Mine Water Environ (2012) 31:82-91
DOI 10.1007/s10230-012-0177-5

TECHNICAL ARTICLE

The Influence of Engineering Scale and Environmental Conditions
on the Performance of Compost Bioreactors for the Remediation

of Zinc in Mine Water Discharges

Catherine J. Gandy - Adam P. Jarvis

Received: 9 December 2011/ Accepted: 28 March 2012 /Published online: 12 April 2012

© Springer-Verlag 2012

Abstract The effects of engineering scale on the per-
formance of a compost-based system for the remediation of
a discharge from an abandoned metal mine was investi-
gated by simultaneous operation, under field conditions, of
a laboratory-scale column and a pilot-scale system. The
two systems contained identical reactive substrate, com-
prising limestone gravel, compost, wood chips and acti-
vated sludge from a municipal waste water treatment plant,
and had an initial hydraulic residence time of approxi-
mately 19 h. The influent mine water contained around
2-2.5 mg/L zinc and had a circumneutral pH. Clear dif-
ferences in the performance of the systems were seen,
demonstrating the importance of engineering scale in the
remediation of zinc. The laboratory-scale column was most
effective at removing zinc, with approximately 96 % of the
influent zinc attenuated within the system, while the pilot
scale system removed, on average, 84 % of the influent
zinc. The poorer performance of the pilot-scale reactor
may, in part, be due to preferential flow, as indicated by a
greater reduction in hydraulic residence time than in the
laboratory-scale system. Early indications are that tem-
perature also plays an important role in the attenuation of
zinc within such systems, possibly linked to reduced
microbial activity during periods of low temperature.
Despite an apparent decrease in sulphate concentration
within both systems, it is unclear whether bacterial sulphate
reduction is the dominant mechanism for metal removal or
whether sorption processes prevail. Implications for full-
scale design of these treatment systems are discussed.
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Introduction

Drainage from abandoned metal mines is an acute and
pervasive form of aquatic pollution, discharging contami-
nant metals (e.g. zinc, lead, cadmium) to both surface and
groundwaters. In the UK, some 6 % of surface water
bodies in England and Wales are impacted by such dis-
charges (Mayes et al. 2009a) and they are known to remain
polluting for many decades, or even centuries (Younger
et al. 2002).

Much research in recent years has focused on the
identification of low-cost, low maintenance (i.e. passive)
treatment options for the remediation of these polluting
discharges (PIRAMID 2003). The remediation of coal
mine drainage is now a proven technology with many full-
scale systems operational (Jarvis et al. 2006; Younger et al.
2002). However, the removal of divalent metals, such as
zinc, which is prevalent in discharges from abandoned
metal mines, is more difficult. Whilst iron, the principal
contaminant of concern in coal mine drainage, is readily
removed by the generation of (oxy)hydroxides in aerobic
wetlands, the hydroxide solubility products of zinc and
other divalent metals are higher than that of iron, so that a
higher target pH is required to remove these metals as
hydroxides (Diaz et al. 1997). In contrast, the solubility
products of the sulphides of these metals are lower than
that of iron, so bacterial sulphate reduction (BSR) in
compost bioreactors may offer a more feasible approach to
removing such metals at the pH values typically achievable
in passive treatment systems (Mayes et al. 2011), and in
timescales that result in reasonably sized systems. This is
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especially pertinent in the UK where the majority of metal
mine discharges occur in upland areas with steep topog-
raphy and limited land availability. The process is based on
the reduction of sulphate, under anoxic conditions, by BSR,
which consumes protons and generates alkalinity (reac-
tion 1), whilst simultaneously releasing sulphide to form a
precipitate with divalent metal ions, e.g. zinc (reaction 2)
(Walton-Day 1999). Note that although alkalinity is gen-
erated in reaction 1 and 2 consumes alkalinity.

2CH,0 + SO2~ + 2H" — 2CO, + H,S + 2H,0 (1)
H,S + M*" + 2HCO3 — MS + 2H,0 + 2CO,. (2)

Other mechanisms that may immobilise metals in
treatment systems, such as adsorption and co-
precipitation, may simultaneously take place alongside
the bacterial sulphate reduction.

