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ABSTRACT

A biological activity probe for the detection on-line of the
presence of sulphide including an enzyme electrode; a counter
electrode; a reference electrode; and 1f desired a corrosion
electrode. The enzyme electrode includes an immobilised source
of sulfide oxidase enzyme, together with a cofactor such as 1,1'-
dimethylferrocene, immobilised 1in a water permeable non-
conducting binder on a biologically inert electrically conducting
substrate. The immobilised sourde of sulfide oxidase enzyme 1is
either a chemoautotropic microorganism such as a Thiobacillus
thioparus, or enzyme material recovered from a culture of a
Thiobacillus thioparus. The probe when connected to a suitable
electrical system is capable of identifying microbiological
activity resulting in microbiologically influenced corrosion;
microbiological activity not resulting in microbiologically
influenced corrosion; microbiological inactivity, coupled with
non-microbiologically influenced corrosion; and microbiological

inactivity; and no corrosion.
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BIOLOGICAL ACTIVITY PROBE FOR THE DETECTION OF SULPHIDE AND
SULPHIDE PRODUCING MICROORGANISMS

This invention relates to a biological activity probe for

the detection on-line of the presence of sulphide. It 1s thus
applicable for the detection of a level of microbiological
activity involving sulphide which is 1likely to influence

corrosion, for example of a buried metal pipellne, or to result

in the formation of biofilm surface coatings, for example inside
either metallic or non-metallic pipes. The probe i1s thus of use

in monitoring biological activity both inside and outside a

number of structures, such as buried pipelines, and heat

exchanger structures.

Since the discovery of sulphate reducing bacterilia by
Bijerninck in 1905, microbiologically influenced corrosion has
been the subject of considerable interest. Microbiologically
influenced corrosion has been documented for metals, particularly

ferrous metals, exposed to seawater, fresh water, water

associated with crude o1l and with natural gas, demineralised
water, chemical process flows, foods, aircraft fuels, human
plasma, and sewage. Despite the evidence that the presence of a
number of different groups of microorganisms can influence and
accelerate rates of corrosion, sulphide producing microorganisms,
including sulphate reducing bacteria (SRB), have received the
most attention as the causative agents of microbiologically
influenced corrosion for a number of reasons. In addition to
being the most common causative group of microorganisms involved

in microbiologically influenced corrosion, they were identified

as being involved in the first corrosion mechanism that accounted

P

for anaerobic corrosion of ferrous metals. In a suitable

environment, sulphate reducing bacterlia will produce sulphide
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ions, typically as hydrogen sulphide, which will corrode metals,
including ferrous metals, copper, and nickel alloys.

A parallel problem resulting from the presence of active
bacteria is the formation of adherent coatings of biofilm on a
wide variety of surfaces, which 1includes the surfaces of both
metallic and non-metallic materials, such as the inside of metal
and plastic pilpes. The formation of an 1nternal biofilm
obstructs the pipe bore and thus impairs its flow capacity, and
in applications such as heat exchangers can significantly degrade

pipe heat exchange properties.

Although the involvement of sulphide producing
microorganisms (e.g. SRB) in microbiologically influenced
corrosion is well known, and conditions have been ldentified that
are suitable for the growth of sulphide producing bacteria,
analytical methods are still lacking which will provide
definitive indicators that microbiologically influenced corrosion
in fact will occur. For example, there does not appear to be any
consistent correlation between the size of a population of
sulphate reducing bacteria present in a given environment, and
the microbiologically influenced corrosion in that environment.
Further, at present there are no definitive tests available that
can be used on line for a structure 1n the field to detect
microbiologically influenced corrosion, although there are some
features of the results of microbiologically influenced corrosion
which have been identified, such as non-uniform pitting, pits
filled with black corrosion products, round plits under tubercles
in carbon steel, and pinholes leading to large subsurface
cavities in stainless steel. Consequently, 1n the absence of

definitive and reliable indicators, identification of the
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presence of conditions which will foster microbiologically

influenced corrosion is difficult.

In the past, three approaches have been proposed as a means
to monitor conditions which can be taken to 1indicate that
microbiologically influenced corrosion might be occurring. These
are to monitor the relative quantity of mlcroorganisms that are
present, to monitor microbiological influences, and to monitor

on-going Corrosion.

