Mine Water Environ (2015) 34:442-454
DOI 10.1007/s10230-014-0289-1

CrossMark

@

TECHNICAL ARTICLE

The Use of Mussel Shells in Upward-Flow Sulfate-Reducing
Bioreactors Treating Acid Mine Drainage

Benjamin Uster - Aisling D. O’Sullivan -
Su Young Ko + Alex Evans - James Pope -
Dave Trumm - Brian Caruso

Received: 23 January 2014/ Accepted: 14 July 2014/ Published online: 8 November 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract In this study, sulfate-reducing bioreactors
(SRBRs) efficiently treated acid mine drainage (AMD) for
a contiguous period of 5 months. The AMD was sourced
from an active coal mine on the South Island of New
Zealand and typically had a pH < 3, 1,700 mg/L of sulfate,
50 mg/L of Fe, 18 mg/L of Al, 15 mg/L of Mn, 4 mg/L of
Zn, and lower concentrations of other contaminants. Two
alkalinity-generating materials (mussel shells and lime-
stone) and two hydraulic retention times (HRTs) of 3 and
10 days were evaluated. Influent and effluent water quality
parameters were monitored weekly. Each SRBR system
successfully increased the pH (>6) and the alkalinity
(<350 mg/L CaCOsj) of the water while removing sub-
stantial amounts of dissolved metals at both HRTs (=90 %
Al, >86 % Fe, >87 % Cu, >99 % Zn). Mn removal was
lower and ranged from 19 to 55 %. Increasing the HRT
from 3 to 10 days significantly improved effluent water
quality in terms of pH, alkalinity, and metals and sulfate
removal. SRBRs using mussel shells in their reactive
mixtures were more effective than those using limestone,
with a higher (60-113 %) alkalinity generation and a better
(3-5 %) metal removal. This study showed that mussel
shells are an inexpensive and sustainable alternative to
mined limestone for AMD passive treatment, and that
better treatment efficiency resulted from a longer HRT.
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Introduction

Acid mine drainage (AMD) is a multi-factor source of
pollution that typically exhibits low pH and contains high
concentrations of metals and sulfate (Blowes et al. 2003;
Nordstrom and Alpers 1999; Pope et al. 2010; Younger
et al. 2002). It can be severely detrimental to aquatic life
and usually needs to be treated before being discharged
into the environment (Byrne et al. 2012; Salomons 1994;
Younger 2004). Numerous treatment methods based on
mechanical and chemical processes or relying on natural
(bio)geochemical processes have been developed (Hedin
et al. 1994; Johnson and Hallberg 2005; Lens et al. 1998;
Skousen et al. 2000; Watzlaf et al. 2004; Wildeman and
Schmiermund 2004; Younger et al. 2002). Sulfate-reducing
bioreactors (SRBRs) are a promising technique that has
gained prevalence in the past few years because they
concomitantly remove the key contaminants of acidity,
metals, and sulfate from AMD (Garcia et al. 2001; Johnson
and Hallberg 2005; Zagury et al. 2005). Other advantages
of this treatment approach include relatively low mainte-
nance costs, minimal energy requirements, and the possi-
bility of using natural organic wastes in the reactive
mixture (Rose 2010; URS 2003; Wildeman et al. 2006).
SRBR relies on the principle of sulfidogenesis, during
which sulfate-reducing bacteria (SRB) oxidize a carbon
source (i.e. the organic substrate) and reduce sulfate to
sulfide through a dissimilatory process (Eq. 1), where
CH,O0 represent a simple carbon/electron source (Hao et al.
1996; Widdel 1988). Typically, a substrate comprises a
mixture of organic and alkaline materials.
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2CH,0 + SO}~ — 2HCO; + H,S (1)

In order for the SRB to effectively conduct sulfidogen-
esis, a pH above 5.5 and a reducing environment
(<100 mV) are required (Postgate 1979; Tang et al. 2009).
Since AMD is typically acidic, it is essential to mitigate
this acidity to optimize SRB activity. Because limestone is
relatively inexpensive, it has been commonly used as the
alkalinity generating material in AMD passive treatment
(Nairn and Mercer 2000; Thomas and Romanek 2002b). In
SRBRs, limestone is typically incorporated in the substrate
mixture along with the organic materials to mitigate acidity
through calcium carbonate dissolution. The recommended
amount of limestone added in the reactive substrate is
about 30 vol% (Wildeman et al. 2006).