Although examples of full-scale compost bioreactors
exist in the UK, they are based on the removal of iron from
coal mine drainage (Younger et al. 2002). The laboratory-
scale studies into the removal of divalent metals, such as
zinc, lead, and cadmium, do not account for variations in
engineering scale and environmental conditions at mine
sites. A short review by Mayes et al. (2009b) of the perfor-
mance of various passive treatment technologies described
in literature for zinc-containing waste streams (e.g. Gillespie
et al. 1999; Kadlec and Knight 1996; Kalin 1998; Nuttall
1999) revealed that the area-adjusted removal rate of zinc is
typically very low (less than 0.5 g/m?/day) compared to that
for iron in treatment wetlands for coal mine drainage (on
average, iron is removed at an area-adjusted removal rate of
10 g/m*/day PIRAMID 2003). Therefore, significant land
area would be required for the equivalent attenuation of zinc.

The overall aim for the remediation of these metals is
therefore effective passive treatment within a reasonable
land area (a target residence time of 24-48 h). The BSR
needs to be maintained at sufficient rates to achieve this.
Currently, this is one of the biggest problems in the oper-
ation of such systems and appears to be linked to the
availability of carbon within the compost substrate, which
is a crucial requirement for sulphate reducing bacteria
(SRB). Most recent research has therefore focused on
identifying suitable carbon additives to the compost sub-
strate to maximise rates of BSR (e.g. Bilek 2006; Costa
et al. 2009; Nevatalo et al. 2010). However, before full-
scale systems are commissioned, it is also important to
understand issues of engineering scale.

It is well established in wastewater treatment engineer-
ing that chemical and biological processes are affected by
different scales of operation (Schmidtke and Smith 1983).
In simulating these processes, identical hydraulic, chemi-
cal, biological, and environmental conditions must be
assumed. Similarly, much research has been carried out

into scale dependence of geochemical processes (e.g.
Malmstrom et al. 2000), which shows that large discrep-
ancies exist between mineral weathering rates determined
in the laboratory and in the field, with order of magnitude
lower rates observed in the field. Most studies investigating
suitable technologies for the removal of divalent metals
from mine water discharges have been carried out at lab-
oratory-scale (e.g. Gillespie et al. 1999) with limited
attempts to transfer the technologies to pilot-scale (e.g.
Mayes et al. 2009b; Nuttall 1999). This paper investigates
the effects of engineering scale on the performance of
compost bioreactors for the remediation of a discharge
from an abandoned metal mine at Nenthead, Cumbria, UK.
The simultaneous operation of a laboratory-scale column
and a pilot-scale system, under field conditions, has
allowed comparisons between engineering scales.

Study Site

The Northern Pennine Orefield was mined intensively for
lead and zinc until the early twentieth Century (Dunham
1990). One of the legacies of this historic mining is high
zinc concentrations in river catchments draining the min-
eralised ore field. The Rampgill mine water drains the
Rampgill Horse Level and discharges into the River Nent,
a tributary of the River South Tyne. The Rampgill dis-
charge is one of several polluting discharges in the Nent
Valley. As a consequence of these discharges, together
with additional contamination from diffuse sources, the
River Nent is severely impacted by metal-contaminated
water and has been ranked 22nd in the national priority
rank for mining impacted water bodies in England and
Wales (Mayes and Jarvis 2009).

The hydrochemistry of the Rampgill mine water dis-
charge is summarised in Table 1. The dominance of cal-
cium, sulphate, and bicarbonate ions (represented by total
alkalinity in Table 1) is typical of mine waters draining the
Northern Pennine Orefield. The pH is circumneutral,
remaining consistently around 7.5-8.0, as demonstrated by
a low standard deviation. Of the metals present in the
water, zinc is the most important, between 2 and 2.5 mg/L,
with others such as lead, copper and cadmium consistently
below detection limits. Iron concentrations are also rela-
tively low, with a mean of 0.2 mg/L recorded.

