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ARTICLE INFO ABSTRACT
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This study investigates the microbiologically influenced corrosion (MIC) of X80 steel accelerated by the pho-
totrophic bacterium Rhodopseudomonas palustris TIE-1. The photorespiration plays a key role in promoting
extracellular electron transfer (EET)-induced MIC. In the early corrosion stage, unstable localized corrosion
dominated in the dark, while intense diffusion-controlled corrosion occurs in light. Compared to the sterile
anaerobic medium, R. palustris TIE-1 accelerated corrosion of X80 steel, with a significantly higher corrosion rate

under light conditions, approximately three times that of dark conditions. Inhibition of photosynthetic electron
transfer or cessation of photostimulation resulted in pronounced reduction in the corrosion rate.

1. Introduction

Microbiologically influenced corrosion (MIC) denotes the acceler-
ated degradation of materials caused by microbial activities and corro-
sive byproducts generated through microbial metabolism [1-3].
Microorganisms and their biofilms possess the capability to modulate
properties at the solution/metal interface, influencing factors such as ion
concentration, oxygen levels, and pH, subsequently impacting corrosion
behaviors [4,5]. Additionally, microbes can generate corrosive metab-
olites, including various organic acids and corrosive gases [6,7]. In
recent years, extracellular electron transfer (EET) induced microbial
corrosion of metals has been identified as another pivotal MIC mecha-
nism [8,9]. Microorganisms actively intervene in corrosion via EET to
meet their own metabolic needs, rather than simply changing the
interface environment.

EET refers to the process in which microorganisms transfer electrons
either from the extracellular space to the intracellular environment or
vice versa, typically involving solid electrodes or electron shuttles [10,
11]. This mechanism contributes to microorganisms in survival and
metabolism, particularly in extreme environments characterized by

nutrient scarcity and anaerobic conditions. Currently, the majority of
research has consistently indicated that microorganisms accelerate
metallic corrosion through inward EET, also known as the biocathode
process. For example, Venzlaff et al. compared the cathodic reactions of
Desulfovibrio corrodens strain 1S4 (corrosive SRB) and Desulfovibrio sp.
strain HS3 (non-corrosive, H2-consuming SRB) on pure iron as the sole
electron donor [12]. The results confirmed that SRB accelerate cathodic
reactions, promoting MIC via direct electron uptake, not through H>
consumption to produce corrosive H2S. Huang et al. found that Pseu-
domonas aeruginosa, under organic carbon starvation, utilized the elec-
tron shuttle pyocyanin to extract electrons from X80 steel, accelerating
its corrosion. After the knockout of the gene for pyocyanin secretion, the
corrosion of X80 steel decreased by approximately 48% in the
P. aeruginosa mutant [13]. Additionally, the outward EET process, in
which microorganisms transfer electrons from inside the cell to outside
using extracellular oxidants or solid electrodes, may also contribute to
acceleration of corrosion. Hu et al. demonstrated that Bacillus subtilis
utilized the passive film on 304 stainless steel as an alternative electron
acceptor, leading to its degradation in the NO;-limited environment
[14].
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Rhodopseudomonas palustris TIE-1, a rod-shaped, Gram-negative
purple non-sulfur bacterium, is a typical phototrophic bacterium found
in ecosystems such as soils, sediments and water bodies. It is renowned
for its ability to accept electrons from a variety of electron donors,
including external electrodes (iron, carbon, conductive minerals, etc.),
electron shuttles (quinone compounds, etc.), or other bacteria [15-19].
In the process of photorespiration, R. palustris TIE-1 converts light en-
ergy into chemical energy, elevating intracellular electrons to a higher
energy state. This initiates the photosynthetic electron transport chain
(PETC) and accelerates ATP synthesis, promoting the formation of a
transmembrane proton gradient and an electrochemical potential dif-
ference. These processes collectively enhance EET [20,21]. Bose et al.
demonstrated the capability of R. palustris TIE-1 to accept exogenous
electrons [22]. With CO; as the sole carbon source/electron acceptor,
R. palustris TIE-1 could uptake electrons from solid electrodes under
light and dark conditions. While the photorespiration operated inde-
pendently of the electron uptake system, it intensified the process of
electron uptake. Rengasamy et al. explored strategies to enhance elec-
tron uptake in photoautotrophy conditions, leveraging R. palustris
TIE-1’s capability to directly utilize solid-state electrons as electron
donors [23]. The results indicated that the addition of soluble ferrous
iron did not enhance direct electron uptake, whereas on Prussian blue
(PB) immobilized electrodes, the electron uptake by R. palustris TIE-1
was enhanced, with the cathodic current density increasing by approx-
imately 3.8 times. The above studies demonstrated that R. palustris TIE-1
exhibited electron uptake from the environment and affinity to iron
precipitates, resembling inward EET in MIC. However, the impact of
light stimulation and microbial photorespiration on MIC mechanisms
had not been reported.

