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Abstract

Passive treatment technology has been used successfully worldwide for treatment of
contaminated mine water, but its applicability in South Africa is limited. To help under-
stand it’s applicability in the South Africa’s context, a pilot plant consisting of integrated
anaerobic and aerobic units, was operated in Carolina, Mpumalanga. The main objec-
tive was to raise pH levels and remove the contaminants. An overall removal rate of at
least 90% was achieved for contaminants such as Fe, Al, Zn, Ni. Overall sulphate was
removed up to 30%, with no Mn removal. Deterioration of treated water was due to
sludge clogging and depletion of treatment materials. Future investigations will focus
on characterisation of organic and alkaline substrates.
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Introduction

Passive treatments uses natural, chemical and
biological processes and requires regular but
low maintenance, it is relatively low in capital
and operational cost, and can provide long-
term water management and treatment based
on potential for lower overall costs (Hedin et
al., 1994; Younger et al., 2002; Wolkersdorfer,
2008). This technology offers justification of
raising pH, lowering acidity, reducing toxic
metal concentration, sulphate concentration
and salinity. Passive treatment is used as a
long-term sustainable solution in many parts
of the world and it has been globally success-

ful in United State of America, United King-
dom, Germany and France (Hedin and Nairn,
1992; Kleinmann and Hedin, 1993; Hedin et
al., 1994; Wolkersdorfer, 2008). However, in
South Africa there are still knowledge gaps
in terms of passive treatment applications for
remediation of AMD. Witkrantz discharge
point has high volume of water with an esti-
mated average flow rate of 30 L/min (fig. 1a)
and an oxidation pond was constructed as
water controlled dam to reduce Fe concentra-
tion (fig. 1b). Over 76 samples were collected
and characterised showing low pH of 3 to 3.5,
elevated metals and sulfate concentrations.
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(b)

Figure 1 (a) AMD discharging from Witkranz coal mine (b) AMD pond adjacent to the Witkranz discharge

(Photographs by Obed Novhe).

A pilot passive treatment plant was con-
structed to treat 1440 L of contaminated
mine water discharging from abandoned
Witkrantz coal mine and operated for 15
months (Novhe et al., 2016). The treated wa-
ter was discharged to the nearby stream and
eventually to Boesmanspruit dam. The study
area is located on the farm Witkrantz 53 IT,
portion 11 in Mpumalanga Province approxi-
mately +60 km from the town of Ermelo. The
area forms part of Ermelo Coalfield and all
seams occur within Vryheid Formation of
Ecca Group, Karoo Supergroup. The purpose
of this study is to determine the overall metal
removal rates from integrated passive treat-
ment system at Witkrantz discharge.

Methodology
Experimental design

The system consisted of two Reducing and Al-
kalinity Producing System (RAPS), an oxida-
tion pond and cascading trench. As indicated
by Novhe et al., (2016), the RAPS consisted
of 1.5 t limestone (85% of CaCO,) at the bot-
tom of 1000 L tank, 0.3 t of organic substrates
(cow and chicken manure, sewage sludge and
powdered limestone) above the limestone
and for vertical flow of water a layer of 0.3 m
was maintained. Slightly steep and shallow
cascading trench consisted coarse limestone
was also constructed for further Fe removal.

Water sampling and analysis

Water samples were collected in pre-cleaned
and pre-contaminated 100mL and 200mL
polyethylene bottles. For anions and cations,
filters of 0.45pm were used to remove par-
ticulates from suspension. Samples for major

and trace cations were preserved using the
2M of Nitric Acid (HNO,) and kept at a tem-
perature of below 6°C prior chemical analy-
sis. ICP-MS and IC technique was used to
analyse the samples. On-site parameters such
as pH, temperature, dissolved oxygen, redox
and electrical conductivity were conducted
with the aid of WTW 3430 Digital Multime-
ter. Hach DR 1900 meter was used to mea-
sure alkalinity, aluminium, manganese and
iron concentrations. Bucket and stopwatch
method was used to measure the flow rate.

