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A B S T R A C T   

The synergistic corrosion effect of microorganisms and deposits on carbon steel corrosion was assessed with 
magnetite and sand. In the presence of the microbial consortium with magnetite, uniform corrosion rates were 
3.5 times higher (0.611 mm/year) than the sum of the corrosion rates promoted by the consortium and deposit 
separately (0.056 and 0.110 mm/year, respectively). Conversely, with sand, uniform corrosion rates were only 
1.5 times higher (0.093 mm/year) than the sum of the corrosion rates promoted by the consortium and deposit 
separately (0.056 and 0.006 mm/year, respectively). The heightened synergistic effect is attributed to magne
tite’s semi-conductive nature.   

1. Introduction 

Microbiologically influenced corrosion (MIC) is renowned for 
causing severe localised corrosion across various industrial sectors, 
including oil and gas, healthcare, transportation, shipping, mining, and 
food processing [1–3]. The corrosion initiated or sustained by micro
organisms and their metabolisms accounts for approximately 20% of the 
total corrosion costs [4,5], which, according to a NACE International 
study, amounted to nearly US$2.5 trillion in 2016 [6]. Despite signifi
cant multidisciplinary research contributions from fields such as elec
trochemistry, chemical engineering, microbiology, and corrosion 
engineering, several knowledge gaps remain concerning the underlying 
processes and factors contributing to MIC [7]. Addressing these 
knowledge gaps has proven challenging, partly due to the complexity of 
replicating all the factors and conditions present in real-world envi
ronments. Laboratory investigations of MIC often fail to replicate field 
conditions, which may include intricate multispecies consortia, shear 
stress, traces of chemical treatments, high pressure, and salinity, and the 
presence of scales, corrosion products, and deposits. Consequently, 
replicating such conditions in laboratory-based experimentation can be 
logistically impractical and may introduce undesirable experimental 
variables while attempting to address specific research questions. 

In operational oil and gas pipelines, corrosion products, mineral 
scales, and silica sands tend to accumulate on the internal surfaces of the 

pipes. Particularly at the 6 o’clock position and inclined sections such as 
elbows [8]. Findings from both laboratory investigations and field cases 
indicate that these deposits pose a threat to pipeline integrity, as they 
lead to a form of localised corrosion known as under-deposit corrosion 
(UDC) [8]. In such scenarios, microorganisms can colonise these de
posits and accelerate metal deterioration by disrupting passivating ox
ides, converting protective oxide layers into less effective ones, and 
forming new oxide layers [9]. This combined action of microorganisms 
and deposits on metal corrosion has been observed in field and labora
tory scenarios [10–12]. Moreover, this phenomenon is commonly re
ported in pipe corrosion failure analyses [13–15] and has recently been 
termed under deposit microbial corrosion (UDMC). A term defined as 
"electrochemical, physical, and microbiological processes compromising 
pipeline integrity” [16]. 

From a MIC perspective, it is suggested that in the context of UDMC, 
deposits facilitate microorganism colonization, offering protection from 
the shear stress present in pipelines, thereby increasing the risk of MIC, i. 
e., the presence of deposits intensifies the likelihood of MIC. From the 
UDC perspective, the proposition is that, in UDMC scenarios, the accu
mulation of microorganisms beneath the deposits heightens the het
erogeneity of these deposits. This accumulation gives rise to 
concentration cells of corrosive metabolic by-products, culminating in a 
more severe manifestation of UDC. The lack of integration of both 
corrosion phenomena has led to inaccurate diagnoses and 
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underestimation of this type of corrosion. We propose that UDMC poses 
a higher corrosion risk for carbon steel than UDC alone and MIC in 
isolation. This heightened risk is attributed to a synergistic corrosion 
effect. Consequently, studies focused on UDC must incorporate the 
presence of microorganisms in their experimental protocols. To the best 
of the author’s knowledge, only the study conducted by Yang et al., [17] 
has demonstrated that the combined presence of a silica sand deposit 
and Desulfovibrio desulfuricans results in a higher corrosion rate than 
either of them could cause individually, thus exhibiting synergistic 
corrosion on carbon steel. 

