
Citation: Thisani, S.K.; Kallon, D.V.V.;

Byrne, P. Co-Remediation of Acid

Mine Drainage and Industrial

Effluent Using Passive Permeable

Reactive Barrier Pre-Treatment and

Active Co-Bioremediation. Minerals

2022, 12, 565. https://doi.org/

10.3390/min12050565

Academic Editors: Chiharu Tokoro,

Shigeshi Fuchida and Yutaro Takaya

Received: 12 March 2022

Accepted: 15 April 2022

Published: 30 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Co-Remediation of Acid Mine Drainage and Industrial Effluent
Using Passive Permeable Reactive Barrier Pre-Treatment and
Active Co-Bioremediation
Sandisiwe Khanyisa Thisani 1,*, Daramy Vandi Von Kallon 1 and Patrick Byrne 2

1 Department of Mechanical and Industrial Engineering Technology, University of Johannesburg,
Johannebsurg 2006, South Africa; dkallon@uj.ac.za

2 School of Biological and Environmental Sciences, Liverpool John Moores University, Liverpool L2 2QP, UK;
p.a.byrne@ljmu.ac.uk

* Correspondence: 201113370@student.uj.ac.za

Abstract: This study evaluated the co-remediation performance of an active–passive process com-
prised of passive permeable reactive barrier acid mine drainage (AMD) pre-treatment and active
anaerobic digestion treatment of AMD with effluent as a carbon source. The bioreactor was operated
for 24 consecutive days with peak chemical oxygen demand (COD) and sulphate loading rates of
6.6 kg COD/m3/day and 0.89 kg SO4

2−/m3/day, respectively. The AMD pre-treatment was capable
of removing 99%, 94% and 42% of iron (Fe), potassium (K), and aluminium (Al) concentrations,
respectively. The biological treatment process was capable of removing 89.7% and 99% of COD and
sulphate concentrations, respectively. The treated wastewater copper (Cu), sulphate (SO4

2−), and
pH were within the effluent discharge limits and the potable water standards of South Africa. Fe, Al,
manganese (Mn), nickel (Ni), and zinc (Zn) concentrations in the treated wastewater were marginally
higher than the discharge and potable water limit with all concentrations exceeding the limit by less
than 0.65 mg/L. The remediation performance of the process was found to be effective with limited
operational inputs, which can enable low cost co-remediation.

Keywords: acid mine drainage (AMD); anaerobic digestion; pervious concrete; biological co-remediation;
effluent treatment

1. Introduction

Acid mine drainage (AMD) and effluent from food and beverage (F&B) industries
are toxic wastewater streams that are generated from mining and industrial operations,
respectively. These wastewater streams can pose severe harm to the natural environment
and to living organisms when allowed to decant to natural water bodies [1,2]. Acid mine
drainage is characterised by low pH, high concentrations of dissolved heavy metals, and
high concentrations of sulphate (SO4

2−) [3,4]. Effluent from F&B industries is typically
characterised by high organic content, high suspended solids, and low pH [5,6]. Chemical
oxygen demand (COD) is a critical indicator of effluent quality of F&B industries due to
the high organic contents in the manufacturing processes [7,8].

Conventional anaerobic bioremediation is comprised of numerous interdependent
microbial species that breakdown organic pollutants to remediate wastewater streams [6].
The microbial food web in anaerobic digestion (AD) presents an opportunity to integrate
a second inorganic wastewater stream such as AMD for co-bioremediation [9]. In the
co-bioremediation approach, reducing microorganisms can use the carbon from the organic
wastewater stream as an electron donor to breakdown inorganic pollutants [10]. This
dual treatment approach where a pollutant from one stream works as an intermediary for
the remediation of another has been the topic of much research in recent years [11–15].
However, the research has currently mostly been limited to the use of complex organic
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matter sources such as primary sewage sludge for co-remediation with AMD [14,16–18].
The operational efficiency of sulphidogenic AD solutions are largely dependent on the
carbon source utilised [19–22]. The co-bioremediation of AMD and easily biodegradable
industrial effluent could be more efficient, have lower operational costs, and could have a
higher remediation quality of both wastewater streams than the existing co-bioremediation
of AMD with complex organic matter sources. If suitable treatment quality can be achieved
on both streams, industrial effluents could be a cost effective and readily available carbon
source for AMD bioremediation.