Removal rates or loads

Concentration difference between two sam-
pling points was calculated using a formula
developed by (Wieder 1993) to determine the
removal rates. The average load removal (AL,
L/d) was determined by subtracting effluent
loads from influent loads, dividing by influ-
ent load and multiplying by 100%.

AL% = (L, - L )/L, *100% (eq. 1)

Where: AL% is the average load removal
expressed in %, Linf is the influent load ex-
pressed in L/d and Left is the effluent load
expressed in L/d. Results were analysed and
presented in multiple variables scatterplots
using Statistica software.

Results

Table 1 summarises water quality of the in-
fluent and effluents from the anaerobic and
oxidizing units, as mean and standard de-
viation (SD). The contaminants (Fe, Al, Zn,
Ni and SO,) removal rates are presented
against pH and time in Fig 2, 3, 4 and 5 for
RAPS1, RAP2, Oxidation Pond and Cascad-
ing Trench, respectively.
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Table 1. Water quality of the influent and effluents from the anaerobic and oxidizing units.

Influent RAPS1 RAPS2 Oxidation Pond Cascading Trench
Parameter Mean sD Mean sD Mean SD Mean sD Mean SD
pH values 33 03 6.2 0.6 6.2 0.6 6.4 0.8 7.1 0.7
Ec (mS/cm) 2.1 0.1 2.1 0.1 2.1 0.1 1.8 1.0 1.9 0.9
Fe (mg/L) 225.7 53.6 181.8 43.1 181.8 43.1 80.1 64.9 157 27.1
Mn(mg/L) 29.9 87 325 49 325 49 313 9.0 28.0 121
Al (mg/L) 28.2 6.8 2.1 5.8 2.1 5.8 0.4 1.0 0.1 0.2
Ni (mg/L) 2.1 13 1.1 12 1.1 1.2 0.5 0.8 0.0 0.1
Zn(mg/L) 3.0 43 04 0.6 0.4 0.6 0.2 04 0.1 0.2

SO, (mg/L) 1098.4 177.8 1041.2 2514 1041.2 2514 9715 237.3 971.5 237.3

The role of alkalinity on pH

Many authors reported cases of successfully
treating AMD using bioreactors (Gusek et
al. 1999; Reisinger et al. 2000; Reisman et al.
2003; Kuyucak et al. 2006). Bioreactors are
responsible for generating alkalinity and rais-
ing pH levels using SRB. The role of alkalinity
is to neutralise acidity in the AMD by disso-
lution. As reported by Novhe et al,, (2016),
RAPS 1 and 2 consisted at least 85% of CaCO,
and 0.3 t of organic substrates which includ-
ed chicken and cow manure, and powdered
limestone. This enabled rapid generation of
alkalinity, especially in the first few months.
From November 2014 to April 2015, alka-
linity averaged at 150 mg/L to 230 mg/L in
RAPS 1 and 2 respectively. This increased
the pH from the influent of 3.5 to 6 (RAPS 1)
and 6.5 (RAPS2) (fig 2 & 3). Further alkalin-
ity generation was observed in the cascading
trench averaged at 300 mg/L. Consequently,
pH was recorded to be 7.5 at the effluent (fig
5). Alkalinity decreased with time through-
out the system. A sudden decrease in alka-
linity could be due to clogging and depletion
of materials. However, alkalinity maintained
its integrity at 100 mg/L despite exhaustion of
materials from May to August 2015.

Overall metal removal rates

There was substantial removal of contami-
nants > 90% throughout the system except for
Mn. This could be due alkalinity generation
from SRB and limestone dissolution which
increased pH near neutral. Targeted contam-
inants includes: Fe, Al, Mn, Zn, Ni, Cd, Pd,
Co, Cu and As. (Sheoran et al. 2010) reported
that Fe forms iron sulphides and carbonates
when pH is near neutral and in reducing

conditions, and at pH >3.5 iron oxi(hydroxi)-
des are formed (Gilbert et al. 2005). ICP-MS
and IC results showed a decrease of Fe con-
centration from 300 mg/L (inlet) to 0 mg/L
(effluent) over time. Removal of Fe ranged
from 15% to 70% from RAPS 1 and RAPS
2 respectively (fig 3 & 4). The low removal
rate of 15% in RAPS 1 could be attributed to
slow rate of H2S generation from microbial
activities. Over time, Fe was further removed
at 80% and 100% in the oxidation pond and
the cascading trench respectively (fig 4 & 5).
Generation of alkalinity by SRB reduced the
concentration of metals and therefore pre-
cipitating them as metal sulphide.

