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A B S T R A C T   

A 1500 L batch jet loop reactor pilot plant was designed, constructed, and evaluated for performance in the 
treatment of acid mine drainage (AMD) using coal fly ash with a view to optimize its operation and generate 
performance data. Results showed that concentration of major contaminants (sulfate, Al, Fe, Ca, Mg), and minor 
contaminants in the treated AMD can be significantly lowered (between one and four orders of magnitude) 
compared to the raw AMD. It was shown that the one-step treatment process recovered at least 66.6% 
(728.56 kg) of treated water depending on the degree of dewatering required for slurry pumping. The energy 
consumption of 2.655 kW used for pumping indicated that an oversized centrifugal pump (15 kW capacity) was 
used for the neutralization cycle, as only a small fraction of the pump capacity was utilized. The treated water 
met the target water quality range (TWQR) limit for agricultural irrigation in South Africa. The analysis of the 
solid residue shows its suitability for backfilling of mine voids or for making geopolymer such that AMD 
treatment with fly ash results in a zero discharge process. The treatment process offers a cradle-to-cradle solution 
to acid mine drainage and coal fly ash.   

1. Introduction 

The growing worldwide demand for electricity has led to an in-
crease in the use of coal. Consequently, large amounts of waste are 
generated in the form of coal combustion by-products such as fly ash 
and AMD (Blissett and Rowson, 2012). In South Africa, the main coal 
reserves are found in the Emalahleni, Highveld, and Ermelo coalfields 
in Mpumalanga province. The current reserves of coal are estimated at 
between 15 and 55 billion tons, and these reserves are expected to in-
crease the mining of coal in the next decades (Mushia et al., 2016). 
South African coal power stations produced 32.6 billion tons of coal ash 
from 2016 to 2017 (“National Assembly Question No. 3383 Nw3776e,” 
2018). The waste coal fly ash is extremely alkaline with pH greater than 
12 (Musyoka, 2009; Madzivire et al., 2010) and requires to be safely 
disposed of as it is classified as hazardous waste when placed in 
dumpsites. The disposal of fly ash necessitates large areas to be used as 

dumpsites, which may lead to encroachment on agricultural land. Other 
challenges related to fly ash disposal include high dumping costs and 
potential leaching of toxic elements and salts from the dumped fly ash 
into the surrounding soil or groundwater (Nyale et al., 2013). There-
fore, it is of great importance to invest more in reuse or beneficiation of 
fly ash to optimize its utilization and increase its value, thus subse-
quently minimize environmental challenges associated with its disposal 
(Sear, 2009). 

The mining sector is one of the major contributors to the develop-
ment of the South African economy. However, mining activities are also 
associated with the pollution of the environment due to the release of 
highly acidic water, often termed acid mine drainage (AMD) 
(Oberholster et al., 2010). AMD in the Witwatersrand goldfields of 
South Africa has reached a crisis point. This problem is not only limited 
to the goldfields in Gauteng. It is also a huge problem in the Mpuma-
langa coalfields. The few freshwater resources in Mpumalanga 
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including the Vaal and Olifants rivers are threatened by AMD con-
taining a high concentration of sulfate ions, Al, Fe, and Mn (Madzivire 
et al., 2015). The protection of water resources has become a funda-
mental policy concern as well as a driver for continued economic 
growth and service delivery to South Africa (Oberholster et al., 2010). 

Usually, AMD is treated with limestone and/or lime to raise the pH 
and simultaneously precipitate metals (Gazea et al., 1996; Potgieter 
et al., 2006). However, using liming agents alone makes the treatment 
of AMD more costly. Petrik et al. (2003) have proven that without 
adding liming agents, fly ash alone can be involved in the neutralization 
of various types of AMD. These studies were further investigated by 
many other authors such as Gitari et al. (2006); and Valente and Gomes 
(2009). Throughout these studies, different ratios of AMD to fly ash 
were used at bench scale. The results showed that the addition of fly ash 
to AMD could increase the pH from 2 to 3 to neutral pH or above. The 
mixing rate influenced the change in pH and water composition. The 
pH was found to have a significant effect on the decrease of potentially 
toxic metal concentrations and the removal of sulfate ions could be 
enhanced by the addition of a small amount of lime and aluminum 
hydroxide especially in the case of Ca and Mg sulfate rich AMD 
(Madzivire et al., 2010). Successful treatment of AMD was achieved as 
reported in these studies. The treated water met the target water quality 
range (TWQR) permits for irrigation and agriculture, according to the 
Department of Water and Sanitation of South Africa. However, this 
treatment approach necessitates the use of a high amount of fly ash. 
This means that large storage tanks were needed to store the coal fly ash 
at the treatment plant. Also, the optimum liquid to solid ratio of 3:1 
needed when using an overhead stirrer mixing technique produced a 
thick slurry that required special paste pumps. This makes the upscaling 
of this process challenging and reducing the amount of water recovered 
after treatment. 

