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Abstract: Sulfate-reducing bacteria (SRB) have long been reported to participate in metal corrosion
processes in anoxic environments. However, existing theories still need enrichment by identifying
more corrosive microorganisms and exploring more plausible microbiologically-influenced corrosion
pathways. In this study, a strain SRB-Z was isolated from the Pearl River in Guangzhou, and its
effect and mechanisms on corrosion of Q235 carbon steel were examined. The biofilms, corrosion
products, pits, and corrosion electrochemistry were characterized by SEM, XPS, CLSM, EDS, white
light interferometer 3D profilometry, and electrochemical analysis, respectively. The results of this
study indicate that SRB-Z could cause serious pitting of Q235 carbon steel. The maximum pit depth
reached 54 pm after immersion corrosion for 7 days. Strain SRB-Z promoted the cathodic reaction rate
of Q235. The relative analyses revealed that pitting corrosion occurred because of galvanic corrosion
caused by the formation of an FeS-SRB/Fe galvanic couple under the synergistic effect of the SRB-Z
biofilm and its metabolite (H,S) on the Q235 coupon surfaces.

Keywords: microbiologically influenced corrosion; isolated sulfate-reducing bacteria; pitting
corrosion; FeS-SRB/Fe galvanic couple

1. Introduction

Corrosion is a common problem in humid and aqueous environments such as those
found in the oil and gas industry, ocean engineering equipment, and water systems [1-3].
Microbiologically-influenced corrosion (MIC) is usually considered when corrosion phenom-
ena cannot be explained by chemical or electrochemical means [4-6]. For example, some
unexpected cracks and pitting observed in industrial applications cause leakage and explo-
sions in pipelines, suspected to be induced by bacteria [7-10]. Extensive research has been
conducted on MIC. Sulfate-reducing bacteria (SRB) are widespread in nature. They have
been widely reported to participate in metal corrosion processes and are considered the main
kind of bacteria which induce MIC [11-16]. They use sulfate as an electron acceptor for
anaerobic respiration, producing H,S [17-21]. Usually, SRB induces local corrosion of metal.
Presently, two important mechanisms are recognized as being involved in MIC: (1) Chemical
microbiologically-influenced corrosion (CMIC), in which the metal is corroded by corrosive
compounds such as biogenic H,S [22,23]; and (2) Electrical microbiologically-influenced
corrosion (EMIC), in which SRB directly or indirectly absorbs electrons from metals [24,25].
However, SRB-influenced corrosion is a complicated process, involving the electron transport
process and local corrosion with the participation of biofilm, bacteria metabolites, reaction
products, and other factors.

To understand SRB-influenced corrosion of steel, the abundance of microorganisms
and the distribution of biofilms on steel surfaces should be considered as being of key
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importance [26]. Biofilms are recognized as protected and privileged environments for
microbial cell communication, survival, and adaptation [27]. They can maintain the activity
of SRB for a long time, inducing continuous corrosion of steel. Nevertheless, biofilm is an
overall heterogeneous architecture, containing voids, channels, and pores. So, the thickness
of the film varies in different locations. The development of biofilm is a continuous and
dynamic process. Mature biofilm can detach from the steel surface by active or passive
dispersal strategies. The corrosion effect of biofilm on different areas is not the same. In
quiescent or low-shear environments, growing biofilms tend to form circular structures,
such as ‘mushrooms’ or mounds [28]. In fast-moving water, growing biofilms tend to form
filaments. Thus, due to the high activity of cells in SRB-biofilm, the Shielding function
of SRB-biofilm, or the characteristic of super-capacitance of SRB-biofilm, the structure of
the biofilm will affect corrosion morphology [29,30]. In addition, the featured reaction
product ferrous sulfide (FeS) of SRB-induced corrosion also plays an important role in
steel MIC. FeS film usually combines with various minerals and organic sediments in
an anaerobic corrosion phase and eventually develops into a composite layer structure
combining with biofilms over time. The semiconductive FeS deposited on rough metal
surfaces plays a central role in the pitting of SRB MIC [31]. In conclusion, SRB MIC is not
induced by a single mechanism, and all of the above factors should be taken into account
when studying microbial corrosion. Thus, more corrosive microorganisms in nature and
possible MIC pathways should be explored and identified to enrich our knowledge of the
existing mechanisms.

