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Carbon steel MIC (microbiologically influenced corrosion) and copper MIC by Desulfovibrio vulgaris (a sulfate
reducing bacterium) were shown to behave very differently. Carbon steel MIC was accelerated with an 84 %
weight loss increase by 20 ppm (w/w) riboflavin (an electron mediator) while Cu MIC was not. This was because
the former belongs to extracellular electron transfer (EET)-MIC while the latter metabolite (M)-MIC. Cu MIC by
biogenic HyS yielded a large amount of Ha. This work proved that an electron mediator can distinguish EET-MIC
from M-MIC, and Hp gas detection is very sensitive in identifying M-MIC with Hy evolution.

1. Introduction

It is widely viewed that microbiologically influenced corrosion (MIC)
is now a pervasive problem in many fields such as the oil and gas in-
dustry, water utilities, and sometimes biomedical implants [1,2]. Sulfate
is a ubiquitous electron acceptor (oxidant) in anaerobic environments
[3]. Thus, sulfate reducing bacteria (SRB) are prevalent in anaerobic
environments to take advantage of the presence of this electron acceptor
for respiration.

In a corrosive environment such as an oil and gas pipeline with CO,
corrosion, microbial biofilms can damage the partially passivating
siderite mineral film, thus accelerating CO2 corrosion [4]. Apart from
influencing the corrosion by other corrosive agents, biofilms can cause
corrosion by themselves in the absence of a pre-existing corrosion factor.
This kind of corrosion has been the main focus in mechanistic MIC in-
vestigations. Under anaerobic condition, the mechanisms for MIC
caused by biofilms can be classified into two distinct categories [5]. In
the first type, biofilms transport electrons from extracellular iron
oxidation across the cell wall to reach the cytoplasm where the reduc-
tion of an exogenous electron acceptor such as sulfate happens [6,7].
Cross-cell wall electron transfer is also called extracellular electron
transfer (EET) [8,9]. Thus, this type MIC is known as EET-MIC in MIC
science [10,11]. SRB MIC and NRB (nitrate reducing bacteria) MIC of
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carbon steel are typical examples of EET-MIC [12]. The corrosion of
carbon steel by a Shewanella sp. using fumarate as terminal electron
acceptor also belongs to EET-MIC [13].

In EET-MIC, biofilms harvest energy from energetic metals in their
respiration. The following two electrochemical reactions can be used to
explain the bioenergetics of MIC in SRB respiration for energy produc-
tion when sulfate is the terminal electron acceptor [14-16].

4Fe — 4Fe’* + 8¢~ (E° =—447 mV) @
SOF~ + 9H* + 8¢~ — HS™ + 4H,0 (E°° =—217mV) 2

Because an iron or steel matrix is insoluble, extracellularly released
electrons in Reaction (1) must be transported to the SRB cytoplasm via
EET for use in Reaction (2) that requires intracellular biocatalysis. E* in
bioelectrochemistry is defined as the reduction potential (vs. standard
hydrogen electrode) at 25 °C, pH 7 (indicated by the apostrophe in E),
and 1M solutes (or 1 bar partial pressure for gases) excluding H". The
cell potential (AE®’) of the redox reaction combining the two half re-
actions above at these conditions is +230 mV. This positive potential
means the redox reaction of iron oxidation coupled with sulfate reduc-
tion has a negative Gibbs free energy change, indicating that the reac-
tion is thermodynamically favorable or energy is released [12].

The bisulfide product in Reaction (2) can gain one proton to become
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H,S or to lose one proton to become S2~ depending on broth pH [17],
HS™ + H' - HyS 3)
HS™ - H' + 5%~ )

H,S is secreted by SRB into the surrounding broth. Its dissociation
reactions release HS™ (dominant sulfide species), $>~ and H' in the
broth [16]. The amount of $2~ is negligible if pH is not very high [3].
H,S can be corrosive, but it is not a significant contributor to carbon
steel MIC caused by SRB at near neutral pH [14]. Using the same broth
volume with different headspace volumes in anaerobic vials, Jia et al.
[10] showed that a larger headspace allowed more H,S to escape to the
headspace. As a consequence, the dissolved HyS concentration in the
broth was lower, resulting in less HyS toxicity and a higher sessile
Desulfovibrio vulgaris cell count which caused more severe carbon steel
MIC. Using a different experimental design with fixed broth and head-
space volumes, Jia et al. [18] showed that adding more Fe?" to the
culture medium helped to detoxify HaS toxicity, resulting in better
D. vulgaris planktonic and sessile growth and thus a higher dissolved
H)S. As a consequence of a high sessile SRB cell count, more severe
carbon steel MIC occurred. In these two studies, the dissolved HsS
concentrations shifted in opposite directions, one lower and one higher,
when headspace volume and Fe" concentration were increased. How-
ever, both led to more severe corrosion. In both cases, the sessile cell
count increased, which is consistent with EET-MIC, because more sessile
cells harvest more electrons [3].

