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needs to be treated before it can be re-used or discharged in receiving water
bodies due to the low pH, high salinity and high sulphate concentrations of the water. Several treatment
methods are currently applied including chemical treatment (e.g. neutralisation of the low pH waters),
physical treatment (e.g. reverse osmosis) and biological treatment to reduce the high sulphate concentration.
When treating AMD biologically, sulphate reducing bacteria (SRB) reduce sulphate to sulphide, provided that
a suitable and cost effective carbon and energy source is present. In the present study mine water was
remediated biologically, using the degradation products of grass-cellulose, as carbon and energy sources for
the sulphate reducing bacteria. A laboratory scale one stage anaerobic bioreactor (20 L volume) containing
grass cuttings and biomass consisting of rumen fluid microorganisms and immobilized SRB, was initially fed
with synthetic sulphate rich water and later with diluted AMD. The results indicated an average of 86%
sulphate removal efficiency when feeding synthetic sulphate rich feed water to the reactor. When feeding
diluted AMD, the highest sulphate removal efficiency was 78%. The sulphate removal was dependant on
Chemical Oxygen Demand (COD) concentrations in the reactor. Increased COD concentrations were obtained
when fresh grass was added to the reactor on a regular basis. Metal removal, especially iron, was observed
due to the metal sulphide precipitates formed during biological sulphate removal.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
South Africa's economy is heavily dependant on the coal mining
industry, since 77% of SA's energy is supplied by coal. Both the mining
and the burning of coal generate polluted water and air which impacts
negatively on the environment. When coal is burned, greenhouse
gases (CO2 and CH4) are emitted, affecting global warming. Not only
coal mining, but also gold and platinum mining, produce high
volumes of acidic and sometimes saline AMD. One of the major gold
mines in South Africa produced AMDwith a sulphate concentration of
ca.4 g/L, while the pH varied between 2.6 and 4.2 (Hobbs and Cobbing,
2007). The sulphate concentration in a platinum mine effluent was
typically found to be 2 g/L at neutral pH of 7.4 (Maree and Strydom,
1983). Several treatment methods have been developed, e.g. neu-
tralisation of the low pH waters using lime or limestone (Maree et al.,
2003) physical treatment, such as reverse osmosis (Günther, 2006)
and biological treatment to reduce the high sulphate concentration
(Greben et al., 2000a,b). The major disadvantage of applying biological
processes for the treatment of sulphate and acid rich effluents is the
l rights reserved.
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operational costs associated with the supply of a suitable carbon and
energy source, such as ethanol (De Smul et al., 1997). Cheaper
alternatives, namely the use of the fermentation products of organic
waste have been shown to be suitable as electron donors (Coetser
et al., 2000; Rose, 2000; Dill et al., 2001). When cellulose is fermented
in the anaerobic degradation process, volatile fatty acids (VFA), carbon
dioxide (CO2), hydrogen (H2), and ultimately methane (CH4) are
produced. This process involves cellulose utilizing microorganisms,
typically present in environments such as the intestines of ruminants
(Lynd et al., 2002). These herbivorous mammals possess a special
organ, the rumen, within which the digestion of cellulose and other
plant polysaccharides occurs through the activity of special microbial
communities (Barnes and Keller, 2003). The rumen is inhabited by
between 1010–1011 bacteria and 106 protozoa per mL of rumen fluid
(Hungate, 1966). The microorganisms in the rumen live in symbiotic
relationships that facilitate fibre digestion. It was, therefore, hypothe-
sized that anaerobic degradation of plant material might be executed
more efficiently using the microbial population present in the rumen
(Lee et al., 2000). Recent work published by Sonakya et al. (2003)
demonstrated this concept with the use of digested cattle feed for the
production of VFA from grass cuttings. SRB on their part utilize H2,
propionate and butyrate for sulphate reduction, oxidizing these fatty
acids completely to CO2 or to acetate (Harmsen, 1996; Oude Elferink,
1998; Greben and Baloyi, 2004).
phate rich mine effluents using grass cuttings and rumen fluid
1.004

mailto:hgreben@csir.co.za
http://dx.doi.org/10.1016/j.gexplo.2008.01.004
http://www.sciencedirect.com/science/journal/03756742
http://dx.doi.org/10.1016/j.gexplo.2008.01.004


