Extraction procedure 
Target Pb  
to extract 

1 0.11 M CH3COOH 1 g sample + 40 mL reagent, 16 h of mixing at 22 ± 5°C 
Weak acid 
extractable 

2 0.5 M HONH2·HCl 1 g sample + 40 mL reagent, 16 h of mixing at 22 ± 5°C Reducible 

3 
8.8 M H2O2,  
1 M NH4CH3COO 

1 g sample + 10 mL H2O2, 1 h of mixing at room temperature, then 1 h 
of mixing at 85 ± 2°C. 
Add another 10 mL H2O2, then 1 h of mixing at 85 ± 2°C. 
After cooling, add 50 mL NH4CH3COO, 16 h of mixing at 22 ± 5°C 

Oxidizable 

4 HNO3, HF, H2O2, H2O  
1 g sample + 18 mL HNO3 + 6 mL HF + 2 mL H2O2 + 2 mL H2O, 
digested using microwave 

Residual 
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5.2.4. Valence change of As 

In order to investigate the valence change of As(V) to As(III), a colorimetric 

analysis suggested by Dhar et al. [2004] was used. As(V) is known to form a 

complex with reduced molybdate that adsorbs infrared, while As(III) does not 

[Johnson and Pilson, 1972]. Therefore, As(III) concentration can be calculated 

by subtracting the concentration of As(V) measured by the colorimetric method 

from the concentration of As(total) (i.e., As(V) and As(III)) measured by ICP-

MS. The reagents for the colorimetric analysis of As(V) are made by mixing 

these four solutions: 10.8% L-ascorbic acid, 3% ammonium molybdate, 0.56% 

antimony potassium tartrate, and 13.98% sulfuric acid in the volume ratio of 

2:2:1:5. The reagent and the sample to be analyzed were mixed at the ratio of 

0.2 mL/4 mL for 10 min. Then the absorbance was measured at 880 nm 

wavelength. The concentration of As(V) was calculated from the absorbance 

value by using the calibration curve drawn from a preliminary study.  
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5.3. Results and Discussion 

5.3.1. Preparation of BOF slag-treated mine wastes 

Mine waste samples were stabilized by various conditions. Stabilization 

conditions were selected based on the results in Chapter 4, to achieve high 

stabilization efficiencies (higher than 70%) by different stabilization 

mechanisms. Briefly, 0.05 and 1.0 L/kg of L/S ratio with 10 wt.% of BOF slag 

content were selected to stabilize Pb, and each condition was expected to 

stabilize Pb dominantly by adsorption and by both precipitation and adsorption, 

respectively. For As, 0.05 L/kg of L/S ratio and 3 wt.% of slag content was 

selected to stabilize As mainly by adsorption, and 1.0 L/kg of L/S ratio and 10 

wt.% slag content was selected to induce both precipitation and adsorption. 

Table 5.3 summarizes the stabilization conditions and the expected mechanisms. 
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Table 5.3. Stabilization conditions used in this study and the expected 

mechanisms  

Heavy 
metal 

Stabilization condition 
Stabilization 

efficiency (%) 
Stabilization 
mechanism 

Pb 

L/S ratio 0.05 L/kg 
BOF slag content 10 wt.% 

97.2 
Adsorption 
dominant 

L/S ratio 1.0 L/kg 
BOF slag content 10 wt.% 

97.9 
Precipitation & 
adsorption 

As 

L/S ratio 0.05 L/kg 
BOF slag content 3 wt.% 

73.8 
Adsorption 
dominant 

L/S ratio 1.0 L/kg 
BOF slag content 10 wt.% 

92.2 
Precipitation & 
adsorption 
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5.3.2. Remobilization of Pb and As under reductive condition 

BOF slag-treated mine waste heavy metals (i.e., stabilized Pb and As) were 

exposed to the reductive condition induced by 0.1 M sodium ascorbate solution, 

and releasing concentrations of Pb and As were measured by time from 0 to 

100 h. Experimental Eh and pH range were 20.0-85.0 mV and 7.0-8.0, 

respectively. Eh range was set to simulate the typical reductive conditions in 

mining area [Blowes and Jambor, 1990; Ispas et al., 2018; Yi et al., 2003], and 

the pH was set to resemble the pH condition from a preliminary study where 

synthetic rain water (SPLP; [US EPA, 1994]) have contact with BOF slag-

treated mine waste (data not shown).  