There are two different electron transfer methods for EET from a
metal surface to a cell’s outer surface. One is direct electron transfer
(DET) [19,20], which means that a direct contact between microor-
ganisms and the iron surface is required. The other is mediated electron
transfer (MET) [21,22] involving soluble redox mediators. SRB species
such as Desulfovibrio ferrophilus have redox-active outer membrane
bound c-type cytochromes (OMCs), homologous to those in Shewanella
and Geobacter, which are capable of utilizing soluble electron mediators
such as riboflavin as electron shuttles [23,24]. The D. vulgaris genome
lacks the genes coding for such OMCs. However, different OMCs were
discovered recently by a group at NIMS in Japan [25]. D. vulgaris is
already well known for electro-active c-type cytochromes in its peri-
plasmic space for electron transfer inside the cell [25]. Furthermore,
hydrogenase-positive SRB species such as D. vulgaris are capable of
hydrogen-cycling [26]. At different locations in an SRB cell, hydroge-
nase enzymes can convert H" into H, with electron uptake and then
converts Hy back to H' with electron release [27]. This so-called
hydrogen-cycling is actually mediated electron transfer using the
2H"/H, shuttle, which is rather “universal” among microbes [28].

Flavodoxin plays an important role in D. vulgaris electron transfer
[29]. Flavin mononucleotide (FMN), or riboflavin-5'-phosphate, is a
biomolecule produced from riboflavin by the enzyme riboflavin kinase
[30]. OMCs in various bacterial species are known to be involved in EET.
They are capable of interacting with soluble electron shuttles such as
riboflavin [23]. The electron transport chain (ETC) inside SRB cells also
rely on membrane-bound and dissolved redox mediators to shuttle
electrons [31]. Riboflavin can promote the overall electron transfer
process in EET-MIC [32].

It has been shown that electron transfer for the uptake of extracel-
lular electron is rate limiting in SRB MIC of C1018 carbon steel and 304
stainless steel which belongs to EET-MIC [15,33]. The addition of
10 ppm (w/w) of either riboflavin or flavin adenine dinucleotide (FAD)
accelerated carbon steel and stainless steel weight losses in anaerobic
vials with SRB [15,34]. Similarly, these two electron transfer mediators
have been found to accelerate the MIC of C1018 carbon steel caused by
nitrate reducing Pseudomonas aeruginosa [33]. Recently, Huang et al.
[35] manipulated the PhzH gene that encodes an electron mediator in
P. aeruginosa. They found that the gene’s deletion (knockout) greatly
reduced the MIC of 2205 duplex stainless steel by P. aeruginosa, while its
restoration in the knockout strain largely restored the microbe’s
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corrosion ability [35].

Both NRB MIC and SRB MIC against carbon steel and stainless steel
belong to EET-MIC [5]. Riboflavin and FAD can accelerate electron
transfer in EET-MIC. They are utilized by many microorganisms for
electron transfer [36,37]. Flavins released by Shewanella or externally
introduced can facilitate its EET because flavins function as diffusive
electron shuttles [38]. Extracellular electrons from iron oxidation in
Reaction (1) need to go through electron transfer consisting of the
extracellular section and the intracellular section to reach the cytoplasm
where they are used for the reduction reaction such as sulfate reduction
in Reaction (2) or nitrate reduction [3,39]. Acceleration of either elec-
tron transfer section may result in increased overall electron transfer
process [20].

Unlike iron, copper is not energetic enough as an electron donor for
sulfate reduction (E°* =—217 mV) due to the high reduction potentials of
Cu'/Cu and Cu®*'/Cu [40,41] in the reactions below (shown in Cu
dissolution direction),

Cu— Cu™ + e (E° = +520mV) (5)
Cu - Cu*t + 2™ (E° = +340mV) (6)

The two E° values are so high such that the very strong precipitation
of Gu™ and Cu?* ions by sulfide could not shift their Nernst equations
sufficiently to make Cu energetic enough for sulfate reduction. Thus,
EET-MIC caused by SRB against Cu cannot happen spontaneously.
However, M-MIC by HS™ can happen at neutral pH with the following
reaction which has a negative Gibbs free energy change [42],

2Cu + HS™ + H" = Cu,S + Ha(g) (AG®” =—58.3 kJ/mol) )

The reaction product CusS is extremely insoluble in water (pK; 47.6
vs. 17.2 for FeS at 25°C) [43]. Its Gibbs free energy of formation AGy is
—86.20 kJ/mol [42]. This very negative value contributes greatly to the
negative Gibbs free energy change for Reaction (7), making this corro-
sion reaction thermodynamically favorable.

