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Minimizing contamination of control treatments in microbiologically influenced corrosion (MIC) studies is of critical importance.
Metal sterilization procedures should not alter the surface nor affect the inherent susceptibility of the metal to corrosion while
adequately deactivating biological activity. However, there is no consensus in the literature regarding such procedures due to, in part,
the lack of a universally accepted methodology. This investigation evaluates various sterilization methods for carbon steel concerning
practicality, efficacy, and effects on the electrochemical response of the metal. Three sterilization procedures using i) dry heat, ii)
ethanol, or iii) glutaraldehyde as sterilizing agents were evaluated. Even though all sterilization approaches were equally effective in
eliminating microorganisms and spores from the metal surface, dry heating at 170◦C in an inert atmosphere was identified as the most
convenient sterilization method regarding practicality and consistency in the electrochemical response of the metal. Sterilization of
carbon steels in 75 vol% ethanol and glutaraldehyde, as well as alcohol followed by flaming, is discouraged given the large dispersion
in corrosion response caused by the exposure to the sterilization media.
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Microbiologically influenced corrosion (MIC) studies deal with
the role microorganisms have on electrochemical processes leading
to corrosion.1–3 As bacteria and fungi interact with the metal sur-
face and its environment, they are able “to initiate, facilitate or ac-
celerate the corrosion reaction without changing its electrochemical
nature.”4 The ubiquitous nature of some microorganisms can present
a challenge to MIC studies, where contamination with species of di-
verse metabolic capabilities can alter the result of the experiments.
Therefore, minimizing contamination from foreign microorganisms
to maintain a microbial community that properly reflects the desired
microbial composition (i.e. these being an environmental sample or
a specifically defined community) is of critical importance in MIC
research.

Most of the components used in an MIC study (i.e. glassware,
reactors or electrochemical cells, and solutions) can be sterilized fol-
lowing standard sterilization procedures5 used by microbiologists;
however, there is no consensus regarding sterilization procedures for
metal samples in the literature. In the ideal situation, the sterilization
methodology should kill all microorganisms and spores on the metal,
but it should not alter its surface nor affect the inherent susceptibility
of the metal on corrosion.

In a literature survey of over 200 papers dealing with MIC of carbon
and low alloy steels, there were over 20 different procedures to sterilize
metal samples, Table I. Some of the methods described in the literature
range from autoclaving steel stubs inside of watertight containers,
submerging the stubs in 70 vol% ethyl alcohol and flaming them
before inoculation,6 to immersion in a 2000 ppm chlorine solution (i.e.
approximately 4000 times the residual chlorine level required to treat
natural seawater)7–9 for 30 minutes, followed by overnight treatment
with glutaraldehyde.10 Others employed fine Mg(OH)2 suspensions
and high-purity acetone;11 overnight immersion in 70 vol% ethanol,
followed by drying aseptically in air;12 9 h heat treatments at 130◦C in
glass beakers covered with aluminum foil;13 or the use of ultraviolet
light.14

It is important to mention that the methods listed in Table I corre-
spond roughly to the same number of papers explicitly describing the
sterilization procedures in the methodology section of the manuscript.
Indeed, most of the papers reviewed do not describe sterilization pro-
cedures in enough detail to be reproduced by other laboratories. It
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is likely that increasing the number of surveyed papers will increase
those figures. Moreover, there has been no systematic study on the
effects of the sterilization method on the metal surface and the corre-
sponding corrosion response to date.

The primary objective of this work was to determine the most
convenient sterilization method for plain carbon steel in terms of
practicality in typical laboratory settings, efficacy, and effects that
such procedures may have on the electrochemical response of the
metal. Given that the electrochemical and corrosion responses in a
given environment depend on the surface condition of the sample,
the electrochemical response was studied using the same environment
before and after sterilization. Therefore, differences could be directly
correlated with changes in surface condition caused by the sterilization
treatment.

Materials and Methods

Metal sample preparation.—Electrochemical tests were per-
formed on cylindrical UNS G10180 (AISI 1018) plain low carbon
steel specimens in the cold-rolled and annealed condition with an
approximate area of 5 cm2. Before sterilization, samples were wet
abraded to a 600-grit finish using SiC paper, ultrasonically cleaned
in 200-proof ethyl alcohol, rinsed with acetone and deionized wa-
ter, and finally dried using compressed argon. Specimens were stored
temporarily in a desiccator and used within 24 h.

Coupons used for determining the efficacy of the sterilization pro-
cedures were prepared following the same steps; however, flat UNS
G10100 (AISI 1010) steel coupons with an approximate exposed area
of 7 cm2 were used for this task. There are minimal differences in
carbon content and microstructure between UNS G10100 and UNS
G10180 (Table II), negligible for the purpose of this investigation.15,16

Sterilization methods.—The sterilization methods used in this
study are summarized in Table III. These methods were selected
because of (a) their broad use in microbiology laboratories and/or
health-related institutions, (b) their practicality or convenience for
implementing in a standard laboratory setting, which included feasi-
bility in storing sterilized coupons for relatively long times (i.e. more
than 24 hours) instead of immediate use, (c) their a priori efficacy,
and (d) their potential deleterious effects -or lack thereof- on met-
als. For instance, steam sterilization (i.e. in an autoclave) was not
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Table I. Summary of sterilization methodologies in MIC studies involving plain carbon steels. Methods are described as they appear in the
literature. Over 200 papers dealing with MIC in carbon steels were surveyed. This list only includes papers describing sterilization procedures in
enough detail to be reproduced by other laboratories.