A major constraint towards the co-bioremediation of AMD using easily biodegradable
industrial effluent is the rapid utilisation of the simple organic matter resulting in low pH
and acidification of the reactor [10,17]. To mitigate this, an active–passive process has been
developed to neutralise the acidity developed by the acidogenic microorganisms in the
bioreactor. The active–passive process comprises of passive permeable reactive barrier
(PRB) pre-treatment and an active fixed bed pervious concrete anaerobic digester where pH
can be neutralised by the dissolution of calcium (Ca) ions from the pervious concrete. The
evaluation of the co-remediation capabilities of this process forms the basis of this research.

This research was undertaken to evaluate the co-remediation capabilities of the active–
passive process. The research aimed to test the treated AMD and industrial effluent quality
achievable during continuous batch operation. The research methodology was designed
to test performance at increasing SO4

2− and COD loading rates. The findings of this
research contribute towards the sustainable management of AMD and industrial effluent
pollutants. Apart from the loading of the wastewater streams and maintaining the digester
temperature, no other external interventions were taken to control the AD operation during
the experiment.

2. Methodology
2.1. Acid Mine Drainage and Industrial Effluent Collection and Storage

AMD was collected from an abandoned coal mine in the north-eastern coal fields of
KwaZulu-Natal province of South Africa. The AMD was collected at the overflow weir of
the mine tailing in 20 L plastic containers, which were kept closed and refrigerated at 4 ◦C
for three days before experimentation. A sample of the collected AMD was analysed for
chemical determinands and the results are presented in Table 1.

Table 1. Acid mine drainage determinands. DO—Dissolved Oxygen; ORP—Oxygen Reduction
Potential.

DO
(mg/L)

ORP
(mV) pH SO4

(mg/L)
TDS
(mg/L)

TSS
(mg/L)

Al
(mg/L)

Ca
(mg/L)

Cu
(µm/L)

Fe
(mg/L)

K
(mg/L)

Mg
(mg/L)

Mn
(mg/L)

Na
(mg/L)

Ni
(mg/L)

Zn
(mg/L)

5.91 636.6 2.56 1642 3357 10 53.8 408 13.1 104 9.31 306 12.8 224 0.62 1.02

Effluent wastewater was collected from the effluent holding tank of a confectionary
production factory. Major raw ingredients used by the factory include glucose, gelatine,
sugar, and starch. The effluent was collected in 20 L plastic containers and kept refrigerated
for three days at 4 ◦C before experimentation commenced. A sample of the effluent was
analysed for chemical determinands and the results are presented in Table 2.

Table 2. Effluent determinands.

pH Chemical Oxygen Demand (mg/L) Total Organic Carbon (mg/L)

3.43 19,500 5543

2.2. Process Design and Description

The co-remediation process comprised of an AMD pre-treatment stage to precipitate
some of the heavy metals, mainly iron, from solution and a secondary treatment stage for
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co-bioremediation of AMD with industrial effluent. The pre-treatment utilises pervious
concrete as a PRB for pH correction and metal precipitation. The PRB was operated under
gravitation flow conditions due to the proven remediation capabilities of this configuration
over column flow [23]. Four 150 mm pervious concrete cubes were stacked vertically in
a rectangular container constructed from Perspex sheeting. Raw AMD was discharged
at the top of the PRB using a peristaltic pump at a flow rate of 800 mL/min. The AMD
was allowed to trickle through the pervious concrete’s porous network. The pre-treated
AMD was stored in 20 L containers and the precipitated suspended solids allowed to settle.
The supernatant was decanted for secondary treatment. A sample of the pre-treated AMD
was collected at 5 L intervals of AMD flow. Figure 1 schematically illustrates the AMD
pre-treatment process described.

Figure 1. Permeable reactive barrier pre-treatment.

