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Abstract

The decanting of flooded gold mines threatens water supply on the Witwatersrand, South Africa, one of the most intensively
mined areas in the world. Large volumes of acid mine drainage wastewaters will require treatment here for decades and
possibly centuries. Appropriate treatment technology needs to meet technical, financial, environmental and social sustain-
able development criteria, with the costs of long-term treatment providing the initial decision gateway. This review details

a bioprocess development in which the use of sewage sludge as the electron donor/carbon source for microbial sulphate
reduction, and the wastewater treatment public utility as the operator, was investigated in meeting these requirements. A
programme is reviewed that led from fundamental studies in microbial ecology, enzymology and mathematical process
modelling, through pilot plant studies, to the construction and operation of a full-scale plant treating 10 M¢ mine water/day.
It was shown, in what became known as the Rhodes BioSURE Process, that with careful regulation of the mine water and
the sewage sludge dosing flow rates, sulphate levels could be reliably reduced to below 100 mg/¢, at hydraulic retention times
as low as 12 h. Ancillary metal and sulphide removal unit operations are described, as well as investigations into socially

sustainable use of treated mine waters.
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INTRODUCTION

The environmental impacts of acid mine drainage (AMD)
wastewaters have been the subject of intensive investigation
over many years (Lottermoser, 2010), and the processes giv-
ing rise to its formation are now well-described (Blowes et al.,
2003; Johnson, 2003). A considerable research effort in process
development has focused on the treatment and mitigation of
the AMD problem and both physico-chemical and biological
processes have been applied in active and passive treatment
operations (Johnson and Hallberg, 2005; Inter-Ministerial
Committee, 2010).

While the hydrogeological modelling of AMD formation
and discharge, following mine closure, has had considerable
predictive success (Scott, 1995; Hodgson et al., 2001; Lin and
Hanson, 2010), quantifying the time period over which flows
of contaminated water may be anticipated has been less secure
and may range from decades to many centuries (Younger,
1997). Roman mines in Britain and Bronze Age workings in
Spain still actively generate AMD (Leblanc et al., 2000; Van
Geen et al., 1997), and contamination of rivers by coal mines
has been commonly reported 50-100 years after closure (Bell
et al., 2001).

South Africa represents a paradigm case where the AMD
threat to the public water system has reached acute levels
in recent years (Naiker, 2003; Ewart, 2011; McCarthy, 2011;
Tandlich, 2012). The water-scarce Witwatersrand region,
which accounted for more than 10% of the economic activity
of the entire African continent, is one of the largest human
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settlements in the Southern Hemisphere not located on a river
(Turton, 2004). It has also been one of the most intensively
mined areas in the world, with 37 million kg fine gold extracted
(and 6 billion tons of ore milled) since the 1880s. This rep-
resents over 3% of estimated total global gold recovery since
prehistoric times (Hartnady, 2009). Since gold production
peaked at 1 million tons fine gold/year in the early 1970s, the
industry here has been in decline, with the problems of mine
closure leaving an increasing legacy of social, financial and par-
ticularly environmental consequences requiring urgent man-
agement. Given abandoned and orphan mines (Field, 2003),
these problems have increasingly passed to the responsibility of
the state and thus to the wider community (Inter-Ministerial
Committee, 2010; Ewart, 2011).

With the termination of mine dewatering and pump-and-
treat operations, as functions of the active mining enterprise,
groundwater levels have been rising in the East, Central and
West Rand Basins along the Witwatersrand (McCarthy, 2011).
Hydrogeological modelling of this situation since the mid-
1990s has predicted the time to reach decant status, the quan-
tity and quality of waters that would decant once the filling of
the mines was completed, and total volumes of AMD requiring
treatment in this region, which may exceed several hundred
M¢/day (Scott, 1995; Tutu et al., 2008; McCarthy, 2010). The
potentially long-term nature of the problem has focused inter-
est on the technical and financial sustainability of treatment
operations able to deal with the AMD problem over extended
periods of time, and this has in turn led to investigation of
the advantages of biological compared to physico-chemical
treatment technologies (Van der Merwe and Lea, 2003; Inter-
Ministerial Committee, 2010).

