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SEMI-PASSIVE TREATMENT OF MINE WASTE WATER IN ANAEROBIC CONDITIONS
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ABSTRACT. In this study synthetic acid mine waters, similar to the naturally generated ones in mines, were treated by a passive system under anaerobic conditions.
The constructed laboratory-scaled system consisted of three anaerobic chambers connected sequentially, each one with a volume of 15 |. Each chamber was filled
with a mixture of 4.5 kg of solid organic substrate (cattle manure, sawdust and hay in a ratio 4:1:1) and 2 kg of limestone with particles size distribution of 5+10 mm.
The model solution contained SO+ (3000 mg/l), Cuz* (10 mg/l), Zn2* (25 mg/l), Cd* (5 mgll), As>* (5 mg/l), Fe?* (100 mg/l) and Mn2* (20 mg/l). Passive and semi-
passive treatment was conducted at a hydraulic retention time of 6 days. During the stage of semi-passive treatment, lactate was added as an additional carbon and
energy source. The results demonstrated that the sulphate-removal efficiency from mine waste water by passive treatment was insignificant (approx. 9 %), while the
addition of lactate at concentrations of 1, 2, 3 and 4 ml/l increased the remolval rate for sulphates as follows: 35.7 %, 67.1 %, 82.3 % and 98.3 %. In all studied
regimes the ions of copper, iron, zinc, cadmium and arsenic were effectively removed (97 %-99.9 % ). The rate of manganese removal was low (30 %). The results
could serve as a basis for the establishment of pilot-scaled installations for semi-passive treatment of acid mine water in the studied manner.
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NonynACMBHO TPETUPAHE HA MUHHU OTNAQBYHU BOOU B AHAEPOBHM YCNOBUSA
lMnamen Lleemkoe, CeemnaHa Bpamkoea
Murro-eeonoxku yHusepcumem “Ce. Uear Punicku”, 1700 Cogpusi

PE3IOME. TMpocneaeHo € MpeuncTBaHETO Ha CUHTETUYHM KUCENM PYAHWYHM BOAM, UMMTUPALLM reHepupaHuTe B MUHHOAOGMBHaTa AeitHocT B nabopaTopHa
WHCTanauws 3a aHaepobHO nacvBHoO TpeTupawe. JlabopatopHaTta MHCTanauus e uarpafeHa ot Tpu NocreaoBaTenHo CBbP3aHu aHaepobHu kamepu, Besika ¢ obem 15
. Bceku cbA € 3ambiHeH cbe cmec oT 4.5 kg TBbPA OpraHuyeH cybeTpart (roBexaa Top, AbPBEHN CTbPrOTUHM 1 CEHO B CbOTHOLLEHMe 4:1:1) 1 2 kg BapoBuK C pasmep
Ha yactuuute 5+10 mm. TpeTupaHuaT moaeneH paateop cbabpka SO42 (3000 mg/l), Cu?* (10 mg/l), Zn?* (25 mg/l), Cd?* (5 mgll), As®* (5 mg/l), Fe?* (100 mg/l) n
Mn2* (20 mg/l). MpoBefeHo e NacBHO 1 NONYNackBHO TPETUPAHE MPU OCUTYPEHO KOHTAKTHO BPEME OT LLECT AEHOHOLYS, KaTo N0 BPeMe Ha CTaaus 3a NonynacueHO
TpeTUpaHe B cucTemata e AobaBeH nakTaT kaTo AOMbIHUTENEH M3TOYHWK Ha BLIMEPOA U eHEPrus. YCTaHOBEHO e, Ye edheKTUBHOCTTA Ha OTCTpaHsBaHe Ha cyndatu
OT BOAMTE NPK MacvBHO TpeTupaHe e npubnuantenHo 9 %, a npu fobassaHe Ha nakTaT B koHUeHTpauwu 1, 2, 3 n 4 ml/l cyndatnte Ha u3xoda Ha MHCTanauusTa
Hamanseat cboTBeTHO € 35.7 %, 67.1 %, 82.3 % v 98.3 %. Mpw BCUYKN M3CneaBaHN PEXUMM ehEKTMBHO Ce OTCTPaHSBAT MOHWUTE HA TEXKATE MeTanu — Meq,
Kena30, LMHK, kaamui n apceH (97 % — 99.9 %). CTeneHTa Ha OTCTpaHsBaHe Ha MaHraHa e Hucka — okono 30 %. MonyyeHnTe pesynTaTi U HanpaBeHUTe OT Hac
KOHCTaTaLmu, Brxa MOrnu ja NOCNyxaT KaTo OCHOBA 3a U3rpaxaaHe Ha NUIOTHU MHCTanawum, 6asvpaHn Ha nonynacvBHO TPETUPAHE MO YCTaHOBEH HAYMH.

