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Abstract—Measurements of electrical conductivity were obtained during treatment of acid mine drainage
(AMD) by sulphate-reducing bacteria (SRB) in fed-batch column reactors. The advantages of this method
are that it is non-invasive, non-destructive, and rapid, giving real-time information. Conductivity
measurements were taken on an hourly basis throughout the course of several experiments in which the
SRB were exposed to different quantities of fresh AMD. Simultaneous measurements were taken in a
column in which no SRB were present but were also exposed to the same volumes of fresh AMD. As
treatment of the AMD progressed, increases in conductivity were measured, generally localized to two
regions in the gravel bed: the top and bottom 10cm (4”). Changes in conductivity were not always
coincident with changes in ORP and pH, indicating that conductivity may be a more sensitive tool for
locating and monitoring specific zones of SRB activity. © 2001 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

Acid mine drainage (AMD) is an effluent character-
ized by high acidity and elevated levels of metals (e.g.
Al, Cu, Zn) and sulphate. This water presents a harsh
and extreme environment for biological activity and
must be contained and treated before it can be
discharged since it can have severe impact on the
environment. The use of sulphate-reducing bacteria
(SRB) to treat AMD has been investigated in
laboratory and field studies. The treatment of
AMD by SRB is based on the ability of SRB to
reduce sulphate to sulphide, which binds readily with
most metals to form an insoluble precipitate. The
metals are, therefore, removed from solution in a
stable form. The metabolism of the SRB also
generates alkalinity, which contributes towards
neutralizing the acidity of the AMD. The survival
of the SRB in the presence of AMD is partly due to
the fact that they inhabit the sediment, and not the
water column. This is a consequence of the anaerobic
nature of these bacteria and their requirement for an
anoxic environment.

One problem facing the development of such a
treatment process is the ability to monitor SRB
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activity directly in the sediment without disturbing
their habitat to take samples, as this may affect the
experiment and the continuing survival of the
bacteria. Furthermore, enumeration of the SRB is
problematic since this requires anaerobic techniques
and is complicated by the tendency of these bacteria
to aggregate on the surface of the particles in the
sediment. A possible solution is the measurement of
either impedance or conductivity which are non-
destructive methods that, once installed, will not
disturb the system.

The metabolism of bacteria can cause a decrease in
the impedance and an increase in conductivity of the
culture medium due to (i) generation of charged,
mobile metabolites such as organic acids and (ii)
decomposition of large molecules into a number of
smaller ones (Firstenberg-Eden and Eden, 1984).
Changes in impedance and conductivity can be
correlated with bacterial activity and can be used to
enumerate bacteria.

The measurement of impedance has been used for
the detection and enumeration of contaminant
bacteria in the food industry (Curda and Plockova,
1995; Madden and Gilmour, 1995) and in medical
and microbial research (Ciureanu et al., 1997; Orsi
et al, 1997; Silley and Forsythe, 1996). The
monitoring of impedance has also been used for the
detection of bacterial activity in solid-state fermenta-
tions (Deng et al., 1996) and in soils (Haigh and
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Rennie, 1994), including detection of SRB activity in
sediments (Oremland and Silverman, 1979).

The use of electrical conductivity measurements is
a relatively simpler method than impedance since
there is no need to account for reactance when a
direct current power source is used. Electrical
conductivity has been used to detect bacterial activity
in cultures (Palmgquvist et al., 1994; Maurer and Gujer,
1995) and in soils (Silverman and Munoz, 1974).

The use of electrical conductivity measurements
was implemented in a study in which SRB were used
to treat AMD, as reflected by reduction in sulphate
and metal concentrations (Lyew and Sheppard, 1997,
1999). The reactors in this study contained a gravel
bed in which the SRB were established in the
presence of AMD and subsequently subjected to
varying loads of fresh AMD in a sequencing-batch
type of operation. The objective of installing a
conductivity measurement system in the reactor was
to determine if such a system would work, based on
the magnitude and location of changes in conductiv-
ity in comparison to a control column in which no
SRB were present. Furthermore, would conductivity
provide the same information as pH and ORP, or
would it provide additional insight into the treatment
process? This technique, if successful, would be a
useful tool for providing real-time information with-
out need for sampling, disturbance of the sediment,
and lengthy analyses. Furthermore, it could provide
a basis for on-line monitoring and control of the
treatment system.

MATERIALS AND METHODS

Column reactors

Two column reactors with the dimensions and design
given in Fig. 1 were constructed of 0.64 cm (1/4”) thick clear
Plexiglas. The total height of each column was 91.4cm
(36"). A PVC pipe with an inner diameter of 2.5cm (1”) was
centrally located in each column and extended the height of
the column as shown in Fig. 1. The pipe was perforated at
1.3cm (0.5”) intervals along its length. Redox and pH
electrodes could be lowered down this pipe for the
measurement of oxidation-reduction potential (ORP) and
pH at any level in the gravel bed. A 30.5cm (12”) deep bed
composed of 1/2” granite gravel was placed in the bottom of
each column. The central PVC pipe was held in place by the
gravel bed.

