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Abstract  

Treatment of Acid Mine Drainage (AMD) using fly ash (FA) has been investigated 

extensively and it has been demonstrated that significant levels of toxic elements 

can be removed by precipitation, co-precipitation and adsorption. Treatment of AMD 

using alkalis and FA has been investigated and the chemistry of toxic metal removal 

is well understood. 

This treatment method was studied extensively from the laboratory to jet loop reactor 

pilot plant 80 L capacity and the results were successful, reducing sulphate by 70-

90%, while removing most toxic metals. Based on preliminary results, a large-scale 

jet loop reactor pilot plant of 1000 L capacity was designed and constructed for the 

treatment of AMD using South African coal fly ash. AMD from a selected coalmine 

was treated with different amount of fly ash from a Free State power station. After 

characterisation by XRF, it was observed that the ash was ASTM C618 Class F fly 

ash with CaO by mass at 4.61 %.  

Treatment of AMD using different AMD:FA ratios 7:1, 6:1 and 5:1 resulted in 46, 48 

and 45 % SO4
2- removed using coal fly ash (CFA) respectively after 70 min. When 

AMD was treated with FA and different amounts of lime, SO4
2- was reduced by 70 – 

73 % after 140 min, thus major elements such as Fe, Mn, Mg and Al were 



successfully removed to below the Department of Water Affairs and Forestry 

(DWAF) limit for irrigation purpose. The solid residue (SR) generated after the 

treatment of mine water with FA is suitable for mine backfill to seal mine voids and 

prevent mine water formation based on previous studies or could be used for the 

synthesis of geopolymer materials. Hence, this process does not generate any waste 

material that would require disposal problems and offers an AMD prevention and 

water recovery option at low cost. 

KEYWORDS: Jet loop reactor; impingement; acid mine drainage; fly ash; sulphate; 

cavitation.  

Introduction  

Mining activities have caused environmental impacts in many countries around the 

globe, South Africa included. One of the major impacts of mining activities on the 

environment is the contamination of water (Akcil and Koldas, 2006). The mining of 

certain metals such as gold has left empty voids underground (McCarthy, 2011). 

Water flowing into the mine from the surrounding groundwater, is pumped out to 

prevent flooding while the mine is still operating. The problem arises when the mine 

is closed, because there is no further pumping of the water, and the voids start filling 

up with water. The water that infiltrates the mine voids begins as either rain or 

groundwater and contains dissolved oxygen. In its slow passage through the old 

mine workings it becomes acidic and solubilizes different metals (Akcil and Koldas, 

2006; McCarthy, 2011).  

The mining of coal and other minerals containing sulphide is related to acid mine 

drainage (AMD) generation. AMD is formed through the oxidation of sulphides, 

commonly pyrite (FeS2); when this interacts with oxygen and water. The water can 

be characterised by higher concentration of sulphates (SO4
2-), iron (Fe), low pH (2-4) 

and toxic metals (Larsen and Mann, 2005; Campaner et al., 2014; Gilbert, 2015). 

AMD can be promoted by mining simply through exposing  sulphides to air and water 

during rock crushing and this represents a great threat to the equilibrium of various 

ecosystems, mainly when efficient mitigating actions are not applied against acidity 

(Johnson and Hallberg, 2005; Moncur et al., 2005; Cravotta, 2008). These actions 

can incorporate the neutralisation of acid drainage by means of limestone, hydrated 



lime, ammonia, sodium hydroxide, as well as fly ash (Petrik et al., 2003; Madzivire et 

al., 2010; Akcil and Koldas, 2006; Campaner et al., 2014).  

Most of the AMD produced in SA results from the Witwatersrand goldfields, or the 

Mpumalanga and KwaZulu-Natal coalfields and the O’Kiep copper district. The 

impact of coal mining in the Mpumalanga coalfields threaten the freshwater 

resources of the Vaal and Olifants rivers (Coetzee et al., 2010). Different treatment 

options and technologies, which include active, passive and in situ treatment 

technologies have been recognised and investigated (Taylor et al., 2005). These 

technologies use one or a combination of different processes, such as chemical, 

physical and biological. The main purpose of both active and passive methods is to 

lower acidity and toxic metal concentrations, raise pH and most often aim to reduce 

sulphate concentrations and salinity to the level that  are harmless to both humans 

and to the environment (Taylor et al., 2005; Trumm, 2010). Coal mining has been 

recognised as one of the sources of AMD production, and the production of 

electricity using coal in combustion processes generates a huge amount of solid 

waste; one of these being pulverised fuel ash or coal fly ash.  