Following acidity mitigation, highly reactive hydrogen
sulfide produced during sulfidogenesis (Eq. 1) reacts with
dissolved metals present in AMD to form various insoluble
metal-sulfide precipitates (Stumm and Morgan 1996). Due
to the complex biogeochemical interactions occurring in
SRBRs, there is no consensus on the best substrate to use,
but several studies have found that AMD treatment is more
effective when a combination of easily biodegradable
substances and more recalcitrant ones are used together
(Gibert et al. 2004). Along with the biogeochemical
properties of a substrate, its physical characteristics are
essential to achieve an efficient long-term treatment. The
substrate porosity as well as the hydraulic conductivity,
which both influence the hydraulic retention time (HRT),
are of particular importance in optimizing AMD treatment
in engineered bioreactors (Benner et al. 2002; McCauley
2011; Neculita et al. 2007). If the HRT is too short, there
will be insufficient reaction time to adequately treat the
AMD. Conversely, if the HRT is too long, depletion of
organic matter will rapidly occur, halting long-term treat-
ment (Dvorak et al. 1992; Gusek 2005). Typically, an HRT
of at least 40 h is required for effective treatment in full-
scale SRBRs, while an HRT of approximately 4 days or
more is necessary for metal sulfide precipitation to occur
(Neculita et al. 2008; URS 2003). According to Younger
et al. (2002), HRT optimization is one of the most
important design parameters, but is also the most difficult
to achieve. As the performance of the microbiological
processes is critical to SRBR treatment success, the phys-
ical and chemical composition of a substrate must provide
conditions conducive for the microbial community to
operate over a long period of time.

Although the designs of SRBRs and their short-term
efficiencies are now relatively well understood, their long-
term effectiveness is not, due to the inherently complex
biogeochemical processes. Carbon exhaustion and
hydraulic malfunctions, such as clogging and preferential

flow-paths development, are among the most frequent
reasons reported for system failure (Gusek 2005). Exact
metal removal mechanisms, and especially the factors
affecting them, still need to be investigated in detail.

Even though several authors have successfully
employed alternative alkaline materials, such as seafood
wastes, steel slag, or fly ash, their use in SRBRs have
received little attention overall (Batty and Younger 2004;
Gitari et al. 2008; McCauley et al. 2009; Robinson-Lora
and Brennan 2010; Simmons et al. 2001). Moreover,
despite the fact that seafood wastes are a ubiquitous bio-
genic calcium carbonate source available in many countries
around the world, few studies have examined their use in
lab- and field-scale passive treatment systems (Crombie
et al. 2011; Kohler et al. 2007; McCauley et al. 2009;
Robinson-Lora and Brennan 2009; Trumm and Ball 2014).
In New Zealand, where waste mussel shells (i.e. free of
flesh shells) are produced in abundance by the seafood
industry and are mostly disposed of in landfills, their reuse
in passive treatment systems like SRBRs could potentially
be an economical and sustainable alternative reuse
opportunity.

Previous studies conducted with waste mussel shells
either used a substrate comprised of mussel shells only (no
organic materials) or were operated as downward flow
systems. The present study assessed the performance of
four different upward-flow SRBR systems using a mixture
of organic waste materials and either mussel shells or
limestone as a neutralizing material at two different HRTs.

Materials and Methods
Experimental Design and Operation

Four SRBR treatment designs were operated in duplicate.
The influence of two different alkalinity sources (mussel
shells and limestone) and two different hydraulic retention
times (3 and 10 days) was evaluated over a 20 week period
(Fig. 1). The duration of the experiments was based on the
need to study the SRBRs operating at steady-state over a
minimum period that was long enough to observe clear
performance trends.

All reactors were 45 cm high and 31 cm wide, high-
density polyethylene cylinders, with rubber-seal screw lids.
AMD was fed into the bottom of each reactor using split
peristaltic pumps and the treated discharge freely drained
from the effluent port situated on the upper part of the
reactors (Fig. 1). The upward-flow design was chosen over
more conventional downward flow to abate preferential
flow paths development and to minimize compaction of the
substrate mixture to help maintain an adequate perme-
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Fig. 1 Experimental set-up and
design of a reactor showing
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ability (URS 2003). One pore-water sample port was
positioned 14 cm above the inlet port. Each reactor was
filled with clean sub-rounded gravels (washed in distilled
water) to a depth of 8 cm to allow a uniform dispersion of
the influent AMD. A 31 cm layer of reactive substrate
mixture was placed above this layer and a 3 cm layer of
clean sub-rounded gravel was placed on top of the reactive
mixture, to maintain the substrate in place. A fine mesh
geotextile separated the reactive substrate from the bottom
and top gravel layers to prevent washout of fine substrate
materials and clogging of the inlet and outlet ports. The
original experimental design included Tedlar® bags fixed
on top of the reactors to capture the hydrogen sulfide gas
produced by the microbial sulfate reduction (Eq. 1). Due to
the nature of H,S gas being relatively heavy and soluble,
most of the gas exited the reactors through the effluent port.
Even after the addition of a P-shape gas trap on the outlet, a
considerable amount of gas continued to exit the reactor
through the effluent port, rendering its capture and quan-
tification unfeasible. The experiment was conducted at air
room temperature (monitored at 12—-19 °C).

The reactive substrate comprised a mixture of organic
materials and an alkaline material (Table 1). All organic
materials and limestone were obtained from a local garden
supplier. The mussel shells were donated by Solid Energy
New Zealand and were originally sourced from a seafood
company located in Nelson, New Zealand. The AMD was
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Influent—

sourced at an active coal mine (West Coast-South Island,
New Zealand). In total, three 1 m> batches of AMD were
used in this study (Table 2). The first batch of AMD, col-
lected from a stream located downstream of the mine site,
represented AMD diluted with in-stream surface water and
was used to determine the metals present in detrimental
concentrations in the immediate vicinity of the mine site.
The second and third batches were collected from a settling
pond collecting run-off from the waste dumps. The AMD
was collected during three separated sampling trips in
December 2012, April 2013, and June 2013.

