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ABSTRACT
Commercial coal production in the southern region of Brazil (comprising the Paraná, Santa Catarina, and Rio Grande do
Sul states) has been occurring since the beginning of the twentieth century. Regarding the Santa Catarina coalfields,
about 60% - 65% of the ROM coal is discharged at dump deposits as waste. These wastes can lead to the formation of
acid mine drainage (AMD), a source of ground and surface water pollution. One of the technologies used for preventing
AMD consists of the alkaline additive method. Thus, the aim of this work was to study, at laboratory scale, the DAM
control by blending coal waste with a metallurgical slag. A coal-tailing sample was collected from a coal mine, and the
slag was obtained from a semi-integrated steel plant. Static tests were carried out by the acid-base account method to
determine the balance between the acid-producing and acid-consuming (neutralizing) mineral components of the samples. Kinetic tests were conducted in humidity cells, following the ASTM D 5744-96 method, for a period of 80 weeks.
The results showed that the coal tailing generates AMD. However, environmental problems can be minimized by mixing the coal waste with the metallurgical slag in 1:1 or 1:1.5 proportions. The kinetic experiments proved that, in this
condition, the lixiviation presents a higher pH and a lower concentration of acidity, metals, and sulfate. Finally, it is
possible to conclude that the blending slag in coal tailing deposits can be a viable alternative for DAM control in coal
mining.
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1. Introduction
The production of coal in Brazil is concentrated in the
southern region of the country. According to 2012 data
from the National Department of Mineral Production, the
State of Rio Grande do Sul (RS) is the largest producer
of coal, with 54.8% of the total production, Santa Catarina (SC) with 43.6%, and Paraná (PR) with only 1.5%.
[1]. The extraction of coal may be done in an open pit or
in underground mines, depending on the depth of the
layer. Mining activities (extraction, ore concentration,
and deactivation after mine closure) move large amounts
of material in a short period of time, generating great
amounts of waste (barren mining and beneficiation tailings). The arrangement of these materials should be perOpen Access

formed under conditions that do not cause negative effects to the environment. Therefore, it is necessary to
observe a number of criteria, such as selecting the right
site for layout and preparing the ground to prevent runoff
and infiltration of contaminants with the aim of preventing the formation of acid mine drainage (AMD).
AMD is a serious environmental problem that could
affect the quality of water resources close to the area
where it occurs. AMD results from oxidation of metal
sulfides in the presence of air and water. This type of
pollution is common in coal mining areas, due to the levels of iron sulfide (FeS2) in the tailings. These sources
remain active for decades and even centuries. Annually,
worldwide, considerable amounts of resources are inJEP
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tended to correct the environmental problems of the acidity [2].
AMD can be controlled by means of preventive and
remediation methods [2]. The alkaline additive is a preventive method based on the mixture of alkali materials
with the mining waste. In this context, the static and kinetic tests are designed to evaluate the potential and
evolution of acidity generation. The static tests are quick
and enable the application of specific criteria that provide
the classification of the materials according to their acidity generation potential. Furthermore, they allow quantifying the amount of alkali materials to avoid acidity generation. The kinetic tests provide information on the rate
of sulfide mineral oxidation and therefore acid production, as well as an indication of drainage water quality
[3].
Thus, the aim of this work was to study, at laboratory
scale, the AMD control by blending coal waste with a
metallurgical slag. Both materials were characterized and
static and kinetic tests were conducted in order to establish a proper ratio between the materials to avoid the
generation of AMD.