Based on these observations, superior mixing with a jet loop reactor 
was used as one way to reduce the amount of coal fly ash that was 
needed for the treatment of mine water. The jet loop reactor promotes a 
faster reaction rate by exerting a higher mass transfer rate and mixing 
intensity compared to a continuous stirred tank reactor. A high mixing 
rate in a jet loop reactor occurs due to hydrodynamic cavitation and 
impingement processes that occur inside the reactor (Vadapalli et al., 
2008; Madzivire et al., 2015). Hydrodynamic cavitation is created by 
pressure variations due to the changes in the geometry of the system 
through which the solution is flowing. Pressure variation occurs when a 
solution flows through a small orifice, thereby causing the pressure and 
kinetic energy to drop. The turbulence produces an area of greatly re-
duced fluid pressure causing the vaporization of the liquid, forming a 
cavity. Hydrodynamic cavitation can be controlled by adjusting the 
flow rate, pressure, and orifice size. The intense mixing of the reactants 
results in the formation of metastable phases causing the kinetics to be 
increased. A very important aspect of this type of process is that it can 
be scaled up easily. 

Madzivire et al. (2015) incorporated the jet loop reactor to an 80 L 
pilot plant using a centrifugal pump (1.5 kW). The optimum condition 
obtained for treating circumneutral mine water consisted of a liquid to 
solid ratio of 5, and addition of 0.25% w/v of lime, and 83.2 g of Al 
(OH)3. Using this pilot plant, about 80% of sulfate was removed and 
metals concentration in the raw water was significantly decreased to 
trace levels. The product water recovered using this system could be 
used in agriculture and process industries or can be made potable by 
ion-exchange or zeolite adsorption to remove the remaining trace ele-
ments followed by the correction of pH to between 6 and 9 through 
bubbling of CO2. The solid residues of the process can be used to pro-
duce commercially viable products namely geopolymers (Vadapalli 
et al., 2008; Nyale et al., 2013), zeolites (Petrik et al., 2003; Somerset 
et al., 2005) and, can also be used to backfill the mine voids and thus 
prevent further AMD formation, offering a cradle-to-cradle solution 
(Petrik et al., 2003; Somerset et al., 2005; Gitari et al., 2006; Madzivire 

et al., 2015) to the problematic waste (coal fly ash and AMD). The 
limitation of this process is that the chemical composition and miner-
alogy of fly ash varies, and the quality of AMD also varies. This could 
affect the neutralization reaction. Therefore, operating conditions may 
have to be modified and process controls at full-scale treatments are 
vital. These findings motivated the upscaling of the process from 80 L to 
a larger pilot plant of 1500 L. 

The present study is expected to generate for the first time the 
performance data of a jet loop reactor pilot plant for the treatment of 
mine water with fly ash. The idea is to provide optimum conditions for 
the efficient operation of the pilot plant at a scale suited for the treat-
ment of a large volume of mine water with coal fly ash, thus com-
plementing previous studies on this subject matter. The success of thi-
sapproach could change the perception of mine water and fly ash as 
waste in the environment and improve the economics of coal mining. 

2. Materials and methods 

In this study, the waste materials used were AMD from a coal mine 
and fly ash collected from two different coal power stations in 
Mpumalanga Province, South Africa. 

2.1. Description of analytical techniques 

The Mpumalanga coal-mining region in South Africa was chosen as 
the study area for this project. This is a suitable area as numerous AMD 
discharges and large coal-fired power stations are present. This source 
of AMD typically has a pH of about 2 (Petrik et al., 2003). 

The inductively coupled plasma-optical emission spectroscopy (ICP- 
OES) was used to determine the elemental composition of raw and 
treated AMD. The samples were filtered using a micro-membrane filter 
of 0.45 μm to remove suspended particles. The samples were diluted 
using a 2% HNO3 aqueous solution at the ratio of 1:10 or 1:100 (V/V), 
depending on the concentration of elements to be analyzed. The sam-
ples were analyzed using a Varian 710-ES ICP-OES instrument which 
was calibrated using standards containing elements to be analyzed. 

Ion chromatography (IC) was used to analyze the changes in anion 
concentration of the raw and treated AMD. The samples were filtered 
through 0.45 μm nucleopore membrane filter paper and preserved at 
4 °C until analysis was conducted. A Dionex DX-120 Ion Chromatograph 
with an AS40 automated sampler, ASRS- 300 suppresser, AS14 analy-
tical column, AG14 guard column, and a conductivity detector was used 
for the analysis. The eluent used was a mixture of 3.5 mM NaHCO3 and 
1.0 mM Na2CO3. 

X-ray Fluorescence (XRF) was used to determine the elemental 
composition of the as-received fly ash. For the major element analysis, 
each sample was dried at 110 °C overnight and was prepared as follows: 
0.65 g of a sample and 5.60 g of a flux (consisting of 66.67% Li2B4O7, 
32.83% LiBO2, and 0.50% LiBr) were mixed, and the mixture was fused 
to a glass bead. The oxides of the major elements were determined 
using a Philips PW 1480 X-ray spectrometer. The spectrometer was 
fitted with a chromium tube, five analyzing crystals namely LIF 200, LIF 
220, GE, PE, and PX, and the detectors being a combination gas-flow 
proportional counter and a scintillation detector. The gas-flow pro-
portional counter uses P10 gas, which is a mixture of argon and me-
thane at a 9:1 ratio. 

