
 

Abstract— The effect of porosity of coal tailings on the 

mobilization and speciation of heavy metals is important for the 

implementation of management strategies. In this study, column 

leaching experiments were carried out to assess the mobilization 

of metal from coal tailings collected from a Witbank Stream 4 in 

the province of Mpumalanga, South Africa. Various parameters, 

including the pH, RedOx potential (RP), electrical conductivity 

(EC), acidity and sulphate and chloride ion concentrations were 

analyzed to conduct the speciation of the heavy metals in the 

leachates. The mineralogical composition of the tailings were 

determined using X-ray diffraction (XRD) and the metal analyses 

were conducted using inductively coupled plasma-optical emission 

spectrometry (ICP-OES). Speciation of the heavy metals within 

the leachates were determined with PHREEQC modelling 

software. The XRD results indicated that, excluding quartz, 

pyrite was the dominant mineral, representing 6 % of the sample. 

The ICP analysis indicated that the six major heavy metals 

leached were Cd, Co, Mn, Ni, Pb and Zn, with Mn and Zn having 

the highest concentrations. The paste samples indicated higher 

concentrations of the pollutants in the leachate than that of the 

filter cake samples. The PHREEQC results indicated that free 

hydrated ion species were dominant in the leachates of the paste 

samples than the filter cakes, which indicates higher mobility and 

toxicity. 

 

Keywords— Fine coal tailing, leaching, metal speciation, 

porosity.  

I. INTRODUCTION 

Extractive mining plays a vital role in our day to day lives, 

providing minerals we use on a daily basis. These processes do 
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however, produce large amounts of waste materials, which are 

typically left as heaps or stored in tailings dams [1]. The waste 

material known as tailings, produced by the coal industry in 

South Africa usually contains about 8% iron disulphide, also 

known as pyrite (FeS2) [2]. The weathering of the tailings over 

time, results in the formation of acid mine drainage (AMD), 

which is formed through the oxidation of the pyrite when it is 

exposed to water and oxygen [3 – 6-15]. Tailings is also known 

to contain traces of heavy metals, such as lead, zinc and arsenic 

[1]. The very acidic nature of AMD enables the dissolution of 

these heavy metals, which are transported into nearby streams 

and percolate into the groundwater. As a result, AMD has a big 

environmental impact, not only on the fauna and flora, but also 

humans who are dependent on these water sources for daily use 

[3; 16-32]. Speciation of the heavy metals within the leachates 

of the tailings, enables us to identify the toxicity and 

bioavailability of these metals [33 – 37]. The effect that the 

porosity of the tailings has on the mobilization of the heavy 

metals with the solution, has not yet been studied thoroughly. 

The scope of this project is thus to determine the effect the 

porosity of the tailings on the mobilization and speciation of the 

heavy metals within. This can provide significant information, 

which may prove of worth for the implementation of 

management strategies for tailing heaps and tailings dams. 

II. EXPERIMENTAL SETUP AND METHODOLOGY 

A. Materials 

The coal tailings used for the experiment, were collected 

from a Witbank Stream 4 in the province of Mpumalanga, 

South Africa. The coal tailings, which was a paste, was stored in 

a tight seal plastic container before use.  

B. Mine tailings characterization 

In order to characterize the coal tailings, X-ray diffraction 

(XRD) analysis was carried out using the Philips X’Pert pro 

MPD X-ray diffractometer to determine the mineralogical 

composition. The particle size distribution was also determined 

using Malvern Master-sizer equipment. 

C. Synthetic acid rain production 

Synthetic acid rain was produced using 98% sulphuric acid 

and 55% nitric acid. Sulphuric and nitric acids were mixed in a 
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3:2 ml ratio, after which an adequate amount of this solution 

was diluted with 100 mL distilled water. The synthetic acid rain 

was produced by adding this buffer solution to 500 mL of 

distilled water until the reading on the HI 8424 pH meter 

(Hanna Instruments Inc.) indicated a value of 4.2. A total of 3 L 

synthetic acid rain was produced using the abovementioned 

method.  