Authors (year) Alloy Metal sterilization/preparation procedures (after polishing, if applicable)

Beech and Gaylarde
(1991)6

BS970 (MS-II), SAE1020 (MS-I),
BS316 (SS-II), AISI304L (SS-I)

Stubs were autoclaved in watertight containers; before exposure to bacterial
cultures, steels were immersed in 70 vol% alcohol, flamed, placed inside sterile
universal bottles and allowed to cool.

Castañeda and Benetton
(2008)21

SAE-1018 carbon steel (UNS G10180)
coupon.

Coupons were sterilized in 70 vol% ethanol solution for 30 min and maintained
under sterile laminar air flow before the immersion in the electrochemical cells
until use.

de França and others
(1996)68

AISI 304 stainless steel (UNS S30400). Coupons placed in field conditions were not sterilized; however, to test the direct
effect of seawater, metal coupons were placed inside flasks containing 100 mL of
seawater and sterilized at 120◦C for 20 min.

Dorsey and others
(2005)10

Multielectrode array sensor probes and
UNS G10180 monitoring coupons in
flow loop

Flow loop was “sterilized” by circulating 2000 ppm chlorine solution for 30
minutes, followed by treatment with non-oxidizing biocide (glutaraldehyde)
overnight. A small amount of glutaraldehyde was also added to the water
following sterilization to provide additional protection from contamination during
the first days of testing.

Eckert and others
(2006)69

Coupons machined from API 5L X42
grade pipe steel

Coupons were ultrasonically cleaned in absolute ethanol and finally rinsed in
acetone. After cleaning, the coupons were packaged in individual polyethylene
bags in a dry nitrogen environment to prevent contact with moisture. The coupons
were not exposed to air until immediately before installing in the test system.

Edyvean and others
(1992)70

AISI 316 stainless steel (UNS S31600)
as part of modified Robbins devices
(MRD)

MRD were sterilized by filling them with 2.5 vol% hypochlorous acid
(commercial bleach) and allowed to stand for 2 hours; then, they were rinsed with
sterile deionized water.

González-Rodrı́guez and
others (2008)22

AISI 1018 (UNS G10180) mild steel
coupons

Cleaned coupons were sterilized with ethanol before exposure to the experimental
media

Gu and others (1998)23 AISI 316 (UNS S31600) stainless steel
coupon as a part of EIS cells

The internal and external surfaces of the EIS cells were sterilized with 70 vol%
ethanol and dried at room temperature in a laminar flow sterile hood.

Li and others (2001)24 SAE 1018 (UNS G10180) Coupons were degreased with alcohol and then rinsed with sterilized, deionized
water. Electrodes were sterilized in 70 vol% alcohol for 2 hours and then stored in
clean bench until use.

Lugauskas and others
(2009)11

Low carbon steel, composition (wt%):
0.05–0.12 C, 0.003–0.10 Cu, and
<0.07 P

Coupons were treated with a fine suspension of Mg(OH)2 and high purity acetone
to minimize initial contamination of the surface with nutritive substances from the
environment.

Miyanaga and others
(2007)14

Carbon steel coupons composition
(wt%): 99.71 Fe, 0.03 C, 0.01 Si, 0.19
Mn, 0.013 P, 0.0017 N, 0.026 Al

The coupon surface was disinfected by transilluminator for 5 min.

Peng and Park (1994)71 Steel coupons composition (wt%): 0.01
Si, 0.01 P, 0.19 Mn, 0.01 S, and 99.78 Fe

Coupons were degreased with 100 vol% ethanol, rinsed with acetone and distilled
water, dried with N2 blower, and stored in a desiccator before use; to inactivate
microorganisms, glutaraldehyde was added to the non-inoculated solution.

Rodin and others (2000)72 Mild steel Clean coupons were placed in test tubes that were sterilized at 170◦C for 3 hours.
Royer and Unz (2002)73 Music spring quality steel wire (0.216

mm diameter, ASTM A228/A228M)
Wires were immersed in baths of acetone and 1.5 N HCl for 15 min. Cleaned
wires were threaded through butyl rubber stoppers and the protruding regions on
both sides were coated with an anticorrosive lacquer. The stopper/wire system was
then fitted to serum bottles with sterile medium and purged with N2.

Stadler and others
(2008)13

Pure iron (Armco), carbon steel ST37,
stainless steel AISI 304 (UNS S30400)

Coupons in Teflon holders were placed in a glass beaker, covered with aluminum
foil and sterilized by heat-treatment for 9 hours at 130◦C. Further work requiring
sterile conditions was performed in a clean bench.

Stranger-Johannessen
(1987)74

Painted steel plates Plates were sterilized by dipping in 0.1 vol% hydrogen peroxide prior to
inoculation

Tanji and others (2002)75 Carbon steel coupons composition (wt%)
of 99.71 Fe, 0.03 C, 0.19 Mn, 0.017 S,
0.013 P, and 0.01 Si, mounted in epoxy
resin

Before being attached to the epoxy resin, polished coupons were cleaned
ultrasonically in acetone for 15 minutes, air dried, and stored in a desiccator.