Neba (2006) investigated the use of formal decision-support
tools required to achieve an integration of environmental, eco-
nomic and social factors in sustainable technology choice in the
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mine wastewater treatment field. In a survey of decision makers
in the minewater field, he found that these tools were lack-

ing and that decision making was generally informally based.
Seghezzo (2004) noted that short-term economic interests

often propel technological innovations that would be generally
construed as ‘meaningless or even negative’ within the require-
ments of sustainable development thinking.

It is against this background that an environmental
biotechnology research programme is reviewed here which
attempted a specific focus on the broader sustainability
requirements of the AMD treatment operation. This led to the
development of what became known as the Rhodes BioSURE
Process and finally to its successful implementation in a
10 Me/day full-scale treatment plant. The sustainability ration-
ale underpinning this development has been described by Neba
etal. (2007) and was predicated on the use of readily-available
organic wastes, such as sewage sludge, as the electron donor/
carbon source for the biological sulphate reduction reaction,
the core unit operation in the technology. The location of the
treatment function in the hands of the public utility operator
relates to these organisations being in the long-term business
of sewering and treating large volumes of wastewaters on a
continuous daily basis, and for whom the co-disposal of sewage
sludges, and possibly other organic wastes, provides a potential
operational cost benefit.

While this research programme, funded primarily by the
South African Water Research Commission and the ERWAT
Water Care Company, ran over a period of some 15 years, and
has been widely published in journal papers, student theses,
research reports and conference proceedings, most of which
are available in the public domain, no attempt has yet been
made to review this initiative and present the details of the
AMD treatment outcomes in a readily accessible form. This
review thus commences with an overview of the origins of the
research programme and outlines fundamental studies under-
taken in the mechanisms underpinning the sulphidogenic
breakdown of complex carbon substrates and the mathemati-
cal modelling of sulphate-reducing anaerobic processes. This
led, in turn, to the process design and reactor configuration
studies on which the Rhodes BioSURE Process development
was based and then to piloting and full-scale plant construc-
tion and operation.
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capping the Facultative Pond and seeding
HRAP 1 with fresh biomass; 8 = Algal biomass
harvester (Rose et al., 2002).

BACKGROUND

Development of the Rhodes BioSURE Process commenced at
Rhodes University, Grahamstown, South Africa, in the early
1990s, with observations of enhanced degradation of complex
organic wastes in sulphate-reducing tannery ponds (Rose, 1992;
Boshoff et al., 1996; Rose et al., 1996; Dunn, 1998). Breakdown
of refractory substrates, such as collagen- and keratin-based
compounds, was found to be enhanced in the presence of active
sulphate reduction in these saline systems, and was associated
with the removal of heavy metal contaminants which were
precipitated as metal-sulphide complexes (Boshoff, 1999).

Dunn (1998) also investigated the growth and production
of microalgae in tannery ponds, including mainly Arthrospira
(Spirulina) and Dunaliella spp., and showed that photosyn-
thetic primary production contributed to the high rates of
sulphate reduction and energy flux observed within these eco-
systems. Boshoft et al. (2004a,b) showed, in bioprocess reactor
development studies, that both organic wastes from the tanning
operation, as well as algal growth in tannery wastewater ponds,
could be effectively used as electron donor/carbon sources to
fuel the sulphate reduction reaction. These studies led to the
development of a bioprocess for treating high-sulphate waste-
waters, such as AMD, in which an upflow anaerobic digester
reactor was located within earthwork ponds (Fig. 1) follow-
ing the Oswald design for Advanced Integrated Wastewater
Ponding Systems (Oswald, 1988). In the so-called ASPAM
Process (Integrated Algal Sulphate Reducing Ponding Process
for Acid Metal Wastewater Treatment), algal primary produc-
tion provided the electron donor/carbon source for sulphate
reduction. The alkaline, sulphide-enriched treated stream was
recycled to precipitate heavy metals and neutralise the incom-
ing AMD stream (Rose et al., 1998; 1999; 2002). Van Hille et
al. (1999a,b) have demonstrated the use of algal-based sulphate
reduction in metal removal operations in a number of other
industrial applications.

