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ing microbiologically induced corrosion using galvanically coupled electrodes exposed in an electrolytically
continuous, biologically s~parated environment. The
device consists of two,
ror image, half-cells separated by either a 0.1- _poros cellulose acetate/celulose nitrate membrane or a solid disc. The membrane
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is used when measuring total corrosion current in a
chemically continuous environment while the solid disc
is used when evaluating individual corrosion mechanisms in chemically isolated environment. Culture me(21]
dium is pumped through inlets of the half-cells at a
[22] Filed:
Oct 9, 1167
constant speed. One of the electrodes is inoculated with
viable microorganisms which colonize the electrode
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sured with a zero resistance ammeter. If a solid (Teflon)
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disc is used, an agar salt bridge is inserted through the
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utility port of each half-cell to maintain electrolytic
continuity. In such a chemically separated environment,
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which are biologically separated but electrolytically
and chemically continuous.
METHOD AND APPARATUS FOR MEASURING
Still another object of the invention is the provision
CORROSION CURRENT INDUCED BY
of a method and apparatus for measuring biologically
MICROBIOLOGICAL ACrIVrrES
5 induced corrosion in metal electrodes using dual cells
which are biologically separated but electrolytically
BACKGROUND OF THE INVENTION
and chemically continuous with a constant and mea1. Field of the Invention
sured flow of electrolyte through the cells.
The present invention relates to an apparatus and
of a
is the provision
invention mechanisms
theindividual
object ofthe
method
measuring the corrosion
A further
oroinuretidedb
of evaluating
for biocurrent induced by 10means
freasing
thod for
using
microbiological activities on a metal electrode
logically induced corrosion currents in metals.
two galvanically coupled electrodes in dual cells which
Other objects, advantages and novel features of the
continuous
chemically
are electrolytically continuous,
invention will become apparent from the following
and biologically separated. The contributions of idival
microbiological mechanism can also be evalu- 1 detailed description of the invention when considered in
aidualsing the anparatuconjunction with the accompanying drawings.
ated using the apparatus.
2. Description of the Prior Art
BRIEF DESCRIPTION OF DRAWINGS
Over the last fifty years, microbiologists and corroFIG. I is a schematic diagram, showing the preferred
sion engineers have been documenting the corrosive
embodiment in its simplest form.
effects of microorganisms attached to metal surfaces in 20
FIG. 2 is a schematic diagram of the preferred em-

a variety of media. Despite this recognition and documentaton, the quantification of the electrochemical
impact of microorganisms and individual mechanisms
fmptor microogni in
d
inidual mechisniFIG.
for microbiologically induced corrosion has remained
elusive because of the complexity of microbiological 25
processes and lack of analytical techniques.
Attempts to measure microbiologically induced corrosion have been made using polarization technique
that are accurate only for general corrosion on homogeneous metal surfaces. Polarization techniques assume a 30
metal is corroding by a Wagner-Traud mechanism. Le.,
that anodic and cathodic processes occur with equal
probability on all parts of the corroding metal surface.
Metal surfaces colonized by microorganisms are not
homogeneous and the resulting corrosion is localized, 35
not general. Anodic and cathodic areas are distinct in
space and stable in time. This invention allows a separation of anodic and cathodic areas.
Prior known corrosion measuring devices such as
described in U.S. Pat. No. 3,605,151 to F. Schaichl et al
and Japan Patent No. 59-48469 to Takashi Yamamoto
have used techniques to separate anodic and cathodic
areas to evaluate abiotic corrosion processe However
the prior art does not provide a means to maintain bio- 45
logical separation between the two electrod are
Neither apparatus biologically separates the electrolyte
of the two cells, nor do they maintain a constant and
measured flow of the electrolyte.

