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Endogenous electron shuttling riboflavin (RF) was used as a carrier to investigate the Escherichia coli
(E. coli) corrosion effect in X80 pipeline steel by cyclic voltammetry (CV), corrosion weight loss,
electrochemical testing, scanning electron microscopy (SEM), energy spectrum analysis (EDS) and
diffraction of x-rays (XRD) analysis. The CV results showed that the E. coli bacterium and its
metabolites did not exhibit electroactivity. After adding RF, the redox peak appeared in the system,
indicating that E. coli can use RF for extracellular electron transfer. The corrosion weight loss rate
showed that the corrosion rate of X80 pipeline steel of the E. coli + 20 ppm RF system is about twice
that of the E. coli system. XRD test results showed that RF did not change the corrosion pathway of E.
coli and only affected the corrosion process of E. coli. Electrochemical tests showed that the corrosion
current density of the E. coli + 20 ppm RF system was 1.5 times that of the E. coli system. Therefore, E.
coli accelerates the corrosion of X80 pipeline steel through RF for extracellular electron transfer.
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1. INTRODUCTION

With the rapid economic development of China and the increasing national income, the demand
for oil and natural gas is growing, and the oil and gas transportation pipeline network is expanding. In
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2020, domestic oil and gas pipelines reached 144,000km. The service reliability of pipeline steel directly
affects the safety performance of oil transportation pipelines [1,2]. However, the pipeline service
environment is complex, and microbes play an important role in ecological improvement and repair and
inducing microbial corrosion of the pipelines [3-6]. Most microbial growth and metabolic activity occur
on the pipeline’s surface and through electron transfer with the metallic materials of the channel [7,8],
triggering redox reactions and leading to corrosion failure of the metallic materials of the pipeline in
service [9,10].

Studies suggest that the essence of the redox reaction between microorganisms and pipeline
metals is the electron transfer between metals and microorganisms caused by microbial metabolic
activity [11-13]. Based on the possible existence of an electron transfer mechanism in the biological
cathode inverse to the biological anode [14], Xu et al. [15-17] first introduced “extracellular electron
transfer” into microbial corrosion studies, suggesting that electro-active microorganisms could influence
metal corrosion through electron shuttles. Zhou et al. [18] proposed that flavins can act as electron
shuttles, allowing microorganisms far from the metal to get electrons and accelerating corrosion. Zhang
et al. [19] found that electron shuttles such as flavins and riboflavin (RF) would increase pitting depth
and promote corrosion of metals. Therefore, studying the effect of electron shuttle on corrosion is of
great significance to re-understand pipeline corrosion and explore pipeline corrosion protection.

There are few studies on the effects of electron shuttles on the corrosion of metallic materials.
This paper investigated the RF effects on the E. coli corrosion of X80 pipeline steel through microscopic
morphological observation combined with electrochemical testing and other methods. The provided data
support investigating the extracellular electron transfer process and the E. coli electron transfer
mechanism.

2. EXPERIMENTAL METHOD

2.1. Experimental materials and culture medium

X80 pipeline steel is mainly acicular ferrite (AF) and granular ferrite (GF) with an M-A
organization in acicular/granular ferrite and ferrite. The chemical composition and metallographic
organization of the X80 pipeline steel are shown in Tableland Figl. Two sizes of X80 pipeline steel
were used, the large size of 50 mm x 25 mm x 3 mm sheets for weight loss rate analysis and the small
size of 15 mm x 10 mm x 3 mm sheets for corrosion morphology analysis. In a processing size of 10
mm x 10 mm x 10 mm, Cu wire was soldered on the top surface by cutting a hole, except for the working
surface. The surface was sealed with epoxy resin made of the electrochemical working electrode. The
sheets and electrochemical working electrodes were sequentially polished with 1200# and 60# sandpaper
to make the scratches in the same direction. The sheets were degreased with acetone, disinfected with
75% alcohol, blown dry, and placed into a dry dish to be used. The sheets were put into the ultra-clean
bench for 30 minutes after the ultraviolet lamp before each use.
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Figure 1. Metallographic drawing of the uncorroded X80 pipeline steel

Table 1. Chemical composition of X80 pipeline steel (wt.%)

Element C Si Mn P S Ni Cu Mo N Nb Al Ti Cr Fe

wt/% 0.07 0.215 1.8 0.014 0.0008 0.165 0.2 0.18 0.002 0.1 0.02 0.01 0.25 other

E. coli was cultured in a broth medium containing peptone 5.0 g, beef extract 3.0 g, and NaCl
5.0 g, diluted in distilled water 1 L. The pH value of the culture medium was adjusted to 7.0 with 2.5
mol/L NaOH solution. The culture medium was placed in a vertical autoclave and sterilized at 121° for
20 minutes.