In order to monitor the number of organisms present,
techniques utilising more or 1less conventional culturing
procedures have been used, with both an 1ron source and sulphate
ions being included in the culture medium. If sulphate reducing
bacteria are present, black ferrous sulphide 1s formed. The
number of positive samples in a most probable number method can
be used to assess the quantity of sulphate reducing bacteria that
are present. Alternatively, several direct methods for detecting
the presence of sulphide producing microorganisms have been
proposed. In these methods, the method does not require the
growth of microorganisms during the test. Instead, after removal
of dissolved solids that might interfere with the test, a
photochemical procedure, usually involving enzymatic reduction,

is used.

In order to monitor microbiological 1influences, several
indirect methods have been proposed. The presence of an adhering
biofilm on a metallic surface alters the properties of that
surface, and can also modify the 1local anodic and cathodic
processes. For example, the simple presence of a biofilm will

alter the pressure drop through an orifice, and will alter the

- - - s Mo Mo s . e - e 2 *
R T o A ST A ot N A v = e T -t .



CA 02376549 2002-03-12

heat transfer properties of a tube surface, provided that there

is enough biofilm formation to provide meaningful results.

In order to monitor on-going corrosion, several procedures
have been proposed, which seek to provide an alert that the
metallic system is corroding, and at what rate. Commonly used
methods include weilght loss coupons, galvanic probes,

electrochemical probes and system simulations.

These proposed systems all however suffer from several

significant disadvantages.

Although the biological procedures are capable of indicating
that sulphide producing microorganisms are present, and often an
indication of the relative size of the sampled population, these
methods give no information at all as to whether
microbiologically influenced <corrosion might be actually
happening. Furthermore, the biological procedures are only
useable on a relatively small scale and 1n a laboratory
environment; they are not capable of being used on line in the

field to monitor any activity in the environment of a structure.

Although the measurements of microbiological presence are
sometimes capable of detecting physical changes, such as the
consequences of biofilm formation, these methods too do not
indicate whether microbiologically influenced corrosion 1s either
likely to happen or even happening. For example, a reduction in
the heat transfer properties of a tube only indicates that a
biofilm is likely to be present, and cannot give any useful

information about the bacteria 1in that biofilm.
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Although corrosion monitoring methods provide information on
total corrosion rates, these methods do not provide any
information on either whether the corrosion includes any
microbiologically influenced corrosion, or the relative rate of

any microbiologically influenced corrosion 1f 1t is occurring.

Thus although microbiologically influenced corrosion has
been invoked as the cause of many unexpected corrosion faillures,
typically of Dburied steel |pipes, evidence 1identifying
microbiological activity as the primary cause of the failure
continues to be elusive. There 1s no currently available
technique that can be used to characterise a microbial population
in the field, and that can provide useful information about the
potential microbiologically influenced corrosion risks to which

a given structure is exposed.

This invention seeks to provide a biological activity probe
for monitoring microbiclogical activity in the environment of a
structure, to detect the presence of microorganlisms which to
produce substances such as sulphides which are known to have a
direct influence on corrosion. The probe ¢of this i1nvention can
be used to detect the activity of sulphide producing
microorganisms (e.g. SRB's) both in situ and on line on a real
time basis. In a preferred embodiment, the probe can provide
information on corrosion conditions. The probe can be used to
detect the activity of microorganisms such as anaerobic sulphide
producing microorganisms e.g. SRB), and 1s believed to function

also under aerobic conditions.

Thus in a first embodiment this invention seeks to provide
a probe for monitoring the activity of sulphide producing

microorganisms including:
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(1) an enzyme electrode;
(2) a counter electrode; and
(3) a reference electrode;

which are all connectable to a suitable electrical system Ifor

data acguisition, wherein:
- the enzyme electrode comprises an immobilised source of
sulphide oxidase enzyme, together with a cofactor, immobilised 1in

a water permeable non-conducting binder on a biologically inert

electrically conducting substrate;

- the cofactor comprises an artificial mediator that
replaces oxygen under anaerobic conditions;

- the counter electrode comprises a biologically 1inert

electrically conducting electrode; and

- the reference electrode comprises a biologically inert

electrically conducting electrode.

