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Abstract: Carbon source starvation can promote steel corrosion in the presence of a pure culture
through extracellular electron transfer (EET). However, the impact of carbon source starvation on
corrosion induced by mixed strains is still unknown. This work investigated the impact of carbon
source starvation on EH40 steel corrosion in the presence of Desulfovibrio vulgaris and Pseudomonas
aeruginosa, typical species of sulfate- and nitrate-reducing bacteria. It was found that the impact of
carbon source starvation on corrosion depended on nitrate addition. When nitrate (5 g-L ! NaNO3)
was not added, the corrosion was promoted by carbon source starvation. However, the corrosion
was initially promoted by carbon source starvation, but later inhibited with nitrate addition. The
corrosion behaviors in different systems were closely related to different numbers of the strains in
biofilms and their metabolic activities, and the mechanisms were revealed.

Keywords: microbiologically influenced corrosion; Desulfovibrio vulgaris; Pseudomonas aeruginosa;
extracellular electron transfer; nitrate addition

1. Introduction

Microbiologically influenced corrosion (MIC) occurs universally in various environ-
ments. Initial reports on the possible acceleration of corrosion by bacteria date back to
the late 19th and early 20th century [1,2]. However, the mechanisms of MIC are yet to be
understood [3]. The extracellular electron transfer (EET) mechanism in MIC has attracted
much attention in the past two decades. EET is commonly divided into mediated EET via
extracellular electron shuttles and direct EET via conductive pilins and outer-surface c-type
cytochromes [4-6]. Carbon source starvation is usually adopted to promote EET-MIC by
forcing bacteria to obtain electrons from metals for energy generation [7,8]. Accelerated cor-
rosion of metals under carbon source starvation is often conducted on pure cultures, such
as Pseudomonas aeruginosa, Desulfovibrio vulgaris, Natronorubrum tibetense, and so on [7-9].
However, the effect of carbon source starvation on the corrosion response of metals and
their alloys in the presence of mixed bacteria has not gained the same attention [10]. Practi-
cally, MIC is a result of consortia containing multiple strains. To the best of our knowledge,
no reports exploring this topic are available.

Sulfate- (SRB) and nitrate-reducing bacteria (NRB) are well-known for their ability
to accelerate MIC via EET. Much attention has been paid to the corrosion affected by
their coexistence [11-16]. Fu et al. evaluated the corrosion behavior of X80 steel in the
presence of SRB, NRB, and mixed biofilms in a soil solution containing 48 mg-L~! sulfate
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and 46 mg-L~! nitrate. The corrosion rate of X80 steel was found to increase in the
following order: sterile control < Pseudomonas stutzeri < Desulfovibrio desulfurican < co-
cultures of Desulfovibrio desulfurican with Pseudomonas stutzeri, while the corrosivity of SRB
was inhibited by the addition of NRB [17]. In contrast, the addition of Thiomicrospira sp.
strain CVO, a typical nitrate-reducing bacteria, and 10 mM nitrate to Desulfovibrio sp. Lacé,
a typical sulfate-reducing bacteria, increased the corrosion rate of carbon steel from 0.2 to
1.5 g-em~2.day~! [15]. The differences in metals, bacterial strains, and environmental
factors might be responsible for this conflict. The corrosion of a specific metal in the
presence of specific mixed strains of SRB and NRB is dependent on environmental factors,
among which the nitrate concentration is a rather significant factor. Nitrate regulates the
activity of NRB and SRB, leading to different corrosion behaviors [18-20]. Recently, the
influence of nitrate concentrations on steel corrosion in an organic-rich medium with the
coexistence of P. aeruginosa (NRB) and D. vulgaris (SRB) has been investigated [21]. It
was found that the corrosion rate increased with increasing nitrate concentrations from
0 to 5g-L~1, but decreased with further nitrate addition. The corrosion was positively
correlated with the number of P. aeruginosa and their activity, which are controlled by
nitrate [21]. Therefore, it is necessary to take the impact of nitrate on NRB and SRB into
consideration in the study of corrosion affected by mixed cultures when carbon resource
starvation is adopted.