D. Column leaching experiments 

The equipment used for the leaching experiment consisted of 

twelve identical PVC columns. Six of the columns were packed 

with 800 g filter cakes, which were made from the coal tailings 

using a filter press. The remaining other six columns were filled 

with 800 g of the coal tailings paste. The experiment was done 

in triplicate, thus three of the filter cake columns as well as three 

of the paste columns were filled with 500 mL distilled water, 

which served as control samples. The other three columns of 

different porosity form were filled with 500 mL of the synthetic 

acid rain. The leachates of the columns were then collected on a 

weekly basis for eight consecutive weeks. The pH, temperature, 

RedOx potential (RP) and the electrical conductivity (EC) were 

measured weekly, whereas the chloride ion concentration, 

acidity, sulphate concentration and metal analysis were 

determined on a monthly basis. The pH, temperature and RP 

were measured using a HI 8424 pH meter (Hanna Instruments 

Inc.), while the conductivity was measured using a Lovibond 

Sensodirect 150 meter. The HI 83099 COD and 

Multiparameter Photometer (Hanna Instruments Inc.) was used 

to measure the monthly sulphate ion concentrations. After the 

measurements were done, the leachate was thrown back into the 

top of the respective column. 

E. Titrations 

To determine the monthly chloride ion concentrations, 

titrations were conducted using a 0.02 M silver nitrate (AgNO3) 

solution. Potassium chromate (K2CrO4) was used as an 

indicator. Titration with 0.02 M sodium hydroxide (NaOH) was 

conducted to determine the acidity of the leachates.  

F. Metal analyses 

For the monthly metal analyses, 1 mL leachate of each 

column was diluted to 20 mL using distilled water and then 

stored in the lab fridge at 4
0
C. Inductively coupled 

plasma-optical emission spectrometry (ICP-OES) was then 

used to conduct the metal analysis. 

G. Speciation modelling 

The speciation of the dominant metals present within the 

leachates was determined using the PHREEQC interface 

(version 3.4.0-12927) with AQUACHEM software. The 

database that was used for the speciation is Minteq.v4.dat. 

According to Striggov (2013), the measured RP values were 

adjusted with a correction factor, and were then used to 

determine the pE values. To determine the speciation, the pH, 

temperature, pE and the metals, Cl
-
 and SO4

2-
 concentrations 

were used as the input data. 

III. RESULTS AND DISCUSSION 

A. Particle size distribution 

The particle size distribution (PSD) of the coal tailings is 

given in Fig. 1. The PSD is given from 0.01 to 1000 μm, but 

from the figure it can be seen that the coal tailings’ particles 

range from 0.8 to 160 μm. From the PSD results, it is given that 

50% of the particles are smaller than 25.524 μm and 90% of the 

particles are smaller than 116.877μm. The coal tailings’ 

particles are relatively small, which increases the surface area 

exposed to the leaching solution and the probability of heavy 

metals leaching out of the tailings. 

 
Fig. 1: Particle size distribution of coal tailings 

B. Mineralogical composition 

The results from the XRD analysis are given in TABLE I. 

Quartz is the most prominent mineral, being 45 weight 

percentage of the tailings. Wollastonite, which is calcium 

silicate (CaSiO3), also represents a large percentage of the 

sample; a total of 38.5 %. The tridymite, which is 8.77 % of the 

sample, is also another form of quartz, resulting that silica 

minerals constitute 92 % of the entire sample. Apart from the 

silica minerals, pyrite is the most abundant mineral, with a total 

of 6.1 %. This indicates that there was pyrite available for the 

oxidation reaction to form sulphuric acid. The tailings also 

contained small amounts of diopside and mackinawite.  

 
TABLE I: MINERALOGICAL COMPOSITION OF COAL TAILINGS 

Mineral Weight % 

Diopside 1.431 

Wollastonite-2M 38.572 

Tridymite 8.773 

Quartz low HP 45.099 

Mackinawite 0.027 

Pyrite 6.099 

C. pH results 

Fig. 2 indicates the changes in the pH levels of the four 

different samples over the eight weeks’ period. The standard 

deviations of pH values observed for the triplicate samples 

were smaller than 10%, thus the average of these values were 

taken to represent the pH value of the four different samples 

each week.   

The pH decreases gradually from week 1 to week 8, with the 

exception of the last week, which indicates a drastic increase in 

the pH levels of all four different samples. The initial pH values 
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measured the first week varied from 3.5 to 3.1 and decreased to 

values between 2.5 and 2.7, after which the pH values increased 

to values ranging from 3.0 to 3.2. The decrease in the pH levels 

for all four samples are very similar, which indicates that the 

oxidation reaction rate tends to be similar for all the samples. 