2.2. Microbial inoculation

The culture medium was sterilized, cooled, placed on the ultra-clean bench, and sanitized with
an ultraviolet lamp for 30 minutes. The E. coli was provided by the China Center of Industrial Culture
Collection (CICC) (No. 23429). E. coli was inoculated at 5%, then placed in a constant-temperature
shaker incubator at 36°C with a shaker speed of 90 r/min.

2.3. Escherichia coli electroactivity test

E. coli electroactivity was tested by cyclic voltammetry (CV) using a three-electrode system
(Chenhua CHI660). The reference electrode was a saturated calomel electrode, the auxiliary electrode
was a platinum electrode, and the working electrode was a glassy carbon electrode (GCE) with a
functional area of 3 mm in diameter. The CV curve of 1x10 mol/L KsFe(CN)s solution was tested in
0.2 mol/L KNOs with a scan rate of 10 mV/s and a sweeping range of 0.5 ~ -0.1V. The peak potential
of the measured curve should be between 80 mV and 120 mV. The anodic peak potential of the CV
curve is 260 mV, the cathodic peak potential is 164 mV, and the peak potential difference of the CV
curve is 96 mV, as shown in Fig 2.
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Figure 2. Cyclic voltammogram of GCE in KsFe(CN)e solution

Microbial electro-active tests were performed in different solutions: phosphate buffered saline
(PBS) (2.5 g NaCl, 0.0625 g KClI, 0.45 g Na,HPO4-12H,0, 0.075 g KH2PO4, 20 mM D-glucose in 1L
distilled water), PBS + 5% E. coli suspension, E. coli, E. coli + N2, E. coli + 10 ppm RF, E. coli + 20
ppm RF, E. coli + 30 ppm RF, E. coli + 40 ppm RF, E. coli + 50 ppm RF and E. coli + 100 ppm RF. The
CV scan voltage range was -1 ~ 0V, and the scan rate was 10 mv/s.

2.4. Corrosion weight loss

To analyze the effect of E. coli on the X80 pipeline steel corrosion under the action of RF, the
test was set up with the blank system, RF system, E. coli system, and E. coli + RF system. The culture
medium was changed every five days, and each group of three large-size sheets was subjected to a 20d
corrosion weight loss test. The sheets were weighed and marked before the test. Each group of two small-
sized sheets was subjected to 5d, 10d, 15d, and 20d immersion tests for corrosion product analysis and
morphology observation. The small-sized sheets of E. coli system and E. coli + RF systems were
removed after predetermined immersion times, cured with 5% glutaraldehyde in PBS for three hours,
sequentially dehydrated with 70%, 80%, 90%, and 100% alcohol for 10 minutes each, and blow-dried.
The small-sized sheets of the blank and the RF systems were removed after predetermined immersion
times, washed with deionized water and alcohol and blow-dried. The sheet’s surface morphology was
observed using a scanning electron microscope (VEGA), and EDS analyzed the elements of corrosion
products on the surface of the sheets. The corrosion morphology was observed after the corrosion
products were removed from the sheet’s surface. The corrosion products were collected, and corrosion
product phase composition was analyzed by an X-ray diffractometer (Bruker D2-PHASER).

2.5. Electrochemical test

Before the test, the electrochemical devices were autoclaved under the same conditions as in
section 2.1. The working electrodes, saturated calomel electrodes, and platinum electrodes were first
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sterilized with medical alcohol for two hours, placed on an ultra-clean bench, and sanitized with an
ultraviolet lamp for 30 minutes. The test was divided into four systems: a) blank system; b) RF system;
c) E. coli system; d) E. coli + RF system. The tests were performed using the Solartron 1287+1260A
electrochemical workstation, UK, with saturated calomel electrode as reference electrode, X80 pipeline
steel as the working electrode, and platinum electrode as the auxiliary electrode. The open-circuit
potential (OCP) and AC impedance spectroscopy (EIS) were measuredat1d,2d,3d,4d,5d, 6d, and
7 d. Polarization curve measurement was performed on day 7. Electrochemical tests were performed for
OCP for 30 minutes and EIS after the OCP stabilized. The perturbation voltage was a sinusoidal signal
of 10 mV, and the test frequency range was 10 mHz to 10 KHz. The polarization range was -0.25 V ~
0.25V (VS OCP), and the scan rate was 1 mV/s. The EIS was fitted using the ZsimpWin software, and
self-corrosion potential and polarization curve test results were fitted with CView?2.