In the present study, the impact of carbon source starvation on the corrosion of EH40
steel in the presence of mixed cultures, D. vulgaris and P. aeruginosa, was studied, and the
role of nitrate was emphasized. The differences in corrosion behaviors in different systems
were evaluated by weight loss, electrochemical measurements, and surface characteriza-
tions. The dependence of MIC affected by carbon source starvation on nitrate was revealed
from the changes in quantity and activity of the strains.

2. Materials and Methods
2.1. Steel Specimen Preparation

The EHA40 steel was purchased from Nanjing Iron & Steel Co., Ltd., (Nanjing, China).
The chemical composition of the steel was as follows (wt.%): Al 0.034, C 0.086, Cr 0.118,
Cu 0.028, Si 0.24, Mn 1.49, Mo 0.001, Nb 0.034, Ni 0.013, P 0.011, Ti 0.01, and Fe balance.
EHA40 steel was cut into coupons with dimensions of 5 mm x 5 mm X 3 mm, 10 mm
X 10 mm X 5 mm, and 20 mm x 10 mm X 5 mm for different characterizations. The
largest samples were for weight loss and surface analysis, except for X-ray photoelectron
spectroscopy (XPS). Samples with dimensions of 10 mm x 10 mm x 5 mm were applied
to prepare electrodes for electrochemical measurements, and those with the smallest size
were for the XPS characterization.

To prevent crevice corrosion, the side faces of coupons were coated with polytetrafluo-
roethylene before electrochemical tests. The coated coupons were embedded with epoxy resin
after being welded to copper wires (Shengli Chemical Technology Co., Ltd., Nanjing, China).
For each working electrode, a face of 10 mm x 10 mm was exposed to media with and
without bacteria. All coupons were polished, washed, dried, and sterilized according to
previous reports [22].

2.2. Strains and Culture Condition

P. aeruginosa was incubated aerobically in 2216E medium and D. vulgaris was cultured
anaerobically in a modified Postgate’s medium, as previously reported [21]. The salinity
of the natural seawater was 31.8%o. Filter sterilized L-cysteine was added to the medium
to guarantee the anaerobic condition. Resazurin was added before sterilization as an
anaerobic indicator.

Then, 4 mL pure cultures of P. aeruginosa and D. vulgaris at the exponential phase
were transferred to the anaerobic Postgate’s medium. After 3 days of pregrowth, biofilms
formed on EH40 steel coupons. The coupons were then transported to anaerobic Postgate’s
medium with different modifications: the medium with full carbon source and without
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nitrate addition, the medium without carbon source and nitrate addition, the medium with
full carbon source and nitrate addition (5 g-Tf1 NaNO3), and the medium without carbon
source and nitrate addition (5 g'L_1 NaNO;3).

2.3. Environmental Factor Measurements and Cell Counting

The pH values of the different media were measured by a pH meter (PHS-3C, Spectrum
Test Equipment Technology Co., Ltd., Dongguan, China) after 14 days of incubation. The
concentrations of HS~, SO4%2~, NO3;~, and NO, ™ in different systems were detected by
ion chromatography.

The number of sessile cells was counted on the 7th and 14th days by the plate counting
method after they were harvested from the surface of coupons and dispersed in sterile
phosphate buffered saline (PBS) solution (Thermo Fisher Scientific Inc., Waltham, MA, USA).
For P. aeruginosa, aerobic 2216E medium was chosen to preclude anaerobic D. vulgaris. For
D. vulgaris, a modified medium was selected to distinguish D. vulgaris from P. aeruginosa
by the specific HS™ production, which consisted of yeast extract 1.00 g, tryptone 2.00 g,
sodium lactate solution 2 mL, PIPES (1, 4-piperazine diethylsulfonate) 3.30 g, seawater
800 mL, distilled water 200 mL, and (NHy)2Fe(SO4),-6H,O 0.60 g. D. vulgaris catalyzed
sulfate reduction to produce HS~, which formed a black sediment with FeZ*. Therefore,
the colonies of D. vulgaris were black and those of P. aeruginosa were of their natural color.

2.4. Biofilm Observation

The coupons with biofilms were taken out after 7 and 14 days of immersion in different
systems and were washed three times in PBS. The biofilms were stained under dark
conditions for 15 min using a Live/Dead™ BacLight™ Bacterial Viability Kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA) before observation. The fluorescence of the
biofilms was observed with a confocal laser scanning microscope (CLSM, ZEISS Microscopy
GmbH, Jena, Germany). The thickness of the biofilm was measured in the 3D model.