However, it can also be seen that for both the porosities, the 

pH is lower for the samples being leached with water than with 

the synthetic acid rain. This indicates that the oxidation process 

is more predominant with water rather than with synthetic acid 

rain. The pH for both conditions, distilled water and synthetic 

acid rain, is lower for the paste versus the filter cake. The results 

indicate that the acidity of the synthetic acid rain doesn’t have a 

big effect on the formation of AMD, but the porosity does. The 

sample with a higher porosity allows better oxidation and thus 

better formation of AMD. 

 
Fig. 2: Changes in pH levels 

D. Speciation results 

The metal speciation of the leachates is given in TABLE II. 

Only the speciation results for the two samples treated with 

synthetic acid rain are indicated in the table. From TABLE II it can 

be seen that most of the elements have either two or three 

dominant species present, with the exception of Fe
3+

 and Mn
3+

. 

For all the elements, any species representing less than one 

percent was excluded from the results since it does not 

contribute significantly to the sample representation, except for 

Cl. The chloride is predominantly present as free ions (Cl
-
), 

while the Mn
3+

 is only present as free ions. Co
2+

, Fe
2+

, Mn
2+

, Ni 

and Zn are all also mostly present as free ions with these species 

representing between 45 % and 63 % of the respective element. 

For these five elements, the second most prominent species for 

each are the sulphate complexes (CoSO4, FeSO4, MnSO4, 

NiSO4, ZnSO4), ranging from 37 % to 48 % for each element. 

On the other hand, CdSO4, FeSO4
+
 and PbSO4 are the dominant 

species for the Cd, Fe
3+

 and Pb, while the free ion species only 

represent 40 %, 3 % and 27 % respectively. Co
3+

 is the only 

species with a different dominant species, i.e. Co(OH)
2+

, which 

represents 95 % of the species and the free ions (Co
3+

) only 

representing 4 %. As expected, SO4
2-

 is the dominant species 

for S
6-

 of the various leachates, ranging from 91 % to 92 % for 

week four and 94 % to 95 % for week eight. 

Comparing the different porosities to each other for week 

four, it is found that the concentrations of the free ionic species 

are lower in the leachates of the paste samples leached with 

synthetic acid rain versus the filter cake samples. The 

concentrations of 70 % of the inorganic complexes are higher in 

the leachates from the paste samples and the other for the filter 

cake samples. 

When comparing the results for the different porosities, week 

eight indicate the exact opposite results as week four. The 

leachates from the paste samples leached with synthetic acid 

rain indicate higher concentrations of the free ionic species than 

the filter cake samples. The concentrations of 30 % of the 

inorganic complexes are higher in the leachates of the paste 

samples treated with synthetic acid rain than the filter cakes.  

Considering the results of the samples leached with synthetic 

acid rain for week four, there is generally little difference 

between the concentrations of the species in the leachates of all 

the samples, but the biggest variations occur between the Fe
3+

 

species.  Ninety-seven percent of all the species’ concentrations 

differ less than 10 % of their respective counterparts, with the 

one specie’s concentration that does vary more than 10 %, 

occurring between the Fe
3+

 species. The biggest difference 

observed between the concentrations of a species for the 

different porosities is for the Fe(SO4)
2-

. The filter cake sample 

leached with synthetic acid rain indicates a 10 % higher 

concentration than the paste sample. The filter cake sample also 

indicates a 7 % higher concentration in the free ions (Fe
3+

) than 

the paste samples. 

From week eight’s results, the same observations are made as 

with week four. Overall 78 % of the species’ concentrations 

differ less than 10 % than their respective counterparts, with 72 

% of the species’ concentrations that vary more than 10 % 

occurring between the Fe
3+

 species. All the Fe
3+

 species’ 

concentrations differ more than 10 % between the paste and 

filter cake samples. The biggest difference observed between 

the concentrations of a species for the different porosities is for 

the Fe(OH)2
+
. The filter cake sample leached with synthetic 

acid rain indicates a 36 % higher concentration than the paste 

sample. The filter cake sample also indicates a 24 % higher 

concentration in the free ions (Fe
3+

) than the paste samples. 
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TABLE II: SPECIATION RESULTS OF THE DOMINANT METALS WITHIN THE 

