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Abstract

Acid mine drainage pollution may be associated with large water volume flows and exceptionally long periods
of time over which the drainage may require treatment. While the use and role of sulphate reducing bacteria has
been demonstrated in active treatment systems for acid mine drainage remediation, reactor size requirement and
the cost and availability of the carbon and electron donor source are factors which constrain process development.
Little attention has focussed on the use of waste stabilisation ponding processes for acid mine drainage treatment.
Wastewater ponding is a mature technology for the treatment of large water volumes and its use as a basis for
appropriate reactor design for acid mine drainage treatment is described including high rates of sulphate reduction
and the precipitation of metal sulphides. Together with the co-disposal of organic wastes, algal biomass is generated
as an independent carbon source for SRB production. Treatment of tannery effluent in a custom-designed high rate
algal ponding process, and its use as a carbon source in the generation and precipitation of metal sulphides, has been
demonstrated through piloting to the implementation of a full-scale process.The treatment of both mine drainage
and zinc refinery wastewaters are reported. A complementary role for microalgal production in the generation
of alkalinity and bioadsorptive removal of metals has been utilised and an Integrated ‘Algal Sulphate Reducing
Ponding Process for the Treatment of Acidic and Metal Wastewaters’ (ASPAM) has been described.

Introduction

Pollution of surface waters with acid mine drainage
(AMD) follows geochemical trauma induced by min-
ing operations and the resulting impact on the en-
vironment of ferric oxide ‘Yellow Boy’ precipitates
has been known at least since Roman times (Wilde-
man et al. 1991). The biological and physico-chemical
processes giving rise to pyrite oxidation, acid forma-
tion and heavy metal solubilisation have been well de-
scribed and are comprehensively reviewed elsewhere
(Andrews 1989; Silver 1989; Kuenen & Robertson
1992; Pronk & Johnson 1992; Robb 1994; Johnson
1995 ).

Biological approaches to AMD treatment have
been reviewed by Kuenen & Robertson (1992); Gadd
& White (1993); Barton (1995) and Johnson (1995)

and applications of the sulphate reducing bacteria
(SRB) have been of particular interest, given their role
in the generation of insoluble metal sulphides and the
neutralising effect of the sulphate reducing reaction
(Barton & Tomei 1995). The biology of these organ-
isms has been the subject of comprehensive treatment
by Postgate (1984), Widdel & Hansen (1992), Odom
& Singleton (1993) and Barton (1995).

The use of wetlands for the treatment of AMD is
a, so-called, passive technology which has developed
rapidly in recent years (Johnson 1995; Robinson &
Robb 1995; Van Zyl 1996; Younger et al. 1997) and
provides a low operational cost approach to long-term
management of the problem. Drawbacks include the
large surface area requirement for higher AMD flows
and concerns relating to the diffuse spread and long
term stability of the metals deposited.
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Active biological AMD treatment systems rely in
the main on high SRB bioreactor growth rates and
the precipitation of metal sulphides. Numerous SRB
reactor design studies have been reported including
anaerobic filters (De Walle et al. 1979; Chian & De
Walle 1983), mixed reactors (Maree & Hill 1989),
packed bed anaerobic bioreactors (Riviera 1983; Ma-
ree et al. 1987) fluidised bed systems (Umita et al.
1988; van Houten et al. 1994), sequencing batch reac-
tors (Herrera et al. 1991), the upflow anaerobic sludge
bed (Buisman et al. 1989; Barnes et al. 1991) and
the baffle reactor (Grobicki & Stuckey 1992). Scaled-
up applications of active AMD treatment technologies
have been limited but the successful operation of a
SRB process effecting a geohydrological containment
function at the Budelco zinc refinery, The Netherlands,
has been reported (Scheeren et al. 1993).