2.2. Treatment of acid mine drainage 

The 1500 L pilot plant was designed to improve the recovered water 
quality obtained at the bench scale where a solution of AMD and fly ash 
was mixed in a beaker using an overhead stirrer and at the 80 L scale 
where the same solution was mixed using a single jet loop reactor. 

The 1500 L pilot plant in Fig. 1 represents the large scale design 
based upon the 80 L pilot plant (Madzivire et al., 2015). This pilot plant 
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has a maximum capacity to treat 1500 L of mine water. The present 
investigation focused on the treatment of 1000 L of AMD. This pilot 
plant consists of a mixing and clarification tank, carbonation tank, 
slurry, water recovery tank, three jet loop reactors (orifice 10 mm 
diameter), pipework (50 mm diameter), and three pumps (15 kW AH 
METAL fly ash pump, 0.75 kW PK 60 and 1.5 kW EBARA). The material 
of construction of the mixing and clarification tanks, fly ash bucket and 
sieve, pipework and fittings were SS304 and mild steel for the frame-
work. 

The 1500 L pilot plant was equipped with an automation system 
used for controlling and monitoring the process. The automated cycles 
consisted of seven stages: 

Stage 1: filling the mixing and clarification tank with 1000 L of 
AMD; 

Stage 2: acid neutralization and clarification; 
Stage 3: settling of slurry and decanting clarified water; 
Stage 4: carbonation; 
Stage 5: discharge treated water from the carbonation tank; 
Stage 6: slurry removal and cleaning of the mixing cycle; and 
Stage 7: options for rinsing the pilot plant. 
As depicted in Fig. 1, the operation of this jet loop reactor pilot plant 

consists mainly of neutralization and clarification (E-2), carbonation (E- 
6), recovery of clean water (E-8), and collection of solid residues (E-9). 
The purpose of this pilot plant was to increase the pH of AMD, pre-
cipitate out metals in AMD and to decrease the sulfate concentration by 
mixing with fly ash, lime, and Al(OH)3. The pilot plant consisted of two 
steps;  

1. Step 1 constituted of the mixing and clarification. This takes place 
when the mixture of AMD, fly ash, and lime was mixed in unit E-2 
and through unit E-5 and allowed to settle in unit E-2. The clear 
water was pumped to the clear water tank (E-6).  

2. Step 2 constituted of carbonation of the clear product water to bring 
down the pH to below 9 and precipitate calcium by sparging CO2 for 
about one minute as shown in Fig. 1. The collected solid residue was 
settled to a specific density and the supernatant water returned to 
the clear tank (carbonation tank). 

In this study, the first experiment with the 1500 L pilot plant was 
performed using the optimum conditions obtained at 80 L pilot plant by  
Madzivire et al. (2015). This consisted of treating AMD with fly ash 
using the liquid to solid ratio of 5:1. This solution was mixed in the 
mixing tank and pumped through the jet loop reactors for 10 min. Then, 
2.5 kg (0.25%) of lime (w/v %) was added to AMD and FA mixture to 
increase the pH to above 11 after mixing for about 150 min. After 
150 min 3.6 kg of Al(OH)3 was added to AMD, FA, and lime solution 
that were all simultaneously mixed in the tank and through the jet loop 
reactors. The mixture of AMD, fly ash, lime, and Al(OH)3 was circu-
lating through the jet loop system for 20 min, and then it was allowed to 
settle for 30 min. After settling, clear water with a pH above 11 was 
pumped to the carbonation tank (E-6). The pH of the clear water was 
adjusted between 7 and 9 using CO2. The clear water was circulated 
from the carbonation tank through the jet loop reactor for an additional 
10 min. This experiment was performed for 180 min excluding the 
settling time; the samples were collected every 30 min for pH mea-
surement, IC, and ICP-OES analysis. 

2.2.1. Optimization of the AMD to fly ash ratio 
Based on the pH, IC and ICP-OES result obtained at 1500 L using 

these conditions (Madzivire et al., 2015) a further determination of the 
optimum liquid to solid (AMD to fly ash) ratio and amount of lime for 
the treatment of AMD using the jet loop reactor pilot plant at 1500 L 
was carried out. pH and sulfate levels were used as indicators to 
minimize both the use of chemical reagents and the operating time 
while improving the quality of AMD. 

The ratios of liquid to solid of 5:1, 6:1, and 7:1 were used to treat 
AMD with fly ash from two different power stations in Mpumalanga 
province, South Africa. Throughout the experiment, the samples were 
collected every 10 min for pH and after 70 min for IC analysis. The 
optimum liquid to solid ratio was selected based on the pH level 
reached, high sulfate removal percentage, and quality of water re-
covered after mixing and clarification. 

2.2.2. Optimization of the use of lime 
When the optimum ratio of AMD to fly ash was obtained, the 

Fig. 1. Process flow diagram for the treatment of AMD with fly ash, lime and Al(OH)3 using the jet loop reactor pilot plant.  
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investigation of the optimum amount of lime (w/v % of lime to AMD) to 
be added to the mixture of AMD and fly ash was carried out. The 
amount of lime was varied between 0.05%, 0.1%, and 0.15%. When the 
pH of the mixture of AMD and fly ash was raised to above 7, lime was 
added. The optimum amount of lime was selected based on the pH 
level, sulfate removal percentage, and the lowest quantity of lime used. 
The pH was measured every 10 min while the aliquot sample was 
collected after 110 min for IC analysis. 