While the self-contained nature of these algal ponding-
based systems provided an attractive treatment option for
low-volume flows of sulphate/sulphide-enriched effluents,
by the mid-1990s modelling of the flooding and decanting
of AMD streams, following increasing mine closures in the
Witwatersrand basins, indicated that exceptionally large AMD
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The laboratory-scale Recycling Sludge Bed Reactor used in the study in
which influent particulate PSS was settled and recycled in simulation
of sedimentation and upwelling conditions observed in tannery ponds.
Supernatant liquid was discharged to the overflow. A = headspace,

B =top zone, C=bed, R =recycle loop. 1 and 2 = sampling ports.
The headspace was flooded with nitrogen gas to maintain anaerobic
conditions (Whittington-Jones, 2000).

volumes would soon require treatment (Scott, 1995). The
question addressed to the research programme at that time

was whether the biological systems investigated in the ASPAM
development would perform comparably with physico-chemi-
cal AMD treatment operations in the large-volume flow treat-
ment application. Apart from volume, cost and environmental
sustainability of treatment over the long timeframes anticipated
provided another of the principal questions to be addressed.
These requirements focused attention on the potential of pri-
mary sewage sludge (PSS) to provide the electron donor/carbon
source for sulphate reduction in the amounts required, and also
on the wastewater treatment utility operator as a suitable entity
to undertake the AMD treatment function.

Molepane (1999) and Molwantwa (2002) reported investi-
gations into the use of PSS as an electron donor/carbon source
in sulphate reduction reactions and Whittington-Jones (2000)
developed the Recycling Sludge Bed Reactor (RSBR) as an
experimental system for investigating PSS breakdown in a
configuration comparable to the process of sedimentation and
upwelling in which complex organic substrates were observed
to be degraded in tannery ponds (Fig. 2). With hydrolysis as the
rate-limiting step, he reported a 52% yield of hydrolysis product
from PSS in sulphate-reducing environments, an improvement
of approximately 20% compared to previously-published results
(Whittington-Jones et al. 2002).

In a number of fundamental enzymological studies, the
enhancement of enzyme activity within sulphate-reducing
PSS degrading systems has been reported by Whittington-
Jones (2000), Enongene (2003a), Whittington-Jones et al
(2006) and Watson et al. (2004). The effects of sulphate
reduction on the activity of particular enzymes was dem-
onstrated for carbohydrases (Whittington-Jones, 2000),
proteases and phosphatases (Whitely et al. 2002a), lipases
(Whitely et al., 2002b; 2003), sulphurylases (Pletschke et
al., 2002) and B-glucosidase (Whitely et al., 2002¢). Chauke
(2002) investigated the molecular microbial ecology of PSS
sulphate-reducing reactors and showed the presence of both
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Figure 3
Cross-sectional view of the pilot-scale Recycling Sludge Bed Reactor
showing the separation of soluble and suspended sewage fractions
from settleable solids. The compacting sludge bed was withdrawn
from the bottom of the reactor and recycled to blend again with the
influent feed where the newly hydrolysed fractions then passed
forward to the second stage of the treatment process (from Rose
etal., 2004).

hydrolytic and sulphate-reducing prokaryotes. These studies
appeared to provide a coherent theoretical account of how the
enhancement of hydrolysis reactions might operate in the PSS
sulphate-reducing environment.

DEVELOPMENT OF THE RHODES BIOSURE
PROCESS

Corbett (2001) and Whittington-Jones et al. (2002) reported
studies in which the RSBR concept was developed and scaled
up through 2 ¢, 10 €, 3 m*to 23 m?reactor configurations. In
these investigations, PSS particulates mixed with the influent
AMD stream were settled onto an expanded sludge bed with
the suspended and soluble PSS fractions passing forward to a
second-stage sulphate reduction operation (Fig. 3). Hydrolytic,
sulphidogenic and acidogenic anaerobic reaction conditions
prevailed in the RSBR. In a series of reactor depth profile
studies, Whittington-Jones et al. (2002) reported that enzyme
activity in the RSBR sludge bed increased with depth, from
2 100 nmol to 12 710 nmol substrate converted, that both the
filterable COD and suspended solids fractions rose towards the
bottom of the RSBR and that floc size decreased. They showed
that the effect of reduced floc size on the PSS hydrolysis reac-
tion rate was significant (P<0.001) and that shear and macera-
tion effects introduced by the recycle pumping action added
to the final fracturing of PSS flocs achieved. Sludge withdrawn
from the bottom of the RSBR was recycled to blend back into
the influent stream and with the newly degraded soluble and
suspended PSS solids then being available to pass forward to a
second-stage reactor.