Notwithstanding the type of biological AMD
process technology used, the singular factors con-
straining the biological treatment approach are the
reactor configuration used, the cost of construction
and the availability and cost of the carbon source and
electron donor for the microbial reduction processes.
Among the complex biota which establishes in wet-
lands plantings ofSphagnum sp., Typha latifoliaand
Phragmites australishave been used and may pro-
vide a carbon source to the system of up to 40
ton·ha−1·yr−1 (Wieder 1993). Among many other car-
bon sources which have been evaluated for active SRB
production are sewage sludge (Butlin et al. 1956;
Pipes 1960; Burgess & Wood 1961; Conradie & Grutz
1973), animal waste slurries (Ueki et al. 1988); straw,
hay and lucerne (Bechard et al. 1993); lactate and
cheese whey (Olezkiewicz & Hilton 1986; Herrera
et al. 1991) molasses (Maree & Hill 1989), ethanol
and methanol (Postgate 1984; Braun & Stolp 1985;
Swezyk & Pfenning 1987) and producer gas (Du Preez
et al. 1992; van Houten et al. 1994).

Boshoff et al. (1996) have investigated the anaer-
obic fermentation of waste-grown microalgal biomass
produced in waste stabilisation ponds and the linked
production of sulphide by SRB.

Early suggestions for engineering algal removal
systems include the description of meanders treating
AMD in which algal growth occurs together with ben-
thic flora and other vegetation (Gale & Wixson 1979;
Jennet et al. 1979; Mann & Fyfe 1988). Filip et
al. (1979) have reported metal removal by sand fil-
ter immobilised algae and Brady et al. (1994) have
described a membrane immobilization process for re-
moving metals by filtration. Immobilisation of algal

biosorbants has been commercialised as a silica bead
preparation marketed as AlgaSORBTM (Greene &
Bedell 1990).

Integration of algal and SRB processes

While waste stabilisation pond (WSP) technology has
been developed over the past 40 years for a wide range
of wastewater treatment applications (Mara & Do
Monte 1987; Mara et al. 1996) little attention has ap-
parently focussed on the use of these systems for AMD
remediation. Successful operation of WSP involves
the large-scale application of algal photosynthesis, and
the role of SRB in the anaerobic compartments of
these systems has been reported (de Pauw & Salam-
oni 1991). Principal advantages of using the WSP as
a basic design concept around which to develop AMD
treatment processes are that:

• the linkage between the treatment of large volumes
of wastewaters and mass algal production has been
firmly established as a mature and widely utilised
operational technology (Mara et al. 1996);
• the earthwork pond provides a reactor at least an

order of magnitude less costly to construct than
steel-reinforced vessels (Oswald 1995);
• renewable algal biomass as a potential carbon

source for SRB may be reliably produced in large
amounts (up to 50 tons.ha−1.yr−1 ) in separately
optimised high rate systems (Oswald 1988);
• the ability of algal biomass to adsorb heavy met-

als and thereby reducing metal concentrations to
residuals in the ppb range has been demonstrated
and commercialised (Wilde & Benneman 1993);
• anaerobic ponds may support high levels of SRB

activity (Pescod 1996).

This study reports the development of an Integrated
Algal Sulphate Reducing Ponding Process for Acidic
and Metal Wastewater Treatment (ASPAM) utilising
the basic reactor design approach proposed by Os-
wald (1991) for the operation of Integrated Wastewater
Ponding Systems. The investigation was based on a
development of high rate algal ponding for the treat-
ment of tannery wastewaters (Rose et al. 1996), and
previous preliminary reports of algal biomass used
in metal bioremediation, and as a carbon source for
sulphate reduction (Boshoff et al. 1996; van Hille &
Duncan 1996). Figures 1 and 11 illustrate the fully
configured process which, in its simplest form, may
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involve the settling of metal sulphide sludges in the
anaerobic compartment of a facultative pond treating
some source of organic waste material in a co-disposal
function. In addition to providing algal biomass as an
independent carbon source, and the final polishing of
metals from the waste stream, the algal high rate pond
may also be used to provide control of sulphide release
with the recycle of an oxygen-rich cap to the surface of
the facultative pond. We have found that this basic ap-
proach may be expanded to achieve a potentially high
level of control in the pre-settlement of heavy metal
loads from large wastewater flows.

