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Abstract

This work aimed to use calcinated coal mining waste to treat river water contaminated by residues derived from coal mines. 
Water samples from the Urussanga River (Urussanga, Santa Catarina state, Brazil) were collected. The pH values and the 
concentrations of aluminum, iron and manganese were determined before and after the treatment. Additionally, acute toxicity 
tests (CL50) were carried out in the microcrustaceans Artemia sp. and Daphnia magna along with root growth inhibition tests 
of Allium cepa L. and plasmid DNA cleavage assays. The results demonstrate that the treatment resulted in an increase in the 
pH and an expressive removal of metals. It was observed that the untreated water caused significant toxicity in Artemia sp., 
Daphnia magna and Allium cepa L. as well as fostering damage to plasmid DNA. However, after the treatment was detected 
reduction of the toxicity. It was concluded that the calcinated coal mining waste can be used as alternative system for the 
treatment of waters affected by coal mining contaminants, while the bioassays consists of an excellent tool for the evaluation 
of this process.
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INTRODUCTION

Coal mining is one of the main economic activities of 
the southern region of the state of Santa Catarina, Brazil. 
However, it has provoked severe environmental problems, 
including the generation of effluents characterized by low pH 
values (pH<3.0) and high concentrations of metals such as 
iron, aluminum and manganese (Benassi et al., 2006). These 
contaminants may reach water sources and cause various toxic 
effects on biota. 

Coal mining also generates large amounts of carbonous-
pyritic wastes which are often deposited in the environment 
inappropriately and not recovered economically (Blodau, 
2006). These waste can alter the environment in a variety 
of ways which include the removal of vegetation cover, 

the reconfiguration of surface topography, visual impact, 
accelerated erosion, compromised soil quality, emission 
of gases and particles into the air, increased turbidity and 
siltation of water bodies, the generation of acid drainage, and 
the contamination of water resources (Bitar, 1997).

Metal oxides obtained from the calcination of waste 
mining coal have been used successfully as an alternative 
treatment of effluents generated in coal activity. These oxides 
are capable of acting as adsorbent of H3O

+, thereby provoking 
a pH increase with subsequent precipitation and removal of 
the metals in solution (Geremias et al., 2008).

The treatment efficiency of different coal mining effluents 
using fisicochemical parameters like pH, concentration of 
different metals (Al, Fe, Mn, Cu, Zn, Ni, Pb, Cr, Cd i. e.) and 
sulfates among others has been described in the literature 
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(Netto et al., 2013; Bharti & Banerjee, 2013; Madzivire et 
al., 2011).

Evaluations of the physicochemical parameters and 
bioassays significantly contribute to better evaluate the 
efficacy of treatment of waters with metal oxides.

Acute toxicity tests on microcrustaceans Artemia sp. 
and Daphnia magna have been used for the evaluation of 
deleterious effects on organisms exposed to environmental 
contaminants. Carrying out test on microcrustaceans has 
several advantages including the great reproductive potential 
of these animals, their easy acquisition on the market, easy 
maintenance in the laboratory, their easily hatched cysts and 
the easy reproducibility (Nunes et al., 2006; Martins et al., 
2007; Pimentel et al., 2011).

 Several studies have reported successfully using Allium 
cepa L. (onion) as a bioindicator for the ecotoxicological 
evaluation of environments contaminated by various classes 
of pollutants, including metals. Several parameters of 
phytotoxicity can be assessed, such as bioaccumulation of 
contaminants in different tissues (roots, leaves, bulbs,) root 
growth inhibition, genotoxicity and oxidative stress (Saurabh 
et al., 2005; Fatima & Ahmad, 2006; Mitteregger-Júnior et 
al., 2006). A. cepa testing provides benefits such as sensitivity, 
reproducibility, short response time, need for low-volume 
samples of the contaminant, and low cost.

Measuring biomarkers of biochemical, physiological and 
morphological alteration has also been described as a tool for 
assessing the toxic potential of environmental contaminants 
(Burger et al., 2007). To this end, testing the cleavage of 
plasmid DNA in vitro can be indicated for the purpose of 
estimating the oxidative damage to genetic material (Sreedhara 
& Cowan, 2001).

