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Abstract The metabolism of sulfate reducing bacteria provides a useful pathway for treatment of
mine influenced water (MIW) in passive sulfate reducing bioreactor treatment systems. However,
the performance of these bioreactors can be unpredictable, with full scale systems often not reaching
their design specifications. In this experiment, traditional sulfate reducing bioreactors have been
fed additional nutrients, and the effect on effluent sulfate concentrations has been measured as an
indication of sulfate reducing bacteria (SRB) activity. Nutrient addition led to a more than 15 fold
improvement to the amount of sulfate removed from mine influenced water relative to the control
systems. This extends the capacity of SRB technologies to treat MIW discharges.

Introduction

Sulfate reducing bacteria (SRB) can obtain energy by oxidizing organic compounds while
reducing sulfate to hydrogen sulfide:

g SRB _
S0,%” + 2CH,0 — 2HCO;~ + H,S @

SRB activity consumes SO,*, and the metabolic products HCO,” and H,S can neutralise acidity,
and precipitate metals as sulfides respectively, presenting an attractive option for MIW treatment.

Passive MIW treatment systems that utilise SRB have been implemented in many systems.
They take advantage of a variety of carbon sources, and alkalinity sources where applicable
(DiLoreto et al., 2016; Gusek, 2002; McCauley et al., 2009). Active treatment systems have
also taken advantage of SRB metabolism, and a variety of water soluble organic carbon com-
pounds have been used in such systems (Hao et al., 2014; Zagury et al., 2006; Zamzow et
al., 2006). The effectiveness of bioreactors to treat MIW depends on operating conditions,
environmental conditions, the MIW chemistry, and the desired water quality outcomes.

Success of passive treatment systems relies on the success of an entire ecosystem within
the bioreactor. In passive sulfate reducing bioreactors, fermenting bacteria breakdown the
organic material present and release labile carbon compounds that SRB can metabolise.
When the growth conditions for fermenting bacteria are compromised, this can reduce SRB
activity and whether treatment goal posts are achieved. For example, the rate of breakdown
of organic material can slow at low temperatures, and this can reduce the bioreactor effi-
ciency. The use of these systems is also limited to relatively low flow drainages because often
a long hydraulic retention time (HRT) is required for successful treatment.

In this study an experiment was designed to test whether addition of nutrients to passive
SRB bioreactors lead to improved removal of sulfate from MIW. Influent MIW was dosed
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with two nutrient additives, providing additional nourishment to the SRB. Sulfate was used
as an indicator of any improvements to treatment efficiency during optimisation trials.

Methods
Mine water collection and characterisation

Acidic MIW was collected from an opencast sub-bituminous coal mine located near Coalgate
on New Zealand’s South Island. Three cubic meters of water was collected on the 22" De-
cember 2015, and stored in polyethylene containers prior to use. A 20 L sample of mud was
also collected from a wetland that received drainage water from the mine. The mud had
black zones with an H,S smell, and these were stored at 16 °C in a polypropylene bucket
prior to the start of the experiment.

Experimental setup

Twelve cylindrical up-flow reactors were built using polyvinyl chloride pipes (Fig. 1). The re-
actors were filled with 300 g of quartz chips, then packed with a mixture of limestone, bark,
bark mulch, and compost in a 3:3:2:2 volume ratio. A small proportion of the reduced mud
(1 % of the mixture volume) was mixed through to inoculate the system with SRB.

Reactors were kept in a 16 °C temperature controlled room, and batch fed once per day with
MIW. Control reactors received only MIW, and the two nutrient mixtures PX1.0 and PX1.5
were added to the MIW in the experimental reactors. PX 1.0 and PX 1.5 differed in their car-
bon compound compositions. An application for intellectual property rights to the nutrient
mixture compositions may be filed, and their composition is not described in this paper.

At the start of the experiment, the reactors were filled with a mixture of 50 % MIW and 50 %
municipal drinking water, and left for 48 hours. They were then dosed with MIW to gener-
ate an HRT of 10 days. After 3 weeks, the HRT was reduced to 5 days and nutrient addition
of PX1.0 and PX1.5 to the MIW feeds for 4 reactors commenced. Nutrients were applied
such that the chemical oxygen demand (COD):SO A ratio was 3; a COD:SO . ratio between 2.4
and 5 is suggested to achieve the maximum sulfate reduction rates (Hao et al., 2014). The
effluent water chemistry was monitored, and periodically the nutrient addition rates and
HRTs were altered according to Table 1.