Before the start of the flow-through experiment, the
reactors were upward-flow saturated with AMD (from
AMD batch #1, see Table 2) and operated in batch mode
for a 3-week period. This acclimation stage is necessary to
create a favorable reducing environment and to establish an
effective and sufficiently important bacterial population
capable of sustaining adequate sulfate-reduction rates. The
sulfate-reducing bacteria naturally present in the compost
self-inoculated the reactors (no system was purposely
inoculated). The time period of 3 weeks was based both on
recommended values found in the literature and on mea-
sured parameters (i.e. oxido-reduction potential, sulfate,
and dissolved hydrogen sulfide concentrations) in the pore
water samples (Neculita et al. 2008). Following this
acclimation period, the AMD, which had been continu-
ously aerated with an air pump to simulate the aerobic and
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Table 1 Substrate mixture composition and hydraulic parameters
(MS-S = mussel shells short HRT, MS-L. = mussel shells long HRT,
LS-S = limestone short HRT, and LS-L = limestone long HRT)

Treatment systems

MS-S MS-L LS-S LS-L
Substrate materials (% vol.)
Mussel shells 30 30 0 0
Limestone 0 0 30 30
Bark (Pinus radiata) 30 30 30 30
Bark mulch (Codyline banksii) 20 20 20 20
Compost* 20 20 20 20
Hydraulic parameters
Inflow rate (L/day) 4.5 1.5 4.5 1.5
Porosity 0.51 0.51 0.49 0.49
HRT (days) 33 10 32 9.8

* Blend of bark, animal effluents and pig manure sawdust

Table 2 Influent AMD characteristics and water quality guidelines
(ANZECC 2000), all metal concentrations are in mg/L

Trigger AMD AMD AMD

values #1 #2 #3
Period of usage (week) - 1-5 6-13 14-20
pH 6.5-8.5° 423 2.65 2.66
ORP (mV) N/A 220 450 470
Fe 0.3* 19 25 60
Al 0.2 5 15 21
Mn 3.6" 9 13 18
Cu 0.0025° 0014 04 0.3
Zn 0.03° 1.05 3.6 48
Ni 0.0017° 0.4 1 1.3
cd 0.0008° 0.002  0.003  0.004
S0, 400° 760 1,560 1,800
Acidity N/A n.d. 260 460

(mg/L CaCO; eq.)

n.d. not determined, N/A not applicable
% Guidelines for recreational purposes

® Trigger values for fresh water aquatic ecosystem (80 % protection)

oxidizing conditions typically encountered at an open cast
mine, was pumped into the reactors following a semi-
continuous upward-flow approach; ORP values varied
<1 % and dissolved oxygen stayed >90 %. Four SRBRs
(two of each alkaline material) were operated with a short
HRT (3.2-3.3 days); four other SRBRs (two of each
alkaline material) were operated with a long HRT
(9.8-10 days). The corresponding net inflow rates were 4.5
and 1.5 L/day, respectively (Table 1). The actual inflow
delivered to each reactor was verified every 2 weeks using
a graduated cylinder and a stopwatch.

Substrate Analyses

Chemical analyses performed on the individual organic
materials before the start of the flow-through experiment
included total metals, total carbon, and total nitrogen (to
obtain C/N ratios). Metal concentrations were determined
following U.S. EPA solid digestion method 200.8 (Creed
et al. 1994) and analyzed by inductively coupled plasma
mass spectrophotometry (ICP-MS, Agilent 7500cx),
according to Standard Method 3125B (APHA 2005). Total
carbon and total nitrogen were analyzed by an IANZ-
accredited laboratory following the Dumas method (com-
bustion method) on dry and ground samples (RJ Hill
Laboratories, Christchurch). Physical analyses of the sub-
strate mixtures included saturated hydraulic conductivity
(ksy) and effective porosity. Saturated hydraulic conduc-
tivity was determined using the constant head method (Das
2002). Effective porosity was measured by filling the
reactors with tap water, allowing them to sit covered for
48 h, and then letting them drain by gravity. The volume of
water drained from each layer (e.g. gravel, substrate mix-
ture) divided by the corresponding layer’s volume gave the
effective porosity (Table 1). Theoretical HRTs were then
calculated using Eq. 2 derived from Darcy’s Law (Younger
et al. 2002). For each system, individual HRTs were cal-
culated for the gravel layers (bottom and top) and for the
substrate mixture layer, and then summed to obtain a total
HRT.

Vn,

HRT = (2)
where V is the layer volume (m3), n, is the effective
porosity of the corresponding material, and Q is the inflow
(m*/day).