Valencia-Cantero and
others (2003)76

High-carbon steel (1 wt% C) and plain
carbon steel (0.015–0.020 wt% C)

High-carbon steel coupons were cleaned by soaking in acetone for 30 min and
then they were brushed with a toothbrush, using a modification of the method of
Haruta et al. (1991). The carbon steel coupons were cleaned using a slight
modification of the method of Bryant et al. (1991), subjected to ultrasonication in
citric acid (5 wt/vol%) for 5 min, and then rinsed in distilled water for 1 min. The
coupons were flamed and weighed, then placed in closed culture tubes containing
salt-rich culture medium V9.

Wen and others (2006)77 C1018 (UNS G10180) cylindrical
coupon used as working electrode in
bioreactor

The bioreactor was autoclaved before each run.

Yuan and Pehkonen
(2007)12

Stainless steel AISI 304 (UNS S30400) Coupons were rinsed with deionized water thrice, followed by degreasing with
acetone, then sterilized by immersion in 70 vol% ethanol for 8 hours and dried
aseptically in air. Newly prepared samples were immediately exposed to the test
medium.
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Table II. Alloy nominal composition (wt%).

UNS AISI P S
designation designation C Mn (max) (max)

G10100 1010 0.08 – 0.13 0.30 – 0.60 0.040 0.050
G10180 1018 0.15 – 0.20 0.60 – 0.90 0.040 0.050

selected because of known damaging effects of moist heat on carbon
steel,17 and because isolating the coupon on a sealed container be-
fore autoclaving could reduce the efficacy of the method by limiting
steam-microorganism contact, which is necessary for optimal steril-
ization by autoclaving.18 Similarly, the use of oxidizing agents such as
chlorine compounds (e.g. sodium hypochlorite solutions) or hydrogen
peroxide solutions was avoided for similar reasons.7,9

As shown in Table III, one of the selected methods involved using
dry heat (i.e. drying oven). Even though the main disadvantages of dry
heat for sterilizing purposes are the slow heat penetration and micro-
bial killing rates, it is a reliable sterilization method commonly used in
healthcare facilities.19,20 The most commonly used time-temperature
relationships are 170◦C for 60 minutes, 160◦C for 120 minutes, and
150◦C for 150 minutes; warming up and cooling down times should be
added to the total time.20 For this study, samples were treated at 170◦C
for 3 hours (i.e. including warming up and cooling down times) based
on the temperature profile of the oven. Although the gas composition
of the atmosphere at which the coupon is exposed does not influence
the killing efficacy of the method,20 it might affect the surface prop-
erties of the specimen when heated, possibly affecting the corrosion
response of the sample. Moreover, heat itself can promote the for-
mation of surface oxides. Therefore, specimens for electrochemical
testing were dry heated under two different atmospheric conditions:
i) filtered air and ii) an inert argon atmosphere.

To perform dry heat sterilization, 100 mL heat resistant glass flasks
containing the polished, clean coupons were flushed for about one
hour. Flushing was performed through a hole in the flasks’ heat re-
sistant screw threaded cap, which had PTFE-silicone septa that were
thermally stable up to 180◦C. The temperature profile of the oven was
established before sterilization. The temperature profile was obtained
using thermocouples placed inside the flasks, positioned at the center
of the vial. During dry heat sterilization, samples were located within
the plateau of the oven. After sterilization, flasks remained sealed until
testing.

Another sterilization method consisted in using an ethyl alcohol
solution in water as a chemical disinfectant. In healthcare facilities,
ethyl alcohol solutions in water (60–90 vol%) are rapidly bacterici-
dal, tuberculocidal, fungicidal, and virucidal.19 Water solutions have
been found more efficient in denaturing proteins than 200-proof ethyl
alcohol, although they may lack sporicidal action and cannot pene-
trate protein-rich materials.19 Following methodologies described in
the literature, e.g.,6,12,21–24 and personal communications with other
MIC investigators at the University of Akron,25 three exposure times
were selected. The first two consisted in immersing abraded, clean
coupons in 75 vol% ethanol solution for 15 or 18 hours, trying to
replicate what in the literature is referred to as “overnight” exposure.
Shorter immersion times had resulted in contamination issues in past
MIC experiments.25 The third method, i.e. dipping in a 75 vol% ethyl
alcohol solution followed by flaming, is a conventional method for
sterilizing metal equipment such as loops and tweezers in microbiol-

Table III. Sterilization methods.

Dry heat Sealed container, air
Sealed container, argon

75 vol% ethyl alcohol Rapid immersion followed by flaming
Overnight immersion, 15 hours
Overnight immersion, 18 hours

Glutaraldehyde 2 vol% Overnight immersion, 15 hours

ogy laboratories. In both cases, after prolonged or rapid immersion,
coupons had to be used immediately for electrochemical testing.