In this study, we investigated for the first time the role of bacterial
photorespiration in EET-MIC. The photosynthetic electron transport
functions as a continuous driving force for inward EET under light
conditions. During the 14-day anaerobic immersion, the surface
morphology and roughness analysis of X80 steel were evaluated using
scanning electron microscopy (SEM) and confocal laser scanning mi-
croscopy (CLSM). The composition of surface products was analyzed by
X-ray photoelectron spectroscopy (XPS). The MIC behaviors of X80 steel
were assessed through weight loss tests and electrochemical measure-
ments, including linear polarization resistance (LPR), potentiodynamic
polarization curves and electrochemical impedance spectroscopy (EIS).
The fluctuation trend of electrode potential and current recorded by
electrochemical noise (EN) under alternating light and dark conditions,
along with ICP-MS analysis before and after inhibiting photorespiratory
chain, were employed to demonstrate the crucial role of photorespira-
tion in promoting EET-MIC.

2. Experimental methods
2.1. Bacteria and media

The R. palustris TIE-1 strain, obtained from the Guangdong Microbial
Culture Collection Center (GDMCC), was utilized in this study. Bacterial
culture and MIC experiments were performed using YPMOPS medium
(yeast extract, peptone and MOPS), composed of 3 g yeast extract, 3 g
tryptone, 1 g ammonium sulfate, 1.62 g sodium succinate, 2.09 g MOPS
(buffer used in cell culture, 3-morpholine propionic acid) in 1 L deion-
ized water. The initial pH of the YPMOPS medium was adjusted to 7.0 +
0.2. Prior to use, the medium was sterilized at 121 °C for 20 min in an
autoclave (Panasonic, MLS-3781-PC). The initial concentration of the
planktonic R. palustris TIE-1 was adjusted to 10° cfu/mL using a he-
mocytometer under a light microscope (Zeiss, Lab Al) at x 400
magnification [24]. Given the impact of oxygen on corrosion and the
facultative anaerobic nature of R. palustris TIE-1, the media underwent
deoxygenation treatment. All experiments (microbial cultivation,
corrosion immersion, electrochemical measurements) under light con-
ditions were conducted under a single 60 W incandescent light bulb
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positioned at 25 cm above the culture medium [25]. The dark conditions
refer to fully shielding the culture apparatus from light using aluminum
foil. All microbial cultivation and corrosion experiments were con-
ducted at 30 °C.

2.2. Materials and surface analysis

All tests employed X80 steel coupons with dimensions of 10 mm x
10 mm x 3 mm, the components of which were listed in Table 1. Before
testing, the coupons underwent sequential abrasion with 240, 400, 600,
800 and 1000 grit abrasive papers, followed by rinsing with anhydrous
ethanol and drying with nitrogen. The coupons were sterilized under
ultraviolet light for 30 minutes before use [26]. The surface morphol-
ogies of X80 steel coupons before and after removing the corrosion
products were observed using scanning electron microscopy (SEM, Zeiss
Gemini 500). Corrosion products and the biofilm on coupon surfaces
were removed using Clarke’s solution, as described by ASTM G1-03
[27]. For biofilm observation, the pretreatment steps were as follows:
the biofilm on the coupon was fixed with 2.5 % (v/v) glutaraldehyde at
4 °C overnight and dehydrated with a gradient of ethanol solutions (50,
70, 90, 95, and 100 vol%). To enhance the conductivity of surface
products, the coupons were sputtered with Au before SEM observation.
To investigate the effect of R. palustris TIE-1 on X80 steel corrosion,
energy dispersive spectrometer (EDS, Zeiss Gemini 500) and X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi) were used to analyze
the composition of the surface products. Confocal laser scanning mi-
croscopy (CLSM, Kenyence VK-X260 K) was conducted to examine the
morphology and surface roughness of coupons after removing surface
products.