Because D. vulgaris can cause both EET-MIC of carbon steel and M-
MIC of Cu, it provides an excellent model to contrast the two types of
MIC mechanisms, which can help understand the two fundamental MIC
mechanisms and aid in MIC forensics and mitigation strategies. Ribo-
flavin has been used by various MIC researchers as an important probe
or a tool to identify EET-MIC [33,34]. It is critically important to vali-
date this tool by comparing its impact on EET-MIC and M-MIC.

2. Experimental
2.1. Bacterium, metals and chemicals

D. vulgaris (ATCC 7757) was cultured in modified Baar’s medium
(ATCC 1249 medium) [42]. The culture medium pH was adjusted to 7.0
before autoclaving. After autoclave-sterilization, the culture medium
was sparged with filter-sterilized Ny gas for 1h to remove dissolved
oxygen. Chemicals used in this study were purchased from Fisher Sci-
entific (Pittsburgh, PA, USA) or Sigma-Aldrich (St Louis, MO, USA). X65
carbon steel (composition in [44]) and Cu (99.9 % mass purity) were cut
into square coupons, each with an exposed 10 mm x 10 mm top surface.
All other surfaces were protected by a Teflon paint. The top coupon
surfaces were abraded to a final finish of 600-grit. They were then
cleaned with pure isopropanol and dried under UV light for at least
20 min. Before inoculation, 100 mL culture medium, 20 ppm (w/w)
riboflavin and 3 replicate coupons were added to each 125 mL anaerobic
vial (Wheaton Industries Inc., Millville, NJ, USA) in an anaerobic
chamber filled with Nj. The 1 g/L yeast extract in the culture medium is
in the standard ATCC 1249 medium for optimal SRB growth. A
concentrated L-cysteine stock solution was used to add 100 ppm (w/w)
L-cysteine (oxygen scavenger) to the culture medium. One mL SRB seed
culture was used to inoculate each vial before it was sealed with a rubber



D. Wang et al.

septum and an aluminum cap. This 1 mL inoculum and 3 coupons
reduced the headspace volume in each 125 mL vial from 25 mL to 23 mL.
The initial planktonic cell concentration right after inoculation was
about 10°—10° cells/mL. All the vials were wrapped with aluminum foil
to block light to protect photoactive riboflavin before they were incu-
bated at 37 °C for 7 days.

2.2. Sessile cell counts and biofilm images

After the 7-day incubation, coupons were taken out and rinsed in a
pH 7.4 phosphate buffered saline (PBS) solution 3 times. The biofilm on
each coupon surface was scraped using a sterile brush into a 10 mL PBS
solution and then transferred to a 50 mL conical tube and vortexed for
30 s to suspend the cells evenly in the solution. A hemocytometer was
used to enumerate the sessile cell counts on the coupon surfaces of X65
carbon steel and Cu. D. vulgaris cells were seen as motile cells under an
optical microscope at 400x magnification. The hemocytometer method
requires a minimum cell count of 5 x 10* cells/mL for accuracy [18] and
thus it may not be suitable for starvation or biocide kill studies. Biofilms
were also examined under a scanning electron microscope (SEM) (Model
JSM-6390, JEOL, Tokyo, Japan). The coupon preparation method for
biofilm SEM imaging was reported before [33].

2.3. Headspace H; gas analysis

The H, concentration in the 23 mL headspace in each 125mL
anaerobic vial was measured every day during the 7-day incubation
using a Hy gas detector (Model FD-90A, Forensics Detectors, Palos
Verdes Peninsula, CA, USA). Ten mL headspace gas was extracted from
each 125 mL anaerobic vial using a syringe and injected into a sealed
250 mL vial filled with 1atm air for Hy concentration dilution. The
125 mL vial was withdrawn from incubation and the remaining replicate
vials were used for headspace gas sampling for subsequent days. After
dilution, 40 mL gas was withdrawn from the 250 mL dilution vial and
directly injected into the Hy detector’s sampling port using a syringe
without tubing. HS in the headspace was found not interfering with the
electrochemical H; sensor’s readings in this work.

2.4. Weight loss and pitting corrosion analyses

At least 3 coupons were used for each weight loss data point. Each
coupon was weighed before and after incubation. After incubation, X65
carbon steel coupons were cleaned for 1 min using a fresh Clarke’s so-
lution to remove biofilms and corrosion products [45]. Adhering to
ASTM G102 [46], a 20 % (v/v) H3SO4 solution was used to clean Cu
coupons for 1 min. Afterwards, the X65 carbon steel and Cu coupons
were rinsed with pure isopropanol and dried before weighing and
corrosion pit observation under SEM. Pit depth was measured using an
infinite focus microscope (IFM) profilometer (Model ALC13, Alicona
Imaging GmbH, Graz, Austria). The maximum pit depths of six coupons
from two replicate vials were used to provide an average maximum pit
depth data point.