As a result, Pb was released up to 246.7 from the adsorption-dominant 

condition at 24 h of exposure as shown in Fig. 5.2a. Slightly less amount of Pb 

was released from the precipitation and adsorption-condition, showing 215.9 

mg/kg of releasing concentration at 24 h of exposure. This indicates that the 

precipitation mechanism was more stable at the reductive condition compared 

to the adsorption mechanism. Interestingly, Pb concentrations decreased after 

24 h, reaching 95.5 and 94.0 mg/kg at 100 h exposure, indicating that some of 

the remobilized Pb was re-adsorbed. Ciffroy et al. [2019] showed a similar 

result showing remobilization and re-adsorption of Pb by time.  

Fig. 5.2b shows the remobilization of As under the reductive condition. 

As concentrations gradually increased and reached maximum concentrations of 

388.4 and 365.4 mg/kg at 100 h of exposure. It seemed that stabilization 

mechanisms did not have much effect on As remobilization, since the released 

As concentrations were similar in adsorption-dominant and precipitation & 

adsorption conditions. 
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Fig. 5.2. Releasing concentrations of (a) Pb and (b) As from BOF slag-treated 

mine wastes. Two stabilization conditions for each heavy metal were tested: 

Adsorption-dominant and precipitation & adsorption conditions 
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5.3.3. Remobilization and re-adsorption of Pb  

5.3.3.1. Reductive dissolution of Fe and Mn oxides 

In order to find out the remobilization mechanism of Pb, releasing 

concentrations of Fe and Mn were measured by time under the same 

experimental conditions as above. Fig. 5.3 shows that as the Eh decreased, Mn 

and Fe started to be released. Mn was released right after exposure to reductive 

condition and its concentration reached 5,502.4 and 5,743.2 mg/kg at 100 h for 

adsorption-dominant and precipitation & adsorption conditions, respectively. 

Fe was not detected in the solution from 0 to 10h, and started to be released 

after 10 h and reached 5,370.8 and 5,842.0 mg/kg for adsorption-dominant and 

precipitation & adsorption conditions, respectively. The releases of Mn and Fe 

probably resulted from the reductive dissolution of Mn and Fe oxides, generally 

expressed as the following equations [LaKind and Stone, 1989; Xu et al., 2011]. 

 

Fe2O3 (s) + 6H+ + 2e- → 2Fe2+ (aq) + 3H2O   Eo = 0.66 V 

MnO2 (s) + 4H+ + 2e- → Mn2+ (aq) + 2H2O   Eo = 1.23 V 

 

Pb remobilization probably was attributed to the reductive dissolution of these 

oxides, which were main adsorption sites for Pb.   
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The earlier release of Mn at 0-10 h compared to Fe could be explained 

by the higher standard reduction potential of Mn oxide. At 0-10 h, reductive 

dissolution of Fe oxide was not observed, and as the Eh decreased further, Fe 

started to be released. Pb remobilization at earlier stage (i.e., 0-10 h) seems to 

be dominated by the reductive dissolution of Mn oxide, and after 10 h, reductive 

dissolution of both Mn and Fe oxides contributed to remobilization of Pb. 
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Fig. 5.3. Experimental Eh and releasing concentrations of Fe and Mn from BOF 

slag-treated mine wastes (i.e., 0.05 L/kg, 10 wt.% and 1.0 L/kg, 10 wt.% 

conditions) by time 
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5.3.3.2. Re-adsorption of Pb 