bodiment showing the corrosion measuring device with
all its components.
3 is a plan view drawing of a half-cell of the
actual apparatus used in practicing the invention.
FIG. 4 is a cross-section of the half-cell of FIG. 3
taken along the lines 4-4.
FIG. 5 is a graph showing corrosion current vs time
induced by three bacierial species.
FIG. 6 is a graph showing impact of 10 mM acetic
acid on corrosion current vs time for nickel, copper,
carbon steel and platinum electrodes.
FIG. 7 is a graph showing cathodic corrosion current
vs time for a copper electrode in the presence of 1.2 mM
cupc On
DESCRIPTION OF THE PREFERRED
EMBODIMENT
Referring now to the drawings wherein there is
shown in FIG. 1, the measurement cell in simplified
form. The cell comprises two halves, 10 and 12 which
are mirror images of each other, separated by a 0.1 I~m
cellulose acetate/cellulose nitrate membrane 14. Membrane 14 is secured between the two half-cells 10 and 12,
respectively, with a clamp (not shown) that also holds
the two half-cells together. An electrolyte 16 is pumped
from a reservoir (not shown) through inlets 18 and 20 at
the bottom of half-cells 10 and 12, respectively, by
men of a pump 22. Cell cover 24 is secured to half-cell

so 10 by means of a clamp (not shown) and supports electrode 26 which is immersed in electrolyte 16. Cell cover
The present invention provides for a method and
23 is secured to half-cell 12 by means of a clamp (not
apparatus for measuring microbiologically induced corshown) and supports electrode 30 which is immersed in
rosion current in metal electrodes. The invention uses
the electrolyte 16. Electrodes 26 and 30 are connected
two galvanically couple electrodes in dual cells which 55 to zero resisvance ammeter 32 by means of electrical
are biologically separated but electrolytically continuleads 34 and 36, respectively.
ous with a constant and measured flow of electrolyte
As shown in FIG. 2, in addition to the working electhrough the cells. The invention also provides for the
trodes 26 and 30, Luggin capillaries 44 and 46 to contain
evaluation of the individual mechanisms for microbioreference electrodes (either hydrogen or saturated calologically induced corrosion, by chemically separating do mel) and counter electrodes 48 and 50 make it possible
the dual cells while maintaining electrolytic continuity,
to read the individual half-cell potentials using a potenAccordingly an object of the present invention is the
tiostat when leads 34 and 36 are disconnected from the
provision of a method and apparatus for measuring
zero resistance ammeter 32. As shown in FIG. 4, Lugbiologically induced corrosion current in metal elecgin capillary 44 containing a reference electrode 49 is
trodes.
65 positioned adjacent the working electrode 6. Counter
Another object of the invention is the provision of a
electrode 46 is made of platinum and is divided so that
method and apparatus for measuring biologically inLuggin capillary 44 and working electrode 26 are posiduced corrosion in metal electrodes using dual cells
tioned between the two halves. The measured potential
SUMMARY OF THE INVENTION

4
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th
medium as shown in Table 2. Standard microbiological
difference between the working and reference electechniques were used to isolate and maintain these ortrodes is
gnisms as pure cultures. The culture media were used
Em b+Acemu,+A64,i'.,-R
as electrolytes for the corrosion measurements. Organ5 isms that had a greater ability to attach to surfaces were
where IR is the potential drop developed when the I
selected by providing metal disks in the culture media.
overcomes the resistance R=7/o'A of the electrolyte
These disks were used for subsequent transfers and for
between the working electrode 26 and the reference
inoculation of the electrolytes in the corrosion experielectrode in the Luggin capillary 44 by means of which
ments.
TABLE 2
A
NTA

1.0

8

CaSO4.2H20
NaCI
KNO3
NaNO3
N&Z2PO4
Distilled H2 0

0.6

S

0.06
1.03

S

1.0

L

689

s
2.11 g

Adjust pH to 8.2 with
N&OH

Fea

Bam1 Salt Medium
Stock Solution
B
0.1 £
MnSO 4.H20

Distilled H2O

1.0

i H2 SOs (coRc) 0.50

L

mL

C
0.22

ZnSO4.7H 2 0
H3BO3
CuS4
Na2MoO4.2HO
CoC]26H2O
H2SO4

0.05
0.05
0.0016
0.0025

Dstilled HzO

1.0

00046
0.50

g

a

9

g
g
g
mL
L

Fual liquid medium Combine ad dilute to I L with diiled water 100 mL Soluton A. 10 mL Solution B.
10 .1 Sot.m.. C. sad 0.25 g tryptome. Adjut te pH value to 7.6.