In the present study proposed we used calcinated coal 
mining waste as an alternative treatment for rivers affected by 
coal mining and evaluated the effectiveness of such treatment 
by way of physicochemical parameters and toxicity tests 
in Artemia sp., Daphnia magna, Allium cepa L., as well as 
measurements of damage to plasmid DNA.

MATERIALS AND METHODS

River water and coal mining waste

Water samples (20 L per point) were collected along the 
Urussanga River (Santa Catarina state, South Brazil) at three 
different points: Point 1 (28º 30 ‘33.8’’ S; 49° 18’ 53.9 ‘W) 
corresponds to the source of the river, where the economic 
activity of extraction and beneficiation of coal is quite intense; 
Point 2 (28º 41 ‘42.7’’ S; 49º 10’ 21.5’’ W) is the intermediate 
part of the river; Point 3 (28º 47 ‘44.9’’ S; 49º 11’ 23.7’’ W) 
corresponds to the river´s estuary. The pH of the samples was 
determined by potentiometry (Corning pHmeter, model pH/
ion analyzer 350) and the concentrations of iron, aluminum 
and manganese by Flame Atomic Absorption Spectroscopy 

- FAAS (Hitachi Spectrometer Z8230) (US EPA method 
3005a). Carbonous-pyritic coal mining wastes (200 g) were 
collected from a carboniferous underground mining region 
of Criciúma (Santa Catarina state, South Brazil). For the 
calcination process, the coal mining waste was heated to 800 
oC for 1h in a muffle furnace. Preliminary calcination tests 
and thermogravimetric analysis showed that the temperature 
and heating time influence the removal of organic matter 
and the formation of metal oxides (results not shown). The 
characterization of the calcinated waste oxides was carried out 
through X-ray diffraction-XRD (Philips diffractometer X’pert). 
The XRD spectra were compared with those in the catalogs 
of the International Center for Diffraction Data (ICDD). The 
results showed the presence of mainly SiO2, Al2O3 and Fe2O 
in the calcinated waste (Geremias et al., 2008).

River water treatment with calcinated coal mining wastes

The river water samples were treated with calcinated coal 
mining (ratio of 1:25 w/v), in a batch system, in Erlenmeyer 
flasks under magnetic stirring (200 rpm) at room temperature 
(22 °C ± 3 °C) for 48 h (Geremias et al., 2008). After treatment, 
samples were filtrated.  The pH in the treated water samples 
was determined by potentiometry and the concentrations of 
iron, aluminum and manganese were determined by FAAS.

Artemia sp. acute toxicity test

The acute toxicity test in Artemia sp. was performed 
according to Meyer et al. (1982) with some modifications. 
A saline solution was prepared with synthetic sea salt (30 g 
L-1) and used as the incubation medium for Artemia sp. cysts. 
Young subjects (10 subjects) were exposed to untreated and 
treated water with calcinated waste, in multi-well plates with 
2 mL of each concentration (3.12, 6.25, 12.5, 25, 50 and 
100%) and the negative control (0%), for 24 h in the dark at 
room temperature (22 °C ± 3 °C). All samples were corrected 
to a 30 g L-1 concentration of synthetic sea salt. At the end 
of period of exposure, the number of dead organisms was 
observed and the median lethal concentration (LC50) was 
determined by non-linear sigmoidal regression, applying the 
Boltzmann mathematical model, using the Origins program 
and expressed as a percentage (Hamilton et al., 1977).

Daphnia magna acute toxicity test

The acute toxicity test on Daphnia magna was performed 
in accordance with the Brazilian Association of Technical 
Standards-ABNT (ABNT, 1993), with some modifications. 
Ten young organisms (24 h old) were exposed to untreated 
water and treated water with calcinated waste, in becker botles 
with 25 mL of each concentration (3.12, 6.25, 12.5, 25, 50 
and 100%) and the negative control (0%) in the dark at room 
temperature (22 °C ± 3 °C). After 48 h of exposure, the number 
of dead organisms was observed and the lethal concentration 
for 50% (LC50) was determined by non-linear sigmoidal 
regression, applying the Boltzmann mathematical model, 
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using the Origins® program and expressed as a percentage 
(Hamilton et al., 1977).

