
 
Abstract— The treatment of acid mine drainage (AMD) is 

essential to increase the effluent pH, and remove sulphate and heavy 
metals. Biological treatment methods have been used recently to treat 
AMD using bioreactors. The sulphate-reducing bacteria (SRB) were 
used in this study to remove sulphates through the generation of 
sulphides. Furthermore, the linear flow channel reactor (LFCR) was 
used and operated at an influent COD/sulphate ratio greater than 
0.75. Two experiments were conducted to determine the effect of 
varying the hydraulic retention time (HRT), temperature and the 
AMD volume on the reactor performance.The HRT was decreased 
from 4 days to 2 days, the temperature increased from 21°C to 30°C, 
and the AMD volume was increased from 6.4 L to 6.6 L. The 
bioreactor was operated for 38 days for both experiments. A higher 
sulphate removal efficiency of 98% was achieved for the first 
experiment and an efficiency of 89% was obtained for the second 
experiment. Heavy metals, excluding Mn were completely removed 
after 15 days for the first experiment. Additionally, after 15 days, the 
concentration of Mn in the effluent was found to be below 7 mg/L for 
both experiments. It was concluded that high HRT, and low 
temperature increases the process performance. In addition, treating 
high AMD volume requires a LFCR with a large volume. 
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I. INTRODUCTION 
In South Africa (SA), there is an abundance of acid mine 

drainage (AMD) production by mines, leading to difficulties 
in produced AMD management. The AMD consist of toxic 
components such as low pH, high heavy metal and sulphate 
concentration, which contribute to pollution of water sources 
[1]. Water pollution is a major crisis in SA leading to a water 
scarcity in some provinces, therefore AMD treatment options 
are required. Treatment processes used in SA include 
membrane filtration, neutralization and biological methods 
[2].  AMD treatment bioprocesses have recently been 
investigated by researchers, and processes such as algal 
bioremediation, constructed wetlands, and biological sulphate 
reduction (BSR) are mostly used [3, 4, 5]. These bioprocesses 
are easier to operate, require less chemical supply, produce 
less sludge, and are less expensive [6, 7, 8]. 
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The BSR process utilizes a sulphate-reducing bacteria 

(SRB) for AMD treatment. SRB is an anaerobic bacterium 
that reduces sulphates in AMD as sulphides and require 
certain growth conditions. Most SRB’s are mesophilic 
(survives at temperatures between 20 C - 40°C) and require a 
carbon source for growth [9]. Different carbon sources used 
by SRB include ethanol, lactate, glucose, and activated sludge 
[10, 11]. The reaction mechanism of the BSR process is given 
by reaction (1), where the sulphate is reduced to sulphide, and 
reaction (2) where heavy metals are removed as metal 
sulphide precipitates [12]. 

                    (1) 

                                   (2) 

Different bioreactors such as packed bed (PBR), inverse 
fluidized bed (FBR), submerged anaerobic membrane 
(AnMBR) and up flow sludge bed reactor (UASB) have been 
used BSR for AMD treatment [13, 14]. Also, there is a linear 
flow channel reactor which has been used by researchers from 
the University of Cape Town (UCT). Previous studies from 
UCT [6, 15, 16] from UCT have used a larger reactor (25 L) 
and recent studies [10, 17] have used a small reactor (2 L).  
These reactors have given satisfactory results, achieving 
sulphate and COD removal efficiencies above 90%.  

In the present study a middle-sized LFCR, with a volume of 
10.4 L for the treatment of AMD was used. The aim of the 
study was to evaluate the effect of changing the HRT, 
temperature, and AMD volume on the treatment efficiency. 
Results obtained from this study will provide the optimum 
conditions required for the SRB growth to improve the reactor 
performance.  

II. MATERIALS AND METHODS 

2.1 Acid mine drainage and inoculum 

Acid mine drainage (AMD) and an inoculum were used for 
the two experiments, where the inoculum was provided by 
Mintek, SA, and characteristics of both AMD samples are 
given in Error! Reference source not found.. The inoculum 
consisted of a mixed sulphate-reducing bacteria (SRB) 
community. AMD and inoculum quantities were different for 
both experiments, and values are given in Error! Reference 
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source not found.. Ethanol (99%) was used as a carbon 
source. 

2.2 Linear flow channel reactor description 

In this study, a linear flow channel reactor (LFCR), as 
shown in Fig. , was constructed at the North-West University 
(NWU). The reactor was made from 11 mm thickness Perspex 
and had 15 sampling ports and 4 inlet and outlet ports. The 
total reactor volume was 10.4 L, and the working volume was 
9 L. The AMD and inoculum were introduced along with 
ethanol into the reactor using a peristaltic pump via the bottom 
inlet port. The reactor was continuously operated for a total of 
72 days, 36 days for both experiments. The operating 
conditions for reactor operation for both experiments are 
presented in Error! Reference source not found..  