2. Materials and Methods
The coal waste (CW) was supplied by a mining company
in Santa Catarina State, Brazil, that extracts and beneficiates the “Barro Branco” coal seam. Sample of Ladle
Slag of Electric Steelmaking (LSES) was obtained from
a semi-integrated mill that produces special steels, in the
state of Rio Grande do Sul, Brazil. The materials were
processed to obtain a representative sample, following
the procedures described at NBR 10007 [4].
The metal analysis of CW and LSES were carried by
atomic absorption spectrophotometry following the EPA
method 3052 [5]. The mineralogical composition of the
samples was performed by x-ray diffraction (XRD). The
XRD patterns were obtained using an x-ray diffractometer, using a Cukα radiation (λ = 1.406 Å), voltage 40 kV,
and a current of 30 mA. The samples were also analyzed
for ash content, volatile matter, and fixed carbon. The
ash analyses were performed according to NBR 8289 [6].
The volatile matter was determined according to NBR
8290 [7]. The values obtained were corrected for the
moisture content. Analyses of moisture content were
performed according to NBR 8293 [8]. The determination of fixed carbon was calculated by difference, subtracting the amount of ash and volatile matter, in dry basis, from one hundred percent [9].
The static tests were performed by the Acid Base Accounting (ABA) method. The purpose was to determine
the balance between production and consumption of
acidity (neutralization) by the mineral components of the
samples of CW and LSES [2,10]. In order to perform the
static tests, two preliminary tests were carried out: paste
Open Access

pH, to identify the conditions of acidity or alkalinity of
the samples, and the fizz rating, to set the volume and
concentration of hydrochloric acid to be used in determining neutralization potential [2,10].
The determination of acidity potential (AP) was carried out from the analysis of total sulfur using a leco
analyzer [11]. AP was calculated by the following conversion factor:
AP  31.25  %S .

(1)

To determine the neutralizing potential (NP), the procedure consisted of subjecting the sample to an acidic
solution followed by titration of the acid solution with
sodium hydroxide (with the same concentration of acid)
to pH 7.0. The net neutralization potential (NNP), or
acid/base account (ABA) was determined by subtracting
the AP from the NP:
NNP  NP  AP.

(2)

Units for static test results (AP, NP, and NNP) were
expressed kg CaCO3 per metric tons of rock. NNP values
< 20 kg·CaCO3·t−1 indicate that the material generates
AMD, NNP values >20 kg·CaCO3·t−1 indicate that the
material does not generate the AMD, and NNP values
between −20 and 20 kg·CaCO3·t−1 show a state of uncertainty [3,12].
Kinetic tests were performed by the Humidity Cell
Test, according to procedure D 5744 [13] (Figure 1).
Four cells were used for holding the damp kinetic assay:
a cell filled with CW, another cell filled with LSES, and
two other cells filled with a mixture of CW:LSES in a
ratio of 1:1 (NNP equal to zero) and in a ratio of 1:1.5
(considering a safety factor of 1.5). The tests consisted of
placing 1000 grams of the material, with particle size
between 6.3 mm and 2.0 mm, in the column. During the
seven day cycle, dry air was passed through the sample
container for the first three days and humidified air for
the next three days. On the seventh day the sample was

Figure 1. Scheme of the experimental assembly of humid
cells for the kinetic tests’ with coal waste (CW), ladle slag of
electric steelmaking furnace (LSES), and complete mixtures
of CW:LSES in the ration of 1:1 and 1:1.5.
JEP

3

Ladle Slag of Electric Steelmaking as Alkaline Agent on Controlling of Acid Mine Drainage Generation

rinsed with 500 mL of distilled water. The leachate was
collected and analyzed for the following water quality
parameters: pH, Eh, acidity, alkalinity, and concentration
of metals (Fe total, Al, Mn, Zn, Cr) and sulfate. Analyses
were conducted weekly, following the procedures of the
Standard Methods for the Examination of Water and
Wastewater [14]. This experiment was carried out for
eighty weeks, to observe the quality of the leaching solution over this period of time.