Despite the prevalence of magnetite (Fe3O4) as a deposit in oil and 
gas pipelines, the majority of studies focussing on the effect of micro
organisms on under-deposit corrosion (UDC) have predominantly used 
inert deposits such as sand and clay [18,19]—this prevalent choice of 
inert deposits for research warrants reconsideration. Magnetite stands 
out as the predominant corrosion product identified in the analysis of 
ruptured pipelines. Notably, it can enter these systems as residual mill 
scale from tube manufacturing and storage or form a corrosion 
byproduct under conditions of limited oxygen availability [20]. 
Furthermore, due to its superior electrical conductivity and nobility 
compared to carbon steel in the electrochemical series, magnetite is 
recognised for its potential to initiate galvanic corrosion when unevenly 
distributed across metal surfaces [21–23]. Simultaneously, magnetite 
has gained increased attention in MIC research due to its role in facili
tating extracellular electron transfer (EET) [24]. EET is a microbial 
strategy that enables electron transfer between microorganisms and 
solid materials, such as naturally occurring metal compounds [25]. It 
plays a key role in a microbial corrosion mechanism known as Electrical 
MIC (EMIC), where microorganisms directly adsorb electrons from 
elemental metallic iron, using it as their electron donor [26]. EMIC has 
been identified as the cause of pit depths as high as 17 μm in carbon steel 
after a 7-day incubation period [27]. A recent study with Geobacter 
sulfurreducens demonstrated that the addition of magnetite doubled the 
current densities recorded in the presence of the biofilm alone. The 
authors suggested that magnetite can facilitate EET from the stainless 
steel (Fe0) into the biofilm, similar to the outer-surface c-type cyto
chrome OmcS [28]. Therefore, it is imperative to incorporate magnetite 
more frequently in laboratory-based UDMC studies to generate more 
accurate risk assessments of this type of corrosion. 

In real-world field conditions, the coexistence of magnetite as 
corrosion product or deposit and native microorganisms is widespread. 
Consequently, quantifying the risk of corrosion under the synergistic 
effect of magnetite and microorganisms is of great significance. Based on 
the above introduction, it is reasonable to hypothesise that magnetite 
could amplify the potential synergistic corrosion effect of deposits and 
microorganisms on carbon steel compared to an inert deposit. Biosta
tistics, surface analysis, bioinformatics tools, and microbial data were 
employed to assess whether and why magnetite and microorganisms can 
synergistically affect to a higher extent the corrosion of carbon steel. 

2. Materials and methods 

2.1. Oilfield microbial consortium 

The microbial consortium used in this study was recovered from a 
sand deposit collected from a High-pressure (HP) separator in an 
Australian oil production facility experiencing MIC. The consortium was 
maintained in a synthetic produced water of the following composition: 
212.5 mM NaCl, 7.43 mM CaCl2⋅2 H2O, 5 mM KCl, 27.4 mM 
MgCl2⋅6 H2O, 0.04 mM SrCl⋅6 H2O, 10 mM D-glucose, 13.8 mM 
Na2SO4⋅5 H2O, 11.3 mM Na2S2O3⋅5 H2O, 1.54 mM NaHCO3, 26 mM Na- 
formate, 26 mM Na-lactate, 20 mM Na-acetate, 12.4 mM NH4NO3, 
1.3 g L− 1 casamino acids (Bacto™), and, 1 L of ultrapure water (Milli-Q 
system, resistivity 18.2 MΩ⋅cm). The pH was adjusted to 7.2 ± 0.2 using 
a 100 mM sodium hydroxide solution. The synthetic solution was 
poured in Hungate tubes under a 99.9% N2 gas atmosphere and 

sterilised by autoclaving at 121◦C for fifteen minutes at 208 kPa. One 
gram of field sand was inoculated in the tubes and incubated at 40◦C for 
20 days. After incubation, an aliquot from the inoculated solution was 
transferred to a fresh synthetic solution prior to the experiment to 
establish the microbial consortium. 

