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1. INTRODUCTION 
 

Mine industry is one of the most important base fields for 

modern society since the industry supplies most of the raw 

materials. However, the mine industry induce several 

environmental problems such as destroy of forest, release 

of mine waste and acid mine drainage (AMD), subsidence 

of ground, noise and vibration pollution. 

There are thousands of closed and abandoned mines in 

South Korea and most of the mines have been closed due to 

economic or environmental reasons during the past two 

decades. AMD is one of the most harmful problem among 

the mine’s adverse effects and a common type of pollution 

in mining areas. AMD is extremely acidic below pH of 3 

and enriched in iron, aluminum, sulfate and heavy metals 

such as lead, mercury, cadmium and arsenic. AMD is 

produced when sulfide minerals are exposed to oxygen and 

water. Although this AMD production reaction occurs 

naturally, mining can promote the AMD generation 

through increasing the quantity of sulfide exposed to air 

and water. The summarized AMD production reactions are 

below equations (1-3).  
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AMD contains heavy metals and other ions since the 

acidity dissolve metals from minerals around mine area.  

AMD also works as a highway to deliver the toxic 

contaminants to surface water and soil environment. 

There are many researches and technologies to treat the 

harmful AMD [1-5]. AMD treatment techniques are 

usually dividend into active and passive processes. Active 

treatment use alkaline materials (lime, limestone, hydrated 

lime, soda ash, etc.) or aeration to neutralize acidity and to 

induce precipitation of metals [6-8], while passive 

treatments employ chemical and biological processes to 

take place naturally [9, 10]. 

Most of the current remediation technologies consider 

AMD as waste material, however AMD contains several 

metals species including value metals [8-11]. There are just 

a few approaches to use the inorganic ions as natural 

resources. Both of the passive and active processes resulted 

in the formation of iron oxides such as ferrihydrite 

(Fe5HO8·4H2O), goethite (α-FeOOH), lepidocrocite 

(γ-FeOOH), schwertmannite [Fe16O16(OH)y(SO4)z·nH2O] 

and jarosite [KFe3(OH)6(SO4)2]. These secondary Fe-based 

oxides play important roles in reducing the adverse effect 

of acidic drainage by their coprecipitation of heavy metals 

[8-10]. 

The main factors controlling the formation of secondary 

minerals in AMD systems are water chemistry such as pH, 

ionic strength, concentration of dissolved oxygen, and 

available surface. By controlling the water chemistry, 

magnetic iron oxides can be formed. Iron oxide is expected 

to precipitate with other toxic heavy metals such as Pb, Cd, 

Cu, and As.  In current study, iron oxide formation and 

magnetic separation was tested in a real AMD from 

Ilkwang mine located in south east area of Korea. 
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Abstract  

 

There are a few thousand abandoned metal mines in South Korea. The abandoned mines cause several environmental problems 

including releasing acid mine drainage (AMD), which contain a very high acidity and heavy metal ions such as Fe, Cu, Cd, Pb, and 

As. Iron oxides can be formed from the AMD by increasing the solution pH and inducing precipitation. Current study focused on 

the formation of iron oxide in an AMD and used the oxide for adsorption of heavy metals. The heavy metal adsorbed iron oxide was 

separated with a superconducting magnet. The duration of iron oxide formation affected on the type of mineral and the degree of 

magnetization. The removal rate of heavy metal by the adsorption process with the formed iron oxide was highly dependent on the 

type of iron oxide and the solution pH. A high gradient magnetic separation (HGMS) system successfully separated the iron oxide 

and harmful heavy metals. 
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The synthesized iron oxide from AMD was tested for the 

removal of As, Cu, and Pb from synthetic wastewater 

through sorption processes. The recovery rate of 

synthesized iron oxide was measured in varied magnetic 

field. Cryo-cooled Nb-Ti superconducting magnet with 

100 mm room temperature bore and 600 mm of height was 

used as the magnetic separator [11]. 

   

 

2. FORMATION OF IRON OXIDES FROM A 

SYNTHETIC AMD AND A REAL AMD MINE AREA 

 

2.1. Chemicals 

Arsenic (standard solution, Kanto, Japan), lead (II) 

nitrate (97%, Extra Pure, Samchun, Korea), and copper (I) 

chloride (93%, Extra Pure, Samchun, Korea) were used for 

adsorbate. Magnetite (94%, Chemical Pure, Junsei, Japan) 

was used as control group of iron oxide for heavy metal 

adsorption. All reagents were used without further 

purification. 