2.5. Weight Loss Measurement

Before the pregrowth of biofilms, coupons were weighed and labeled. On the 7th and
14th days of incubation in different systems, the coupons were taken out for measurement.
The coupons were immersed in Clark’s solution (ASTM G1-03) and ultrasonically shaken
for 2040 s to remove corrosion products. The residual rust remover was washed away
with distilled water and absolute ethanol, which were dried with N,. The coupons with
the removal of corrosion products were weighed with an electronic weighing scale. In each
system, the weight loss of coupons was measured for three replicates.

2.6. Electrochemical Tests

The electrochemical corrosion behaviors of coupons were characterized by the Gamry
3000 electrochemical workstation (Garmy Instruments, Warminster, PA, USA). The EH40 steel
coupon, platinum mesh, and Ag/AgCl (KCl-sat) electrodes served as working, counter,
and reference electrodes, respectively, in the three-electrode system used in the tests. Linear
polarization resistance (LPR) was measured after open circuit potential (OCP) became
stabilized. The potential range was kept within 10 mV versus OCP and the scan rate
was set at 0.167 mV-s~ 1. After 14 days of immersion, potentiodynamic polarization (PDP)
curves were obtained at a potential sweep rate of 0.167 mV-s~! in the range of —600 mV to
+600 mV versus OCP.

2.7. Corrosion Morphology and Corrosion Product Characterizations

The coupons were taken out after 14 days of immersion in different systems. The
corrosion products on the coupons were removed as described in Section 2.5. The surface
morphology of the coupons was observed with a scanning electron microscope (SEM, Hi-
tachi, Hitachi, Japan, TM3030). An XPS (Thermo Fisher Scientific Inc., Waltham, MA, USA,
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ESCALAB 250Xi) was used to test the compositions of corrosion products. All peaks were
adjusted using the C 1s peak (284.6 eV) and analyzed using XPS Peak (Version 4.1) software.

3. Results
3.1. Cell Counts and Biofilm Observation

Figure 1 shows sessile cell counts of D. vulgaris and P. aeruginosa after 7 and 14 days
of incubation in different systems. In the full system without nitrate addition, the sessile
cells of D. vulgaris were around 10% cfu-cm~2 on the 7th and 14th days. Meanwhile, in
the starvation system without nitrate addition, the sessile cells of D. vulgaris decreased to
ca. 10° cfu-cm~2 on the 7th and 14th days, suggesting that the growth of D. vulgaris was
inhibited by the deficiency of the carbon source. The sessile cell numbers of P. aeruginosa
were only about 10* cfu-cm ™2 in the full system without nitrate addition on the 7th and
14th days. Similar to D. vulgaris, carbon source starvation reduced the sessile cell numbers
of P. aeruginosa to below 10? cfu-cm~2 in the starvation system without nitrate addition
on the 7th and 14th days. The sessile cell numbers of P. aeruginosa were three orders of
magnitude lower than those of D. vulgaris, indicating that the growth of P. aeruginosa was
inhibited by the deficiency of nitrate during 3 days of pregrowth and the next 14 days
of incubation.
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Figure 1. The sessile cell numbers of D. vulgaris (a) and P. aeruginosa (b) in different systems.