Methods
System Configuration

A continuous flow column (internal diameter 105 mm,
length 500 mm) and a pilot-scale reactor (length
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Table 1 Summary hydrochemistry of the Rampgill mine water discharge and effluent water from the laboratory-scale and pilot-scale reactors

Determinand Rampgill Pilot Effluent Laboratory Effluent

Mean S.D. Mean S.D. Mean S.D.
pH 79 0.4 8.0 0.4 8.1 0.3
Eh 149.9 71.9 —112.8 74.3 24.1 63.8
Electrical conductivity 580.4 78.0 603.6 107.6 615.4 124.0
Temperature 8.2 1.2 6.9 29 8.4 3.7
Total alkalinity 154.0 22.7 173.7 31.2 167.2 30.2
SO, 128.1 17.9 119.4 16.6 122.5 16.8
Cl 13.4 1.9 13.6 33 14.8 7.7
Ca 711 10.9 80.1 10.3 77.8 11.2
Mg 243 3.1 24.1 2.7 23.8 3.1
Na 8.9 1.4 9.4 29 9.6 32
K 4.7 0.9 52 1.1 4.7 0.6
Fe 0.2 0.1 0.6 0.5 0.5 0.4
Mn 0.1 0.1 0.2 0.2 0.3 0.2
Al <0.1 - <0.1 - <0.1 -
Zn 22 0.5 0.6 0.3 0.1 0.1
Pb <0.05 - <0.05 - <0.05 -
Cu <0.01 - <0.01 - <0.01 -
As <0.05 - <0.05 - <0.05 -
Cd <0.01 - <0.01 - <0.01 -
Ni <0.01 - <0.01 - <0.01 -
Cr <0.01 - <0.01 - <0.01 -
Si 2.8 0.3 3.1 0.9 3.0 0.6

All values are in mg/L except pH, Eh (mV), electrical conductivity (uS/cm), temperature (°C), total alkalinity (mg/L CaCO;). n = 26 for
Rampgill and pilot-scale effluent and n = 20 for laboratory-scale effluent

2,500 mm, width 1,500 mm, height 1,000 mm) were set up
to operate under field conditions at Nenthead. Two Watson
Marlow 300 series peristaltic pumps were used to transfer
mine water directly from the Rampgill discharge to the
column and the pilot reactor respectively (note that
pumping is for experimental purposes only; it is envisaged
that full-scale systems would be gravity fed). The labora-
tory-scale column was configured as an upwards flow
reactor to prevent channelling of water and system block-
ing. The pilot-scale system, in contrast, was configured for
the mine water to enter at the surface, and then be con-
strained to flow downwards through the reactive media by
gravity to enter a pipe network at the base of the reactor
from which the effluent was discharged.

The two systems contained identical reactive substrate
comprising PAS100 compost (45 % v/v), wood chips
(45 % v/v), and activated sludge from a municipal waste-
water treatment plant (10 %). Limestone gravel
(40-50 mm diameter in the pilot-scale reactor and
<10 mm diameter in the laboratory-scale reactor) was
placed on the base of the reactors (to a depth of 200 mm in
the pilot-scale reactor and 30 mm in the laboratory-scale
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reactor) to prevent clogging with solids and a small amount
of limestone gravel was also mixed with the reactive sub-
strate to aid permeability and act as a source of alkalinity.
The wood chips (approximately 20-50 mm in length) also
assisted with permeability while the activated digested
sludge was included as an initial source of available carbon
for metabolism of SRB. The compost, however, acted as
the main medium- to long-term source of carbon and
encouraged the development of anoxic conditions, critical
for the survival of SRB. The substrates were thoroughly
mixed before 3,500 cm® (0.0035 m’ ) of mixed substrate
was inserted into the laboratory-scale column and 2.25 m?
of mixed substrate was inserted into the pilot-scale reactor.
The pilot-scale system was then saturated to allow calcu-
lation of the substrate porosity and estimated influent flow
rates necessary to achieve the required residence time. A
bulk porosity of approximately 60 % was calculated and
both systems were designed to have an initial hydraulic
residence time of approximately 19 h. This necessitated an
influent flow rate of approximately 1.6 mL/min to the
laboratory-scale column and a flow rate of around 1.1 L/
min into the pilot-scale reactor.
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Sampling and Analysis