2.5. Electrochemical measurements

A three-electrode glass cell setup was used in this work. Each glass
cell had a liquid volume of 300 mL and a headspace volume of 145 mL. A
thin platinum sheet (10 mm x 10 mm x 1 mm) was used as the counter
electrode, while a saturated calomel electrode (SCE) served as the
reference electrode. The working electrode was either a X65 carbon steel
cube or a Cu cube embedded in epoxy. Each working electrode had an
exposed surface area of 1 cm?. A VersaSTAT 3 potentiostat (Princeton
Applied Research, Oak Ridge, TN, USA) was used to perform linear
polarization resistance (LPR) and potentiodynamic polarization scans.
The LPR’s voltage range was —10 mV to 10 mV vs. the stabilized open
circuit potential (OCP) at a scan rate of 0.167 mV/s. The voltage range
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was from —200 mV to +200 mV vs. the OCP at a scan rate of 0.167 mV/s
for potentiodynamic polarization scans. For each working electrode, its
potentiodynamic polarization scan was performed only once at the end
of the incubation period, while LPR scans were performed once daily.

3. Results
3.1. Sessile cell counts and SEM biofilm images

Fig. 1A shows that the sessile cell counts were (2.0 £ 0.4) x 107 cells/
cm? without riboflavin and (1.9 4 0.6) x 107 cells/cm? with 20 ppm
riboflavin on X65 carbon steel after the 7-day incubation. On Cu sur-
faces, the sessile cell counts were (9.0 £1.5) x 10% cells/cm? and
(6.8+2.8) x 10° cells/em? without and with 20 ppm riboflavin,
respectively. SEM images in Fig. 1B show that there were more sessile
cells on the X65 surfaces than on the Cu surfaces. They also show that
the addition of riboflavin did not visibly alter the sessile cell abundance
for each metal.

3.2. Hj concentration in headspace

Fig. 2 shows that the headspace Hjy concentrations in 125mL
anaerobic vials with and without metal coupons. It shows that in the
presence of X65 carbon steel, the Hy concentration profile during the 7-
day incubation was quite close to that without coupons. On the contrary,
a huge increase in Hy concentration was observed in SRB MIC of Cu
(Fig. 2). The headspace H; concentration with 3 Cu coupons in the broth
had a peak value of 7100 ppm (v/v) vs. 1250 ppm for the coupon-free
SRB broth. The headspace Hj concentration in the abiotic control vial
(with one uncoated X65 coupon in 100 mL deoxygenated culture me-
dium at initial pH 7) in Fig. 2 exhibits a linear behavior over the 7-day
incubation period. There was 1010 ppm Hj in the 24.7 mL headspace
after the 7-day incubation. The amount of Hy was stoichiometrically
equivalent to 0.054 mg Fe loss in water or proton reduction corrosion of
carbon steel, amounting to 0.018 mg/cm? weight loss for the coupon
(3 em? total exposed surface) in one week, which was negligible (102
lower) compared with MIC weight losses.

3.3. Pit analysis and weight loss

Fig. 3(A, A") shows that there were more and larger pits on X65 with
20 ppm riboflavin than those without. In both cases, pitting corrosion
was far more severe than uniform corrosion because the parallel coupon
surface polishing lines can still be seen on Fig. 3(A, A'). In comparison,
the SEM images in Fig. 3(B, B') show that the pitting corrosion severity
on Cu surface did not change much by the addition of riboflavin.
Furthermore, unlike in the X65 corrosion, pitting corrosion of Cu was
accompanied by severe uniform corrosion that completely erased pol-
ishing lines.

The culture medium pH values after the 7-day incubation were
6.79 £ 0.05, 6.81 +0.07, 7.14 + 0.01, 7.06 + 0.03, for X65 carbon steel
without and with riboflavin, Cu without and with riboflavin, respec-
tively. These values did not deviate much from the initial pH of 7. Sulfate
respiration alone does not change scalar and vectorial proton concen-
trations because it consumes protons released by lactate oxidation [10].
However, CO; from lactate oxidation can acidify the broth slightly. On
the other hand, H,S escape to the headspace increases pH [10]. The
abiotic control weight losses were 0.1 mg/cm? and 0.3 mg/cm? for Cu
and X65 carbon steel in the deoxygenated ATCC 1249 medium,
respectively. They were much smaller than biotic weight losses in Fig. 4.
Fig. 4 shows the weight losses of X65 carbon steel and Cu with and
without 20 ppm riboflavin after the 7-day incubation with SRB. The
biotic X65 carbon steel weight loss increased considerably from
25+0.3 rng/cm2 t0 4.6+0.1 mg/cm2 (84 % increase) when riboflavin
was added (Fig. 4A). In comparison, Fig. 4B shows that the Cu weight
loss did not see a statistically significant increase with the addition of
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Fig. 1. (A) SRB (D. vulgaris) sessile cell counts of X65 carbon steel and Cu after 7-day incubation in ATCC 1249 culture medium inoculated with D. vulgaris with and
without 20 ppm riboflavin. (Error bars stand for the standard deviations from at least three independent samples.); (B) SEM images of biofilms on X65 carbon steel
and Cu surfaces after 7-day incubation with SRB: (a) X65 carbon steel without riboflavin, (a") X65 carbon steel with 20 ppm riboflavin, (b) Cu without riboflavin, (b’)