In the full system with nitrate addition, the sessile cell numbers of D. vulgaris were
less than 10* cfu-cm~2 on the 7th and 14th days, indicating that the growth of D. vulgaris
was greatly inhibited by nitrate. The inhibition of D. vulgaris was presumably caused
by the competition of P. aeruginosa on organic carbon sources. Although carbon source
starvation also decreased the sessile cell numbers of D. vulgaris in the presence of nitrate, the
differences were smaller than one order of magnitude. Different from D. vulgaris, the growth
of P. aeruginosa was promoted by nitrate, the sessile cell number of P. aeruginosa increased
to more than 10° cfu-cm~2 in the full system with nitrate on the 14th day. Unexpectedly,
the sessile cell numbers of P. aeruginosa maintained at about 10* cfu-cm~2 in the full system
during the initial 7 days (the cell number of P. aeruginosa was also about 10* cfu-cm 2
after 3 days of pregrowth according to the previous study). The delay of growth was
probably associated with the lag phase, during which P. aeruginosa adapted themselves
to the new nitrate-sufficient environment to generate energy by nitrate respiration. P.
aeruginosa became predominant in the full system with nitrate addition from the 7th day to
the 14th day. The sessile cell number of P. aeruginosa was around three orders of magnitude
higher than that of D. vulgaris on the 14th day. The inhibition of carbon source starvation
on P. aeruginosa was slight on the 7th day, but rather strong on the 14th day with 10° versus
103 cfu:cm™2. The decrease in sessile cell numbers of D. vulgaris and P. aeruginosa by
carbon source starvation is in good accordance with the reports on single strains [23-25].
In addition, the absence or presence of nitrate was the determining factor of the dominant
population, which might lead to different corrosion behaviors.
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The CLSM images of biofilms on coupons exposed to different systems are shown in
Figure 2. In the full system without nitrate addition, a high intensity of green fluorescence
was observed on the 7th day, which is consistent with the 108 cfu-cm~2 sessile cell number
of D. vulgaris in Figure 1. On the 14th day, the color of the biofilm changed to yellow, which
resulted from the overlapped red fluorescence of increased dead cells and green fluores-
cence of living cells. The intensity of green fluorescence was much lower in the starvation
system without nitrate addition, and that of red fluorescence was almost undetectable. Be-
cause D. vulgaris dominated the biofilm formed in the full system without nitrate addition
(Figure 1), the green fluorescence mainly came from D. vulgaris. The introduction of nitrate
into the full system resulted in thicker biofilm, which demonstrated that the total sessile
cell number was decreased. Meanwhile, red fluorescence predominated on the 14th day,
indicating that most cells were dead in the biofilm. The dead cells were supposed to be
D. vulgaris killed by nitrite generated by P. aeruginosa. Carbon source starvation also led
to lower fluorescence intensities in the presence of nitrate, but there were numerous dead
cells, which is different from the case without nitrate addition.

16 um w 12 pm ‘ 12 pm

gt |- [ 1 1 - | T il

Figure 2. CLSM images of mixed biofilms on EH40 steel after 7 (al-d1) and 14 days (a2-d2) of
immersion in different systems: (al,a2) full system without nitrate addition; (b1,b2) starvation system
without nitrate addition; (c1,c2) full system with nitrate addition; and (d1,d2) starvation system with
nitrate addition).

3.2. Nitrate/Sulfate Reduction Activity

The concentrations of NO3~, NO, ~, SO42~, and HS™ ions in different systems before
and after 14 days of incubation are shown in Table 1. Around 6.00 ppm, NO3; ™~ was detected
in the medium without NaNOj; addition, which might originate from natural seawater.
The consumption of SO42~ and NO3 ™~ in the full system without nitrate addition was
1728.4 and 5.2 ppm, respectively. The HS™ accumulation was 66.75 ppm after 14 days of
incubation. Carbon source starvation in systems without nitrate addition led to a decrease
in SO4%~ consumption from 1728.4 to 1432.5 ppm and HS™ accumulation from 66.8 to
55.2 ppm. The impact of carbon source starvation on ion utilization was closely related to
the decrease in cell numbers and suggested weaker metabolic activity [26,27]. When nitrate
was added, the consumption of NO3;~ was around three times greater than that of SO42,
accompanied by a decreased HS™ content and a slight accumulation of 2 ppm NO, . The
consumption of NO3 ~ suggested the stimulation of P. aeruginosa. Meanwhile, the decreased
consumption of SO42~ suggested the inhibition of D. vulgaris. With the removal of carbon
sources, SO,2~ and NO;~ consumption in systems with nitrate addition decreased from
847.3 to 477.3 ppm and from 2444.8 to 1681.7 ppm, respectively. The decreased utilization
of electron acceptors demonstrated that both strains were inhibited under carbon source
starvation. Moreover, the content of NO, ™ in the starvation system with nitrate addition
accumulated to 82.7 ppm, which was almost 40 times higher than that in the full system
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with nitrate addition, indicating that the reduction in nitrate was incomplete owing to the
starvation of electron donors.