Table 1
Experimental periods during Phase 1 when feeding synthetic feed water

Period (days)

1 (13–31) 2 (32–45) 3 (46–61) 4 (62–78)

Feed rate 5 L/d; grass addition 150 g/period.
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In this study the sulphate removal efficiency of a one stage reactor,
treating synthetic feed water and pre-treated mine effluent was
investigated when the fermentation products of grass cuttings
combined with rumen fluid were used as the electron donors for
the biological sulphate removal technology.

2. Methods

2.1. Feed water

Initially, artificial feed water (SO4
2− concentration of 2.5 g/L, using

MgSO4, Crest Chemicals, Johannesburg). No macro nutrients (nitrate
and phosphate)were added as these compoundswere released during
the degradation of grass cuttings. Micro nutrients (0.15% Fe, 0.024%
Mn, 0.024% B, 0.005% Zn, 0.002% Cu and 0.001% Mowere made up in a
stock solution (1 g/5 L) of which 1 ml/L was added to the feed water
(Hydroponic nutrient powder, Kompel, Chemicult). During the second
phase of the experiment, pre-treated AMD (AMD originating from a
coal mine, Witbank, South Africa) was used as feed water for the
reactor system. The water had a SO4 concentration of ≈2500 mg/L.
Since the pH of the AMD was 2.5 and metal concentrations was (total
iron: 76 mg/L, Mn: 9 mg/L 3, Zn: 4 mg/L and Mg: 77 mg/L; Pb and Cu
wereb1 mg/L), the AMD was pre-treated with the alkalinity and
sulphide rich effluent of the biological reactor in a 1:1 ratio (Greben
et al., 2000a, 2003), thus increasing the pH and precipitating the
metals as metal sulphides. Pre-treatment to remove the metals is an
advantage since Cu, Ni, Zn stimulate the methanogenic bacteria that
could use the available COD, for which the SRB then have to compete
(Greben and Maree, 2005).

2.2. Carbon and energy source

Grass cuttings were used as the source of cellulose, of which the
formed fermentation products served as the carbon and energy
sources. Kikuyu grass (Pennisetum clandestinum) cuttings were used,
which were obtained from the CSIR, Pretoria Garden Service. After
cutting, the grass cuttings were collected and kept at 4 °C. The size of
the grass cuttings was between 1 and 2 cm. The weight of the grass
refers to air dried grass (dry weight). Kikuyu grass is a low growing,
deep-rooted perennial with stolons and rhizomes, and forms a dense
turf, which is very resistant to heavy grazing (Partridge, 2003). When
the grass is degraded by cellulose fermenting organisms, nutrients,
e.g. nitrate and phosphate are released. Generally, the average nitrate
(NO3

−N) concentration in the reactor was measured at ca. 20 mg/L,
while the phosphate (PO4–P) concentration averaged 25 mg/L in the
grass degrading reactors.
Fig. 1. Schematic overview of one stage reactor system.
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2.3. Reactor system and biomass

A one stage anaerobic reactor system, (20 L volume) was operated
at 37–39 °C (Fig. 1). The bottom part of the reactor contained SRB
which adhered to ceramic rings as immobilisation media for SRB
biofilm formation. The SRB biomass was obtained from a biological
sulphate removing demonstration plant (Witbank, South Africa) and
the 250 mL inoculum had a volatile suspended solids (VSS)
concentration of 9.6 g/ L. The top part of the reactor received 1000 g
grass cuttings at the start of the study, which were replenished on
days 13, 32, 46 and 62 with 150 g of grass. Rumen fluid (250mL, VSS of
10.6 g/L) obtained from fistulated ruminants (University of Pretoria,
South Africa) were mixed with the grass cuttings prior to adding the
“grass cuttings–rumen fluid mixture” to the top of the reactor (day 1).

