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Abstract: The steel mill slag (SMS) production in converter furnaces is one of the main by-products 
generated during steel production. This waste material is usually composed of different metal oxides 
that include basic cations such Ca, Mn, and Mg. These cations can favor alkalinity and heavy metals 
removal when they are partially dissolved in a contaminant solution such as acid mine drainage (AMD). 
This work aims to study the potential use of SMS produced in converter furnaces in the mining-steel 
region of Boyacá- Colombia as an alternative to pre-treat AMD produced by coal mining in the zone. 

The SMS were separated into two particle sizes by screening, and these were put in contact with AMD 
samples in a rotational mixing system for 36 hours. The pH, total Fe (Fe2+, 3+), SO4

2-, and heavy metals 
concentration were analyzed at 0, 12, 24 and 36 hours’ time intervals. The results show that SMS 
produced in the region is an optimal low-cost alternative to treat AMD, allowing complete heavy metals 
removal in the first 12 hours of treatment. Furthermore, Fe and SO4

2- removal were observed, reaching 
99.9 % and 85 %, respectively, at 36 hours. The application of rotational mixing allows complete mixing 
between AMD and SMS, reducing the possible precipitates adhesion on the surface, limiting the 
reactivity losses. This mixing treatment device favors continuous use, avoiding the application of 
cleaning stages that could be required in the future for optimal functioning. 
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1. Introduction 
 

Post-mining impacts on a region’s water resources are a topic 

of global concern. Acid mine drainage (AMD) is one of the by-

products generated during these processes. It is characterized 

by a high heavy metals and sulfates concentration and a pH < 

4.5 that can lead to the basins degradation and other water 

sources and the biota and fauna that are harbored in them 
(Bwapwa et al., 2017; Luptáková et al., 2016; Rambabu et al., 

2020; Skousen et al., 2017). 

The pyrite (FeS2) oxidation contained within the mineral 

compounds, e.g. during the coal mining, is the principal 

acidification source producing AMD (Dold, 2014; Silva et al., 

2020). The contact of pyrite with atmospheric oxygen (O2) and 

water (H2O) favors the release of large amounts of protonic 
acidity (H+) and SO4

2, lowering the pH of the medium (Skousen 

et al., 2000; Tabelin et al., 2017; Wolfe, 2015). The increase in 

acidity allows the solubilization of other metals contained in 

the mine, such as As, Cu, Ni, Zn Co, and Cr (Clyde et al., 2016; 

Kobielska et al., 2018; Masindi, Gitari, et al., 2017; Núñez-Gómez 

et al., 2019), which makes AMD treatment or reuse difficult due 
to the need for additional processes (Masindi, Osman, & Abu-

Mahfouz, 2017). The presence and concentration of these 

elements will depend mainly on the geo-genesis of the zone 

and the mineral compounds composition that produces the 

AMD (Obreque-Contreras et al., 2015).  

In Colombia, coal mining is one of the principal mining 

activities, being the largest producer in Latin America and one 
of the primary exporters worldwide (Prieto & Duitama, 2004). 

The Department of Boyacá is one of the primary producers of 

coal in Colombia. This mineral is necessary for energy and 

steel production industries situated in the area; therefore, the 

need to mitigate the negative impacts generated by the AMD, 

besides other secondary waste produced during mining 

processes in the zone, has become an issue of great 
importance (Silva et al., 2020). 

AMD can be treated by passive and active systems. These 

technologies utilize one or a combination of chemical, 

physical and biological processes, including pH control which 

is the most common process for AMD remediation. Passive 

systems are used in acidity conditions of 800 mg CaCO3·L-1 or 
less, flow rates under 50L·s-1, and low acidity loads (<100-150 

kg CaCO3/day). Within the passive systems, the most 

representative are: oxic-anoxic limestone drains, aerobic-

anaerobic wetlands, reducing and alkalinity producing 

systems, and permeable reactive barriers.  

