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Abstract: The development of low-operational-cost and low-operational-complexity active sulphate
(SO4) reducing bioremediation for Acid Mine Drainage (AMD) is an ongoing pursuit towards
sustainable mining. This study introduces a fixed bed pervious concrete anaerobic bioreactor as a
second stage AMD remediation process. The study investigated the pH self-regulation capabilities,
SO4 remediation capabilities and the rate limiting parameters of the bioreactor using glucose as
an organic matter source. The AMD was pre-treated using a permeable reactive barrier. A 21-day
trial comprised of an increase in the SO4 loading rate while reducing the organic loading rate was
undertaken to identify performance limiting conditions. A daily average SO4 concentration reduction
rate of 55.2% was achieved over the initial 13 days of the experiments. The study found that a COD
to SO4 ratio and VFA to alkalinity ratio below 5:1 and 0.5:1 respectively were performance limiting.
The bioreactor was capable of self-regulating pH within the neutral range of 6.5 and 7.5. The study
findings indicate that the bioreactor design can reduce operational costs and operational complexity
of active AMD bioremediation.

Keywords: Acid Mine Drainage (AMD); anaerobic digestion; bioreactor; biological sulphate reduction;
bioremediation; biological treatment

1. Introduction

The mining of sulphide rich mineral ores is associated with the formation of a polluted
water stream referred to as Acid Mine Drainage (AMD). The AMD stream is formed when
oxygenated water comes into contact with exposed mine rock faces containing sulphide
minerals in the presence of oxygen [1,2]. The sulphide minerals undergo oxidation to
produce sulphuric acid, resulting in a low pH leachate which dissolves metals and other
toxic elements in the surrounding flow path [3]. The resulting AMD can cause long term
impairment to biodiversity, contaminate receiving water streams and aquifers, damage
natural habitats and cause other environmental degradation [1,4]. The generation of AMD
is the most significant environmental problem associated with the mining industry [5] and
can continue to form on mining sites centuries after commercial mining operations have
ceased [2,6,7].

The development of a remediation technology suitable for long term AMD treatment
with low operation costs and a high degree of dissolved Sulphate (SO4) reduction remains
the subject of numerous scholarly works [8–11]. Active bioreactors are one such attractive
solution which can achieve effective AMD remediation for safe environmental discharge
with moderate to high operational costs [12,13]. Active bioreactor technologies make use
of the naturally occurring sulphur cycle where sulphate reducing prokaryotes convert
SO4 to Hydrogen Sulphide (H2S) gas under anaerobic conditions [14,15]. The biologi-
cally produced H2S gas can react with dissolved metals, leading to precipitation as metal
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sulphides [16]. High concentrations of dissolved heavy metals and low pH are toxic to
the consortium of microorganisms involved in Anaerobic Digestion (AD) and therefore
pre-treatment steps to neutralise pH and reduce high concentrations of heavy metals are
essential predecessors to AD treatment [17–19].

Sulphate reduction through AD comprises of four sequential and interdependent
groups of microorganisms, namely (1) acidogenic bacteria, (2) acetogenic bacteria,
(3) methanogenic bacteria and (4) sulphidogenic prokaryotes also known as Sulphate
Reducing Prokaryotes (SRP) [20]. Acidogenic bacteria convert the monomer products from
the hydrolysis of organic matter into Volatile Fatty Acids (VFAs), alcohols, Carbon Dioxide
(CO2) and Hydrogen (H2) [20]. Acetogenic bacteria convert VFAs and alcohols into acetic
acid, CO2 and H2. Methanogens convert acetates, H2 and CO2 into methane [20,21] while
SRP compete with the methanogens for the products from acidogenesis and acetogenesis to
convert sulphates into sulphides [14,19,22]. In the AD process, acidogenic and acetogenic
bacteria (together classed as acidogens) are acidifying while methanogens and SRP are al-
kalising [23]. Acidogens have the highest growth rates due to their higher substrate uptake
rate in comparison to methanogens and SRP [23]. The acidogens’ growth rate coupled with
the acidity from AMD result in high levels of acidity in the bioreactor, which necessitates
alkaline dosing to maintain the pH equilibrium required for optimal AD performance and
microbial survival [24].

This paper introduces a fixed bed pervious concrete anaerobic bioreactor for second
stage AMD remediation as a lower operational cost and lower operational complexity
bioreactor design. The bioreactor follows a pre-treatment step comprising of initial pH
correction and metal precipitation. This bioreactor configuration combines the passive
alkaline generation and resulting precipitation associated with pervious concrete Permeable
Reactive Barriers (PRBs), with the biological remediation of AD technologies. The porous
channel network of pervious concrete enables the suspension of flocc particles containing
microorganisms, provides high surface area for the growth of prokaryotes and can enable
high retention of microbial colonies in the bioreactor. Pervious concrete is naturally alkaline
with surface pH typically between 12 and 13 [25]. Pervious concrete as a fixed bed reactive
medium can result in operational cost savings and reduced operational complexity as
a result of the concrete’s neutralising capabilities to buffer the acidity produced by the
acidogens as well as the acidity from the AMD.