Allium cepa L. sub-chronic toxicity assay

The inhibition of root growth in Allium cepa L. was 
measured according to Bortolotto et al. (2009) with 
some modifications. Bulbs of Allium cepa L. used in the 
experiments were bought from local commercial source of 
organic products. Tree different groups were estabilshed 
and six bulbs were used in each group: group one (negative 
control), bulbs were incubated with commercial mineral 
wather; group two, bulbs were incubated with untreated 
water; group treee, bulbs were incubated with treated water. 
For the exposition 50 mL polyethylene tubes (Falcon) werre 
used and they were maintained for seven days at room 
temperature (22 °C ±  3 °C) in the dark. The experimental 
solutions were replaced daily. At the end of the period of 
exposure, the length of the longest root of each bulb was 
measured. Statistical analysis was performed using ANOVA 
complemented with the Student-Newman-Keuse and Dunnet 
tests. In this study p-values of less than 5% (P< 0.05) were 
considered to be statistically significant. All results were 
expressed as mean ± standard deviation.

Plasmid DNA cleavage activity in vitro

Plasmid DNA pBSK II (Stratagene) was obtained and 
purified according to standard techniques (Ausubel et al., 
1999). Briefly, Escherichia coli DH5 alpha cells were 
transformed with pBSK II. One colony was incubated 
overnight in 5ml of sterilized LB supplemented with 0,1 mg 
mL-1 ampicilin medium at 37 oC with aeration, and 1 ml of 
this suspension was inoculated in 300 ml of LB supplemented 
with 0,1 mg mL-1 ampicilin medium and incubated for 8 h 
at 37 oC with aeration. Plasmid DNA from these cultures 
was purified using a Qiagen Plasmid Maxi Prep Kit®. 
Spectrophotometric DNA quantification was carried out with 
a GE 2100 spectrophotometer, taking into account the rate of 
the 260 nm and 280 nm absorbances. The plasmid preparation 
was analyzed by gel electrophoresis to ensure that it consisted 
of approximately 90% intact supercoiled plasmid DNA. In 
order to evaluate the DNA cleavage activity, 600 ng of the 
previously obtained supercoiled plasmid DNA pBSK II (FI) 
was incubated with either untreated water or water treated 
with calcinated coal mining waste in concentrations of 3.12, 
6.25, 12.5, 25.0 and 50.0% at pH 7.5 in a 25mM HEPES 
buffer ((N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic-
acid]) SIGMA®). Molecular grade water was used as negative 
control (0%). All incubations were performed in triplicates 
with the same amount of DNA (600 ng) at 37 oC for 12 h. After 
this period, loading dye was added. Samples were submitted 
to agarose gel electrophoresis, photographed, and analyzed 
by densitometry with the Lab-WorksTM Software v4.0 (UVP, 
Inc.) in order to evaluate the formation of intact (FI), open 
circular (FII) and linear (FIII) DNA forms.

RESULTS AND DISCUSSION

Physicochemical parameters

The results obtained in the physicochemical parameters 
demonstrate that untreated water had low pH and hight 
concentrations of aluminium,  iron and manganese (Table 1), 
which is consistent with the literature (Lattuada et al., 2009). 
These parameters may be associated with water contamination 
by pollutants generated in coal mining, particularly acid mine 
drainage and carbonous-pyritic coal mining wastes, which 
both have high acidity and high concentration of metals (Laus 
et al., 2007; Geremias et al., 2012). It was observed that Point 
1 was the most affected, due to its proximity to the mining 
areas (Table 1).

Treatment of water with calcinated coal mining wastes was 
able to promote the increase of pH and expressive removal 
of metals (Table 1).  According to Geremias et al. (2008) 
these results may be due the presence of metal oxides in the 
calcinated waste (SiO2, Al2O3 and Fe2O3) which are capable of 
promoting the adsorption of H3O

+ present in water, leading to 
a rise in pH with the consequent formation and precipitation 
of oxides and insoluble metal hydroxides. It is also possible 
that the metal ions are removed by adsorption onto oxides 
present in the waste, through interaction by complexation, the 
formation of ion pairs, ion exchange, electrostatic interaction, 
van der Waals forces, among other mechanisms (Wu et al., 
2004; Topinkova et al., 2007).