 

2.2. Synthesis of iron oxide from AMD from an abandoned 

metal mine 

AMD was collected from the abandoned Ilkwang Mine 

located in Gijang, Pusan, Korea. Ilkwang Mine has been 

known as one of the largest copper mine in Korea and it had 

been closed in 1994. 

Iron oxide recovery system from AMD was configured 

as shown in Fig. 1, and the key step is a pH adjustment at 

Neutralization Tank. Iron oxide is collected at precipitation 

tank where the solution pH was kept as 3.4 to reduce the 

precipitation of impurities (e.g. Al. Zn, Cu, etc.). The iron 

oxides were classified to precipitation time as 1 to 24 hours. 

The collected precipitates were dried at 40 ℃ for 24 hour 

after centrifugation. 

 

2.3. Magnetic separation 

A superconducting high gradient magnetic separation 

(HGMS) system was used in the separation of iron oxides. 

The superconducting magnetic separation system was 

equipped with a 6-Tesla cryo-cooled Nb-Ti 

superconducting magnet and stainless steel wire mesh disk 

filters for wet magnetic separation and corrosion resistance. 

The bore size of the magnet was 100 mm in diameter. The 

magnetic filter was made from a stainless steel 430 mesh 

and acrylic case which hold the steel mesh. The diameter 

 

  

Fig. 1. Schematic diagram for the collection of iron oxides 

from acid mine drainage. 

and thickness of the filter assembly are 65 mm and 10 mm 

respectively. The magnetic filter size and interval were 10 

mesh (0.254 mm) and 10 mm. Iron oxide slurry was 

introduced into the separation system at varied magnetic 

field and a fixed flow rate. The magnetic fields were 0.5, 

1.0, 3.0, and 5.0 T and the flow rate was 0.1 m/sec. The iron 

oxide was fed in suspended state in deionized water. Two 

iron oxides collected from the abandoned mine, Iron oxide 

(1hr) and iron oxide (24hr) was tested and a control, 

commercial available magnetite was tested.  

 

2.4.Sorption capacity of the formed iron oxide for Heavy 

metals 

The sorption capacity of the iron oxides was measured in 

a batch reactor for heavy metals (As, Pb, and Cu). The 

concentration of each metal was 1 mmol/L. The adsorbent 

to liquid ratio was 10 g/L. The adsorbent and heavy metal 

ion was mixed on an orbital shaker at 200 rpm for 4 hours 

at room temperature. After sorption equilibrium the 

mixture was filtered with 0.45 μm filter and analyzed for 

the remained metal concentration. 

 

2.5. Analysis 

Analyses of water samples were made using an 

inductively coupled plasma emission spectrometry 

(Spectro Flame Modula S) for As, Pb, and Cu. The 

accuracy and precision of the analytical methods were 

verified against reference samples. Mineral identification 

of precipitates was analyzed by an X-ray powder 

diffractometer (XRD) using Ultima IV equipped with 

CuKα radiation. Samples analyzed by XRD were 

continuous-scanned  0.02° and 2 therta from 5 to 60° 2θ. 

The morphological features of precipitates were studied 

using a JEOL-JSM-6300 scanning electron microscope 

after gold coating. The particle size distribution was 

analyzed by a particle size analyzer (Mastersizer 2000, 

Malvern). 

 
TABLE I 

CHEMICAL CHARACTERISTICS OF SUPERNATANT AND PRECIPITATE FROM 

THE PRECIPITATION TANK. 

Supernatant 

(mg/L) 

pH 
EC 

(μg/L) 
SO4 Al Cd Fe 

3.43 1366 1106.53 24.25 0.18 6.95 

Mn Zn Cu Pb As 

9.70 16.75 12.05 ND* ND 

Precipitate 

(%) 

Fe Al Cu Zn As Mn 

83.14 3.90 0.39 0.08 0.37 ND 

Ca Si S Na Mg Cl 

0.39 1.38 9.38 0.83 0.05 0.07 

P K Cr Total 

0.02 ND ND 100.00 

* ND = Not Detected 

29
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3. RESULT AND DISCUSSION 

 

The supernatant and the precipitate were analyzed and 

the results were summarized in Table 1. The precipitate 

contained Fe, Al, Cu, Zn, Mn, Ca, Si, and S and the major 

content was iron (83.14 %) showing the solid is mainly iron 

oxide as expected. The supernatant also contained some 

metals but the concentration was relatively very low. The 

SEM image of precipitates was shown in Fig. 2. Spherical 

forms of approximately 0.05–0.2 μm in diameter were 

observed from the precipitates under SEM. 