The raw AMD and treated water were filtered through a 0.45 µm 
pore membrane filter paper using a manual pumping device. The fil-
tered samples were divided into two portions for cation and anion 
analysis. The cation samples were preserved with three drops of con-
centrated HNO3 for approximately 100 mL of sample. Both cation and 
anion samples were stored at 4 °C until analysis for cations and anions 
using ICP-OES and IC, respectively (Petrik et al., 2003; Gitari et al., 
2006; Madzivire et al., 2015). 

2.3. Material balance description 

A mass balance was used so as to quantify the amount of AMD and 
chemical reagents required as inputs as well as the treated water and 
solid residue recovered at the end of the process. The overall mass 
balance for a nonreactive process was performed according to Felder 
and Rousseau (2005) within the system boundary shown in Fig. 2. In-
puts for calculation included 1000 L of AMD, 200 kg of fly ash, 2.5 kg of 
lime, and 3.6 kg of Al(OH)3 over the testing period of 180 min. 

The general material balance equations are as follows: 

= +Accumulation input output generation consumption (1)  

The calculations were performed assuming: 
The system at a steady state which has no accumulation; therefore: 

+ = +Input generation Output Consumption (2)  

The balanced quantity is total, there is no generation or consump-
tion; therefore: 

=Input Output (3)  

The density ( ) of AMD of 1094 kg/m3 was applied to determine the 
mass of AMD. 

The compositions of the feed streams (M1 = AMD, M2 = powders) 
of the 1500 L batch pilot plant used during AMD treatment are shown in  
Table 1. 

The moisture content was determined using the sludge. Three 
sludge samples were collected and weighed immediately and recorded 
as wet weight of the sample, these wet samples were dried to a constant 

weight at a temperature of 100 °C using an oven for 24 h. The samples 
were allowed to cool. The cooled samples were weighed again and 
recorded as the dry weight of samples. The moisture content of the 
sample was calculated using equation (4): 

= ×
A

%W A B 100
(4) 

Where, %W: Percentage of moisture in the sample, A: Weight of wet 
sample (grams) and B: Weight of dry sample (grams) 

2.4. Energy balance description 

In addition to the mass balance, the other important quantity con-
sidered in the analysis of fluid flow was the energy balance or con-
servation of energy in this study. The conservation of energy calculation 
for fluid flowing from an open mixing tank through pump 1 (main 
pump) to the jet loop reactors was performed according to Brodkey and 
Hershey (1988); and Walas (1990). The calculations included the head 
loss (HL), head loss due to fittings (HV), head system (HP), fluid power, 
shaft power, and electrical power. The efficiency of the centrifugal 
pump and its motor was 40% and 89.5% respectively. 

3. Results and discussion 

3.1. Characterization of AMD and fly ash 

Table 2 shows the characterization of AMD using ICP-OES and IC. It 
was identified that AMD had a pH of 2.2, and had a significant content 
of SO4

2−, Al, Mg, Ca, and Fe; as well as substantial amounts of Mn and 
Na as depicted in Table 2. 

The elemental composition of the AMD showed that the AMD sup-
plied for this study was relatively low in Al and Fe, and had a relatively 
low sulfate content, unlike some of the prior work (Vadapalli et al., 
2008; Gitari et al., 2008) and was relatively higher in Ca and Mg 

FA
Lime

Aluminium hydroxide
storage

AMD 
storage

Mixer &
Clarifier 

Jet loop 
reactors

Continuous 
flow tank

Water 
recovery

Residue 
recovery

Pump 1

Pump 2

Pump 3

Fig. 2. Process boundary for material balance during AMD treatment.  

Table 1 
Feed streams composition of the 1500 L batch pilot plant.      

Input Element Mass (kg) Mass fraction  

M1 AMD 1094 1 
M2 fly ash 200 0.970 

Al(OH)3 3.6 0.018 
lime 2.5 0.012   

Total 1300.1  
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content, indicating that the mine water was influenced by dolomitic 
mineralogy (Madzivire et al., 2009). Moreover, it was noticed that the 
composition of AMD was varying every time a new batch of water was 
delivered on-site from the source due to seasonal and other fluctuation. 
The treatment of AMD with fly ash takes advantage of the CaO found in 
fly ash, which is necessary for the neutralization of the mine water and 
the removal of sulfate and other pollutants present in AMD. 

The XRF results of the two sources of fly ash are shown in Table 3. 
Both fly ashes were Class F, which was indicated by the sum of the total 
aluminum, silicon, and iron oxides in the ash found greater than 70% 
(ASTM C618, 2005). 

Table 3 showed that both sources of ash had an elemental compo-
sition that was typical for South African fly ash (Ayanda et al., 2012; 
Nyale et al., 2013) and also that fly ash A had 1.23% higher CaO 
content than fly ash B. It is expected that, CaO content would have an 
impact in the treatment of AMD with fly ash. The variation of fly ash 
composition per batch delivered on-site was not very significant unlike 
that for AMD, and was consistent with previous analyses of Mpuma-
langa fly ash from various coal-fired power stations (Ayanda et al., 
2012). 