2.4. Experimental

The reactor was operated in continuous mode. The reactor tempe-
rature was maintained at 37–39 °C, using a water jacket surrounding
the reactor, which was connected to a waterbath set at the required
temperature. The feed water entered at the top of the reactor (Fig. 1),
while the effluent left the reactor at the bottom. The recycle stream
(360 L/d) was installed within the fermentation part of the reactor for
improved mixing. The feed rate was 5 L/d when synthetic feed water
was used while it was increased to 15 L/d and 30 L/d, respectively,
when feeding pre-treated AMD. These feed rates resulted in Hydraulic
Retention Times (HRT) of 96, 32 and 16 h, respectively. During Phase 1
when the reactor received synthetic feedwater, fresh grass (150 g) was
added to the reactor on days 13, 32, 46 and 62, resulting in four
experimental periods, during which periods the sulphate reduction
could be compared. When feeding diluted mine water (Phase 2), grass
cuttings were added according to the following pattern: 25 g on day 2,
100 gondays 6,12 and34 and1000 gonday 27. Fromday 41–60, 20 gof
grass were added daily and from day 61–78, the addition of grass was
increased to 40 g/d. There were three experimental periods during
Phase 2: d 1–37, d 41–49 and d 50–78. During the last period the feed
rate was the highest at 30 L/d. The increased addition of grass to the
reactor coincided with the increased feed rates, to provide a high
enough COD concentration for sustained sulphate reduction. Both
experimental phases (feeding synthetic feed water and pre-treated
mine water) lasted 78 days and are summarized in Tables 1 and 2.

2.5. Sampling

The monitoring of the reactor system started 14 days after
initiation of the study. Daily samples (weekends excluded) were
taken from the effluent sampling point (Fig. 1) during the different
experimental periods. The results of the daily samples are shown as
Figs. 2–4, while the data presented in Tables 1–5 reflect the average
values of the results of the daily samples.
Table 2
Experimental periods during Phase 2 when feeding pre-treated mine water

Parameter Period (days)

1 (1–37) 2 (41–49) 3 (50–78)

Feed rate L/d 15 15 30
Grass addition 100 g days 6, 12, 34 20 g/d 20 g/d till day 60

1000 g on day 27 40 g/d from d61–78

phate rich mine effluents using grass cuttings and rumen fluid
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Fig. 2. The effluent SO4 concentration during Phase 1 (HRT: 96 h).

Fig. 3. The effluent COD concentration during Phase 1 (HRT: 96 h).
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2.6. Analytical methods

Determinations of sulphate, COD, pH, mixed liquor suspended solids
(MLSS) and VSS were carried out according to standard analytical
procedures as described in Standard Methods (APHA, 1985). With the
exception of theMLSS, VSS and sulphide, all analyseswere carried out on
filtered samples (Whatman #1). The COD samples were pre-treated to
eliminate the sulphide contribution to the COD concentration. All VFA
analyses were done using a gas chromatograph (Hewlett Packard. HP
5890 Series II) equipped with a flame ionisation detector (FID). The
column used was a HP-FFAP, 15 m×0.53 nm, 1 μm. The GC/FID
programme can be summarized as follows: initial oven temperature
30 °C, for 2 min, temperature programmed to increase thereafter from
80 °C to 200 °C at 25 °C/min, with temperature hold for 1 min at 200 °C,
FID temperature240 °C. The carrier gas (N2)flowratewas set at1ml/min.

3. Results and discussion

3.1. Sulphate removal during Phase 1 when feeding synthetic feed water

The chemical compositions of the feedwater and effluent are given
in Table 3. The data indicate that 1984, 2517, 2335 and 2295 mg/L
Table 3
Chemical composition of the feed water and effluent in the reactor during Phase 1 when
feeding synthetic feed water