2.3. Electrochemical measurements

The electrochemical measurements were performed using an elec-
trochemical workstation (Gamry, Reference 600 Plus). A three-electrode
system was employed, consisting of an X80 steel coupon as the working
electrode, a platinum foil as the counter electrode (CE), and a saturated
calomel electrode (SCE) as the reference electrode. To ensure mea-
surement stability, the open circuit potential (OCP) was performed for
no less than 10 minutes before each electrochemical test. The polari-
zation resistance (Rp) was obtained by measuring the linear polarization
resistance (LPR) in the potential range from —10 mV to +10 mV vs. the
Eocp at a scan rate of 0.125 mV/s. Electrochemical impedance spec-
troscopy (EIS) measurements were conducted with a sinusoidal pertur-
bation of 10 mV in a frequency range from 1072 to 10° Hz. The
potentiodynamic polarization curves were obtained by scanning the
potential range from —200 mV to 200 mV vs. Egcp after 14-day im-
mersion tests, with a scan rate of 0.167 mV/s. The corrosion current
density (icorr) Was determined using the Tafel extrapolation fitting
method. Electrochemical noise (EN) measurements were performed
using two nominally identical electrodes to record their potential and
current in sterile and R. palustris TIE-1-inoculated (108 cfu/mL) media
under alternating light/dark conditions, utilizing the ZRA mode with a
sampling rate of 5 Hz [28,29]. Wavelet analysis was employed as a
time-frequency method for trend removal [30].

2.4. Weight loss and ICP-MS

The weight loss analysis was conducted using an electronic balance
(ME204, Mettler Toledo, precision + 0.1 mg), with a minimum of 3
coupons used for each weight loss data point. Before immersion, the
initial weights of the X80 carbon steel coupons were recorded. After
immersion, the surface products were removed using Clarke’s solution,
as described by ASTM G1-03. Subsequently, the coupons with removed
surface products were cleaned using anhydrous ethanol, dried with ni-
trogen, and reweighed [31]. In the immersion tests, rotenone, at a
working concentration of 6 pM, was added to inhibit the photosynthetic
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Table 1
Chemical composition (wt%) of X80 steel.
Elements C Si Mn Cr Mo Ni Cu Nb Fe
wt% 0.07 0.24 2.16 0.31 0.35 0.41 0.25 0.15 balanced

electron transfer chain of R. palustris TIE-1 [32]. To confirm the pro-
moting effect of R. palustris TIE-1 photorespiration on X80 steel corro-
sion, iron release was determined using ICP-MS (Thermo Scientific, iCAP

TQs).
3. Result and discussion
3.1. Bacterial growth and pH variation

Fig. 1 shows the variation in the growth characteristics of R. palustris
TIE-1 under both light and dark conditions over the 14-day incubation
period. In the Fig. 1a, the growth curves of planktonic R. palustris TIE-1
was recorded. Under light/dark conditions, the cell number of
R. palustris TIE-1 exhibited an initial increase followed by a gradual
decrease throughout the culture cycle. In the presence of light,
R. palustris TIE-1 reached a peak concentration of approximately 10°
cells/mL after 4 days. While under dark conditions, the growth rate of
R. palustris TIE-1 was relatively slow, reaching a peak concentration of
planktonic cells of ~ 7x 108 cells/mL after 6 days. Subsequently, the cell
numbers decreased gradually under both conditions to ~ 4x10% cells/
mL after 14 days. Notably, under light conditions, the R. palustris TIE-1
medium appeared red due to pigment production (carotenoids) under
anaerobic light stimulation, which enhanced photorespiration efficiency
and may explain its high activity [33-35]. Fig. 1b shows the variation of
pH value in the media over 14 days period under different conditions.
Regardless of light and dark conditions, the pH values of the culture
media were very stable within 14 days, at approximately 8.5 and 7.5,
respectively. The pH difference was attributed to variation in metabolic
rates, leading to differences in metabolites accumulation [36]. The
above results indicated that during 14-day culture period, R. palustris
TIE-1 exhibited stable growth and metabolism, with higher activity
under light conditions [37].