The pre-treated AMD supernatant was bio-remediated with industrial effluent as the
carbon source using the fixed bed pervious concrete bioreactor process. The bioreactor
process was comprised of two 150 mm × 150 mm × 150 mm pervious concrete cubes, a
recycling tank where the AMD and industrial effluent were introduced, and a peristaltic
pump to circulate the effluent AMD mixture through the reactor. The porous network of
the pervious concrete cubes was used to house seed sludge floc particles. The reactor was
fitted with a heating element to maintain the liquid temperature between 37 ◦C and 38 ◦C
and a vent to release biogas generated during treatment. The recycling tank was fitted with
a valve for collection of the treated effluent and sample collection. Figure 2 schematically
illustrates the fixed bed pervious concrete co-bioremediation process.
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Figure 2. Schematic layout of the bioreactor.

2.3. Equipment and Materials
2.3.1. Pervious Concrete Materials and Construction

Pozzolanic CEM IV and granite stone were used as the cement and aggregate type
for the pervious concrete cubes. The CEM IV mix design comprised of Portland CEM I
with 4% silica fume CSF-90TM and 8% siliceous fly ash [23]. Granite stone sizes of 13.2 mm
and 9.5 mm were selected for the bioreactor and pre-treatment pervious concrete cubes,
respectively. Table 3 shows the mix designs for the pervious concrete cubes.

Table 3. Pervious concrete mix designs and porosity.

Cube
Description

Mix Proportion (Dry)-kg per m3

% Extender Porosity
CEM 1 Fly Ash Silica

Fume
9.5 mm
Granite

13.2 mm
Granite Optima 175 Water

Pre-treatment 197 18 9 1462 - 1.75 75 12.1% 21.5%
Fixed Bed AD 152 14 7 - 1468 1.35 60 12.1% 33.2%

2.3.2. Seed Sludge Collection, Storage and Loading

Granular seed sludge was sourced from an effluent treatment plant (ETP) of a yeast
manufacturing company. This seed sludge was sourced due to the consortium of anaerobic
microorganisms present including sulphide reducing prokaryotes and methanogens, which
are required for AMD and effluent bioremediation. The granular sludge was collected from
the anaerobic digester tank of the ETP and stored in a 5 L plastic container. The container
was kept closed and refrigerated at 4 ◦C for 14 days prior to the commencement of the
experimentation. A day before the commencement of the experiments, the 5 L container
was kept at approximately 21 ◦C. Prior to the commencement of the experiment, 1.2 L of
sludge was poured uniformly over each concrete cube. The sludge was allowed to seep
into the porous void network of the concrete cube for 10 min. Figure 3 shows the granular
seed sludge used.
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Figure 3. Granular seed sludge.

2.4. Bioreactor Operational Protocol

Biological co-remediation of pre-treated AMD and industrial effluent was conducted in
batch operation in the fixed bed pervious concrete bioreactor over a period of 24 consecutive
days. The start-up operation of the bioreactor comprised of a gradual increase in the
batch loading rates of AMD SO4

2− from 0.054 kg SO4
2−/m3/day on day 1 to 0.89 kg

SO4
2−/m3/day on day 22. The effluent COD batch loading rate was gradually increased

from 2.64 kg COD/m3/day on day 1 to 6.6 kg/COD/m3/day on day 18. COD to SO4
2−

ratio was gradually reduced from 164.6:1 to 5.14:1. It has been established in the literature
that COD to SO ratios below 5:1 when using an easily biodegradable carbon source can
be performance limiting [10]. A hydraulic retention time of 48 h was maintained between
each batch loading cycle. The recycling pump flow rate was maintained at 15.4 mL/min.
Equations (1) and (2) show the formulae used to determine the SO4

2− and COD loading
rates, respectively. Table 4 shows the SO4

2− and COD loading rates for the experiment.

SO4
2− Loading Rate

(
kgSO4

2−/m3/day
)
=

SO4
2−(mg/L)× Volume added per day

(
m3/day

)
1000 (g/kg)× Reactor volume (m3)

(1)

COD Loading Rate
(

kgCOD/m3/day
)
=

COD (mg/L)× Volume added per day
(
m3/day

)
1000 (g/kg)× Reactor volume (m3)

(2)

Table 4. Operational protocol—sulphate and COD loading rate.