3.2. Treatment of acid mine drainage results 

The proof of concept of the 1500 L was performed using the op-
timum conditions obtained at 80 L by Madzivire et al. (2015). Table 4 
shows the composition of raw and treated water obtained using the 
1500 L pilot plant with liquid to solid ratio of 5:1 (AMD: fly ash), 2.5 kg 
of lime, and 3.6 kg of Al(OH)3 after 180 min of experimental time (see 
section 2.2.). The ICP-OES and IC results are presented in Table 4. 

Raw AMD had a pH of 2.26. The relative quantities of soluble bases 
(CaO, MgO) in fly ash and hydrolysable constituents in AMD dictated 
whether the final solution at a given contact time will be acidic or basic. 
Based on the results in Table 4 the increase of solution pH with contact 
time caused the removal of the metal ions mainly by precipitation, co- 
precipitation, and adsorption (Gitari et al., 2008). 

The concentration of sulfate, Al, Ca, and Fe was decreased to well 
below that of the raw AMD after 30 min, before the addition of Al 
(OH)3. Therefore, it is noteworthy that the concentration of most con-
taminants in the treated AMD was significantly lower compared to the 
raw AMD, and thus extending the treatment time was not needed. 

Ions such as Cu, Co, and Ti showed approximately 100% removal 
since they were only detected in the raw AMD and not in the treated 
AMD. Low traces of Sr (7.16 mg/L), As (0.55 mg/L), Mo (0.84 mg/L), 
and P (0.66 mg/L) were detected in the treated water. These were the 
only contaminants leached from the fly ash during the treatment of 
AMD since they were only detected in the treated AMD and not in the 
raw AMD. Overall, 180 min of treatment resulted in the reduction of the 
concentration of Si and Cd or complete removal of Cu, Zn, Co, Ni, Se, Li, 
K, and Ti in the AMD. Therefore, the addition of Al(OH)3 assisted fur-
ther to reduce the concentration of these contaminants. However, the 
lowest concentration of Ca, Mo, Cr, Pb, Al, Mg, Fe, Na, and sulfate were 
recorded after 90, 60, 90, 120, 150, 60, 150, 60, and 150 min of 
treatment respectively, before Al(OH)3 addition. Thus Al(OH)3 addition 
was not strictly necessary depending upon the required target water 
quality. 

The chemical reactions that took place during the first 30 min at a 
pH of 10.5 in Table 4 were per our previous studies on this subject by  
Vadapalli et al. (2008); Madzivire et al. (2010); and Madzivire et al. 
(2015), who reported on the removal of pollutants in AMD when 
treated with fly ash and lime concerning pH variation. It was demon-
strated that Mg concentration decreased to below the detectable limit 
when the pH was in the range of 9.5–11.5 due to the formation of Mg 
(OH)2. Mn precipitated as Mn(OH)2 at pH 8.5–9.5. Cu precipitated as 
cupric and cuprous ferrite and could be absorbed on the surface of fly 
ash at pH values between 5 and 6. At pH between 6 and 7, Zn co- 
precipitated with Si that was solubilized from fly ash and formed 
willemite. The Ca2+ ions from fly ash or lime combine with sulfate to 
form gypsum leading to the removal of sulfate. Oxidation of Fe2+ oc-
curred in the presence of oxygen and was maximum at pH 5–7 with the 
hydrolysis of the resulting Fe3+ resulting in the formation of amor-
phous ferric hydroxides, which adsorbed more of the sulfate. In this pH 
range, a significant decrease in sulfate concentration was observed. The 
formation of amorphous aluminum hydroxide at a pH greater than 4 
was also believed to contribute to decreased sulfate content and was 
enhanced by the formation of gypsum. At a pH greater than 9 a mineral 
phase known as ettringite formed and mainly contributed to the de-
crease in sulfate concentrations. 

The 1500 L pilot plant showed high performance in pollutant re-
moval compared to the 80 L pilot plant. For example, the sulfate re-
moval in the treatment of mine water using 1500 L (AMD, lime and fly 
ash, with no Al(OH)3), or at 80 L (AMD, lime, fly ash and Al(OH)3) pilot 
plant after 150 min of experimental time was 98.5% or 66.7% respec-
tively. These results demonstrated that the kinetics of the removal of 
sulfate ions from AMD through the formation of ettringite and gypsum 
was enhanced not only by the addition of fly ash, lime, or Al(OH)3 to 
AMD but also by the effective mixing achieved by the three jet loop 
reactors used in the designed 1500 L pilot plant. In the mixing tank, the 
solution (of AMD, fly ash, and lime) was mixed at a speed of 50 rpm and 
then pumped at a pressure of 4.5 bar to the jet loop reactors. In the jet 
loop reactors, impingement and cavitation occurred. Impingement is 
the violent contact of the mixture (AMD + fly ash + lime + aluminum 
hydroxide) coming from two directions (within the orifices). Cavitation 
is the formation, growth, and collapse of bubbles (cavity) within a li-
quid because of local pressure pulsations. The liquid that contains va-
porous bubbles, experiences a consistent pressure reduction which 

Table 2 
Elemental composition of AMD from 
Mpumalanga.    