From existing literature, the most optimal conditions for the metabolic function of
SRP in the biological sulphate reduction of AMD are mostly anaerobic environments with
a pH range of 6–7 [14,22] at mesophilic temperatures of 35 ◦C to 37 ◦C [14,17]. Studies have
found that overly toxic concentrations of heavy metals, sulphides and other antimicrobial
substances may inhibit the growth and metabolic function of SRP [17,19]. Insufficient
availability of the nutrients Nitrogen (N), Phosphorus (P) and Potassium (K) [26], and the
inability of the sulphidogenic prokaryotes to compete with methanogens for the available
organic substrates [14,20] may further inhibit the growth of SRP. A major constraint to the
bioreactor design for SO4 reduction is the relatively poor adhesion capability of SRP [17],
leading to the research into various bioreactor configurations [14,15,18].

The primary objectives of this study were: (1) to investigate the pH self-regulation ca-
pabilities of the bioreactor; (2) to evaluate the SO4 remediation capabilities of the bioreactor
during initial start-up; and (3) to investigate the rate-limiting parameters of the bioreactor
during initial process start-up. The operating parameters evaluated in this study were
the SO4 to Chemical Oxygen Demand (COD) ratio, the VFA to alkalinity ratio and the
performance limiting availability of organic matter on VFA production. Glucose was used
as the organic matter source in this study. The AD process was preceded by passive PRB
treatment using pervious concrete for initial pH correction and precipitation of heavy
metals, to reduce toxicity for the microorganisms.
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2. Experimental Methodology
2.1. AMD Collection and Storage

The AMD was collected from a coal mine that was abandoned over 40 years ago in
the north-eastern coal fields of the KwaZulu-Natal province of South Africa. The AMD
was collected from the decant point where it exists at a mine tailing to the surrounding
environment in 25 litre plastic containers, and kept refrigerated at 4 ◦C for 10 days before
experimental works commenced. The AMD was collected following the rainy winter
period, during which the dissolved metals and sulphate concentration were highest. The
raw AMD determinands are given in Table 1. Figure 1 shows the mine tailing overflow
weir where the AMD was collected.

Table 1. Raw AMD determinands.

Determinand Concentration Units

Sulphate (SO4) 2232 mg/L

Total Suspended Solids (TSS) <3 mg/L

Calcium (Ca) 568 mg/L

Sodium (Na) 228 mg/L

Ferrous Iron (Fe2+) 40,783 µg/L

Manganese (Mn) 11,124 µg/L

Magnesium (Mg) 402 mg/L

Aluminium (Al) 76,587 µg/L

Potassium (K) 7.59 mg/L

Copper (Cu) 1.02 µg/L

Zinc (Zn) 84 µg/L

Boron (B) 51 µg/L

Nickel (Ni) 54 µg/L

Lead (Pb) 3.05 µg/L

pH 2.7 -

Turbidity 0.9 NTU
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2.2. Process Design and Description

Pre-treatment was conducted by discharging raw AMD at the top of a 450 mm tall
pervious concrete cube stack. The AMD was discharged using a peristaltic pump dosing at a
flow rate of 200 mL/min. The 450 mm stack was comprised of three 150 × 150 × 150 mm3

concrete cubes placed one on top of another. The concrete stack was contained in a
rectangular mould constructed from Perspex sheeting. The AMD was allowed to trickle
through the pervious concrete under gravity and the effluent was stored in 2 litre containers.
The 2 litre containers were used to settle the precipitated solids with the average time
required for complete sedimentation measured. The supernatant was then decanted for
further treatment in the AD process. Figure 2 shows a schematic layout of the pre-treatment
process. Figure 3 shows the settling of the pre-treated AMD in the two litre containers.
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The fixed bed pervious concrete AD process comprises of a bioreactor shell constructed
from Perspex sheeting, a 150 × 150 × 150 mm3 pervious concrete cube housed within
the bioreactor shell, a recycling tank constructed from Perspex sheeting and a recycling
dosing pump for the continuous circulation of the AMD through the bioreactor. The
bioreactor shell was split into two bolt connected flanged sections, a bottom section and
a top section, for ease of assembly and disassembly. The bioreactor was fitted with the
following accessories for process monitoring and control:

1. a 50 W fish tank heating element to maintain the liquid temperature between 36 ◦C
and 38 ◦C,

2. a mechanical pressure gauge for monitoring the static pressure inside the bioreactor,
3. a mechanical temperature gauge, range 0–60 ◦C, for monitoring the AD fluid temperature,
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4. a vent outlet at the top centre of the AD to release biogas,
5. a sampling valve on the recycling tank for daily AMD sample collection.