Water samples from the influent and effluent to each system
were collected in pre-washed polypropylene bottles on a
weekly basis. One aliquot of 30 mL was acidified with 1 %
v/v concentrated nitric acid for cations analysis whilst a
second, unacidified sample was collected for anions analysis.
A third aliquot of 30 mL was passed through a 0.45 pm filter
and acidified with 1 % v/v concentrated nitric acid to mea-
sure filtered cation concentrations. In addition, an additional
30 mL of sample was passed through a 0.45 pm filter into a
glass bottle and acidified with 1 % v/v hydrochloric acid for
dissolved organic carbon (DOC) analysis. All samples were
stored at 4 °C between collection and analysis. Cations
analysis was performed using a Varian Vista-MPX ICP-OES
while anion concentrations were determined using a Dionex
DX320 ion chromatograph. DOC analysis was performed
using a Shimadzu TOC-5050A analyser. Measurements of
water temperature, pH, Eh and electrical conductivity were
made at the time of sample collection using a Myron L 6P
Ultrameter, calibrated prior to each sampling trip. Total
alkalinity was also determined at the time of sample collec-
tion using a Hach digital titrator with 1.6 N sulphuric acid
(pilot-scale system) or 0.16 N sulphuric acid (laboratory-
scale system) and a Bromcresol-Green Methyl-Red indica-
tor, with results given in units of mg/L as CaCOs. The influent
and effluent flow rates were determined on each sampling
occasion using a 500 mL measuring cylinder and stopwatch.

Tracer Tests

Tracer tests were undertaken to determine hydraulic resi-
dence time in both the laboratory-scale column and the
pilot-scale reactor. A known mass of sodium fluorescein
tracer was injected into the influent of each system. In the
pilot-scale reactor, a Seapoint fluorescein fluorimeter was
placed in the effluent to log the fluorescence concentrations
at 15 min intervals. In the laboratory-scale column, the
effluent flow rate was insufficient for the use of a fluo-
rimeter so an Aquamatic Aquacell P2 autosampler was
used to collect samples from the column effluent at hourly
intervals. The samples were then analysed on a Varian
Cary Eclipse Fluorescence Spectrophotometer to determine
fluorescence concentrations.

Results and Discussion
Water Chemistry
Summary hydrochemistry data for the effluent waters from

the laboratory-scale column and the pilot-scale reactor,
together with the influent mine water, is provided in

Table 1. As with the influent water, the effluent water from
both systems was largely dominated by calcium, sulphate,
and bicarbonate ions (represented by total alkalinity in
Table 1), albeit the mean sulphate concentrations were
slightly lower in the effluent waters than in the influent
water. The total alkalinity, on the other hand, was mar-
ginally higher in the effluent waters than in the influent
water, which may indicate alkalinity generation by BSR or
limestone dissolution within the reactive substrate
(although a concomitant increase in calcium concentration
was not observed). The main difference in hydrochemistry
between the influent and effluent waters, however, was the
significant reduction in zinc concentrations.

Metal Removal

Total and dissolved zinc concentrations in the influent mine
water and the effluent water from both the laboratory-scale
column and the pilot-scale reactor during the initial
8 months of operation (both systems were initiated in
August 2010) are shown in Fig. 1. Evidently, both systems
performed as intended with a significant reduction in zinc
concentrations observed. The greatest zinc removal
occurred in the laboratory-scale column with concentra-
tions reduced from around 2-2.5 mg/L in the influent mine
water to an average of 0.14 mg/L total zinc and 0.08 mg/L
dissolved zinc in the effluent water. Problems with the
operation of the column during the harsh winter conditions
at Nenthead (located approximately 450 m above sea level)
resulted in limited measurements during the period
November to March, as can be seen in Fig. 1 (day 90-200).
Effluent zinc concentrations from the pilot-scale reactor
were consistently higher than those from the laboratory-
scale column, with an average of 0.64 mg/L total zinc and
0.31 mg/L dissolved zinc. The pilot-scale reactor also
showed greater variation in effluent zinc, ranging from 0.14
to 1.09 mg/L total zinc and 0.05-0.65 mg/L dissolved zinc.