Parameter Feed water Effluent

Period 1
COD 1724
pH 7.15 7.23
SO4 2367 383
S2− 386
Redox −173

Period 2
COD 1965
pH 7.20 7.26
SO4 2761 244
S2− 522
Redox −174

Period 3
COD 1519
pH 7.30 7.45
SO4 2650 315
S2− 446
Redox −171

Period 4
COD 1276
pH 7.33 7.46
SO4 2895 600
S2− 467
Redox −154

Please cite this article as: Greben, H.A. et al. Bioremediation of sul
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sulphate was removed during Periods 1–4, respectively, which
resulted in sulphate removal rates of 2.04, 2.52, 2.33 and 2.29 g/L
and in 10, 13, 12 and 12 gSO4/d, respectively (due to feed rate of 5 L/d)
(Table 4). These results indicated that the sulphate removal during
Phase 1 was comparable during the four periods and that the total
sulphate removed during Periods 2, 3 and 4 were similar at 176, 175
and 172 g over periods of 14 to 15 days. The higher total sulphate
removal of 194 g in the first period can be ascribed to a longer period
of 19 days. The sulphate removal efficiency in the reactor during the
four periods was 84, 91, 88 and 80%, respectively. The obtained results
of the four periods showed no significant difference, indicating that
the reactor performance was stable and that an average of 86%
sulphate removal efficiency over a period of 78 days was achieved.

3.2. VFA utilisation during Phase 1

The data in Table 5 indicated that propionic- and butyric acids were
utilised for the biological sulphate reduction in the reactor, producing
acetate.Whenpropionate andbutyrate areoxidisedduring thebiological
sulphate removal, acetate is produced, according to Eqs. (1) and (2).

Propionate− þ 3=4SO2−
4 →Acetate− þ HCO−

3 þ 3=4HS− þ 1=4Hþ ð1Þ

Butyrate− þ 1=2SO2−
4 →2Acetate− þ 1=2HS− þ 1=2Hþ ð2Þ

During period 1, the (average) acetate concentrationwas 649mg/L,
which decreased to 449 mg/L in period 2, to 88 mg/L and to 27mg/L in
periods 3 and 4, respectively. These results may indicate that less
butyric and propionic acids were produced and utilised, therefore less
acetate was produced or that due to the low concentration of butyric
and propionic acids, the acetic acid was utilised for sulphate reduction
in the reactor, especially during Periods 3 and 4. Utilisation of residual
acetate is remarkable as acetate is usually the rate limiting step during
biological sulphate reduction (Lens et al., 1998; Vallero et al., 2003).

3.3. COD concentration during Phase 1

Table 3 showed that the residual COD concentrations in the
effluent of the reactor during the first phase, varied from 1724 to 1965
to 1519 and to 1276 mg/L, respectively. The highest residual COD
Table 4
The sulphate removing data in the reactor during Phase 1, when feeding synthetic feed
water

Sulphate removal (units) Period

1 2 3 4

SO4 removal (g/L) 2.04 2.52 2.33 2.29
SO4 removal (g/d) 10.21 12.58 11.67 11.49
Total SO4 removed during period 1 (g) 194 176 175 172
SO4 removal (%) 84 91 88 80
Total SO4 (g) removed over each period 435 245 223 190
1 g grass removed g SO4 1.6 1.5 1.3
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Fig. 4. The effluent SO4 concentration during Phase 2 (HRT: 32 and 16 h). Fig. 5. The effluent COD concentration during Phase 2 (HRT: 32 and 16 h).

Table 6
The chemical composition of the effluent during Phase 2when feeding pre-treated AMD

Parameter Period 1 (d 1–37) Period 2 (d 41–49) Period 3 (d 50–78)

Feed rate (L/d) 15 15 30
pH Feed water (value) 6.58 7.19 7.12
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concentrations corresponded with the highest sulphate removal. The
residual COD is non-degradable COD (e.g. lignin), since most VFAwere
utilised, except for small concentrations of acetate (Table 5).