Table 1. Concentrations of HS~, SO42~, NO3~, and NO, ~ before and after 14 days of incubation in
different systems.

Full Syst.em Staf‘vatlon System Full System Starvation System
System without Nitrate without Nitrate . . - . . .-
Addition Addition with Nitrate Addition with Nitrate Addition
ton co(r};c;;t)rahon before  after AC before after AC before  after AC before  after AC

NO, ™ — — — — — — — 2.1 +2.1 — — +82.7
NO3~ 5.9 1.3 —4.6 6.0 0.8 —5.2 26527 2079 —2444.8 26473 965.6 —1681.7
SO,2- 75342 5805.8 —17284 75342 6101.7 —14325 7537.0 6689.8 —847.3 75423 7065.0 —477.3

HS™ — 66.8 +66.8 — 55.2 +55.2 — 33.9 +33.9 — 17.8 +17.8

3.3. Weight Loss and pH test

Figures 3 and 4 depict the weight loss of coupons after 7 and 14 days of immersion in
different systems. The background weight loss after 3 days of pregrowth was 0.13 mg-cm 2,
which is also marked with the dotted line in Figure 3. In the absence of nitrate, weight
loss was increased by carbon source starvation from 0.19 to 0.43 mg-cm~2 and from 0.24 to
0.63 mg-cm~2 on the 7th and 14th days, respectively. The corrosion acceleration from
carbon source starvation is in good accordance with previous reports in which enhanced
EET was believed to be responsible for the promotion of MIC [6,7]. In the presence of
nitrate, carbon source starvation led to an increase in weight loss from 0.29 to 0.65 mg-cm 2
on the 7th day, but a decrease from 1.98 to 1.05 mg-cm~2 on the 14th day. The results seem
to be contradictory to the EET theory. Typically, carbon source starvation promotes MIC by
forcing bacteria to extract electrons from metals, according to the EET theory. However,
in systems with nitrate addition, starvation inhibited MIC in the last 7 days of incubation.
The mechanism will be discussed below.
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Figure 3. Corrosion weight loss of EH40 steel after 7 and 14 days of immersion in different systems
(f w/o n: full system without nitrate addition, s w/o n: starvation system without nitrate addition,
f with n: full system with nitrate addition, and s with n: starvation system with nitrate addition).



Metals 2023, 13, 413

7 of 14

0.08 |- Day7
r [ Day14

0.07

= 0.06 | J

2005 F

")

mm-a

0.04 |-

orrosion rate

—t

20.03 | \

C
o

0.02 =

——

fw/on sw/on fwith n swith n

Figure 4. Corrosion rate of EH40 steel after 7 and 14 days of immersion in different systems (f w/o n:
full system without nitrate addition, s w/o n: starvation system without nitrate addition, f with n:
full system with nitrate addition, and s with n: starvation system with nitrate addition).

Figure 5 shows the pH values in different systems on the 14th day. The pH values in
the full system without nitrate addition, the starvation system without nitrate addition, the
full system with nitrate addition, and the starvation system with nitrate addition were 6.86,
6.77,7.82,and 7.19, respectively. All pH values were close to 7, demonstrating that corrosion
induced by the mixed cultures was not due to acids. The systems added with nitrate held
higher values than those without addition. The increased pH values in systems with nitrate
addition were closely related to OH™ generation during the reduction of nitrate to nitrite,
nitrogen, or ammonia [26]. On the 14th day, the full system with nitrate addition held the
highest weight loss, but also the highest pH, suggesting the highest nitrate reduction.

Hh

H

5 T T T T T r T )
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Figure 5. The pH values in different systems on the 14th day (f w/o n: full system without nitrate
addition, s w/o n: starvation system without nitrate addition, f with n: full system with nitrate
addition, and s with n: starvation system with nitrate addition).