These accessories are labelled on Figure 4. The mechanical gauges were calibrated by
the manufacturer before experimentation. To accelerate start-up of the biological process,
glucose powder was selected as the carbon source for the AD process. Glucose can be
easily solubilised leading to accelerated hydrolysis, and its simple carbon structure allows
for easy biodegrading [27,28]. The bioreactor was loaded with seed sludge containing
SRP prior to the commencement of experimental works. AMD was introduced to the
process in batch mode by adding measured quantities into the recycling tank. The AMD
was premixed with weighed quantities of glucose powder and nutrients N, P, K before
entering the system. Figure 4 shows the schematic layout of the bioreactor design tested in
this study.
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2.3. Equipment and Materials
2.3.1. Pervious Concrete Materials and Construction

Pozzolanic CEM IV and granite stone were selected as the cement and aggregate type
for the pervious concrete used in the pre-treatment concrete column and the fixed bed
bioreactor due to the chemical resisting properties [29,30], and the proven AMD treatment
capabilities from existing literature [30–32]. The CEM IV mix design was comprised of
Portland CEM I with 4% Silica Fume CSF-90TM and 8% Siliceous Fly Ash. Granite stone
size of 13.2 mm was selected for the bioreactor cube to increase the porosity for the seed
sludge to fill some of the void volume. For the pre-treatment column, granite stone size
9.5 mm was selected for the cubes to minimise the porosity and thus increase the contact
surface area between the AMD fluid and the concrete. Using the liquid displacement
method, the porosity of the bioreactor cube and the pre-treatment column cubes were
determined to be 33.2% and 21.5% respectively. Table 2 gives the mix designs for the
pervious concrete cubes.
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Table 2. 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

Fixed Bed AD 152 14 7 - 1468 1.35 60 12.1% 33.2%

Pre-treatment 197 18 9 1462 - 1.75 75 12.1% 21.5%

2.3.2. Seed Sludge Collection, Storage and Loading

Seed sludge containing a consortium of microorganisms, including SRP, was collected
from the bottom of a still anoxic zone of a large aeration pond in the effluent treatment
works of a pulp and paper company. The sludge samples were collected using a metal
scoop and stored in two-litre plastic containers, which were kept sealed until the commence-
ment of the experiment. The seed sludge was collected seven days prior to experimental
works and was kept refrigerated at 4 ◦C. A day before commencement of experimental
works, the seed sludge was removed from the refrigerator and kept at room temperature
(approximately 21 ◦C). Once the sludge had reached room temperature, 10 g of glucose
was added to each of the two-litre containers of sludge, followed by agitation, and the caps
then closed to allow the sludge to ferment under anaerobic conditions for the remainder of
the day. The sludge was then screened to remove solid particles greater than 2 mm, leaving
behind a viscous slurry. One litre of the filtered seed sludge (accounting for approximately
25% of the bioreactor’s working volume) was loaded into the bioreactor by pouring it
uniformly over the pervious concrete cube and allowing it to seep into the porous network
for a period of 15 min before the unit was fed with AMD. Figure 5 shows the loading of the
seed sludge into the bioreactor.
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2.4. Operational Protocol
2.4.1. Pre-Treatment Operational Protocol

AMD was pre-treated using pervious concrete as a permeable reactive barrier follow-
ing the methodology described in Section 2.2. The pre-treated AMD was homogenised in a
25-litre container. A sample of the homogenised pre-treated AMD was chemically analysed
for key determinands.

2.4.2. Bioreactor Operational Protocol

The operational protocol for the bioreactor undertaken in this study was adopted
from Neda et al. (2007). The experiment was conducted during the bioreactor’s initial
ramp-up with the ramp-up conducted in batch mode. The bioreactor’s operational protocol
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comprised of a gradual increase in the SO4 loading rate while gradually reducing the
organic matter to SO4 ratio and maintaining a constant supply of nutrients N, P and K
throughout the experiment. The bioreactor’s operational protocol was designed to identify
the limiting operational conditions for performance.

The bioreactor was operated over a period of 21 consecutive days. The operation com-
prised of the SO4 volumetric loading rate gradually increased from 0.015 kgSO4/m3/day
on operational day 1, to a loading rate of 1.104 kgSO4/m3/day on operational day 19. In-
versely, the glucose to SO4 loading ratio was gradually decreased from 82.6:1
(kg glucose/m3/day to kgSO4/m3/day) on operational day 1, to 1.77:1 on operational
day 19. A total of nine SO4 loading ramp-up cycles were conducted during the experi-
ment with a Hydraulic Retention Time (HRT) of 48 h between all but one ramp-up cycle,
ramp-up cycle 7. The working volume of the bioreactor was 4.09 litres and was maintained
throughout the experiment. The recycling tank’s low limit volume was maintained at 720
mL during the first nine days of experimentation, and was gradually increased to the high
limit volume of 1.68 litres on experimental day 19 due to the additional volume of AMD
necessary for SO4 loading ramp-up. The flow rate of the recycling pump was maintained
at 15.4 mL/min throughout the experiment. The liquid up-flow velocity in the bioreactor
was 1.2 mm/min, which equated to an HRT of ±266 min in the bioreactor per recycle cycle.
The recycling tank’s lower limit HRT was 46 min and the upper limit HRT was 109 min.
Equations (1) and (2) show the formulae used to determine the SO4 loading rate and the
glucose loading rate respectively. Table 3 shows the SO4 and glucose loading rates for the
duration of the AD process experiment.