The third and final sterilization method consisted of using a glu-
taraldehyde solution. According to Rutala and others,19 activated
aqueous glutaraldehyde solutions (i.e., alkaline solutions) have gained
acceptance as a disinfectant and chemical sterilant in healthcare set-
tings because of their microbicidal properties and non-corrosive action
on equipment. Usually, 2 vol% glutaraldehyde solutions buffered to
pH 7.5–8.0 are effective in killing microorganisms; however, long
exposure times are required.19 Additionally, special safety measures
are recommended due to the known health hazards associated with
glutaraldehyde exposure.19 Therefore, for this method, coupons were
immersed in 2 vol% glutaraldehyde (pentane-1,5-dial) aqueous so-
lution, pH 8.0, for 15 hours. After immersion, coupons had to be
used immediately for electrochemical testing. As with ethyl alcohol,
exposure times were selected to replicate an “overnight” exposure.10

Efficacy of sterilization methods.—The effectiveness of all ster-
ilization procedures was determined based on the ability to culti-
vate organisms after treatment of the coupons as follows. In the di-
rect method, sterilized samples were incubated for 3–5 days under
oxic conditions at room temperature in a sterile rich medium (Luria-
Bertani, hereafter LB, broth containing -per liter- 5.0 g of yeast extract
(YE), 10.0 g of tryptone, and 10.0 g of NaCl, pH 7.4), which was
sterilized in single batches by autoclaving.19 Coupon transference to
the sterilized medium was done under sterile conditions. Controls in-
cluded flasks containing (i) sterilized medium and no coupons (control
1), and (ii) sterilized medium and non-sterilized coupons (control 2).
Glassware as well as all other instrumentation was sterilized before
use by autoclaving and by ethanol immersion followed by flaming
immediately prior to use.19

After incubation, microbial growth was determined using two in-
dependent techniques: i) spectrophotometry and ii) fluorescent mi-
croscopy. For spectrophotometry, absorbance was determined at a
wavelength of 600 nm for all sterilization treatments and controls.
Additionally, transmitted light was used in conjunction with DAPI
(4′,6-diamidino-2-phenylindole) staining on the incubated media from
each treatment and controls for observation of cells under a fluorescent
microscope. This blue-fluorescent stain (excitation maximum at 358
nm and emission maximum at 461 nm), widely used in fluorescence
microscopy, stains DNA specifically.26 More details about these two
methodologies can be found elsewhere.27

For a second, independent confirmation of the sterilization efficacy,
an indirect, reverse sterilization approach was used. Deliberately con-
taminated clean, as-polished coupons were sterilized according to the
same methods described above. Before sterilization, coupons were im-
mersed in an Escherichia coli ATCC25404 culture grown overnight
aerobically in LB broth. After sterilization, coupons were incubated
and tested for bacterial growth following the direct method procedure.
For this approach, controls included flasks containing (i) sterilized
medium and no coupons (control 3), and (ii) sterilized medium and
deliberately contaminated coupons (control 4).

Electrochemical methods.—Solutions for electrochemical
testing.—The synthetic medium used for testing the corrosion
response of the metal after sterilization procedures had a chemical
composition similar to solutions used for growth of common fouling
bacteria,28 with the exception that no C sources were included. YE
was not added to the electrolytes used in electrochemical tests given
that YE has been shown to affect corrosion measurements.29 The
composition of the solution was (per liter): 3.0 g of NaNO3, 0.7 g of
KH2PO4, 0.3 g of MgSO4.7H20, 0.01 g of CaCl2.2H2O, 0.02 g of
FeSO4.7H20, 0.5 g of NaCl, 0.01 g of MnCl2.4H2O, and 2 mL of
trace element solution. The composition of the trace element solution
was (per liter): 0.75 g of MnSO4.H2O, 0.75 g of ZnSO4.7H20,
0.15 H3BO3, 0.08 g of FeCl3.6H2O, 0.08 g of CoCl2.6H2O, 0.075
CuSO4.5H2O, and 0.05 g Na2MoO4.2H2O. The pH of the solution
remained between 4.50–4.70 during testing.
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A separate set of samples was tested in 0.1 M NaCl pH 4.50
to compare the corrosivity of the synthetic medium to that of an
electrolyte commonly used in corrosion investigations.

Electrochemical tests.—Electrochemical measurements were con-
ducted using a conventional 3-electrode array. A platinum mesh was
used as counter electrode, and a saturated calomel electrode (SCE)
was used as a reference electrode. The reference electrode was con-
nected to the solution through a Luggin capillary that was 1 mm in
diameter and which was positioned between 2–3 mm from the sample.
All tests were performed using a conventional potentiostat. A mini-
mum of four samples was used per sterilization method, and four extra
coupons were used as non-sterilized controls (control 5). An indirect
assessment of the changes in surface condition caused by each steril-
ization treatment was obtained by comparing the corrosion response
between sterilized and non-sterilized samples.

Electrochemical tests included:

Potentiodynamic polarization tests - Tafel slopes.—Potentiody-
namic polarization tests were performed to determine Tafel slope
values, necessary for corrosion rate (C.R.) calculations.30–34 Tests
were performed after reaching a stable, i.e. ±10 mV, open circuit
potential (EOC), which usually occurred after 1 hour of exposure, at a
scan rate of 0.167 mV/s. The potential was scanned from −200 mV to
+200 mV vs. EOC.