3.2. Surface morphology
Fig. 2 shows the morphology of biofilm and corrosion products on

the X80 steel in the sterile medium under light and dark conditions. In
the sterile medium (Fig. 2a), almost no corrosion occurred, and the
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grinding marks on coupon surfaces were clearly visible. After 14 days
(Fig. 2b-by), the coupon surface morphology was almost unchanged,
with only localized appearance of a small amount of corrosion products.
In the medium inoculated with R. palustris TIE-1 under light conditions,
the coupon surface was uniformly attached with bacterial cells. By the
7th day, R. palustris TIE-1 tended to aggregate and form clusters
(Fig. 2c). After 14 days, a small part of the bacteria agglomerated into
larger clusters, indicating the formation of a mature biofilm on the
coupon surface (Fig. 2d). Under dark conditions, R. palustris TIE-1 on the
coupon surfaces experienced a similar process of uniform adhesion
(Fig. 2e), forming clusters by the end of the 14 days (Fig. 2f). Notably,
significant differences in biofilm morphology between light and dark
conditions were observed on the 14th day (Fig. 2d; vs. Fig. 2f;). Under
light conditions, although the R. palustris TIE-1 cells attached to the
coupon surface still exhibited the original rod-like shape, their cell walls
were completely covered by irregular particles. However, wrinkled cell
wall without irregular particles was observed on the coupon surface
under the dark conditions, indicating no additional accumulation of
corrosion products other than biofilm attachment. The EDS results
demonstrated a significantly higher oxygen content on the sample sur-
face under light conditions compared to the other two conditions,
implying that corrosion products accumulated most prominently under
light conditions.

Fig. 3 shows the surface morphology of the X80 steel after removing
the surface products under different conditions, which is used to eval-
uate the degree of corrosion. As illustrated in Fig. 3a-c, after 7 days of
immersion, the surface morphology of coupons under sterile and dark
conditions exhibited similarity, with a small number of pits. The overall
corrosion was mild, and traces of the abrasion during pretreatment were
still visible. However, noticeable corrosion was evident on the coupon
surface under light conditions, where abrasion marks had nearly dis-
appeared, and larger pits appeared locally (Fig. 3by). After 14 days, the
surface morphology under sterile conditions remained almost un-
changed (Fig. 3d-d,), indicating that the sterile medium had no obvious
promoting effect on corrosion. The coupon surfaces exhibited increased
corrosion under R. palustris TIE-1-inoculated media after 14 days. Under
light conditions (Fig. 3e-e;), the coupon surface became rougher, and
larger pits were observed. Under dark conditions (Fig. 3f-f;), the coupon

(b)

10
------ Sterile
—=— Light
9 —e— Dark

Time (day)

Fig. 1. (a) Growth curves of R. palustris TIE-1 under light and dark conditions for 14 days; (b) The pH variation of R. palustris TIE-1 under different conditions for

14 days.
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Fig. 2. SEM images of the X80 steel surfaces: (a, b) in the sterile media, (c, d) under R. palustris TIE-1 inoculation in light conditions, and (e, f) under R. palustris TIE-
1-inoculation in dark conditions on the 7th day and 14th day, respectively; (by, d;, f;) surface magnification and EDS results for each condition on the 14th day.
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Fig. 3. SEM images of X80 coupons after surface product removal. (a, d) sterile media for 7 and 14 days; (b, e) R. palustris TIE-1-inoculated media under light
conditions for 7 and 14 days; (c, f) R. palustris TIE-1-inoculated media under dark conditions for 7 and 14 days; (a1, bs, ¢1, di, €1, f1) corresponding enlarged images.
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surface showed a small number of pits and uniform corrosion. These
results indicated that R. palustris TIE-1 could accelerate corrosion of X80
steel, with light further promoting this process.

To further assess the degree of corrosion under different conditions,
CLSM was employed to analyze the surface roughness after 14 days of
immersion. The "five-point sampling method" was utilized to select five
areas on the coupon surface (based on the CLSM images, Fig. 4a-c), and
the surface roughness Sa (arithmetical mean height) was statistically
analyzed [38]. As shown in Fig. 4d, the average Sa values for coupons
after 14 days of immersion were 0.3 pm under sterile conditions, 1.5 pm
under inoculated conditions with light, and 0.4 pm under inoculated
conditions with darkness. The t-test results indicated significant differ-
ences in roughness values among the sterile, light, and dark conditions.
Notably, the roughness under light conditions was significantly higher
than in the other two conditions. This suggested that R. palustris TIE-1
promoted corrosion, and this corrosion phenomenon was more pro-
nounced under light conditions.