Coal plays a major role in meeting the energy demand around the globe. South 

Africa depends heavily on coal for the generation of electricity in the country. About 

90 % of the total electricity demand is met through coal combustion processes 

(Eskom, 2016). Eskom, which is the main power generator in the country, is 

estimated to consume approximately 120 million tons of coal annually, producing 

approximately 36 million tons of ash from its power utilities. It is estimated that, about 

90 % of the total ash generated is fly ash (Nyale, 2014; Eskom, 2016). Fly ash (FA) 

is available in large quantities due to the burning of coal in South Africa, but its use is 

still very limited. Research has shown that, FA can be useful for different applications 

such as cement replacement in concrete making, as absorbent for cleaning flue gas, 

for the removal of contaminants from wastewater, or for the synthesis of zeolites, 

synthesis of geopolymers, soil improvement in agriculture, brick making, road 

subbase, and mine backfilling etc. (Iyer and Scott, 2001; Ahmaruzzaman, 2010).  

The main aim of the current study was to investigate the performance of the jet loop 

reactor pilot plant (1000 L capacity) in the treatment of AMD using South African FA 

(Petrik et al., SA Patent No.: ZA 2008/01062). Previous studies have shown that 



treatment of AMD with FA is viable, thus successful removal of most cations and 

sulphate reduction have been reported (Petrik et al., 2003; Klink , 2004; Gitari et al., 

2006). Recent studies by Madzivire et al (2015) have shown the possibility of treating 

AMD with FA using a jet loop reactor. In the jet loop reactor, the solution of AMD and 

FA come into violent contact (impingement) from two opposite directions, then 

collapse and rapid formation of vapour bubbles in a flowing liquid in region of low 

pressure (cavitation) will occur (Nieuwoudt, SA Patent No ZA 2009/07606). This 

promotes a faster reaction rate and intense mixing. Intense mixing occurring in the 

jet loop reactor is due to hydrodynamic cavitation and impingement processes that 

take place in the reactor (Kumar et al., 2000; Gavi et al., 2007; Mason, 2007; 

Madzivire et al., 2013). The study by Madzivire et al. (2015) using a jet loop reactor 

pilot plant at a capacity of 80 L (Figure 1) showed that this process was able to 

reduce sulphate in the AMD by about 70-90 %. Metals such as Fe, Al, and Mn were 

removed to very low concentrations in the processed water, therefore meeting the 

target water quality range (TWQR) for drinking water. These findings motivated the 

idea of scaling up the process from 80 L to 1000 L capacity, which was designed and 

constructed as shown in Figure 2. The 1000 L capacity plant is comprised of three jet 

loop reactors. 
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Figure 1: Jet loop pilot plant 80 L capacity (Madzivire et al., 2010) 

The feed of the plant consists of AMD and FA, and E-1, E-2 and E-3 refer to 80 L 

tank, centrifugal pump and jet loop reactor respectively.   
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Figure 2: Jet loop reactor pilot plant 1000 L capacity for AMD treatment 

Table 1. Jet loop reactor pilot plant 1000 L 

Unit number Equipment 

E-1 FA storage 

E-2 Mixer & Clarifier 

E-2a Agitator 

E-3 AMD storage 

E-4, 10 and 12 Centrifugal pumps 

E-5 (a, b, c) Jet Loop Reactors 

E-6 Plug flow tank 

E-7 Inline filter 

E-8 Water storage 

E-9 Slurry storage 

E-10 Centrifugal pump 2 

E-11 Strainer  

SP-1-4 Sampling point 

 

 

 

 



Materials and methods 

The mine water (AMD) used in this study was collected from a coalmine in the 

Mpumalanga Province, South Africa. The analysis done on the AMD was by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) and ion 

chromatography (IC). The fly ash (FA) was collected from ash dumps at a power 

station in the Free State Province, SA. The FA was analysed using X-ray 

fluorescence (XRF) for elemental composition and ICP-OES for trace elements 

present in the FA.  

Different experiments were performed in order to find the optimum conditions 

(amount of FA, minimum amount of lime and aluminium hydroxide) required to 

elevate the pH of the mine water (AMD) to greater than 11 in order to precipitate 

sulphate in the form of ettringite or gypsum.  