the reference electrode 48 makes ionic or electrolytic
In operation, and by way of example, with the 0.1 Am
contact with the working electrode 26.
membrane 14 in place, electrolyte 16 is continuous beAs shown in FIG. 2 and 4, gas inlets 40 and 42 are
tween the two half-cells 10 and 12 while they are biopositioned in such a way as to mix the contents in the
logically separated because microorganisms cannot
half-cells adjacent to the membrane 14. Covers 24 and
28 also provide support for the metal specimen holders 30 move through membrane 14 between the two half-cells.
To test for microbiologically induced corrosion, the
26 and 30, Luggin capillaries 44 and 46 for reference
two half-cells and the electrodes 26 and 30 are sterilized
electrodes 49, platinum counter electrodes 48 and ,
and then a sterilized electrolyte is pumped through the
gas outlets 52 and st, and utility ports 6 and S8.
half-cells at a constant speed of about one milliliter per
Utility ports 56 and 58 are used for electrolyte samping, inoculation of metal electrodes, and the insertion 35 minute to provide a medium for a pre-selected microorganisms to grow. The two electrodes are then galvaniof an agar salt bridge for some applications. Inlets and
cally coupled and continuous readings of the current
outlets (liquid or gas) are provided with traps to prevent
flow in ammeter 32 are recorded. In such a configurabacteral migation.
tion, the electrodes are identical. In the absence of miThe effect of a (1) marine pseudomonad, an (2) obligte thermophilic filamentous bacterium, and an (3) 40 crobial colonization the measured current will be zero,
because there is no potential difference between eleciron-oxidizing stalked bacterium have been examined
trodes 26 and 30. Electrode 30 is then inoculated with
using the above described measurement cell. The b
the pre-selected culture of microorganisms and current
rium designated B-3, a marine pseudomonad, (tentameasurements are recorded. These readings indicate
tively identified as Pseudomonas waxmaniisp. nov.) was
isolated from a surface painted with a coating contain- . 5whether an anodic or cathodic reaction is taking place
ing cuprous oxide and trihutyl tin oxide and exposed in
on the inoculated electrode 30 as a result of microbial
nwater. B-3 was maintained in marie broth a shown
colonization. If the microorganisms are forcing an oxiin Table .
dation, electrode 30 becomes an anode;, a reduction
TABLE 1
Mia Brt
Pepmue
Yet earact
Pemc cam
Sodium chlorWe
driedsmm co
Sodum vallide
CaUium chloride
Pomumm chloride

2.0
s Sodium bicurboome
0.2 1Potmm bromide
0.02 S Strouma chloride
3.89 g Bone
rc

s0
0.032
0.016
0.O
0.0o
L4

M5

$

s
s

1a

Sodium

0.63
0.36
0.11

Sodium flord
0.4 s
Ammoium mnitrt
0.00032 5
Disodium pbaspham 0.0016 S

9

s

ss

causes electrode 30 to become a cathode.
In all three evaluations, the metal in the cell inoculated with bacteria became the anode of the couple,
with currents ranging from 1.0 to 10.4 1sA cm- 2. These
are shown in FIG. S. The optimum growth temperature
for 7herus aquatiu is 60 to 70 C., and the organism
is completely inactive below
C. The dual compart20 spi e wa sumr
ingctvelo
celllhol
tca

mernt cell hokfing nickel 201 specimens was submerged
in a water bath maintained at 60 C., and one compartment was inoculated with the organism. After -20
hours, the current at the inoculated electrode began to

60 increase anodically and finally stabilized at 3.8 ;&A
Th rmus aquac-us an organism that requires tempercm- 2 . At ambient temperature, where Thermus aquanatures from 60" to 80" C. for growth was isolated from
cus is inactive, no current was observed. Similar obsera failed nickel 201 heat exchanger that had been mainvations were made when the organisms colonizing the
tained with distilled water at 60" C. The iron oxidizing
nickel electrode were heat killed. These results suggest
bacterium was isolated from a ASTM 1018 cold-rolled 65 that these particular organisms must be metabolically
mild steel water box that had been filled with naturally
active to affect the corrosion of nickel 201.
occurring estuarine water. Thermus aqualcns and the
Bacterium B-3 was inoculated into one half cell holdiron oxidizing bacterium were maintained in a basal salt
ing a copper electrode coupled to an uninoculated cop-
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per electrode. After a 10 hour incubation time at ambient temperature, the current at the inoculated 2electrode