To investigate the re-adsorption of Pb, the speciation of remaining Pb in mine 

waste samples was analyzed using sequential extraction method. The 

adsorption-dominant condition sample was collected before and after (i.e., 100 

h) exposed to the reductive condition, and the Pb remaining in the sample was 

sequentially extracted. Pb was separated into four fractions; fraction 1 for weak 

acid extractable Pb, fraction 2 for reducible (e.g., Fe and Mn oxides-bound) Pb, 

fraction 3 for oxidizable (e.g., sulfide-bound) Pb, and fraction 4 for residual Pb. 

Fig. 5.4 shows the sequential extraction results of the BOF slag-treated mine 

waste before and after exposure to the reductive condition. Fraction 4 occupied 

the largest for both samples and did not much differ between the two samples 

(i.e., 3,244.3 and 3,114.3 mg/kg). Fraction 3 also did not show much differences 

(i.e., 331.4 and 291.0 mg/kg). Fraction 3 is oxidizable Pb which mainly is 

associated with sulfide. Pb is known to form PbS precipitate with sulfide, and/or 

to be bound with the other metal sulfide materials in mine waste such as FeS2 

[Alvarez et al., 2007; Chen et al., 2014]. However, no evidence of direct Pb-S 

binding was observed by X-ray photoelectron spectroscopy (XPS) analysis 

(data not shown), indicating that PbS precipitate is not likely. Therefore, 

presumably, the Pb in fraction 3 seems to be mainly bound with the sulfide 

materials in the mine waste. 
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However, the fraction 1 and 2 showed small but obvious changes after 

exposure to the reductive condition. Fraction 2 decreased from 307.2 to 204.7 

mg/kg after exposure to reductive condition. Fraction 2 is reducible fraction of 

Pb, which is mainly adsorbed to Fe and/or Mn oxides. Decrease in this fraction 

corresponds with the explanation that the reductive dissolution of Fe and Mn 

oxides caused remobilization of Pb. Meanwhile, fraction 1, weak acid 

extractable Pb, increased from 256.9 to 434.3 mg/kg after exposure to reductive 

condition. Probably, the re-adsorption of Pb observed in Fig. 5.2a is related to 

the increase in this fraction. It could be concluded that some of the remobilized 

Pb by the reductive dissolution of Fe and Mn oxides were re-adsorbed on the 

surface of matrices (i.e., BOF slag and/or mine waste). It should be noted that 

Pb in fraction 1 is relatively weakly bound species, and thus more labile, 

compared to Pb in fraction 2. This indicates that even though the remobilized 

Pb could be re-adsorbed, the re-adsorbed Pb is possible to be released again. 
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Fig. 5.4. Speciation of remaining Pb in stabilized mine waste before and after 

(100 h) exposure to reductive condition.  
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5.3.4. Remobilization of As by valence change 

As in the case of Pb, the reductive dissolution of Fe and Mn oxides might have 

affected the remobilization of the adsorbed As as well. The releases of Fe and 

Mn were indeed observed as much as 3,979.7 and 5,842.0 mg/kg, from 

adsorption-dominant condition (i.e., 0.05 L/kg and 3 wt.%) and from 

precipitation & adsorption condition (i.e., 1.0 L/kg and 10 wt.%), respectively 

(Fig. 5.5). 
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Fig. 5.5. Experimental Eh and releasing concentrations of Fe and Mn from BOF 

slag-treated mine wastes (i.e., 0.05 L/kg, 3 wt.% and 1.0 L/kg, 10 wt.% 

conditions) by time 
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However, the releasing concentrations of As were similar regardless 

of the stabilization mechanisms, so the remobilization of the precipitated As 

needed to be explained. As an effort to elucidate the remobilization behavior of 

the precipitated As (i.e., Ca-As precipitates as determined in Chapter 3), a 

synthesized Ca-As precipitates were exposed to the reductive condition, and 

then dissolved concentration of As was measured. Besides the As(total) 

concentration, As(V) concentration was also measured using the colorimetric 

method. After 10 h of exposure, all Ca-As precipitates were dissolved, however, 

no As(V) was observed in the solution (Fig. 5.6), that is, all As in solution 

existed in As(III) form. This indicates that the valence of As was reduced under 

this reductive condition. Reduction of As(V) to As(III) may promote the 

dissolution of Ca-As precipitates. The reduction might take place in solid state 

[Oremland and Stolz, 2005], weakening the binding of the Ca-As precipitates. 