3.4. Sulphate removal during Phase 2 when feeding diluted AMD

The chemical compositions of the feed water and effluent of the
reactor during the three experimental periods are presented in
Table 6. Stable sulphate reduction was obtained during Period 2,
when the feed rate was 15 L/d and 20 g/d grass was added over a
period of 8 days. During this total period 160 g grass was added while
205 g sulphatewas removed. These results indicated that 1 g grasswas
utilized to remove 1.34 g sulphate. During Period 1, the average
sulphate reduction was 1472 mg/L, while this was 1708 mg/L during
Period 2 and 1284 mg/L during Period 3, which resulted in sulphate
removal rates of 22, 26 and 38.5 g/d. The higher sulphate removal rate
in Period 3 can be ascribed to the faster feeding rate. Increased
alkalinity and sulphide concentrations were observed as well as a
decrease in the redox potential, the preferred reactor conditions for
optimal sulphate reduction and COD/VFA utilization. Sustained
sulphate reduction was obtained when grass cuttings were added to
the reactor regularly as source of carbon and energy. These results
show that a potential waste product could be used beneficially in
water treatment technologies (Sonakya et al., 2001). Rose (2000)
showed that diluted primary sludge can be used for sulphate removal
from mine water. These studies re-emphasize that waste utilisation
reduces waste pollution.

3.5. COD concentration during Phase 2

The COD concentration in the reactor was dependant on the
addition of grass cuttings and on the activity of the cellulose degrading
microbes (rumen microorganisms). It can be observed from Table 6
that the residual COD concentration in the effluent of the reactor
during Period 3 was 480 mg/L, while the residual sulphate
concentration was 1068 mg/L, which resulted in a COD/SO4 ratio of
0.45, which is too low to maintain sulphate reduction. The theoretical
feed COD/SO4 ratio is 0.67, however, in that case all COD would be
required for the biological sulphate removal. The reactor COD/SO4
Table 5
VFA profile in the reactor during Phase 1 when feeding synthetic feed water

VFA Period

1 2 3 4

Acetate 649 449 88 27
Propionate 16 3 0 2
Butyrate 3 1 0 0
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ratio should ideally be approximately 1, to sustain sulphate reduction
as well as cell growth (Rinzema and Lettinga, 1988).

3.6. COD/SO4 ratios at different HRT feeding synthetic feed water and
pre-treated AMD

Figs. 2 and 3 show the sulphate and the COD concentrations,
respectively, in the effluent when the reactor was fed with synthetic
feed water at a HRTof 96 h. The graphs show the relationship between
the COD and the SO4 concentrations. When the COD concentration in
the effluent is N1000 mg/L, the SO4 concentration in the effluent is
b500 mg/L, as indicated by the horizontal bar in Figs. 2 and 3.

When feedingpre-treatedAMDduringPhase 2 at aHRTof initially 32
and later 16 h (Figs. 4 and 5), it can be noted that the COD concentration
in the effluentwasmainly b1000mg/L,while the SO4 concentrationwas
N500 mg/L in the reactor-effluent (indicated by horizontal bars). Thus
the lower COD concentration resulted in a poor sulphate reduction. The
lower COD concentration canpossibly be ascribed to the faster feed rate,
thus lowerHRT,which resulted in a higher SO4 load to the reactor,which
subsequently required a higher COD concentration, to reduce the
increased SO4 load. The obtained results indicated that when the feed
rate and thus the SO4 load increased, either the cut grass additions were
too low or alternatively the microbes could not degrade the grass fast
enough to supplyan increasedVFAconcentration to sustain the sulphate
removal. The high COD concentration observed (Fig. 5) was the result of
adding 1000 g grass on day 27.

3.7. Metal removal

The feed water (comprising diluted AMD) for the reactor during
Phase 2 contained metals in different concentrations (Table 7). Samples
were taken weekly and the data show the average values of the results
pH effluent (value) 7.68 7.65 7.42
SO4 Feed water (mg/L) 2489 2183 2352
SO4 effluent (mg/L) 1017 475 1068
SO4 removal rate (g/d) 22 26 38.5
COD effluent (mg/L) 922 757 480
Alk Feed water (mg/L) 189 518 328
Alk effluent (mg/L) 1709 2208 1543
S2− effluent (mg/L) 396 504 355
S2−/SO4 ratio 0.27 0.30 0.28
Redox potential (mV) −175 −192 −183
VSS in effluent (mg/L) 68 50 46