3. Results and Discussion
Table 1 shows the elemental analysis of the CW and
LSES. It can be observed that the coal waste is rich in Si,
Fe and Al. This can be confirmed by the results of the
mineralogical composition of the coal waste, consisting
mainly of the following crystalline compounds: quartz
(SiO2), pyrite (FeS2), kaolinite (Al2Si2O5(OH)4), calcite
(CaCO3) and llite (K1-1.5Al4[Si7-6.5Al1-1.5O20](OH)4). In
the case of LSES, the higher concentrations are Al, Ca,
Fe, Cr, and Si. The presence of Cd, Co, Cu, Ni, and Pb
was also detected, but in lower concentrations. Analyzing
the mineralogical characteristics of the slag in the study,
the most intense peaks are assigned gehlenite (Ca2Al2Si2O7)
marwinita (Ca3Mg(SiO4)2), calcium oxide (CaO), magnetite (Fe3O4), wustite (FeO) and periclase (MgO). This
slag can be characterized as basic slag, because according to the authors Batagin and Esper [15], the mineralogical components of the slag melilitas (akermanita and
gehlenita) and marwinita are characteristic of basic slag,
as well as wollastonite and anorthite are characteristics of
acid slag.
Table 1. Results of the analysis of the chemical composition
of CW and LSES.
Elements
Al
As
Ca
Cd
Co
Cr
Cu
Fe
Hg
K
Mg
Mn
Na
Ni
P
Pb
Si
Zn
Cl
F

Open Access

Coal Waste (µg·g−1)
45,013
55.3
7110
1.4
20.8
30.4
27.8
73,050
0.047
10,123
224
155
1514
28.3
194
88.7
268,794
94
-

LSES (µg·g−1)
15,558
<90.0
119,228
14.0
<11.0
3656
72.5
88,271
0.011
<650
33,434
11,527
<200
87.5
653
6.6
214,000
170
63.8
5248

Table 2 shows the immediate analysis of CW and
LSES in terms of ash, volatile matter, fixed carbon, and
total sulfur on a dry basis. It can be observed that the coal
waste has 81.3% of ash, 12.3% of volatile matter, 5.1%
of fixed carbon, and 10.6% of total sulfur. The results
obtained for the coal waste are consistent with research
conducted by Menezes [16], with coal waste from the
same coal seam in Santa Catarina, Brazil. The author
found 80.4% of ash, 12.4% of volatile matter, 7.1% of
fixed carbon, and 9.7% of total sulfur. The LSES furnace
features 100% of ash, 1.7% of volatile matter, 0% of
fixed carbon, and 0% of total sulfur.
The result of the pH paste for the CW was 5.3, showing the tendency of the material to generate acid. LSES
depicted the pH of the slurry as 11.7, indicating high
alkalinity. The Fizz Rating, for classifying the fizzy
sound produced, showed result “none” for coal waste and
“moderate” for the slags. The intensity of the sound is
related to the presence of acid consumers’ minerals, like
calcium and magnesium carbonates or oxides.
The results of acid-generating potential (AP), neutralizing potential (NP), and net neutralization potential
(NNP) of the materials are presented in Table 3. The CW
had an AP of 331.2 kg·CaCO3·t−1 and a NP of 6.8
kg·CaCO3·t−1, which resulted in a negative NNP of 324.4 kg·CaCO3·t−1, indicating that the material will generate AMD in presence of air and water. This result is in
agreement with the results reported in previous works
carried out with waste materials from jigging operations
in the state of Santa Catarina, where the value of NNP
ranged from −300 to −500 kg·CaCO3·t−1 [16-18]. The
values of AP and NP of the LSES were 0.9 and 353.1
kg·CaCO3·t−1, respectively. The value of the NNP resulted in 352.1 kg·CaCO3·t−1. This positive NNP value
confirms that the LSES is rich in acid consumer’s minerals. Based on the results of NNP, the mixing ratio was
settled. The relation obtained was 1 ton of CW to 1.1
tons of LSES. In practical terms, this value was rounded
to a CW:LSES ratio of 1:1. In addition, a CW:LSES ratio
of 1:1.5 was also used to see whether the addition of
Table 2. Results of the immediate analysis of coal waste and
LSES (dry basis).
Parameter