The active systems are not limited by operational 

parameters, and they can be designed to carry out the AMD 
treatment under several acidity and metal load conditions 

(Taylor et al., 2005). The slag beds are also considered a 

passive system for AMD treatment, and their use depends on 

the chemical characterization. The neutralization potential 

(NP) of steel slags ranges from 45 to 78 %, and the main 

property of this raw material is the non-absorption of CO2 from 

the air and convert back to relatively insoluble limestone. In 

general, steel slag can produce more alkalinity than equal 

weights of limestone (from 500 to 2000 mg·L-1, compared to 60 

to 80 mg·L-1). The alkalinity generated comes from CaO and tri-
calcium silicate minerals and it depends on particle size and 

contact time  (Ziemkiewicz & Skousen, 1999). Steel-slag leach 

bed (SLB) are designed to treat 1000g acidity t-1∙day-1 

(Skousen & Ziemkiewicz, 2005).  

The application of steel mill slag (SMS) produced in some 

steelmaking stages, such as the conversion of pig iron into steel 

through converter furnaces, has been presented as an excellent 
raw material to replace part of the materials used in the 

construction of road infrastructures (Masindi, Osman & Abu-

Mahfouz, 2017; Tiwari et al., 2016), and concrete production 

(Jeong et al., 2016). However, these SMS can also generate 

alkaline leachates through their interaction with climate and 

water conditions. In such a manner, improper storage can cause 

negative impacts on the environment (Król et al., 2020; Van der 
Sloot & Van Zomeren, 2012). The ability of SMS produced in 

steelmaking processes to generate highly basic leachates has 

focused the interest in the application of this by-product for its 

use in the treatment of AMD, allowing the removal of dissolved 

heavy metals and sulfates, as well as an increase in the pH of the 

solution, as reported by  Masindi et al. (2020). 
The high worldwide steel market demand represents a 

significant increase in slag production, making its utilization 

unavoidable. There is also a need for reuse and to give value 

to all these wastes in the mining-environmental sector. The 

proximity between the steel industry and the coal mining and 

stockpiles in the Boyacá region can reduce the costs 

generated by SMS transportation and the SMS that can take 
advantage as an alternative for AMD treatment. Therefore, this 

work studied the effect of the application of SMS produced in 

converter furnaces used in steel production on the treatment 

of AMD produced in the region of Boyacá, Colombia. The tests 

were carried out in a rotational mixing device at low 

revolutions; the effect of the SMS particle size was observed 

during the AMD samples treatment. 
 

2. Experimental 
 

2.1. Precautions to avoid sample contamination. 
In order to avoid sample contamination, AMD samples were 

collected in glass containers, which were hermetically sealed. 
The containers were previously washed with distilled and 

deionized water by ultrasound repeatedly to eliminate any 

contaminant in them. This process was also performed on the 

vessel used in the rotational mixing device. The tests were 

carried out in controlled environments at a laboratory scale, 

previously adapted under ISO 14644. The laboratory's 



 
 

 

C. R. Blanco-Zúñiga et al. / Journal of Applied Research and Technology 433-446 

 

Vol. 21, No. 3, June 2023    435 

 

operating personnel had the necessary safety and protection 

equipment during the handling of reagents and raw materials 

to avoid possible contamination of the samples. 

 

2.2. Raw material  

2.2.1. AMD  
AMD samples produced by coal washing were extracted from 

coal stockpile companies located in the region of Paipa-

Boyacá, Colombia. The AMD samples were collected following 

the procedure reported by the Institute of Hydrology, 

Meteorology and Environmental Studies - IDEAM Code: M-S-LC-

I004 (IDEAM, 2020). The AMD physicochemical analysis was 
focused mainly on the determination of pH (SCHOTT Handylab 

pH-11 pH meter), conductivity (SCHOTT Handylab conductivity 

meter), dissolved oxygen (DO) (Winkler method - SCHOTT 

Handylab LF12 conductivity meter), SO4
2- (SM4500-SO4

2- 

turbidimetric method) and; total iron (Fe2+, Fe3+) (SM3500 Fe-B 

Spectroquant® Multy colorimetric method). Heavy metals such 

as As3+, 5+, Cd2+, and Pb2+ were determined by voltammetry, 
using HM-500 TRACE2O metaware equipment. According to 

the geographic location of these coal companies, a high 

amount of AMD is generated due to the high precipitation rates 

in the region (IDEAM, 2018). The maximum daily precipitation 

values were obtained during October (sample collection 

period), favoring a higher degree of dissolution and transport 
of metals and sulfates contained in the ore. 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

2.2.2. BOF-converter slags 
The SMS samples produced during the conversion of pig-iron 

into steel using a basic-oxygen-furnace were obtained from 

the integrated steel plant located in Paz del Rio - Boyacá, 

Colombia. The SMS was reduced in size using a Blake-type jaw 

crusher and then washed with distilled and deionized water to 

remove possible impurities. The drying stage was carried out 

in an electric oven at 105 °C for 24 hrs. to eliminate the 
moisture retained. The SMS dried samples were subjected to 

granulometric analysis stages, according to the ASTM E-11/95 

standard. The granulometric curve obtained is shown in Fig. 1. 