AMD (1000 L) was mixed with different amounts of FA (143, 167 and 200 kg, these 

values were estimated based on the preliminary results found at 80 L capacity) 

circulated through the jet loop reactors with the jet nozzle size set at 12 mm. Two 

parameters were kept constant throughout this investigation, which were the jet size 

and the AMD volume. Samples for ICP and IC analysis were collected every 30 

minutes during the experiment, while monitoring the pH of the solution via the control 

panel. Moreover, this reading was compared with the measured pH, using a portable 

pH meter. All the samples generated were filtered using a 0.45 µm membrane filter 

paper before analysis. The best combination obtained after mixing AMD with FA was 

used for the next stage, which was the addition of lime to the mixture of AMD and 

FA.  

Different amounts of lime (0.5, 1.0, and 1.5 kg) was added to the best condition 

obtained after mixing AMD (1000 L) with FA (167 kg). The mixture of AMD with FA 

and lime was circulated through the jet loop reactors. Before adding lime, AMD was 

mixed with FA only; during the experiment, the pH was monitored, and the addition 

of lime commenced only when the pH was constant. Samples were collected after 

each 30 min, filtered through a 0.45 µm filter paper and analysed using ICP and IC.  

The amount of Al(OH)3 to be added was determined based on the sulphate 

concentration after lime optimisation. The following Equation1 shows how sulphate is 

precipitated into ettringite:  



6Ca2+ + 2Al(OH)3 + 3SO4
2- + H2O → Ca6Al2(SO4)3(OH)12.26H2O (ettringite)              1 

Results and discussions 

Characterisation of the Fly Ash for major and trace elements  

The chemical composition of the FA was determined using XRF as shown in Table 2. 

The results shown in Table 2 are the major elements found in the FA.  

Table 2: Elemental composition of the fly ash used 

Element  FA (%) 

SiO2 57.54 

Al2O3 29.17 

Fe2O3 3.47 

CaO 4.61 

TiO2 1.59 

MgO 1.04 

K2O 0.77 

P2O5 0.35 

MnO 0.03 

Cr2O3 0.03 

Na2O 0.27 

V2O5 0.02 

LOI 0.69 

 

The results in Table 2 show that there is a considerable percentage of CaO (4.61 %) 

in the FA. The treatment of mine water with FA, takes advantage of the CaO present 

in the FA, because CaO is a major component in the neutralisation of AMD. The 

trace elements are presented in Table 2 below. Based on the results obtained after 

the analysis, the FA is Class F fly ash as classified by the American Society for 

Testing Material (ASTM), because of its low calcium content, which is below 20 % 

(ASTM, 2005).  

Fly ash particles are considered to be highly contaminating, due to their enrichment 

in potentially toxic trace elements, which condense from the flue gas produced 

during the combustion process of coal (Wang and Wu, 2006). Toxic trace elements 

present in the FA are shown in Table 3.  

 



Table 3: Toxic trace elements present in the FA 

Element   FA (ppm) 

S  1079.2 

Sr  941 

Mn  92.4 

V  152.2 

Th  29.0 

Y  15.7 

Cu  13.9 

Pb  20.2 

As  6.3 

Ni  9.8 

Sc  6.0 

Se  5.0 

Co  3.9 

Ge ND 

Zn  9.7 

Mo  3.8 

Be  1.5 

Cd  1.3 

Re ND 

Ag  ND 

Bi  ND 

Sb  ND 
 

After characterising the FA using XRF and ICP-OES for major and trace elements 

respectively, it was observed that the FA has considerable amounts of CaO 

necessary to be used for the neutralisation of AMD, although this waste ash 

contained a significant amount of toxic metals, which may potentially be leached into 

the water recovered after treatment, thus should be monitored.   

 

Acid mine drainage treatment  

Treatment of AMD using fly ash only 

The mine water used in this investigation originated from a coalmine with a pH range 

of 2.0 to 2.4 (Gitari et al., 2006). It was observed that, the composition of the AMD 

varied from one batch to the next as delivered on site. AMD was treated with 

different amounts of FA as described under the materials and method section above. 

Figure 3 shows how sulphate concentration was reduced when different amounts of 

FA were reacted with AMD. The pH was monitored throughout the experiment. The 



experiment was stopped when the pH was constant or when there was no further 

change in pH reading.  