These results are of great importance, since that the 
carbonou-pyritic coal mining waste not are recovered 
economically and promotes serious damage to the environment. 
Therefore, the use of calcinated waste has shown to represent 
an alternative method  for water treatment contaminated by 
coal mining residues and/or other contaminants characterized 
by low pH values and by the presence of metals.

Acute Toxicity in Artemia sp. and Daphnia magna

It was observed in microcrustacean testing (Table 2) that 
the untreated water collected at Point 1 caused significant 
acute toxicity in Artemia sp. In samples from the remaining 
collection sites lethality was not evidenced in any of the 
concentrations tested, making the calculation of the LC50 
impossible. In Daphnia magna testing, was observed a higher 
acute toxicity in Point 1 compared to Point 2 and Point 3 (Table 
2). In the literature, it also has been shown a higher acute 
toxicity for Artemia sp. (LC50 = 2.5%) when exposed to river 

Table 1 - pH and concentrations of metals  in untreated water and in water 
treated with calcinated coal mining waste.

Parameters Point 1 Point 2 Point 3
Untreated Treated Untreated Treated Untreated Treated

pH 2.6 7.4 3.5 8.1 4.1 7.9
Al (mg L-1) 54.0 1.0 6.2 1.1 3.5 1.0
Fe (mg L-1) 26.0 0.2 0.8 0.2 0.3 0.2
Mn (mg L-1) 3.0 1.4 0.6 0.3 0.6 0.6
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water affected by coal mining effluents. Similar results were 
also described for Daphnia magna (LC50 = 3.68%) exposed to 
acid mine drainage. Autors suggest that the toxicity can be due 
to the low pH level (<3,0) high concentration metals, such as, 
iron, manganese, zinc, copper and lead present on the tested 
samples (Geremias et al., 2003; Geremias et al., 2008).

It has been suggested that aquatic environments 
characterized by low pH and high metal concentrations cause 
respiratory and osmoregulatory distress, mutagenic and 
carcinogenic processes and even the death of the exposed 
biota (Ridge & Seif, 1998). Therefore, highly toxic effects 
observed  microcrustaceans exposed to water at Point 1 could 
be associated with higher acidity and concentration of metals 
in solution.

In our studies it was found that after the water treatment 
with calcinated waste, no acute toxicity was found in either 
organism at any of the collection points at previously tested 
concentrations. This result can be attributed to the pH 
neutralization together with the removal of the metals present 
in water.

Allium cepa L. sub-chronic toxicity

In A cepa’s sub-chronic toxicity, it was observed that the 
untreated water collected from three different points promoted 
significant inhibition of root growth when compared to the 
negative control group and to respective treated groups 
(Figure 1). As in the results obtained with microcrustacean 
testing, Point 1 showed more significant toxic effects in which 
we observe complete inhibition of growth. The literature has 
also described toxicity in Allium cepa L. exposed to effluents 

containing metals such as Fe, Mn, Cd, Pb, Ni, Al, Cu and Zn, 
with observable root growth inhibition (Palacio et al., 2005; 
Srivastava et al., 2005; Bortolotto et al., 2009).

The mechanisms involved in inhibition of the growth of the 
roots exposed to metal are not well established. It is suggested 
that this phytotoxic effect is related to the capacity of metals 
to accumulate in and interact with specific sites located in the 
cell wall, plasma membrane and in the cell nucleus (Dovgaliuk 
et al., 2001). As a consequence, several physiological, 
biochemical and molecular chain reactions could be triggered 
in the cell. Among these are: changes in the flow of water and 
nutrients; alteration in the calcium homeostasis, compromised 
cellular signaling events and disturbances to both the cell 
cycle and mitotic activity of meristematic cells. These effects 
could yield results which inhibit the growth of the plant’s 
tissues, including its roots (Dovgaliuk et al., 2001; Boscolo 
et al., 2003; Ledislav et al., 2006; Glińska et al., 2007; Ezaki 
et al., 2008). However, plants might react against exposure to 
metals via a reduction in the fluid absorption, accumulation 
of metals in extracellular constituents, extraction of metals by 
exudates, secretion of metals in the meristems in the form of 
organic anions, compartmentalization of metals in vacuoles, 
complexation of metals with biomolecules, changes in the 
composition of lipid membrane to restore their properties and 
physical–chemical activation of metabolic pathways involved 
in the repair of damage and detoxification of xenobiotics 
(Clemens, 2006; Lei et al., 2007; Ezaki et al., 2008).