Water Analyses

Influent AMD, pore-water, and treated effluent samples
were collected weekly and analyzed immediately for pH
(EDT RE-357Tx), ORP (YSI pH100), electric conductiv-
ity, and temperature (Thermo Orion 130A). Ferrous iron
and sulfide concentrations were measured within 24 h on
non-filtered samples using a spectrophotometer (HACH
DR-2500). Sulfate samples were filtered (0.22 um) and
stored at 4 °C until analysis using a Dionex ion chro-
matograph (Dionex ICS-2000). Total and dissolved metals
were collected in 120 mL polypropylene bottles, preserved
with concentrated nitric acid (69 %, Fisher trace analysis
grade), and stored at 4 °C until analysis via ICP-MS (Ag-
ilent 7500cx) according to Standard Method 3125B (APHA
2005). Dissolved metals were filtered immediately
after collection through a 0.45 um nylon filter, and total
metals were obtained by digestion following the method
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established by Wicke et al. (2012). Briefly, the samples
were thoroughly mixed and 25 mL were transferred into a
50 mL centrifuge tube. After the addition of 5 mL of
concentrated nitric acid (69 %, Fisher trace analysis grade),
the centrifuge tubes were placed into a heating block and
boiled for 1 h. Cooled samples were then filtered (0.45 pm)
and analyzed via ICP-MS. Alkalinity on effluent samples
and acidity on influent AMD were analyzed by titration to
an endpoint of pH 4.5 (alkalinity) and pH 8.3 (acidity)
according to Standard Methods 2310 and 2320 (APHA
2005). Quality assurance and control (QA/QC) was
achieved through the use of accredited standards, blanks,
and duplicate analyses (10 %).

Statistical Analyses

Statistical analyses were performed with IBM SPSS Sta-
tistics version 20 (Kirkpatrick 2012). Statistical differences
between the four treatment systems were analyzed by two-
way ANOVA using the general linear model procedure.
Significant differences between means at the p < 0.05 level
were determined using Tukey HSD test.

Results and Discussion
Influent AMD

Table 2 shows the chemical signatures of the three batches
of AMD used in this study as well as the New Zealand
water quality guidelines (ANZECC 2000). The metal
trigger values (TVs) were obtained from the ANZECC
guidelines for freshwater aquatic ecosystems (80 % level
of protection, hardness of 30 mg/L as CaCO;) as well as
from the ANZECC Recreation Guidelines (for Al, Fe, and
SO,*7). These documents specify TVs of contaminants at
various levels of species protection (99, 95, 90, and 80 %)
where 80 % protection level is recommended for highly
disturbed ecosystems. On comparing in-stream concentra-
tions with the TVs, seven metals of concern were identified
(AL, Mn, Fe, Ni, Cu, Zn, and Cd) with values ranging from
2.5 (Cd, Mn) to 235 (Ni) times the TVs. Because TVs are
only applicable to concentrations of contaminants in
flowing streams where dilution/mixing is occurring, the
metal concentrations in AMD batches #2 and #3 cannot be
compared directly to the TVs. Moreover, because of ana-
lytical uncertainties (QA/QC procedures were not applied
properly), and because the first batch of AMD was con-
sidered to have too weak a signature to accurately reflect
SRBR operational capacity, the results of the first 5 weeks
of treatment are not considered in the following sections of
this paper.

@ Springer

Substrate Materials

Since suspended solids, metal precipitates, and biofilms
can alter the hydraulic properties of the treatment systems
(i.e. reduce the permeability), thus affecting their longevity
and performance, it is crucial to ensure that a K, value
between 1072 and 10> cm/sec is maintained through the
SRBR’s operation (URS 2003). In this study, K, values
were 6.3 x 1072 and 9.7 x 1072 cm/s for the mixture
containing the mussel shells and the limestone, respec-
tively. Effective porosities for lab-scale systems should be
within the range of 0.35-0.63 (Amos and Younger 2003;
Neculita et al. 2008). In the present study, effective
porosities were 0.51 and 0.49 for the mixture containing
mussel shells and limestone, respectively, and 0.38 for the
gravel. The different calculated HRTs resulted from the
different measured effective porosities. Because both
hydraulic conductivity and effective porosity measured in
this study were in the ranges of recommended values, the
risk of clogging and/or short-circuiting was estimated to be
relatively low.

Metal content in the organic materials were low (<0.4 g/
kg) and several orders of magnitude less than the AMD
total metal loadings (over the 20 week period) for all
metals of concern except for Al and Fe. Aluminum and Fe
contents were 3.6 g Al/kg and 4.2 g Fe/kg (for bark), and
4.2 g Al/kg and 5.2 g Fe/kg (for compost). Nevertheless,
total Al and Fe contents were still less than the AMD total
loading, indicating that the materials used in this study
were unlikely to be a source of contamination. C/N ratios
for the compost, bark, and bark mulch were 27, 280, and
150, respectively. These values are slightly out of the
recommended range of 45-120 defined by Okabe et al.
(1992). Values above this threshold are reported to be too
low in nitrogen to properly stimulate SRB growth, possibly
indicating that SRB establishment during the acclimation
period was lower than expected. However, it worth noting
that Okabe et al. (1992) used lactate in their study, which is
a readily available carbon source for the SRB compared to
the more recalcitrant carbon sources used in the present
study.