Another explanation is that when the aqueous As(V) is reduced to As(III), it 

may shift the chemical equilibrium of the Ca-As dissolution reaction. This 

result suggests the vulnerability of precipitation mechanism of As under the 

reductive condition. The pKa of As(III) is 9.2 [Bard et al., 1985], and thus, it 

mainly exists in H3AsO3
0 form in the experimental pH condition (i.e., 8.0-9.0). 

This zero valent form of As(III) is not likely to be adsorbed or to form any 

precipitates with other cationic metals. Any re-adsorption was not observed 

unlike Pb, and the existing form of As(III) at the experimental pH could explain 

it. 
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Fig. 5.6. Dissolved concentrations of As(total) and As(V) from synthesized 

Ca-As precipitates under reductive condition 
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5.4. Summary 

The study in this chapter revealed that both Pb and As in the BOF slag-treated 

mine waste samples were remobilized under the reductive condition. Pb was 

remobilized mainly by the reductive dissolutions of Fe and Mn oxides, 

releasing the adsorbed Pb. When the precipitation mechanism was involved, 

less Pb was remobilized. Possibility of re-adsorption of Pb was observed, but 

sequential extraction showed the re-adsorbed Pb was relatively weakly bound 

compared to intact adsorption on Fe and/or Mn oxides contained in BOF slag. 

On the other hand, the remobilization of As was not only attributed to the 

reductive dissolution of Fe and Mn oxides, but also to the valence change of 

As(V) to As(III). Neither adsorption nor precipitation mechanisms of As 

seemed stable under the reductive condition. The overall results indicate that 

stabilization of heavy metals in mine waste using BOF slag should be carefully 

applied where a reductive condition is expected. 
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CHAPTER 6. 

CONCLUSIONS 

 

This study researched on in situ stabilization of heavy metals in mine waste 

using an industrial by-product, basic oxygen furnace (BOF) slag. 

Stabilization mechanism of heavy metals in the presence of the BOF slag 

were identified, and the stabilization efficiency was studied on the basis of 

the identified mechanisms. The stability of the stabilized heavy metals was 

also evaluated under a reductive condition that is possibly expected in most 

mining area. 

This study primarily identified the dominant removal mechanisms of 

aqueous Pb and As by BOF slag at various pH levels. Almost all Pb was 

removed mainly by the precipitation mechanism at pH up to 11, forming Pb-

OH precipitate. On the other hand, adsorption was the dominant mechanism 

for As removal at pH 8–11, and Ca-As precipitation was involved as well at 

pH 11–13. At such high pH, As adsorption was hindered due to the formation 

of Ca(OH)2 and CaCO3 on the slag surface, which was confirmed by XPS 

and TGA analyses. The different strength of the two removal mechanisms 

was also confirmed; precipitation mechanism seemed to more strongly 

immobilize heavy metals compared to adsorption mechanism. Overall, the 

results indicate that the pH-dependent removal mechanism of Pb and As by 

BOF slag affected the removal efficiency of the heavy metals. 