In the present work, a corrosive SRB strain was isolated from the natural environ-
ment and its effect on the corrosion behavior of Q235 carbon steel was investigated. The
immersion corrosion test was conducted in both sterile and SRB-inoculated media. The mor-
phology, pit depth, and electrochemical properties of the Q235 carbon steel in each medium
were characterized. The role of biofilm and biogenic H,S during the corrosion process was
investigated and analyzed. The mechanism of pitting corrosion was also proposed.

2. Materials and Methods
2.1. Isolation, Screening, and Purification of Bacteria Strains

ATCC 1249 medium was used as an enrichment and isolation culture. The composition
of the medium is shown in Table 1. To reduce oxygen dissolution in the medium solution,
after boiling, the medium was immediately divided into bottles, which were then sealed
with a butyl rubber plug and an aluminum cap. The aluminum caps were crimped into
place on the plugged bottle. L-cysteine hydrochloride was added to absorb residual oxygen,
followed by adding resazurin to indicate the oxygen level. The sulfate-reducing bacterium
was isolated from the Pearl River in Guangzhou, China. The isolation, screening, and
purification of the strain occurred as follows. First, a water sample was taken from the
Pearl River and hung sterile Q235 coupons in 300 mL anaerobic bottles containing 280 mL
of as-received Pearl River water for half a month at 37 °C. Then, the coupons were removed
and immediately put into another anaerobic bottle containing 280 mL of sterile ATCC
medium 1249, and then continuously incubated at 37 °C until the medium in the bottles
became black and smelled of rotten eggs. Finally, these media were taken out and spread
on a plate incubated at 37 °C for 7 days in an anaerobic workstation (N3:H,:CO, [80:10:10])
(Whitley A35, Don Whitley Science Limited, Bingley, UK). After incubating for 7 days, a
single typical black bacterial colony on the plate was chosen and re-streaked onto the blank
agar plate, incubated at 37 °C for 7 days in an anaerobic workstation to purify the isolate.
The isolate was examined by Gram straining. Then, 165 rRNA gene was amplification
and sequence analysed to identify the isolates. Universal primers (27F and 1492R) were
used, and the length of the amplicon was found to be 1500 bp. The isolate was able to
produce H5S, and was confirmed as Gram-negative bacteria. The cells were slightly curved.
Executing BLASTN 2.12.0+ against the 165 rRNA database indicated that the 165 rRNA
gene sequence of the isolate had the closest relationship with Desulfovibrio vulgaris strain
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DSM 644, with a sequence homology of 100%, revealing it to be a strain of Desulfovibrio sp.
This strain was named SRB-Z.

Table 1. Composition of ATCC 1249 medium.

Composition 1 Composition 3 Composition 2
MgSO,4 20g Sodium Lactate 35¢g KoyHPO, 05¢g
Sodium Citrate 50g Yeast Extract 10g DI water 200.0 mL
CaS0y4-H,O 10g DI water 200.0 mL - -
NH4Cl 10g - - - -
DI water 400.0 mL - - - -
L-cysteine hydrochloride 0lg - - - -
resazurin 200 uL - - - -

2.2. Metal Material and Immersion Corrosion Test

Table 2 displays the basic test conditions. Q235 carbon steel coupons were cut into
square shapes (40 x 15 x 2 mm?), abraded with 400 and 800 grit sandpaper, sequentially,
and then rinsed with acetone, ethanol, and distilled water, sequentially. Before use, the
coupons were dry-heated to sterilize (160 °C, 2 h). Three coupons were hung in three
300 mL anaerobic bottles. Each bottle contained 250 mL medium and the experimental
group was inoculated with 3 mL SRB-Z seed culture (OD600: ~0.600, 107 cells mL~1).
The corrosion test was incubated at 37 °C. Each test was duplicated using three separate
bottles. After 7 days, the coupons were removed from the bottles for use. The coupons
were weighed using an analytical balance (AUY220, Shimadzu, Kyoto, Japan), with an
accuracy of 10~* g. Biofilm and corrosion product were removed from the coupons using
Clark’s solution [32] before weight measurement.