3. RESULTS AND DISCUSSION
3.1. Electroactivity analysis of E. coli

3.1.1. Electroactivity analysis of E. coli in different systems

1.2x107" -

PBS
1.0x10" PBS+5% E.coli
—B.coli
8.0x102 F E.coli+N,
§ 6.0x107 |
<
f 4.0x107 F
2.0x107
0.0
-2.0x107 s
0.0 -0.2 -0.4 -0.6 -0.8 -1.0
E/V vs.SCE
Figure 3. Cyclic voltammograms of GCE in different systems (PBS, PBS + 5% E. coli, E. coli, E. coli

+ N2)

E. coli was centrifuged at high speed, and the E. coli bacterial pellet was resuspended in PBS at
a 5% ratio to explore whether E. coli had electro-active properties, PBS without E. coli bacterial
suspension was used as a blank control test. As shown in Fig 3, there was no redox peak in the E. coli
system, indicating that E. coli was not electro-active.

Because E. coli is a facultative anaerobe, to investigate the E. coli electroactivity changed under
different metabolic conditions, the CV test was performed after 1 h of N2> deoxygenation in the culture
medium, and the results are shown in Fig 3. As shown in Fig 3, no redox peaks appeared in the E. coli
system in aerobic and anaerobic conditions, indicating that the metabolites were not electro-active under
either condition.
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3.1.2. Effect of the electron shuttle RF on the electro-active of E. coli
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Figure 4. Cyclic voltammograms of GCE in different RF concentrations (10ppm RF, 20ppm RF, 30ppm
RF, 40ppm RF, 50ppm RF, 100ppm RF)

To investigate the effect of different concentrations of RF on the electro-active of E. coli, 10, 20,
30, 40, 50, and 100 ppm RF were added to the E. coli-containing medium for CV testing and the results
are shown in Fig 4. This is consistent with Zhang et al. who suggested that the electron carrier RF
enhances the biofilm electroactivity of microorganisms [20]. Theoretically, the redox peak height and
symmetry of the CV curve determine the reversibility degree of electro-active substances on the
electrode surface. The potential difference (AEp) of the redox peak for the reversible reaction is 0.059/nV
(where n indicates the number of transferred electrons), and the peak current ratio (Ipa/lpc) between the
oxidation and reduction peaks is close to 1. As shown in Fig 4, at 10 ppm RF, a cathodic peak appeared
at -0.484 V, indicating that the system contained redox components and was involved in the electron
transfer between electrodes. At 20 ppm RF, the anodic and cathodic peaks were at -0.489 V and -0.401
V, respectively, AEp was about 0.088 V, and Ipa/Ipc was about 1.15 was a quasi-reversible process. At
30 ppm RF, the anodic and cathodic peaks were located at -0.512 V and -0.399 V, respectively, AEp was
about 0.113 V, and Ipa/lpc was about 1.1, which was a quasi-reversible reaction. At 40 ppm RF, the
anodic and cathodic peaks were located at -0.510 V and -0.396 V, respectively, AEp was about 0.111 V,
and Ipa/lpc was about 1.07, which was a quasi-reversible reaction. At 50 ppm RF, the anodic and
cathodic peaks were located at -0.513 V and -0.399 V, respectively, AEp was about 0.114 V, and Ipa/lpc
was about 1.56, which was a quasi-reversible reaction. At 100 ppm RF, the anodic and cathodic peaks
located at -0.513 V and -0.390 V, AEp was about 0.123 V, and Ipa/lpc was about 1.53 was a quasi-
reversible reaction. The redox peaks appeared in the CV curves at 20, 30, 40, 50, and 100 pm RF with a
sweep rate of 10 mV/s, indicating that RF was involved in the electron transfer between E. coli and the
electrode, and the peak current increase with RF concentration. The closest quasi-reversible reaction to
the reversible electrochemical reaction was at an RF concentration of 20 ppm.