  

Figure 3: pH and SO4
2- concentration of AMD treated with different amount of 

FA 

The average concentration of sulphate the AMD was 2680 ppm. When this was 

treated with different AMD/FA ratios of 7:1, 6:1 and 5:1, it was observed that, 46, 48 

and 45 % of sulphate was removed respectively after 70 min. The pH of the water 

increased from 2.0 to 8.6, 9.0 and 9.1 respectively. The optimum amount of FA 

required to reduce sulphate concentration in 1000 L of AMD was determined to be 

167 kg, since no further decrease in sulphate was observed even when 200 kg of FA 

was used. After treating AMD with 167 kg of FA, the concentration of different 

elements such as Ca increased from 219 to 505 ppm, Al decreased from 120 to 3.8 

ppm, Na increased from 34 to 55 ppm, Mg increased from 112 to 205 ppm, Fe 

significantly decreased from 100 to 0.12 ppm, and Mn decreased from 32 to 9 ppm 

(Table 4). The next experiments consisted of the addition of lime.   

Treatment of AMD with FA and different amounts of lime  

AMD (1000 L) was treated with FA (167 kg) and different amounts of lime (0.5, 1.0, 

and 1.5 kg). AMD was treated FA, while monitoring the pH of the mixture. After 70 

min, the pH of the solution increased from 2.0 to 9.0, and the system was stopped 

for lime addition. The mixture of AMD + FA + lime was then stirred for 20 min, and 

then circulating through the jet loop reactors. The pH of the mixture increased from 
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9.0 to 10.7, 11.7 and 12.3 after the addition of 0.5, 1.0 and 1.5 kg of lime respectively 

after additional 30 min of mixing and circulating. The results are shown in Figure 4.   

 

Figure 4: pH and SO4
2- concentration of AMD treated with FA and different 

amount of lime 

The results in Figure 4 show that during treatment of AMD with FA and different 

amounts of lime, 73, 71 and 73 % of SO4
2- ion concentration was removed 

respectively after 125 to 140 min. To bring the pH of the recovered water down in the 

pH range of 6 to 9, the water was sparged with CO2, which remove Ca in the form of 

calcite. This process brought the pH down to 8.5, 8.7 and 9.1 respectively after 15 to 

25 min. After treating AMD (1000 L) with FA (167 kg) and lime (1.0 kg), it was 

observed that the concentration of elements such as Al decreased from 132 to 0.9 

ppm, Ca increased from 442 to 622 ppm, Fe decreased from 216 to 0.1, Mg 

decreased from 242 to 3 ppm, Mn decreased from 65 to 0.3 ppm, and Na decreased 

from 53 to 37 ppm (Table 4). However, trace elements such as Ti, Tl, U, V, Ni, Se, 

Cd and Co were significantly removed. Madzivire et al. (2010) stated these metals 

are known to precipitate out of the solution in the form of their hydroxides such as 

Fe(OH)3, Al(OH)3 and Mn(OH)2 etc. and the process is pH dependent. The next 

stage consisted of the addition of Al(OH)3.  

Treatment of AMD with FA, lime and Al(OH)3 

AMD was treated with 167 kg of FA, 1.0 kg of lime and 0.31 kg of Al(OH)3. The pH of 

the water increased from 2.2 to 8.0 after 90 min of treatment with FA, then this 
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further increased to 11.0 after adding lime stirred and circulated for about 40 min, 

and pH then slightly increased to 11.3 after adding Al(OH)3 stirred and circulated for 

about 40 min through the jet loop reactors while monitoring the pH. The entire 

process took 170 min to raise the pH from 2.2 to 11.3. CO2 was sparged to reduce 

the pH in the recovered water and, after 25 min, the pH decreased from 11.3 to 9.1. 

The results showed a decrease in SO4
2- ion concentration from 1925 to 557 ppm, 

which corresponded to 71 % removal of SO4
2- ion. It was observed that, even after 

adding 0.31 kg Al(OH)3, SO4
2- ion concentration did not significantly decrease 

compared to when lime only was added. A large decrease in the concentration of Al, 

Fe Mn and Mg was observed (165 to 0.7, 236 to 0.4, 80 to 0.4 and 296 to 3 ppm 

respectively). Most of the trace elements were significantly removed or were found to 

be below detection limits (BDL). Table 4 shows the results of all the applied 

conditions, compared to the TWQR for potable water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 4: Physicochemical parameters of AMD before and after treatment with 

FA, lime and Al(OH)3 

  

Raw AMD 
Treated 
AMD using  
167 kg of FA   

Treated AMD 
using FA and 
1.0 kg of lime   

Treated AMD 
using FA, 
lime and  0.31 
kg  of Al(OH)3 

TWQR for 
potable water 

Element (ppm) AMD  70 Min  140 Min 195 Min - 

pH 2.0 9,0 8.7 9.1 6-9 

Chloride 15.38 15.38 15.17 17.23 250 (0-100) 