Ramp-up
Cycle No

Experimental
Duration (h)

AMD Loading
Volume

(L)

SO42− Loading
Rate (kg

SO42−/m3/Day)

COD
Loading
Volume

(L)

COD Loading Rate
(kg COD/m3/Day)

COD to SO42−

Ratio

0 0 0.054 0.02 0.72 2.64 164.56

24

1 48 0.1 0.03 0.70 2.57 86.39

72

2 96 0.12 0.04 1.04 3.08 86.39

120
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Table 4. Cont.

Ramp-up
Cycle No

Experimental
Duration (h)

AMD Loading
Volume

(L)

SO42− Loading
Rate (kg

SO42−/m3/Day)

COD
Loading
Volume

(L)

COD Loading Rate
(kg COD/m3/Day)

COD to SO42−

Ratio

3 144 0.22 0.07 0.84 3.30 50.49

168

4 192 0.3 0.09 0.84 3.30 37.03

216

5 240 0.4 0.12 1.26 4.62 38.88

264

6 288 0.64 0.19 1.60 5.87 30.85

312

7 336 0.9 0.27 1.7 6.23 23.31

360

8 384 1 0.30 1.8 6.60 22.22

408

9 432 2 0.59 1.8 6.60 11.11

456

10 480 2475 0.74 1.2 4.40 5.98

504

11 528 3 0.89 1.25 4.58 5.14

552

576

An initial recycling tank sample was collected on day 1 following AD start-up and
further samples were collected at 48 h intervals for chemical analyses. Biologically treated
effluent samples were extracted from the bioreactor followed by the addition of effluent
and AMD at the required loading rates. The liquid volumes in the recycling tank and the
bioreactor were measured before loading. Following the loading of AMD and effluent,
the new concentrations of COD and SO4

2− in the process were determined through mass
balance calculations. The mass balance was conducted using the known quantities of
AMD SO4

2− and effluent COD added to the process summed up with their volumetric
concentrations in the process determined from chemical analysis of the extracted samples.
Equations (3) and (4) show the mass balance calculations used to determine the concentra-
tions of SO4

2− and COD, respectively, post loading.

SO4
2−post =

[
(AMD load vol×AMD SO4

2−)
1,000,000 +

(water vol ×water SO4
2−)

1,000,000 + AD vol×AD SO4
2−

1,000,000 +
(Eff load vol×Eff SO4

2−)
1,000,000

]
× 1,000,000

AMD load vol+water vol+AD vol+Eff load vol

(3)

where SO4
2− post is the SO4

2− concentration in the bioreactor post loading (mg/L); AMD
load vol and Eff load vol are the loading volumes of AMD and effluent added to the recycling
tank (litres), respectively; AMD SO4

2− and Eff SO4
2− are the concentrations of SO4

2− in
the pre-treated AMD (mg/L) and effluent, respectively; water vol is the volume of dilution
water added when applicable (litres); water SO4

2− is the concentration of SO4
2− in the

dilution water (mg/L); AD vol is the liquid volume in the bioreactor and recycling tank
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before loading (litres); and AD SO4
2− is the measured SO4

2− concentration in the bioreactor
before loading (mg/L).

COD post =
[
(Eff load vol×Eff COD)

1,000,000 + (water vol ×water COD)
1,000,000 + AD vol×AD COD

1,000,000 + (AMD load vol×AMD COD)
1,000,000

]
× 1,000,000

Eff load vol+water vol+AD vol+AMD load vol

(4)

where COD post is the COD concentration in the bioreactor post loading (mg/L); Eff load vol
and AMD load vol are the loading volumes of effluent and AMD added to the recycling tank
(litres), respectively; Eff COD and AMD COD are the concentration of COD in the effluent
and AMD (mg/L), respectively; water vol is the volume of dilution water when applicable
(litres); water COD is the concentration of COD in the dilution water (mg/L); AD vol is the
liquid volume in the bioreactor and recycling tank before loading (litres); and AD COD is
the measured COD concentration in the bioreactor before loading (mg/L).