TABLE 3-continued

began to increase anodically to - 1.0 ILA cm- . Similar
results were obtained when the stalked iron-bacterium

was inoculated into one half of the system containing 5
coupled mild steel electrodes. An anodic current of 10.4
pA cm- 2 was measured after -40 hours. The iron

oxidizing bacteria on the mild steel surface produced
tubercles of ferric hydroxide. When these microorganisms were heat killed, the anodic current remained sta2
ble at 8.6 IA cm- . The tubercles formed by the microorganism prevented diffusion to and from the surface
and created differential aeration cells that were independent of the biochemical activities of the bacteria.
Individual mechanisms for microbiologically induced
corrosion cannot be evaluated in the presence of microorgaisms because the microbes are impacting te metal
surfcevelectrodes.
stead, the individual mechanism must be defined in
chemical terms and quantified abiotically.
hemal t erm
h
bcontaining
Several posible mechanisms have been proposed for
microbial effects on corrosion under aerobic and microaerobic conditions. Among these are the (1) formation of differential concentration (aeration) cells between areas covered by bacteria and bare areas, (2)
production of acids by microorganisms, and (3) entrap.
ment of metallic cations by microbiologically produced
polymeric material. With the aid of the two compurtmeat cell described above, it is possible to abiotically
simulate conditions to evaluate the proposed mechanisms individually.
When the apparatus is used as a means of evaluating
the contributions of individual microbiological mechanisms, cellulose membrane 14 is replaced with a solid
membrane which may be made of Teflon to chemically
isolate the two half-cells. Electrolytic continuity is then
maintained with an agar salt bridge inserted through the
utility port 56 and 58 into the electrolyte 16 of each of
the half-cells
Three individual mechanims for microbiological
induced corrosion have been evaluated using three dif.
ferent metals. As stated above, the 0.1 ;&m filter was
replaced with a Teflon disc to ensure chemical separation of the compartments, The impacts of differential
aeration, acetic acid, and entrapped metal cations were
quantified using copper, nickel, and mild steel electrodes in a 3% synthetic salt solution (Table 3). Platinum electrodes were used as chemically unreactive
surfaces with which to compare the electrochemical
responses of the other metals.
The cells were assembled with pairs of I-cm2 flat
circular electrodes (copper (99% pure Martz grade),
nickel 201, and ASTM 1018 mild steel] sterilized and
connected to the zero resistance ammeter 32. The commercially available EG & 0 Model 350 corrosion Measurement System was used by making the connections
to the electrodes so that the measurement system functioned as a zero resitance ammeter.

10

Is

20

25

30

PPT

0.033
0.013

Under sterile conditions, oxygen was bubbled
through both compartments of the cell until the current
stabilized at zero. Differential aeration was created by
replacing the oxygen in one of the compartments with
nitrogen. The impact of acidic metabolites was evaluated by making one of the compartments 10 mM with
respect to acetic acid. Two experiments were designed
to quantify the impact of metal cations on the corrosion
In one experiment containing copper electrodes and purged with nitrogen, 1.2 mM Cu(II)
was added to one compartment. In another experiment
nickel 201 electrodes purged with air, 6.6
mM Fe(III) was added to one compartment.
At room temperature, differential aeration created
anodes of the oxygen-depleted mild steel and coppernickel electrodes. No current was observed with platinum and nickel electrodes.
Most heterotrophic bacteria secrete organic acids
during the fermentation of organic substrates. Organic
acids from bacteria have been shown to enhance the
corrosion of the number of different metal types. The
types and amounts of acids produced in nature depends

on the kinds of organisms present and the substrate
molecules available. However, in natural microaerobic
habitats, acetic acid is the major organic acid produced
during fermentation. In all cases, the electrodes in the
35 compartment ontaining 10mM acetic acid became the
anodes of the two-compartment apparatus, with currents that stabilized at 0.1, 1.8, and 7.5 pA cm- 2 , respectively, for nickel, copper, and mild steel. The current between the platinum electrodes remained stable at
40 ILA cm- 2 for 24 hours beyond the end of the experment as shown by the graph of FIG. 6.
Microorganisms colonizing surfaces secrete extracellular polymers capable of entrapping metals. The impact of the entrapped metal cations on corrosion is a
45 function of the oxidation/reduction potential of the
entrapped cation, the oxidation/reduction of the metal
substratum, pH value, partial pressure of oxygen, etc.
This is demonstrated when the cell holding copper
So electrodes and purged with nitrogen. When 1.2 mM
Cu(II) was added to one compartment, it immediately
became the cathode, with a stable cathodic current of
1.8 pA cm- 2 as shown in the graph of FIG. 7. The
potential shifted from -0.236 to -0.170 V (saturated
calomel electrode) during this reaction. The cathodic
55 current can be attributed to one or both of the following
reactions based on potential measurements made with
the 3-electrode system:
60