Parameter Results  

pH 2.2 
Element mg/L 
SO4

2− 2680 
Ca 219.60 
Al 120.00 
Mg 112.50 
Fe 100.30 
Na 34.62 
Mn 32.84 
K 11.14 
Zn 6.704 
Ni 1.651 
Co 1.623 
Sr 0.612 
Ba 0.204 
Cu 0.049 

Table 3 
Elemental composition of fly ash using XRF (mass percent).     

Element Fly ash A (%) Fly ash B (%)  

SiO2 54.51 58.19 
Al2O3 30.20 29.50 
Fe2O3 4.24 3.51 
CaO 6.03 4.66 
TiO2 1.68 1.61 
MgO 1.60 1.05 
K2O 0.83 0.78 
P2O5 0.56 0.35 
MnO 0.04 0.03 
Cr2O3 0.03 0.03 
Na2O 0.26 0.27 
V2O5 0.02 0.02  

Total 100 100 
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increases the size (growth) of bubbles and their eventual collapse 
(implosion) at a critical magnitude of pressure (Badmus et al. 2018). At 
this stage, the critical pressure is lower or very close to the liquid 
specific saturated vapor pressure. The implosion of bubbles is accom-
panied by local destruction of chemical bonds, hydraulic shock, high 
temperature and pressure for a short period in the trapped vapor. This 
condition is adequate for rupture of biological or organic structures, 
and dissolution of soluble mineral phases in fly ash that enhanced su-
persaturated conditions in the aqueous phase, causing secondary mi-
neral precipitation, as well as splitting of water molecules into OH and 
H radicals, which could promote redox reactions (Badmus et al., 2018). 
This phenomenon of supersaturation and redox reaction conditions 
enhanced the effect of high energy mixing, increased reaction rates, and 
improved the quality of the recovered water. 

Based on the observations made from the results in Table 4; the 
addition of Al(OH)3 was not significant in the removal of pollutants in 
AMD because the 1500 L pilot plant worked well without it. Therefore, 
more focus was given to the effect of the amount of fly ash, and lime for 
pH and sulfate removal during the treatment of AMD. 

3.3. Optimization of the amount of fly ash and lime 

A liquid to solid ratio of 3:1 was used by Petrik et al. (2003) and 
Vadapalli et al. (2008) in order to raise the pH to greater than 11 and 
enhance the removal of sulfate and other pollutants in mine water. This 
resulted in a high volume of solid residue. However, Madzivire et al. 
(2015) used a liquid to solid ratio of 5:1 and 6:1 in the treatment of 
circumneutral mine drainage (pH of 8) but these ratios could not bring 
the pH to greater than 11 using FA only without the addition of che-
mical reagents. Therefore, the present study investigated a liquid to 
solid ratios of 5:1, 6:1, and 7:1. The pH trends obtained during the 
treatment of AMD with fly ash without lime is depicted in Fig. 3. 

Fig. 3 demonstrated that despite the small difference in CaO content 
in the two sources of fly ash used to treat AMD, the pH obtained was 
almost similar for every ratio of liquid to solid used after 60 min of 

mixing; even though the pH obtained using fly ash B was higher than 
that of fly ash A. This could be attributed to the particle size difference 
of these sources of fly ash. Fly ash enriched with fines was more effi-
cient in increasing the pH from AMD (Vadapalli et al., 2007). According 
to Fig. 3 the ratios of 5:1, 6:1, and 7:1 liquid to solid could neutralize 
the AMD but could not increase the pH to greater than 11 after mixing 
for 60 min. 

The removal of sulfate in AMD occurs through the precipitation of 
Ca or Al and Fe in the form of gypsum or ettringite. Gypsum forms at 
any pH while ettringite forms at pH in the range of 11.5–12.5 
(Madzivire et al., 2010). Therefore, the investigation of the minimum 
amount of lime to be added to the mixture of AMD and fly ash (L/S ratio 
of 6:1) to raise the pH to greater than 11 was carried out. 

As shown in Fig. 4, the addition of 0.1% or 0.15% of lime to either 
fly ash A or fly ash B (L/S ratio of 6:1) increased the pH to greater than 
11, whereas the w/v% of lime to AMD of 0.05% did not raise the pH to 
above 11. Thus, it was observed that the higher the amount of lime 
added, the higher the final level of pH. 

These results are better than those reported by Madzivire et al. 
(2015) using an 80 L pilot plant where higher quantities of lime were 
added to the mixture of mine water and fly ash. This could be attributed 
to the effect of enhanced mixing speed and reaction rate resulting in 
improved product water at 1500 L pilot plant with three jet loop re-
actors and a mixing tank incorporated into the treatment system. 

Table 5 shows the results of sulfate concentration when AMD was 
treated with fly ash only and with fly ash and lime. 

As shown in Table 5 (fly ash only), acceptable sulfate removal from 
AMD (48.7% and 48.2%) was achieved using the 6:1 ratio with fly ash 
A and fly ash B, respectively. The removal of sulfate was attributed to 
the free CaO present in fly ash that precipitated sulfate in the form of 
gypsum according to equations (5) and (6).  

CaO + H2O → Ca2+ + 2OH                                                   (5)  

Ca2+ +  + 2H2O ↔ CaSO4·2H2O                                             (6)  

However, the remaining sulfate concentration was still outside the 

Table 4 
Composition of raw and treated AMD after 180 min of treatment using the jet loop reactor 1500 L pilot plant.            