In-Situ Parameters, Sulfate Removal and Alkalinity
Generation

Figure 2 shows the changes in pH, ORP, sulfate, and
alkalinity concentrations throughout the experiments.
While several effluent concentrations including alkalinity,
sulfate, and sulfide fluctuated during the first 7 weeks of
treatment, other parameters such as pH, ORP, conductivity,
and temperature showed steady-state values from week one
onward. These fluctuations are common in new
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Fig. 2 Changes over time of b
a effluent pH; b pore-water
ORP (mV); c effluent alkalinity
(mg/L CaCOs eq.); and
d effluent sulfate concentration
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waterlogged systems as the biogeochemistry establishes
(Dvorak et al. 1992).

Median pH increased from 2.9 in the influent to effluent
values of 6.49 (MS-S), 6.79 (MS-L), 6.36 (LS-S), and 6.49
(LS-L) (Fig. 2a). Pore-water pH differed by <2 % from the
effluent pH, indicating that the bulk of the neutralization
occurred in the lower (first) half of the reactor beneath the
pore-water effluent port (data not shown). Systems oper-
ating at a longer HRT as well as systems containing mussel
shells showed a slightly higher pH compared to systems
operating at a shorter HRT or those containing limestone.
A Tukey post hoc statistical test showed that pH differ-
ences between short and long HRT, as well as between
mussel shells and limestone systems, were both statistically
significant (p < 0.001). ORP values in the pore-water
samples were constantly negative except for system MS-S,
which showed positive values during four sampling events
(Fig. 2b). Three of the four events happened after the third
batch of AMD was introduced, possibly indicating that the
SRB were impacted by the higher metal loading. Never-
theless, treatment efficiency in terms of pH, alkalinity
generation, and metal removal did not show any signs of

--4-- Mussel shells — 10 days

—&— Limestone — 9.8 days

decline during these 3 weeks. Because the HRT had a
statistically significant influence (p < 0.001) on the ORP (a
longer HRT resulted in a lower ORP), another explanation
could be the formation of preferential flow paths in system
MS-S.

Sulfate removal ranged from 0.14 mol/m*/day (5 %) to
0.18 mol/m3/day (14.8 %) (Fig. 2d). Several authors
reported sulfate removal rates ranging from 0.17 to
0.44 mol/m3/day (Dvorak et al. 1992; Gibert et al. 2004;
Thomas and Romanek 2002a), and a value of 0.3 mol/m>/
day is frequently recommended as a SRBR design criteria
(Gusek 2002). Despite the fact that pore-water pH and ORP
were both within the desirable range (pH > 5.5 and ORP
<—100 mV) for SRB to metabolize (Postgate 1979), the
hypothesis of a low initial SRB establishment (due to the
substrate’s low nitrogen content) possibly explains the
relatively low sulfate removal rate obtained in this study.
Additionally, despite the 3-week acclimation period, the
SRB inoculated from the compost were adapted to cir-
cumneutral pH conditions (i.e. the bacterial community
was not acidophilic) and their activity may have suffered
from the influent low pH. Dissolved sulfide concentrations
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in the effluent were overall very low (<1 mg/L). Never-
theless, a strong sulfide odor was detected during all
sampling events indicating that a substantial amount of
H,S gas escaped the reactors, as mentioned earlier. This
observation is in accordance with the fact that at the
observed pH, temperature, and pressure ranges, most of the
hydrogen sulfide is present in the water as insoluble H,S
gas (Carroll and Mather 1989). Moreover, some of the H,S
gas may have escaped from the sample bottles between the
time of sampling and the analyses.