2.2. Mineral deposit characterisation 

Commercial magnetite (Fe3O4) and silicon dioxide (SiO2) from 
Sigma-Aldrich were used in the corrosion experiments. Sand and 
magnetite particle size was determined by laser diffraction analysis, and 
specific surface area was measured by the Brunauer, Emmett, and Teller 
(BET) method; results are given in Table 1. Both deposits were sterilised 
by autoclaving at 134◦C for three minutes at 208 kPa prior to the 
experimental setup. 

2.3. Evaluation of the synergistic effect of magnetite and microorganisms 
on carbon steel corrosion 

2.3.1. Carbon steel sample preparation 
Carbon steel 1030 grade used for corrosion experiments had the 

following chemical composition (weight %): C (0.30), Mn (0.69), Si 
(0.24), S (0.030), P (0.010), Cr (0.022), Ni (0.001), Mo (0.001), Cu 
(0.005), and Fe (balance). The samples were laser-cut into rectangular 
coupons with 12 ×22×9 mm thick dimensions and electro-coated with 
an inert epoxy resin (Powercron 6000CX, PPG Industrial coatings). The 
top face of each rectangular sample was wet-ground to a 600-grit finish 
using silicon carbide paper to limit the working surface area (2.6 cm2). 
All samples were washed with ethanol, weighted, and sterilised by UV 
radiation for 15 min prior to the experiment setup. 

2.3.2. Experimental conditions 
To determine the synergistic action of deposits and microorganisms 

on carbon steel corrosion, two distinct sets of experiments were con
ducted, each outlined as follows: 

Experiment 1: Magnetite, a semi-conductive deposit was used in im
mersion tests, exploring two conditions: 1) Magnetite (M): Carbon steel 
exposed to magnetite. 2) Magnetite + Consortium (M + C): Carbon steel 
with magnetite and the microbial consortium. 

Experiment 2: Sand, an inert deposit, was used in immersion tests, 
with two conditions studied: 1) Sand (S): Carbon steel immersed in the 
sand; 2) Sand + Consortium (S + C): Carbon steel in the sand with the 
microbial consortium. 

A control test was included in both experiments, Blank (B): Carbon 
steel without magnetite and microbial consortium. Additionally, a biotic 
control was tested to assess the microbial consortium’s influence on 
MIC, Consortium (C): Carbon steel exposed only to the microbial 
consortium. 

This structured approach allowed us to thoroughly determine 
whether the corrosion rates generated by the simultaneous presence of 
deposits and microorganisms were higher than the sum of the corrosion 
rates caused individually by the deposit and by the microbial con
sortium. And to compare the synergistic corrosion effect with sand 
against magnetite. Moreover, the height and weight of the deposit used 
were controlled by placing 3.8 g of each commercial deposit on the 
prepared sample, previously positioned in a rectangular 3D-printed 
epoxy box. The custom-made epoxy sample holder was designed to 
allow the deposition of 10 mm of mineral powder on top of the metal 
(Figure S1). 

Table 1 
Deposits characterization.  

Model deposit Mean particle size (µm) Specific surface area (m2/g) 

Magnetite (Fe3O4)  4.67  5.41 
Sand (SiO2)  4.55  6.48  
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The above immersion tests were conducted using a test solution with 
the same composition described in Section 2.1. Anaerobic conditions 
were maintained in the reactors throughout the 22-day exposure time by 
continuous injection of N2 gas (20 mL/min). Agitation and a constant 
solution temperature of 40 ºC were achieved using a stirring hotplate set 
to 200 rpm. In the reactors including microorganisms (biotic), contin
uous nutrient replenishment was performed using a 5 L reservoir glass 
cell connected to a peristaltic pump. The pump was calibrated to replace 
30% of the reactor solution in each reactor every 24 hours. 

2.3.3. Reactors monitoring 
Microbial metabolism was monitored throughout the immersion 

period. Secondary metabolites (nitrates and sulphide) present in the test 
solution were measured every five days using spectrophotometry 
(Hach™, DR3900). The concentration of total dissolved iron (FeT) was 
measured by the USEPA FerroVer® method following the manufac
turer’s instructions. The Methylene Blue Method and the Ferrous Sul
phate Method were used for the determination of sulphide and nitrites, 
respectively. The test solution pH was measured using a portable pH 
meter (Thermo Scientific™, Star A221). 