Table 3. Operational protocol—sulphate and glucose loading rate.

Ramp-Up
Cycle Number

Experiment
Duration
(Hours)

AMD Ramp-Up
Volume (ml)

SO4 Loading
Rate

(kgSO4/m3/day)

Glucose
Addition (mg)

Glucose
Loading Rate
(kg/m3/day)

Glucose to SO4
Loading Ratio

1 0 30 0.015 5000 1.22 82.63

24 - - - - -

2 48 45 0.022 2000 0.49 22.14

72 - - - - -

3 96 200 0.098 10,000 2.44 24.91

120 - - - - -

4 144 400 0.196 6000 1.47 7.474

168 - - - - -

5 192 700 0.343 6000 1.47 4.271

216 - - - - -

6 240 1200 0.589 8000 1.75 2.549

264 - - - - -

7 288 1400 0.687 6000 1.47 2.491

312 - - - - -

336 - - - - -

8 360 2007 0.785 7000 1.71 2.18

384 - - - - -

9 408 2400 1.104 6000 1.19 1.076

432 - - - - -

456 - - - - -

480 - - - - -
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SO4 Loading Rate
(
kgSO4/m3/day

)
=

SO4(mg/L)× Volume added per day (m3/day)
1000 (g/kg)×Reactor volume (m3)

(1)

Glucose Loading Rate
(
kg/m3/day

)
=

Mass added per day (kg/day)
Bioreactor working volume (m3)

(2)

An initial recycling tank sample was collected on day 1 following AD start-up and
further samples were collected daily at 24-h intervals for chemical analyses. The daily
sampling and testing regime was undertaken to identify changes in process performance
and microbial responses to the COD and AMD loading. The sample volumes were between
350 mL and 400 mL, and the extracted volumes were replaced with an equal volume of
equivalent AMD SO4 load, diluted with water when necessary, on non ramp-up days. On
ramp-up cycle days the biologically treated AMD samples were extracted, followed by the
addition of the ramp-up SO4 load. Where the AMD volume required to ramp up the SO4
volumetric loading was below the extracted 400 mL sample volume, the AMD was diluted
with water to make up the ramp volume to the required loading rate. The liquid volumes in
the recycling tank and the bioreactor were measured before ramp-up. Following the ramp-
up of AMD and organic matter, the new concentrations of COD and SO4 in the process
were determined through mass balance calculations. The mass balance was conducted
using the known quantities of SO4 and glucose added to the process, summed up with their
volumetric concentrations in the process determined from chemical analysis of the extracted
samples. The COD mass balance was determined using the theoretical COD of glucose
(C6H12O6) which is 1.067 mg/L of COD per 1 mg/L of glucose [33]. Equations (3) and (4)
show the mass balance calculations used to determine the concentrations of SO4 and COD
respectively post ramp-up.

SO4post =
[
(AMD ramp vol×AMD SO4)

1 000 000 + (water vol ×water SO4)
1 000 000 + AD vol×AD SO4

1 000 000

]
× 1 000 000

AMD ramp vol+water vol+AD vol (3)

where SO4 post is the SO4 concentration in the bioreactor post ramp-up (mg/L), AMD
ramp vol is the ramp-up volume of AMD added to the recycling tank (litres), AMD SO4
is the concentration of SO4 in the pre-treated AMD (mg/L), water vol is the volume of
ramp-up dilution water (litres), water SO4 is the concentration of SO4 in the dilution water
(mg/L), AD vol is the liquid volume in the bioreactor and recycling tank before ramp-up
(litres) and AD SO4 is the SO4 concentration in the bioreactor before ramp-up (mg/L).

Total COD =

(
glucose mass

AD vol
× 1.067

)
+ AD COD (4)

where Total COD is the COD concentration in the bioreactor post glucose ramp-up (mg/L),
AD vol is the liquid volume in the bioreactor and recycling tank before organic loading
(litres), Glucose mass is the mass of glucose powder added to the recycling tank (mg),
1.607 is the conversion factor for glucose (mg/L) to COD (mg/L) and AD COD is the
concentration of COD in the bioreactor before organic loading (mg/L).

