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a b s t r a c t

Microbiologically influenced corrosion (MIC) of copper by Desulfovibrio vulgaris, a sulfate reducing bac-
terium (SRB), was investigated in anaerobic vials with a fixed broth volume of 40 mL but varied head-
space volumes (10 mL, 85 mL 160 mL). It was found that the headspace volume variation had a very
large effect on the dissolved [H2S] in the broth and the cell counts of planktonic and sessile cells, as well
as Cu corrosion severity. A 16� smaller headspace led to a 1.6-fold increase in the dissolved [H2S], a 13-
fold decrease in sessile SRB cell count, a 32-fold decrease in planktonic cell count and a 3.7-fold increase
of Cu weight loss. SEM images revealed that different headspace volumes caused different corrosion pat-
terns on the immersed coupons. With a lower headspace volume, pitting corrosion was observed, while
with a higher headspace volume, intergranular corrosion was seen. The results confirmed that SRB MIC of
Cu belongs to metabolite-MIC (M-MIC) by H2S, unlike SRB MIC of carbon steel that belongs to extracel-
lular electron transfer-MIC (EET-MIC) that is directly correlated with sessile cell counts rather than dis-
solved [H2S].
.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Corrosion is a naturally occurring phenomenon that costs huge
economic losses to many industries [1]. Around US$4 trillion was
lost due to corrosion globally each year [2]. Microbiologically influ-
enced corrosion (MIC) was recognized as early as 1910 [3]. It is
reported that MIC is behind 20% of all corrosion losses and is
involved in 50% of all pipeline failures [4–6]. MIC is an electro-
chemical process involving interactions of the material (often a
metal), metabolites and microorganisms [7–9]. Multidisciplinary
knowledge such as electrochemistry, microbiology, chemical engi-
neering and corrosion engineering are needed to investigate MIC
mechanisms, making it difficult topic [10]. MIC has already become
a major threat in many industries such as oil and gas, water utili-
ties and medical implant industry [11–14]. A good understanding
of MIC mechanisms is essential for MIC case analyses and mitiga-
tion strategies. It has challenged corrosion and bioscience
researchers for decades [15–21].

The microorganisms causing MIC include sulfate reducing
bacteria (SRB), sulfur/sulfide oxidizing bacteria, nitrate reducing
bacteria, acid producing bacteria, iron oxidizing bacteria, and so
on [22–25]. Among these microorganisms, SRB are often found
responsible for MIC damages because of the prevalence of sulfate
in anaerobic environments [26,27]. The greatest numbers of
recorded corrosion problems have been associated with SRB in oil-
field cases, far more than any other microorganisms [28].

In the past decades, considerable advances have been made in
MIC mechanisms. Various mechanisms were proposed to explain
different MIC processes [29–32]. MIC caused by microbes under
anaerobic condition has been lumped into two distinct types:
extracellular electron transfer MIC (EET-MIC) and metabolite MIC
(M-MIC) [33–36]. EET-MIC relies on direct electron transfer (DET)
or mediated electron transfer (MET) to transport extracellular elec-
trons from outside cells, such as sulfate reducing bacteria and
nitrate reducing bacteria cells, to inside the cells for respiration
of sulfate and nitrate, respectively. With DET, bacteria cells obtain
electrons either from a metal surface to electroactive c-cytochrome
proteins on bacterial outer cell walls that are in direct contact with
the metal surface or a semi-conductive corrosion product film such
as an iron sulfide film on the metal, or with the help of conductive
nanowires (type IV proteinaceous pili) [33,36]. DET has been
widely investigated in microbial fuel cell (MFC) research. For
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example, the pili of Geobacter sulfurreducens have been proven
highly conductive which are used for EET by the bacterium [37].