KntouoBu gymu: kucenu pyaHU4HN BoaK, cyndat-peayKuus, NonynacuBHO TpeTupaHe

Introduction source of alkalinity for passive AMD treatment is limestone
(CaCOs).

The formation of acid mine water is a natural result of the After the neutralisation of wastewater, depending on the
exploitation of sulphide minerals, ores and coal deposits, flow rate and type of pollutants, the passive system may
abandoned mine sites and mining waste dumps. The negative include aerobic or anaerobic treatment facilities (Skousen et
environmental impact of acid mine drainage (AMD) water is al., 2019; Naidu et al., 2019).
due to its high content of heavy metals, toxic and radioactive Treatment of metal-containing wastewaters with sulphate-
elements. Discontinuance and mobility of mine wastewater reducing bacteria (SRB) is quite promising as an alternative to
generation is often difficult and even impossible task, and chemical methods. The microbial sulphate reduction in passive
requires additional treatment of these waters. A passive treatment of mine water is carried out in anaerobic cells,
treatment techn0|ogy has typ|ca||y been app“ed to the anaerobic constructed Wetlands, sometimes called
treatment of seeps from waste rock piles, acid mine drainage ‘bioreactors’ and alkalinity producing system (RAPS), which is
and tailings impoundments at abandoned mine sites. This also referred to as a successive alkalinity producing system
technology can be also suitable at active mining operations as (SAPS) (Taylor et al., 2005). Under anaerobic conditions SRB
a means of effluent remediation from tailings ponds for off-site use sulphate as a terminal electron acceptor for the organic
discharge. The systems of this type use completely natural and compounds oxidation and produce hydrogen sulphide. Heavy
bi0|ogica| mechanisms to remove Su|phate and heavy metals metals are precipitated in the form of SUlphideS or carbonates.
from mine wastewater. For acid mine waters that have a net The systems can be suitable for acidic medium and can also
acidity greater than zero, the treatment design needs to involve function at sub-zero temperatures (Martinez at al., 2019). A

systems that add alkalinity. The most common inorganic ~ few metals (Fe, Cu, Pb, Zn, Cd, Ni e.d.) are successfully
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removed by anaerobic constructed wetlands, but manganese,
arsenic and cyanides are better removed under aerobic
passive systems than anaerobic ones (Fernandez-Rojo et al.,
2019; Muhammad et al., 2015).

Although passive systems for improving water quality have
certain advantages over natural processes, they are highly
complex and susceptible to many factors such as flow rates,
hydraulic retention time, rainfall, temperature variations and
e.d. (Alsaiari, Tang, 2018). Solid substrates have a limited
lifetime and have to be replaced or supplemented with liquid or
gaseous substrates once the original substrate has been
depleted. Many passive treatment installations require some
periodic operation, such as carbon source addition or
temperature control to sustain the desired processes and
conditions. Under these conditions, they are referred to as
semi-passive (Nielsen et al., 2018).

The main objective of the present study is to determine the
influence of the amount of added lactate on the removal of
sulphate, heavy metals and arsenic in the conditions of semi-
passive treatment of mine wastewater.

Materials and methods

Design of laboratory installation

The anaerobic wetland consists of three cascade
connected anaerobic cells - cuboidal containers with length
190 mm, width 150 mm and an altitude of 560 mm (Fig. 1).
Each container is filled with a mixture of 4.5 kg solid organic
matter (cow manure, hay and sawdust in the ratio 4:1:1) and 2
kg limestone (particles size 5-10 mm). Water enters in the first
anaerobic cell by a PVC tube (50 mm diameter) reaching the
bottom of the container. Thus, upstream of the treated water is
provided and the volume of the substrate is optimally utilised.
The outlet water from the first cell proceeds in the same way in
the second cell. The effluent water from the second cell passes
through a perforated PVC pipe (50 mm diameter) reaching the
bottom of the third container.

synthetic
mine water [ &
i

| Effluent

3 s
4

Fig. 1. Design of the laboratory installation: (1) peristaltic (roller)
pump, (2, 3 and 4) anaerobic cell

The anaerobic cells were inoculated with mixed cultures of
sulphate-reducing bacteria. The inoculum contains genera,
belonging to the species Desulfotomaculum, Desulfovibrium,
Desulfomicrobium and Desulfobacterium.

Process operation
Synthetic mine water containing iron and copper was
treated through the so-constructed laboratory installation
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during the period 2013-2017. Within this period, more easily
degradable biopolymers were depleted and wastewater
purification efficiency decreased to 10% of the initial results.