A 5 mL solution consisting of the nutrients N, P, K was mixed with the ramp-up AMD
before being added into the recycling tank on all of the ramp-up cycle days. The concen-
trations of N, P and K in the solution were 81,000 mg/L, 27,000 mg/L, and 81,000 mg/L
respectively. To test the pH self-regulating capabilities of the fixed bed pervious concrete
bioreactor, no attempt was made to externally regulate pH during process operation in
this study.

2.5. Chemical Analysis

Chemical analyses were conducted to assess the treatment performance of the process.
The analyses were conducted by South African commercial laboratories accredited by
the South African National Accreditation System (SANAS). Samples were collected and
refrigerated at 4 ◦C for a maximum period of 24 h prior to chemical analysis.



Sustainability 2021, 13, 6529 9 of 18

2.5.1. Dissolved Metals

Concentrations of the dissolved metals were determined using the Varian 700-ES
Inductive 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.

2.5.2. Sulphate

The SO4 concentration was determined using a Thermo Scientific Aquakem 200 selective
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.

2.5.3. pH

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.

2.5.4. Total Suspended Solids

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

2.5.5. Chemical Oxygen Demand

COD was determined using a HACH DR3900 Spectrophotometer following the Reac-
tor 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). Fol-
lowing 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.

2.5.6. Alkalinity

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 a 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.

2.5.7. Volatile Fatty Acids

VFA was determined using a Thermo Scientific Orion 5-Star Plus portable multi-
meters following the potentiometric titration method. Samples were titrated to pH 7 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 acids concentration
was calculated from the volume of titrate used.

2.6. Microscopic Evaluation

Phase contrast and bright-field microscopy were used to evaluate sludge collected
from the bioreactor at the end of the experimental works. The sludge was assessed for
filamentous bacteria and protozoa. The filamentous bacteria were categories using Grain
stain and Neisser strain tools to aid in identification. The phase contrast and bright-field
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microscopy was conducted using an Olympus B43 microscope with 4×, 10× and 40×
objectives for phase contrast and 100× objective for bright-field.

2.7. Statistical Methods

The correlation relationship between the availability of organic matter and the produc-
tion of VFAs as well as the availability of VFAs and the percentage reduction of SO4 was
tested. Testing was done using the Pearson’s correlation method. The statistical analysis
was conducted with the IBM SPSS 25 software and the Pearson’s correlation was conducted
using two-tailed significance testing.

3. Results and Discussions
3.1. Permeable Reactive Barrier Pre-Treatment

The AMD was pre-treated using pervious concrete as a PRB. Pervious concrete reme-
diates AMD through the dissolution of portlandite (Ca(OH)2), resulting in pH neutrali-
sation and metal hydroxide precipitation [25,30]. Furthermore, Ca(OH)2 can react with
SO4,resulting in crystallisation of gypsum (CaSO4). The precipitants in the pre-treated
AMD solution were settled in two-litre containers with a liquid height of 230 mm. The raw
AMD and clarified pre-treated AMD determinands are shown in Table 4.

Table 4. Raw and pre-treated AMD determinands.

AMD Source SO4
(mg/L)

Ca
(mg/L)

Na
(mg/L)

Fe
(mg/L)

Mn
(mg/L)

Mg
(mg/L)

Al
(mg/L)

K
(mg/L) pH Turbidity (NTU)

Raw AMD 2232 568 228 40.783 11.124 402 76.587 7.59 2.7 0.9

Pre-treated AMD 2007 621 188 <0.1 12.2 310 13.2 32.9 4.3 <1

Complete sedimentation of the precipitated solids was achieved after a retention time
of 2 h. The pre-treatment process yielded a 99.7%, 83%, 22.9%, 17.5% and 10% reduction in
the concentrations of Fe, Al, Mg, Na and SO4 respectively. The pH was raised from 2.7 to
4.3. The concentration of Ca was increased by 9% as a result of the leaching of portlandite
from the concrete surface. The concentration of K was also increased by more than fourfold
following the pre-treatment process. The increase in the concentration of K can be attributed
to the leaching of the potassium oxide present in the pervious concrete [25,34].

3.2. pH Self-Regulation

Key to the effective performance of the AD bioreactor process is maintaining the pH
within the neutral range for optimal growth of the consortium of microorganisms [20]. Due
to the higher growth rates of acidogens resulting in net acidity as well as the acidity present
in AMD, an external supply of alkalinity is typically required to neutralise a bioreactor’s
pH [23,35]. The pervious concrete fixed bed bioreactor was gradually ramped-up to a SO4
loading rate of 1.104 kgSO4/m3/day over the 21-day duration of the experiment without
any external pH correction. Figure 6 graphically illustrates the SO4 loading rates and the
daily measured bioreactor pH for the experimental duration.