 

 
Fig. 1: Schematic representation of the LFCR used 

 
TABLE I: EXPERIMENTAL CONDITIONS FOR THE LFCR DURING 

THE FIRST AND SECOND EXPERIMENTS. 
Condition First 

experiment 
Second 

experiment 

Reactor liquid volume (L) 9 9 

Ethanol (Carbon source) volume 
(mL) 

30 30 

AMD volume (L) 6.4 6.6 

Inoculum volume (L) 2.6 2.4 

Hydraulic residence time (HRT) 3-5 2 

Temperature (°C) 21 30 

Oxygen requirement Anaerobic Anaerobic 

Influent Sulphate concentration 
(mg/L) 

4180 5050 

Influent Sulphide concentration 
(mg/L) 

95 31 

Influent pH 5.84 5.13 

 

2.3 Sample analysis 

The following parameters: chemical oxygen demand 
(COD), sulphide, sulphate and heavy metal concentration, and 
pH were measured to monitor the bioreactor performance. A 
Hanna multi-photometer instrument was used for COD 
quantification. Sulphate and heavy metal concentration were 
measured using UV-spectroscopy [18] and a Thermo Fischer 

Scientific ICP-OES (iCAP 6000), respectively. The methylene 
blue method was used to determine the sulphide 
concentration. A metrohm pH meter was utilized to quantify 
the effluent pH. 

III. RESULTS AND DISCUSSION 

3.1 Reactor performance 

3.1.1 Effluent COD  
The effluent chemical oxygen demand (COD) concentration 

for both experiments is shown in Fig 2. On day 3, the COD 
reached peak values of 10545 mg/L and 11471 mg/L for the 
first and second experiments, respectively. The reason for the 
sharp increase was the addition of ethanol into the reactor.  
After 3 days, the COD decreased rapidly due to the SRB being 
in the high-performance phase, where it is already adapted to 
the reactor conditions and its growth increased exponentially 
and the trend continued until day 18 and day 15 for the first 
and second experiments, respectively. After this period, the 
COD started to decrease slowly due to the SRB being in the 
sustained phase. The addition of inoculum (250 mL) on day 
30, led to a rapid COD decline. The final COD removal 
efficiency for the first experiment was 72%, and 69% for the 
second experiments. 
 

 
Fig 2: COD concentration during operation for 36 days 

 
3.1.2 Sulphate and heavy metal removal  

The effluent sulphate concentrations for both experiments 
are shown in Fig. . The initial sulphate concentrations for both 
experiments were not the same due to differences in the AMD 
volume in the reactor. The sulphate concentration decreased 
rapidly for the first experiment compared to the second 
experiment due to the exponential SRB growth. However, 
from day 18, the SRB was at the sustained phase for both 
experiments leading to a slow sulphate reduction. The 
addition of the inoculum led to rapid sulphate reduction, and 
final removal efficiency of 98% was achieved for the first 
experiment and for the second experiment removal efficiency 
of 89% was achieved.  

 
Fig. 3: Sulphate concentration present in the effluent for both 

experiments after 36 days 
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Heavy metals concentrations that were measured for 15 

days are given in TABLE . For the first experiment, metals 
such as Fe (II), Ni (II), Zn(II), and Cu (II) were completely 
removed after 15 days. Small amounts of the same metals 
were present in the effluent of the second experiment. Both 
experiments could not reduce the Mn (II) concentration to 
below 1 mg/L, due to anaerobic conditions in the reactor, as 
Mn can be removed through oxidation [19].  
 

TABLE II: EFFLUENT HEAVY METALS CONCENTRATIONS FOR 15 
DAYS REACTOR OPERATION 

Period Fe concentration Mn concentration Ni concentration Zn concentration Cu concentration 

 First 

exp. 

Second 

exp. 

First 

exp. 

Second 

exp. 

First 

exp. 

Second 

exp. 

First 

exp. 

Second 

exp. 

First 

exp. 

Second 

exp. 

0 36.7 56.8 9.9 12.4 0.22 0.5 0.59 0.33 0.22 0.68 

3 1 8.03 8.9 12.1 0.02 0.41 0.18 0.28 0 0.48 

6 0.3 8.03 9.7 9.1 0 0.26 0 0.24 0 0.32 

9 0 2.53 9 8.9 0 0.19 0 0.06 0 0.17 

12 0 1.27 7.8 7.8 0 0.05 0 0 0 0.08 

15 0 0.69 3.9 6.1 0 0.03 0.59 0 0.22 0.05 

 

 
3.1.3 Sulphide production and pH increase  

The effluent sulphide concentrations for both experiments 
are shown in Fig. 4. The sulphide concentration increased 
rapidly for both experiments, indicating that the SRB 
efficiently reduced sulphate into sulphide gas. However, after 
±30 days, the sulphide gas concentration was above 200 
mg/L, which is remarkably high according to Austigard [20]. 
Therefore, the top valve was opened to let oxygen into the 
reactor for sulphide oxidation. The oxygen did not affect the 
results due to the presence of the floating sulphur biofilm 
(FSB). Finally, the effluent pH of the first experiment 
increased from 5.9 to 7.3 and for the second experiment it 
increased from 5.2 to 6.6. According to Sahinkaya [12], the 
increase in pH is related to the production of bicarbonate 
 

 
Fig. 4: Sulphide concentration of the reactor effluent for both 

experiments during the reactor operation for 36 days. 
 

 
Fig. 5: pH of the effluent for both experiments during the reactor 

operation for 36 days 

IV. CONCLUSIONS 
The performance of the linear flow channel reactor was 

satisfactory for both experiments. However, the first 
experiment had higher COD, sulphate, and heavy metal 
removal efficiencies, and the pH of the effluent was above 7. 
In conclusion, the sulphate-reducing bacteria (SRB) growth is 
suitable, when the HRT is above 3 days, and the temperatures 
are below 25 °C. In addition, the increase in the AMD volume 
also affected the process performance.  
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