3.3. Weight loss measurements

Fig. 5 illustrates the weight loss of the X80 steel coupons in the
sterile, R. palustris TIE-1-inoculated media under light/dark conditions
after 3, 7 and 14 days. The results showed that the average weight loss
rate in the R. palustris TIE-1-inoculated medium was significantly higher
than the other two conditions at any sampling point under light condi-
tions. After 3 days, the average weight loss values of the coupons in
sterile conditions, R. palustris TIE-1-inoculated media under light/dark
conditions were 0.3 mg/crnz, 1.5 mg/cmz, and 0.7 rng/cmz, respec-
tively. The statistical analysis results showed significant differences in
weight loss between the inoculated and the sterile conditions, while
there was no difference between the light and dark conditions. After 7
days, the average weight loss values of the coupons in sterile, R. palustris
TIE-1-inoculated media under light/dark conditions were 0.6 mg/cm?,
3.1 mg/cm? and 1.1 mg/cm?, respectively. The above variation trend
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Fig. 5. Weight loss of X80 coupons after 3, 7 and 14 days of immersion in
different conditions; statistical analyses were determined by t-test using a two-
tailed test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

suggested that corrosion under the sterile medium and the inoculated
medium under dark conditions was limited, while the coupon corrosion
was significantly aggravated in the inoculated medium under light
conditions. With further immersion time extended to 14 days, the
average weight loss value of coupons in the R. palustris TIE-1 inoculated
medium under light conditions further increased to 12.7 mg/cm?, which
was over 3 times higher than that on the 7th day. The average weight
loss under the sterile and the dark conditions also increased after 14
days, but rate of the increase was much lower than that under light
conditions.
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Fig. 4. CLSM images of X80 coupons after the removal of the surface products formed after 14 days of immersion under different conditions. (a, b, c) in the sterile,
R. palustris TIE-1-inoculated media under light/dark conditions, respectively; (d) the average surface roughness analysis; statistical analyses were determined by t-test
using a two-tailed test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3.4. XPS analysis

Fig. 6 shows the high-resolution XPS spectra of Fe and O on the X80
steel surface after 14 days of immersion, including deconvolution results
and the calculated proportions of different components. In Fig. 6a, the Fe
2ps3,2 spectrum consisted of peak components with binding energies at
713.1 eV, 711.1 eV, and 709.7 eV, which were attributed to FeOOH,
Fe,03 and Fe304 [39,40]. When calculating Fe?t and Fe3* percentages,
Fe304 is considered equivalent to FeO-Fe;Os [41]. Compared to the
sterile condition, the proportion of iron hydroxide on the surfaces of
coupons under light and dark conditions decreased, and more iron ox-
ides were produced. Notably, the Fe?t/Fe>* ratio under light conditions
was markedly lower than that under sterile condition, indicating an
enhanced oxidation of Fe’™ to Fe®'. Under dark conditions, the
Fe?"/Fe3* ratio was higher than that of the sterile condition, suggesting
an accumulation of more Fe?" in the coupon surface products without
further oxidation to Fe**. In Fig. 6b, the O 1s spectrum consisted of peak
components with binding energies at 532.4 eV, 531.1 eV, 530.7 eV and
529.6 eV, corresponding to HyO, OH, organic O and 0%. The OH peaks
were attributed to EPS and iron hydroxide, while the 0% peaks were
attributed to iron oxides [42]. In the corrosion process of X80 steel
involving R. palustris TIE-1, the proportion of 0% exceeded that under
the sterile condition, especially under light conditions. The above results
indicated that light promoted the corrosion of X80 steel by R. palustris
TIE-1, corresponding to both morphological observations and weight
loss data.

3.5. Electrochemical measurements

To further elucidate the impact of light/dark conditions on the
corrosion behavior of X80 steel by R. palustris TIE-1, the electrochemical
tests were employed. Fig. 6a shows the 1/R;, values obtained from LPR
tests on X80 steel coupons immersed in sterile, R. palustris TIE-1-
inoculated media under light/dark conditions for 14 days. 1/R, is
positively correlated with the corrosion rate [43]. Throughout the im-
mersion cycle, the 1/R;, values remained stable and at a low level under
sterile and R. palustris TIE-1-inoculated medium under dark conditions.
In contrast, the 1/R;, values under light conditions containing R. palustris
TIE-1 remained consistently high with noticeable fluctuations. Notably,
the 1/R;, values were significantly higher in the first 7 days compared to
the subsequent 7 days, and this trend was similar to the corresponding
growth curve under light conditions. This suggested a close relationship
between bacterial activity and corrosion rate, indicating that the pres-
ence of R. palustris TIE-1 under light conditions significantly accelerated
corrosion. Fig. 6b shows the potentiodynamic polarization curves of X80