Some bacteria are normally incapable of EET. However, they are
able to utilize soluble electron mediators for EET [38]. These redox
active electron mediators serve as electron shuttles between a
metal surface and bacteria in a biofilm that is a short distance
away. Electron mediators have been used to enhance EET for
improvedMFC performances [39]. Zhang et al. and Jia et al. demon-
strated that flavin adenine dinucleotide (FAD) and riboflavin,
which are two very common electron mediators used by many
microbial species, accelerated stainless steel and carbon steel
MIC by sulfate reducing Desulfovibrio vulgaris and nitrate reducing
Pseudomonas aeruginosa, respectively [40,41]. The classical cathode
depolarization theory is the first electrochemical mechanism that
explains the MIC of carbon steel by hydrogenase-positive SRB
[29]. It has been modified by Gu et al. to show that it explains
EET-MIC using 2H+/H2 as an electron shuttle system for electron
transfer [36]. Recently, Huang et al. proved that phenazine-1-
carboxamide produced by P. aeruginosa is an electron mediator
that plays an important role in the MIC by P. aeruginosa. When
the gene for this molecule is knocked out, P. aeruginosa has a much
reduced ability to corrode, while the gene’s restoration in the
knockout strain allows P. aeruginosa to regain its corrosion ability
[42].

SRB utilize sulfate as the terminal electron acceptor for respira-
tion to get energy from an electron donor such as lactate. Sulfate
reduction in Reaction (1) coupled with lactate oxidation in Reac-
tion (2) is thermodynamically favorable, meaning energy is
released [43].

SO4
2� + 9Hþ + 8e� !HS� + 4H2O (Eo 0= �217 mV) ð1Þ

CH3CHOHCOO� + H2O ! CH3COO� + CO2 + 4Hþ + 4e� (Eo 0= �430 mV)

ð2Þ
Eo’ represents the reduction potential at 25 �C, pH 7 and 1 M

solutes (1 bar gasses) except H+ vs. standard hydrogen electrode
(SHE).

Xu et al. proved that SRB can use elemental iron as a replace-
ment electron donor for energy production. They showed that
pre-grown SRB biofilms on carbon steel become more aggressive
under subsequent lactate starvation [44]. The reduction protentials
of Fe2+/Fe and acetate + CO2/lactate are similar, which means that
Fe is as energetic as lactate.

Fe ! Fe2þ + 2e� (Eo 0= �447 mV) ð3Þ
HS� is a characteristic metabolite of SRB respiration. It can com-

bine with H+ to form H2S as shown in Reaction (4). In an anaerobic
vial, some H2S in the broth will escape to the headspace to estab-
lish an equilibrium with dissolved [H2S] in the liquid phase.

HS� + Hþ �H2S ð4Þ
Sulfide is known to be toxic to most life forms including SRB.

When a SRB culture has a larger headspace to broth volume ratio,
more H2S escapes to the gas phase, thus decreasing the dissolved
[H2S] and reducing the sulfide toxicity in the broth. Jia et al. [45]
found that increasing the ratio from 0.25 to 4 led to an increased
number of sessile cells on carbon steel and thus accelerated carbon
steel weight loss by as much as 200%. In a more recent work, Jia
et al. [46] revealed that increasing [Fe2+] in the ATCC 1249 culture
medium from 25 ppm (w/w) to 200 ppm in anaerobic vials without
a headspace volume variation detoxified H2S by countering the
iron sulfide precipitation loss of Fe2+ that is a co-factor needed
for two key enzymes in SRB metabolism. As a result, SRB grew bet-
ter with concomitant increases in [H2S] and iron sulfide precipita-
tion. As a consequence of a sessile cell count increase of 4.7 times,
the carbon steel weight loss increased by 5 times. In the two cases
above, despite the opposite trends in [H2S] and iron sulfide precip-
itation, the increased corrosion is understandable because SRB MIC
of carbon steel is EET-MIC [47]. With more sessile cells harvesting
electrons from elemental iron in carbon steel, weight loss
increases. With near-neutral broth pH in these two cases, H2S cor-
rosion was not a direct causal factor for weight loss [36,46].