In a second embodiment this invention seeks to provlide a probe
for monitoring the activity of sulphide producing
microorganisms in the environment of a structure incorporating
a metal, the probe including:

(1) an enzyme electrode;

(2) a counter electrode;

(3) a reference electrode; and

(4) a corrosion electrode;
which are all connectable to a suitable electrical system for
data acquisition, data storage, and data retrieval, whereiln

(1) the enzyme electrode comprises an immobilised sulphide
oxidase enzyme, together with a cofactor, i1mmobilised 1n a
water permeable non-conducting binder on a biologically 1nert
electrically conducting substrate;

(1i) the cofactor comprises an artificial mediator that

replaces oxygen under anaerobic conditions;

(111) the counter electrode comprises a biologically inert
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electrically conducting electrode;

(iv) the reference electrode comprises a biologically

inert electrically conducting electrode; and

(v) the corrosion electrode comprises a metal electrode.

Preferably, the immobilised source of sulphide oxidase
enzyme comprises a chemocautotroplc microorganism. Preferably,

the chemoautotropic microorganism 1s a Thiobacillus thioparus

speciles. Alternatively, the immobilised source of sulphide

oxidase enzyme comprises enzymatic material recovered from a

culture of a Thiobacillus thioparus specles.

Preferably, the cofactor is chosen from the group consisting

of pyocvanine, phenazine metasulphate, 1,2-naphthoquinone, 2, 6-

dichlorophenolindophenol, tetracyanogquinodimethane, 1, 4-
benzogquinone, the compound Ru(NH;3)spyridinium(PFg), chlornil,
potassium ferricyanidé, N,N,N',N'-tetramethyl-p-phenylenediamine,
ferrocene monocarboxylic acid, tetrathiafulvene, ferrocene and
1,1'-dimethyl ferrocene. More preferably, the cofactor i1s chosen
from 1,1'-dimethylferrocene and ferrocene. Most preferably, the

cofactor 1s 1,1'-dimethylferrocene.

Conveniently, the counter electrode, the reference electrode

and the corrosion electrode 1f present are the same.

Preferably, the counter electrode 1s chosen from the group
consisting of a graphite electrode, a stainless steel electrode,

and a steel electrode.

Preferably, the reference electrode 1s chosen from the group

consisting of a graphite electrode, a stalnless steel electrode,
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a carbon steel electrode; a standard calomel electrode (SCE), a
copper/copper sulphate electrode, and a silver/silver chloride

electrode.

Preferably, the electrodes are mounted within a protective
outer shell having an opening at i1ts first end for the electrode
active surfaces, and having provision for electrical connections
to the electrodes at its second end, and the electrodes are

separated from each other within the shell by a biologically

inert insulating material.

The probe of this invention thus relies on the enzymatic
oxidation of sulphide, which requires the presence of a sulphur
oxidase enzyme. In the context of a probe, this can be achieved
in two ways: either the probe includes a sulitable amount of an
immobilised chemoautotropic microorganism, such as a
Thiobacillus thioparus, or the probe 1ncludes a suitable amount

cf a sulphur oxidase enzyme, such as an active enzyme concentrate

derived from a Thiobacillus thioparus. For each of these options
the construction of the probe for either laboratory or for field
use 1is more or less the same, the chief differences being the
active material which is immobilised on the enzyme electrode, and
the technique used to prepare the active material. For either

option, a suitable microorganism source materlal 1s required.

The invention will now be described with reference to the
attached drawings 1n which:

Figures 1 and 2 show schematically end-on views of a first

arrangement for the electrodes in a probe for field use;

Figure 3 shows an alternative electrode arrangement to

Figure 2;
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Figure 4 shows schematically the operation of the enzyme
electrode;

Figure 5 shows schematically a typical construction for the
enzyme electrode;

Figure 6 shows the variation of observed probe current with

sulphide concentration;
Figures 7 and 8 show schematic circuit diagrams for the

measurements taken using the probe of Figure 2; and
Figure 9 shows a typical combined plot of SRB activity and

derived corrosion rate.

Referring first to Figure 1 the biological activity probe 1
includes three electrodes within a casing 2. These are an enzyme
electrode 3, a reference electrode 4, and a counter electrode 5.
In Figure 2 the construction is essentially the same as that in
Figure 1, with the addition of a fourth corrosion electrode 6.
In the constructions shown in both of Figqures 1 and 2, and in the
alternative construction shown in Figure 3 which is discussed 1in
more detail below, the electrodes 3, 4 and 5, and a corrosion
electrode 6 if present, are held in place by a body of insulating
plastic material 7, typically a phenolic or epoxy resin as used

in other electronics applications.