Sulphate 2680.00 1389,22 530.82 557.87 0-500 

Al 120.00 3.894 0.964 0.714 0-0.2 (0-0.15) 

As - 0.004 0.005 0.005 0-0.001 

Ba 0.204 0.046 0.045 0.055 0-0.7 

Ca 219.60 505.709 622.191 580.690 0-32 

Cd < 0.005 0.002 0.002 0.002 0-0.003 (0-0.005) 

Co 1.623 0.086 0.007 0.009   

Cr < 0.005  0.106 0.126 0.147 0-0.05 

Cu 0.049 0.002 0.004 0.003 0-2 (0-1) 

Fe 100.30 0.129 0.118 0.406 0-0.3 (0-1) 

K 11.14 1.,029 37.416 30.102 0-50 

Mg 112.50 205.086 3.181 3.796 0-30 

Mn 32.84 9.084 0.304 0.378 0-01 (0-0.05) 

Mo < 0.005 0.116 0.141 0.189 0-0.07 

Na 34.62 55.016 37.592 38.054 0-200 (0-100) 

Ni 1.651 0.201 0.005 0.009 NA 

Pb < 0.01 -0.002 -0.003 < -0.003 0-0.01 

Sb < 0.005 0.003 -0.002 < 0.001   

Se - 0.018 0.032 0.022 0-0.02 (0-0.04) 

Sr 0.612 3.661 4.256 3.246 NA 

Ti - 0.014 0.012 < -0.012 BDL 

Tl - 0.003 -0.001 < 0.000   

U - -0.001 -0.001 < 0.002 0-0.07 (0-0.03) 

V < 0.005 0.022 0.041 0.022 (0-0.01) 

Zn 6.704 0.027 0.085 0.03 0-0.001 

Note: values in brackets obtained from Department of Water Affairs of South Africa 1996 if the values 

are different from those indicated by World Health Organization (WHO, 2011; DWAF, 1996). NA 

stands for not applicable and BDL for below detection limit. The units for parameters are mg/L except 

pH, which is unitless. 

From the results shown in Table 4, it was observed that raw mine water did not 

conform to the requirements of potable water with respect to 10 parameters. But 

when AMD was treated with FA, FA + lime, and FA + lime + Al(OH)3 respectively, the 



water was conforming to potable water requirements with respect to 11, 12 and 12 

parameters respectively.   

Conclusions 

The objective of the current study was to evaluate the performance a hydrodynamic 

cavitation jet loop reactor pilot plant at 1000 L capacity, for the treatment of acid 

mine drainage with fly ash and some chemical reagents. It is to be noted that the 

composition of the AMD varied from one batch to another. About 45 - 48% of SO4
2- 

was removed when AMD was treated with FA only. After the addition of lime into the 

reaction mixture, the SO4
2- removal increased further, in the range of 70 – 73 %, 

bringing sulphate levels to nearly 500 mg/L.  Addition of Al(OH)3 did not enhance the 

sulphate removal process and was thus deemed an unnecessary expense. The 

treatment of AMD with FA and lime resulted in the removal of most metals (including 

Fe, Al, Mn and Mg) to within the TWQR for irrigation purposes. Other contaminants 

present in the AMD were removed to very low trace concentrations in the recovered 

water.  

In the 1000 L pilot plant evaluation, AMD originated from a coalmine was successful 

treated with FA and a small amount of lime, thus reducing sulphate and other 

contaminant concentrations to within water quality guidelines, while correcting pH 

and recovering water with very low trace concentrations of toxic metals remaining in 

the water. The use of FA did not cause leaching of toxic metals from the fly ash into 

the recovered water apart from Ca, which could easily be removed from the 

recovered water in the form of precipitated calcite by sparging with CO2. The 

removal of SO4
2- ion was enhanced by the addition of lime, but in the case of mine 

water used for this study, the addition of Al(OH)3 to the process provided no 

additional benefit. The process offers a simple, easy to control; one-step operation 

for the recovery of mine water with a quality that is suitable for irrigation or, with a 

small amount of additional polishing, with a quality that could be suitable as a 

potable water source. Although the process generated a large  amount of solid 

residues, the suitability of this material for mine backfilling has been determined in 

our previous studies, and the solid residues are copious enough and easy to pump 

into mine voids and seal them, preventing air ingress. This would result in the 

prevention of further formation of acid mine water at abandoned mines allowing a 

cradle-to-cradle solution for mine closure.  
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