Materials and methods

Sulphates and sulphides were analysed according to
Standard Methods (APHA 1985). Chemical oxygen
demand (COD) was analysed using a Merck Spec-
troquant Kit. Chlorophyll a. (chl.a) was extracted
into 100% acetone and quantified according to Licht-
enhaler (1987). Borosilicate glassware was used in
the metal binding experiments and the metal solu-
tions were prepared using distilled water. Metals were
analysed on a GBC 909AA Atomic Absorption Spec-
trophotometer linked to a GBC integrator. Total or-
ganic carbon (TOC) was analysed using a Dohrmann
180 Total Organic Carbon Analyser.

Metal binding and removal studies were performed
in 250ml Erhlenmeyer flasks. Metal removal was
controlled against pure metal solution precipitation
at the same pH and at the various metal concentra-
tions tested. Reported results represent the difference
between control and experimental readings. A ten
hour settling period was allowed for removal of metal
precipitate.

An eight litre upflow anaerobic reactor was fed
media with the following composition (g·l−1): NH4Cl
0.5; K2HPO4 1.0; mgSO4·7H2O 0.2; CaCl2·2H2O
0.1; FeSO4·7H2O 0.1; Na2SO4 0.5. DriedSpirulina
sp.was used as the organic substrate. The reactor was
seeded with sludge from a methanogenic reactor treat-
ing raw sewage. Gas production was monitored as well
as sulphate reduction between inlet and overflow ports.

The Spirulina sp. culture for the metal binding
studies was isolated from a tannery WSP, grown and
maintained in Zarouk’s media (Zarouk 1966) at a con-
stant temperature of 28◦C under cold white light with
a light/dark cycle of 18:6 hours. Cells were harvested
by filtration through a GF/C filter or a nylon mesh with
a pore size of 50 microns.

Figure 1. Flow diagram of the principal unit operations involvedin
the algal sulphate reducing high rate ponding process. The fully
integrated model is described in Figure 11. The effluent may pass
directly to the anaerobic compartment or alternatively through the
high rate algal pond 2 pretreatment step 4.

Metal binding to Spirulina was measured in a
culture harvested and resuspended in either Zarouk’s
media or water. The cultures were placed on a shaker
at 60 rpm and metal of varying concentrations added.
Samples were removed at time intervals and filtered
through a 0.45 micron nylon membrane filter. The fil-
ter was digested with 200µl concentrated HNO3 and
analysed for metals as described above.

Results and discussion

Tannery effluent

The use of tannery effluent as a source of waste or-
ganic matter to provide the carbon and electron donor
for the sulphate removal and sulphide production unit
operations of the process was investigated. In addition
to its high organic load, tannery effluent also contains
high levels of sulphate. Tannery wastewater treatment
plants are a rich source of adapted SRB, making the
system a useful research model for the study of SRB
sulphide production processes.

A 1.5 m3 upflow anaerobic reactor was operated
at a tannery producing automotive upholstery leather.
The reactor was fed a stream of the tannery’s mixed
effluent drawn prior to treatment and mixed with a sul-
phate solution to produce a final concentration around
2000 mg·l−1 SO4 and a COD:SO4 <0.5. This mixture
would simulate the flow, in Figure 1, of a metal-
sulphate solution entering directly to the anaerobic
compartment of the facultative pond. An hydraulic
retention time (HRT) of 3 days was sustained in the
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Figure 2. Sulphate reduction in an upflow anaerobic digester fed
tannery effluent blended with a synthetic mine water solution.
Open square = inlet sulphate concentration; closed square = outlet
sulphate concentration;line = % sulphate removal.

reactor for the 60 day duration of the experiment and
no methane production was observed. Figure 2 shows
the start-up period of this study, the achievement of an
optimum sulphate reduction in the reactor around 80%
and a conversion rate of over 500mg SO4·l−1 reactor
volume·day−1. Figure 3 reports the blending of reactor
overflow liquor with a synthetic mine water solution to
effect metal sulphide precipitation (2000 mg·l−1 SO4;
200 mg·l−1Fe; final pH 7.2) and shows the removal of
iron at levels about 8 times anticipated stoichiometric
removal (as monosulphide).

Metal removal from two zinc refinery waste
streams utilising tannery-fed sulphate reducing di-
gester liquor was also evaluated and Figure 4 reports
total metal removed from a wastewater pond and from
a slimes dam seepage sump collection on the site. Zinc
recovery levels of 2640 mg·l−1 and 438 mg·l−1 were
recorded in each case indicating the relatively large
amounts of metals which can be removed using this
approach.