In Figure 3 an alternative arrangement 1s shown 1n which
four concentric electrodes are used. The outer casing 2,
electrical connections, and the insulation 7 between the
electrodes are the same as in Figures 1 and 2. The enzyme
electrode 3 is at the centre, with the reference electrode 4, the
counter electrode 5 and the corrosion electrode 6 as a set of
concentric rings around it. Since the electrical measurements
can be influenced by the exposed surface area of the electrodes,

it is convenient to fabricate the probe with the exposed surface

9
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areas of each of the reference electrode 4, the counter electrode
5, and the corrosion electrode 6 substantially the same. If they
are not all the same, the surface area of at least the corrosion
electrode 6 needs to be known 1n order to calculate corrosion
rate data. As 1s shown in Figures 1 and 2, the corrosion

electrode 6 is optional and can be omitted.

The material used for the casing 2 will depend to some
extent on the environment in which the probe 1s to be used; an
engineering plastic material such as polyamide or ABS, which can
be fibre reinforced if desired, will generally be found suitable.
The other end of the casing 2 (not shown) 1s constructed to
accommodate a sealed connection from the electrodes to a cable
used for data retrieval. Suitable cables and connections for
them are well known; for field use a sealed and protected cable
is preferred. How the connections are made to each electrode
will depend on the construction of the electrode; for example
techniques for making an electrical connection to the graphite
used in the enzyme electrode are well known. The presence of the

corrosion electrode 6 is optional, as will be discussed in more

detall below.

In Figures 1, 2 and 3 the construction shown is intended
primarily for field use. For laboratory use the casing 2 and the

insulation 7 can be omitted 1f desired, and each electrode

suitably separately supported.

The enzyme electrode includes either a suitable amount of an
immobilised chemoautotropic microorganlsm, such as a T.
thioparus species, or a suitable amount of an 1mmobilised
sulphide oxidase enzyme, such as an active enzyme concentrate

derived from a T. thioparus, together with a cofactor,

10
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immobilised in a water permeable non-conducting binder on a
biologically 1inert électrically conducting substrate. Figure 4
shows schematically an overview of the chemical reactions
involved, using T. thioparus as the enzyme source and 1,1'-
dimethylferrocene as the cofactor. The analysis for sulphide is
carried out amperometrically, by applying a constant potential
under anaerobic conditions, for example of about +0.3V relative
to a standard calomel reference electrode, and monitoring the
variation of current between the enzyme electrode and the counter

electrode. At this potential, 1,1'-dimethylferrocene 1s oxidised

electrochemically. Any sulphide ions present are oxidised by T.

Thioparus to sulphur.

In order for this enzymatic reaction to occur, the presence
of an electron acceptor such as 1,1'-dimethyl ferrocene as the
1,1'-dimethylferrocinium ion is required. During the enzymatic
reaction, 1,1'-dimethyl ferrocene 1s produced. The oxidation
current measured therefore will increase proportionally to the
concentration of sulphide i1ons. OQther electron acceptors can be
used, which will also require a different applied voltage. Some
examples of other suitable electron acceptors, together with

their standard redox potential against a standard calomel

electrode, are given in Table 1.

11
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Table 1.

Electron Acceptor Standard Redox Potential, vs.

Standard Calomel Electrode

N,N,N',N'-Tetramethyl- +275mV

290mV

p-phenylenediamine

Ferrocene Monocarboxylilc
Acid

Tetrathiafulvene +340mV

The enzyme electrode can use T. Thioparus as the active
chemoautotropic bacterium. a sultable bacterium sample 1is
available from the American Type Culture Collection, Rockland,
Md., USA under accession number 23645, which can be propagated by
known methods to provide a population for use in fabricating
enzyme electrodes (see Handbook of Microbilological Media by R. M.
Atlas, Ed. L. C. Parks, CRC Press, p. 896, and Manual of Methods

12
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for General Bacteriology, Ed. P Gerhardt, American Society for

Microbiology, p. 1355).