New research was carried out in 2018. The synthetic mine
waters contain SOsz (3000 mg/l), Fe2+ (100 mg/l), Zn2+ (25
mg/l), Mn2* (20 mg/l), Cuz* (10 mg/l), Cd2* (5 mg/l) and As%* (5
mg/l). The heavy metals and arsenic were imported in the form
of FeS04.7H20, ZnS0s4.7H20, MnCl2.4H20, CuS0s.5H20,
CdCl2.2.5H20 and K2HAsOs. The concentration of sulphates
was adjusted to 3.0 g/l by the addition of Na:SOs and
MgSO4.7H20. The pH of the synthetic mining water was
adjusted to 4.6 by sulphuric acid. Passive and semi-passive
treatment was performed by maintaining hydraulic retention
time of 6 days. Lactate at concentrations of 1, 2, 3 and 4 ml/l
was added as an additional source of carbon and energy
during the semi-passive treatment stage.

Analytical methods

The pH and Eh were measured in key points of the
laboratory installation. The sulphate concentration was
determined using spectrophotometric method by BaCl.. The
total sulphide concentration was measured immediately after
sampling using Nanocolor test 1-88/05.09. The organic
substrate concentration was estimated by measuring the
chemical oxygen demand (COD). The dissolved metal and
arsenic  concentrations  were  determined by ICP
spectrophotometry.

Results and discussion

During the first three months, passive treatment of
synthetic mine water was carried out. At this mode the pH of
treated waste waters increased from 4.6 to 6.75, which is due
to the chemical neutralisation with limestone and bicarbonate
alkalinity production by sulphate-reducing bacteria (Fig. 2).
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Fig. 2. Dynamics of pH during treatment of wastewater by
laboratory installation

The concentration of sulphate at the outlet of the laboratory
installation was very high — around 2715 mg/l, and the degree
of sulphate removal was only 9% (Fig. 3).

The rate of microbial sulphate reduction under conditions
of limitation of SRB with a source of carbon and energy was
around 47.5 mg SOs%/l/day. During this period the hydrogen
sulphide was now detected in the effluent from the three
anaerobic cells. However, the ions of copper, iron, zinc,
cadmium and arsenic were effectively removed (93-99%). Most
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of the pollutants were precipitated in the form of sulphides, but
part of the iron was also precipitated in the form of ferric
hydroxides at condition of increased pH in the anaerobic cells.

The COD values at the effluent were in the range of 78 to
105 mg/l. This shows that due to hydrolysis of the hardly
degradable organic polymers in the solid organic substrate, low
molecular weight organic compounds, which are used as
electron donors for sulphate-reducing bacteria, still entered into
the solution.
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Fig. 3. Dynamics of concentration of sulphate during treatment of
wastewater by laboratory installation

Semi-passive treatment of waste water was carried out
over a period of 6 months. Sulphate-reducing bacteria oxidise
simple organic compounds (such as lactate, acetate, butirate,

ethanol, glycerol, Hz and other products of fermentations) with
sulphate at anaerobic conditions. Lactate is one of the most
preferred sources of carbon and energy for sulphate-reducing
bacteria, performing incomplete oxidation of organic matter.
For this purpose, lactate was added to the synthetic mine
water in increasing concentration from 1 to 4 ml/l.

Data for basic chemical parameters of the effluents from
anaerobic cells are presented in Table 1. The pH values of the
effluent from the laboratory installation were higher than 7 for
all tested regimes, due to the higher concentration of microbial
produced HCOs ions by the sulphate reduction (Table 1).
There is a correlation between the increase in lactic acid
concentration and the increase in pH in the effluents from
anaerobic cells (Fig. 2). At the same time, with the increase in
the concentration of the organic compound, strong reduction
conditions were established due to the increased amounts of
microbial produced hydrogen sulphide. The lowest values of
Eh (-445 - -497 mV) were measured by adding lactate to the
treated wastewater at a concentration of 4 ml/l.

The addition of lactate to the treated water resulted in an
increase in the rate of microbial sulphate reduction (Fig. 3).
The rate of the process was respectively 178, 336, 412 and
492 mg SO42/1.d at lactate concentrations of 1, 2, 3 and 4 ml/l.

We observed that the increase of concentration of lactate
from 1 to 4 g/l led to an increase of the rate of the sulphate-
reduction in a linear relation (Equation 1).

Table 1. Values of basic parameters in the effluents from anaerobic cells

Effluents from anaerobic cells

Parameter Lactate - 1 ml/l Lactate - 2 ml/l Lactate - 3 ml/l Lactate — 4 ml/l

AC1 AC2 AC3 AC1 AC2 AC3 AC1 AC2 AC3 AC1 AC2 AC3
pH 5.8+0.2 | 6.540.1 | 7.2+0.1 | 6.4+0.3 | 7.0+0.3 | 7.740.3 | 7.14+0.2 | 7.7£0.1 | 7.840.1 | 7.4+0.2 | 7.8+£0.05 | 8.1+0.1
Eh, mV -160 -250 -310 -320 -360 -410 -420 -447 -457 -454 -475 -479