High rate pond technology for the treatment of tan-
nery wastewater was scaled up at a tannery in Welling-
ton, South Africa, with the construction of a 20 Ml
facultative pond reactor followed by a 2500 m2HRAP
supporting a near monoculture of the cyanobacterium
Spirulina sp. (Rose et al. 1996). Steps 1 and 2 in
Figure 1 indicate the flow path of the tannery efflu-
ent fed directly to the facultative pond. The COD and
sulphate/sulphide removal function of the system are
reported in Table 1 which shows nearly 100% sul-
phate reduction in the anaerobic compartment, and

Figure 3. Iron removal from a synthetic mine water solution with
the addition of a sulphide-rich tannery effluent-fed anaerobic sul-
phate reducing reactor overflow liquor. Cross = total sulphide; open
circle = dissolved sulphide before addition of iron; closed circle =
dissolved sulphide after addition of iron; triangle = anticipated sto-
chiometric metal removal; diamond = total metal removal obtained
during the experiment.

Figure 4. Percentage removal of metals from zinc refinery eastewa-
ter pond and slimes dam seep effluents using sulphide-rich overflow
liquor from a tannery-fed sulphate reducing digester. Closed column
= pond effluent (Zn 6000 mg·l−1; Cu 97.8 mg·l−1; Cd 14 mg·l−1);
striped column = seep effluent (Zn 996 mg·l−1; Cu 28.6 mg·l−1; Cd
4.7 mg·l−1).

a 92% reoxidation of sulphide produced in the aero-
bic facultative zone, which caps the facultative pond,
thereby controlling sulphide emissions, followed by
nearly 100% final oxidation in the HRAP. An oxy-
pause was established at a depth of 0.5 m from the
surface of the facultative pond. An 84% reduction in
COD load was achieved across the system. The metal
removal function of the system was monitored and
Table 2 shows the influent metal load from the tan-
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Table 1. Performance of an operating scale 20Ml facultative and 2500 m2 high rate algal pond (HRAP)
system treating tannery effluent showing sulphate reduction, sulphide oxidation and COD removal in
the various stages of the process.

Tannery Facultative pond Facultative pond HRAP

effluent anaerobic compartment aerobic cap

Sulphate as SO4
2− (mg·l−1) 975 <1 989 809

Sulphide as Na2S (mg·l−1) 285 1100 76.5 0.1

COD (mg·l−1) 2474 1216 1216 394

Table 2. Heavy metal removal from tannery effluent by sulphide precipitation in the anaerobic compartment of a 20 Ml
facultative pond feeding a 2500 m2 high rate algal pond. Removal efficiency is measured by subsequent heavy metal
adsorption by algal biomass in the HRAP shown before and after the commissioning of the sulphide producing anaerobic
unit operation in the flow path. Percentage total metal removal includes both biomass adsorption and metal sulphide
precipitation.

Biomass metal concentration before Biomass metal concentration after Total metal removed (%)

sulphide treatment (mg·Kg−1) sulphide treatment (mg·Kg−1)

Cadmium 5.96 < 1 > 99.9

Chromium 25.8 < 1 > 99.9

Cobalt 22.4 3.3 85

Iron 2012 795 60

Lead 219 2.3 99

Nickel 49.2 17.5 64

Zinc 218.5 22.5 90

ning operation adsorbed by the microalgal biomass in
the HRAP before and after commissioning the anaer-
obic sulphate reducing stage of the operation. The
metal reduction of final treated water to< 1mg·l−1,
achieved by the joint action of sulphide precipitation
followed by biomass adsorption, provides a demon-
stration of the AMD polishing quality which may be
anticipated in the ASPAM system. A 90% COD re-
moval was recorded and methane formed 19% of free
gas produced by the system. At an operating pH of
8.3 no free sulphide release was detected above the
pond surface. Figure 5 reports the results of an in-
vestigation of the sulphide tolerance of theSpirulina
sp. culture which established in the HRAP described
above. It was found, in a series of sealed flask stud-
ies (headspace flushed with nitrogen gas to exclude
oxygen), that after an initial adaptation, growth was
sustained even at the daily addition to the culture of a
300 mg·l−1 sodium sulphide. The complete oxidation
of the sulphide load by microalgal activity provides an
indication of the efficiency that can be expected from
the capping of the facultative pond with the HRAP
recycle liquor.