Copper is widely used in heat exchangers, water cycling
systems and nuclear waste storage systems [48–53]. Cu is highly
resistant to oxygen corrosion but not to MIC. Many Cu MIC
problems and investigations have been reported in the literature
[54–57]. Dry walls in households contaminated with SRB caused
corrosion of Cu water pipes and air-conditioning coils in Florida,
USA [58]. Chen et al. found that SRB metabolism decreased the
anodic zone area and localized corrosion was promoted in the
presence of SRB [59]. Huang et al reported that 70Cu-30Ni alloy
corrosion was accelerated and intergranular corrosion occurred
in anaerobic seawater contaminating SRB, and open circuit
potential (OCP) shifted in the negative direction [60].

Unlike the Fe2+/Fe couple with a rather negative reduction
potential, Cu+/Cu and Cu2+/Cu have positive reduction potentials
shown in reactions (5) and (6) that are much higher than that for
sulfate reduction [61].

Cu ! Cuþ + e� (Eo 0= +520 mV) ð5Þ

Cu ! Cu2þ + 2e� (Eo 0= +340 mV) ð6Þ
This means that Cu oxidation coupled with sulfate reduction is

not thermodynamically favorable. Thus, Cu is not an energetic
metal for SRB to harvest electrons to produce energy via dissimila-
tory sulfate reduction.

Recently, Dou et al. reported that SRB MIC weight loss of Cu is
much higher than that of carbon steel [61]. The SRB MIC of Cu is
mainly uniform corrosion accompanied by pitting corrosion with
an RPS (relative pitting severity) close to unity, very different from
the pitting corrosion in SRB MIC of carbon steel with an RPS much
greater than unity.

Unlike Fe, Cu is not energetic. Thus, SRB cannot use electrons
from elemental Cu for sulfate reduction to produce energy. This
means SRB MIC of Cu cannot be EET-MIC. Instead, Cu can be cor-
roded by sulfide and proton in the following reaction [57], which
means SRB MIC of Cu belongs to M-MIC.

2Cu + HS� + Hþ !Cu2S (s) + H2 (g) ð7Þ

ðDGo0 ¼ �58:3kJ=molÞ
Chen et al. proved that an intermediate product, Cu(SH)ads,

formed on the copper surface before the generation of Cu2S in
the following reactions [50,62]:

Cu + SH� !Cu(SH)ads + e� ð8Þ

Cu + Cu(SH)ads + SH� !Cu2S + H2S + e� ð9Þ

Cu(SH)ads + 2Cl� !CuCl2� + SH� ð10Þ

2CuCl2� + SH� !Cu2S + 4Cl� + Hþ ð11Þ
Cu(SH)ads accounts for the rapid drop of corrosion potential of

the Cu electrode, while SH� and Cl� affect the structure of the
corrosion products.

This work was specifically designed to study the impact of
dissolved [H2S] and sessile cell count on SRB MIC of Cu by
adjusting the headspace to broth volume ratio in anaerobic vials.
The corrosion behaviors in the system with different headspace
to broth volume ratios were compared with those of SRB MIC of
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Fe to elucidate the fundamental differences between M-MIC and
EET-MIC.
2. Experimental

2.1. Experimental materials, bacterium and chemicals

Pure 110 Cu (Cu > 99.9% by mass) (McMaster-Carr, Cleveland,
OH, USA) was cut into 10 mm � 10 mm � 5 mm coupons. All
the surfaces were painted with inert polytetrafluoroethylene
except the top 10 mm � 10 mm working surface. The working sur-
face was abraded to a final finish of 600-grit. D. vulgaris (ATCC
7757) was grown in ATCC 1249 culture medium with 196 ppm
Fe2+ [47]. All chemicals were reagent grade from Sigma-Aldrich
(St. Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA, USA).
2.2. SRB incubation