Parameter Raw AMD Treated AMD (min) TWQR   

30 60 90 120 150 180 irrigation domestic  

pH 2.26 10.1 9.9 9.9 9.7 10.5 8.8 6.5–8.4 6–9  

Element (mg/L) 
Sulfate 5680.33 92.77 90.99 85.01 92.28 83.37 87.27 NL 0–500 
Al 1862.51 26.07 21.20 10.18 2.68 1.30 13.37 0–5 0–0.15 
Ca 1694.55 305.13 250.56 228.48 253.02 248.77 242.77 NL 0–32 
Fe 1377.74 1.38 0.43 0.77 0.11 0.08 0.54 0–5 0–0.1 
Mg 765.62 0.33 0.04 0.07 0.07 0.27 0.05 NL 0–30 
Si 482.22 16.96 17.03 17.53 17.54 21.26 16.60 NL NA 
Na 463.35 73.07 70.02 71.46 71.94 71.26 86.46 0–70 0–100 
Mn 224.44 0.01 ND 0.01 0.06 0.07 0.05 0–0.02 0–0.05 
Zn 154.59 0.57 0.08 0.18 ND ND ND 0–1 0–3 
Ni 79.62 0.64 0.47 0.48 0.89 0.39 ND 0–0.2 NA 
K 51.27 3.49 ND ND ND ND ND NL 0–50 
Co 30.55 ND ND ND ND ND ND 0–0.05 NA 
Cu 23.74 ND ND ND ND ND ND 0–0.2 0–1 
Pb 16.55 1.18 0.70 1.07 0.34 1.66 1.49 0–0.2 0–0.01 
Ti 4.80 ND ND ND ND ND ND NA 0–0.01 
Sr 3.43 4.90 4.08 6.33 7.52 9.04 7.16 NL NA 
Cd 1.50 0.07 0.06 0.08 0.04 0.08 0.03 0–10 0–5 
Cr 1.03 1.01 1.78 0.98 1.28 1.12 1.27 0–0.1 0–0.05 
As ND 0.36 0.48 1.41 0.11 0.93 0.55 0–0.1 0–0.001 
Mo ND 1.26 0.35 0.63 1.31 1.16 0.84 0–0.01 0–0.07 
Se ND ND ND ND ND 0.80 ND 0–0.02 0–0.02 
P ND 1.39 1.16 0.36 0.46 0.01 0.66 0–0.2 NA 
Li ND 0.82 0.61 0.67 0.69 0.56 ND 0–2.5 NA 

Note: Irrigation and potable values were obtained from Department of Water and Sanitation of South Africa (DWAF, 1996). ND: no detected, NA: not applicable, NL: 
no limits specified, min: minutes. TWQR: target water quality range. The units for parameters are mg/L, except pH, which is unitless.  
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TWQR. Based on these results, the optimum ratio of liquid to solids was 
chosen as 6:1 because the pH of AMD obtained was high enough and 
70% of water was recovered. The liquid to solid ratio of 5:1 resulted in 
only 547 kg (50%) of water recovery. This was attributed to high water 
retention in the fly ash solid residue. 

The results in Table 5 (fly ash + lime) have shown that only a small 
quantity of lime was required to raise the pH to greater than 11. The pH 
increase achieved by additional CaO facilitated the precipitation of 
sulfate in the form of gypsum as shown in equations (4) and (5), and the 
formation of ettringite due to Al and Fe content in AMD and fly ash. The 
presence of Fe and Al in the raw AMD and fly ash composition were 
very significant in the treatment of mine water. These two metals 
precipitated in the form of oxyhydroxides and oxyhydroxysulfates 
which tended to adsorb sulfate leading to increase sulfate removal 
(Rose and Ghazi, 1997). Although the variations in the chemical com-
position of the fly ash and AMD supplied influenced the neutralization 
reaction time, the jet loop reactor pilot plant used very little chemical 
reagents (1 kg of lime per 1000 L of AMD) and achieved good quality 
and high water recovery of about 66.6% (728.6 kg). This could be 
enhanced by actively dewatering the slurry instead of just using gravity 
settling to separate the liquid from the solids as was done in this study. 

The final concentration of SO4
2− was within the limits set for Class 

II (400–600 mg/L) or below (see Table 4) drinking water guidelines 
(DWAF, 1996). The addition of a small amount of lime was important 
because the treatment of AMD with fly ash only could not bring the 
water to within the specification for irrigation water quality. The 
treated water could be used in the agriculture and process industry. The 

Fig. 3. Effect of pH with time from various liquid to solid ratios using (a) fly ash A and (b) fly ash B in the treatment of AMD.  

Fig. 4. Effect of pH with time during the treatment of AMD using (a) fly ash B, and (b) fly ash A by adding various w/v% ratios of lime to AMD.  

Table 5 
Sulfate concentration of raw AMD and AMD treated either with fly ash only or 
with fly ash and lime.        