In terms of treatment performance, the laboratory-scale
column removed, on average, 93 % of the influent total
zinc and 96 % of the influent dissolved zinc. The pilot-
scale reactor, on the other hand, removed approximately
69 % of the influent total zinc and 84 % of the influent
dissolved zinc. The most significant parameters when
investigating treatment performance are arguably the area-
adjusted and volume-adjusted removal rates for zinc within
each of the systems. In the pilot-scale system, the average
area-adjusted removal rates for zinc over the 8 months of
operation were 0.40 g/m?/day (total zinc) and 0.48 g/m?/
day (dissolved zinc), while the volume-adjusted removal
rates were 0.67 g/m>/day (total zinc) and 0.79 g/m’/day
(dissolved zinc). It should be pointed out that these
removal rates are based on the flow rate within the system
(measured on each sampling occasion), which has varied
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considerably, principally due to problems during pumping
of the mine water from the discharge to the treatment
system, e.g. freezing temperatures during winter resulted in
reduced flows. Consequently, significant variations in
removal rates were observed. At times when the system
was flowing at its designed flow rate of 1.1 L/min, area-
adjusted removal rates for total and dissolved zinc were up
to 0.82 g/m*/day and volume-adjusted removal rates were
up to 1.42 g/m*/day. The system therefore appears to be
load-limited in that the removal rate is a function of the
zinc load added to the system, which is itself related to both
the concentration of zinc in the influent mine water and the
influent flow rate.

Further evidence for a load-limited system is provided in
Fig. 2, which shows a clear relationship between area-
adjusted total zinc removal rate and flow rate in the pilot-
scale system. As stated above, considerable variation in
flow rate occurred, ranging from 0.23 to 1.16 L/min. This
pattern was reflected in the area-adjusted removal rate for
zinc, with an increase in flow rate resulting in a

@ Springer
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corresponding increase in area-adjusted removal rate and
vice versa.

Despite the fact that the laboratory-scale system in the
field also had problems with reduced flows, the area-
adjusted removal rates for zinc in this system were slightly
higher than those in the pilot-scale system, with an average
of 0.54 g/m*/day (total zinc) and 0.53 g/m*/day (dissolved
zinc). Similarly, the volume-adjusted removal rates for zinc
in this system were also higher at an average of 1.35 g/m?/
day (total zinc) and 1.31 g/m*/day (dissolved zinc). As
with the pilot-scale reactor, the system appears to be load-
limited, with removal rate a function of the influent zinc
load, although considerably less variation in flow rate was
observed with the laboratory-scale system and, as a con-
sequence, the removal rates showed smaller fluctuations.

Although the load-limiting effect suggests that greater
removal rates may be achieved with higher influent zinc
concentrations and higher influent flow rates, the removal
rates reported here are still significantly lower than those
typically recorded for the removal of iron in treatment
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wetlands, which are typically around 10 g/m*/day (PIR-
AMID 2003). Clearly, this has implications for the design
of full-scale systems for the treatment of metal mine waters
in terms of the land area required given such low area- and
volume-adjusted removal rates.

Sulphate

Effluent sulphate concentrations in both the laboratory-
scale column and the pilot-scale reactor were, in general,
lower than influent sulphate concentrations throughout the
duration of the trial, with limited exceptions (Fig. 3). This
provides evidence that some form of sulphate attenuation
was taking place within the reactors but there is no direct
evidence as to whether this was due to BSR or some form
of sorption/co-precipitation. As noted by Matthies et al.
(2009) and Mayes et al. (2011), although compost biore-
actors such as those described here are designed with the

Fig. 3 Influent and effluent 180.0 -
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hydrogen sulphide and the strongly negative Eh (indicating
the presence of anoxic conditions) in the effluents from the
two systems suggest that bacterial sulphate reduction was
occurring within both systems.