Figure 5. Effect of sulphide addition to aSpirulina culture. Open
circle = sodium sulphide daily feed to the culture pH9, closed circle
= residual dissolved sulphide in the growth medium, open square
= chlorophyll a. concentration in sulphide fed culture medium,
closed square = chlorophyll a. concentration control culture without
sulphide feed.
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Table 3. Metal removal capacity of an anaerobic sulphate reducing digester overflow liquor from a digester fed
a slurry ofSpirulina as sole carbon and electron donor source. Results are reported as percentage metal ion
removed over a concentration range 500 to 3000 mg·l−1 and standard deviations are reported in brackets.

Metal 500 mg·l−1 1000 mg·l−1 1500 mg·l−1 2000 mg·l−1 2500 mg·l−1 3000 mg·l−1

Cu 79.2 (± 9.0) 77.4(± 19.0) 66.3 (± 14) 46.4 (± 4) 50.6 (± 15.8) 51.1 (± 8.6)

Zn 88.0 (± 13) 67.9(± 6.2) 38.9 (± 16) 32.6 (± 16) 38.0 (± 23) 36.7 (± 19)

Fe 100 51.0(± 17.0) 41.3 (± 58) 61.0 (± 4.9) 57.1 (± 4) 60.3 (± 6.7)

Figure 6. Sulphate removal in an upflow digester fed different con-
centrations of algal biomass as the sole carbon source for sulphate
reducing bacteria. Results reflect the mean of three analyses. Trian-
gle = 4 g·l−1 algal biomass; square = 8 g·l−1 algal biomass; open
circle = 10 g·l−1 algal biomass.

Currently the ASPAM system using primary
sewage sludge to feed an integrated sulphate reducing
high rate ponding process for the treatment of both
AMD and a zinc refinery wastewater is under evalua-
tion by the authors. While the tannery ponding system
reported here was designed to treat an effluent load of
0.5 Ml·day−1, ponding systems are operated at daily
loading rates well over 200 Ml·day−1 (Lawtry et al.
1995).

Algal biomass

The use ofSpirulina sp. biomass produced in the
above system was investigated as a carbon source for
sulphate reduction. The objective was to utilise the
rapidly biodegradable fraction for sulphide production
and to rettin in solution the more slowly degraded cell
structural components to be utilised for the subsequent
metal adsorption unit operation (see Figure 11). Bio-
mass was harvested from the operating-scale HRAP
described above, dried, resuspended in tap water and

fed to an 8l upflow anaerobic digester with an HRT
of 1 day. After reactor stabilisation on the algal feed
the slurry was fed in a synthetic sulphate effluent con-
taining 800 mg·l−1 SO4, and at algal concentrations
of 4, 8 and 10g·l−1for 40 days in each case. Figure 6
shows percentage sulphate removal over 20 days of
stable operation for each feed rate with an average
COD removal of approximately 25%, and a COD:SO4
conversion efficiency for the utilised component of the
4g feed of 1.4:1. No methane production was observed
over the study period. Metal uptake capacity of the re-
actor overflow was measured for Cu, Zn and Fe over a
concentration range of 500 to 3000 mg·l−1. Results of
this study are reported in Table 3. which indicates that
total metal removal levels are substantially higher than
anticipated stoichiometric metal sulphide formation,
which, in this study, would account for only about 5%
of total metal ions removed. Metal binding to whole
algal cells and cellular fragments has been well estab-
lished and Crist et al. (1988) have identified a number
of the chemical groups involved.

While current results indicate that the potential
metal binding capacity of the SRB-digested algal bio-
mass may be enhanced by passing through the di-
gester, further work is being undertaken to characterise
the nature, and to quantify the possible process signif-
icance, of this step. More complete digestion of algal
biomass will, of course, occur at HRT longer than
one day. Algal biomass production within the ponding
process offers a degree of independence from external
supply of carbon sources.