Therefore, the toxicity in A. cepa evidenced in our studies 
may be associated with the bioaccumulation of metals and 
the impairment of the protective mechanisms of the plant. 
The treatment of waters with calcinated waste promoted the 
reduction of toxic effects on A. cepa and this result can be 
attributed to the increase in the pH and expressive removal 
of metals.

Plasmid DNA cleavage activity 

The results of cleavage of plasmid DNA exposed to the 
samples collected at three points of the Urussanga River 
before and after treatment with calcinated waste are shown 
in Figure 2, in the form of pictures of the electrophoresis 
gels and plots of the percentage of DNA in its intact form 
(FI) versus concentration of the samples. The electrophoretic 

Table 2 - Acute toxicity (LC 50%) in Artemia sp. and Daphnia magna exposed 
to untreated water and in water treated with calcinated coal mining waste.

Point 1 Point 2 Point 3
Untreated Treated Untreated Treated Untreated Treated

Artemia 
sp. 4.4 nt nt nt nt nt

D. 
magna 6.2 nt 70.7 nt 73.4 nt

nt = no acute toxicit

Figure 1 - Inhibition of root growth in Allium cepa L. exposed to water from  point 1 (A), point 2 (B) and point 3 (C). (a ) and (b) represents significant 
difference when compared to the negative control (mineral water) and treated sample, respectively. (*p<0.05; **p<0.01; ***p<0.001).
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profile evidences that in untreated water samples there was 
DNA fragmentation at all collection points in every tested 
concentration. It was found that collection Point 1 showed 
greater potential for damage, since there was complete 
fragmentation of the DNA at all concentration with no 
visualization of any of the DNA’s three forms. As for the 
remaining data collection points, complete fragmentation of 
DNA was shown at concentrations higher than 12.5%, so that 
at lower values forms FI (intact) and FII (simple breaks) were 
still present. Lingard et al. (2005) also observed cleavage of 
plasmid DNA promoted by particulate material containing 
trace metals Cr, Cu, Fe, Mn, Ni and Zn. The genotoxic effect 
observed could be associated with the presence of metals in 
water which are involved in the generation of reactive oxygen 
species able to catalyzing charge transfers and, therefore, of 
reacting with nucleic acids (Athanasios et al., 2000; Greenwell 
et al., 2002; Lingard et al., 2005; Gilli et al., 2007).

Our results showed that the treatment of waters with the 
calcinated waste promoted a significant decrease in DNA 
fragmentation, verified by the presence of intact forms in the 
three samples at all concentrations, as opposed to what was 
observed in untreated water. The reduction of DNA damage 
may be associated with the waste’s capacity for promoting 
elevation of the pH to values close to neutrality, as well as its 
ability to reduce the concentration of metals in solution. In 
similarity to what is observed in the electrophoretic profile, the 
results obtained in the evaluation of intact DNA percentages 
revealed that the untreated water showed a high frequency of 
fragmentation when compared to water samples treated at all 
concentrations tested. This confirms the treatment’s capacity 
for reducing damage to genetic material.

Therefore, all results obtained in our study indicated that 
the calcinated coal mining waste was effective in the treatment 
of water, since it was able to neutralize the acidity and removal 
metals from the solution, thereby attenuating their toxic 
and genotoxic effects. These results are of great relevance 
for the coal mining industry, which creates large amounts 
of carbonous-pyritic wastes that are associated with severe 
environmental damage, especially in aquatic environments.

CONCLUSION

The results obtained in this study demonstrated that the 
waters collected in the Urussanga river promoted expressive 
toxicity in Artemia sp., Daphnia magna and Allium cepa L. 
as well damage to plasmid DNA, possibly due to its acidity 
and the presence of metals in solution. The treatment of water 
using calcinated coal mining waste was effective in reducing 
these toxic effects, which could be associated with the removal 
through their adsorption on the surface of metal oxides.  
Therefore, mining-derived waste can be used as an alternate 
and low cost method of treating rivers contaminated by coal 
mining residues, offering an economic use for the waste and 
minimizing their environmental impact.
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