Stabilization efficiency of heavy metals in the mine waste by BOF 

slag was investigated based on the identified mechanisms. The results 

indicate that the stabilization efficiencies of Pb and As in the mine waste 

were affected by water and BOF slag contents, mainly due to the extents of 
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precipitation and adsorption mechanisms. It was determined that Pb 

stabilization efficiency increased as the L/S ratio and BOF slag content 

increased. On the other hand, the stabilization efficiency of As was largely 

affected by L/S ratio when the BOF slag content is low (i.e., 3 wt.%) due to 

CaCO3 coating on the BOF slag surface which blocks the Ca2+ bridged-

adsorption of As. Less or no effects of the L/S ratios on the stabilization 

efficiency at 5 or 10 wt.% BOF slag contents were explained by the Ca-As 

precipitation. These findings indicate that stabilizing conditions can affect 

the stabilization mechanism, and therefore greatly influence the stabilization 

efficiency.  

However, both Pb and As in the BOF slag treated-mine waste 

samples were remobilized under the reductive condition. Pb was remobilized 

mainly by the reductive dissolutions of Fe and Mn oxides, releasing the 

adsorbed Pb. When the precipitation mechanism was involved, less Pb was 

remobilized. Possibility of re-adsorption of Pb was observed, but sequential 

extraction showed the re-adsorbed Pb was relatively weakly bound compared 

to intact adsorption on Fe and/or Mn oxides contained in BOF slag. On the 

other hand, the remobilization of As was not only attributed to the reductive 

dissolution of Fe and Mn oxides, but also to the valence change of As(V) to 

As(III). Neither adsorption nor precipitation mechanisms of As seemed 

stable under the reductive condition. 

In conclusion, this study has clearly identified the stabilization 

mechanisms of heavy metals in the presence of the BOF slag, and 

investigated the effects of water and BOF slag contents on the stabilization 

efficiency and the stability under the reductive condition, as well. For a 

proper management of mine wastes using BOF slags, stabilization conditions 
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such as pH, water content, and BOF slag content during the stabilization 

process should be importantly considered to obtain a high efficiency. Besides, 

remobilization of the stabilized heavy metals should be concerned under the 

reductive condition that possibly is induced at the lower parts of mine waste 

piles due to limited O2. Some appropriate aeration system (e.g., ventilation 

pipes) to provide O2 into the lower parts of mine waste pile is expected to 

keep redox potential from decreasing, maintaining the stabilized heavy 

metals stable. A flow chart of the strategy for mine wastes management using 

BOF slags was developed (Fig. 6.1). The findings in this study can provide 

an efficient and economical way to manage mine wastes at mining area using 

an industrial by-product, BOF slags. 
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Fig. 6.1. Management strategy of mine waste heavy metals using BOF slags suggested based on the results in this study 
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국문 초록 
 

제강슬래그를 이용한 광산폐기물 납과 비소 

안정화 기작에 대한 연구 

 

광산에서는 다양한 중금속을 함유하고 있는 광산폐기물이 발생되며, 

이들은 일반적으로 광산 주변에 적치되어 존재한다. 적절한 조치가 

취해지지 않을 경우, 광산폐기물 적치장으로부터 중금속이 용출되

어 주변 토양, 지표수, 지하수 등의 환경을 오염시킬 우려가 있다. 

이러한 문제를 해결하기 위해, 안정화 공법을 사용할 수 있으며, 

이 때, 철강산업 부산물인 제강슬래그를 안정화제로서 사용할 수 

있다. 제강슬래그는 칼슘(Ca) 및 철(Fe) 산화물을 다량 함유하고 

있어 중금속 안정화에 기여할 수 있다고 알려져 있다. 안정화 공법

에 있어서 그 효율과 안정성은 안정화 기작과 밀접한 연관이 있다

고 알려져 있으며, 따라서 제강슬래그를 광산폐기물 중금속 안정화

제로 사용하기 위해서는 기작에 대한 이해가 필수적으로 선행되어

야 한다. 따라서 본 연구에서는 납(Pb)과 비소(As), 두 중금속을 

제강슬래그를 사용하여 안정화 시키고, 이 때의 기작, 특히 침전과 

흡착에 대해 알아보았으며, 나아가 광산폐기물에 포함된 Pb와 As

에 대한 안정화 효율 및 안정성에 대해 연구하였다. 