The SMS was separated according to two specific particle 

sizes ranging from 4.75 mm to 2.0 mm (Type I) and between 2 

mm and 0.3 mm (Type II). Size separation was performed to 

evaluate any variation in the SMS chemical composition and 
its effect during the treatment of AMD. The chemical 

composition of SMS was determined by X-ray fluorescence 

(XRF) tests on samples extracted according to ASTM D75-03. 

The relative density and water absorption percentage tests 

were determined according to INVE E 222-13 standard, using 

samples of crushed SMS with a particle size of less than 4.75 
mm. The relative density test calculates the volume occupied 

by the material or aggregate based on an absolute volume. 

The absorption test represents a change in aggregate mass as 

a function of the amount of water absorbed by the permeable 

pores of its particles concerning the mass in dry conditions. 
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Fig. 1. SMS curve of particle size distribution. Particle size ranges for SMS samples are shaded  

light gray (for Type I) and dark gray (for Type II). Particle sizes below or above this range were neglected in this study. 
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2.3. Mechanical rotational mixing device 
The rotational mixing device used in this work consisted of 

hermetically sealed cylindrical glass vessels with a capacity of 

1 L, placed on rotating rollers. The complete system was 

powered by an AC motor, controlling the rotational speed at 

6RPM using a digital tachometer Cybertech DT6236B. The 

scheme of this device is presented in Fig. 2. Low rotation 

speeds allowed a homogeneous agitation of the mixture, 
favoring the contact of SMS particles with AMD. On the other 

hand, the continuous agitation allows an interaction between 

the SMS particles generating abrasion or wear processes, 

keeping the reactivity. 

The glass vessels  were filled with 700 mL of AMD and 140 g 

 of one of the previously selected types of SMS. The 5:1 ratio was 

performed according to that reported by Name and Sheridan 
(2014). Three replicates’ tests were performed for each of the 

two types of SMS used for a total of 6 trials. The mixture was 

subjected to a continuous rotation, extracting samples in 

triplicate for pH, total Fe, and SO4
2- analysis at time intervals of 

12, 24, and 36 hours, obtaining a total of 54 samples in the six 

trials performed. Subsequently, the AMD treated samples were 
filtered to remove the total suspended solids (TSS) present in 

the fluid. The SMS used in this work were dried at 105 °C for 24 

hours for XRF analysis. For all-purpose, the results are presented 

as the average of the processed data. 

 

3. Results and discussion 

 

3.1. Raw material characterization 

3.1.1. AMD samples  
Table I shows the physicochemical parameters of the AMD 

used in this work. As seen, AMD presents a high concentration 

of SO4
2- and total Fe, characteristic of this type of drainage and 

the presence of heavy metals such as As3+, 5+, Cd2+, and Pb2+ 

(Skousen et al., 2019; Vasquez & Escobar, 2020). A highly acidic 

pH is observed, set at pH = 2.25; additionally, the deficiency of 
DO (dissolved oxygen) allows cataloging the AMD as a 

hypoxic/anoxic fluid associated possibly with Fe2+ 

concentrations higher than 63 mg·L-1, which is capable of 

depleting the oxygen content in the AMD (Hustwit et al., 1992). 

In this work, metallic species of ferrous iron (Fe2+) and ferric 

iron (Fe3+) were not quantified separately. 
The characterization of the AMD samples shows that the 

concentrations of pH, sulfates, Total Fe, As3+, 5+, and Cd2+ 

exceed the values established by Colombian Resolution 631 of 

2015, (Resolución 631 de 2015. Ministerio de Medio Ambiente 

y Desarrollo Sostenible - Colombia., 2105), The As content is 50 

times higher than permitted, while the Fe content values 

exceed the limit value by more than 2700X. The high Fe ion 
content is due to the high pyrite content present in coal ores 

in the region, which in contact with O2, H2O, and even iron-

oxidizing bacteria and sulfates, favors the formation of Fe2+, 

3+
(aq), sulfates, and proton acidity in the form of H+

(aq), generated 

from the following reactions (Akinwekomi et al., 2017; 