In addition, a simple mass balance calculation based on
sulphate removal reveals that if all sulphate attenuation
were attributed to BSR, excess sulphide would be produced
in both systems (with the odd exception representing
occasions when effluent sulphate concentrations exceeded
influent sulphate concentrations, see Fig. 3) to account for
the observed zinc removal. Although likely an overestimate
of SRB activity, this confirms that sulphate attenuation was
taking place within the systems. Under such reducing
conditions, BSR is likely to account for at least part of this
removal.
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Hydraulic Conditions

A clear difference in performance can be seen in Fig. 1
between the laboratory-scale and pilot-scale systems,
despite both reactors being subjected to the same environ-
mental conditions. This is likely a factor of the development
of different hydraulic conditions between the two engi-
neering scales. As reported above, both systems were con-
figured to have identical initial hydraulic residence times of
19 h. However, the laboratory-scale reactor was designed as
an upwards flow reactor to limit channelling of water and
clogging, while the water in the pilot-scale reactor was
constrained to flow downwards by gravity. As a conse-
quence, hydraulic conditions may have developed differ-
ently within the two systems over the duration of the trial.

In order to investigate the hydraulic performance of the
systems further, tracer tests were undertaken after the first
6 months of operation to determine hydraulic residence
time. The results of these tracer tests are presented in
Fig. 4. As can be seen, the hydraulic residence time, as
indicated by the peak tracer concentration, had decreased
in both systems but to a greater extent in the pilot-scale
reactor than in the laboratory-scale column. A 14 h. resi-
dence time was measured in the laboratory-scale column as
opposed to only 8 h in the pilot-scale reactor. Together
with compaction of the substrate, this probably reflects the
development of preferential flow paths within the reactive
substrate, which appeared to be greater in the pilot-scale
system than in the laboratory-scale system. Evidence for
this is provided by the sharp increase in tracer concentra-
tion shown in Fig. 4 for the pilot-scale reactor, followed by
a slow recovery, indicating that a proportion of the tracer
passed through the reactor relatively quickly while the
remainder spent considerably longer within the system.
Although the tracer test for the laboratory-scale reactor

Fig. 4 Tracer concentrations in 80 -
the effluent water from the
laboratory-scale column and the
pilot-scale reactor following

injection of sodium fluorescein

Pilot Effluent Na Fluorescein (ug/L)

showed a similar pattern, the peak concentration occurred
significantly later, suggesting less preferential flow. The
longer hydraulic residence time may also help explain the
better performance of the laboratory-scale reactor in terms
of zinc removal.

The apparent propensity for preferential flow in the
pilot-scale system is likely a result of its different dimen-
sions and downward flow configuration, which potentially
induced preferential flow. Future tracer tests on both the
laboratory-scale and pilot-scale systems may help confirm
this observation but nevertheless, these results illustrate the
importance of addressing scale issues when designing such
bioreactors, particularly in the design and operation of full-
scale compost-based systems.

Influence of Environmental Conditions

In addition to the differences in treatment performance
related to engineering scale issues outlined above, there are
indications that environmental conditions, in particular
temperature, also play an important role in zinc removal.
Figure 5 shows the relationship between the area-adjusted
removal rate for zinc in the pilot-scale system during the
initial 8 months of operation and the temperature of the
effluent water. Although considerable scatter in the data is
apparent, there is a clear trend of increasing area-adjusted
removal rate with increasing effluent water temperature.
While effluent temperature varied between 2 and 12 °C,
the area-adjusted zinc removal rate ranged from 0.10 to
0.82 g/m?/day. Note that the data shown here represents the
temperature of the effluent water on sampling occasions
only; it is likely that the actual range in water temperature
was greater than this.

It has already been shown in Fig. 2 that the zinc removal
rate was a function of the influent zinc load to the system

Column Effluent Na Fluorescein (ug/L)
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and, although problems with pumping during freezing
temperatures resulted in reduced influent flow during the
winter months, it is also apparent from Fig. 2 that flow
rates varied throughout the year (again due to operational
difficulties). Hence, the relationship between zinc removal
rate and effluent water temperature shown in Fig. 4 is not
simply the result of reduced flow rates during times of low
effluent temperatures; water temperature also had a sig-
nificant effect on zinc removal rates. There are indications
from Fig. 1 that zinc removal in the laboratory-scale
reactor was also affected by temperature, since effluent
total and dissolved zinc concentrations increased during the
same period (November—March, day 90-200) as higher
effluent concentrations were recorded in the pilot-scale
system. However, this is based on only a few measure-
ments due to the problems mentioned above with the
operation of the laboratory-scale reactor during the winter.