Before incubation, the anaerobic vials and culture medium solu-
tions (initial pH adjusted to 7.0) were sterilized at 121 �C for
20 min. The culture medium was deoxygenated with filter-
sterilized argon gas via sparging for 1 h. A dissolved oxygen test
kit (Product K-7540, CHEMetrics, Midland, VA, USA) was used to
verify that the culture medium’s dissolved oxygen level was below
40 ppb (w/w). One hundred ppm (w/w) filter-sterilized L-cysteine
was used in the culture medium as an oxygen scavenger to remove
residual dissolved oxygen and to counter possible minor oxygen
ingress. All anaerobic manipulations were carried out in an anaer-
obic chamber.

Five replicate Cu coupons, 40 mL culture medium and 0.4 mL
SRB seed culture were added to each vial before incubation at
37 �C for 7 days. The 50 mL, 125 mL and 200 mL (total volume)
vials had 10 mL, 85 mL, 160 mL headspace volumes, respectively
(Fig. 1), corresponding to headspace to broth volume ratios of
0.25:2.12:4.13. After the 7-day incubation, the Cu coupons were
taken out to examine cell counts, corrosion products, coupon sur-
face morphologies and weight losses.
Fig. 1. Anaerobic vials containing Cu coupons, 40 mL culture medium and different
headspace volumes (10 mL, 85 mL, 160 mL) after 7-day incubation in the weight
loss experiment.
2.3. Characterizations of cells and corrosion

An SRB test kit with modified Postgate’s B medium for SRB
(Biotechnology Solutions, Houston, TX, USA) for most probable
number (MPN) method was used to enumerate planktonic and ses-
sile cells. For sessile cell counting, sessile cells were removed and
suspended in a phosphate buffered saline (PBS) solution (KH2PO4

0.27 g, Na2HPO4 1.42 g, NaCl 8 g, KCl 0.2 g, deionized water 1 L,
pH 7.4). Then, the cell suspension was enumerated just like a
planktonic cell sample. Live and dead sessile cells on coupon sur-
faces were visualized under confocal laser scanning microscope
(CLSM) (LSM 510, Carl Zeiss, Jena, Germany). Before observations,
coupons were stained using the Live/Dead� BacLightTM Bacterial
Viability Kit (Life Technologies, Grand Island, NY, USA) for 15 min.

On replicate coupons, biofilm morphology was examined under
a scanning electron microscope (SEM) (JSM-6390, JEOL, Tokyo,
Japan). The procedure for SEM sample preparation was reported
elsewhere [63]. A 3D surface profilometer (ALC13, Alicona Imaging
GmbH, Graz, Austria) was used to examine coupon surface profiles
and to locate deepest pits. A 10% (v/v) H2SO4 solution was used to
remove biofilms and corrosion products before weight loss and pit
depth measurements according to ASTM G1–02 [64]. On the same
coupons, the chemical compounds of the corrosion products were
determined using an X-ray diffractometer (XRD) (Bruker D8 Dis-
covery model, Bruker AXS GmbH, Karlsruhe, Germany). The H2S
concentration in the headspace of each anaerobic vial was obtained
with a micro-gas chromatograph (micro-GC) instrument (Agilent
490, Agilent Technologies, Palo Alto, CA, USA) as described in a pre-
vious work [45].
2.4. Electrochemical tests