Chemical analysis

Each week pH, ORP, conductivity and temperature were measured for the MIW and the
reactor effluent, and samples were collected for alkalinity, Ca, and SO, analysis. Meters used
for measurements were calibrated on the day of use. At the beginning of the experiment
trace metals in the MIW were also analysed. Alkalinity was analysed by titration with 0.1
M HCI, Dissolved metals were analysed by ICP-MS using the APHA method 3125 B. Sul-
fate was analysed using the APHA ion chromatography method 4110 B, and the QuikChem
flow injection analysis method 10-116-10-1-A. Total sulfide concentrations were periodical-
ly analysed in reactor effluent according to the HACH spectrophotometric methylene blue
method 8131.
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Figure 1. Experimental setup: a total of twelve reactors were built that were dosed with MIW, with
the addition of nutrient additives PX1.0 and PX1.5.

Table 1. The hydraulic retention time (HRT) in days, and the COD:SO42- ratio that were used to
feed the reactors with MIW. A COD:SO42- ratio of o indicates that no nutrient additive was used.

Day Reactor ControlA ControlB PX1.0A PX1.0B PX1.0C PX1.5A PX1.5B PX1.5C

HRT 10 10 10 10 10 10 10 10
1
COD:SO, 0 0 0 0 0 0 0 0
HRT 5 5 5 5 10 5 5 10
20
COD:SO, 0 0 3 3 0 3 3 0
HRT 25 5 2.5 5 5 2.5 5 5
97
COD:SO, 0 0 3 6 1.5 3 6 1.5
HRT 2.5 5 2.5 2.5 5 2.5 25 2.5
140
COD:SO, 0 0 3 6 15 3 6 1.5
HRT 25 5 1.25 2.5 25 1.25 5 2.5
153
COD:SO, 0 0 3 6 15 3 6 1.5
Results
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Mine water chemistry

The MIW used for the experiment had pH 3.4 and conductivity of 1.66 mS/cm. Concentra-
tions of metals typically enriched in New Zealand coal mine drainage were below 6 mg/L
(Table 2). The Ca concentration was 250 mg/L, and SO, concentrations ranged from 1290-
1370 mg/L throughout the experiment.

Table 2. Metal concentrations in the MIW used in the experiment

Metal Al Mn Fe Ni Zn

Concentration (mg/L) 5.4 5.2 0.7 0.2 0.7

Treated effluent from the reactors had circum-neutral pH, and alkalinity of more than 100
mg/L CaCO3 (Table 3). The effluent from the nutrient-dosed reactors had 3 or more times
the alkalinity that was measured in the control reactors. The reactors dosed with PX1.5 had
effluent with lower pH, yet higher alkalinity than that from the PX1.0 dosed reactors. The
PXa1.5 reactors also had effluent with higher conductivity than the influent MIW, in contrast
to the control and PX1.0 reactors that consistently reduced the MIW conductivity by a small
amount.

Table 3. Indicative water chemistry of MIW and reactor effluents

Water type Control effluent  PX1.0 effluent  PX1.5 effluent Influent MIW
pH 7.2 73 6.6 3.4
Alkalinity (mg/L CaCO,) 170 500 840 -
Conductivity (mS/cm) 1.60 1.64 2.18 1.66

Sulfate removal

Sulfate was removed from solution in the control reactors, and in the reactors dosed with
nutrients (Fig 2). At the beginning of the experiment (day 21), the reactors had similar ef-
fluent sulfate concentrations close to 1200 mg/L. Between 21 and 50 days of operation, the
concentration of sulfate in the nutrient dosed reactors decreased by approximately half, to
around 600 mg/L, whilst the control reactors remained close to 1200 mg/L. Throughout
the experiment, the nutrient dosed reactors released water that was compliant with the New
Zealand stock water quality guideline (1,000 mg/L).
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Figure 2. Sulfate concentrations in the reactor effluent. The influent MIW sulfate concentration,
and pertinent water quality guidelines are also displayed.

The dosing regime was changed on the 97" day of the experiment. The HRT was halved to
2.5 days in the Control A, PX1.5 A, and PX1.0 A reactors, which caused the effluent sulfate
concentrations to increase. During the following 50 days, the effluent sulfate concentrations
from the PX1.5 A and PX1.0 A reactors slowly decreased to close to 700 mg/L. The effluent
from the control A reactor remained above 1200 mg/L. The HRT was further decreased to
1.25 days in the PX1.5 A and PX1.0 A reactors after 150 days of operation. A similar increase
in effluent sulfate concentration was observed. Effluent sulfate concentrations in the PX1.5
reactor varied between 880 — 980 mg/L thereafter. In the PX1.0 A reactor, the effluent
sulfate concentration decreased over the following weeks, however flow ceased from the
reactor after 190 days and it was decommissioned.