It is, as yet, unclear why temperature appears to play
such an important role in the attenuation of zinc within

Effluent Temperature (°C)

such systems but it is most likely linked to reduced
activity of the important SRB microbial communities
during periods of low temperature. It may also be linked
to the maintenance of reducing conditions essential for
the development and sustainability of the SRB. The redox
potential of the influent and effluent water from the pilot-
scale system is shown in Fig. 6. Following the estab-
lishment of reducing conditions during the first month, the
redox potential varied between —40 and —230 mV.
Although redox potential was at its highest, and therefore
least reducing, during the winter period (Day 90-160),
and subsequently decreased early in the spring as tem-
peratures rose, no clear trends can be discerned from
Fig. 6. Since limited samples were collected during the
winter months in the laboratory-scale system, it was not
possible to identify any trends in redox potential. A
minimum of —100 mV was recorded, however, during the
period when effluent zinc concentrations were at their
lowest.

Fig. 6 Redox potential (Eh) of 400 -
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scale reactor
200 4
= 100 1~
E
= 04
B e e A
“: L] ‘l'l" .".. e A
-100 - > 7 A " N
W, a, i
2200 A Ty, ARk o
e
-300 v T T T T ]
0 50 100 150 200 250 300
Time (days)
—#—Influent Eh  ++sk++ Pilot Effluent Eh

@ Springer



90

Mine Water Environ (2012) 31:82-91

Conclusions

The simultaneous operation, under field conditions, of a
laboratory-scale column and a pilot-scale system, enabled
the influence of engineering scale on the remediation of
divalent metals to be investigated. Clear differences in the
performance of the two systems were apparent, with the
laboratory-scale column achieving a higher percentage
removal of zinc (mean dissolved zinc removal 96 %) than
the pilot-scale system (mean dissolved zinc removal 84 %).
Studies of hydraulic residence time suggest that preferen-
tial flow was taking place to a greater extent in the pilot
scale system than in the laboratory-scale system, resulting
in a significantly lower residence time (8 h.) after 6 months
of operation than the initial 19 h. for which the systems
were designed. This is likely a consequence of the different
dimensions of the two systems and the downwards-flow
configuration of the pilot-scale reactor, which could have
induced preferential flow. The shorter hydraulic residence
time may also explain the poorer performance of this
system in terms of zinc removal.

There is evidence to suggest that sulphate attenuation
was taking place within both the laboratory-scale column
and the pilot-scale reactor, given the lower sulphate con-
centrations observed in the effluents from the systems than
in the influent mine water. It is unclear, however, whether
this was due to BSR or some form of sorption/co-pre-
cipitation, although the negative Eh in the effluent waters
and the strong hydrogen sulphide odours suggest that some
BSR was taking place within both systems.

Temperature appears to play a significant role in zinc
removal within such compost bioreactors, with a relation-
ship evident between the area-adjusted zinc removal rate in
the pilot-scale system and the temperature of the effluent
water. During colder conditions, when effluent temperature
dropped as low as 2 °C, the area-adjusted zinc removal rate
decreased to around 0.20 g/m?/day. This is likely related to
reduced SRB activity during low temperatures and inade-
quately reducing conditions within the reactive substrates,
which is essential for the development and sustainability of
SRB.

Clearly, both engineering scale and environmental
conditions are important to the design and operation of full-
scale compost-based systems for the remediation of metals.
This research emphasises the importance of assessing
treatment performance at pilot-scale, in addition to the
laboratory-scale studies that are much more the norm. In
addition, the relatively low area-adjusted and volume-
adjusted zinc removal rates (albeit significantly higher than
those reported in most of the previous studies detailed in
the literature) calculated for the pilot-scale system indicates
that considerable land area would be required for a full-
scale system, which may be a problem at the upland

@ Springer

locations of many metal mine discharges in the UK. Future
work will focus on identifying suitable carbon sources and
the frequency of carbon additions necessary to maximise
rates of BSR and maintain high rates of metal removal.
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