As shown in Fig 5, the E. coli + 20 ppm RF system was tested at different scan rates. The
reduction peak positively shifted, and the oxidation peak remained negative with the scan rate increase.
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The fitting results of the VY2 and peak current test data as shown in Fig 6. At 20 ppm RF, the peak
current had an excellent linear correlation with V2, following Randles Sevcik’s controlled diffusion-
reaction equation (1), indicating that the RF redox process dominated the diffusion control [21,22].
e = (2.69 X 105)n3/2AD;/ 2¢, /2 (1)
In the formula, i, is the peak current, n is the number of electron transfers for redox, A is the
electrode area, D, is the diffusion coefficient of RF ions, C," is the initial mass concentration of RF, and
v is the sweep rate of CV curve test.
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Figure 5. Cyclic voltammograms of GCE in E. coli + 20 ppm RF system at different scan rates (5 mV/s,
10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s)
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Figure 6. The anodic peak current as a function of the scan rate for GCE in E. coli + 20 ppm RF system

3.2. Corrosion weight loss rate

The corrosion weight loss rates of X80 pipeline steel under different systems are shown in Fig 7.
As shown Fig 7, on day 20, the corrosion weight loss rate of X80 pipeline steel ranked as E. coli + 20
ppm RF system > E. coli system > 20 ppm RF system > blank system. This indicated that E. coli
accelerates the X80 pipeline steel corrosion, and RF increased E. coli’s corrosion rate. This was because
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E. coli attached to the surface of X80 pipeline steel, E. coli secreted Extracellular Polymeric Substances
(EPS), and induced Fe chelation reaction, accelerating the corrosion of the X80 pipeline steel. The
addition of RF could transfer electrons, binging distant E. coli into contact with the X80 pipeline steel,
increasing the concentration of E. coli around X80 pipeline steel, leading to increased corrosion [23,24].
The corrosion weight loss rate of the 20 ppm RF system was greater than that of the blank system,
probably because RF acted as an electron shuttle, promoting some corrosion reactions. This is consistent
with the results of P.Y. Zhang et al. [19], where RF has less effect on the corrosion of metals.
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Figure 7. Corrosion weight loss rates of X80 pipeline steel in different systems (Blank, 20 ppm RF, E.
coli, E. coli + 20 ppm RF)

3.3. Corrosion products analysis

As shown in Fig 8, the sparseness of corrosion products on the surface of X80 pipeline steel after
20 days of corrosion differs between systems. In the blank system (Fig 8(a)) and the 20 ppm RF system
(Fig 8(b)), because there was no E. coli, there was no adsorption of EPS on the surface of the metal
substrate. Corrosion products did not entirely cover the metal substrate surface, and the metal substrate
exposed to the culture medium continued to absorb oxygen corrosion slowly. In the E. coli + 20 ppm RF
system (Fig 8(d)), the corrosion products formed a “skeleton” structure with E. coli, and there were some
filaments, used to connect E. coli and corrosion products with a similar mechanism of action and function
to those of nanoconductors [25]. However, the filament generation mechanism is unclear; RF might
generate it in the electron transfer between E. coli and the metal. Using needle-shaped products in the
corrosion products, combined with the EDS analysis in Table 2, it is suspected that the corrosion product
might be FesO4 or a-FeOOH. The corrosion product coverage on the X80 pipeline steel surface in the
E. coli system (Fig 8(c)) was denser than that in the E. coli + 20 ppm RF system, but there were still
voids in the corrosion product layer.
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Figure 8 Surface corrosion products of X80 pipeline steel after 20 days of corrosion under different
systems: (a) blank system, (b) 20 ppm RF system, (c) E. coli system, (d) E. coli + 20 ppm RF
system

Table 2. Elemental content of surface corrosion products of X80 pipeline steel under different systems

after 20 d
System Clwt%  O/wt%  Fe/wt%  P/wt%
Blank 15.72 11.94 71.30 0.11
20 ppm RF 15.29 15.09 68.49 0.13
E. coli 8.53 30.28 59.67 0.03
E. coli+20 ppm RF 15.29 15.09 68.49 0.13