Metals 2023, 13, 413

8 of 14

3.4. Corrosion Morphology

Figure 6 displays SEM images of coupons with the removal of corrosion products
after 14 days of immersion in different systems. Scratches formed during the sanding
of coupons were observed on coupons immersed in systems without nitrate addition.
No visible changes were induced by carbon source starvation in systems without nitrate
addition. In the presence of nitrate, seldom were scratches on samples and the surface
was accompanied by sporadic pits in the full system without nitrate addition. The severe
corrosion is consistent with the highest weight loss in Figure 3. When carbon sources were
removed in systems with nitrate addition, the surface of coupons became smoother and the
scratches became weaker, indicating that corrosion was inhibited. However, corrosion in
the starvation system with nitrate addition was still more severe than that in the starvation
system without nitrate addition, which agrees with the results of weight loss. The corrosion
caused by D. vulgaris in the present study was relatively weaker than other reported strains,
and there might not have been significant pits [7]. P. aeruginosa caused pits were only
observed in systems with nitrate addition, which is according to its metabolic activity.

Figure 6. SEM images of EH40 steel with the removal of corrosion products after 14 days of immersion
in different systems: (a) full system without nitrate addition; (b) starvation system without nitrate
addition; (c) full system with nitrate addition; and (d) starvation system with nitrate addition.

3.5. Corrosion Product Compositions

After 14 days of incubation in different systems, the compositions of corrosion products
were characterized by XPS, and are shown in Figure 7. The samples in different systems
consisted of Fe?, Fe30y, FeO, FeS, and Fe,O3 with binding energies of 707.1, 708.2, 709.3,
710.3, and 711.4 eV, respectively [28-32]. The presence of FeS indicated that D. vulgaris
participated in the corrosion of EH40 steel in all systems, which is in good accordance with
the existence of D. vulgaris observed in cell counts.

The relative contents (RCs) of different components in corrosion products are exhibited
in Table 2. In the full system without nitrate addition, metal Fe dominated with an RC of
41.5%, demonstrating fewer corrosion products and weak corrosion. When carbon source
starvation was applied in systems without nitrate addition, the RC of metal Fe decreased to
38.4%, illustrating that corrosion was promoted. In the presence of nitrate, the RC of metal
Fe in the full system was 31.7%, which was less than that of 34.9% in the starvation system.
The result suggested that corrosion was inhibited under carbon starvation when nitrate
was added. Meanwhile, the RCs of FeS in the full systems were higher than those in the
starvation systems, which is closely related to the increased sulfate reduction activity of D.
vulgaris with sufficient electron donors.
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Figure 7. Fe 2p3 /, spectra of corrosion products on EH40 steel after 14 days of immersion in different
systems: (a) full system without nitrate addition; (b) starvation system without nitrate addition;
(c) full system with nitrate addition; and (d) starvation system with nitrate addition.

Table 2. Relative contents of components in corrosion products of EH40 steel after 14 days of
immersion in different systems.

Components N Full System Starvat}on Full System Starvatlo.n
of Positions . . System without . . System with
. without Nitrate . with Nitrate .
Corrosion (eV) Addition (at. %) Nitrate Addition (at. %) Nitrate
Product * " Addition (at. %) * 7 Addition (at. %)
Fe? 707.1 41.5 38.4 31.7 34.9
Fe;04 708.2 35.4 15.4 23.0 17.1
FeO 709.3 0 21.0 10.4 19.6
FeS 710.3 17.2 14.0 12.6 10.9
Fe,O3 711.4 6.0 11.0 224 174

3.6. Electrochemical Characterizations
3.6.1. LPR Measurements

Figure 8 depicts the time-dependent polarization resistance (Rp) of coupons in different
systems. All coupons exhibited similar R}, values at the initial 3 h of immersion, which
demonstrated that all electrodes exhibited similar initial surface conditions. R}, recorded
on coupons immersed in the full system without nitrate addition increased with time,
demonstrating the reduction in the corrosion rate. This system held the highest R;, from
the 1st day to the 14th day, which corresponds to the weakest corrosion. When carbon
sources were removed in systems without nitrate addition, R, decreased sharply in the
first 3 days and then fluctuated around 80 KQ-cm?. The lower R;, values illustrated that
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corrosion was promoted by carbon source starvation in the absence of nitrate. Different
from the R}, in systems without nitrate addition, that in full systems with nitrate addition
continuously decreased with time and became lower than that in the starvation system with
nitrate addition after the 7th day. The Ry, is in accordance with the unpredicted corrosion
acceleration in the full system with nitrate addition. The impact of carbon source starvation
on corrosion differed in systems with and without nitrate addition, which is believed to be
closely related to the growth and metabolic activity of D. vulgaris and P. aeruginosa in the
mixed cultures.