()
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Fe,05:53.5%
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Fe?*:Fe3*=0.09
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steel coupons in the sterile, R. palustris TIE-1 inoculated media under
light/dark conditions for 14 days. The electrochemical parameters for
the X80 steel tested under different conditions are listed in Table 2,
including corrosion current density (icor), corrosion potential (Ecorr),
cathodic (f.) and anodic (3,) Tafel slopes. As illustrated in Fig. 6b, the
cathode branches of the potentiodynamic polarization curves almost
overlapped under different conditions, while the anodic branches
exhibited significantly differences. Especially under light conditions, the
anodic branch shifted to the right, resulting in a lower E¢o (-794.1 mV)
and a higher i.oy (2.4 pA cm™2), which was three times that of other
conditions. In contrast, the polarization curves under the sterile and
dark conditions were similar, with the ico values of 0.7 pA cm 2and 0.8
PA cm™2, respectively. The above results demonstrated that light
exposure was a key factor in corrosion acceleration of R. palustris TIE-1
on X80 steel. Under dark conditions, even if the medium was inoculated
with R. palustris TIE-1, the effect of MIC was weak.(Fig. 7)

Fig. 8 shows the EIS results of X80 steel during a 14-day immersion
period under different conditions. Typically, the diameter of the
capacitive arc in the low-frequency range indicates the degree of diffi-
culty in charge transfer at the electrode-medium interface. In Fig. 8a,
under sterile conditions, the diameter of the capacitive arc in the low-
frequency range increased significantly on the third day, followed by a
stable trend with a slight increase. In the inoculated medium under light
conditions (Fig. 8b), the diameters of capacitive reactance arcs were
generally much smaller than those of the sterile condition. Throughout
the initial 7 days of the immersion cycle, the capacitive reactance arc
diameters consistently decreased, and then increased slightly. This
phenomenon may result from a decrease in electron uptake efficiency
due to reduced metabolic activity of R. palustris TIE-1 in the later stages.
Contrastingly, in the inoculated medium under dark conditions (Fig. 8c),
the fluctuation range of capacitive reactance arc diameters during the
14-day immersion cycle were similar to that observed under sterile
conditions, indicating that R. palustris TIE-1 had a weakened effect on
corrosion process in the absence of photostimulation.

Fig. 9 shows the electrochemical equivalent circuit to fit the EIS data.

Table 2
Tafel polarization parameters obtained from the polarization curves of X80 steel
under different conditions.

icorr (HA Ecorr (mV vs. Bc (mV fa (mV
cm™2) SCE) dec™) dec™)
Sterile 0.7 —749.2 84.9 107.5
Light 2.4 -794.1 75.8 162.6
Dark 0.8 —747.4 76.4 129.2
(b)
Ols 0 :7.4%
Organic O OH : 63.0%
Organic O :9.2%
R H,0:20.4%
Sterile
OH 0%:19.2%
OH : 35.0%
Organic O : 7.8%
H,0: 38.0%

Light

0%:10.7%

OH : 47.0%
Organic O : 16.6%
H,0:25.8%

Fig. 6. High-resolution XPS spectra of Fe,, and O, for the X80 steel surface after immersion in the different conditions for 14 days.
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Fig. 9. Electrochemical equivalent circuits applied to fit the measured EIS data.

According to Fig. 2, the morphologies exhibited almost imperceptible
corrosion product accumulation in sterile medium, and the biofilm did
not completely cover the coupon surface in bacteria-inoculated medium.
Notably, the biofilms typically have a water content exceeding 95 %,
which means they do not exhibit impedance properties like organic
coatings or corrosion product layers. Therefore, the one-time constant

model was employed for all conditions [44]. In this circuit, Q represents
the constant phase element (CPE) and its impedance is calculated using
Eq. (1),

Zo =Y, (joo) " M

where Y, and n represent the characteristic parameters of CPE, and
demotes the angular frequency. R; is the solution resistance, R is the
charge transfer resistance, and Qg represent non-ideal capacitive
behavior of the electrical double layer. The double layer capacitance
(Cqp was calculated using Eq. (2) introduced by Brug et al. [45].