Cu with 20 ppm riboflavin.
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Fig. 2. H concentration in the headspace of each 125 mL anaerobic vial with
and without 3 metal coupons during the 7-day incubation with SRB.

riboflavin (28.7 + 3.8 mg/cm? vs. 32.5 + 7.2 mg/cm?, p-value = 0.50).

The average maximum pit depths of X65 carbon steel and Cu with
and without 20 ppm riboflavin after the 7-day incubation are shown in
Fig. 5. For X65 carbon steel, it increased considerably from 6.6 + 0.4 pm
to 18.8 + 0.7 pm with the addition of riboflavin. In comparison, for Cu, it
did not increase statistically (22.7 £+4.5pm vs. 24.3+4.6pum, p-
value = 0.70).

3.4. Electrochemical measurements

Weight loss and pit depth data reflect cumulative effects because
they take a significant lead time to be measurable. Electrochemical
measurements can provide useful transient data start from the beginning
of incubation. Fig. 6 shows the daily OCP data for X65 carbon steel and
Cu MIC by D. vulgaris with and without 20 ppm riboflavin in the culture
medium. The OCP values for X65 carbon steel was largely unaffected by
the addition of 20 ppm riboflavin. They had a slight increase during the
7-day incubation period. The OCP values for Cu with and without
20 ppm riboflavin were similar and they stayed near —0.8 V (vs. SCE)
between days 2 and 7 after a drop of around 0.12V in the first day.

Polarization resistances (R;,) were recorded for both X65 carbon steel
and Cu with and without 20 ppm riboflavin during the 7-day incubation

(Fig. 7). R, of X65 carbon steel peaked on days 4 and 5 with and without
20 ppm riboflavin, respectively. The R, curve without riboflavin was
much higher than that with 20 ppm riboflavin. In comparison, for Cu
MIC, the curves with and without riboflavin were close to each other.

Potentiodynamic polarization was performed at the end of incuba-
tion to obtain corrosion current density (i.or) data, which can be used to
calculate corrosion rates directly to support weigh loss data trend. Fig. 8
shows the potentiodynamic polarization curves of X65 carbon steel and
Cu with and without 20 ppm riboflavin. Table 1 lists the electrochemical
parameters derived from the Tafel analysis of the curves in Fig. 8. It
shows that ico; of X65 carbon steel increased from 12 pA/cm? to 23 pA/
cm? (92 % increase) with the addition of 20 ppm riboflavin. In com-
parzison, icorr of Cu had only a slight increase from 27 pA/cm? to 31 pA/
cm®.

4. Discussion

Fig. 1A indicates that 20 ppm riboflavin did not lead to statistically
significant increase of the sessile cell counts on X65 carbon steel (p-
value =0.78) and Cu (p-value =0.58). The addition of 20 ppm ribo-
flavin increased the energy harvest rate from elemental iron via EET [3].
This led to more severe corrosion of X65 carbon steel. However, Cu MIC
by D. vulgaris did not benefit from 20 ppm riboflavin because its mech-
anism belongs to M-MIC. The yeast extract in the ATCC 1249 medium
contains less than 0.1 ppm riboflavin, a negligible amount compared to
the 20 ppm added in this work. It is beneficial to grow a pure-strain SRB
in a standard medium to study SRB MIC mechanisms for better com-
parison and less complication.

Because H is a low molecular weight gas with a negligible solubility,
H; evolution is very sensitive in corrosion processes that produce Hy.
The negligible 7-day carbon steel corrosion of 0.018 mg/cm? weight loss
in the abiotic culture medium (initial pH 7) generated 1010 ppm Hj in
the headspace, which is much higher than the Hj sensor’s detection limit
of 1 ppm. This means that Hy concentrations corresponding to micro-
gram weight losses can be measured. This is 10%-10° more sensitive than
weighing coupons. Thus, Hy detection in a sealed system is a powerful
tool in detecting corrosion that generates Hj, including corrosion by
CO., H,S, and organic acids.