2.3.4. Corrosion measurements 
After immersion, corrosion analyses were performed on triplicate 

coupons from each experimental condition. The metal surface was 
cleaned using Clark’s solution, as described in the ASMT G1 Standard 
[29]. Corrosion rates in mm/year were calculated based on mass loss, 
steel density, immersion time, and exposed surface area [29]. Surface 
analysis was performed on the same triplicate coupons using a 3D sur
face profilometer (Solarius™, SolarScan) with a spot size of 10–100 µm 
and resolution of 0.2 µm. The 3D inspection system is equipped with 
SolarScan NT software version 7.4. Profile analysis involved measuring 
step height to determine the maximum pit depth on each coupon. The 
pitting rate was calculated by dividing the deepest pit in mm by the 
exposure time in days, as described in the NACE SP0775 standard 
practice [30]. 

2.3.5. Surface morphology 
Carbon steel coupons were subjected to scanning electron micro

scopy imaging using a field emission scanning electron microscope 
(FESEM, Tescan Clara) to visually examine and compare the corrosion 
damage after immersion. 

2.4. Cross-section profiles of surface corrosion products 

For a comprehensive characterisation of the subsurface structures 
near the metal and the corrosion products formed under each condition, 
cross-sectional analysis was conducted using FESEM coupled with 
energy-dispersive X-ray spectroscopy (EDS). The metal coupons were 
mounted in epoxy resin (EpoFix), and the cross-sections were prepared 
by grinding and polishing steps until a final polishing of 1 µm finish with 
diamond suspension. The samples were coated with a platinum layer 
(10 nm thick) to increase surface electric conductivity. Surface analysis 
was performed using a FESEM (Tescan Clara), with images collected at 
20 kV using the backscatter detector. Data analysis was conducted using 
Aztec 3.0 software (Oxford Instruments NanoAnalysis). 

2.5. Influence of magnetite-deposit presence on the cross-section profiles 
of sessile microbial communities 

While sessile populations (biofilms) in direct contact with metallic 
surfaces are known to mediate most of MIC [31], the microbial attri
butes of sessile microorganisms developed within the bulk deposits were 
also analysed. Examining the microbial community differences between 
populations in direct contact with the metal and those formed within the 
deposits will provide insights into how microorganisms spatially 
interact with deposits and how they influence corrosion. Details are 

given in the sections below. 

2.5.1. Viability of sessile microorganisms 
To assess the viability of sessile microorganisms developed on the 

bare metal, at the deposit-metal interphases in the deposited samples, 
and within the bulk of the deposits, three coupons from each biotic 
reactor were removed at the end of the exposure. These samples were 
gently immersed in a sterile phosphate-buffered saline (PBS) solution to 
remove planktonic cells. Carbon steel samples without deposits were 
immediately placed in Falcon tubes containing 10 mL of PBS solution 
with Tween 20 (0.1% w/v final concentration). The bulk of the deposits 
was separated from the carbon steel sample using a sterile scalpel blade 
(Figure S2). Afterward, the bulk deposit and the covered carbon steel 
coupons were also placed in Falcon tubes containing 10 mL of PBS so
lution with Tween 20 (0.1% w/v final concentration). Sessile bacteria 
were detached from the carbon steel and bulk deposit by sonication, as 
described elsewhere [32]. 

An aliquot of 1 mL of the PBS solution containing the sessile mi
croorganisms was inoculated into 9 mL of fresh test solution (See Section 
2.3.2.) and serially diluted 10-fold in triplicate for the most probable 
number (MPN) estimation. The serial dilutions were incubated at 40 ºC 
for 20 days, and microbial growth was determined to be positive based 
on visually noticeable changes in the turbidity and colour of the culture 
media. The microbial concentration was calculated using the MPN 3- 
tube standard table [33]. Sessile bacteria counts were expressed as 
cells per cm2 of the surface area of the metal coupon (cells/cm2) or cells 
per gram of deposit (cells/g). The remaining 9 mL of PBS solution 
containing detached cells was used for further microbiological analyses. 