Table 2. Test matrix for the SRB-Z influenced corrosion test.

Parameters Conditions
Material (235 carbon steel
SRB strain Desulfovibrio sp. (SRB-Z)
Culture medium ATCC medium 1249
Temperature 37°C
pH 7.2
Corrosion period 7 days

2.3. Morphology of Biofilm and Pit Measurement

After a 7-day immersion corrosion test, the coupons were removed from the bottles and
buried immediately in color-changing silica gel to dry them, and kept for approximately 24 h
in the dry anaerobic workstation. After drying, a layer of gold was deposited on the coupon
surface to improve conductivity. Then, morphology and chemical composition of the coupon
surfaces were detected by a scanning electron microscopy (SEM) instrument (MIRA LMS,
TESCAN, CZ) equipped with an energy-dispersive X-ray spectrometer (EDS) (X-MaxN 20,
Oxford, UK) and using Thermo Sciencetific K-Alpha Nexsa (Thermo Fisher Scientific, New
York, NY, USA) X-ray photoelectron spectroscopy (XPS). The pit depth of each coupon was
obtained using a white light interferometer 3D profilometer (UP-DUAL MODIE, Rtec, San
Jose, CA, USA). Biofilm and corrosion product were removed from the coupons using Clark’s
solution before depth measurements after 7-day immersion corrosion. The data obtained from
the 3D profilometer were analyzed using Gwyddion-2.52 software.

2.4. Electrochemical Corrosion Analysis

Electrochemical tests were performed in an anaerobic corrosion cell with a classical
three-electrode system. The working electrode, reference electrode, and counter electrode
were the Q235 steel, saturated Ag/AgCl electrode, and platinum mesh, respectively. The
sterile and SRB-Z-inoculated media were used as the electrolyte. The cells were incubated at
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37 °C. The open circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and
potentiodynamic polarization tests were obtained using an electrochemical workstation
(CS350, Corrtest, Wuhan, China). The OCP was steady after testing for about 1 h. EIS was
performed based on the OCP, and the amplitude was set as 10 mV, the frequencies ranging
from 100 kHz to 10 MHz. Potentiodynamic polarization curves were obtained at a scan
rate of 1 mV s—1. The EIS of the system was tested on the 1st, 2nd, 4th, 7th, and 14th day,
and the potentiodynamic polarization curves were tested on the 7th day. The data were
analyzed using CS Studio 5. Each test was duplicated using three separate cells, and each
cell contained two working electrodes. The EIS test on the 14th day was conducted on the
sample without polarization.

2.5. H)S Measurement

The concentration of H;S in the medium was detected using a hydrogen sulfide assay
kit (BC2050, Solarbio, Beijing, China). The results showed that the concentration of H,S
reached approximately 39 mmol L~ after a 2-day immersion test in the SRB-Z system,
which may affect the corrosion behavior of the Q235 coupon.