2.5. Chemical Analysis

Chemical analyses were conducted to assess the treatment performance of the process.
The analyses were conducted by a South African commercial laboratory accredited by the
South African National Accreditation System (SANAS).

Concentrations of the dissolved metals were determined using the Varian 700-ES in-
ductive coupled plasma atomic emission spectroscopy (ICP-OES) instrument. The samples
were prepared by filtering through a 0.45 µm cellulose nitrate filter paper and acidified
with trace metal grade nitric acid.

The SO4
2− concentration was determined using a Thermo Scientific Aquakem 200 se-

lective photometric analyser. The samples were diluted, followed by precipitation of the
sulphate ion using a strong acid medium with barium chloride. The resulting turbidity was
measured photometrically at 405 nm against calibration standard solutions.

The pH was measured immediately after sample collection using a Hanna Instruments
HI9813-6 portable meter. The meter was manually calibrated using pH 7.01 and pH 4.01
buffer solutions before taking each pH reading.

The TSS was determined by agitating the sample and filtering through 2 µm filter
paper with the residue retained dried at 105 ◦C ± 2 ◦C. The weight of the dried solids was
measured to determine the TSS.

COD was determined using a HACH DR3900 spectrophotometer following the reactor
digestion method. The organic material in the samples was oxidised using a boiling mixture
of sulphuric acid with a known excess of potassium dichromate (K2Cr2O7). Following the
digestion, the amount of oxygen consumed was measured against standards at 420 nm for
low wavelength ranges and 620 nm for high wavelength ranges using the spectrophotometer.

Alkalinity was determined using a Thermo Scientific Orion 5-Star Plus portable multi-
meter following the potentiometric titration method. Samples were titrated to pH 4.00
using standard 0.1 M H2SO4 solution. Titrant was added in increments and the pH recorded
for the corresponding titrant volume. The potentiometric titration end-point was detected
using a titration curve. On completion of the titration process, the potential difference was
measured using the multi-meter electrode. Alkalinity was calculated from the volume of
titrate used.

Volatile fatty acids (VFAs) was determined using Thermo Scientific Orion 5-Star Plus
portable multi-meters following the potentiometric titration method. Samples were titrated
to pH 7.00 using standard 0.10 normality NaOH solution. Titrant was added in increments
and the pH recorded for the corresponding titrant volume. The potentiometric titration
end-point was detected using a titration curve. On completion of the titration process,
the potential difference was measured using the multi-meter electrode. The volatile acid
concentration was calculated from the volume of titrate used.
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3. Results and Discussions
3.1. Acid Mine Drainage Pre-Treatment

The chemical analysis results from the samples collected during the conduct of pervi-
ous concrete PRB pre-treatment experiments are graphically illustrated in Figure 4. The raw
AMD indicates the initial determinands of the untreated AMD. The 5 L intervals indicate
the quality of the pre-treated AMD following each 5 L interval of treatment completed.

Figure 4. Pre-treatment results: (A) results for ORP and pH, (B) results for Fe, Al, TSS and Mn,
(C) results for SO4

2−, TDS, Ca, Na and Mg, (D) results for K, Zn, Cu and DO.

The pH increased from 2.56 to an average pH of 3.9, the oxygen reduction potential
(ORP) reduced from 636.6 mV to an average of 505.6 mV and the dissolved oxygen (DO)
concentration was increased from 5.91 mg/L to an average concentration of 8.62 mg/L
post treatment. The change in pH is attributed to the dissolution of Ca ions from the
pervious concrete, which was observed through the increase in the pre-treated AMD’s Ca
concentration from 408 mg/L to an average concentration of 647 mg/L, refer to Figure 4C.
The pre-treatment process was most effective at precipitating Fe and K with average
concentration reduction rates of 99% and 94%, respectively. The effective precipitation of Fe
can be attributed to the oxygen conditions due to increased DO resulting in the oxidation
of Fe2+ to the highly insoluble Fe3+ [24] and precipitation as ferric iron compounds such
as FeOOH [24,25]. The effective removal of K may be attributed to ion exchange with Na.
This finding is supported by the increase in Na concentration from 224 mg/L to an average
treated concentration of 243.3 mg/L.