Potentiodynamic polarization resistance measurements.—Poten-
tiodynamic polarization resistance measurements were performed
according to the ASTMf G59 specification with the following
modifications.35 Tests were conducted after free corrosion potential
stabilization, which typically took 60 minutes. Potentiodynamic po-
larization resistance measurements were taken at a scan rate of 0.167
mV/s.36 In this regard, the scan rate of 0.167 mV/s recommended by
the standard was sufficiently slow to minimize hysteresis,37,38 and well
below the maximum scan rate suggested by Mansfeld and Kendig and
Townley.36,39 The potential range was +/−25 mV vs. EOC. Polariza-
tion resistance (RP) values were obtained as the slope of the potential
versus current density plot at i = 0.35,39,40 RP values were then used
to calculate corrosion rates via the Stern-Geary equation.35,40 Tafel
slopes were used as inputs for this calculation; more details about
these calculations are presented in the Results section.39–41

Non-electrochemical techniques.—Electrical Resistance (ER)
probes.—An ER instrument was used to estimate the corrosion rate of
carbon steel in ethanol and glutaraldehyde solutions. The studies were
conducted using a UNS G10100 (AISI 1010) carbon steel probe with a
wire-loop geometry. Probes were exposed for 20 days. The anticipated
response time, i.e. the minimum time in which a reliable, measurable
change takes place, of the probe was between 2 and 6 days, depending
on the anticipated corrosion rate.42,43 Changes in electrical resistance
were converted to corrosion rate values using the recommendations
of the manufacturer.

Measurement of mass changes during isothermal heat
treatments.—Isothermal heat treatments were performed to determine
the oxidation kinetics of the material. Rectangular UNS G10100 (AISI
1010) carbon steel specimens with an approximate area of 8 cm2 were
used. Five different temperatures were evaluated: 180, 300, 400, 500
and 600◦C. All tests were conducted in duplicate. Specimens were
introduced into a furnace at room temperature. The furnace was then
heated to the desired temperature, and it was maintained for 2 hours.
The furnace was subsequently turned off, and the specimens were
allowed to cool down in the furnace. Samples were weighed in an
analytic balance to the nearest 0.1 mg to determine weight loss or
gain due to the different heat treatments.

fAmerican Society for Testing and Materials (ASTM) International.

Table IV. Summary of control tests.

Control 1 Sterilized medium, no coupons; direct sterilization
approach.

Control 2 Non-sterilized coupons; direct sterilization approach.
Control 3 Sterilized medium, no coupons; reverse sterilization

approach.
Control 4 Contaminated coupons, no further sterilization; reverse

sterilization approach.
Control 5 As polished coupons used in electrochemical tests; no

sterilization applied. Synthetic medium.

Reproducibility and statistical analysis.—Tests to evaluate the
efficacy of the various sterilization methods were conducted in tripli-
cates (direct approach) and duplicates (indirect approach).

All electrochemical measurements were repeated at least in qua-
druplicates. An additional test was carried out when a large dispersion
in corrosion rate values was observed (e.g. ethanol).

Given that potentiodynamic polarization resistance measurements
can either under- or over-estimate polarization resistance depending
on the direction of the polarization,44–46 each potentiodynamic polar-
ization resistance measurement was repeated 6 times per sample, 3 in
the forward direction and 3 in the backward direction, verifying min-
imum hysteresis between scans. For each sample, reported RP values
are an average of these 6 measurements. Heat treatments to determine
oxidation kinetics of plain carbon steel were performed in duplicate.

The range was used to estimate the variability in the results given
that the number of replicate independent values, n, was small, i.e.
n < 12. The range, w, is defined as the difference between the max-
imum and minimum values in a set of replicate data values.47 As
explained in ASTM G16, w makes no assumption about the distribu-
tion of error given its non-parametric nature. Because in all instances
n < 12 and assuming a standard distribution, the standard deviation,
S, was approximated as:47

S = w√
n

; n < 12

Results

Table IV summarizes all control cases described throughout this
study. Controls 1–4 are the control conditions used to evaluate the
efficacy of the different sterilization procedures. Control 5 represents
control conditions for all electrochemical tests.

Results of the direct sterilization procedure are shown in Fig-
ure 1. Figure 1a shows mean absorbance values measured at 600
nm for samples sterilized following the direct sterilization approach,
whereas Figure 1b shows those values for the reverse steriliza-
tion method. In both cases, samples were grouped by sterilization
method.

Figure 2 compares potentiodynamic polarization resistance dia-
grams taken in the forward direction for the main sterilization proce-
dures against the control (control 5). The average polarization resis-
tance of six consecutive measurements, three in the forward direction
and three in the reverse direction, is also included in each figure for
comparison.

Polarization resistance values in �.cm2 were obtained using con-
ventional corrosion analysis software, as:

RP =
(

∂ε

∂i

)
E=EOC

where ε is E-EOC in volts46,48,49.
Figure 3 compares anodic and cathodic polarization curves for the

main sterilization procedures against control 5. For each replicate,
Tafel slopes were estimated using conventional corrosion analysis
software. Anodic Tafel slopes were determined at least 50 mV away
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Figure 1. Mean absorbance values measured at 600 nm for samples used in (a) direct and (b) reverse sterilization efficacy confirmation. Error bars correspond to
standard deviation values. The deviation is smaller than the symbols for points that do not have error bars. Arrow points to treatment where bacterial growth was
observed after incubation. Results grouped by sterilization method.