Ash

Volatile Matter

CFixed

STotal

Coal Waste
LSES

(%)
82.4
100.0

(%)
12.5
0.0

(%)
5.1
0.0

(%)
10.6
0.0

Table 3. Results of static tests for CW and LSES.
Parameter

pH Paste

Fizz Rating

AP

NP

kg·CaCO3·t−1

Coal Waste

5.3

none

331.2

LSES

11.7

moderate

0.9

6.8

NNP
−324.4

353.1 352.1
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higher amount of alkaline material, such as 50% safety
factor, would have a superior quality in the leachate. The
results of the static tests showed that LSES has promising
characteristics that would be used as alkali additives.
Figures 2-3 show the results of the kinetic assay.
The test was conducted for 80 weeks to validate the results of the static tests and to determine the quality of
water leached in the proposed mixtures of CW and LSES.
The behavior of the various parameters analyzed every
week was evaluated to observe whether or not the generation of acidity took place.
The results of the leachate pH of the humid cells along
the 80 weeks of testing are shown in Figure 2(a). The
pH values of the leachate from the cell containing only
coal waste had a very acid pH in all analyses, ranging
from pH 3.1 to 0.9. Studies by Farfan et al. [19] reported
that pH values below 4.0 and high concentrations of
metals are considered the most critical components of the
CW
CW:LSES 1:1

14

AMD behavior which can also be observed in this experiment. According to the authors, these situations cause
oxidation reactions, increasing toxicity in the environment, and acting detrimental to aquatic fauna [19]. With
regard to pH, the leachate from the cell containing only
LSES was alkaline, getting in the pH range from 11.0 to
7.7. In the cell containing the mixture of both materials,
in a CW-LSES ratio of 1:1, the pH values were slightly
alkaline, starting at 9.2 in the initial weeks and stabilizing
at around 6.7 at the end of the trial. The result showed
that the proportion of 1:1 between the materials avoids
acid generation during the 80 week tests. The mixtures of
CW and LSES in a ratio of 1:1.5 were also successful,
with the pH varying from 10.7 to 8.1. Both mixtures of
CW with LSES were effective in improving the conditions of pH. The results of leachate pH for these mixtures
were compared with the patterns of release of effluent
available at the Brazilian National Council for the Envi-
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Figure 2. Values of pH (a) and redox potential (b), acidity (c) and total alkalinity (d) of the leachate of the humidity cells with
coal waste (CW), ladle slag of electric steelmaking (LSES), coal waste with LSES in the ratio 1:1 (CW:LSES 1:1) and coal waste
with LSES in the ratio 1:1.5 (CW:LSES 1:1.5).
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Figure 3. Iron (a), aluminum (b), manganese (c) zinc (d) and chromium (e) and sulfate concentration (f) extracted from humidity cells with coal waste (CW), ladle slag of electric steelmaking (LSES), coal waste with ladle slag of electric steelmaking
in the ratio 1:1 (CW:LSES 1:1) and coal waste with ladle slag of electric steelmaking in the ratio 1:1.5 (CW:LSES 1:1.5).

ronment [20]. According to this standard, the effluent
may only be released in the receiving water bodies if the
pH is between 5 and 9. Therefore, the mixture in the ratio
Open Access