The Al concentration was reduced by 43% from an initial concentration of 53.8 mg/L to
an average concentration of 30.6 mg/L, refer to Figure 4B. The removal of Al from solution
may be attributed to the formation of Al(OH)3 [25,26] as well as co-precipitation [27]. The
Ni concentration was reduced by 26% to an average pre-treated concentration of 0.46 mg/L.
The sorption and co-precipitation of Ni with the solid phase of Fe and Al precipitants
may be associated with the reduction in Ni concentration as shown in the findings by
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Olds et al. (2013), where a linear trend between pH increase and Ni co-precipitation was
observed [28]. The SO4

2− concentration was reduced by 13% from 1642 mg/L to an average
concentration of 1446 mg/L (refer to Figure 4C). Shabalala et al. (2017) established that the
precipitation of SO4

2− from AMD when using pozzolanic pervious concrete was attributed
to the dissolution of Ca from the reactive surface of the PRB and the formation of gypsum
precipitants [25]. The concentrations of Cu, Mg, Mn, Na, and Zn remained relatively
unchanged following PRB treatment.

The precipitation of the discussed minerals resulted in an increase in the total sus-
pended solids (TSS) from 10 mg/L to average concentration of 110 mg/L while total
dissolved solids (TDS) concentration reduced by 13% from 3357 mg/L to average concen-
tration of 2920 mg/L. Pre-treated AMD was homogenised and tested for settleability of
the precipitated suspended solids. Three samples were collected in 50 mL glass beakers
of 120 mm height. The suspended solids were allowed to completely settle. The average
settling time required for complete sedimentation was 105 min. The settling rate equated to
a settling velocity of 1.14 mm/min. Figure 5 shows the settleability test results. The AMD
supernatant was further treated in the anaerobic digester.

Figure 5. Settleability of pre-treated AMD.

3.2. Biological Co-Remediation

The pre-treated AMD and industrial effluent were batch loaded into the digester for
co-remediation in 48 h intervals. Figure 6 shows the calculated concentrations of SO4

2−

from the AMD and COD from the effluent after loading. The calculated loading rates of
SO4

2− and COD were determined using Equations (3) and (4), respectively. The pre-treated
AMD and effluent had pH values of 3.68 and 3.43, respectively. Figure 7 shows the pH in
48 h intervals measured before the next batch loading of AMD and effluent. The results
show that the process is capable of neutralising the acidity from the AMD and effluent to a
pH range between 7.45 and 8.05 without any external chemical dosing. The neutralisation
of pH is primarily attributed to the dissolution of Ca ions from the pervious concrete
reactive medium [10]. This is supported by the increase in dissolved Ca concentration
measured in the treated effluent stream from a concentration of 168 mg/L on day 6 to a
final concentration of 480 mg/L on day 24 (refer to Figure 8A). The increase in pH may also
be contributed by the alkalising methanogenic bacteria and sulphate reducing prokaryotes
(SRP) present in the bioreactor sludge [6]. These microorganisms compete to breakdown
volatile fatty acids (VFAs), resulting in the release of methane, hydrogen sulphide, and
carbon dioxide.
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Figure 6. Calculated COD and SO4
2− concentrations following loading.

Figure 7. pH readings at 48 h intervals from loading.

Figure 8. Treated COD, alkalinity, VFA, and SO42−: (A) Results for VFA, SO42−, Ca, (B) Results for
COD and total alkalinity.

Figure 8A shows the total acidity, SO4
2−, and Ca concentrations after 48 h of HRT

between each loading regime while Figure 8B shows the COD and total alkalinity con-
centrations at the same periods. Figure 9 shows the percentage removal of SO4

2− and
COD concentrations after 48 h of HRT between each loading regime. The treated water
alkalinity was between 1449 mg/L and 2014 mg/L as a result of the alkalising capabilities
of the reactive media while total acidity concentrations were maintained below 120 mg/L
throughout the experiment. A high degree of COD bioremediation was achieved in the
study with an overall COD removal rate of 78% for the experimental duration and peak
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removal rates exceeding 90% from days 16 to 20 when COD loading was the highest. At
peak loading, exceeding 6 kg COD/m3/day, the bioreactor was capable of treating COD
concentrations of 12,512 mg/L to below 300 mg/L. The bioremediation of SO4