철 산화물 29.9%, 망간 산화물 2.6%, 칼슘 산화물 38.7%

가 함유된 제강슬래그를 안정화제로 사용하였다. 또한 안정화 기작 

결정을 위해, 철 산화물 0.8%, 망간 산화물 0.2%, 칼슘 산화물 

45.8%가 함유된 고로슬래그를 비교용으로 사용하였다. Scanning 

Electron Microscopy coupled with Energy Dispersive 
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Spectroscopy (SEM-EDS)를 이용하여 확인한 결과, 고로슬래그 

표면에는 Pb과 As의 흡착이 일어나지 않았다. 반면 높은 칼슘 산

화물 함량으로 인해 Pb 및 As의 침전은 일어날 것으로 기대된다. 

반면 제강슬래그에서는 흡착과 침전 두 기작이 모두 일어날 것으로 

기대되기 때문에, 두 슬래그를 이용했을 때의 안정화 결과를 비교

함으로써, 제강슬래그 사용 시의 중금속 안정화 기작을 침전과 흡

착으로 구분하였다. 제강슬래그 0.1 g과 Pb 또는 As 수용액(각각 

446.6 및 288.5 mg/L) 10 mL를 1시간 동안 교반하였으며, 이 때 

HCl 및 NaOH를 사용하여 pH를 7-13 범위로 조절하였다.  

pH 11 이하에서, Pb은 99.7-100.0%가 제거되는 것을 확

인할 수 있었다. 하지만 pH 13에서는 그 효율이 24.1%로 줄어들

었다. 고로슬래그와 비교 결과, Pb은 대부분 침전 기작에 의해 안

정화 되는 것을 알 수 있었으며, X-ray Diffraction (XRD) 분석을 

통해 Pb-OH 침전물이 형성됨을 확인하였다. As의 경우, pH 11 

이하에서 40.7-48.1%가 안정화되었으나, pH가 13까지 증가함에 

따라 그 효율은 16.9%로 크게 감소하였다. pH 11 이하 범위에서

는 흡착 기작이 지배적이었으며, pH 13에서는 침전 기작이 관찰되

었다. 한편, 제강슬래그의 pzc가 6.3이었으며, 실험 조건 pH는 7 

이상이었기 때문에 제강슬래그 표면은 음전하로 치환되어 있을 것

으로 판단할 수 있다. 이러한 상황에서 음이온 형태로 존재하는 

As가 제강슬래그 표면에 직접적으로 흡착되기는 어렵다고 알려져 

있다. 본 연구에서는 제강슬래그의 Ca2+ 양이온이 As와 슬래그 표

면 사이에 가교역할을 하여 As를 흡착시켰을 것이라고 가정하였다. 

실제로 제강슬래그의 Ca2+ 함량을 감소시킨 뒤 As를 흡착해본 결

과, 흡착 효율이 47.6%에서 22.1%로 감소하는 것을 확인할 수 있

었으며, 따라서 As는 Ca 가교효과에 의해 슬래그 표면에 흡착되는 
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것으로 판단된다. X-ray photoelectron spectroscopy (XPS) 및 

thermogravimetric analysis (TGA)를 통해 pH 13에서는 제강슬

래그 표면에 CaCO3 및 Ca(OH)2 코팅이 형성되어 Ca 가교효과에 

의한 As 흡착을 방해하는 것을 확인하였다. 