A typical construction for an enzyme electrode utilising
immobilised T. thioparus 1invention 1is shown schematically in
Figure 5. The enzyme electrode 3 comprises a graphite rod 10, to
one end of which an electrical connection 1s made (not shown) by
conventional techniques. At the active end of the electrode, a
depression 11 is provided for the immobilised T. Thioparus. The
microorganism is mixed with 1,1'-dimethylferrocene, 1f desired
together with some graphite paste, in a binder to provide
suitable concentrations in the binder of both microorganism and
1,1'-dimethylferrocene. Although some exXperimentation may be
necessary to obtain a mixture with desirable electrical

properties, a typical mixture contains about 10mg of T.

thioparus, 3mg of 1,1'-dimethylferrocene, and 100mg of graphite
powder together with sufficient binder to provide a thick paste.
The binder has to be non-conducting, blologically 1nactive, and
permeable to water, to provide a surface on which the bacterium
can metabolise sulphide ions; a silicone bilnder, such as Fluka
Silicone 0il DC 200 has been found to be suitable. A suilitable
amount 12 of the mixture including the immobilised T. Thioparus
is packed into the depression 11, and sealed 1into 1t with a
suitable surface coating 13, for which a thin coating of the
silicone oil can be used. The immobilised microorganism paste is
protected by covering it with a short length 14 of Fisherbrand
dialysis tubing, available from Fisher Scientific, Pittsburgh,
. PA, USA.

The reaction of an enzyme probe using T. thioparus as the

enzyme source and 1,1'-dimethylferrocene as the cofactor was

13
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determined under laboratory conditions using the following
procedure. A test cell was set up containing a phosphate buffer
solution at pH 7 which had been deaerated for 24 hours by passing
nitrogen through it; the deaerated buffer solution was pumped

into the cell under nitrogen pressure. The other cell electrodes

were a saturated calomel electrode(SCE) as the reference

electrode, and a steel rod as the counter electrode. A potential
of +0.3V vs the SCE was applied, and the current monitored as a
function of time. After the observed current reached a steady

stable value, 10uL of ammonium sulphide was injected into the

cell. A new steady state was reached, and another 10ulL of

ammonium sulphide was injected into the cell. When a second new

steady state was reached a third injection was made, and this
sequence was repeated until 50uL of ammonium sulphide had been

injected into the cell.

Figure 6 shows the amperometric response of the test cell.
The amperometric response 1is almost 1instantaneous, and 1s

proportional to sulphide concentration.

In order to construct an enzyme electrode using immobilised
enzyme, it is first necessary to 1isolate a suitable enzyme
concentrate from, for example, a TI. thioparus. A typical

culturing and isolation procedure is as follows.

A culture of freeze dried T. thioparus was 1lnoculated into

a 250ml Erlenmayer flask containing 100 ml of a sterile distilled
water solution containing the following in ¢g/L: 0.1g NH,Cl; 3.0g
KH,PO,; 0.2g MgCl,.6H,0; 5g Na,S5,0,.5H,0; and 0.1lg CacCl,. The
solution was adjusted to pH 7 with 6M NaOH. The flask was

incubated on a -rotary shaker at ambient temperature. The culture

14
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was transferred to a 2.8L Erlenmeyer flask containing 1L of the
same medium and plaCed on a rotary shaker. Once a drop in pH was
observed, the culture was fed by adding 0.5g sodium sulphide
dissolved in a small volume of sterile distilled water. The pH
was monitored, and as required further aliquots of sodium
sulphide were added, to maintain pH 7. The maximum amount of
sodium sulphide added in a 24 hour period was 3.0g regardless of
the pH. Following feeding, the culture was returned to the

shaker.

Cells were harvested by centrifugation(8,000rpm, 20min),
resuspended in Tris-HC1l buffer at pH 7.5, and centrifuged again.

After resuspension in a minimum of supernatant, an ultrasonic

homogeniser was used to disrupt the cells. An 1ce bath was used
to cool the sample, and four periods of sonification were
separated by three minutes cooling to ensure the samplevdid not
overheat. The resulting paste was then  centrifuged
again (8,000rpm) and the supernatant removed. The pellets were
also recovered, and re-sonicated to recover any remaining enzyme
material. The sulphide oxidase activity can be determined by the
methylene blue method, under anaerobic conditions. A plot can be
made of optical density vs. a control, at ©70nm; sulphide
concentration is determined by comparison with a standard curve
generated with known sulphide concentrations. If desired, the
sample protein content can be determined using the Sigma
Diagnostics Micro Protein Determination Phenol Reagent Method for
Biologic Fluids, Procedure No. 690. If deslred, the sulphide

oxidase preparation can be further purified by ultrafiltration,

for example with a filter have a pore size of 50kDa or of 100kDa.