The particle size distribution of the iron oxide is shown in 

Fig. 3. The particle size ranged from 0.5 to 110 µm. The 

mode of iron oxide samples at 1 and 24 hours are 50 and 

70 µm respectively. The two iron oxides have similar  

 

 

 

Fig. 2. Scanning electron microscopy (SEM) images of iron 

oxide precipitated from AMD. 
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Fig. 3. Analysis result of particle size distribution. 

distribution patterns and iron oxide samples at 24 hours is 

relatively bigger size. 

The XRD results of iron oxides are shown in Fig. 4. Both 

of the iron oxides sampled at 1 and 24 hours after 

precipitation looks broad and round, indicating that they 

are poor crystallized but certainly not X-ray amorphous.  

The sample of 1 hour consists mainly of ferrihydrite. 

However, the iron oxide samples at 24 hour composed of 

ferrihydrite and small amount of goethite.  
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Fig. 4. X-ray diffraction patterns of iron oxide precipitated 

from AMD. 
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Fig. 5. Sorption properties of iron oxide from AMD and 

magnetite in varied solution pH. 
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Fig. 6. Recovery rates of iron oxides and magnetite by 

HGMS in a variable magnetic field. 

 

The sorption capacity of two iron oxides from AMD and 

magnetite was calculated from the sorption experiment (Fig. 

5). The sorption characteristic is dependent on the solution 

pH and the type of iron oxdes.  Iron oxide (1hr) has higher 

sorption capacity for Pb and Cu than iron oxide (24hr) but 

magnetite has relatively low sorption capacity. However, 

iron oxide (24hrs) has higher sorption capacity for As than 

iron oxide (1hr). 

Fig. 6 showed the separation ratio of two types of iron 

oxide and magnetite particles as the magnetic field increase.  

The recovery rate of the iron oxide (1hr) and magnetite 

were about 90.5 % and 98.2 % respectively at 1.0 T of 

magnetic field and the recovery rate was gradually 

increased up to 99.4 and 99.9 % as the magnetic field 

increase to 5 T. However, separation ratio of the iron oxide 

(24 hr) was relatively low (about 16.2 %) at 5 T showing 

iron oxide aged longer than 24 hours have lower magnetic 

separation properties. The types of oxide are dependent on 

the time of formation and the different types of iron oxide 

have different magnetism. Current results shows that the 

newly formed (1 hr) iron oxide has relatively higher 

magnetism compared with that of a longer formation time 

allowed (24 hr). The XRD pattern was somewhat different 

as explained above. Current results indicate that iron oxide 

formed from AMD can be magnetically separated and the 

condition of iron oxide formation is very important for 

magnetization of the iron oxides. The superconducting 

magnetic separation system collects the iron oxide 

adsorbing heavy metals from wastewater and the collected 

adsorbent can be regenerated. The captured rate is a 

function of flow rate of the water through the magnetic field. 

Current measurement was conducted at about 0.1 m/sec of 

flow rate. 

Magnetic hysteresis loop of iron oxides (1 and 24 hr) 

were obtained as shown in Fig. 6. The hysteresis loop 

showed that the precipitated iron oxides (1 and 24 hr) have 

a different magnetic moment. The iron oxide (1 hr) has 1.84 

emu/g and 149.8 G of magnetization and coercive force, 

and the iron oxide (24 hr) has 0.08 emu/g and 109.7 G, 

respectively. 
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Fig. 7. Magnetic hysteresis loop of the iron oxides. 

 

 

4. CONCLUSION 

 

AMD is an express way to deliver the contaminants to 

surrounding environments. AMD usually contains a high 

concentration of iron. The iron oxide was successfully 

synthesized from an AMD by controlling solution pH. The 

synthesized iron oxide was a good adsorbent for heavy 

metals such as As, Cu and Pb. The sorption characteristics 

were highly dependent on the type of iron oxide and 

solution pH. Heavy metal adsorbed iron oxide was tested 

by the superconducting HGMS. The recovery rate of iron 

oxide was proportional to the magnetic field and the type of 

iron oxide affected on the recovery rate. Current results 

proved that the iron oxide formed from AMD could remove 

heavy metals from wastewater and can be magnetically 

separated with a superconducting HGMS. This implicates 

that magnetic separation system with iron oxide formed 

from mine wastewater could be an alternative technology 

for heavy metal removal from wastewater. 
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