In the following reaction of HyS corrosion of carbon steel, 1 mg Fe
weight loss generates 0.018 mmol of Hj stoichiometrically. This small
1 mg weight loss would increase the Hy concentration by 1.9 x 10* ppm
in the 23 mL headspace at 37 °C and 1 atm.

Fe + HS™ + H™ — FeS + Hyy ®
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Fig. 3. Pit morphology on X65 carbon steel and Cu surfaces after 7-day incubation with SRB: (A) X65 carbon steel without riboflavin, (A’) X65 carbon steel with
20 ppm riboflavin, (B) Cu without riboflavin, (B’) Cu with 20 ppm riboflavin.
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Fig. 4. Weight losses of X65 carbon steel and Cu coupons after the 7-day incubation with SRB. (Error bars stand for the standard deviations from at least three
independent samples.).
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Fig. 6. OCP vs. time during the 7-day incubation with and without 20 ppm
riboflavin in the SRB broths. (Error bars stand for the standard deviations from
three independent samples.).

Fig. 2 indicates that the headspace Hy concentration profiles with
X65 carbon steel coupons and without any coupons were practically the
same. This effectively rules out biogenic HsS corrosion of carbon steel as
a significant mechanism for the SRB MIC of carbon steel in this work.
This observation lends a direct and strong support to the conclusion by
Jiaetal. [18,10] that H,S was not a significant contributor to SRB MIC of
carbon steel at near neutral pH, because the corrosion mechanism is
EET-MIC, rather than M-MIC by H,S.

In comparison, the huge increase (up to 5.7-fold at peak values) in
the headspace Hy concentration in the presence of Cu coupons in Fig. 2
supported the M-MIC mechanism of Cu in Reaction (7), which indicates
that 1 mg of Cu weight loss corresponds to 0.0079 mmol of Hy genera-
tion stoichiometrically. It would be ideal if Hy evolution can be used to
calculate Cu weight loss quantitatively using this stoichiometry. How-
ever, D. vulgaris is known to produce Hj from lactate oxidation as shown
in the following reaction [47],

CH3;CHOHCOO (Lactate) + 2H,O — CH3COO (Acetate) + 2.5H; +

HCO3 €)]

This is confirmed by the bell-shaped H; evolution profile for the SRB
broth without coupons in Fig. 2. D. vulgaris consumes Hy as an energy
source when lactate is in short supply [47]

SOF~ (Sulfate) + 5Hy — HpS + 4H,0 (10)
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All the three biotic Hy profiles in Fig. 2 exhibit a bell-shape, sug-
gesting initial generation and later consumption of Hy by D. vulgaris.

Fig. 5 shows that the average maximum pit depth with 20 ppm
riboflavin was 2.8 times of that without riboflavin for X65 carbon steel,
indicating that the electron mediator made the pitting corrosion far
more severe. In comparison, there was no statistically significant in-
crease in pitting corrosion severity for Cu. The pit images in Fig. 3
corroborate the pit depth data trends.

The abiotic control weight losses for Cu and X65 (0.1 mg/cm? and
0.3 mg/cm?, respectively) were practically negligible compared to the
much larger biotic weight losses (Fig. 4). This was because without SRB
biocatalysis, the deoxygenated abiotic culture medium did not have a
utilizable electron acceptor to cause corrosion. The abiotic weight losses
were found practically unaffected by the addition of 20 ppm riboflavin

—#— Cu —°— Cu + 20 ppm riboflavin
03_—*—X65 —— X65 + 20 ppm riboflavin
8]
Q
7]
0.6}
>
=
3]
-09
22— )
7 -6 -5 4 -3
log i (A cm™)

Fig. 8. Potentiodynamic polarization curves of X65 carbon steel and Cu in SRB
broths after the 7-day incubation with and without 20 ppm riboflavin.

Table 1
The fitted polarization parameters of X65 steel and Cu in D. vulgaris with 0 ppm
and 20 ppm riboflavin after 7-day incubation.

Tcorr Ecorr vs. SCE Pa Pe

(pA/cm?) w) (V/dec) (V/dec)
X65 + 0 ppm riboflavin 12 —0.66 0.34 0.06
X65 + 20 ppm riboflavin 23 -0.71 0.16 0.10
Cu + 0 ppm riboflavin 27 —0.88 0.27 0.16
Cu + 20 ppm riboflavin 31 —-0.81 0.10 0.26

1000
—o— Cu + 20 ppm riboflavin
800ty Cu
£ 600
Q
]
— 400
S
200
O 1 1 1 1 L 1 L
1 2 3 4 5 6 7
Time (day)