Median effluent alkalinity concentrations for each sys-
tem were 194.4 mg/L CaCO5; (MS-S), 354.4 mg/L. CaCO;
(MS-L), 91.3 mg/L CaCO; (LS-S), and 219.4 mg/L
CaCOj; (LS-L) (Fig. 2c). Treatment systems containing
mussel shells produced greater alkalinity than systems
containing limestone at the same HRT and, in general,
systems operating at a longer HRT produced more alka-
linity than systems running at a short HRT. After 5 months
of continuous operation, alkalinity generation from mussel
shells and limestone was not exhausted or obviously
diminished. Statistically significant differences (p < 0.001)
between system MS-L and the three other systems dem-
onstrated that MS-L was constantly the most effective
treatment system at generating alkalinity. Although the
median alkalinity values indicated that the limestone-long
(LS-L) HRT generated more alkalinity than mussel shells-
short HRT (MS-S), statistical analyses revealed that the
difference was not statistically significant (p = 0.859).
Furthermore, until week 14, the two systems operating at a
longer HRT (MS-L and LS-L) generated more alkalinity
than systems operating at a shorter HRT (MS-S and LS-S)
but from week 15 onward, system MS-S produced more
alkalinity than system LS-L, indicating that alkalinity
generation was driven by its source rather than influenced
by its HRT. The most probable reason for the greater
alkalinity generation from mussel shells compared to
limestone is a faster dissolution rate. Different properties,
including mineralogy, reactive surface area, grain size,
calcium carbonate content, and calcium carbonate struc-
ture, may explain this difference in reactivity between
mussel shells and limestone. While calcium carbonate
present in the limestone is assumed to be purely calcite,
mussel shells are comprised of a mixture of calcite (approx.
90 %) and aragonite (approx. 10 %) (Cubillas et al.
2005b). Cubillas et al. (2005b) also demonstrated that
mussel shells’ BET surface-area increase by 80 % during
dissolution, compared to 30 % for pure calcite. Another
study by Cubillas et al. (2005a), showed that the dissolu-
tion of aragonite was less affected by mineral armoring or
coating than the dissolution of calcite. However, limestone
passivation by armoring or coating of iron precipitates is
unlikely to happen in reducing systems like SRBRs (Tho-
mas and Romanek 2002a; URS 2003). Furthermore,
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nitrogen present within the proteins in the periostracum
(outer layer of the mussel shells) may helped the microbial
community and contributed to the total alkalinity genera-
tion via SRB neutralization (Eq. 1) (Abdulkarim et al.
2013; McCauley et al. 2009). However, this last hypothesis
is not supported by the sulfate measurements, as very little
difference in sulfate removal was observed between MS
and LS systems.

Figure 3 shows the alkalinity generation from calcium
carbonate dissolution and from sulfate-reducing bacteria
neutralization (Eq. 1). Microbial contribution to alkalinity
generation was calculated using the sulfate concentration
mass balances (from week 8 to 20) by assuming that, after
the initial sorption onto organic matter, the only sulfate
removal mechanisms was microbial reduction, and that no
gypsum was precipitating in the substrate (confirmed using
PHREEQC 3.0.6 with the MinteqV4 database). CaCO;5
contribution to alkalinity was then obtained by subtracting
the sulfate-reduction contribution to the total alkalinity
generated. Even though gypsum’s saturation indexes (SI)
from PHREEQC modelling in pore-water and effluent
samples were always negative (data not shown), it is
important to consider that: (1) PHREEQC modelling does
not consider microbial influence, and; (2) SI values in the
open solution do not necessarily represent near-surface
values (where solute concentrations and pH can be sub-
stantially higher), and therefore the presence of gypsum

100
80 T

c
2

2 60
o
o
c

S i
00
Z

‘e 40
©

= 4
<

20

0 I L I J
MSs-S Ms-L Ls-s Ls-L
Treatment systems
777777. CaCO, dissolution  ====== SRB neutralization

Fig. 3 Alkalinity generation from calcium carbonate dissolution and
sulfate-reducing bacteria neutralization (MS-S mussel shells short
HRT, MS-L mussel shells long HRT, LS-S limestone short HRT, and
LS-L limestone long HRT)
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Fig. 4 Percentages of dissolved 140
metals in total metals for L
influent and effluent samples
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cannot be entirely ruled out. Indeed, Rose et al. (2007)
found small amounts of gypsum precipitating within Al
precipitates and/or in patches on the limestone surface in
four vertical flow ponds where PHREEQC modelling of the
effluent indicated negative SI values for gypsum.

Overall, CaCO; dissolution generated substantially
more alkalinity than bacterial neutralization. Additionally,
the two alkalinity generation pathways exhibited distinct
behaviors. Calcium carbonate dissolution was mainly a
function of the amount of acidity entering the systems with
its dissolution negatively influenced by HRT (short HRTs
resulted in more alkalinity production). By contrast, SRB
neutralization was positively correlated to HRT. Moreover,
SRB neutralization was not affected by the alkalinity
source as MS and LS systems were not significantly
different.

Metal Removal

A comparison between total and dissolved metal concen-
trations showed that most metals of concern were present
predominantly in their dissolved forms in the influent and
in particulate forms in the effluents (Fig. 4). This change in
speciation was observed for all metals apart from manga-
nese and to a lesser extent for nickel and iron (more than
90 % Mn, 80 % Ni, and 60 % Fe stayed in their dissolved
forms in the effluent). Even though this change in specia-
tion between the influent and the effluents was clear, the
overlapping error bars suggested that there was no signif-
icant difference between the four treatment systems.
However, it is worth noting that the distinction between
total and dissolved metals is operationally defined by

Ni Cu

[0 Mussel shells — 3.3 days Limestone — 3.2 days

[l Mussel shells — 10 days B Limestone —9.8 days

filtration at 0.45 pm and that some metals might not have
been truly dissolved, but present in a colloidal form.