Figure 2. Typical UNS G10180 potentiodynamic polarization resistance curves for the main sterilization procedures, taken in the forward direction: (a) control
5 –dashed line– and dry heat (Ar) and (b) ethanol (18h) ethanol (flame), and glutaraldehyde. RP values shown in the figures represent the average of six consecutive
scans, three in the forward direction and three in the backward direction. All tests conducted in synthetic medium.

from EOC, which gave a maximum error2 of approximately 7%.50

Anodic Tafel slope values were in line with values reporter by Stern
and Weisert.51 Since cathodic curves were under mass-transfer control
in all cases, Figure 3, cathodic Tafel slopes were approximated as
βc → ∞. Given that the Stern-Geary coefficient, B:

B = βa · βc

2.303 · (βa + βc)

is dominated by the smaller of the two Tafel slopes, B reduces to B =
βa/2.303 under cathodic mass transfer control.40,52

2%error|ε=50 mV = 100 · ic
ia + ic

The corrosion current density, iCorr, in μA/cm2 was subsequently
determined as:

icorr = B

R P

and converted to corrosion rates in mm/y using:53

CR = 3.27 · 10−3 iCorr · EW

ρ

where EW is the equivalent weight of the corroding species in grams
per equivalent and ρ is the density of the alloy in g/cm3. EW and ρ
were approximated as 27.97 g/eq and 7.87 g/cm3, respectively.54

The solution resistance, RS, was measured on a separate set of
specimens exposed to either synthetic growth medium or 0.1 M NaCl
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Figure 3. Typical UNS G10180 anodic and cathodic potentiodynamic polarization plots for the main sterilization procedures: (a) control 5, dry heat (Ar) and
glutaraldehyde and (b) control 5, ethanol (18h), and ethanol (flame). All tests conducted in synthetic medium.

pH = 4.50 using Electrochemical Impedance Spectroscopy (EIS).
EIS results showed that the average RS was 8.4 ± 1.8 �. In the
most conservative case, i.e. highest RS and the lowest RP, RS was
less than 3% of the total resistivity (RT), with an average of less than
1.5%. Thus, the RS contribution to icorr was not taken into account, i.e.
RP >> RS.

Corrosion rates for all replicates of each sterilization method as
estimated by potentiodynamic polarization resistance are shown in
Figure 4. Mean corrosion rates, steady state EOC, EOC standard de-
viation, anodic and cathodic Tafel slopes, as well as minimum and
maximum values, the range and the standard deviation are shown in
Table V. Corrosion rates of UNS G10180 (AISI 1018) samples in 0.1
NaCl at pH 4.50 and reference values for the corrosion rate of car-
bon steel in aerated fresh55,56 and seawater57,58 are also included for
comparison. In all cases, results were grouped based on sterilization
method.

The corrosion rate of UNS G10100 (AISI 1010) in 75 vol% ethanol
and 2 vol% glutaraldehyde as measured by a wire-loop ER probe is
shown in Figure 5. In Figure 5, a vertical dashed line indicates the
response time of the probe. Since the response time of an ER probe
depends on the anticipated corrosion rate,43 a conservative response
time was calculated by assuming an average corrosion rate of 0.05
mm/y. Data points taken below the probe’s response time are indicated
by dashed symbols. Finally, Figure 6 summarizes weight change as a
function of temperature.

Discussion

Sterilization efficacy.—All sterilization methods deactivated mi-
croorganisms on the metal surface. Solutions from direct sterilization
treatments showed no difference in optical density (OD) when com-
pared to the sterilized medium containing no coupons (control 1,

Figure 4. Corrosion rate values as determined by the potentiodynamic polarization resistance method. Results grouped by sterilization method. Corrosion rates
in fresh water55,56 and seawater57,58 are added as a reference. The short horizontal lines indicate the mean corrosion rate.
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Table V. Corrosion rate measurements obtained by the potentiodynamic polarization resistance method.

Treatment
AVG OCP

(VSCE, SCE)
STD EOC
(mVSCE)

AVG Anodic
Tafel Slope, βa

(V/decade)

AVG Cathodic
Tafel Slope, βc

(V/decade)
Mean C.R.

(mm/y)
Max. C.R.

(mm/y)
Min. C.R.

(mm/y)
C.R. Range,
w (mm/y)

C.R. STD,
S (mm/y)

Control 5 −0.693 8.1 0.093 ∞ 0.797 0.847 0.715 0.132 0.0660
Dry heat (Ar) −0.678 3.3 0.092 ∞ 0.692 0.751 0.586 0.165 0.0825
Dry heat (air) −0.674 7.4 0.083 ∞ 0.578 0.762 0.403 0.360 0.1800

75 vol% Ethanol, 15 hours −0.687 10.7 0.107 ∞ 0.644 0.822 0.495 0.327 0.1635
75 vol% Ethanol, 18 hours −0.677 70.64 0.111 ∞ 0.461 0.879 0.030 0.849 0.379
75 vol% Ethanol, Flame −0.679 56.7 0.108 ∞ 0.323 0.631 0.106 0.524 0.234
2 vol% Glutaraldehyde −0.664 4.4 0.099 ∞ 0.449 0.593 0.208 0.385 0.1925

0.1 M NaCl pH 4.50 −0.548 13.6 0.057 ∞ 0.234 0.284 0.136 0.148 0.074

Figure 1a). Furthermore, microorganisms were not detected by mi-
croscopy. Only solutions from non-sterilized controls (control 2,
Figure 1a) showed increased optical density; the presence of microor-
ganisms was later confirmed visually under the microscope.