320
300
280

| —*— full system without nitrate
- —®&— starvation system without nitrate
| —v— full system with nitrate
260 |- —e— starvation system with nitrate
240 A
220 |
— 200 |
5 180
S 160 |
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120
100 |
80 |
60 |
40 |
20 |

0- 2 | 2 1 L 1 L 1 L 1 L 1 L |

Time (d)
Figure 8. Time dependence of R}, in different systems.

3.6.2. PDP Curve Measurements

PDP curves of coupons immersed in different systems for 14 days are shown in
Figure 9, and their fitting results are displayed in Table 3. The corrosion potential (Ecorr)
and cathodic branch of PDP curves were almost the same in full and starvation systems
without nitration addition. However, the anodic branch held a larger current density in
the starvation system, demonstrating that carbon source starvation stimulated the anodic
electrochemical reaction, i.e., dissolution of Fe’. Correspondingly, carbon source starvation
increased the corrosion current density (icorr) from 14.92 to 23.10 tA-cm~2 in systems
without nitrate addition. Carbon source starvation in the presence of nitrate also resulted
in a decrease in icorr from 74.27 to 29.07 pA-cm~2, which is contradictory to the case
without nitrate addition. Nitrate addition into the full system led to a negative shift of Ecorr
from —0.61 to —0.84 V and an increase in icorr from 14.92 to 74.27 pA-cm—2, verifying the
corrosion acceleration.
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Figure 9. PDP curves on EH40 steel after 14 days of immersion in different systems.

Table 3. Electrochemical parameters derived from PDP curves.

Systems Ecorr (V Ag/AgCl (KCl-sat)) icorr (LA-cm~2)
full system without nitrate addition —0.61 +0.015 14.92 £ 1.12
starvation system without nitrate addition —0.62 4= 0.024 23.10 & 0.44
full system with nitrate addition —0.84 4 0.003 74.27 £0.031
starvation system with nitrate addition —0.64 +0.013 29.07 £1.72

4. Discussion

The impact of carbon source starvation on the MIC of EH40 steel with the coexistence
of D. vulgaris (SRB) and P. aeruginosa (NRB) was investigated in the present work. It was
found that the impact of carbon source starvation varied with nitrate addition. In the
absence of nitrate, carbon source starvation accelerated corrosion. However, in the presence
of nitrate, carbon source starvation initially promoted corrosion but finally inhibited it. It is
supposed that the differences in corrosion behavior are closely related to the cell numbers
and physiological statuses of the strains.

In systems without nitrate addition, the cell numbers and metabolic activity of
P. aeruginosa were limited owing to the shortage of electron acceptors. Although P. aerug-
inosa can promote EET mediated steel corrosion as a typical strain of NRB [33-35]. MIC
caused by P. aeruginosa via EET is slight, as there are no adequate electron acceptors to
achieve intracellular electron transfer. Furthermore, pH values suggested that acid-induced
corrosion was also unrealistic. Therefore, in the absence of nitrate, MIC was mainly caused
by D. vulgaris but not P. aeruginosa. After the pregrowth and incubation in media without ni-
trate addition, the dormant cells of P. aeruginosa were supposed to maintain lower metabolic
activity than D. vulgaris. Moreover, the cell numbers of P. aeruginosa were also three orders
of magnitude lower than those of D. vulgaris. Taken together, it was supposed that the
cells of P. aeruginosa had almost no influence on the effect of carbon source starvation on
D. vulgaris. Considering that the cells of P. aeruginosa have almost no influence on MIC and
carbon source competition, the effect of carbon source starvation on corrosion is in good
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accordance with previous studies in which starvation was applied to the pure culture of
D. vulgaris [7]. When carbon sources were removed, the number of D. vulgaris in biofilms
of mixed cultures was around 10° cfu-cm~2, which was about three orders of magnitude
lower than that in the full system. However, the biofilm with less sessile cell numbers
resulted in a higher corrosion rate. It has been widely demonstrated that species from the
genus Desulfovibrio can switch from organic electron donors to Fe? as the electron donor
to accelerate corrosion when carbon sources were limited [36,37], and the cells harvesting
electrons from Fel in biofilms determine the corrosion rate [38]. Although the starvation
system held lower D. vulgaris cells in biofilms than that in the full system, the proportion
of cells that obtain electrons from Fe® for respiration was far higher than that with rich
organic carbon, leading to a higher corrosion rate.