The enzyme can be i1mmobilised 1n several ways for probe

preparation. Once the enzyme 1is immobilised, 1t 1s preferably

15
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kept wet with water. All of the following have been found to be
effective: physical entrapment between two membranes; entrapment
with a dialysis membrane; physical entrapment onto a surface such
as by immobilisation with glutaraldehyde onto a cellulose
membrane; entrapment in polyvinyl alcohol; entrapment on graphite
powder in a silicone oil paste; entrapment on graphite powder in
a silicone o0il paste including a cofactor, such as 1,1'-
dimethylferrocene; and immobilisation with glutaraldehyde onto a
cellulose membrane combined with a paste of graphite powder and
silicone o0il including a cofactor such as 1,1'-dimethylferrocene.
Of these, entrapment on graphite powder 1in a silicone 01l paste

including 1,1'-dimethylferrocene 1s preferred.

Corrosion rates are derived from measurements made using the
linear polarisation method. The open circuit potential 1is
measured until it reaches a steady state value usually after
about an hour. The linear polarisation measurement 1s obtained
by scanning the potential between -20mV and +20mV with respect to
the corrosion potential, at a scan rate of 0.1lmV/sec. After each
scan, the open circuit potential is again monitored until it
reaches a steady-state value. From the linear plot of current
vs. potential the polarisation resistance R, 1s calculated; from
this both the corrosion current, I....r and the corrosion rate in
uA/cm? are derived. The relationships are:
= 0.0271/Ry ........ 1.

I coxrxr

It can thus be seen that the electrodes within the probe can
be used in two sets for measurements. For biochemical activity,
the enzyme, reference and counter electrodes are used; for
corrosion rates, the reference, corrosion, and counter electrodes

are used.

16
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Corrosion rate, and activity of sulphide producing
microorganisms activity, are monitored using conventional methods
of data retrieval and management using a suiltable contrbller,

such as a computer with a display screen and adequate available

memory.

Figures 7 and 8 show schematic circuit diagrams for these
two sets of measurements. In Figure 7, the probe 1 includes
three electrodes as in Figure 1, and 1in Figure 8 the probe
includes four electrodes as in Figure 2; in each of Figures 7 and
8 the probe leads are numbered to correspond with Figures 1 and
2. In Figure 7, leads from the probe 1 are connected to a
potentiostat unit 71 which provides the required electrical
power. In Figure 8, selected leads from the probe 1 are
connected to each potentiostat 81 and 82, which provide the
required electrical power for the two different measurements. In
each arrangement, the measurement signals are transferred to a
computer unit 72 for processing, and storage, and can be

displayed when required on the screen 73.

At a pre-programmed timé, a sultable potential is applied
between the enzyme and the counter electrodes. The applied
potential depends on the cofactor used; for example, when the
cofactor is 1,1'-dimethylferrocene, a suitable potential for the
enzyme electrode is +0.3V vs. a standard calomel reference
electrode. The current flow is then monitored, and, based on the
measured current, the sulphide concentration 1is calculated,

displayed and if desired stored in the memory. This calculation

is based on pre-calibration of the probe using known sulphide

concentrations to provide a calibration chart.
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At a different pre-programmed time, a potential scan 1is
carried out, between =-20mV and +20mV with respect to the
corrosion potential, at a scan rate of 0.1lmV/sec, starting at
-20mV. From the slope of the linear relationship between current
and potential the corrosion rate in mm/year is calculated,
displayed, and if desired stored in the memory. A typical set of
results is shown in Figure 9. Inspection of Figure 9 shows that
the biological activity probe of this invention 1s capable of
identifying four different possibilities:

(1) microbiological activity resulting in microbiologically

influenced corrosion;

(2) microbiological activity not resulting in

microbiologically influenced corrosion;

(3) microbiological inactivity, coupled with non-

microbiologically influenced corrosion; and

(4) microbiological inactivity, and no corrosion.

The biological activity probe of this 1nvention has several
other applications, including sulphide determinations in other
agqueous environments. It can be used with metal objects
conprising a wide range of structures under an almost equally
wide range of conditions. The probe 1s thus potentially useful
not only for metallic structures which are risk of corrosion but
also non-metallic structures, the performances which are at risk
to biofilm formation. Thus although it 1s of use primarily for
metallic structures, such as steel and other iron alloys, copper,
aluminium, and nickel, it is also of use for plastic structures,
such as pipes, especially 1f these structures use metal
connectors to link parts, such the lengths of a pipe run. The
probe can be used in any situation where biofilm formation is
possible, and there is a surface to be contaminated. It is thus

of use not only when buried adjacent to a pilpe, but also where

18
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there is enough water, either fresh or saline, or enough
humidity, to permit biofilm formation, and enough fluid phase

present for the probe to work.