Reverse sterilization tests, in which microorganisms where inten-
tionally grown on the surface, provided further evidence of the efficacy
of the different treatments used in this study. No difference in growth
medium optical density was observed in almost all sterilization meth-
ods when compared to flasks containing sterilized medium exclusively
(control 3, Figure 1b). The absence of microorganisms was later con-
firmed under the optical microscope. The only treatment that showed
a slight increase in optical density was dry heat. No microorganisms
were detected by microscopy, but rather the presence of debris from
the oven-dried biofilm that had formed during the deliberate contam-
ination that led to a slightly higher OD in LB medium.

As expected, contaminated controls (control 4, Figure 1b) had
increased optical density, associated with microbial contamination,
which was later confirmed by optical microscopy.

Because in the direct sterilization approach specimens were im-
mersed in a rich growth medium, it is plausible that microorganisms
that cannot be cultured in this commonly used broth might have sur-
vived the sterilization process. In that case, the direct approach would
not have detected the presence of such microorganisms. However,

the efficacy of the sterilization methods was also assessed following
a reverse procedure, determining their effectiveness in killing living
bacterium (i.e. E. coli ATCC25404.) The results presented herein sug-
gested that all sterilization methods eliminated living bacteria from
the metal surface when intentionally contaminated. Furthermore, con-
tamination did, in fact, occur in the untreated control case but did not
in the sterilized samples, implying that all sterilization methods were
capable of eliminating not only living microorganisms but also, at a
minimum, all those that can be cultured in the LB broth. The use of
different growth media and complimentary detection techniques such
as culture independent approaches to detecting activity could give
additional information about sterilization efficacy, which was outside
the scope of this work.

Electrochemical tests.—Understanding the effects of sterilization
treatments on the corrosion behavior of the alloy is critical to MIC
research. The ideal sterilization treatment will effectively kill all liv-
ing microorganisms and spores on the surface without altering the
surface condition of the sample, assessed here by the electrochemical
response of the material. Corrosion rates, therefore, have to be similar
on average, with a dispersion (estimated using the range) within the
variability of the untreated control. In this regard, a large corrosion rate

Figure 5. Corrosion rate of UNS G10100 in either 75 vol% ethanol or 2 vol% glutaraldehyde, as indicated. Corrosion measurements were obtained using a
commercial wire-loop ER probe.
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Figure 6. Weight gain of UNS G10100 exposed to oven air as a function of
temperature.

spread adds a source of error and could lead to the misinterpretation
of the data.

All sterilization procedures had some net effect on the electrochem-
ical response of the material (Figure 4). The effect of the sterilization
procedure was more pronounced on corrosion rates than on EOC, Ta-
ble V. Nevertheless, the EOC in ethanol (18h) and ethanol followed
by flaming gave the largest spread. Exposure to 75% ethanol for 18h
and ethanol followed by flaming led to standard deviations that were,
respectively, 8.7 and 7.0 times higher than that of control 5.

Corrosion rates of coupons treated with dry heat under an inert
argon atmosphere had an average corrosion rate as well as a range and
standard deviation similar to the w and S values of the control (i.e.
w = 0.165 versus 0.132 mm/y and S = 0.0825 vs. 0.0660, respectively
or 25% higher than the control), control 5. Coupons treated using dry
heat in air, in contrast, showed a slight decrease in average corrosion
rate; however, the 0.360 mm/y range and the 0.18 mm/y standard
deviation were 2.7 times higher than that of control 5.

Sterilization in 75 vol% ethanol had a marked effect on corrosion,
which was a function of sterilization time. The average corrosion rate
after 15 hours was lower than the control (control 5) with a range
and a standard deviation similar to that of dry heat in air. Sterilizing
the coupons 18 hours in ethanol, however, resulted in the highest data
variability, with a difference between maximum and minimum corro-
sion rates of almost an order of magnitude. Sterilization by flaming
gave the largest decrease in mean corrosion rates with a w value of
0.524 mm/y and S of 0.262 mm/y, or 4 times higher than the con-
trol (control 5). Finally, samples sterilized in 2 vol% glutaraldehyde
showed a mean corrosion rate similar to that of an 18h sterilization in
75 vol% ethanol and a considerable variability with w = 0.385 mm/y
and S = 0.1925 mm/y.

The large spread caused by sterilization in 75 vol% ethanol and 2
vol% glutaraldehyde can, in part, be explained by the corrosivity of
the medium toward carbon steel. In most cases, exposure to 75 vol%
ethanol and 2 vol% glutaraldehyde produced visible rust spots and
discoloration of the electrolyte after 15 hours. Corrosion rate estima-
tions using ER probes in 75 vol% ethanol and 2 vol% glutaraldehyde
were conducted to try to explain these observations.