In these studies a multi-compartment baffle reactor
(Fig. 4) was investigated in a second-stage unit operation in
which the soluble and suspended COD, derived from the
hydrolysis and fracturing of the PSS flocs in the RSBR, pro-
vided a readily available electron donor/carbon source for
the separate optimisation of the sulphate reduction reaction.
The sludge bed in the upflow chambers of the Baffle Reactor,
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provided for the immobilisation of generally poorly-adhering
sulphate-reducing prokaryotes (SRP), and also the entrapment
of particulate COD. Complete anaerobic digestion was reported
to dominate here with sulphate as the principal terminal elec-
tron acceptor. Control of the COD:sulphate ratio around 2:1
was found to be necessary to prevent a shift to methanogenic
conditions, with gas production then causing disruption of the
upflow sludge bed and washout of both the sludge bed and SRP
biocatalyst (Corbett, 2001).

These findings were incorporated in the scale-up design of
a pilot plant designed to treat 40 m*/day AMD. Figure 4 shows
the process flow path on which the subsequent scale-up stud-
ies of what came to be known as the Rhodes BioSURE Process
were based (Rose and Hart, 1999a,b; 2001).

In addition to options for the removal of heavy metals in
the AMD stream in the RSBR (Reactor 1) and the Baffle Reactor
(Reactor 2), the removal of sulphur, and thus linearising the
biological sulphur cycle, and the final polishing of the treated
effluent have been reported (Rose et al., 2004). The pilot plant
was constructed at the Grootvlei Gold Mine, in Springs on
the Eastern Witwatersrand, where a lime high-density sludge
(HDS) process was operated for metal removal from the 70-100
M¢/day AMD stream pumped from the mine. The neutralised,
metal-free, high-sulphate effluent from the HDS process was
used as the feed to the piloting operation (Corbett, 2001). The
use of ferric iron/lime sludge from the HDS process was used
for complexing sulphide generated in the biological sulphate
reduction operation and its removal by subsequent precipita-
tion as a metal sulphide complex (Enongene, 2003b). Sulphide
removal by its partial oxidation to S was also investigated
in the development of a floating sulphur biofilm unit opera-
tion and has been reported by Molwantwa et al. (2007) and
Molwantwa (2008).
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Figure 5
Photograph of the Rhodes BioSURE Process pilot plant under
construction at the No.3 Shaft, Grootvlei Gold Mine, Springs, Ekurhuleni,
Eastern Witwatersrand (from Rose et al., 2004)

Although this process has been scaled-up and evaluated
elsewhere in linearising sulphur removal from AMD in pas-
sive treatment operations (Mack et al., 2009; Van Hille et al.,
2011), it was not further applied in the studies reviewed here.
The option for final polishing of the treated mine water in algal
ponds, still available at many older sewage works, was also
investigated and the use of high-rate algal ponds was evaluated
in the pilot study (Corbett, 2001).

Figure 5 shows the pilot plant constructed at the No. 3
Shaft, Grootvlei Gold Mine, and operated for a period of 18
months. This plant was designed for the treatment of 40 m*/day
AMD with sulphate loads varying between 1 200 mg/€ and
2 000 mg/€, and averaging around 1 500 mg/€. PSS was supplied
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by the ERWAT Water Care Company from the nearby Ancor
sewage treatment works. The relationship between COD and
sulphate in the process feed, maintained by the blending of
sewage sludge and HDS-treated mine water, was shown to be
critical to process performance. The COD:sulphate ratio was
evaluated over a range from 0.5:1 to 4:1 and showed an opti-
mum at 2:1. In these studies the sulphate load was reduced to an
average of 225-300 mg/¢ over the period in which the plant was
operated (Rose et al., 2004).

TECHNICAL-SCALE PILOTING

The promising demonstration of sewage sludge as an elec-
tron donor/carbon source for sulphate removal from AMD
wastewaters, in the pilot plant study at the Grootvlei Gold
Mine, led to a decision to proceed to a technical-scale evalu-
ation of the process (Neba, 2006; Neba et al., 2007). The
construction of a plant sized to treat 1.6 M€/day was under-
taken at the nearby Ancor sewage treatment works. A 2.4 km
pipeline was constructed to supply pre-treated mine water
from the Grootvlei Gold Mine HDS plant to the Ancor site
where PSS supply was readily available for the study. Existing
Dortmund-type clarifiers were reconfigured as the reactor
vessels in these studies (Fig. 6).