phate rich mine effluents using grass cuttings and rumen fluid
1.004

http://dx.doi.org/10.1016/j.gexplo.2008.01.004


Table 7
Metal removal (mg/L) in the reactor when feeding pre-treated AMD

Metal AMD Pre-treated AMD Treated water after SO4 removal

Aluminium 122 11 b0.07
Copper 0.75 b0.04 b0.04
Iron 76 2.2 0.22
Lead 0.25 b0.07 b0.07
Manganese 9.3 6.8 3.8
Zinc 1.7 b0.07 b0.07
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obtained. To remove the metals prior to feeding AMD to the reactor, the
AMD was pre-treated with the effluent from the reactor. This effluent
contained sulphide in concentrations of: 396, 504 and 355 mg/L,
respectively, during the different experimental periods (Table 6). The
data in Table 7 showed the metal concentration in AMD, in the pre-
treated AMD aswell in the treatedwater after sulphate reduction. It can
be observed that most metals were already removed during the pre-
treatmentwith the sulphide rich effluent and that those not completely
removed during the pre-treatment were precipitated during the
biological sulphate removal process. All metal concentrations were
b0.10 mg/L in the treated water, except for iron and manganese.

3.8. Comparison with other technologies

The technology as described in this study was compared to other
biological sulphate removal processes in South Africa. The Rhodes
BioSure Plant (10ML/day), which operates on primary sewage sludge
as the carbon and energy source (Rose, 2000) was commissioned
recently at Grootvlei Gold Mine, South Africa (Joubert, 2005).
Although this approach is an elegant biological sulphate removal
technology, it has to be taken into account that not many mines are
close enough to sewage treatment works to make this technology
generally feasible. Furthermore, not enough sewage sludge is available
to treat the heavily polluted mine effluents, whereas sufficient grass
can be grown in the vicinity of mining operations, using the treated
minewater for irrigation. Grass can also be collected from households,
since in South Africa the garden waste is not collected separately and
in most cases ends up in landfills. A second biological pilot plant in
South Africa is in operation at a coal mine (Anglo Navigation colliery,
Witbank) treating 3 ML/d of AMD, with a sulphate concentration of
2.5 g/L. This plant uses waste ethanol as the carbon and energy source,
making it more cost effective than using technical grade ethanol.

When comparing the biological sulphate removal technologies to
the chemical sulphate reduction process, in which the mine water is
neutralised either with lime or limestone or a combination of the two,
the sulphate concentration can only be reduced to ≈1500 mg/L. This is
determined by the solubility of gypsum (CaSO4 ·2H2O). After thewater
is neutralised, the biological sulphate removal technology can form a
second stage as an integrated technology.

4. Conclusions

The results of this study showed that the fermentation products of
cut grass could serve as the carbon and energy source for continuous
biological sulphate removal, resulting in a sustained sulphate
reduction removal efficiency of 84, 91, 88 and 80%, respectively,
during the four experimental periods of Phase 1, feeding synthetic
feed water and adding 150 g cut grass per two weeks. The VFA
produced, mainly in the form of propionate and butyrate, were used
for the biological sulphate removing process, producing acetate.When
feeding pre-treated AMD during Phase 2 at a feed rate of 15 L/d, 205 g
sulphate was removed over a period of 8 days, showing that 1 g grass
cuttings can potentially remove 1.3 g sulphate. The highest sulphate
removal rate (38.5 g SO4/d) was obtained during Period 3, of Phase 2
when feeding pre-treated AMD at a feed rate 30 L/d. When the feed
Please cite this article as: Greben, H.A. et al. Bioremediation of sul
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rate was increased and when the grass allocation stayed the same, a
lower sulphate removal was observed, indicating the direct relation-
ship between the grass addition, the COD concentration, the sulphate
removal and the HRT. The results indicated that when the sulphate
load increased due to a faster feed rate, the addition of grass cuttings
should increase as well. Alternatively, it was hypothesized that the
fermentation of the grass may require a longer HRT.

The outcomes of the studies presented here have great potential
for mine water treatment since grass cuttings are easily available
during the summermonths, while during the drier winter months (for
the South African scenario) the grass can be irrigated with partially
treated mine water. Future investigations relating to decreasing the
operating temperature from mesophilic to ambient temperature need
to be conducted to make the technology more attractive to the mining
environment. Furthermore, research will be conducted to adapt the
rumen inoculums to the conditions in the reactors system with the
aim to cultivate cellulose degrading consortia.
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