3.4. Corrosion morphology analysis
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Figure 9. Microstructure of X80 pipeline steel corrosion matrix under different systems: (al) (a2) blank
system, (b1) (b2) 20 ppm RF system, (c1) (c2) E. coli system, (d1) (d2) E. coli + 20 ppm RF
system

As shown in Fig 9, X80 pipeline steel has corrosion on its substrate surface in different systems.
After five days in the blank system (Fig 9(al)), X80 pipeline steel showed scattered pitting pits on the
surface of the substrate, and the pitting pits were small. After 20 days (Fig 9(a2)), the pitting pits
expanded and increased. After five days in the 20 ppm RF system (Fig 9(b1)), several pitting pits existed
on the surface of the substrate; however, after 20 days (Fig 9(b2)), there was a tendency for general
corrosion along the direction of the metal grain boundaries, leading to increased corrosion. This was
mainly because, in addition to oxygen, RF promotes some corrosion, leading to increased corrosion,
consistent with the corrosion weight loss rates. After five days in the E. coli system (Fig 9(c1)), the
surface of the metal substrate had many pitting pits; after 20 days (Fig 9(c2)), the pitting pits expanded
into patches, forming a general corrosion phenomenon, which destroyed the metal surface structure.
After five days of soaking in the E. coli + 20 ppm RF system (Fig 9(d1)), the surface of X80 pipeline
steel showed a slight general corrosion phenomenon. After 20 days (Fig 9(d2)), the general corrosion
intensified, and cracks further expanded, producing more severe corrosion than in the E. coli system.
This is because E. coli can use RF for extracellular electron transfer, which increases the E. coli
concentration around X80 pipeline steel. RF also helps reduce Fe®" oxides, thus accelerating the
corrosion of X80 pipeline steel [26]. Zhang et al. also showed that RF increased the depth of metal
corrosion pits [19].

3.5. Electrochemical corrosion measurements

3.5.1. Open circuit potential

As shown in Fig 10, the free-corrosion potential of the X80 pipeline steel in the blank system in
the first two days showed a constant negative shift. Through, the second to the fourth day showed a
positive shift, followed by a continuous negative shift phenomenon. The negative shift of the free-
corrosion potential in the blank system indicates that X80 pipeline steel is protected from the corrosion
process by oxygen absorption corrosion with oxygen in the medium. The above process forms corrosion
products on the metal surface and prevents further oxygen diffusion, resulting in a positive shift of the
free-corrosion potential after the second day. The corrosion products on the surface of X80 pipeline steel
become loose and fall off with the immersion time. The formation of oxygen concentration difference
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cells on the metal surface prompted X80 pipeline steel to corrode again, showing a negative to positive
corrosion potential after the fourth day. The 20 ppm RF and the blank systems corrosion process were
similar.
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Figure 10. Variation curve of free-corrosion potential of X80 pipeline steel with time under different
systems (Blank, 20 ppm RF, E. coli, E. coli + 20 ppm RF)

The free-corrosion potential of X80 pipeline steel in the E. coli system always showed a constant
negative shift, indicating that the probability of corrosion increased with immersion time. The free-
corrosion potential of X80 pipeline steel in the E. coli + 20 ppm RF system also showed a constant
negative shift. However, compared with the E. coli system, its potential value was more negative. The
greater the corrosion thermodynamic tendency of X80 pipeline steel, the more likely it is to cause
corrosion of X80 pipeline steel [27-29]. It has been proposed that RF acts as an electron shuttle, making
extracellular electron transfer easier [30].

3.5.2. EIS measurements

As shown in Fig 11, the Nyquist curves of the blank and the 20 ppm RF systems were a single
capacitive arc resistance. The radius of the capacitive arc resistance increased continuously with the
soaking time. The radius of capacitive arc resistance is generally proportional to the corrosion resistance
of the metal; the more effective the radius of capacitive arc resistance, the better the corrosion resistance
[31-33]. Therefore, the corrosion resistance of X80 pipeline steel in the blank and 20 ppm RF systems
increased continuously with soaking time.