Hallberg, 2010; Masindi, 2016): 
 

2𝐹𝑒𝑆2(𝑠) + 7𝑂2(𝑔) + 2𝐻2𝑂 → 2𝐹𝑒(𝑎𝑞)
2+ + 4𝐻(𝑎𝑞)

+ +

4𝑆𝑂4(𝑎𝑞)
2−                        (1) 

 

4𝐹𝑒(𝑎𝑞)
2+ + 𝑂2(𝑔) + 4𝐻(𝑎𝑞)

+ → 4𝐹𝑒(𝑎𝑞)
3+ +

2𝐻2𝑂𝑙                                                (2) 

 

𝐹𝑒𝑆2(𝑠) + 14𝐹𝑒3+ + 8𝐻2𝑂 → 15𝐹𝑒2+ + 2𝑆𝑂4(𝑙)
2− +

16𝐻+                            (3) 

 

𝐹𝑒(𝑎𝑞)
3+ + 3𝐻2𝑂𝑙 → 𝐹𝑒(𝑂𝐻)3(𝑠) +

3𝐻(𝑎𝑞)
+                                                          (4) 

 

Likewise, sulfate and Cd concentrations are slightly higher than 

the permitted concentration. Pb2+ present in the AMD is the only 

metal whose value is below the limit established in the resolution, 

so it is not susceptible to treatment (removal by precipitation). 
 

3.1.2. SMS samples 
The Type I and Type II slag samples obtained during the 

crushing and screening stages presented average specific 

gravity values of 2.92 ± 0.48 g·cm-3 and an absorption 

percentage of 11.37 %. Apparent density values between 3.1 – 

3.6 g·cm-3  have been reported in the literature (Bing et al., 2019; 

Thomas et al., 2019). The absorption percentage of this material 

represents the amount of water that can be trapped in the 
pores, established as a mass. Although there is no relationship 

between this parameter and surface area, steel mill slag is 

considered to have a large surface area (Bing et al., 2019), which 

increases with decreasing particle size and can influence 

particle reactivity, as in the case of limestone (Maree & Plessis, 

1993). The SMS surface area was not calculated in this work due 
to the variation in particle size even after the screening process. 

Fig. 3 presents the elemental chemical composition of Type I 

and Type II SMS. The values were established from the percentage 

of constituent elements. The presence of significant elements that 

make up the slag, such as Ca, Si, Fe, Mg, and Al, is usually associated 

with mineralogical species in the form of oxides, e.g., CaO, SiO2 FeO 

MgO2, and Al2O3 (Name & Sheridan, 2014). Both types of SMS show 
a similar composition, with a high Ca content, close to 40 %, which 

favors the basicity of the slag. Type II samples show a 4% higher Fe 

content, while Si, Al, Mg, and Mn contents tend to be slightly lower. 

This behavior is comparable to fine and coarse particulates used in 

mining and iron and steel processes (Rojas Arias et al., 2018). The 

majority percentages presence of the elements Ca, Mn, and Mg 

allows the presence of cations that contribute to alkalinity 
generation in fluids. Several authors have also reported these 

elements as the main components of slags (Aziz et al., 2014; Belhadj 

et al., 2012; Masindi et al., 2018).  
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Fig. 2. Scheme of the rotational mixing device used in this work. The glass drum used to contain a 5:1  

ratio of AMD (in yellow) and SMS (in brown) samples was supported on a series of bearings driven by an  
alternating current (AC) motor. 

 

Table I. Physicochemical parameters of the AMD used in this work and maximum concentration values 

according to Colombian standards. 
 

Parameter Unit Value 
Resolution 0631 of 

2015 

Sulfates (SO4
2-) mg·L-1 9418.75 1200 mg·L-1 

Iron (Total Fe = Fe2+, Fe3+) mg·L-1 5426.67 2 mg·L-1 

Arsenic (As) mg·L-1 4.98 0,1 mg·L-1 

pH --- 2.25 6.0 – 9.0 

Dissolved oxygen (DO) mg·L-1 0.70 N.A. 