2.5.2. Adenylate energy charge estimation 
The physiological status of the sessile microbial communities 

developed on the bare carbon steel, bulk deposit, and at the deposit- 
metal interphase in biotic test with both deposits was determined by 
measuring the intracellular concentrations of adenosine triphosphate 
(ATP), adenosine diphosphate (ADP), and adenosine monophosphate 
(AMP). The AXP assay and the Quench-Gone Organic Modified 
(QGO–M) test kits (LuminUltra™) were employed for this purpose, ac
cording to the manufacturer’s instructions. The concentrations of these 
adenosine nucleotides in the PBS solution containing the detached 
sessile microorganisms were determined by luminescence using a 
luminometer (LuminUltra™, PhotonMaster) after reaction with the 
luciferin-luciferase enzyme. Adenylate energy charge (AEC) was calcu
lated according to the following formula:  

AEC = (ATP+0.5ADP)/(ATP+ADP+AMP)                                       (1)  

2.5.3. Microbial community composition 
Next-generation sequencing of the 16 S rRNA gene from DNA and 

RNA molecules was used to characterise the sessile communities [34]. 
The microbial cells were detached from the solid matrix using sonication 
as described elsewhere [32]. After sonication, the cell suspension was 
centrifuged at 15,000x g for 5 min at 4◦C for pelleting the cells and 
preserved at –80◦C until nucleic acid extraction.  

a) Nucleic acid extraction: Simultaneous DNA and RNA extraction was 
conducted using the Norgen DNA/RNA/Protein kit (Norgen Biotek 
Corp) following the manufacturer’s procedures. Total DNA was 
eluted in 100 μL of nuclease-free water, and total RNA was eluted in 
50 μL of nuclease-free water. DNA concentration was verified using a 
spectrophotometer (Thermo Scientific™, NanoDrop Lite). Following 
RNA extraction, genomic DNA was removed from the samples using 
the Turbo DNA-free kit (Invitrogen) according to the manufacturer’s 
instructions. RNA was then purified using an RNeasy MinElute 
cleanup kit (Qiagen) and transcribed into complementary DNA 
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(cDNA) using the SuperScript IV first-strand synthesis system (Invi
trogen), as described previously [35].  

b) Library preparation and sequencing: The eluted DNA and synthetised 
cDNA were used as templates for amplification of the V3-V4 hyper
variable region of the 16 S rRNA gene [36]. Sequencing was con
ducted by the Marshall Centre at the University of Western Australia 
(UWA) using next-generation paired-end sequencing on a 
sequencing instrument (Illumina, MiSeq).  

c) Bioinformatics analysis: Raw FASTQ files were demultiplexed and 
assigned to respective samples based on their unique barcodes by the 
Marshall Centre. Demultiplexed sequences from each sample were 
trimmed and quality-filtered using the "dada2 denoise-paired" plugin 
on the Quantitative Insights Into Microbial Ecology Software (QIIME 
2) [37]. The DADA2 quality settings "- -p-trunc-len-f 280" and "- 
-p-trunc-len-r 220" were applied to truncate the forward and reverse 
sequences at 280 and 220 positions, respectively. The QIIME 2 
feature-classifier plugin was used to classify the representative se
quences against a pre-trained SILVA database, generating the tax
onomy table [38]. The taxonomy table was visualised with R-studio. 

2.6. Statistical analysis 

Statistical analysis of corrosion and pitting data was conducted using 
SPSS 27 and PAST (V4.10). The choice of statistical analyses depended 
on the normality of the data for each variable. The Shapiro-Wilk method 
was used to test the normality of the data for each variable. Subse
quently, one-way analysis of variance (ANOVA) with Tukey’s post-hoc 
means separation test was implemented to test the homogeneity of 
variances in each variable and identify statistically significant differ
ences between normally distributed variables. The results of statistical 
tests were considered significantly different when the p-value was ≤

0.05. 