The results show a gradual increase in pH from 4.3 to 6.1 over the first five days,
and an eventual stabilisation of the pH between 6.5 and 7.5 throughout the remainder
of the experiment. It was observed that the bioreactor’s pH dropped the day following
each SO4 batch ramp-up cycle, indicated as the SO4 loading days on Figure 6, due to
the additional acidity added by the pre-treated AMD. This observation illustrates that
the system remains highly sensitive to acidity loading and careful operation is required
to maintain pH within the optimum range. The dissolution of the pozzolanic concrete
and the leaching of portlandite, adding alkalinity to the system, is attributed to the pH
buffering [25,30]. The pH results demonstrate the capability of pervious concrete as
a fixed bed reactive medium to self-regulate the process pH within the neutral range
with increasing AMD loading rates and varying Volatile Fatty Acids (VFAs) generation.



Sustainability 2021, 13, 6529 11 of 18

However, the most optimal pH range for anaerobic digestion is between pH 6.8 and
7.2 [36,37]. When pH drops below 6.8, as experienced in this experiment following the
AMD ramp-ups, the undesired growth of filamentous bacteria and some Nocardioforms
may occur [21]. The presence of filaments in the AD process is discussed later in this
results section.
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Figure 6. pH results at increased SO4 loading rates.

3.3. Alkalinity and Volatile Fatty Acids

Equally as important as maintaining stable neutral pH is the balance between the
availability of alkalinity and VFAs for anaerobic bioremediation. VFAs are crucial interme-
diates in the transfer of carbon and energy in the methane formation and the SO4 reducing
pathways [14,21]. The VFA to alkalinity ratio is an important indicator of the AD process
conditions and the stability between the acidogenic and alkalising microorganisms [20].
The activity of these microorganisms is highly influenced by temperature. The bioreactor’s
temperature was maintained within the mesophilic temperature range of 36 ◦C and 38 ◦C
throughout this experiment. An alkalinity to VFA ratio of between 0.3 and 0.4 has generally
been accepted as optimal for anaerobic digestion, while ratios exceeding 0.8 have been
regarded as sub-optimal [38,39]. Figure 7 shows the change in the VFA and alkalinity
concentrations over the duration of the experiment. The operational protocol for this
experiment is comprised of an increasing ramp-up of the SO4 loading rate, while the simple
organic matter source (measured as COD) was gradually reduced. Figure 8 shows the SO4
and COD concentrations measured daily. Figure 9 shows the relationship between the
measured concentrations of COD and VFAs for the duration of the experiment.
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It was found that the relationship between the availability of COD and the generation
of VFAs was statistically significant with a two-tail significance value (p value) of less than
0.01 and a Pearson correlation coefficient (r value) of 0.756. The statistically significant
relationship can be attributed to the rapid hydrolysis and acidogenesis of glucose due to its
simple carbon structure [28,40]. The results indicate that the gradual reduction in the COD
to SO4 ratio resulted in a reduction in the generation of VFAs. The high COD availability
over the initial 13 days of the experiment resulted in high VFA to alkalinity ratios ranging
from 0.96 to 0.59. This observation suggests that for high loading rates of simple organic
matter in anaerobic bioreactors the methanogenesis and sulphidogenic processes are the
rate limiting steps. A gradual reduction in the VFA concentration, resulting in a reduction
in the VFA to alkalinity ratio, was observed over the duration of the experiment, which
indicates a decline in acidogenic microbial activity as a result of the reducing COD to
SO4 ratios.

From experimental day 5 to day 13, the VFA to alkalinity ratio remained relatively
stable between 0.7 and 0.6, while the COD to SO4 ratio was greater than 20:1. During this
period of high VFA generation, the greatest SO4 reduction rates were achieved with an
average daily SO4 reduction rate of 52.5% over the period. From operational day 14 to
day 18, the VFA to alkalinity ratio reduced from 0.55 to 0.25 as the COD to SO4 ratio was
reduced from 4.2:1 to 1.8:1. In this period, where the VFA to alkalinity ratios were closest
to the accepted optimal range, the SO4 reduction rates were significantly lower, with an
average SO4 reduction rate of 18% per day for the period. On day 19 to 21, the VFA to
alkalinity ratio dropped below 0.1 while the COD to SO4 ratio reduced to 1.5:1. Over this
period the average daily SO4 reduction rate was 11%. The experimental results indicate
that a COD to SO4 ratio of below 5:1 is performance limiting when using simple organic
matter for AMD bioremediation.
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3.4. SO4 Reduction Results