Electrochemical tests were performed in 450-mL glass cells
with 290 mL culture medium to submerge electrodes. Headspace
volumes of 10, 85 and 160 mL were achieved by putting inert glass
beads in the glass cells to occupy unwanted space. In each glass
cell, a Cu coupon with 10 mm � 10 mm surface exposed was used
as the working electrode. A saturated calomel electrode (SCE) fitted
with a Vycor tip placed close to the working electrode surface was
used as the reference electrode. The counter electrode was a plat-
inum mesh plate (20 mm � 20 mm). A potentiostat (VersaSTAT 3,
Princeton Applied Research, Oak Ridge, TN, USA) with VersaStudio
Version 3 software was used to perform electrochemical measure-
ments. Linear polarization resistance (LPR) was tested by scanning
from �10 mV to +10 mV with respect to the stabilized open circuit
potential (OCP) at a rate of 0.167 mV/s. Electrochemical impedance
spectroscopy (EIS) was measured in the frequency range from 104

to 10�2 Hz at stable OCP with a 10 mV amplitude sinusoidal alter-
nate current voltage signal. Version 3.30d ZSimDemo software
(EChem Software, Ann Arbor, MI, USA) was used to analyze the
EIS spectra.
3. Results

3.1. Cell count, surface analysis and corrosion product analysis

Fig. 2 shows SRB sessile cell counts on Cu coupons and plank-
tonic cell counts in the anaerobic vials with different headspace
volumes after the 7-day incubation. The sessile cell count and
the planktonic cell count both increased when the headspace vol-
ume increased from 10 mL to 160 mL. Fig. 3 shows the CLSM
images of the sessile SRB cells on Cu coupons. With the increase



Fig. 2. SRB sessile cell counts (circle) on Cu coupons and planktonic cell counts
(square) in culture media after 7-day incubation in anaerobic vials with different
headspace volumes (10 mL, 85 mL, 160 mL).

Fig. 3. CLSM images of SRB sessile cells on Cu coupons after 7-day incubation in ana

Fig. 4. SEM photos of Cu coupon surface morphologies before (a, b, c) and after removing
different headspace volumes: (a, a’) 10 mL, (b, b’) 85 mL, (c, c’) 160 mL.
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of the headspace volume, there were more sessile cells, supporting
the trend shown in Fig. 2.

Fig. 4(a-c) shows the Cu surface morphology before removing
biofilms and corrosion products. For 10 mL headspace (Fig. 4a),
the surface morphology contained large crystalline grains about
30–40 lm in size. Small chips and lamellar crystal particles were
present for 85 mL headspace and for 160 mL headspace as shown
in Fig. 4(b,c). They were clustered into petal shapes with a diame-
ter of 10 lm. After surface cleaning, uniform corrosion accompa-
nied with corrosion pits are clearly seen in Fig. 4(a’,a’’) for 10 mL
headspace. For 85 mL headspace and 160 mL headspace, grain
boundary corrosion is clearly seen in Fig. 4(b’’,c’’). The corroded
grain boundaries were dotted with small corrosion pits.

Fig. 5 shows the surface profiles of Cu obtained from the pro-
filometer after removing corrosion products. The largest pit depth
was found to be 23.5 lm for 10 mL headspace. The surface profiles
for 85 mL headspace and for 160 mL headspace did not have clear-
cut large pits, which is corroborated by the SEM images (Fig. 4).
erobic vials with different headspace volumes: (a) 10 mL, (b) 85 mL, (c) 160 mL.

corrosion products (a’, b’, c’) at the end of 7th day incubation in aneroabic vials with



Fig. 5. Pit depth profiles of Cu coupons after removing biofilm and corrosion products at the end of 7th day incubation in anaerobic vial with 10 mL (a), 85 mL (b) and 160 mL
(c) headspace volumes.
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Fig. 6 shows the XRD patterns of the corrosion products on the
surface of the Cu coupon from the vial with 85 mL headspace vs.
the standard Cu2S patterns. The XRD patterns of coupons in vials
with headspace volumes of 10 mL and 160 mL were similar and
thus omitted.

3.2. Dissolved H2S concentration and weight loss

Fig. 7 shows that the H2S concentrations in the headspace and
pH in the broth after 7-day incubation of SRB with different head-
space volumes. With the increase of the headspace volume, the
broth pH increased from 6.96 to 7.34, while the concentration of
H2S in the headspace decreased from 450 ppm (v/v) to 280 ppm.