2− was
also high with an overall removal rate of 94% for the experimental duration. At peak
loading, SO4

2− concentrations were reduced from 830 mg/L to below 10 mg/L. The high
degree of SO4

2− remediation can be attributed to the rapid biodegradation of the glucose
based confectionary effluent, enabling the availability of the VFA intermediaries required
for biological sulphate reduction [10]. The use of granular seed sludge has also been at-
tributed to accelerated bioreactor ramp-ups and improved resistance against organic shock
loading [29].

Figure 9. COD and SO4
2− percentage removal rates.

Figure 10 shows the concentrations of Al, Fe, and S2− samples taken in six day intervals.
The concentrations of Al were below 1 mg/L as a result of the high pH, allowing for the
precipitation of aluminium hydroxide. Concentrations of Fe remained below 1 mg/L
following biological treatment. An increase in the concentration of S2− was observed,
which can be attributed to the biological reduction of SO4

2− to H2S gas by SRP and some
sulphide being dissolved in solution.

Figure 10. Treated Al, Fe, S2−, and Zn.
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Toxic metals Ni, Mn, and Zn were pre-treated to average concentrations of 0.461 mg/L,
13.3 mg/L, and 1.025 mg/L, respectively. Figure 11 shows the concentrations of Mn, Ni, Cu,
and Zn following biological treatment. The average concentrations of Ni, Mn, and Zn in the
treated effluent were 0.171 mg/L, 0.716 mg/L, and 0.153 mg/L, respectively. The reduction
in concentrations of these toxic metals may be primarily attributed to the neutralisation of
pH, resulting in precipitation as metal hydroxides and metal sulphides.

Figure 11. Treated Mn, Ni, and Zn.

4. Discussions

The results for the AMD pre-treatment process found that Fe could be precipitated
effectively in a short contact time of 37 s, which can result in small footprint requirements.
The high removal of Fe during pre-treatment, which exceeded 99%, and the settleability of
the suspended ions presents an opportunity for the recovery of Fe from the settled sludge
for reuse. The other major ions present in the precipitant sludge was Al, where a 43%
concentration removal was achieved, presenting further mineral recovery opportunity.
Table 5 shows the raw and treated wastewater quality and the South African water quality
standards for discharge and potable quality. The treated wastewater quality is the average
biological treated quality achieved throughout the experimental duration. The raw pH,
COD, SO4

2−, Mn, Ni, Fe, and Al concentrations significantly exceeded the guidelines for
discharge. Following co-biological treatment, the treated wastewater determinands pH,
SO4

2−, and Cu were within the discharge and potable water specifications. Concentrations
of Fe, Al, Mn, and Zn were marginally higher than the discharge and potable water limit
with all concentrations exceeding the limit by less than 0.65 mg/L. The average percentage
reduction in the final treated water concentrations of Ni, Zn, Mn, Al, Fe, and SO4

2− were
74%, 85%, 94%, 99%, 99%, and 96.98%, respectively. Although a high concentration removal
efficiency of 89.7% was achieved for the COD throughout the experiment, the average
treated wastewater concentration achieved was 3.75 times greater than the discharge limit.
During peak COD loading over the final six days of experimental operation, the bioreactor
demonstrated capabilities of achieving COD concentrations of 200 mg/L, well below the
400 mg/L discharge limit, with up to 98.9% concentration removal.
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Table 5. Raw and treated wastewater quality vs. standards.