of 1:1 attends the emission of the effluent with regard to
pH (with the exception of week 1). So, the amount of alkaline material used was sufficient to avoid pyrite oxidation
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and raise the pH of the leacheate to the levels established
by the Brazilian legislation. Mixing the materials in the
proportion of 1:1.5 resulted in pH values above the emission standards in the firsts 18 weeks of the experiment.
Figure 2(b) shows the results of the potential redox
(Eh) for the kinetic test. The analysis of the leachate from
the cell containing CW ranged from 862 to 601 mV. The
values of the redox potential of the leachate from the cell
with LSES are smaller than the values of the leachate
from the CW, varying in the range 600 - 320 mV. The
values of Eh in the leachate from the cell containing
CW:LSES 1:1 ranged from 620 to 220 mV and from the
cell containing CW:LSES 1:1.5 ranged from 533 to 290
mV. With regard to the leachate Eh of the cell in a 1:1.5
ratio, it can be observed that the values and the variation
were smaller than those observed in cell 1:1; so, the oxidation in the cell 1:1.5 was lower than in the cell 1:1.
These results are in agreement with Mend Program [21],
which says that Eh values larger than 450 mV indicate
the oxidation of Fe3+. All cells presented oxidant condition, however the cell containing only CW is the one
with the highest values of redox potential, demonstrating
a higher oxidizing condition that favors the oxidation of
sulfides.
Figures 2(c) and (d) shows the results of the acidity
and alkalinity of the leachate in kinetic experiment. They
are important parameter with regard to AMD control by
the alkaline additive method [21]. In practice, the materials that compose the mixture could present differences in
the kinetics of acid generation and acid consumption.
Analyzing the graphs, the cell with CW released high
amounts of acidity and no alkalinity during the all assay
weeks. Inversely, the leached water of the cell containing
LSES showed alkalinity and no acidity. The cells containing mixtures of CW:LSES in the proportion of 1:1
and 1:1.5 presented no acidity and a residual amount of
alkalinity. The residual amount of total alkalinity was a
little bit higher in the proportion of 1:1.5. Taking into
account the acidity and alkalinity of the leachate, it can
be concluded that the 1:1 mixture is effective to control
the acidity generation of coal waste. These results are
consistent with the analysis of the pH of the leachate
showed in Figure 2(a) and the stoichiometric ration established between the materials by the ABA method
(Table 3).
Figures 3(a)-(f) show the results of metals extraction
(Fe, Al, Mn, and Zn) from humidity cells as a function of
time. The leachate regarding the cell with CW showed
considerable concentrations of iron, aluminum, manganese, and zinc. Iron is a direct product from pyrite oxidation while aluminum, manganese and zinc were leached
from the other minerals that compose the coal waste. The
leached water from the cell with only LSES showed very
low concentrations of all these metals, close to zero, inOpen Access

cluding chromium (Figure 3(e)). The cells with the mixtures of CW and LSES, in both proportions of 1:1 and
1:1.5, presented very low values of metals extracted, indicating that the presence of LSES inhibited the oxidation of the pyrite, the acidity production and the iron and
other metals release.
Figure 3(f) shows the results for the sulfate extraction
in the leachate of the humidity cells. In the aliquots obtained from the cell with the CW, sulfate extraction
ranged from 1701 to 8639 mg·kg−1 for the 80 week trial.
Sulfate production, like iron, is a direct product from
pyrite oxidation. The cells containing LSES, CW:LSES
1:1, and CW:LSES 1.15 showed very low concentrations
of sulfate in the leached water, showing that the presence
of LSES inhibits the pyrite oxidation process.
Through the kinetic assay, it was possible to observe
that the leachate from CW cell presented a lower pH and
a higher concentration of metals and sulfate, demonstrating the pollution potential of the AMD. However, the
presence of slag, in both ratio of the 1:1 and 1:1.5, increased the pH, decreased the Eh, and reduced the concentration of metals and sulfate in the leachate. This condition inhibits the oxidation of pyrite, reduces the solubility of the metal and promotes the adsorption of metal
compounds on mineral matter [22-24].

4. Conclusion
It can be concluded that it is possible to prevent the generation of the AMD by the use of steel slag as an alkaline
material. Considering that sample used in this work, it is
suggested that a 1:1 mixture of CW and LSES could be
used for the prevention of AMD. The neutralization potential is due to the high content of calcium and magnesium oxides present in the slag. This mixture can be used
to control AMD in tailing deposits or to return of coal
waste into the subsoil (method known as “backfill”). An
important aspect to be considered is related to the distribution of materials in the Brazilian market. The steel
industry, where these slag samples were collected, has no
destination for this slag, discharging them in landfills.
Thus, this material presents itself as a potential solution
to avoid the AMD.
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