LEACHATES OF THE COAL TAILINGS 

Element Species Cake SAR Paste SAR 

Leaching Time 
(Weeks) 4 8 4 8 

Cd CdSO4 40,62% 40,36% 41,39% 40,17% 

  Cd+2 41,01% 38,11% 39,92% 38,67% 

  Cd(SO4)2-2 15,78% 16,34% 16,22% 16,24% 

  CdCl+ 2,58% 5,14% 2,47% 4,88% 

Cl Cl- 99,95% 99,95% 99,97% 99,96% 

  MnCl+ 0,03% 0,03% 0,03% 0,03% 

  ZnCl+ 0,01% 0,01% 0,01% 0,01% 

Co(2) Co+2 59,37% 58,33% 58,69% 58,67% 

  CoSO4 40,54% 41,44% 41,21% 41,13% 

Co(3) CoOH+2 94,48% 96,91% 94,42% 95,71% 

  Co+3 5,05% 2,57% 5,08% 3,58% 

Fe(2) Fe+2 54,79% 53,61% 53,94% 54,02% 

  FeSO4 45,21% 46,39% 46,06% 45,98% 

Fe(3) FeSO4+ 65,81% 47,95% 66,70% 57,44% 

  Fe(SO4)2- 15,55% 31,44% 15,84% 20,11% 

  Fe(OH)2+ 10,85% 11,63% 9,72% 13,89% 

  FeOH+2 4,27% 6,68% 4,50% 5,67% 

  Fe+3 3,46% 2,26% 3,21% 2,81% 

Mn(2) Mn+2 62,71% 61,50% 61,87% 61,92% 

  MnSO4 37,24% 38,41% 38,10% 38,00% 

Mn(3) Mn+3 100,00% 100,00% 100,00% 100,00% 

Ni Ni+2 53,45% 52,07% 52,60% 52,44% 

  NiSO4 46,42% 47,70% 47,29% 47,33% 

Pb PbSO4 62,02% 61,58% 62,02% 61,62% 

  Pb+2 27,52% 26,52% 27,11% 26,71% 

  Pb(SO4)2-2 9,88% 10,61% 10,28% 10,47% 

S(6) SO4-2 92,00% 94,66% 91,70% 93,50% 

  HSO4- 5,59% 3,04% 5,95% 4,13% 

  MnSO4 1,80% 1,69% 1,68% 1,68% 

Zn Zn+2 45,84% 44,18% 44,85% 44,59% 

  ZnSO4 43,44% 44,28% 44,10% 44,00% 

  Zn(SO4)2-2 10,64% 11,41% 10,99% 11,28% 

 

CONCLUSION 

The PSD results for the coal tailings indicate that the 

particles are relatively small ranging from 0.8 to 160μm in 

diameter. This created a large surface area exposed to the 

leaching solution, increasing the oxidation process. Besides 

quartz, the XRD indicates that pyrite is the dominant mineral, 

representing 6 % of the tailings. The pH results indicate that the 

samples leached with distilled water (control sample) have a 

lower pH than those leached with the synthetic acid rain. The 

pH values of the paste samples are also lower than those of their 

respective filter cake counterparts. This indicates that the 

lixiviant used did not significantly contribute to the oxidation 

process, while the porosity of the sample had a significant 

effect. The lower porosity of the filter cake samples allowed 

less contact between the leaching solution and the pyrite 

contained within, resulting in less AMD produced. The 

PHREEQC speciation results indicate that the heavy metals 

occur mostly as free ionic species in the leachates of the paste 

samples than the filter cakes, but only after eight weeks. This 

indicates that the initial release of the metals is slow within four 

weeks and increases afterwards. This can be due to the metals 

being contained deep within the paste and the leachate needing 

time to reach the metals and cause the leaching. The higher 

concentrations of the free ionic species within the leachates of 

the paste samples indicate that the mobility of the heavy metals 

within these leachates are higher than that of the filter cake 

samples. Thus, the heavy metals leached from the paste samples 

have a higher toxicity and are a greater environmental concern 

[2,38]. Mine tailings with a high porosity which are exposed to 

natural weathering are of greater concern than tailings with a 

lower porosity. 
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