Alkalisation

The use of alkalinity produced by algal photosynthe-
sis in the precipitation and recovery of heavy metals
has not been widely reported. Our study has shown
that in the ASPAM system the recycle of alkalinity
(both hydroxide and carbonate) from the HRAP, and
possibly also from the anaerobic compartment, could
play an important role in achieving the successful pre-
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Figure 7. Re-alkalisation rate of aSpirulina culture where pH has
been reduced to 3, 4 and 5 respectively. Triangle = pH5; square =
pH4; circle =pH3.

Figure 8. Response of aSpirulina culture to a continuous load-
ing regime of AMD at 10% reactor volume·day−1. Closed square
= algal concentration of cultures ged 10% AMD·day1; open
square = algal concentration of control cultures fed 10% growth
medium·day−1; closed circle = pH of algal culture fed 1-%
AMD ·day−1; open circle = pH of AMD without algae.

cipitation of certain mixtures of heavy metals (van
Hille et al. 1997). Formation and precipitation of metal
sulphide/carbonate/hydroxide mixtures has been re-
viewed by Peterr et al. (1985), and would play an
important role in reducing the major fraction of the
metal load in the incoming AMD, prior to passing
to the anaerobic compartment, and to HRAP1 (see
Figure 11).

Figure 9. Cumulative removal of heavy metal component in a
Spirulina culture under continuous loading of AMD at a rate of
10%·day−1 tota; volume. Cross = Fe; square = Zn; open circle =
Pb; diamond = Cu.

Figure 10. Metal removal capacity of extracellular metal complex-
ing compounds released to the growth medium by liveSpirulina
cells. Open square = 1000 mg·l−1 Cu solution; closed square = 100
mg·l−1 Cu solution; open circle = 1000 mg·L−1 Fe3+ solution;
closed circle = 100 mg·l−1 Fe3+ solution.

The ability of Spirulina cultures to rapidly re-
alkalise their aquatic environment, following acidifica-
tion with AMD, is illustrated in Figure 7 for a biomass
loading of 3µg·ml−1 chlorophyll a. In practice a con-
tinuous loading regime would be established to ensure
a stable and elevated operating pH. Figure 8 shows the
survival of aSpirulinaculture (1µg·ml−1 Chl a) to-
gether with its ability to sustain alkalinity production
under a continuous loading regime with 10% AMD
addition·day−1 ( pH 2 and metal concentration in
mg·l−1 Fe=95; Cu=1.08; Zn=2.2; Pb=1.52). Figure 9
shows the metal removal efficiency in this reactor for
the different components of the partly treated AMD
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Figure 11. Flow diagram of the integrated unit operations of the sulphate reducing high rate algal ponding process ASPAM for the treatment
of acid and metal pollution in mine drainage water. 1 = Facultative pond with anaerobic campartment; 2 = High Rate Algal Pond 1; 3 = Algal
Biomass harvester; 4 = High Rate Algal Pond 2; 5 = Pretreatment mixer, 6 = gas stripping operation.

feed. The chlorophyll a level decline compared to con-
trol cultures, indicates stress conditions in this reactor
and low growth rates which have, in turn, been shown
to lead to increased production of extracellular metal
complexing compounds by this organism (reported in
the following section). Both sustained alkalinity pro-
duction as an AMD neutralising step, together with
an additional metal sequestering function, would play
an important role in assisting a pre-treatment pre-
cipitation operation (HRAP 2, Figure 1) where the
bulk of the incoming metal load may be recovered
prior to entering the anaerobic compartment of the
facultative ponds. PoorSpirulina production in this
unit indicates the requirement for continuous biomass
production under optimum conditions in a separate
reactor – HRAP 1. This may also serve as the final
polishing step for water leaving the system.