TABLE 3
Major Ionic

CIl)+e-.CU(I)
Cu()+2e.-Cu0

Systhet Salt solution

Irr

lo0

Potmhum
Bicarbonate

Mjor Ionic
Components
of 3%
Synthetic Salt solution
Ion
(K )
(HCO3)

1.658

In another abiotic simulation experiment, a cell hold5ing nickel 201 specimens was purged with air. When 6.6

chlorideSodium

(Na-)

O.,8
=27

65 mM Fe(III) was added to one of the compartments, the

Magajm

(M$+.)
(C, + +)

0.112
0.035

probably results from oxygen displacement at the nickel

S.ate

(304-)

electrode in that compartment
became anodic, with a
current of 0.3 p.A cm- 2 . In this case, the anodic current

4,789,4348
surface with a weaker electron acceptor in the form Of
some Fe 3 complex,
Obviously many modifications and variations of the
present invention are possible in light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as specifically described.
We claim:
1. A corrosion measuring apparatus including in coibination:
a vessel containing an electrolyte,
means within said vessel to divide said vessel into two
cells which are in electrolyte and chemical communication with one another and biologically separated from one another,
each of said cells having support means for supporting a sample metal in said electrolyte,
a microorganism in one of said cells. each of said cells
hi
having an inlet port and outlet port for providing
continuous and measured fHow of the electrolyte
through the two cells,
means being connected between said support means
for measuring current flow which is proportional
to corrosion of a metal sample induced by said
microorganism.
2. The corrosion measuring apparatus of claim 1
wherein said means to divide said vessel is a porous
membrane having openings no greater than 0.1 micron.
3. The corrosion measuring apparatus of claim 2

wherein said porous membrane is cellulose acette/celliuilose nitrate.

counter and reference electrodes being disposed in
each of said cells to provide a means to measure the
potential between the sample metal and reference
electrodes in the individual half-cells,
means being connected between said electrodes for
5
measuring current flow which is a measure of the
corrosion caused by the chemical environment.
7. The measuring apparatus of claim 6 wherein said
means to divide said vessel is a solid membrane.
10 3. The measuring apparatus of claim 6 wherein said
coupling means is an agar salt bridge.
9.A method of evaluating the electrochemical impact
of microbiological species on metal electrodes comprising the steps of:
providing a first cell of electrolyte,
is
providing a second cell of electrolyte in electrolytic
communication and biologically isolated from said
cell,
first
aproviding
a continuous and measured flow of the
20
electrolyte through the two cells,
disposing a metal electrode in each of said cells,
electrically connecting said electrodes to provide for
the flow of current therebetween,
inoculating one of said electrodes with a microorgan25
ism and
observing the current flow between said electrodes as
an indication of the corrosion induced by said specimen microorganism on said inoculated electrode.
10. A method of evaluating the electrochemical ir30 pact of microbiological species on metal electrodes

comprising the steps of:
providing a first cell of sterilized electrolyte,

4. The corrosion measuring apparatus of claim 1
wherein said electrolyte is basal salt solution.
S. The corrosion measuring apparatus of claim 1 35
wherein said means to measure current flow includes a
zero resistance ammeter.
6. A corrosion measuring apparatus including in combination:
a vessel containing an electrolyte,
40
means within said vessel to divide said vessel into two
cells which are biologically and chemically sepa-

providing a second cell of sterilized electrolyte in
electrolytic communication and biologically isolated from said first cell,
providing a continuous and measured flow of the
sterilized electrolyte through the two cells,
disposing a metal electrode in each of said cells
said electrodes being substantially identical,
galvanically coupling said electrodes to provide for a
flow of current therebetween,
inoculating one of said electrodes with a microorgan-

rated from one another,
coupling means between said cells to maintain electrolytic continuity between the cells,
45
each of said cells having support means for supporting a sample metal in said electrolyte,
5o
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observing the current flow between said electrodes as
an indication of the corrosion induced by said specimen microrganism.
*