3. Results
3.1. Morphology and Composition of Biofilm and Corrosion Product

The morphologies of the as-prepared Q235 coupon (abraded with 800 grit sandpaper)
and the coupons obtained in the sterile medium after immersing for 7 days are displayed
in Figure la,b. Some sandpaper scratches were found on the as-prepared coupon sur-
face. These scratches deepened uniformly after the immersion corrosion test in the sterile
medium. The corrosion product formed in the SRB-Z-inoculated medium demonstrated
two classical morphologies. One type of morphology resembles cauliflower and is shown
in Figure 1c,e. The cauliflower-like products are distributed locally on the coupon surface.
A small amount of SRB was found in these areas. The cauliflower-like products displayed
a distinctly thick and loose characteristic. Moreover, some products peeled off during the
corrosion period, or the SEM sample preparation process, and the substrate was exposed.
The grain boundary of the exposed substrate could be seen clearly (Figure 1g). The other
type of morphology resembles an interpenetrating network, as shown in Figure 1d,f. These
network-like products were continuously and covered most areas of the coupon (Figure 1d),
and many SRB-Z cells are observed in it, as shown in Figure 1f. The network-like morphol-
ogy character and the emergence of SRB-Z cells indicate that the network-like product was
biofilm [7,33]. Under the network-like products, uniform corrosion of the Q235 substrate
occurred. The uniform corrosion morphology is shown in Figure 1h. The morphologies
demonstrated that, in the SRB-Z-inoculated medium, the sandpaper scratches and the
corrosion traces on the Q235 coupon surface are deeper and more significant than in the
sterile medium (Figure 1b).

The elemental composition of the cauliflower-like and the network-like product was
detected by EDS, as shown in Figure 2. The EDS spectra show that, after the immersion
corrosion test, an amount of S and Fe elements emerged in the corrosion product in the
SRB-Z-inoculated medium. The concentration of S and Fe in the cauliflower-like product
was higher than that in the network-like product. The peak intensity shows that the
concentration of O element was significantly less than that of S, suggesting that the main
chemical composition was probably FeSy but not SO42~. The concentrations of C, O, and P
elements in the network-like product was higher than that in the cauliflower-like corrosion
product, and these elements came from the bacteria.

The composition of the corrosion product was further determined by XPS. As shown
in the high-resolution C 1s spectrum in Figure 3a, three distinct peaks located at 284.8,
286.2, and 288.3 eV corresponded to C—C-H, C-O (C-N), and peptide bond [34,35], respec-
tively. In the high-resolution Fe 2p spectrum in Figure 3b, three distinct peaks centered
at 710.16, 712.13, and 718.39 eV corresponded to FeSy, FeSy (x >y > 1), and Fe 2p, 3 sat,
respectively [36,37]. In the high-resolution O 1s spectrum, two peaks located at 531.6 and



Coatings 2023, 13, 478 50f 14

534.6 eV corresponded to SO4%~ (SO32~) and organic O, respectively [38,39]. Finally, the
high-resolution S 2p spectrum revealed that three peaks centered at 162.3, 163.7, and
164.9 corresponded to FeSy, FeSx (x >y > 1), and S, respectively [40,41]; and the other three
peaks centered at 166.7, 168.5, and 169.8 eV corresponded to 5042~ and SO32~ [42]. The
results obtained by XPS tests agree with those obtained by EDS.

Figure 1. The surface morphologies of (a) the original Q235 coupon, (b) the coupon obtained in the
sterile medium, and (c—f) the coupon obtained in the SRB-Z-inoculated medium; (e) region (D with
cauliflower-like product, (g) region @) the bulgy grain boundary, (d,f) the network-like products, and
(h) the corrosion morphology under the network-like product.
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Figure 2. The morphologies and corresponding EDS spectra of (a,c) the cauliflower-like and (b,d) the
network-like products of the Q235 steel after 7-day incubation in an SRB-Z-inoculated medium.
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Figure 3. Chemical composition of the corrosion products after 7-day incubation in an SRB-Z-
inoculated media. High resolution XPS spectra of (a) C 1s, (b) Fe 2p, (c) O 1s, and (d) S 2p.

3.2. Pit Morphology and Pit Depth

The morphology of pits on the coupon surface was examined using a 3D profilometer.
Figure 4a shows the photograph and 3D profiles of the three deepest pits on the coupon
surfaces. The pits did not resemble a pinhole. Macroscopically, the pits were shallow and
broad, following the phenomenon as reported [43]. Microscopically, there were some deep
pinholes in the bottom of the pits, which resembled the typical morphology of vertical
grain corrosion. The length and depth of the pits were measured, as shown in Figure 4b—d.
The maximum pit depth after incubation for 7 days in the SRB-Z-inoculated media reached
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as deep as 42-54 um. The weight-loss test was also carried out, and the weight change of
the Q235 carbon steel substrate was negligible.
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Figure 4. (a) 3D morphologies of the corrosion pits and (b—d) pits depth of the Q235 coupon after
immersion corrosion test in SRB-Z solution for 7 days.