Measurement of conductivity

Conductivity measurements were performed using 12
electrodes placed at 2.54cm (1”) intervals starting from the
top of the gravel bed down to a depth of 27.94cm (11”) in
the bed. The top electrode was flush with the surface of the
gravel bed and denoted as 0”. These were attached with
silicon glue to the wall of the reactor. The electrodes were
made from 12gauge (0.029 cm) stainless steel (302) wires
and were coated with a thermoshrink plastic. The bottom
0.635cm (1/4”) of the electrode was left bare. Measurements
of distances were made with respect to the tip of the
electrode. An un-coated stainless steel wire was placed down
the central pipe and served as the common electrode. These
electrodes were connected to a Hewlett Packard data
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Fig. 1. Column design.

Table 1. Composition of Mattabi mine water (as determined by

ICP)
Elements Concentration (mg/L)
Al 131.1
Cu 45.2
Fe 208.6
Mg 203.1
Mn 36.7
S 1324
Zn 348.6
pH 2.5-3.0

acquisition/control unit (Model No. 3421 A) which was
controlled by a Hewlett Packard 87XM computer.

The conductivity was measured using a direct current
in the following manner. The data acquisition unit measured
a two-wire resistance on an hourly basis in which readings
were performed 10 times in rapid succession and averaged.
The average value was converted to conductivity in mS
and stored by the computer. In the preliminary phase of
the study, an upward drift in conductivity was observed in
both the SRB and control columns. This phenomenon was
due to the build up of a residual voltage between the
electrodes. To prevent this, the electrodes were depolarized
between readings by programming the data acquisition unit
to disconnect the voltage supply during the quiescent
period.

Experimental protocol

The gravel bed of one reactor was inoculated with a
mixed culture of SRB isolated from sediment samples taken
from a mine site (Lyew and Sheppard, 1997). The other
reactor, designated as the control, was not inoculated,
undergoing all treatments in the same manner as the
inoculated or SRB column. The results from the inoculated
column were compared with that obtained for the control.
Both columns were filled to the 8 L levels with AMD. This
gave a volume of approximately 6 L in the water column
above the gravel bed. The composition of the AMD is given
in Table 1 and was supplemented with 4 g/L sodium lactate
and 0.5 g/L ammonium chloride as sources of carbon and
nitrogen, respectively.
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After the SRB were established, periodically, part or all
of the water column was ““cycled” or replaced with fresh
AMD, thus operating the reactors in a sequencing-batch
mode. With a total liquid volume in each reactor of 8L,
replacement volumes of 2, 4, and 6 L were used in a series of
fed-batch experiments. The order in which the volumes were
cycled and the number of repetitions were as follows:
(a) 2L, four times, (b) 4L, three times, and (c) 6L, two
times. The period between AMD replacement was 28 days
in all cases and the reactors were not mixed.

The pH and ORP were measured before and immediately
after the start of each experiment and measured on days 1,
3,5, 7, 14, 21, and 28. The ORP readings were always
obtained before that for pH. Readings were taken at 2.54cm
(1) intervals starting from the top (0”) of the gravel bed
down to the bottom (12”) of the bed. Measurements were
always taken in the control column before that in the SRB
column so as to prevent possible contamination of the
control columns with SRB. Electrical conductivity measure-
ments were taken every hour continuously over the course
of each cycle starting from introduction of the fresh
AMD (0h).

RESULTS AND DISCUSSION

As reported and discussed in Lyew and Sheppard
(1997, 1999), the establishment of the SRB in the
columns was indicated by the presence of a black
deposit in the gravel bed and on the walls of the
reactor, a decrease in sulphate concentrations, a
strong sulphurous odour in water samples taken
from the sediment, an increase in the pH to above 6,
and a decrease in the ORP to below —300mV. Once
established, the SRB were able to treat varying loads
of fresh AMD as shown by decreases in sulphate
and metal concentrations and by increases in pH
to acceptable levels. These phenomena were not
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observed in the control column, which did not
contain SRB. Furthermore, the only carbon source
added to the AMD was lactate which favours the
growth of the SRB and the harsh nature of the AMD
does not encourage the growth of other microorgan-
isms. The changes occurring in the inoculated column
were, therefore, assumed to be due to SRB activity.
By extension, the changes in the conductivity
observed in the SRB column were also assumed to
be due to SRB activity, and this is further supported
by the fact that little or no change in conductivity
was observed in the control column.

Two possible scenarios for changes in conductivity
were considered prior to the start of the experiment.
The first scenario was that reported in the literature,
which was an increase in conductivity as a result of
bacterial activity (Firstenberg-Eden and Eden, 1984).
The second possibility was that conductivity would
decrease. The low pH and high concentrations of
metals and sulphate in the AMD suggested that the
initial conductivity would be elevated. The removal
of metals and sulphate by SRB activity would,
therefore, result in a decrease rather than an increase
in the conductivity.