The capacitive arc radius of the E. coli system gradually increased in the first six days. It
decreased on the seventh day, while the radius of the capacitive arc of the E. coli +20 ppm RF system
gradually increased in the first five days and decreased on the sixth and seventh days. Roughly
comparing the radius of the capacitive arc at day seven under different systems, the radius of arc the
capacitive in the presence of E. coli was smaller than that of the sterile environment, indicating that X80
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pipeline steel was more prone to corrosion in the E. coli environment. The radius of the E. coli + 20 ppm
RF system's capacitive arc was smaller than the E. coli system, indicating that the X80 pipeline steel in
the E. coli + 20 ppm RF system was more susceptible to corrosion than in the E. coli system.

The equivalent circuit diagram in Fig 12 was selected for fitting by ZsimpWin 3.5 software. The
blank system and the 20 ppm RF system were fitted using the equivalent circuit diagram in Fig 12(a),
and the E. coli system and the E. coli + 20 ppm RF system were fitted using the equivalent circuit
diagram in Fig 12(b). In the equivalent circuit diagram, R, is the solution resistance, R; is the charge
transfer resistance, Qg is the bilayer capacitance, @, is the biofilm capacitance, and R is the biofilm
resistance [34,35].
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Figure 11. EIS of X80 pipeline steel corrosion for 7 days under different systems: (c) blank system, (b)
20 ppm RF system, (c) E. coli system, (d) E. coli + 20 ppm RF system
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As shown in Table 3, the charge transfer resistance in the blank and 20 ppm RF systems increased
with the soaking time, indicating that the corrosion layer formed in the blank and 20 ppm RF systems
inhibited the corrosion of the X80 pipeline steel.

As shown in Table 4, the value of charge transfer resistance R; in the E. coli system gradually
increased from day 1 to day 6 and decreased from day 6 to day 7, indicating that the corrosion resistance
of X80 pipeline steel gradually increased in the first six days due to corrosion products and metabolites.
From day 6 to day 7 with the shedding of corrosion products and biofilm rupture, a differential pool of
oxygen concentration was formed on the metal surface, and the metal substrate came into contact with
E. coli, resulting in a decrease in the corrosion resistance of X80 pipeline steel. R, = R, + R, Ry, is
the polarization resistance of X80 pipeline steel during the corrosion process, R, represent the
electrochemical reaction resistance, the value of R,a‘1 is proportional to the corrosion rate of the metal;
the more significant the Rp‘l, the faster the corrosion rate of the metal [36,37]. The R,, value also shows
that the corrosion resistance of X80 pipeline steel increased first and then decreased in the E. coli system.
D. Wang et al. argued that the Rp data reflect 84% faster MIC in the presence of 20 ppm riboflavin at
the end of the incubation [38,39], roughly the same as the results in this paper.

As shown in Table 5, the charge transfer resistance R, value of the E. coli + 20 ppm RF system
gradually increased from day 1 to day 3. It gradually decreased from day 4 to day 7, indicating an
increase and then a decrease in the corrosion resistance of X80 pipeline steel in the E. coli + 20 ppm RF
system. Compared with the X80 pipeline steel in the E. coli system, the X80 pipeline steel in the E. coli
+ 20 ppm RF system reduced corrosion resistance on the fourth day. In contrast, on the seventh day, the
E. coli system showed a decrease in corrosion resistance, which may be related to the electron shuttle
RF. Perhaps RF acts as an electron shuttle in the corrosion process, allowing easy charge transfer during
corrosion.

Table 3. Parameters of the components of the equivalent circuit of the blank system and the 20ppm RF

system
System _Time/d Rs(Q-cm?) _ Qu (uF/cr) . R(Q-om?)
1 4%_.4;771 1'(3,2;1;1)0-4? ? 8_'5831; 3401 + 34
> Yo sabard oo 02T
3 osm azexos Do 13049373
sank 4 ST edor oo 1SR
-4
S Com aeaot oo 1SS
6 T ot e 21314575
4
L o e 220254584
20ppm 3342+ 4.17x10% + 087 + rant 226