3.3. Electrochemical Measurements

The potentiodynamic polarization curves of the coupons immersed in sterile and
SRB-Z-inoculated media after 7 days of incubation were both recorded (Figure 5). There is
an obvious passivation zone in the polarization curve of the coupon immersed in the SRB-
Z-inoculated medium. The corresponding electrochemical parameters are listed in Table 3.
The Tafel slope is correlated with the rate of electrode reaction. A smaller value of the
Tafel slope is indicative of the easier electron transference [44,45]. In the SRB-Z-inoculated
medium, the anode Tafel slope B, of the coupon is larger, and the cathodic Tafel slopes B,
of the coupon is smaller than that of the coupon incubated in a sterile medium, indicating
that the anode reaction of the Q235 coupon was inhibited, but the cathodic reaction of the
Q235 coupon was promoted. The corrosion potential, E.r, undergoes a negative shift in
the SRB-Z-inoculated medium, indicating that the thermodynamic corrosion tendency of
the Q235 increased by the SRB-Z. The corrosion current densities I, of the coupon in
the SRB-Z-inoculated medium were slightly larger than that of the coupon in the sterile
medium. The data of I, indicate that the corrosion rate of the coupon accelerated by the
SRB-Z on the 7th day.
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Figure 5. (a) Potentiodynamic polarization curves and (b) I values and standard deviation values
of the Q235 on the 7th day in the sterile media and the SRB-Z-inoculated media.

Table 3. Fitted parameters of potentiodynamic polarization curves of coupons in sterile and SRB-Z-
inoculated media.

.re Ba Bc Ecorr Leorr
Condition (V dec1) (Vdec)  (Vvs. Ag/AgCD) (A cm-2)
none-SRB-Z 0.122 0109 —0721 1.03 x 106

SRB-Z 0.426 —0.077 0,840 144 x 1076

EIS is a non-destructive electrochemical technique for the characterization of electro-
chemical reactions at the metal/biofilm interface and formation of corrosion products and
biofilms [46-50]. EIS data of the Q235 coupons were measured under stable OCP on the
1st, 4th, 7th, and 14th days. The impedance spectra are shown in Figure 6. Under sterile
conditions (Figure 6a), the diameter of the impedance loop at a low frequency increases
with time, reaching the maximum value on the fourteenth day, which reveals that the
reaction resistance of the Q235 steel in the sterile medium increased with time. The Bode
phase angle plot shows that the maximum angle broadened and shifted to a low frequency
with time. Under the SRB-Z-inoculated conditions, the Nyquist plot of Q235 (Figure 6b)
shows that the diameter of the impedance loop at low frequency increased sharply after
the first day of incubation, which reveals that the reaction resistance of the Q235 steel
was affected heavily by the SRB-Z. The Bode phase angle plot shows that the maximum
phase angle did not shift but broadened from the 2nd day to the 14th day. The impedance
magnitudes of the coupon in SRB-Z-inoculated media are much larger than that in the
sterile media, indicating that the presence of SRB-Z reduced the uniform corrosion rate
of Q235.