Figure 10 shows the calculated percentage reductions in COD and SO4 concentrations
over the duration of the experiment. The results for the percentage SO4 reduction fluctuates
throughout the experiment. SO4 reduction rates were found to be highest following ramp-
up days when the concentrations of COD, VFAs, nutrients and SO4 were highest. The
COD reduction rates also fluctuated, to a lesser degree however, and peak reduction rates
were also achieved post ramp-up days. During the initial 12 days of operation, with a
VFA to alkalinity ratio of between 0.90–0.59, the SO4 reduction rates on the days following
ramp-up cycles fluctuated between 96% and 55%. From day 13 to day 18, with a VFA to
alkalinity ratio of between 67% and 36%, the SO4 reduction rates on the days following
ramp-up cycles fluctuated between 30% and 11%. On days 19 to 21, the VFA to alkalinity
ratio dropped below 25% and the SO4 reduction rate on the day following the ramp-up
cycle was 20%. The COD reduction rates throughout the experimental duration were
relatively stable, between 45% and 20% following ramp-up days.
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Figure 11 shows a second order polynomial regression analysis of the relationship
between the VFA to alkalinity ratios and the SO4 reduction rates achieved in this study.
The polynomial regression model, with coefficient of determination (r2 value) of 0.39,
predicts an increase in the SO4 reduction rates with an increase in the VFA to alkalinity
ratio above 0.3. The regression model indicates that a VFA to alkalinity ratio of 0.5 and
below is performance limiting with SO4 reduction rates of 20% and below. The regression
model suggests that VFA to alkalinity ratios of between 0.6 and 0.85 is most optimal for
SO4 reduction when using simple organic matter. The high SO4 reduction rates achieved at
the high VFA to alkalinity ratios may be attributed to the greater availability of the VFA
intermediaries required by the SRP for the reduction of SO4 to H2S.
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3.5. Hydraulic Retention Time

The Hydraulic Retention Times (HRTs) in the bioreactor and the recycling tank were
220 min and 47 min on average respectively. This resulted in the AMD fluid spending
18% of the available retention time in the recycling tank where minimal bioremediation
could take place. Ideally, the working fluid would be retained in the recycling tank for as
brief a period as possible to promote the contact time between the AMD effluent and the
microorganisms suspended in the pervious concrete. Due to the design geometry, nearly
9 h of the 48 h retention time between ramp-ups was not productive leaving room for
process optimisation and improved remediation performance.

Due to the relatively low concentration of SO4 in the raw AMD, large AMD ramp-up
volumes, with respective to the bioreactor’s working volume, were required to achieve
loading rates greater than 0.5 kgSO4/m3/day. The limited working volume of the biore-
actor resulted in spike loading of acidity and a drop in pH following each ramp-up cycle.
The bioreactor proved capable of buffering the peak acidity loading throughout the experi-
ment and was able to maintain the pH within the neutral range. However, a suboptimal
pH fluctuation of ±1 unit was achieved following pH stabilisation from day 5 of the
experiment. Optimisation of the bioreactor volumetric design can allow for sufficient
buffering capacity of incoming acidity leading to reduced pH fluctuation and improved
AD process performance.

3.6. Microscopic Results

Microscopic evaluation was conducted to assess the general composition of the sludge
sample with regards to filamentous bacteria and protozoa. The floc structures observed
from the final AD sludge were open structures, irregular shaped, medium sized and
brown in colour. Filaments were present in the sludge flocs but were rarely observed in all
flocs. Filamentous bacteria that were identified were Microthrix parvicella, Type 0041 and
Type 1863. The abundant growth of filamentous bacteria Microthrix parvicella and Type 0041
is generally associated with low food to microorganisms (F/M) ratio conditions and a pH
below 6.7 [21]. In this experiment, the operational protocol which reduced the supply of
organic matter leading to a reduction in the availability of VFAs is attributed to causing the
low F/M conditions. The presents of filamentous bacteria in an AD is undesirable, as these
bacteria can lead to significant foaming problems within the bioreactor, thereby negatively
impacting performance [41]. Filaments require aerobic conditions to grow, and thus their
presence may be traced back to the feed sludge source which was collected following an
aerobic basin process. Figure 12 shows the phase contrast and bright field microscopic
images of the sludge floc structure and the filamentous bacteria observed.
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reaction of Microthrix parvicella. (1000× magnification), (d) gram negative reaction of type 1863
(1000× magnification).

4. Implications

Active anaerobic digestion is a promising AMD remediation solution with the poten-
tial to combine SO4, metals and acidity removal into a single process with significantly
lower volumes of toxic waste sludge generation in comparison to the more commonly
used chemical neutralization and precipitation methods [15,24]. However, high opera-
tional complexity, prolonged HRT requirements and high operational costs have been key
limitations towards the large scale global implementation of active AMD bioremediation
technologies [18,35].