In reactors PX1.5 B and PX1.0 B, the nutrient dose rate was doubled after 97 days of op-
eration. The effluent from the systems showed a slight decrease in sulfate concentration,
dropping below 600 and 500 mg/L for the PX1.5 B and PX1.0 B reactors respectively. After
140 days of operation, the HRT was halved, and effluent sulfate concentrations increased to
around 800 mg/L. A slight decrease in effluent sulfate was observed in the following weeks
to closer to 700 mg/L. The PX1.0 B reactor failed due to flow obstructions after 190 days of
operation and it was decommissioned.
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Nutrient dosing of the PX1.5 C and PX1.0 C reactors began after 97 days of operation. The
nutrients were dosed to achieve a COD:SO > ratio of 1.5. Effluent sulfate concentrations de-
creased in both reactors to approximately 700 mg/L by 150 days of operation. At this stage
the HRT was decreased to 2.5 days, and the effluent sulfate concentrations increased to
close to 900 mg/L following the change. Over the subsequent weeks the sulfate concentra-
tions decreased to close to 600 mg/L in the PX1.0 C reactor, however in the PX1.5 C reactor,
sulfate concentrations remained between 690 and 880 mg/L.

Discussion

Addition of nutrients to MIW treated by sulfate reducing bioreactors delivers lower efflu-
ent sulfate concentrations than those not treated with nutrient (Fig. 2). At the start of the
experiment, the reactors that were fed nutrients had effluent sulfate concentrations that
decreased over a six week period to stabilise at around 600 mg/L. The decrease in sulfate
concentration is attributed to SRB, and the change over time is likely due to an increasing
population of the bacteria in response to the available nutrients. Decreasing the HRT in-
creased the SO, load to the system, and the populations present in the reactors were unable
to consume the increased SO, load. Over a six week period, it appears that the SRB pop-
ulation responds to the new conditions, and effluent sulfate concentrations decrease and
seem to stabilise. Although SO, and COD were present in the same ratio in each reactor,
the minimum concentration of SO, seemed to be achieved at greater HRT. Despite this, the
higher load at low HRT meant the sulfate removal rate (and therefore net sulfate removal)
was greater at low HRT (Fig. 3).

When the rate of nutrient application to the PX1.5 B and PX1.0B reactors was doubled, a
slight decrease in the effluent sulfate concentration was observed. The decrease was not
proportional to the rate of nutrient application. This was also observed when a COD:SO,
ratio of 1.5 was used. At low nutrient applications in reactors PX1.5 C and PX1.0 C, sulfate
concentrations below 700 mg/L could still be achieved. Although an excess of COD:SO,
was supplied to the reactors, complete sulfate reduction was not achieved. Soluble sulfide
compounds can inhibit SRB activity. The measured total sulfide concentrations ranged up
to 250 mg/L. This is lower than documented concentrations where sulfide toxicity to SRB
has been documented (477 — 617 mg/L)(Neculita et al., 2007). Removal of sulfide from the
system is being investigated as a way to identify if sulfide concentrations may limit the rate
of sulfate removal by SRB.

The rate of sulfate reduction in the control reactors was close to 20 mg/L/day (Fig. 3). This
was similar in Control A and Control B at 5 and 2.5 day HRT respectively. Nutrient addition
led to significantly increased sulfate reduction rates. At a 5 day HRT the PX1.5 and PX1.0
reactors removed close to 120 mg/L/day of sulfate from the MIW. Decreasing the reactor
HRT was the factor that led to the best improvements in sulfate reduction rates. At a 1.25
day HRT the PX1.5 reactor removed close to 300 mg/L/day of sulfate; a 15 fold increase
relative to the control reactor.
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Figure 3. Sulfate removal rate in the control, PX1.5 and PX1.0 dosed reactors.

These results indicate that nutrient dosing can extend the capability of passive SRB bioreac-
tors to treat MIW in a wide variety of circumstances. The increased sulfate removal enables
smaller, cheaper reactors to treat larger volumes of MIW, and consequently allows treat-
ment of higher flow rates than traditional passive systems allowed. The semi-passive set up
means that the reactor performance can be changed over time by varying flows or nutrient
concentrations. This aspect will be useful in systems where seasonal changes in flow or MIW
chemistry require different treatment outcomes.

Conclusions

Dosing MIW with nutrient additives can improve sulfate removal in sulfate reducing biore-
actors. Reactors that had additional nutrients added delivered consistent low sulfate con-
centrations at higher flow rates than the control reactors, showing up to a 15 fold improve-
ment on the rate of sulfate removal in a reactor. This reduces the required retention time in
reactors, and therefore decreases the investment required to install passive SRB reactors at
mine sites.

The flow rates and nutrient concentrations are continuing to be optimised in the lab, to
deliver successful sulfate removal with minimal nutrient addition. A field trial is due to start
later this year. The technology is also applicable to systems that target metal removal from
MIW, and this will be investigated in future lab and field trials.
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