With an increase of pH near neutral, Al
was able to precipitate as AI(OH); i.e. gibbsite
and removed at 93% and 100% in RAPS 1 and
2 respectively (fig 2 & 3). There was a sudden
decrease in Al removal rate in RAPS 1; how-
ever, the other units maintained the removal
rate of 100%. Zn, and Ni were removed below
detection limit (fig 2 & 3). Their removal in
the system was due to microbial sulphate re-
duction (as metal sulphides) and co-precipi-
tation with Fe and Al (oxy)hydroxides, (Gil-
bert et al., 2005). There was a sudden drop in
April 2015 from RAPSI, however, the other
units continued to remove contaminants (Zn,
Ni and Al) at 100%. Other metals such Cd,
Pb, Co, Cu and metalloid As showed similar
trends and were also removed below detec-
tion limit. The non-removal of Mn was prob-
ably due to the presence of Fe in the oxidation
pond and cascading trench. (Thomas and Ro-
manek, 2002) documented that a high pH is
required for Mn to precipitate and Fe must
have been completely removed in the system.
(Strumm and Morgan, 1996) revealed that in
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AMD the oxidation of Mn is slow; however
it can be stimulated by bacteria and catalysis
by surfaces.

Effects of sulfate reduction on metal removal

The overall removal of sulphate in the system
was 30% (fig 2 & 3). Sulfate reduction in this
system was mainly due to microbial activities
in RAPS 1 and 2 (anaerobic units). Accord-
ing to Sheoran et al. (2010) processes respon-
sible for removing metals include adsorption,
co-precipitation, biosorption and filtration.
The success of this is determined by a reli-
able carbon source and a conducive environ-
ment for SO, reduction for microbial activity.
Carbon source reduce sulphate to hydrogen
sulphide which reacts with dissolved metals
to form metal sulphide. In addition, materials
should have enough pores to promote perme-
ability. Locally, available treatment materials
are preferred as they are readily available and
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Figure 2 Contaminants removal rates against pH in
the RAPSI.
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Figure 4 Contaminants removal rates against pH in
the oxidation pond.

inexpensive. The 30% sulphate reduction re-
corded in the first few months decreased with
time as treatment materials get depleted and
the system experienced clogging.

Conclusions

Generation of alkalinity by both SRB and
limestone dissolution increased the median
pH throughout the system from as low as 3 to
an average of 7.5. The overall metal removal
rate in the system was greater than 90% ex-
cluding Mn. The performance for this pilot
plant has been adequate in generating alka-
linity and removing contaminants such as Fe,
Al, As, Zn, Cd, Co, Pb, Ni at 100% and below
detection limit. Furthermore, there was sub-
stantial SO, removal rate of 30%. However,
Mn was not removed as a pH of at least 9 and
high oxidation rate are required. Microbial
sulfate reduction which releases hydrogen
sulphide contributed to removal of metals.
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Figure 3 Contaminants removal rates against pH in
the RAPS2.
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Figure 5 Contaminants removal rates against pH in
the Cascading Trench.
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For instance, the gradual decrease in Fe con-
centration from anaerobic units was due to
microbial sulfate reduction which releases
hydrogen sulphide and it further precipitates
as hydroxides from oxidation pond and cas-
cading trench. Depletion of treatment ma-
terials and clogging due to sludge (built-up)
contributed to removal rate of metals being
constant.

Recommendations

It is of paramount importance to select suitable
organic materials to adsorb metals and en-
courage optimum microbial SRB. To prevent
clogging and armouring from Al and Fe hy-
droxides, accumulated precipitates need to be
flushed. Because Mn oxidation is slower than
Fe oxidation, it is recommended that Fe must
be removed completely before treating Mn.. To
select the most suitable treatment materials for
mine water, local available organic and alka-
line substrates need to be characterised.
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