Fig. 7. Variations of R;, vs. time of (A) X65 carbon steel, (B) Cu during the 7-day incubation with and without 20 ppm riboflavin in SRB broths. (Error bars represent

standard deviations from three independent runs.).
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for Cu (0.1 mg/crn2 vs. 0.1 1‘ng/cm2 after addition) and X65 carbon steel
(0.3 mg/cm? vs. 0.2 mg/cm? after addition). In the presence of SRB, the
addition of riboflavin caused an 84 % weight loss increase for X65
carbon steel corrosion after the 7-day incubation (Fig. 4), suggesting
that riboflavin accelerated electron transfer, which is rate limiting in
EET-MIC by D. vulgaris against X65 carbon steel [3]. In comparison, for
Cu MIC by D. vulgaris, the weight loss increase was statistically insig-
nificant (p-value 0.49). This means 20 ppm riboflavin did not enhance
Cu MIC by D. vulgaris, which confirms that Cu MIC by SRB is not EET-
MIC.

It is important to note that the Cu weight loss was an order of
magnitude larger than that of X65 carbon steel (Fig. 4). For X65 carbon
steel, parallel polishing lines are still visible after incubation in Fig. 3(A,
A"). In comparison, the polishing lines are completely absent for Cu after
the 7-day incubation in Fig. 3(B, 4B’), suggesting that a surface layer was
completely removed by corrosion.

In EET-MIC, sessile cells utilize electrons from extracellular iron
oxidation via EET for sulfate reduction, which produces energy. EET-
MIC is limited to the energy need for the sessile cells to survive.
Planktonic cells do not get the energy. Thus, the extent of MIC is rather
limited. However, this is not true for M-MIC. Both sessile and planktonic
SRB cells produce HsS. Therefore, Cu weight loss due to H,S corrosion
can be much larger than carbon steel weight loss for SRB corrosion as
evidenced by the 10! higher weight loss for Cu than that for X65 carbon
steel in Fig. 4. Fig. 9 is a schematic comparison of EET-MIC of Fe and M-
MIC of Cu by a D. vulgaris biofilm. The exact mechanisms of how ribo-
flavin shuttles extracellular, and perhaps also intracellular electrons,
remain to be elucidated by bio-scientists.

A more negative OCP indicates a higher thermodynamic tendency for
the working electrode to lose electrons in the open circuit condition.
During the 7-day incubation, the OCP curves for Cu were much lower
than those of X65 carbon steel (Fig. 6). The OCP values for Cu in the SRB
broth here were consistent with the observation by Chen et al., who
found that Cu’s OCP was —925 mV (vs. SCE) in 0.1 MNaCl + 5 x 10~ M
NayS solution [48], reflecting a 700 mV drop from Cu’s OCP of —225 mV
(vs. SCE) in 0.1 M NaCl [49]. They attributed this large decrease of OCP
to the extremely low solubility of Cu,S, which lowered the dissolved Cu
ion concentration. For X65, with and without riboflavin addition, the
OCP curves are quite close in Fig. 6, suggesting that riboflavin did not
change the thermodynamic driving force in X65 MIC. This was consis-
tent with the kinetic role of riboflavin as an electron mediator that
accelerated X65 MIC by enhancing EET.
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For Cu MIC, the two R, curves in Fig. 7B had a large decrease from
day 1 to day 2, indicating a large increase in corrosion rate. This inter-
esting phenomenon can be explained by the fact that as incubation time
increased more HyS (corrosive metabolite) was secreted by the
D. vulgaris cells. However, during the same time period, an increase is
seen for the two R}, curves for X65 MIC in Fig. 7A. This can be explained
by the build-up of an iron sulfide film on X65 that offered partial
passivation. Fig. 7A shows that 20 ppm riboflavin caused the R, curves
of X65 carbon steel to shift much lower during the entire 7-day incu-
bation period, which means corrosion resistance was much reduced. In
comparison, 20 ppm riboflavin did not reduce the Cu corrosion resis-
tance (Fig. 7B). The impact of riboflavin on corrosion rate reflected by
the LPR data here is clearly consistent with the weight loss data above.

The iorr data in Table 1 from the Tafel analysis of the potentiody-
namic polarization curves (Fig. 8) at the end of the 7-day incubation
show a 97 % increase for X65 carbon steel when riboflavin was added. In
comparison, the increase of i,y for Cu was only 15 %. The corrosion
trends based on i. corroborated the corrosion trends in weight loss
data for both X65 carbon steel and Cu. Note that ico only reflected the
corrosion rate at the end of the incubation period, rather than the entire
7-day incubation period. Unlike LPR, the voltage range in potentiody-
namic polarization is typically much larger, which can alter the working
electrode’s surface properties. Thus, potentiodynamic polarization is
usually scanned once at the end of an experiment [50].