Cadmium (Cd2+) mg·L-1 0.22 0,05 mg·L-1 

Lead (Pb2+) mg·L-1 0.03 0,2 mg·L-1 
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3.2. AMD and SMS characterization. 
Fig. 4 presents the pH behavior determined for the treated 

AMD, as a function of agitation and retention time, for periods 
of 12, 24 and 36 hours. The AMD treated samples with Type II 

SMS show a more significant increase in pH, reaching a value 

of 7.7 after 36 hours of treatment, compared to pH = 5.79 

obtained in treated samples with Type I SMS. 

The removal percentage of SO4
2- and total Fe obtained in the 

treated AMD samples is presented in Fig. 5. The highest removal 

degree for SO4
2- and total Fe was observed in the first 12 hours of 

treatment. The application of Type II SMS allows a higher removal 

than Type I SMS, reaching a sulfate (SO4
2-) removal of 82.48 % and 

total Fe removal of 99.98 % at 12 hours of treatment. Although 

removal percentages of 69.39 % and 98.16 % for sulfates and total 

Fe were obtained in samples treated with Type I SMS.  

The samples treated with Type II SMS achieved total Fe 
removal after 36 hours, while the total SO4

2- removal was 85.13 

%, exceeding the values previously reported by other authors, 

with values ranging between 50 % – 85 % (Masindi et al., 2020; 

Name & Sheridan, 2014; Zvimba et al., 2017). The total removal 

of heavy metals such as As3+, 5+, Cd2+, and Pb2+ was obtained 

during 12 hours of treatment. 

The removal percentage of SO4
2- and total Fe obtained in 

the treated AMD samples is presented in Fig. 5. The highest 

removal degree for SO4
2- and total Fe was observed in the first 

12 hours of treatment. The application of  Type II SMS allows a  

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

higher removal than Type I SMS, reaching a sulfate (SO4
2-) 

removal of 82.48 % and total Fe removal of 99.98 % at 12 hours 

of   treatment. Although  removal percentages of 69.39 %  and 

98.16 % for sulfates and total Fe were obtained in samples 

treated with Type I SMS.  

The samples treated with Type II SMS achieved total Fe 

removal after 36 hours, while the total SO4
2- removal was 85.13 

%, exceeding the values previously reported by other authors, 
with values ranging between 50 % – 85 % (Masindi et al., 2020; 

Name & Sheridan, 2014; Zvimba et al., 2017). The total removal 

of heavy metals such as As3+, 5+, Cd2+, and Pb2+ was obtained 

during 12 hours of treatment. 

The SMS used during 36 hours of AMD treatment were 

analyzed by XRF technique to determine chemical 

composition variation. The results are presented in Fig. 6 for 
AMD samples treated with a Type I SMS and Fig. 7 for AMD 

samples treated with a Type II SMS.  A percentage reduction in 

Ca and Mg content of 23.8 % and 3.5 % for Type I samples and 

8.8 % and 3.0 % for Type II samples, respectively, is observed. 

The release of these elements in solution is related to a pH 

increase observed in AMD treated samples due to their 
dissolution in the form of cations and (OH)- radicals, which 

increase alkalinity solution (Name & Sheridan, 2014; Reardon 

et al., 1995). The dissolution of basic cations and formation of 

(OH)- radicals are determined by the following chemical 

reactions as show in Equations 5, 6, and 7: 
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Fig. 3. Chemical composition of the Type-I (in green) and Type-II (in blue) BOF-SMS used in this work.  

The values were obtained by XRF technique. 
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𝑀𝑔𝑂 +  𝐻2𝑂 → 𝑀𝑔2+ + 2𝑂𝐻−               (5) 

 

𝐶𝑎𝑂 +  𝐻2𝑂 → 𝐶𝑎2+ + 2𝑂𝐻−               (6) 

 

𝑀𝑛𝑂2 +  2𝐻2𝑂 → 𝑀𝑛4+ + 4𝑂𝐻−              (7) 
 

The pH rise in treated AMD samples reveals that elements 

such as Ca2+, Mn4+, and Mg2+ contained in the SMS are available 

in solution, even at low pH, favoring the release of OH- radicals 

in solution producing alkalinity (Akinwekomi et al., 2017; Feng 

et al., 2004; Masindi et al., 2018; Rose, 2010). The AMD samples 
treated with Type I SMS show a lower pH increase compared 

to the samples treated with the Type II SMS. This is explained 

by insufficient kinetics reaction to reach a neutrality value (pH 

= 7.0) (Rose, 2010). The alkalinity produced from the addition 

of Type I SMS is counteracted by the high acidity production 

within the AMD, limiting the pH increase.  