Recently conducted studies on AMD bioremediation with technologies such as Mov-
ing Bed Biofilm Reactor (MBBR), Anaerobic Sludge Bed Reactor (UASB) and Continuously
Stirred Tank Reactor (CSTR) without the use of external pH correction indicate that HRTs of
between 3 and 5 days are required for treatment [8,13]. According to Akinpelu et al. (2020),
HRTs below 3 days do not allow sufficient time for microbial activity to neutralize AMD
acidity. This may be attributed to the acidifying reactions being more thermodynamically
favourable, and the acidogenic microorganisms having the highest growth rates due to
their higher substrate uptake rate [20,23]. This study found that the fixed-bed pervious
concrete AD was capable of neutralizing AMD at increasing loading rates as well as the
acidity generated by the acidogenic microorganisms within a 24-h HRT. The longevity
and scalability of the pervious concrete as a neutralizing agent in the AD process requires
further validation to assess suitability for pilot and industrial scaling. Research conducted
by Shabalala et al. (2017) has already illustrated that pervious concrete can continue to
neutralize AMD acidity for periods exceeding 300 days [25]. Capital investments for
bioreactors are mostly dependent on the retention times required [16], and therefore the
lower HRTs achieved when using the fixed-bed pervious concrete AD can result in smaller
bioreactors and reduced capital costs.

The research results found a statistically significant correlation between the availability
of COD from the simple organic matter and the production of VFA intermediaries by the
acidogenic microorganisms. This finding can be attributed to the rapid bio-utilisation of
the simple organic matter leading to accelerated acidogenesis [28,40]. During the initial
13 days of the experiment the bioreactor was operated under high VFA conditions, with
VFA concentrations exceeding 1000 mg/L and VFA to alkalinity ratios exceeding 0.6, as
a result of the high initial organic loading rates. These conditions would typically cause
bioreactor acidification when using existing bioreactor technologies and would result in
the loss in microbial colonies [38,39]. However, in this study not only did the pH remained
stable throughout this phase of the experiment, the bioreactor was capable of achieving
a daily average SO4 reduction rate of 52.5% in under 24 h effective retention time during
this period. The high acidity neutralisation capabilities of the fixed bed pervious concrete
medium can enable effective co-bioremediation of AMD with wastewaters comprised of
high sugar content, such as confectionery manufacturing and soft drink industries where
VFA production at high COD loading rates can exceed the conventional limits for AD
technologies [42].

The operational costs of an AMD treatment bioreactor are primarily driven by the
organic matter supply. The cost associated with the simple organic matter used in this
experiment can be a limitation due to the high volume required for effective AMD remedi-
ation as a result of rapid utilisation [40]. In comparison to the limiting COD to SO4 ratio
of 5:1 for glucose found in this study, comparative studies have found effective remedia-
tion performance with ratios of 2:1 when using complex organic matter such as sewage
sludge [14,15]. The lower ratio requirements for the more complex sewage carbon source
can be attributed to the slower hydrolysis and acidogenic digestion allowing for improved
process equilibrium between acidogenic and alkalising microorganisms [21]. It is therefore
thought that improved process stability and COD to SO4 ratios may be achieved when
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using more complex organic matter which can yield lower costs. Further evaluation of the
bioreactor using industrial or sewage wastewater is recommended to evaluate COD to SO4
ratio improvements.

5. Conclusions

This study investigated the pH self-regulation capabilities, SO4 remediation capabili-
ties and the optimal operating parameters of a laboratory-scale fixed-bed pervious concrete
anaerobic bioreactor as a second stage AMD remediation process. AMD was pre-treated
using pervious concrete as a PRB. The bioreactor process was operated over a 21 day
period. The operational protocol comprising of a gradual ramp-up of the SO4 loading rate
while gradually reducing the SO4 to COD ratio in order to identify performance limiting
conditions. The study found that pervious concrete as a fixed bed medium is capable of
regulating pH within the neutral range. The study further found that when using simple
organic matter as a carbon source the performance limiting COD to SO4 ratio and VFA to
alkalinity ratio were below 5:1 and 0.5:1, respectively. The specific findings of this study
were as follows:

(I). The study found a statistically significant relationship between the availability of COD
from simple organic matter and the generation of VFAs with a two-tail significance
value (p value) of less than 0.01 and r value of 0.756. The research findings indicate that
when using simple organic matter for biological SO4 reduction, the methanogenesis
and sulphidogenic processes are rate limiting.

(II). High SO4 reduction rates were achieved during the initial half of the experiment and it
was found that the reduction rates were highly dependent on the availability of COD
and the biological generation of VFAs. SO4 reduction rates ranging from 96% and
55% were achieved with VFA to alkalinity ratios above 0.6 and VFA concentrations
exceeding 800 mg/L.

(III). Pervious concrete as a fixed reactive medium was able to maintain the bioreactor pH
between 6.5 and 7.5 upon process stability. The study findings indicate that the pH
regulation performance of the pervious concrete medium is dependent on acidity
loading rates and the volumetric design for buffering capacity. The self-regulation
capabilities of pervious concrete can be a viable solution to reduce operational cost
and operational complexity of AMD remediation bioreactors to promote viability
of the process. Further investigation is required to assess the longevity of the pH
regulation capabilities.

Based on the research findings, when using simple organic matter as a carbon source
the recommended VFA to alkalinity ratio for optimal performance is between range 0.6
and 0.85 when the pH balance is maintained with a COD to SO4 ratio of greater than 5:1.
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