Ca = ll/n(R;I JrRg‘l)(ﬂfl)/n )

Table 3 presents the corresponding fitting data of EIS. The R values
in both sterile medium and R. palustris TIE-1-inoculated medium (dark)
consistently exhibited a gradual increase over time, suggesting that
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Table 3
EIS parameters for X80 steel immersed in different conditions.
Time R Qux107° n Cax10™° R 1/Ret
(day) «Q (Q 'em2 @« (kQ kQ!
cm?) s") cm~?) cm?) cm~?)
Sterile
1 70.6 9.2 0.89 4.9 24.3 0.04
3 60.9 13.5 0.86 6.2 33.8 0.03
7 56.2 21.3 0.88 11.6 31.1 0.03
11 52.7 26.5 0.89 15.6 34.3 0.03
14 62.5 10.5 0.81 3.2 31.9 0.03
Light
1 67.9 11.2 0.93 7.8 16.9 0.06
3 80.8 29.5 0.92 21.3 12.5 0.08
7 79.6 60.6 0.93 48.2 7.91 0.13
11 77.4 71.1 0.91 53.3 11.6 0.09
14 66.3 81.4 0.93 65.3 129 0.08
Dark
1 75.9 22.8 0.93 16.8 18.6 0.05
3 60.5 24.4 0.94 18.6 27.7 0.04
7 41.5 31.8 0.94 24.1 29.5 0.03
11 37.7 38.4 0.96 32.2 33.2 0.03
14 34.9 43.7 0.81 16.4 34.4 0.03

corrosion products or deposits mixed with biofilm obstructed change
transfer at the interface. Therefore, corrosion was generally mild under
these conditions. The 1/R.; can be used to reflect the corrosion rate [46].
The 1/R; values in the inoculated medium under light conditions were
significantly higher than those under the other two conditions. This
indicates an enhanced electrochemical activity at the interface, facili-
tating more efficient charge transfer. In particular, on the 14th day, the
1/R value under light conditions is about 2.6 times the values under the
sterile and dark conditions, the results that were highly consistent with
the trend shown by i.o values. The above results demonstrated that
R. palustris TIE-1 under light stimulation accelerated corrosion of X80
steel.

The EN measurement was conducted to examine the impact of
R. palustris TIE-1 on X80 steel corrosion under alternating light/dark
conditions, leveraging its continuous, sensitive, and non-destructive
characteristics [47,48]. Fig. 10 shows the potential and current signals
obtained from the EN measurement under different conditions. Before
data collection, all coupons were immersed in dark conditions for
2 hours to stabilize the coupon surface. In the sterile medium (Fig. 10a),
both the potential and current values exhibited fluctuations, but their
overall trend remained highly stable, unaffected by alternating light/-
dark cycles. In contrast, the changes in the potential and current values
in the inoculated medium exhibited highly sensitive responses to
light/dark transitions (Fig. 10b). During the first 2 hours, the potential
and current values remained relatively stable under dark conditions.
Upon exposure to light (the 2nd to 4th hour), the potential immediately
dropped and continued to decrease, accompanied by a rapid increase in
current, which persisted until the end of the illumination. During the
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subsequent 4 hours (the 4th to 8th hour), with alternating light on/off,
the variation of the potential and current values is very similar to that
observed in the initial 4 hours. The above results revealed that photo-
stimulation did not affect the corrosion behavior of X80 steel under
sterile condition However, in the inoculated medium, the influence of
light on the potential and current signal of X80 steel was primarily
attributed to the EET caused by R. palustris TIE-1 photorespiration.

Based on the results in Fig. 10, data collection was performed for
2000 s following the intermediate point of each cycle, designated as 1 h
+ 2000 s, 3h +2000s, 5h + 2000 s, and 7 h + 2000 s. Subsequently,
the continuous wavelet transform (CWT) spectrum and energy distri-
bution plot (EDP) of the EN potential signals of X80 steel were gener-
ated, facilitating the transient analysis of corrosion behavior under
alternating light/dark conditions (Fig. 11 and Fig. 12). The EDP can
provide valuable information about the predominant corrosion process
according to the location of maximum relative energy at different stages
and the relative energy changes of crystals [49-51]. It is generally
accepted that the relative energy distributions in crystal d1-d3, d4-d6,
and d7-d8 mainly reflect activation control, mixed control, and diffusion
control [52-54].