The weight losses of the Cu coupons after the 7-day incubation
with different headspace volumes are shown in Fig. 8. Fig. 8 sug-
gests that the weight loss decreased gradually with the increase
in the headspace volume. Corresponding to headspace volumes
of 10 mL, 85 mL and 160 mL, the weight losses of the Cu coupons
were 23.0 mg/cm2, 18.7 mg/cm2, and 6.2 mg/cm2, respectively. The
abiotic weight loss in the deoxygenated ATCC 1249 medium with-
out inoculation was found to be negligible in a previous study [61].
For 10 mL headspace, the 23.0 mg/cm2 weight loss and 23.5 lm
maximum pit depth yielded a relative pitting severity RPS = 0.92,
Fig. 6. XRD patterns of corrosion products after 7-day incubation in anaerobic vial
with 85 mL headspace volume (a) vs. XRD standard patterns of Cu2S (b).
indicating that both pitting corrosion and uniform corrosion were
almost equally important. For 85 mL headspace and 160 mL space,
there was no significant pitting (RPS � 0). For SRB MIC of carbon
steel, a much larger than unity RPS value of 6.8 was reported
[61], indicating that pitting corrosion was far more important than
uniform corrosion.
3.3. Electrochemical measurements

Fig. 9 shows the trend of OCP of Cu vs. time for the three differ-
ent headspace volumes. The OCP curves for all the three headspace
volumes show an increasing trend with time. More importantly,
OCP curve for the 10 mL headspace was at the bottom while that
for 160 mL on top. Fig. 10 shows the data of the linear polarization
resistance (Rp) vs. time for the three different headspace volumes.
In all cases, Rp increased and then decreased during the 7-day incu-
bation period. With the increase of the headspace volume, Rp

increased, indicating increased corrosion resistance (i.e., decreased
corrosion rate) for a larger headspace volume. The lowest Rp

(149 X cm2) was found in the vial with 10 mL headspace on the
1st day while the highest Rp (328 X cm2) in the vial with 160 mL
headspace on the 5th day.
Fig. 7. H2S concentration (circle) in headspace and pH (triangle) in 40 mL broth
after 7-day incubation in anaerobic vials with different headspace volumes (10 mL,
85 mL, 160 mL).



Fig. 8. Weight losses of the Cu coupons after 7-day incubation in anaerobic vials
with different headspace volumes (10 mL, 85 mL, 160 mL).

Fig. 10. Linear polarization resistance (Rp) curves of Cu coupons after 7-day
incubation in electrochemical glass cells with headspace volumes of 10 mL (square),
85 mL (circle) and 160 mL (triangle).

Fig. 9. OCP curves of Cu after 7-day incubation in electrochemical glass cells with
headspace volumes of 10 mL (square), 85 mL (circle) and 160 mL (triangle).

6 W. Dou et al. / Bioelectrochemistry 133 (2020) 107478
Fig. 11 shows the Nyquist and Bode plots of Cu at the end of 7th
day. The Nyquist plots include a capacitive loop at the high fre-
quency range and a Warburg impedance line at the lower fre-
quency range. In the Bode plots, the impedance for the
headspace volume of 160 mL is higher than those for 85 mL and
10 mL. The impedance for 10 mL headspace was a little lower than
that for 85 mL headspace. Equivalent electrical circuit fitting
results of the EIS spectra are displayed in Scheme 1, in which Rs,
Rb, Rf and Rct stand for solution resistance, biofilm resistance, cor-
rosion product film resistance and charge transfer resistance,
respectively. Qb and Qf are constant phase elements (CPEs) of the
biofilm and the corrosion product film, respectively, and ZW War-
burg impedance. Cdl represents capacitance of the electrical double
layer.