Fly ash only Fly ash + lime 

L/S Fly ash A 
(mg/L) 

Fly ash B 
(mg/L) 

W/V% Fly ash A 
(mg/L) 

Fly ash B 
(mg/L)  

Raw AMD 2680 2680 Raw 
AMD  

2006.28  2006.28 

7:1 1534.62 1444.18 0.05  541.32  508.96 
6:1 1397 1389.22 0.1  535.99  530.82 
5:1 1375.83 1464.54 0.15  549.22  508.83 

Note: L/S stands for a liquid to solid ratio; W/V% stands for weight to volume 
percent of lime to AMD.  

Table 6 
Product streams composition of the 1500 L batch pilot plant.     

Output Element Mass (kg)  

M3 Treated water  728.56 
M4 Solid residue (slurry)  571.54   

Total  1286.85    
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solid residue of this process could be used in many applications in-
cluding as a paste for mine backfilling (Petrik et al., 2003). 

3.4. Mass balance 

The amount of recovered treated water and slurry are shown in  
Table 6. The amount of treated water was 67% of raw water and 
571.54 kg of the slurry was formed. The moisture content in the slurry 
was 64%. This meant that the slurry consisted of 365.78 kg of water and 
205.76 kg of solids after gravity settling for 30 minutes, beyond this 
time period no further settling was observed. 

Table 1 and Table 6 confirmed the assumption indicating that inputs 
equal to outputs during the AMD treatment process in terms of masses 
of solids and liquids. The active dewatering could increase the quantity 
of recovered treated water. The final slurry density depends entirely on 
the desired degree of dewatering required to achieve an appropriate 
slurry density for the transport of the residues to the potential backfill 
site or disposal or the geopolymer production unit. 

3.5. Energy balance 

The energy balance calculations showed that the velocity of the 
fluid was 3.457 m/s. The Reynold number of 47,776 indicated that the 
flow was turbulent within the pipe. The material of construction of the 
pipe was stainless steel (∊ = 2.5 × 10−5) and the surface roughness 
relative to the pipe diameter was 0.5 × 10−3. Using the Moody chart, 
the Darcy friction factor was approximately 0.031. The Fanning friction 
was equal to one-quarter of the Darcy factor. Therefore, the fanning 
friction was equivalent to 7.75 × 10−3. The head loss, head loss due to 
friction, and head developed by the pump were 0.548, 11.534, and 
13.051 m respectively. Then the fluid, shaft, and electrical power were 
0.951, 2.377, and 2.655 kW respectively. 

The amount of energy released by the shaft was 2.377 kW. 
However, the energy imparted to the flow of the fluid was 0.951 kW. It 
was observed that the higher the pump's efficiency, the lower the en-
ergy imparted to the fluid by the pump. The mechanical energy of the 
shaft might have been transformed into heat because the energy bal-
ance principle stated that energy was conserved. The energy required to 
treat 1000 L of AMD with 200, 2.5, and 3.6 kg of fly ash, lime, and Al 
(OH)3, respectively, was determined as 2.655 kW for pump 1 (see  
Fig. 2). These results indicated that the 1500 L batch pilot plant utilized 
only a small fraction of the pump capacity. Therefore, the centrifugal 
pump (15 kW capacity) used for the neutralization cycle was oversized 
and a smaller pump size would have been appropriate. 

4. Conclusion 

The feasibility and effectiveness of a 1500 L jet loop reactor pilot 
plant scaled up from 80 L for the treatment of AMD with fly ash were 
demonstrated in this study. Our results showed that a maximum pH of 9 
can be achieved in the pilot plant by treating AMD with fly ash only, 
and a further increase of pH to 12 can be achieved by the addition of a 
small amount of lime. The high energy mixing within the pilot plant 
which is made up of impingement and cavitation generated super-
saturated and redox reaction conditions that increased the reaction 
rates between CaO (in fly ash and extra lime) and AMD such that water 
of quality can be achieved. 

This study has demonstrated that 98.4% sulfate can be removed 
alongside with most of the toxic metals after 30 min of contact time 
during the treatment of AMD with fly ash at the liquid to solid ratio of 
5:1 and 0.25% (w/v%) of lime in the pilot plant consisting of three jet 
loop reactors in parallel. The optimum treatment condition was shown 
to be AMD: fly ash of 6:1 and the w/v% of lime to AMD was 0.1%. 

It can be shown using a material balance that for feed materials 
consisting of 3.6 kg, 2.5 kg, 200 kg, and 1094 kg (1000 L) of Al(OH)3, 
lime, FA, and AMD respectively, a product consisting of 66.6% of 

treated clear water can be obtained in 30 min by settling. The water in 
the recovered sludge which constitutes 64% could be used to transport 
the slurry. 

Therefore, this study showed that jet loop reactor pilot plant can be 
used to treat AMD with coal fly ash to produce clear water that meets 
South African agricultural standards while producing a spent fly ash 
slurry suitable for filling abandoned mines or conversion to geopolymer 
thereby striving at attain a circular economy in the coal mining and 
energy generation industries through beneficiation of the two waste 
streams which occur in close proximity. 

The treated water may thereafter be used for agricultural or in-
dustrial purposes or may be further treated to be made potable by 
correcting pH and removing trace elements by ion-exchange resins or 
zeolite adsorption. The application of this pilot process may lead to the 
achievement of zero effluent in mines operations. The residue from the 
process may be suited for backfilling of mine voids to prevent further 
acid mine drainage formation, thereby offering a cradle-to-cradle so-
lution. 
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