An evaluation of a number of reactor operating configura-
tions was undertaken in preliminary scale-up studies using
the Dortmund tanks as reactors; Neba (2006) showed that
there was no obvious advantage in separating the hydrolysis
and sulphate reduction reactions in separate unit operations.
Laboratory studies confirming the successful operation of the
upflow anaerobic sludge bed (UASB) reactor configuration in
sewage-based sulphate reduction were reported by Neba et al.
(2007) and Ristow et al. (2009), and showed that the recycling
sludge bed (observed in the RSBR) and the upflow digester
operation (observed in the Baftle Reactor) could be conveni-
ently incorporated into a single reactor unit operation which
they termed the upflow RSBR (URSBR). The final reactor
configuration and process flow path used in the technical-scale
piloting studies is shown in Fig. 7.

Neba et al. (2007) reported a 418 day study of steady-state
reactor operation of the process in the single reactor configura-
tion, and a mean sulphate removal of 87% was demonstrated
for the mine water feed in which the average sulphate load
was 1 300 mg/¢ over this period. A COD:sulphate ratio of
2:1 was again found to provide the optimum feed rate to the
reactor, with levels below that resulting in feed-limiting con-
ditions. Above the 2:1 feed ratio the process tended towards
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Figure 6
Photograph of the
Dortmund tanks that were
converted into reactor
vessels in the technical-
scale plant constructed at
Ancor Works, Springs.
(A) reactor under
construction (B) completed
reactor sealed to prevent
escape of sulphide gas and
to maintain anaerobic
operating conditions (from
Rose et al., 2004)
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Figure7
Schematic illustration of a Dortmund-type tank reconfigured as
the reactor vessel in the technical-scale evaluation of the Rhodes
BioSURE Process. In this design both recycling sludge bed and upflow
operating configurations were incorporated into the same reactor
vessel (Neba, 2006)

methanogenic operation, with gas production causing disrup-
tion of the sludge bed. The divergence observed from a theo-
retical COD:sulphate ratio of 0.7:1 is likely due to the non-
biodegradable organic fraction in sewage sludges.

This study showed that, with careful regulation of the mine
water flow rate and the PSS dosing rate, sulphate could be reli-
ably removed to below 100 mg/¢ at hydraulic retention times as
low as 12 h.

KINETIC-BASED PROCESS MODELLING

Positive outcomes in the pilot and technical-scale studies on
the Rhodes BioSURE Process, and a decision to investigate
the development of a full-scale demonstration plant, led to

the research and development of a kinetic-based integrated
biological, physical and chemical process model for systems
utilising PSS as the feed source for sulphate reduction (Ristow,
1999; 2004; Ristow et al., 2002; 2004; 2009). Methanogenic,
acidogenic and sulphidogenic anaerobic digestion types were
compared at varying retention times, feed concentrations and
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al., 2009)

pH values. Completely mixed methanogenic anaerobic digest-
ers were operated at hydraulic retention times (= sludge reten-
tion time) from 5 to 60 d, with feed COD concentrations of 2,
9,13, 25 and 40 g COD/¢, at a controlled temperature of 35°C.
Acidogenic systems were operated under varying hydraulic
retention times (3.33; 10 d) and feed COD concentrations
(2-40 g COD/®), at a constant temperature of 35°C.
Sulphidogenic systems were operated at HRT varying from 6
to 47 days, sulphate concentrations from 1 to 9 g/ and feed
COD concentrations of 1-26 g/€.

Based on the results of these studies, Ristow et al. (2009)
reported that under the conditions in which the sulphate-
reducing experimental systems were operated (sulphide not
inhibitory), compared with the equivalent methanogenic sys-
tems, sulphate reduction was not found to influence the rate
of PSS hydrolysis. However, as for the methanogenic systems,
the presence of sulphate reduction significantly increased the
rate of PSS hydrolysis when compared with acidogenic condi-
tions (Fig. 8). This was a particularly important outcome of
this investigation given the in vitro enzymological studies
reported above in which sulphidogenesis was reported to
enhance PSS hydrolysis. While the reports of the enzymology
studies did not clearly specify whether their control systems
were subject to primarily acidogenic rather than methano-
genic conditions of operation, it is probable that this was the
case. Further work is required to reconcile these findings
and would be especially important where organic substrates
more refractory to degradation than PSS, such as tannery and
abattoir wastes, are used as electron donor/carbon sources
in the process, and where operating conditions more robust
than those normally required by methanogenic systems are
applied.
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Figure 9
Configuration and operating data for the Rhodes BioSURE pilot plant
reactor at Erwat Ancor sewage treatment works (from Ristow et al., 2009)