3. Results 

3.1. Changes in water chemistry throughout exposure 

Fig. 1 shows the pH and concentrations of total sulphides (H2S, HS–), 
nitrites (NO2

–), and total dissolved iron in the test solution for the 
different experimental scenarios and throughout the exposure. Fig. 1A, 
1B and 1C indicate that nitrites, dissolved iron, and sulphide concen
trations in the biotic tests were consistently higher than those in the 
abiotic tests throughout the immersion period. These results suggest, 
together with the blackening of the test solution and the strong H2S 
smell in the gas outlet of the setup indicate, that the microbial con
sortium carried out sulphate/thiosulphate reduction and nitrate reduc
tion [39]. Moreover, their metabolism was having an impact on the 
corrosion of carbon steel. 

Notably, the concentration of sulphides and nitrites in biotic condi
tions with deposits significantly differed from those without deposits, 
likely due to the establishment of distinct microbial community struc
tures in each condition (See Section 3.7.). Intriguingly, conditions 
without deposits, B, and C showed higher levels of dissolved iron in the 
test solution compared to their respective abiotic and biotic counter
parts. These results provide insights into two potential phenomena: 1) 
The deposits protected the metal from corrosion, resulting in no iron 
presence in the bulk solution. 2) The deposits served as diffusion bar
riers, impeding the movement of Fe+2 from the corroding metal to the 
bulk solution. The pH of the test solution became more alkaline over 
time in all six scenarios due to the continuous N2 saturation. 

Fig. 1. Test solution chemical monitoring over time. A. Dissolved sulphides (H2S, HS–) B. Dissolved nitrites (NO2
–) C. Total dissolved iron D. pH.  
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3.2. Corrosion measurements 

3.2.1. Corrosion rates 
The average corrosion rates under the six different scenarios are 

shown in Fig. 2A. In the absence of deposits and microorganisms in the 
solution (Blank), the corrosion rate was 0.022 mm/year. In the presence 
of sand deposits without bacteria, the corrosion rate decreased to 
0.006 mm/year, whereas in the presence of magnetite, the corrosion 
rate increased to 0.110 mm/year. Statistically significant differences 
were observed in the corrosion rates between those three scenarios (M, 
B, and S) (p≤0.05, Table S1). These results suggest that sand alone 
hinders the uniform corrosion of carbon steel, and magnetite alone ac
celerates it. 

In the experimental condition with the microbial consortium alone 
(C), the measured corrosion rate was 0.056 mm/year. However, in the 
combined presence of the consortium and magnetite (C+M), the 
corrosion rate increased to 0.611 mm/year. Notably, the synergistic 
effect of the microbial consortium and magnetite in C+M yielded a 
corrosion rate 3.6 times higher than the sum of the individual corrosion 
rates promoted by C and M (0.166 mm/year). These findings establish a 
clear synergistic corrosion effect between the microbial consortium and 
magnetite on carbon steel. Similarly, when the microbial consortium 
was accompanied by sand (C+S), the corrosion rate (0.093 mm/year) 
was 1.5 times higher than the sum of the individual corrosion rates 
promoted by C and S (0.062 mm/year). These results confirm the syn
ergistic corrosion effect between the microbial consortium and sand on 
carbon steel, too. Moreover, the corrosion rates in the presence of de
posits and microorganisms (C+S and C+M) were significantly higher 
compared to their abiotic counterparts (S and M, respectively) with a p- 

value of ≤0.05 (Table S1), demonstrating that UDMC is greater than 
UDC for both sand and magnetite deposits. 

Concurrently, the average corrosion results validate the role of de
posits as diffusion barriers proposed in Section 3.1. Despite reactor B 
exhibiting the highest total dissolved iron concentrations throughout the 
test compared to reactors M and S, it did not register the highest average 
corrosion rates among the abiotic reactors. Similarly, reactor C did not 
exhibit the highest corrosion rates among the biotic reactors, yet it had 
the highest concentrations of dissolved iron throughout the test. 
Consequently, there appears to be no direct correlation between dis
solved iron concentration and corrosion rates, indicating that the pres
ence of deposits hindered the flow of Fe+2 from the metal-deposit 
interface to the solution. 