The second scenario did not occur. The conductiv-
ities in the start-up phase were low in both the SRB
and control columns, and increases in conductivity
were observed in the SRB column (Figs 2-4), while
conductivity in the control column remained low and
relatively constant in response to different loads of
fresh AMD. A representative example of conductiv-
ity measurements observed in the control column is
given in Fig. 5.
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Fig. 2. Changes in conductivity over time and depth in a gravel bed inoculated with SRB and for a cycle
volume of 2 L.
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Fig. 3. Changes in conductivity over time and depth in a gravel bed inoculated with SRB and for a cycle
volume of 4 L.
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Several trends could be discerned from the range of
responses obtained during the study:

i The changes in conductivity were more pro-
nounced for cycle volumes of 2 and 6L than
for 4L.

il Abrupt increases in conductivity usually occurred
in the top 18 cm (7”) of the gravel bed immediately

ii

=

Time (d)

Fig. 4. Changes in conductivity over time and depth in a gravel bed inoculated with SRB and for a cycle
volume of 6 L.

following the introduction of fresh AMD into the
reactor. This was due to disturbances caused by
the addition of the fresh AMD since the
conductivity decreased rapidly within the first
few hours.

Following the initial phase, increases in conduc-
tivity were observed in different areas of the gravel
bed. While these areas varied between experi-
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Fig. 5. Changes in conductivity over time and depth in a gravel bed with no SRB and for a cycle volume
of 4L.

ments, there were two regions where most of the
changes in conductivity occurred: within the 2.5-
10cm (1-4") and the 1828 cm (7-11"7) layers of
the bed as shown in Fig. 3.

iv The conductivity decreased by the end of most
experiments on day 28, and the conductivity had
returned to baseline levels (i.e. 0 mS) by the start
of the next experiment.

Abrupt changes in the pH and ORP in the SRB
column were also caused by the addition of fresh
AMD. The pH and ORP data corresponding to the
conductivity data presented in Fig. 2 are given in
Figs 6 and 7, respectively, as examples of pH and
ORP changes observed in this study. The cycle
volume in this experiment was 2 L. In the figures, the
time shown as —1 refers to the data obtained the day
prior to the addition of the fresh AMD at day 0. The
pH decreased from 6-7 to 4-5 and the ORP increased
from between —400 and —300mV up to —100mV
and above. These initial changes occurred in the top
25.4cm (10") of the gravel bed; the conductivity
remained constant in the bottom 5cm (2”) through-
out the study. Fluctuations in pH and ORP were
greatest for cycle volumes of 2 and 6 L. The return of
pH and ORP to the levels existing prior to the
addition of fresh AMD was slower for cycle volumes
of 2 and 6 L as compared to that for 4L, taking 2-3
weeks as compared to 1 week. No further changes in
pH and ORP were observed once these levels had
been attained. The pH and ORP in the control
column remained between 4 and 5, and +150 and
+250mV, respectively, and the addition of fresh
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Fig. 6. Changes in pH over time and depth in columns with
and without SRB for a cycle volume of 2 L.

AMD with an initial pH of 3 caused little change in
these parameters.

Comparison of the conductivity and the pH and
ORP data for the SRB column showed that fluctua-
tions in conductivity at different levels of the bed
were not reflected in the pH and ORP measurements.
For example, large changes in conductivity were
observed at the bottom of the bed, however, no
similar fluctuations in either pH or ORP occurred.

The conductivity data implied that bacterial
activity in the gravel bed was highest near the top
and bottom of the bed. The top of the bed was the
area of exchange between the water column and the
gravel bed where the sulphate and nutrient concen-
trations were highest and where the activity of the
SRB would be stimulated by sulphate. This would
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Fig. 7. Changes in ORP over time and depth in columns
with and without SRB for a cycle volume of 2L.

account for the observed increase in bacterial activity
here; however, the increase in conductivity started
about 2.5cm below the surface of the bed and not at
the surface itself. This was probably due to the high
acidity and metal levels of the water present at the
interface with the gravel bed.

The SRB were well established at the bottom of the
bed. The pH and ORP data indicated that the
environment at the bottom was ideal for their growth
and activity. The pH and ORP in this region were not
affected by the addition of fresh AMD, being
relatively constant in all experiments. The bottom
was, therefore, a reservoir of SRB for the system.
Also, the settling of metal sulphide precipitates from
the top of the bed would entrain SRB to collect at the
bottom.

CONCLUSIONS

The assumption that changes in conductivity
observed in the SRB column are related to SRB
activity was supported by the fact that no such
changes in conductivity occurred in the control
column. Data reported previously (Lyew and Shep-
pard, 1997) demonstrated that SRB activity in the
columns is reflected by a the decrease in sulphate
levels, the appearance of a black precipitate, and a
sulphurous odour in water samples taken from the
SRB column. None of these phenomena were
observed in the control column. Also, lactate, which
favours the growth of the SRB, was used as the
sole carbon source, and the harsh nature of the
AMD does not encourage the growth of other
microorganisms.

The conductivity measurements indicated that the
bottom of the gravel bed was a site where the SRB
were firmly established and most active, while a
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second zone of conductivity increase occurred in the
top 10cm (4”) due to stimulation by sulphate after
the addition of fresh AMD. The use of conductivity
measurements appears to be a more sensitive tool for
monitoring SRB activity than pH and ORP measure-
ment, and also offers the potential for providing
rapid and continuous information.
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