In reducing systems, Fe is suspected to be removed
mainly as iron sulfides, but depending on the redox
potential and the pH, iron hydroxides and iron carbonates
may precipitate as well (Younger et al. 2002). Al is
assumed to be solely retained as a hydroxide, e.g. AI(OH);
(Stumm and Morgan 1996), and trace metals like Cu, Zn,
Ni, and Cd are expected be removed principally via sulfide
precipitation (Younger et al. 2002). Due to its high solu-
bility, manganese sulfide was not expected to form under
the present conditions (Dvorak et al. 1992; Jong and Parry
2003; Machemer and Wildeman 1992), and precipitation as
oxides and hydroxides are unlikely under reducing condi-
tions. Therefore, manganese carbonate precipitation (e.g.
rhodochrosite, kutnohorite), as well as adsorption onto
organic matter and iron (oxi)hydroxides are potential
removal mechanisms (Bamforth et al. 2006; Trumm and
Ball 2014; Younger et al. 2002).

Figure 5 shows the amount of Fe and Mn retained in the
SRBR’s substrates and discharged in the effluent during the
20 weeks of treatment. Clearly, there were differences in
removal behavior of Fe and Mn. First, Fe removal seems to
be independent of the loading (at the concentrations used in
this study). While Fe loading increased three-fold at week
13 (changing from AMD batch #2 to batch #3), the Fe
discharge only increased by a few mg/d, and correlation
coefficients between cumulative loading and effluent dis-
charge concentrations showed no clear relationship (R*
ranged from 0.19 to 0.77). Moreover, the four treatment
designs do not show great differences in the amount of Fe
discharged, even though systems containing mussel shells
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Fig. 5 Metal loading plots
showing Fe and Mn retained
and discharged from each
system (dashed lines indicate
new batch of influent AMD).
a Fe MS-S, b Fe MS-L, ¢ Fe
LS-S, d Fe LS-L, e Mn MS-S,
f Mn MS-L, g Mn LS-S, h Mn
LS-L

retained more iron than systems containing limestone. This
general behavior supports the hypothesis that the main Fe
removal mechanism is precipitation as iron sulfides and/or
iron (oxi)hydroxides. After 20 weeks of treatment, Fe
removal started exhibiting signs of decreased efficiency for
system LS-S only, suggesting that insufficient sulfide and/
or bicarbonate were generated (Fig. 5). By contrast, Mn
showed a constant decline in removal efficiency over time,
indicating that adsorption might be an important retention
mechanism (as adsorption sites reached capacity, less Mn
was being removed). Moreover, correlation coefficients
between cumulative loading and discharge were signifi-
cantly higher (R* ranging from 0.83 to 0.88). Important
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differences were observed between each system. Reactors
containing mussel shells and/or operating at a longer HRT
retained more Mn, indicating that Mn removal is positively
correlated with the higher alkalinity reported for these
systems. Under the reducing conditions observed in this
study, it is unlikely that Mn is being removed as an oxide
or a hydroxide. Moreover, if we assume that most of the
iron is removed as a sulfide, adsorption onto the organic
matter and precipitation as a carbonate (e.g. rhodochrosite)
are the most likely removal mechanisms. This is supported
by: (1) the work of Cubillas et al. (2005b), which showed
that mussel shells afford more adsorptive surface area than
limestone, and; (2) PHREEQC modeling, which showed
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Table 3 Treatment efficiency Al Fe Mn Cu 7n Ni cd

in terms of dissolved metal

removal (%) Mussel shells—short HRT 99.5 92.0 29.6 89.6 99.5 83.0 99.0
Mussel shells—long HRT 99.7 95.2 55.2 91.8 99.6 95.3 99.4
Limestone—short HRT 99.0 86.5 19.8 87.4 99.1 81.7 98.1
Limestone—long HRT 99.4 91.8 47.1 91.2 96.1 82.7 98.8

that rhodochrosite was slightly oversaturated in all four
systems’ effluents, but that important SI differences resul-
ted from the different treatments: MS-S (0.4), MS-L (0.85),
LS-S (0.03), and LS-L (0.47).

Treatment performances were also assessed using the
percentage of metals removed (Table 3) and the area-
adjusted removal rate (Table 4) computed using Eq. 3 as
defined by Wieder (1989), and Eq. 4 as defined by Hedin
et al. (1994), where C;, and C,, are inflow and outflow
metal concentrations (mg/L), R, is the area-adjusted
removal rate (g/mzlday), Q is flow rate (mS/day), and A is
area (m2). However, in SRBR design, the depth is often a
more important dimension than the length, width, or radius
(in case of a column-shaped reactor). Therefore, reporting
results in term of volume-adjusted removal rate (g/m>/day)
by substituting volume (m3) to area (mz) in Eq. 4 seemed
more appropriate.

Cin - Com

Cin

Treatment Efficiency (%) = x 100

(3)

Q(Cin - Cout)
=" 4
. )
Metal removal was effective in all four treatment
designs for all metals of concern apart from Mn (Table 3).
The overall order of removal efficiency was Al > Cd >
Zn > Fe > Cu > Ni > Mn. Generally, systems operating

Ry =

at a longer HRT removed more metals than systems
operating at a short HRT, with the exception of Zn, for
which system LS-L did not perform as well as LS-S.
Similarly, systems containing mussel shells removed more
metals than systems containing limestone, concurring with
the alkalinity data. MS-L was consistently the most
effective system, removing >91.8 % of all metals (except
Mn). Nevertheless, a relatively high Mn treatment effi-
ciency (55.2 %) was achieved in system MS-L compared
to the other studies (reported Mn removal efficiencies in
similar SRBR systems range from 0 to 36 %) (McCauley
2011; Trumm and Ball 2014).