Although there is some range of choice for the reference and
counter electrodes, the corrosion electrode should be made from
the same metal as the structure being monitored. If the
corrosion electrode is not of the same metal as the structure,
then the readings will ncoct be directly related to the corrosion
behaviour of the structure. The reference and counter electrodes
are also conveniently fabricated from the same metal as the
corrosion electrode; they can also be made from a suitable grade

of graphite.

For many structures, steps are taken both to prevent
corrosion, and to minimise biofilm formation. In many cases
these steps might in&erfere with the operation of the biological
activity probe of this invention. For example, bilocides will
possibly kill the microorganism in a probe; the probe will cease
to function as required, and the only information i1t will provide

is that the biocide is effective.

In the above description it 1s assumed that the biological
activity probe is more or less continuously connected to a data
handling system. For field use, the probe can be remotely
powered by batteries or solar cells, and be coupled to a suitable
programming device for taking readings including a suitable
memory. The data in the memory can then be retrieved by any
suitable method.
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What 1s claimed is:

1. A probe for monitoring the activity of sulphide
producing microorganisms in the environment of a structure
incorporating a metal, the probe including:
(1) an enzyme electrode;
(2) a counter electrode;
(3) a reference electrode; and
(4) a corrosion electrode;
which are all connectable to a suitable electrical system
for data acquisition, data storage, and data retrieval,
wherein

(1) the enzyme electrode comprises an immobilised
sulphide oxidase enzyme, together with a cofactor,
immopillised in a water permeable non-conducting binder on a
biologically inert electrically conducting substrate;

(11) the cofactor comprises an artificial mediator that
replaces oxygen under anaerobic conditions;

(111) the counter electrode comprises a biologically
1nert electrically conducting electrode;

(1v) the reference electrode comprises a biologically

inert electrically conducting electrode; and
(v} the corrosion electrode comprises a metal

electrode.

2. A probe according to Claim 1 wherein the immobilised
source of sulphide oxidase enzyme i1s chosen from the group
consisting of an immobilised Thiobacillus thioparus
microorganism, and a sulphide oxidase enzyme preparation

obtained from a Thiobacillus thioparus species.
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3. A probe according to Claim 2 wherein the immobilised
source of sulphide oxidase enzyme 1s an immobilised

microorganism of the Thiobacillus thioparus species.

4. A probe according to Claim 1 wherein the cofactor is

chosen from the group consisting of pyocyanine, phenazine
metasulphate, 1,2-naphthaguinone, 2, 6-
dichlorophenolindophenol, tetracyanogquinodimethane, 1, 4-

benzoquinone, Ru(NH3)Spyridinium(PF6), chlornil, potassuin

ferricyanide, N,N,N',N'-tetramethyl-p-phenylenediamine,
ferrocene monocarboxylic acid, tetrathiafulvene, ferrocene

and 1,1'-dimethyl ferrocene.

5. A probe according to Claim 4 wherein the cofactor is

chosen from 1,1'-dimethylferrocene and ferrocene.

6. A probe according to Claim 4 wherein the cofactor is

l,1"-dimethylferrocene.

7. A probe according to Claim 1 wherein the counter
electrode and the corrosion electrode are of the same

material.

8 . A probe according to Claim 1 wherein the counter
electrode and the corrosion electrode are not of the same

material.
9. A probe according to Claim 1 wherein the counter

electrode is chosen from the group consisting of a steel

electrode and a graphite electrode.
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10. A probe according to Claim 1 wherein the reference
electrode is chosen from the group consisting of a graphite
electrode, a stainless steel electrode, a carbon steel

electrode, a standard calomel electrode (SCE), a

copper/copper sulphate electrode, and a silver/silver

chloride electrode.

11. A probe according to Claim 1 wherein the electrodes are
mounted within a protective outer shell having an opening at
its first end for the electrode active surfaces, and a
provision for electrical connections to the electrodes at
1ts second end, and wherein the electrodes are separated

from each other within the shell by a biologically inert

insulating material.
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