Metal complexing compounds

It is likely that the production of extracellular metal
complexing compounds in the form of capsular
polysaccharides, peptidoglycan and other fragments
released from living algal cells plays some role as
metal bioadsorbants in the metal removal functions
noted above. Metal removal contributed by this frac-
tion was estimated by measuring the metal binding
capacity of the cell- free fraction of aSpirulina cul-
ture. The extracellular fraction was measured as total

organic carbon (TOC). Figure 10 reports percentage
metal removal, at three pH values in the acid to neu-
tral range, in the growth medium fraction from which
the cells were removed by filtration through a GF/C
glass fibre filter. The results show that the separable
pre-digested extracellular fraction could account for
between 20–40% of metal removal in the range eval-
uated and that this process operates best under acidic
conditions. We have found production of this fraction
to be linked to light stress with TOC yield increasing
from 2.17 mg·l−1 to 44.39 mg·l−1 as light intensity
was increased from 130 to 1000µmoles·m−2·sec−1.
Both high light and metal stresses may be manipulated
in HRAP 2 to maximise production of the extracellular
metal complexing fraction.

Optimisation of the extracellular metal complex-
ing fraction is under further study in a pilot plant
evaluation of continuous AMD loading regimes.

Integrated ASPAM system

Given the wide range of potential circumstances and
applications required for the treatment of AMD or
other heavy metal-containing wastewater streams, the
ASPAM system would require operation in a number
of possible formats. Figure 11 describes the integra-
tion of unit operations including the separate neutral-
isation and precipitation of metals in the incoming
flow prior to its reaching the anaerobic compartment
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of the facultative pond. This step provides for the
contained recovery of the major fraction of metal pre-
cipitates, thus facilitating their disposal or downstream
processing.

Where high levels of sulphide production are
achieved it is anticipated that this component could
be recovered by gas stripping and passed to the pre-
treatment precipitation step 5 (Figure 11). Applica-
tions of sulphide gas stripping to SRB systems have
been reported by Du Preez & Maree (1994). Carbon
dioxide recovery in the stripping operation, and its re-
cycle to HRAP 1, will be important in sustaining the
high algal growth rates required. Preliminary work on
this aspect of the process has been undertaken but is
not reported here.

Recovery of sulphide and alkaline/metal complex-
ing streams in the ASPAM process, which are then fed
to a pre-treatment metal precipitation unit operation,
offers the potential for the fine control of the selective
precipitation of metal sulphide/carbonate/hydroxide
complexes. This would enable the partial separation
and refinement of incoming components suggesting
the use of the process in the remediation of a range
of metal waste streams in addition to AMD.

Conclusion

While the mechanisms underlying the role and use of
SRB in AMD remediation have been the subject of
considerable study, are quite well understood and have
been applied with some success in wetland systems,
further progress in process development of the active
treatment approach are constrained by reactor size and
cost, and the availability and cost of the carbon source,
especially in the case of large water volume flows.
The study reported here has attempted to demonstrate
the utility of the waste stabilisation ponding process,
providing an established reactor technology for the
treatment of large water volumes, and the feasibility
of linking co-disposal of organic waste streams with
AMD treatment.

Tannery effluent provides a useful model for the
evaluation of the co-disposal function. The application
of anaerobic sulphide production in this medium, to
the precipitation and removal of metal sulphides from
mine and zinc refinery wastewaters, was demonstrated
at both laboratory and pilot scale. Our development
and operationalisation of a full-scale high rate ponding
system receiving metal-contaminated tannery effluent
enabled the demonstration of the anaerobic compart-

ment within a facultative pond as an effective sulphate
reducing reactor for both COD reduction and the effi-
cient removal of heavy metal contaminants. We also
showed that the HRAP not only serves as a final
metal polishing step but may contribute to primary
treatment of AMD by both neutralisation and adsorp-
tion functions. The release of extracellular complexing
compounds by microalgae and their role in metal
binding was also shown. Algal biomass generated in
the process provides a degree of independence from
the supply of external carbon sources and its use in
sulphide generation by SRB was demonstrated.

An integration of various components of the pond-
ing approach to AMD treatment, which were investi-
gated here, was proposed in the Algal Sulphate Reduc-
ing Ponding Process for Acidic and Metal Wastewater
Treatment (ASPAM). The metal recovery and sepa-
ration potential of the integrated system was noted.
While the core unit operations of the proposed process,
the facultative pond and the HRAP, have been demon-
strated to full-scale, other components are currently
under pilot-study evaluation together with the use of
sewage as an alternative carbon source.
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