In systems with nitrate addition, both D. vulgaris and P. aeruginosa had the potential to
induce MIC as there was enough sulfate and nitrate for the anaerobic respiration. In systems
with nitrate addition, the impact of carbon source starvation on D. vulgaris caused corrosion
was difficult to speculate. However, the corrosion caused by D. vulgaris could be evaluated
by physiological results and theories. In D. vulgaris, nitrate works as a stress signal to initiate
the nitrite stress response, which is generated by nitrate reduction [27]. The growth and
energy metabolism activities of D. vulgaris were inhibited in response to nitrite stress [39].
It was reported that 50 mM nitrate is enough to inhibit the pure culture of D. vulgaris,
while the nitrate concentration used in the present work is 59 mM [27]. Besides nitrate,
nitrite generated from the nitrate reduction of P. aeruginosa is exported to extracellular
space. The direct response to nitrate is more severe than nitrate, and the oxidative damage
of nitrite is deadly to D. vulgaris [39]. In D. vulgaris, the response to nitrate and nitrite
downregulates genes for sulfate reduction and inhibits growth, resulting in a status similar
to that of P. aeruginosa in systems without nitrate addition. As observed in cell counts
and CLSM, the growth of D. vulgaris is inhibited. The sessile cell numbers were kept at a
relatively low concentration of less than 10* cfu-cm 2, reaching the threshold below which
the MIC is inhibited by growth inhibition [7]. Taken together, the cell numbers and sulfate
reduction activity of D. vulgaris were lower than that in the full system without nitrate
addition. Therefore, MIC induced by D. vulgaris in systems without nitrate addition was
below 0.012 mm-a~!. Compared with the corrosion rate in systems with nitrate addition,
P. aeruginosa was the main factor of MIC. Besides, 82.7 ppm of nitrite was accumulated in
the starvation system with nitrate addition on the 14th day. Nitrite with a concentration of
50 ppm and 100 ppm was reported to cause corrosion of carbon steel [40]. In the present
work, the effect of nitrite and D. vulgaris together proved the conclusion that starvation
inhibited MIC of P. aeruginosa in the last 7 days. In the full system, P. aeruginosa grew rapidly
from ca.10* cfu-cm—2 on the 7th day to 10° cfu-cm~2 on the 14th day. However, the sessile
cells of P. aeruginosa maintained at ca.10* cfu-cm ™2 before the 7th day. It seems that the
acceleration of the corrosion rate has a relation with the cell numbers of P. aeruginosa. The
possible mechanism: the organic electron donors were consumed to provide starvation
conditions at the bottom of the biofilm and accelerate corrosion, and the accumulation of
sessile cells stimulated the EET activity of P. aeruginosa. The specific electron shuttle of
P. aeruginosa, phenazine, was reported to be synthesized and secreted when cell numbers
reach a high level [41]. That would also explain why D. vulgaris had a dissimilar population
effect under starvation in systems without nitrate addition, as there is no phenazine or
related regulation system in D. vulgaris.

5. Conclusions

This work investigated the impact of carbon source starvation on EH40 steel induced
by mixed cultures in media without and with nitrate addition, and it was found that nitrate
played a decisive role in corrosion impact. D. vulgaris dominated in biofilms when nitrate
was not added, and the corrosion rate doubled with starvation as a result of its improved
EET capacity. Meanwhile, corrosion was mainly affected by P. aeruginosa with the addition
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of nitrate, and an amount of sessile cells three orders of magnitude lower as a result of
starvation on day 14 led to half the corrosion rate.

This work implies the significant role of EET capacity and sessile cell quantity in MIC of
mixed cultures, and the expression of genes related to EET and biofilms of different strains
will be considered to allow a deeper understanding of mechanisms in the complex systems.
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