Raw AMD Raw Confectionery
Effluent

Treated Wastewater
Quality

DWA Discharge
Standards

SANS 241:2015
Potable Quality Units

pH 2.56 3.43 7.45–8.05 5.5–9.5 5.5–9.5

COD - 19,500 1493 400 mg/L

SO4
2− 1642 49.25 250 mg/L

Fe 104 0.94 0.3 0.3 mg/L

Al 53.80 0.46 0.03 0.3 mg/L

Zn 1.02 0.15 0.1 5 mg/L

Cu 0.01 0.01 0.01 2 mg/L

Ni 0.662 0.171 0.07 mg/L

Mn 12.8 0.716 0.1 mg/L

Easily biodegradable high COD confectionary effluent was used as the sole carbon
source in this study. The major difference in this approach versus the more conventional use
of complex organic matter is that the slower biodegradation of complex carbons allows for
optimal anaerobic digestion at a low COD to SO4

2− ratio of typically 2:1 [14]. When using
easily biodegradable organic matter, COD to SO4

2− ratios below 5:1 have been found to be
rate limiting [10]. However, the effluent liquid volume used during operation in this study
versus the liquid volume required by low COD complex matter was less than 10% due to
the high COD concentration of the untreated effluent, which exceeded 19,000 mg/L. In
comparison, sewage COD concentrations typically range between 600 and 900 mg/L. The
transportation of carbon is a major cost driver in active AMD anaerobic digestion [30,31].
The lower effluent volume requirement for continuous operation when using high COD
easily degradable substrates can significantly lower the costs associated with biological
sulphate reduction. The added benefit of effective co-remediation of AMD with another
toxic industrial wastewater is the increased commercial viability of the process with cost
sharing opportunities amongst parties.

Existing bioremediation processes are limited to the remediation of partially oxidised
and neutralised AMD with low heavy metal concentrations [16,19,30]. The typical pre-
treatment undertaken for conventional bioremediation is chemical neutralisation and
sedimentation where metals are precipitated through pH correction and oxidation. The
required chemical pre-treatment adds operational cost and supply chain complexity to
existing bioremediation solutions. The active–passive process evaluated in this paper,
however, is capable of neutralising highly acidic AMD and effluent passively through the
dissolution of Ca from the reactive surface of pervious concrete. This research found that
the process is capable of self-regulated pH neutralisation at COD loading rates exceeding
6 kg COD/m3/day and SO4

2− loading rates approaching 1 kg SO4
2−/m3/day. This pH

self-regulating capability can eliminate the need for external chemical dosing, leading
to operational cost savings. The main challenge associated with AMD treatment using
pervious concrete is the accumulation of metal precipitants in the flow path [25]. The
AMD pre-treatment results indicate that approximately 23% of the precipitated solid
concentration exit the pervious concrete as suspended solids. The remaining 77% of
precipitated solids remain inside the porous network of the pervious concrete, which can
lead to clogging of the flow path or armouring of the reactive surface over time. In the
fixed bed pervious concrete anaerobic digester, further precipitation of solids was observed
and similarly, armouring or clogging may take place over time. The longevity of pervious
concrete as a PRB when exposed to solids accumulating is yet to be fully understood and
requires further investigation.
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5. Conclusions

This study was undertaken to evaluate the remediation capabilities of a hybrid active–
passive process on AMD and confectionery effluent treatment. The process comprised of
passive PRB pre-treatment of the AMD and co-bioremediation of AMD and confectionery
effluent. Over the 24 day operation of the bioreactor, the research findings showed that
the process was capable of treating pH, SO4

2−, Fe, Al, and Cu to within the discharge
standards. The COD discharge limit of 400 mg/L was achieved during the final six days
of operational under peak COD loading rates exceeding 6 kg COD/m3/day. The treated
concentrations of Fe, Al, Ni, Mn, and Zn exceeded the DWA discharge limit by less than
0.65 mg/L. The process was found to be effective for treatment and the limited operational
inputs could minimise operational costs, allowing the process to be more financially viable
for abandoned mines where AMD discharge is most prevalent. From an operational and
cost prospectively, the greatest limitation towards the largescale implementation of the
developed process is the transportation of effluent to mine sites. Excessive fluctuations in
chemical composition of AMD and effluent may also pose operational challenges when
regulating the AMD to effluent ratios. The process possesses great potential for economical
and environmentally friendly treatment of AMD and effluent streams. Further evaluation
is required to assess the sensitivity of the process to condition changes and the operational
longevity of pervious concrete as a fixed bed reactive medium in an anaerobic digestion.
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