For each of the four treatment systems, the following
order of metal removal efficiency was observed for both
area- and volume-adjusted removal rates: Fe > Al > Mn
> 7Zn > Ni > Cu > Cd (Table 4). Moreover, for Al, Fe,
and Mn, system efficacy followed the same order (MS-
S > LS-S > MS-L > LS-L). Overall, the short HRT sys-
tems always outperformed long HRT systems, indicating
that metal loading is probably a limiting factor, and that the
long HRT systems possibly performed below capacity.
While Fe, Mn and Zn removal rates were slightly above
typical rates reported in the literature, Cu, Ni, and Cd were
well below. The low influent pH at 2.65 could explain these
sub-optimal removal rates, as most of the literature values
reported in Table 4 were derived from field and laboratory

Table 4 Area (g/mzlday) and volume (g/m3/day) adjusted dissolved metal removal rates (MS-S = mussel shells short HRT, MS-L = mussel
shells long HRT, LS-S = limestone short HRT, and LS-L = limestone long HRT)

MS-S MS-L LS-S LS-L Published
area-adjusted

Area- Volume- Area- Volume- Area- Volume- Area- Volume- removal
adjusted adjusted adjusted adjusted adjusted adjusted adjusted adjusted rates

Al 0.90 292 0.30 0.97 0.90 291 0.30 0.97 0.8*

Fe 1.44 4.63 0.50 1.62 1.50 4.83 0.50 1.61 0.01*

Mn 0.26 0.84 0.16 0.50 0.17 0.54 0.13 0.41 10°

Cu 0.009 0.032 0.003 0.011 0.006 0.034 0.003 0.011 0.11°

Zn 0.250 0.805 0.084 0.272 0.239 0.771 0.083 0.269 24

Ni 0.052 0.168 0.017 0.056 0.048 0.156 0.017 0.056 0.02¢

Cd 1.65E—04 5.31E-04 5.51E—05 1.78E—04 1.65E—04 5.33E-04 5.42E—05 1.75E—-04 0.02¢

* Heal and Salt (1999)

® PIRAMID Consortium (2003)
¢ Kadlec and Knight (1996)

4 Ettner (1999)
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experiments using pH > 3 AMD. Moreover, depending on
reactor design, substrate materials, microbial development
as well as influent pH and metals loadings, large disparities
in treatment performances have been reported (Mayes et al.
2009), thus limiting comparison of published removal rates
using different operational designs.

A comparison (in mol/L) between the amount of sulfate
reduced and the amount of metals retained (except for Al
and Mn, which were not assumed to form sulfides under the
experimental conditions) showed that sulfate removal
exceeded metals removal in each of the four systems. In
long HRT systems, 5.4E—04 mol of metals were retained
and 2.4E—03 mol of sulfate reduced, while in short HRT
systems, 5.1E—04 mol of metal were removed, but only
7.9E—04 mol of sulfate reduced. This indicated that long
HRT systems are likely to remove most of the metals of
concern (except Al and Mn) as sulfides, and supported the
hypothesis that metal loading might actually be a limiting
factor to the metal sulfide removal pathway, possibly
explaining the small removal rates reported in Table 4. For
the short HRT systems, even though metal sulfide forma-
tion most likely occurred, precipitation as hydroxides and
carbonates may also be important removal mechanisms.
Future reactor autopsies including scanning-electron
microscopy and chemical sequential extractions performed
on these reactors will help us to understand the exact
removal mechanisms occurring in each system.

Conclusions

This study evaluated the influence of two alkalinity sources
(mussel shells and limestone) and the effect of two HRTs
(~3 and 10 days) on the treatment performance of eight
upward-flow SRBRs. Each of the four SRBR designs
(operated in duplicate) successfully treated AMD over a
continuous period of 5 months. Overall, metal concentra-
tions significantly decreased, pH and alkalinity signifi-
cantly increased, and sulfate showed relatively poor
removal efficiency. Median metal removal efficiencies
were >99 % for Al and >86.5 % for Fe. Higher Mn
removal (55.2 %) occurred in system MS-L than in the
other systems. Generally, reactors operating at a long HRT
and/or containing mussel shells had better metal removal
and alkalinity generation than systems operating at a short
HRT and/or containing limestone. Overall, this study
demonstrated that: (1) waste mussel shells offer an attrac-
tive alternative to limestone for AMD passive treatment in
New Zealand, and; (2) even though an increase in HRT
resulted in better contaminant removal, a HRT of less than
4 days was sufficient to remove more than 80 % of all
metals except Mn. Therefore, the choice of HRT must
balance the need to meet a specific effluent quality while

@ Springer

keeping the treatment time reasonably short, and an inter-
mediate retention time might have been optimal. Longer
investigations will be undertaken to evaluate if mussel
shells can sustain their greater alkalinity generation and if
organic depletion will occur.
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