Although the conservative probe response time calculated herein
was longer than the actual sterilization period, corrosion rates were
used as an indicator of the corrosivity of the environment. In this
regard, corrosion rates as estimated by ER probe measurements, taken
after the initial probe stabilization period (Figure 5), were in the 0.025
to 0.075 mm/y (0.985 to 2.955 mpy) range. Those non-negligible

corrosion rates represent 20% and 60% of the accepted corrosion rate
of carbon steel in aerated, quiet (i.e. moving at less than 0.6 m/s)
seawater57,58.

Influence of the electrolyte composition.—In addition to the ef-
fect of the sterilization treatment, the influence of the electrolyte used
for corrosion testing has to be considered. MIC research is typically
conducted using complex electrolytes that add a significant number
of components necessary to promote microbial growth. As discussed
by Webster and Newman,59 the corrosivity of these nutrient-rich syn-
thetic media can be quite different from that of the actual service
environment, e.g. fresh- and seawater.

Figure 4 shows that the corrosion rate of carbon steel (control 5) in
the complex solution used herein was, on average, 3.4 times faster than
that in a 0.1 M NaCl solution tested at the same pH value of 4.50. Al-
though short-term laboratory experiments in simulated environments
cannot be used to predict long-term corrosion rates in natural environ-
ments, it is illustrative to compare the short-term behavior of carbon
steel in the synthetic electrolyte employed in this investigation with
the long-term behavior in fresh- and sea-water.37,60 Corrosion rates in
the sterile synthetic medium were 8 times faster than reported mean
corrosion rates of carbon steel in fresh waters55,56 and 6.35 times faster
than reported values for carbon steel in natural seawater.57,58 Compar-
ing corrosion rates from a MIC investigation against typical corrosion
rates in service could be misleading. A negative control, i.e. a con-
trol without microorganisms, in the actual sterile synthetic medium
is necessary to separate the effect of microorganisms from that of the
inorganic and organic species added to the electrolyte. In this regard,
some compounds can either enhance corrosion (e.g. Fe3+ and NO3

−)
by acting as added oxidizing agents or slow/inhibit dissolution kinet-
ics by the formation of surface protective films (e.g. phosphates).61,62

YE additions have also been shown to affect corrosion results.29

Oxidation kinetics.—The evidence presented above suggested that
dry heat was the most convenient sterilization procedure for carbon
steel. However, prolonged heating at moderately elevated tempera-
tures could potentially alter the surface properties and microstructure
of the steel. Additional tests were performed to determine the maxi-
mum allowable temperature for dry heat sterilization.

As seen in Figure 6, even when exposed to air, oxide formation
was minimal during dry heat sterilization given the relatively low
temperatures of the procedure. Likewise, Figure 6 shows that weight
gain due to oxidation was measurable with an analytical balance only
at temperatures above 400◦C. Weight gain during carbon steel and
iron oxidation is sensitive to the amount of cold work and sample
preparation methods like electropolishing or mechanical grinding.63

Despite this, weight gain of samples exposed to temperatures above
400◦C was in reasonable agreement with the value expected using
parabolic growth law with coefficients reported in the literature.64–66

For samples exposed to 400◦C or above, the corrosion rate in the test
solution exhibited a drastic decrease (not shown), probably due to the
formation of protective oxides. Oxide growth should not be an a priori
matter of concern for sterilization of carbon steel when conducted at
150–180◦C.

Use of dry heat sterilization on other alloys.—Based on the re-
sults presented herein, it may be tempting to assume that dry heat
sterilization in inert atmospheres could be used on other alloys. Even
though no microstructural changes on carbon steel due to sterilization
treatments at 150 to 180◦C are expected based on the kinetics of the
Fe-C-Mn system, it is well known that prolonged heating at mod-
erately elevated temperature can produce grain growth and aging of
precipitation hardenable alloys, such as wrought aluminum alloys.67

While dry heat sterilization in an inert atmosphere should work equally
well on carbon and low alloy steels as on most stainless steels and
nickel-based alloys, heating in the 150–180◦C range could result in
precipitation hardening of, e.g., most wrought aluminum alloys used
in aerospace applications.67 The effect of possible microstructural
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changes due to the sterilization procedure must be taken into account
in MIC research.

Conclusions

Based on the evidence presented herein the following conclusions
were drawn:

� All sterilization methods were equally effective in eliminating
microorganisms and spores from the metal surface as determined
directly, by culture in LB broth, and indirectly by determining the
efficacy in killing living microorganisms in intentionally contaminated
surfaces.

� All sterilization methods introduced a source of error as deter-
mined by linear polarization measurements. This publication presents
a methodology that could be followed by other laboratories to evaluate
the effect of alternative sterilization treatments in specific laboratory
settings.

� Dry heating at 170◦C for 60 minutes (plus heating and cooling
times) in an inert atmosphere was the most convenient sterilization
method for carbon steels regarding practicality and consistency in the
response of the metal to its application.

� While dry heat sterilization in an inert atmosphere should be
equally adequate for all carbon, low alloy, and most stainless steels
as well as nickel-based alloys, prolonged heating at 150–180◦C could
lead to microstructural changes in some age-hardenable alloys.

� Sterilization of carbon steels in 75 vol% ethanol and 2 vol%
glutaraldehyde as well as alcohol followed by flaming is discouraged
given the large dispersion in electrochemical response caused by the
exposure to the sterilization media.
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