In this work, Cu corrosion was rather severe with surface thickness
loss due to uniform corrosion (also known as general corrosion) as
shown in SEM images (Fig. 3). In such an MIC case, pitting corrosion
characterization alone grossly underestimates corrosion severity. This is
because pit depth starting from the corroded surface rather than from
the uncorroded surface does not account for the fact that corrosion
removes a substantial layer from a coupon surface. Thus, both pit depth
and weight loss must be used to describe corrosion severity. A uniform
corrosion rate can be calculated based on the weight loss using a simple
mass balance. However, this corrosion rate does not reflect pitting
damages. Recently, Dou et al. used relative pitting severity (RPS) to
reflect the relative importance of pitting corrosion to uniform corrosion
[42]. RPS is the ratio of pit growth rate to (uniform) corrosion rate based
on specific weight loss, which can be calculated from the following
equation,

(average) maximum pit depth x metal density
average specific weight loss

RPS = 11)

Sulfate reduction

ks

e~ from lactate H
(or H,) oxidation r

HS-+H~*

Cu+HS-+H" > Cu,S + H,

Fig. 9. Schematic of a comparison of EET-MIC of Fe with riboflavin as an electron mediator and M-MIC of Cu by D. vulgaris biofilm.
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{ RPS > 1, pitting corrosion is much more severe than uniform corrosion
(12a)

{RPS ~ 1, pitting corrosion and uniform corrosion are equally important
(12b)

{ RPS < 1, uniform corrosion is much more severe than pitting corrosion
(12¢)

RPS can be used together with either pit depth data or weight loss
data to describe corrosion severity adequately. The maximum pit growth
rate was calculated using the average of several deepest pits in this work.
For the criteria in Eq. (12), pit depth is measured from the corroded
surface, rather than the uncorroded surface used in pitting factor, which
is not convenient to measure in short-term lab tests.

RPS can provide an insight into the rather striking behavioral dif-
ferences between the two MIC cases in this work. For X65 carbon steel
MIC by D. vulgaris, the average maximum pit depth (Fig. 5) and weight
loss (Fig. 4) without 20 ppm riboflavin were 6.6 pm and 2.5 mg/cm?,
respectively after the 7-day incubation. Thus, the RPS value was 2.1
according to Eq. (11) by using X65 carbon steel density of 7.87 g/cm®.
With the addition of 20 ppm riboflavin, the RPS increased to 3.2. Both
RPS values are considerably larger than unity, which means pitting
corrosion was more severe than uniform corrosion. An oilfield biofilm
consortium grown in enriched artificial seawater with FeS precipitation
corroded carbon steel with a narrow RPS value range of 3.5-3.7 in
enriched artificial seawater after 60 days of incubation with and without
biocide treatment [51].

Cu MIC in this work, RPS values were 0.67 and 0.71 with and without
20 ppm riboflavin, respectively. They considerably smaller than unity,
suggesting that uniform corrosion was more severe in Cu MIC by
D. vulgaris. The two small RPS values indicate that the losses of Cu
coupon surface thicknesses were significantly larger than their corre-
sponding average maximum pit depths according to Eq. (12a). The very
different RPS values between the X65 carbon steel and Cu systems are
another clear indication that their D. vulgaris corrosion mechanisms are
fundamentally different.

Cu ions, even at very low concentrations, are cytotoxic to microor-
ganisms [52]. Cu has been used as an alloying element to produce
Cu-bearing stainless steels that release Cu ions upon corrosion by mi-
crobes. The released Cu ions have been shown to prevent further MIC by
P. aeruginosa [53]. However, D. vulgaris sessile cells formed robust bio-
films on Cu in this work as shown in Fig. 1. This means D. vulgaris
overcame the inhibition by copper, because D. vulgaris produced sulfides
that precipitated microbiocidal Cu™ to form extremely insoluble Cu»S
[54]1.

5. Conclusion

The experimental results in this work revealed that 20 ppm ribo-
flavin accelerated X65 carbon steel MIC by D. vulgaris considerably, but
it did not enhance Cu MIC by the same SRB, thus validating the electron
mediator as a tool to distinguish EET-MIC from M-MIC. Cu MIC had
much lower RPS values than X65 carbon steel MIC, suggesting that their
corresponding MIC mechanisms are fundamentally different. This MIC
science study confirmed that electron transfer is rate limiting in X65
carbon steel MIC by D. vulgaris, but it is not the case for Cu MIC by
D. vulgaris because the former belongs to EET-MIC, while the latter is M-
MIC. This specially designed “one microbe two metals” work presented
an interesting case in which even with the same microbe in the same
culture medium, two very different MIC mechanisms occurred for two
different metals with very different corrosion characteristics. This work
also demonstrated that headspace Hy monitoring is a powerful tool that
can help confirm corrosion reactions with Hy evolution, which is com-
mon in M-MIC.
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