Table 1 lists the parameters derived from EIS fitting using the
electrical circuits. Rct increased with the increase in headspace vol-
ume, indicating a lower corrosion rate for a larger headspace vol-
ume. The smallest Rct occurred for 10 mL headspace. In EIS
modeling, the impedance of a constant phase element (CPE) is
derived from the following equation,

ZQ ¼ Y0
�1 jxð Þ�n ð12Þ
where x is angular frequency in rad/s and j unit imaginary number.
Y0 and n are CPE parameters [47].
Fig. 11. Nyquist (a) and Bode (b) plots of Cu after 7-day incubation in electro-
chemical glass cells with headspace volumes of 10 mL (square), 85 mL (circle) and
160 mL (triangle).



Scheme 1. Equivalent circuit for fitting EIS spectra after 7-day incubation in electrochemical glass cells with different headspace volumes: (a) 10 mL and 85 mL, (b) 160 mL.

Table 1
Parameters derived from fitting EIS spectra using equivalent electrical circuits after 7-day incubation with different headspace volumes.

Headspace (mL) Rs (O cm2) Yb (O�1 cm�2 sn) nb Rb (O cm2) Yf (O�1 cm�2 sn) nf Rf (O cm2) Cdl (F) Rct (O cm2) Zw (O�1 cm�2 s0.5)

10 16.4 1.2 � 10�5 0.95 1.55 7.8 � 10�4 0.68 18.2 8.6 � 10�3 4.0 0.054
85 18.3 1.7 � 10�5 0.99 1.96 5.2 � 10�4 0.73 17.4 9.3 � 10�3 5.6 0.049
160 25.5 6.2 � 10�3 0.40 16.2 6.8 � 10�2 0.99 19.2 2.5 � 10�3 16.1 0.024

Scheme 2. The mechanism of SRB MIC on Cu corrosion.
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4. Discussion

The mechanism of Cu corrosion by SRB is illustrated in
Scheme 2. The metabolite HS� was from H2S secreted by SRB. It
can be decomposed to H+ and S2� or combine with H+ to form
H2S [61]. The HS� diffused to Cu surface and reacted with Cu to
produce Cu2S. The biofilm complicated the interface between Cu
and the electrolyte and thus promoted heterogeneity of the Cu
surface.

With a fixed broth volume of 40 mL in all vials, a larger head-
space means that more H2S in the broth escaped to the headspace,
which made the broth less toxic to SRB [45]. Thus, both planktonic
and sessile SRB cells grew better as evidenced by the increased
planktonic and sessile cell counts (Fig. 2) and the denser biofilms
in the CLSM images (Fig. 3). Because the escaped H2S took away
more H+ from the broth as shown in Reaction (4), Fig. 7 shows that
the broth pH increased with the increase in the headspace volume.

Fig. 7 shows that with a decrease in the headspace volume, H2S
in the headspace became more concentrated due to the smaller
headspace volume with less dilution of H2S. Vapor-liquid equilib-
rium for H2S dictates that the corresponding dissolved H2S concen-
tration in the broth should increase with the smallest 10 mL
headspace having the highest dissolved [H2S] and 160 mL head-
space having the lowest. Because Cu corrosion by SRB belongs to
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M-MIC, the increased dissolved [H2S] directly resulted in more
weight loss (Fig. 7). The trend of decreasing weight loss following
the increase in headspace volume for Cu MIC by SRB is completely
the opposite to that in carbon steel MIC by SRB reported by Jia et al.
[45]. Carbon steel MIC by SRB is due to EET-MIC with SRB cells har-
vesting extracellular electrons from the iron matrix for energy. The
increased headspace volume led to less H2S toxicity in the broth
and thus a higher sessile cell count [45].