Ristow (1999) and Ristow et al. (2002) had undertaken the
mathematical modelling of the BioSURE pilot plant reactor
at Grootvlei Gold Mine using the AQUASIM computational
platform, and experience in modelling non-sulphate-reducing
anaerobic digestion processes, also using AQUASIM, was
reported by Van Rensburg et al. (2003) and Sétemann et al.
(2005a,b). Using this background, mathematical modelling
of PSS utilisation in the sulphate reduction process was mod-
elled using both the AQUASIM and the WEST computational
platforms and this joint research effort by the University of
Cape Town Civil Engineering Department and the University
of KwaZulu-Natal Pollution Research Group has been detailed
by Ristow et al. (2009).

The WEST model was then adapted to represent the upflow
reactor configuration, with retention and recycling of the
sludge bed, as used in the technical-scale studies at the Ancor
sewage treatment works. The process operating data used in
the WEST modelling exercise are summarised in Fig. 9 (from
Ristow et al., 2009).

The configuration diagram used in the WEST modelling
study is shown in Fig. 10 and results for the simulated relation-
ship between sulphate removal and COD utilisation are shown
in Fig. 11. These results conformed quite closely to operational
experience acquired in the technical-scale plant, and the WEST
model was able to predict the COD load at which methano-
genesis would commence under specific operating conditions.
Reducing the COD:sulphate ratio needed to take into account
the effect on sulphate reduction throughput achieved in the
process and again the model was useful in predicting the opti-
mum cut-off for setting the feed ratio under practical operating
conditions. In addition to aiding the design, operation and
control of the biological sulphate reduction unit process, the
WEST model also provided a research and process evaluation
tool targeting the optimisation of the system’s performance
(Ristow et al., 2009).
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Figure 11
Simulated sulphate removal and COD utilisation ratios for varying sludge
feed rates as simulated by the WEST computational programme (from
Ristow et al., 2009)
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FULL-SCALE PROCESS OPERATION

Based on the positive results achieved in the technical-scale
study in the URSBR, and with a degree of confidence in the
availability of the WEST model as a process evaluation tool,

a full-scale plant was designed to treat 10 M€/d of mine water
from the Grootvlei Gold Mine (Neba et al., 2007; Joubert et al.,
2012)

In the pilot and technical-scale studies only the perfor-
mance of the sulphate reduction reactor (URSBR), which forms
the core unit operation of the Rhodes BioSURE Process, was
investigated. The requirement for the removal of metals from
the AMD stream had been addressed in these investigations
with the use of the ready supply of HDS treated waters from the
Grootvlei Gold Mine. However, for full-scale application of the
process a requirement remained for the removal of sulphide
from the treated mine water stream in order to linearise opera-
tion of the biological sulphur cycle.

In the HDS process, ferrous iron is oxidised with the
precipitation of a ferric hydroxide sludge. Polymers are added
to aid flocculation and in the HDS operation at the Grootvlei
Gold Mine this sludge had been disposed to a slimes dam.
Enongene (2003b) and Joubert et al. (2012) investigated the use
of this sludge for the removal of sulphides with the formation of
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BioSURE Process full-scale 10
M¢&/day plant constructed at the
ERWAT Ancor sewage treatment
works (from Joubert et al., 2012)

into river

a precipitable metal sulphide complex. This contains a complex
mixture of metal sulphides, with FeS, predominating and Fe,S,
formed over time. The demonstration and development of
successful sulphide removal, based on a metal sulphide pre-
cipitation unit operation, enabled the final configuration of the
process design for the full-scale implementation of the Rhodes
BioSURE Process as outlined in Fig. 12 (from Joubert et al.,
2012).