In the inoculated medium, the relative energy under dark conditions
was predominantly concentrated within crystals d1-d3 and d8, indi-
cating that corrosion was primarily controlled by diffusion, with some
localized corrosion (Fig. 11a;). After illumination began, the maximum
value (color scale) of the signal energy (Fig. 11b) was much higher than
that under dark conditions. And the relative energy distribution was
converged toward d8 (Fig. 11by), which indicated the transition of
corrosion to a more stable, more severe state. When the illumination
stopped, the relative energy distribution was redistributed from the low-
frequency region to the high-frequency region (Fig. 11c;), and the signal
energy decreased (Fig. 11c). And then, the phenomenon in Fig. 11b-b;
was repeated when the light was turned on again (Fig. 11d-d;). Com-
bined with the results of corrosion morphology (Fig. 3), it was demon-
strated that R. palustris TIE-1 promoted localized corrosion under the
light stimulation. In the sterile medium (Fig. 12), the maximum relative
energy distribution in the first 2000 s was observed at d8 (Fig. 12a),
while a small amount of energy was distributed among crystals at other
locations. Over the subsequent three periods (Fig. 12b;- d;), the relative
energy distribution gradually converged towards d8, with its changing
trend exhibiting no correlation with alternations between light/dark
conditions. Combined with the morphology results, it was evident that
the corrosion of the coupon under sterile conditions was primarily
characterized by uniform corrosion in the initial stage, with some weak
localized corrosion. Ultimately, the localized corrosion almost stopped
and was completely controlled by diffusion, with light/dark alternations
showing no effect on the corrosion process in the absence of R. palustris
TIE-1.

To elucidate the mechanism behind the photo-accelerated MIC of
R. palustris TIE-1, we investigated the concentration of iron ions released
from the corrosion of X80 steel after inhibiting light-driven EET of
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Fig. 10. The potential and current signals of X80 steel of EN measurements in (a) sterile and (b) R. palustris TIE-1-inoculated media under alternating light/

dark conditions.
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Fig. 11. CWT spectrum (a-d) and EDP (a;-d;) of EN potential signals for X80 steel immersed in R. palustris TIE-1-inoculated medium under alternating light/

dark conditions.

R. palustris TIE-1 using rotenone (Fig. 13). Rotenone is an odorless,
colorless, crystalline compound. As a targeted inhibitor, it can block the
electron transport pathway between ubiquinone and NADH dehydro-
genase in the photorespiratory chain, resulting in restriction or termi-
nation EET [55,56]. In the absence of rotenone, the highest
concentration of iron ions was found in the inoculated medium after 14
days of light exposure. While the concentrations under the other two

conditions remained low, consistent with the weight loss results. How-
ever, in the medium with rotenone, the iron ion concentration under
light conditions significantly decreased, almost reaching the level
observed in the dark conditions. This indicated that inhibiting the
photorespiratory chain weakened the driving force for R. palustris TIE-1
electron uptake, leading to a reduction in EET efficiency. Under dark
conditions, the photorespiratory chain was not activated, the
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Fig. 12. CWT spectrum (a-d) and EDP (a;-d;) of EN potential signals for X80 steel immersed in the sterile medium under alternating light/dark conditions.

introduction of rotenone exerts no discernible influence on the con-
centration of released iron ions.

4. Conclusions
In summary, the mechanism of accelerating MIC of X80 steel by

R. palustris TIE-1 photorespiratory process was investigated in this study.
In contrast to sterile conditions, the corrosion of X80 steel was

10

accelerated in the medium inoculated with R. palustris TIE-1, particu-
larly under light condition. The light-driven EET-MIC behaviors of X80
steel were examined by surface morphology, weight loss, XPS, ICP-MS
measurements and electrochemical analysis including LPR, potentio-
dynamic polarization curves and EN analysis. The main conclusions are
as follows:
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Fig. 13. ICP-MS results for the dissolved Fe in the different conditions for 14
days; statistical analyses were determined by t-test using a two-tailed test: * p <
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

1. R. palustris TIE-1 promoted the corrosion of X80 steel in an anaerobic
environment, exhibiting predominant localized corrosion under light
conditions and uniform corrosion under dark conditions.

2. Considering the results of weight loss and icer, the corrosion rate of
X80 steel in R. palustris TIE-1-inoculated medium under light con-
ditions was approximately three times higher than that under dark
conditions within 14 days.

3. The EN results under alternating light/dark conditions demonstrated
that light stimulation promoted the transition from unstable local-
ized corrosion to steady-state corrosion in the early stage of
corrosion.

4. The photorespiratory of R. palustris TIE-1 played a crucial role in
promoting MIC. Inhibiting photorespiratory chain significantly
reduced the corrosion rate of X80 steel under light conditions,
returning to levels observed under dark conditions.
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