Because Cu is much more noble than carbon steel [61], it cannot
serve as an electron donor for sulfate reduction. In this work, Cu
was corroded by the main metabolite of SRB, i.e. H2S [57,65]. The
XRD analysis of the corrosion product in Fig. 6 confirmed the cor-
rosion product (Cu2S) in the Cu corrosion Reaction (7). OCP shows
the thermodynamic tendency of the working electrode to be cor-
roded. Fig. 9 shows that the OCP for 10 mL headspace was the most
negative, indicating a higher thermodynamic tendency for corro-
sion for a smaller headspace volume. Rp provides kinetic corrosion
trend. Fig. 10 shows that 10 mL headspace had the lowest Rp, cor-
responding to the highest corrosion rate. This corrosion trend is
consistent with the weight loss trend (Fig. 8). In Fig. 10, the Rp

curves for all the three headspace volumes increased first and then
decreased after 3 days of incubation. It indicates that corrosion rate
decreased first and then increased afterwards. The build-up of a
corrosion product film hindered Cu dissolution. However, when
the biofilm became more mature with more extracellular poly-
meric substances (EPS) in the biofilm matrix, the local concentra-
tions of HS� and H+ started to increase under the biofilm
enclosure, leading to an increase of the corrosion rate.

The EIS results in Table 1 also show that 10 mL headspace had
the lowest corrosion resistance. The Warburg impedance (Zw) indi-
cated that Cu+ ion diffusion from Cu to the bulk solution hindered
corrosion. Thus, the Zw values for headspace volumes of 10 mL and
85 mL were significantly higher than that of 160 mL. It is worth
noting that Rct in this work was much lower than that in carbon
steel MIC by D. vulgaris reported by Jia et al. [45]. This explains
why the Cu weight loss (mg/cm2) in this work is an order of mag-
nitude higher than that for carbon steel [45].

Chen et al. investigated abiotic Cu corrosion by sulfide. They
found that the Cu corrosion rate was controlled by diffusion of
HS� [66–68]. The corrosion mode was mainly uniform corrosion.
No obvious corrosion pits were found. Interestingly, in this work,
pits as deep as 23.5 lm were found on the Cu surface for 10 mL
headspace, which had the highest concentration of dissolved
[H2S]. Underneath the biofilm, the sulfide concentration could be
much higher than in the broth, because the sessile cells’ volumetric
density was typically 102 to 103 times higher than that of the
planktonic cells in the broth.

No well-defined large pits were found on Cu with headspace
volumes of 85 mL and 160 mL, but distinct intergranular corrosion
patterns are seen in SEM images (Fig. 4). The grain size ‘‘carved”
out by the intergranular corrosion shown in Fig. 4(b’’,c’’) is roughly
40 lm, which matches that reported for 110 Cu [69]. The atoms on
the crystal boundary have increased free energy and higher diffu-
sion rate than the atoms in the center of the crystal [70,71]. Thus,
the crystal boundary was easier to be corroded than the center of
crystal. This work for the first time reports this very interesting
phenomenon in CuMIC, suggesting that the pattern of Cu corrosion
by biogenic sulfide depends on sulfide concentration.

5. Conclusion

This study investigated corrosion of Cu by D. vulgaris in anaer-
obic vials with different headspace volumes and a fixed broth vol-
ume of 40 mL that resulted in different dissolved [H2S] and cell
counts after 7 days of incubation. A larger headspace led to more
H2S escaped to the headspace and thus less sulfide toxicity in the
broth. This allowed better planktonic and sessile cell growth. How-
ever, Cu corrosion severity decreased, opposite to the increase
trend in carbon steel corrosion by the same SRB, because Cu MIC
by SRB belongs to M-MIC by secreted sulfide and the smallest
headspace volume (10 mL) had the most concentrated sulfide,
while for carbon steel, EET-MIC is the main mechanism. In this
work, uniform corrosion was accompanied by severe pitting when
the dissolved [H2S] was high in the vial with a 10 mL headspace. In
the vials with 85 mL and 160 mL headspace volumes, the dissolved
H2S concentrations were lower, leading to uniform corrosion
accompanied by intergranular corrosion. LPR, potentiodynamic
polarization resistance and EIS data corroborated the weight loss
corrosion data trend.
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