RF 0.18 4.86x10° 0.0036
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3451 + 4.15x10* + 0.88 +
2 8304 + 181
0.29 5.01x10° 0.0042
33.08 + 3.86x10™ + 0.88 +
3 12604 + 257
0.23 3.63%x10° 0.0032
35.07 & 3.64x10% £
4 023 317x10° 0.88 £ 0.003 16139 + 348
30.44 + 3.75x10™ + 0.87 +
5 19147 + 180
0.22 3.16x10° 0.0029
3193+ 3.67x10% £ 0.87 %
1 + 374
6 017 2.61x10° 0.0024 95353
29.38 + 3.77x10% + 0.81 +
7 21576 + 720
0.22 3.37x10® 0.0029
Table 4. Parameters of the components of the equivalent circuit of the E. coli system
] R.//(Q _ R,/(Q _ R,/ (Q
Timed RS g emy Qe A
1 2735+ 6.32x10° + 0.92 + 4569 + 2.56x10% + 0.58 + 12090 +
0.22 2.59x106 0.0071 1010 5.53x10°5 0.24 9852
30.83 + 5.46x10°5 + 0.92 + 2.11x10% + 0.58 + 12240 +
2 0.16 1.61x10° 0005 ~ 4339%73 2.61x10° 017 8845
3 26.87 + 5.88x10° + 0.92 + 4703 + 2.13x10"% + 0.53 + 16490 +
0.33 3.80x10° 0.011 2048 6.98x10° 0.38 2805
4 20.76 + 5.74x10° + 0.93 + 3773 + 1.48x10* + 0.48 + 19320 +
0.21 3.19x10° 0.009 1648 3.75x10° 0.15 296
21.36 + 6.19x10° + 0.93 + 1.08x10* + 0.45 + 27230 +
5 0.09 2.00x10° 0.005 2801 £ 90 1.08x10® 0.047 4512
6 22.41 + 0.92x10°% + 0.94 + 3494 + 1.13x10* + 0.51 + 29070 +
0.15 4.19x10 0.0075 1383 1.75x10° 0.059 4794
; 20.8 + 015 8.67x105 + 0.93 + 3362 + 1.30x10% + 0.60 + 13080 +
T 3.76x10°6 0.0074 1027 2.18x10°5 0.095 2910
Table 5. Parameters of the components of the equivalent circuit of the E. coli + 20 ppm RF system
. Rs//(Q Qpys/(UF - Ryr/(Q Qa/ (UF R¢/(Q
Time/d - cm?) cm‘z)4 ! - cm?) : Cm_2)4 N2 - cm?)
17.41 + 2.04x10% + 051+ 2.42x10% + 0.90 + 16090 +
1 0.45 1.18x10° 0022 1424268 505 100 0.0061 590
172+ 1.96x10* + 0.43 + 2.85x10" + 0.89 + 24890 +
2 0.67 5.7x106 0.018 1340 + 332 1.31x10® 0.0045 179
1.61x10* + 0.47 + 3.49x10% + 0.90 + 28800 +
3 16+1.05 3.22x10° 0087  1402%8% 3.65x10° 0.015 676
17.07 + 2.27x10% + 0.67 + 3.07x10% + 0.92 + 16930 +
4 0.31 5.36x10° 0.042 1230 + 210 5.43x10° 0.017 490
20.03 + 4.48x10* + 0.90 + 1.69x10% + 0.70 + 16280 +
5 0.05 9.35x10° 0004  1306£231  “uua g6 0.012 457
17.61 + 4.69x10* + 0.90 + 1.96x10* + 0.74 + 16030 +
6 0.07 1.55x10° 0007  1309%256 1.210° 0.023 557
17.74 + 7.36x10% + 0.91 + 3.01x10% + 0.73 + 6903 +
! 0.05 1.48x10° 0005  2068%475 3.7x10° 0.041 629
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3.5.3. Polarization curves
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Figure 13. Corrosion polarization curves of X80 pipeline steel under different systems (Blank, 20 ppm
RF, E. coli, E. coli + 20 ppm RF)

The polarization curves for 7 d corrosion of X80 pipeline steel in different systems are shown in
Fig 13, and the kinetic parameters are shown in Table 6. Fig 13 shows that the polarization curves of the
E. coli system and the E. coli + 20 ppm RF system were located to the lower right of the blank system
and the 20 ppm RF system, indicating that X80 pipeline steel has a greater tendency to corrode in the
environment where E. coli was present. The polarization curve of the E. coli + 20 ppm RF system was
again located to the lower right of the E. coli system, indicating that X80 pipeline steel in the E. coli +
20ppm RF system in the corrosion tendency of the largest [40,41].