제강슬래그를 이용한 광산폐기물 Pb과 As의 안정화 효율을 

알아보았다. 수분 처리량(0.05, 0.2, 0.35, 0.5, 1.0 L/kg)과 제강슬

래그 처리량(3, 5, 10 wt.%)에 의한 영향을 평가하였으며 안정화 

시 pH는 11이었다. 안정화 후에는 TCLP 용출시험을 통해 안정화 

효율을 평가하였다. 슬래그 처리량이 3 wt.%일 때, Pb의 안정화 

효율은 수분 처리량이 0.05 L/kg에서 1.0 L/kg으로 증가함에 따라 

52.2%에서 71.4%로 증가하였다. 또한, 수분 처리량 1.0 L/kg일 

때 슬래그 처리량을 10 wt.%로 증가시킨 경우, 안정화 효율은 

97.9%까지 증가하였다. Pb와는 달리, As의 경우 수분 처리량이 증

가함에 따라 안정화 효율이 감소하는 경향을 보였다. 슬래그 처리

량 3 wt.%에서 수분 처리량을 0.05 L/kg에서 1.0 L/kg으로 증가

시켰을 때 안정화 효율은 73.8%에서 23.2%로 감소하였다. 이는 

XPS와 TGA를 통해 확인한 결과, 수분 처리량이 많아지면 CaCO3 

코팅이 형성되어 슬래그 표면에서의 Ca 가교효과에 의한 As 흡착

을 방해하기 때문인 것으로 보인다. 하지만 이러한 수분 처리량에 

의한 안정화 효율 감소 효과는 슬래그 처리량 10 wt.%에서는 관찰

되지 않았는데, 이는 슬래그 처리량이 많아 Ca 공급량이 많아지면

서 흡착 기작 뿐만 아니라, Ca-As 침전 기작이 함께 일어나기 때

문인 것으로 확인되었다. 이는 Ca 공급량이 많아지면서 Ca/As 

molar ratio가 증가하게 되면 보다 안정한 형태의 Ca-As 침전물

이 형성되기 때문인 것으로 판단된다. 

제강슬래그를 이용해 안정화된 광산폐기물 Pb와 As의 안정
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성을 평가하였다. 안정화된 광산폐기물을 Eh < 100 mV의 환원조

건에 100시간 동안 노출시키면서, 시간별로 용출되는 Pb와 As의 

농도를 측정하였다. 환원조건에 24시간 노출되었을 때 Pb는 

246.7 mg/kg이 용출되었으며, 그 후에는 시간에 따라 농도가 감소

하였다(100시간 때 95.5 mg/kg). 이는 Fe 및 Mn 산화물의 환원

용출에 의해 흡착되어 있던 Pb이 재용출된 것으로 보이며, 24시간 

후에 관찰된 농도 감소는 Pb의 재흡착 때문인 것으로 판단된다. 

As의 경우 51시간에서 최대 388.4 mg/kg의 용출량을 보였는데, 

이는 Fe 및 Mn 산화물의 환원용출 이외에도, As(V)가 As(III)으

로 환원되는 현상으로 인해 As가 재용출된 것으로 보인다.  

본 연구에서는 제강슬래그를 활용한 광산폐기물 중금속 안정

화 기작과 효율에 대해 알아보았다. 안정화 기작, 특히 침전과 흡

착 기작의 비율은 안정화 pH, 수분 처리량, 제강슬래그 처리량 등

에 따라 달라졌으며, 따라서 이러한 안정화 조건을 조절하면 높은 

안정화 효율을 확보할 수 있었다. 하지만 광산폐기물 중금속이 안

정화 되었다고 하더라도, 환원조건에서는 중금속이 재용출될 가능

성이 있음을 확인하였다. 제강슬래그를 활용한 안정화 기술은 광산

폐기물 중금속의 오염 확산을 방지하는 데 효과적으로 활용될 수 

있을 것으로 판단된다. 단, 이러한 중금속 안정화 공법을 적용함과 

동시에, 광산폐기물 적치장에서의 환원조건을 방지할 수 있도록 적

절한 환기 시스템을 설치하는 것이 광산지역을 효과적으로 관리할 

수 있는 방안인 것으로 판단된다. 

 

주요어: 광산폐기물; 중금속; 안정화; 제강슬래그; 침전; 흡착 
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