The higher efficiency in pH increases when using Type II SMS 
presumes that applying a larger contact area offered by smaller 

particle size favors the physicochemical reactions, which 

contributes to a more reactive surface in contact with the AMD. 

The SMS size and AMD neutralization depend on SMS particle 

size and SMS chemical composition. The larger particles 

provide less surface area which in turn give less reaction time 
and alkalinity production (Ziemkiewicz & Skousen, 1999).  

The neutralization process and alkaline  reagent size relati- 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 
 

on (surface area) were observed as well for other alkaline 

materials such as calcite. It was determined that the rate of 

neutralization is directly related to the dosage of CaCO3, 

influenced by the particle size (the finer particle, the higher the 

rate of neutralization)(Maree & Plessis, 1993). Furthermore, 

these basic cations and (OH)- radicals are also required to form 
insoluble compounds (precipitate formation) (Feng et al., 

2004; Jeong et al., 2016; Kang et al., 2019; Rose, 2010; Wang et 

al., 2019). A part of the radicals is destined for the formation of 

Fe hydroxides from AMD and SMS (Name & Sheridan, 2014).  

An increase in Fe, Si, and S content was observed in Type I SMS 

samples, with a contribution in the concentration of 23.4 %, 

2.3 %, and 5.17 %, respectively; while the increase in Fe, Si, and 
S content in Type II SMS was 4 %, 4.5 %, and 1.6 %. The 

increase in S and Fe values is mainly due to the absorption of 

SO4
2- and total Fe ions initially present in the AMD samples, 

favoring the formation of new mineral phases on the SMS 

surface. In contrast, an increase in Si content may be related 

to the high degradation of the mineralogical phases that 

compose the other metals, as mentioned above, allowing 
higher Si values in the SMS used in AMD treatment stages. Due 

to the reduced treatment time used in this work and a higher 

reactivity of the calcium compounds, the slow dissolution of 

the silica-rich glass present in the SMS is not noticeable. 

Hence, its contribution to the pH decrease is not significant 

(Doye & Duchesne, 2003). 
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Fig. 4. Relationship between the pH in AMD samples and the treatment time using  

a Type-I (in green) and Type-II (in blue) BOF-SMS used in this work. 
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Fig. 5. Behavior of the SO4
2- and Fe removal percentage in relation to the treatment time of AMD samples 

 treated with Type I (in green) and Type II (in blue) BOF-SMS. 

 In a) SO4
2- and b) Fe removal percentage obtained at 12 h, 24 h, and 36 h of treatment. 
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The Ca and Mg dissolution degree in Ca2+ and Mg4+ in Type 

II SMS samples was lower than observed in the Type I SMS 

samples. However, the increase in pH in AMD samples treated 

with Type II SMS was significantly higher. This behavior implies 

greater control and efficiency in the reaction and stability of 

the precipitates formed, allowing for a more significant 
contribution of (OH)-radicals that favor increased pH values. 

The insoluble iron precipitates produced from the interaction 

of (OH)- radicals and Fe3+ present in the AMD gradually is 

adhered to the SMS, forming a shielding or coating evidenced 

by an increase of Fe in the final chemical composition of the 

SMS. The formation of Fe(OH)3 can generate a high protonic 

acidity (H+) load associated with hydrolytic reactions, as 
shown in Equations 8 and 9 (Franti ,1998; Zipper et al., 2014), 

which may have contributed to a lower degree of Fe removal 

and a low increase in pH in samples treated with Type I SMS. 

 

𝐹𝑒3+ + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻+              (8) 

 

𝐹𝑒+2 + 𝐻𝐶𝑂3
− → 𝐹𝑒𝐶𝑂3 + 𝐻+               (9) 

 

Both Types of SMS present an increase in S content, which 

possibly is associated with gypsum and hydroxide-sulfates 

formation over SMS surface (Bigham et al., 1996; Duchesne & 

Reardon, 1998). Gypsum and Fe(OH)3 precipitates can adhere 

to the SMS surface during formation, and this coating layer can  
 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

trap other contaminants such as As3+, 5+, Cd2+, and Pb2+ during 

the rotational process. (Roza Llera et al., 2021; Satti et al., 

2020). The AMD high Fe concentration and the presence of 

Fe(OH)3 precipitates in the solution may also favor arsenic 

removal through the possible formation of ferric arsenates.  