The corrosion current density of different systems was different, as shown in Table 6. The size
of corrosion current density 1., was E. coli + 20 ppm RF system > E. coli system > 20 ppm RF system
> blank system. According to Faraday’s law, the corrosion rate positively correlates with the corrosion
current density, so the corrosion of X80 pipeline steel in E. coli + 20 ppm RF system was the most
serious. Consistent with the corrosion weight loss rate, open circuit potential, and EIS measurements.
Meanwhile, the electrochemical test results are consistent with R. Jia et al. [42,43], showing that adding
RF promotes microbial corrosion of metals.

Table 6. Polarization curve fitting results

1 A

Bal(mv)  fof(mv)  Eor/VS.SCE) Lol
Blank 279 136 -0.846 2.68x10
20ppm RF 203 111 -0.861 2.78x10°
E. coli 233 110 -0.863 6.15%x107
E.coli + 20ppm 39, 121 0,911 9.50x10°

RF
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3.5.4. Analysis of corrosion products
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Figure 14. XRD test results for X80 pipeline steel surface corrosion products:(a) E. coli system, (b) E.
coli + 20 ppm RF

Fig 14 shows that the surface corrosion products of X80 pipeline steel in the E. coli and E. coli
+ 20 ppm RF systems had the same composition, mainly including a-FeEOOH, Fe,O3, Fe304, and vy-
FeOOH. It indicated that the electron shuttle RF did not change the corrosion path of E. coli on X80
pipeline steel. The corrosion process of X80 pipeline steel in the E. coli and E. coli + 20 ppm RF systems
is mainly due to Fe?* (2) precipitated by the Fe oxidation reaction at the anode and the oxygen corrosion
reaction of iron (3) (4) at the cathode. The Fe(OH). generated by the corrosion process was then
converted to trivalent iron oxides (5) due to its instability (6), and the XRD results also confirmed a-
FeOOH and y-FeOOH in corrosion products. The y-FeOOH generated in the E. coli system further
reacted with the dissolved Fe?" at the anode to form FesOs (7). The electrons released from the
dissolution of anodic iron in the E. coli + 20 ppm RF system and the electrons generated from the
metabolic activity of E. coli were transferred to y-FeOOH through RF to reduce it (8) to produce Fe3Oa.
The corrosion process is shown in Fig 15. The corrosion process of X80 pipeline steel and XRD tests
combined with electrochemical tests show that the system's charge transfer resistance under RF
decreases, and the corrosion products were layered. However, the corrosion product composition was
the same, indicating that RF only affected the corrosion process of E. coli. This is consistent with the
conclusion of D. Wang et al. [38], showing that the presence of riboflavin does not alter the corrosion
mechanism.

Fe — Fe?* + 2¢” (2)
02 + 2H,0 + 4 — 40H" (3
Fe?* + 20H" — Fe(OH), (4)
Fe(OH), + OH — y-FeEOOH + H,O +e~  (5)
v-FeOOH — o- FeOOH (6)
Fe?* + 8FeOOH + 2e” — 3Fe304 + 4H20 (7
3y-FeOOH + H* + & — Fe304 + 2H20 (8)
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E.coli

Figure 15. Corrosion process mechanism diagram

4. CONCLUSION

In this paper, we investigated the effect of RF on the corrosion of X80 pipeline steel E. coli by
adding 20ppm RF to make E. coli available for extracellular electron transfer. The main findings of the
study are as follows:

(1) The CV test showed that the E. coli bacterium and metabolites were not electro-active. At the
same time, the oxidation peak of the E. coli + 20 ppm RF system was -0.489 V (vs. SCE), and the
reduction peak was -0.401 V (vs. SCE), indicating that RF was involved in the electron transfer between
E. coli and the electrode. Moreover, the electrochemical transformation of RF was under Randles
Sevcik’s controlled diffusion-reaction formula, which was diffusion controlled.

(2) The corrosion rate test results showed that the corrosion weight loss rate under the E. coli +
20 ppm RF system was twice that of the E. coli system, indicating that the electron shuttle RF had a
facilitating effect on the corrosion of the X80 pipeline steel E. coli.

(3) The electrochemical and XRD tests showed that 20 ppm RF caused electron transfer between
E. coli and corrosion products, resulting in the layering of corrosion products, and promoting the
conversion of the outer to the inner corrosion products. The corrosion products of the E. coli system and
E. coli + 20 ppm RF system had the same composition. However, they contained different proportions,
which indicated that the addition of RF did not change the corrosion pathway of E. coli.
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