+15 +18 +21 +19 +22 +19 +15 +21 +19 +21 +20 +18
S042, 2864 2223 1930 2639 1485 986 2460 1324 531 910 360 50

mg/l +25 +17 +30 +12 +25 +27 +31 +25 +32 +27 +26 +15

H2S, mgl/l 414 85 11+4 1729 | 78+11 | 13315 | 337 £21 | 548+9 | 69016 | 488+9 | 57111 | 716x21
Fe?+, mgll 21.45 0.341 0.114 5.74 1.31 0.091 2.56 1.08 0.10 1.33 0.08 0.07
Zn%, mgll 0.278 0.123 0.076 0.198 0.031 0.02 0.125 0.025 0.006 0.110 0.017 0.005
Mn2*, mg/l 10.23 743 4.67 11.09 8.54 5.96 11.54 943 5.78 10.99 8.97 6.06
Cu?t, mg/l 0.021 0.019 0.013 0.018 0.015 0.012 0.009 0.007 0.005 <0.005 <0.005 <0.005
Cd?*, mg/l 0.024 0.014 0.006 0.011 0.007 0.005 0.006 0.005 <0.005 | <0.005 <0.005 <0.005
As5t, mgll 2.54 0.014 0.006 0.011 0.007 0.005 0.006 0.005 0.005 <0.005 <0.005 <0.005
COD, mg/l 500 115 87 1246 766 136 2253 1683 693 3723 2253 2073

+18 +25 +20 +25 +10 +20 +5 +25 +20 +15 +25 +20

Rate of sulphate-reduction, (mg/l.d) = 101.8 x Concentration of
lactate, (g/l) + 100 (R2 = 0.9648) )]

The sulphate-reduction rates in natural and constructed
wetlands reported in literature, range from 0.3 to 675 mg S04
/l/day. Most of the reported values are between 30 and 150 mg
SO4Z/l/day. The results obtained show that the COD/SO42-
ratio significantly influenced the sulphate reduction, and the
COD/S042- ratio can successfully control the rate of microbial
sulphate reduction. In the present study the COD/SO42- ratio
was 0.33, 0.67, 1 and 1.33 with the addition of lactate at
concentrations of 1, 2, 3 and 4 g/l, respectively. The results are
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also a proof of the formation of a stable microbial community in
each anaerobic cell within the whole period of operation.

As the rate of microbial sulphate reduction increases,
higher concentrations of excess hydrogen sulphide are
observed (Table 1). This favours the efficient precipitation of
heavy metals and arsenic as insoluble sulphides. In all studied
regimes the ions of copper, iron, zinc, cadmium and arsenic
were effectively removed (97-99.9%). The removal of
manganese in anaerobic conditions was low - around 30%, as
the main mechanism of Mn removal was the sorption of this
heavy metal from the solid organic matter.
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The effluent from the third anaerobic cell contained low
concentration of sulphates. However, excess amounts of HzS,
high value of COD, as well as Mn were determined in the
effluent. The measured COD values of the outflow for
laboratory installation were high because of the incomplete
oxidation of lactate usually with acetate as an end product.
This result shows that it is necessary to perform additional
treatment of the wastewater. In the passive treatment, the
removal of COD, excess hydrogen sulphide and manganese is
done in aerobic wetlands. This oxidation step is necessary to
remove COD and the excess of HzS as elemental sulphur.
Under oxidising conditions, the divalent manganese is oxidised
to a tetravalent and precipitated in the form of MnO2. At
present, there are several types of constructed wetlands used
for wastewater treatment (Vymazal, 2008). Free water surface
systems are used in many countries. The vertical flow systems
which are intermittently fed allow higher oxygenation of the
bed.

Conclusions

The following conclusions can be drawn from this study:

Passive systems are attractive in the treatment of mine
waste water, but over time, due to the depletion of organic
material, the efficiency of water purification decreases. One
solution to this problem is the application of semi-passive
treatment with the use of lactate as a source of carbon and
energy.

The addition of lactate to the treated water resulted in an
increase in the rate of microbial sulphate reduction, and the
highest rate 492 mg SOs%/l.d being achieved was with the
addition of 4 g/l of lactate.

The reduction of sulphates from 3000 mg/l to below 250
mg/l requires the addition of lactate at concentrations of 4 g/.

The COD/SO42 ratio significantly influenced the
sulphate-reduction. It was also found that the COD/SQ42- ratio
can successfully control the rate of microbial sulphate
reduction.

Under anaerobic conditions of semi-passive treatment, the
ions of copper, iron, zinc, cadmium and arsenic were
effectively removed (97-99.9%), but the rate of manganese
removal was low (30%).

The excess amounts of H2S, high value of COD, as well as
Mn, are determined in the effluent from anaerobic cells, which
requires further treatment of the waters in oxidising conditions.
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