This behavior has been previously reported for other 
dissolved metals presents in AMD (Doye & Duchesne, 2003; 

Farrell & Chaudhary, 2013). Adsorption processes removed 

dissolved heavy metals completely from AMD because the pH 

increase was not high enough for their removal by precipitation 

formation (Matlock et al., 2002; Petrilakova et al., 2014; Vasquez 

& Escobar, 2020; Zhang et al., 2018). The solubility of SO4
2-, 

present in the AMD, is controlled by gypsum precipitation 
(Geldenhuys et al., 2003); which begins its formation and 

precipitation process at low pH, where it has been reported that 

the precipitation process begins at pH > 3.75 (Gitari et al., 2008; 

Macías et al., 2017; Madzivire et al., 2011).  

The rotational mixing device works as a conventional 

autogenous grinding process (Wills, 1988). Abrasion is 

generated between the SMS particles, favoring some 
detachment of precipitates that coat the surface, exposing the 

reactive surface of the SMS again to the acid medium. The 

application of rotational mixing devices would allow a more 

extended period of operation, reducing the cleaning stages 

required in the mechanisms conventionally used for the 

treatment of AMD. 
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Fig. 6. Chemical variation before (in green) and after (in blue) the treatment of AMD 

 samples by applying a Type I BOF-SMS in a rotational mixing device. 
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4. Conclusions 
 

In the present work, the effect of the particle size of SMS 

produced in BOF type converter furnaces in a steel plant for 

the treatment of acid mine drainage (AMD) produced in the 

region of Boyacá, Colombia, was studied. The tests were 
carried out using two types of slag particle size, which were 

added to the AMD samples for treatment in a rotational mixing 

device during different time intervals.  

The results obtained in this research work showed that 

SMS application with a smaller particle size allows a larger 

reactive contact area with the AMD. This behavior allows a 

higher ion exchange rate, resulting in a pH increase and the 
precipitation of sulfates and total Fe dissolved in the AMD. The 

total heavy metals removal present in AMD during the first 12 

hours of treatment demonstrates that this process could have 

been generated by absorbing mineral phases such as gypsum  

and Fe(OH)3 during the formation and growth process. The 

elimination of heavy metals by precipitation process is 
completely discarded because a high pH is not achieved 

where the insolubilization of these metals begins. The pH 

variation obtained for the treated AMD samples is a function of 

alkalinity production by the SMS slag. Low AMD pH values (< 

7.0) reveal low alkalinity production, and heavy metals 

precipitation under this condition is not achieved by their low  

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 
 

solubility. Alkalinity production depends on the SMS slag 

chemical composition, and the particle size, as mentioned in 

the literature. 

Although, both types of SMS demonstrated an optimum 

performance in removing sulfates, total Fe, and heavy metals. 

Type II SMS showed a more significant increase in pH values in 
shorter time intervals, a fundamental aspect of their industrial 

application. In addition, applying a rotational mixing system 

allows some abrasion and detachment of the precipitates 

adhered on the slag surface, maintaining the medium's 

reactivity and AMD treatment. In this work, the abrasion 

process and the detachment of precipitates formed on the 

surface of SMS slag particles were not analyzed. However, it 
will be necessary to understand how the mixing process 

influences compounds' formation, such as gypsum and 

Fe(OH)3, and how these chemical species remove heavy 

metals at low pH (< 7.0). This situation is going to be analyzed 

in the near future. 

Considering that SMS is used as aggregates in 
construction, this waste material has the potential of being 

previously used in the AMD treatment and then confined 

within the concrete or asphalt, reducing the toxicological risk 

that these heavy metals represent in the environment. It would 

be necessary to evaluate how gypsum and Fe(OH)3 coatings 

influence these materials' quality, final strength, and 
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Fig. 7 Chemical variation before (in green) and after (in blue) the treatment of AMD samples 

 by applying a Type II BOF-SMS in a rotational mixing device. 
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durability. The authors show their interest in applying this type 

of device at pilot and industrial scale to treat AMD produced in 

the mining region of the department of Boyacá, Colombia. 
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