Construction of the full-scale plant (Fig. 13) commenced
with the installation of two 2.5 km pipelines from the Grootvlei
Gold Mine HDS plant to the ERWAT Ancor sewage treat-
ment works. These provided for the pumping of 10 M¢/day
HDS treated AMD and, in a separate pipeline, 2 M¢/day of
the iron hydroxide sludge. From the collection sump PSS was
blended with the HDS treated mine water before being fed into
8 upflow sludge blanket reactors with external sludge recycle
(URSBRs). Undigested sewage sludge from the Ancor sew-
age treatment works, containing PSS and humus sludge, was
used as the electron donor/carbon source for the operation of
the biological sulphate reduction reaction. The process was
designed to remove sulphate to levels below 250 mg/¢€, with the
removal of more than 12 t/day of sulphate required. Sewage
sludge was utilised at a rate of 0.85 mg biodegradable COD/mg
sulphate reduced and, to ensure that a carbon feed of consistent
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concentration was applied, desludging of reactors was auto-
mated using a programmable logic controller (PLC) linked to
actuated valves on each reactor (Joubert et al., 2012).

The sulphide-rich effluent from the reactors was collected in
a covered sump, from where it was pumped to reactor-clarifiers
for iron sulphide precipitation using the iron hydroxide sludge
pumped from the HDS plant. The hydrogen sulphide in solu-
tion reacted with the iron slurry to form ferric sulphide which
settled in the clarifier, and from where it was discharged to
drying beds. A polyacrylamide solution was added to improve
flocculation and settling in the reactor-clarifiers. The treated
effluent was pumped to the biofilters of the existing sewage
plant to remove any residual organic material and ammonia
nitrogen, before being discharged. Lime was added to the
waste biological sludge to reduce odour emissions before being
applied to land (Joubert et al., 2012).

PROCESS SUSTAINABILITY AND CONCLUSIONS

Neba (2006) investigated factors influencing technology deci-
sion making relating to sustainable development needs in
AMD management, and developed a decision support tool for
assisting this process. The positioning of the Rhodes BioSURE
Process with respect to environmental, technical, financial
and social sustainability audit criteria has been summarised by
Neba et al. (2007) as follows:

Environmental sustainability requirements addressed in
the AMD treatment operation include the removal of sulphate
salinity in large-volume AMD treatment applications and co-
disposal of PSS. The benefits relate principally to environmental
health of aquatic systems and water supply in an extremely
water-scarce area. Potential problems include effective final
disposal for the metal/sulphide complex wastes generated in
the treatment operation. Sulphide gas generated in the process
is potentially hazardous and needs careful monitoring and
control.

Long-term technical sustainability is available by utilising
well-understood water treatment technical infrastructure and
placing the treatment function in the hands of the public utility
operator. The availability of sewage sludge presents a potential
constraint to the implementation of the process where 850
kg biodegradable COD is required per ton sulphate removed.
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Figure 13
Photograph of the full-scale
Rhodes BioSURE Process
plant showing sealed upflow
Recycling Sludge Bed Reactor
modules, sulphide removal
unit operation, mine water
feed tanks, clarifiers and mine
water balancing tank in the
background (Neba et al., 2007)

Where mine waters are generated close to large conurbations,
such as is the case in the Witwatersrand area, large volumes

of PSS will be available. However, where the volumes of AMD
requiring treatment exceed PSS availability, or where PSS is not
available, additional sources of complex organic carbon wastes
may be required. In this regard algal biomass, tannery, abattoir
and dairy wastes have been successfully evaluated (Boshoff et
al., 2004a,b; Van Hille et al., 1999a,b; Joubert et al., 2012).

Financial sustainability relates to cost-benefit calcula-
tions, including the charge raised to the treatment function,
the value of treated water and the cost saving in sewage sludge
co-disposal. Processing of other sources of organic wastes
offers another area of potential value recovery against costs of
disposal to landfill. Provisional cost-benefit estimates in the
comparison of the Rhodes BioSURE Process with other com-
petitive processes were undertaken by Van der Merwe and Lea
(2003), and, although favourable, have not yet been reported in
the public domain for the full-scale process operation.

Social sustainability requirements relate to, among other
issues, reduced economic activity, joblessness and impover-
ishment following mine closure. Kumalo (2005) reported an
applied anthropology study on the potential of irrigated urban
agricultural projects to relieve poverty in informal settlement
communities. An interdisciplinary study on the use of treated
AMD in high-value crop irrigated agriculture for job creation
was reported by Rose et al. (2009).
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