The impedance spectra of the Q235 coupons in sterile and SRB-Z-inoculated media
with different immersion periods were analyzed and fitted to equivalent circuits. The
two-time constant equivalent circuits were used, as shown in Figure 6e,f. The equivalent
circuit A in Figure 6e is frequently used to represent a thin layer of product absorbed or
deposited on the metal surface [46,49]. The Equivalent circuit B in Figure 6f is frequently
used to represent a compact protective passivating film formed on the metal surface [44].
In the equivalent circuits, R; represents the solution resistance; Qr represents the constant
phase element (CPE) of the biofilm or the corrosion product film on the Q235; Ry represents
the resistance of the biofilm or the corrosion product film; Qg represents the CPE of
the electrical double layer (EDL); Rt corresponds to the charge transfer resistance at the
interface of the coupon and the mixture of corrosion product and biofilm. According
to the analysis of the polarization curve, the equivalent circuits A and B corresponded
to the impedance spectra of Q235 steel exposed in sterile and SRB-Z-inoculated media,
respectively. The parameters used for fitting are listed in Table 4. The value of Rf + R
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is closely related to the corrosion rate; a higher value for a lower corrosion rate. Table 4
shows that R.s was much larger than Rg; Thus, the corrosion rate could be judged by R
alone. For the sterile group, the values of R; and Qg both increased with time, indicating
that the charge transfer rate decreased during the 14 days of incubation, and is coincidental
with the corrosion law of metal in an anaerobic environment. For the SRB-Z-inoculated
group, the value of R+ was much larger than that of the sterile group and increased with
time, indicating that the density of the protective film increased with time. On the 14th
day, R+ decreased slightly, suggesting that the reaction product broke down or the pitting

corrosion was induced by the SRB-Z.
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Figure 6. Nyquist and Bode plots for the Q235 in (a,c) the sterile media and (b,d) the SRB-Z-inoculated
media, and (e,f) equivalent circuits used for fitting the EIS spectra of Q235.

Table 4. Fitted parameters of EIS.

- Q R Qa R
Condition t(d) kQ-1 sr}: cm-2) «Q cfnz) (kOQ-1s" cm—2) (kO cm?)

Sterile 1 95.60 21.90 32.80 1.89

; 2 7.98 7.63 259.00 6.71

- 4 477 518 239.13 13.86

; 7 1.67 3.74 249.77 14.19

- 14 0.59 10.32 284.81 19.16

1 191 8.92 331.07 5.50

_ SRB-Z- 2 1.62 338 42577 32.08

inoculated 4 112 4.87 334.18 35.55

- 7 9.81 7.39 301.29 55.32

; 14 0.63 1412 270.15 47.99
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4. Discussion

In this study, the strain SRB-Z was isolated from the Pearl River and is a type of sulfate-
reducing bacterium which can reduce the sulfate to hydrogen sulfide (H,S) [50]. The study
results revealed that, in an anaerobic environment, the coupon immersed in the sterile
medium corroded slightly and uniformly, and the uniform depth corrosion rate in the sterile
system was much slower than the pitting rate incurred by SRB-Z. The SEM results displayed
the morphologies of the SRB-Z cells and the corrosion products on the Q235 coupon surface,
as shown in Figure lef. The corrosion products were loose and thick in some regions and
could be easily peeled off from the coupon surface even by the fluid shear. These corrosion
products have a cauliflower-like morphology and a lamella shape on their top surface
(Figure 1e). These lamellas grew along the vertical direction of the substrate, which is the
typical morphology of mackinawite FeS [14,16,17]. The EDS mapping test results displayed
that the concentration of Fe was higher in this region than in others, which suggests that
abundant Fe?* was passing through the loose corrosion product and was transported
to the surface. Nevertheless, the Fe?* could only possibly come from the continuous
dissolution of the Q235 coupon substrate. As evidence, under the cauliflower-like product,
the Q235 coupon showed a distinct bulgy grain boundary (Figure 1g), indicating that
serious corrosion occurred on the coupons. The process described above explains why the
corrosion pits usually appear under the thick and loose corrosion product. In other regions,
the corrosion product was compact and thin. The corrosion product was difficult to brush
clean with water. It reacted with acid and produced a rotten egg smell. The elemental test
results revealed that the main composition was iron sulfide. All these phenomena indicated
that the corrosion product might be incurred by the biogenic H,S, which reacted with the
metal ions and formed a protective FeSy film on the metal surface. As reported, the initial
FeS film was uniform and adhered tightly to the substrate. It could inhibit the corrosion
of the substrate [51-53]. Thus, the existence of the biofilm restricted the growth and the
shedding of FeSy film to make it with continuous protection capability. Finally, FeS, and the
mineralized biofilm formed a layer of compounds that protected the metal from corrosion.
This process explained why the Q235 substrate was corroded uniformly in this region. The
corrosion processes in both regions were the interaction of SRB-Z cells, biofilm, iron ions,
and biogenic H,S. The value of impedance and corrosion current obtained from the EIS and
the potentiodynamic polarization test are the average impedance and corrosion current
values of the whole electrode plane. Due to most areas of the Q235 steel being covered by
the protective compounds, the localized electrochemical behavior might be masked by the
large area electrochemical behavior. Thus, the EIS results and polarization curves did not
reveal the pitting corrosion of Q235 steel in the SRB-Z-inoculated medium but revealed
that the compounds comprising SRB-Z biofilm and FeSy on the coupon surface protected
the coupon from uniform corrosion. According to the existing mechanisms, the promoted
cathodic reaction suggests that the extracellular electron transfer [54] process might be
promoted by the SRB-Z.

Two types of composition and morphology must correspond to two distinct corrosion
processes. The SRB-Z influenced the pitting corrosion process, and the mechanism of
Q235 carbon steel was proposed according to the test results; the process is illustrated in
Figure 7. First, the SRB-Z adhered and formed biofilm on the Q235 coupon surface. The
amount of H,S in the medium was much less. Second, with the growth of SRB-Z, a large
amount of HyS was produced by SRB-Z [32]. In the sealing system, the concentration of
H,S reached 39 mmol L~! The medium was acidized. The biogenic H,S penetrated the
biofilm and reacted with the Q235 steel. The reaction rate was restricted by the barrier
function of the biofilm, thus the formed FeSy layer was compact and protective. Third,
due to the heterogeneity of the biofilm, in local regions, the biofilm was thick; with the
biofilm developed to the mature period, the biofilm fell off, and the fresh steel surface
was exposed to the H,S environment. The fresh steel surface acted as a small anode. The
region covered by the compounds composed of FeSy and the SRB-Z biofilm acted as a
large cathode, causing FeS-SRB/Fe galvanic corrosion. Then the exposed fresh Q235 steel
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dissolved quickly. Finally, a large amount of Fe ions were produced in local regions. They
reacted with H,S rapidly, resulting in loose and thick reaction products above the exposed
fresh surface. The loose FeSy easily broke down from the surface of the coupon and could
not resist corrosion. Then the pitting corrosion occurred.

€
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Figure 7. Schematic illustration of the corrosion behavior and mechanism of Q235 under the
SRB-Z condition.

In nature, bacteria tend to adhere to objects and form a biofilm [55]. Therefore,
metals buried in soil or immersed in water will have SRB assembled on their surface, thus
forming a local HpS and SRB environment. Pitting corrosion will occur according to the
process described in this work. Nevertheless, the real application of these experiments
will be time consuming and should be carried out. In the future, more environmentally
relevant data should be provided to make the simulated environment closer to the natural
environment [5]. The study of MIC has significant prospects.

5. Conclusions

In conclusion, a strain belonging to Desulfovibrio sp. named SRB-Z was isolated from
the Pearl River in Guangzhou, and the effect of SRB-Z on the corrosion behavior and
mechanism of Q235 carbon steel was investigated. The results of these investigations are
as follows:

(1) The isolated SRB-Z could induce severe pitting corrosion of Q235. The pit depth
reached about 54 um within a week.

(2) The distribution of reaction products, biofilm, and bacteria is heterogeneous on
the coupon surface. FeSy was found as the main reaction product. Over the corrosion pits,
the product was cauliflower-like, thick, loose, and with little SRB-Z and mainly composed
of FeS,. Over the uniform corrosion area, the product had a network-like morphology
comprising biofilm and bacteria.

(3) The corrosion risk and rate of Q235 were both elevated because the cathode reaction
was accelerated by SRB-Z. The formation of the FeS-SRB/Fe galvanic couple incurred
localized corrosion on the Q235 coupon surfaces.
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