3.2.2. Pitting corrosion 
Surface profilometry was conducted to measure the depth of pits 

formed on the exposed surface of the carbon steel coupons; results are 
shown in Fig. 3. Carbon steel exposed to the microbial consortium and 
magnetite exhibited the most severe localised corrosion (Fig. 3D). 
Interestingly, different corrosion patterns were observed across the 
different biotic scenarios: Fig. 3B shows small pits and large cavities that 
may have formed from coalesced pits in the metal surface exposed to the 
microbial consortium alone. Fig. 3D shows localised corrosion in the 
form of large wide cavities on the metal coupon exposed to magnetite 
and the microbial consortium. Fig. 3F depicted severe pitting corrosion 
in the form of small pits distributed throughout the sample on the metal 
exposed to sand and the microbial consortium. 

Pitting rates were calculated based on the deepest observed points. 
Across the six assessed conditions, pitting rates exhibited a parallel trend 
to the uniform corrosion rates (Fig. 2B): the pitting rate was 0.326 mm/ 
year in the blank condition (B), decreased to 0.193 mm/year in the 
presence of the sand deposit (S), and increased to 0.495 mm/year in the 
presence of the magnetite deposit (M). These findings reinforce the 
observations regarding uniform corrosion, emphasising that sand may 
hinder pitting, while magnetite, when present alone, accelerates pitting. 
However, it is worth noting that no statistically significant differences 
were detected among the pitting rates in the abiotic scenarios (see 
Table S2). 

The pitting rates observed in the reactor with metal exposed solely to 
the microbial consortium (C) was 1.019 mm/year. However, when the 
microbial consortium was accompanied by magnetite (C+M), the pitting 
rate increased to 3.340 mm/year. These results indicate that the corro
sion rates caused by the synergism of microorganisms and magnetite 
were 2.2 higher than the pitting rates obtained when the corrosion rates 
promoted by C alone and M alone are added separately (1.519 mm/ 
year). This underscores the synergistic corrosion effect of the microbial 
consortium on carbon steel in the presence of magnetite. Similarly, 
when the microbial consortium was accompanied by sand (C+S), the 
pitting rate was 1.557 mm/year, a pitting rate 1.2 higher than the sum of 
the rates promoted by C alone and S alone 1.212 mm/year). This in
dicates a synergistic corrosion effect of the microbial consortium on 
carbon steel in the presence of sand, albeit causing less severe metal 
damage. 

The pitting rates and average corrosion rates (Fig. 2A) obtained in 
this study highlight that both sand and magnetite deposits enhance MIC 
and consequently demonstrate that UDMC leads to higher corrosion 
than UDC with this specific microbial consortium. 

3.3. SEM analysis of carbon steel samples 

SEM images of the metal surfaces exposed to different conditions 
exhibited varying morphologies (Fig. 4). The blank carbon steel surface 
appeared uniform, with visible grinding marks, indicating low average 
corrosion (Fig. 4A). However, pits were observed on the surface, sug
gesting that localised damage was greater than uniform damage in the 
samples, which aligns with the corrosion measurements shown in Fig. 2. 

Fig. 2. Corrosion rates were calculated after immersion in six different condi
tions. A. Average corrosion rates calculated based on weight loss. B. Pitting 
rates calculated based on the deepest pit on the working surface. 
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In the presence of magnetite (Fig. 4B), the coupon surface was rougher 
than in the blank condition, indicating increased uniform damage. The 
galvanic coupling between the semiconductor magnetite deposit and the 
carbon steel surface likely contributed to the enhanced metal damage 
compared to the blank condition (Fig. 4A) and to the coupon exposed to 
sand (Fig. 4C) [21]. The carbon steel coupon exposed to the sand deposit 
alone appeared generally smooth, with visible grinding marks from the 

sample preparation process, and showed minimal pitting corrosion 
(Fig. 4C). Figs. 4D, 4E, and 4F account for the metal samples exposed to 
the microbial consortium, magnetite, and sand, respectively. Overall, 
rougher surfaces were observed compared to their abiotic counterparts, 
showing the effect of microorganisms on the severe deterioration of the 
metal. Fig. 4E exhibited wider and darker pits, suggesting greater pit 
depths. Fig. 4F displayed numerous tinny pits with a morphology similar 

Fig. 3. Surface profilometry of carbon steel exposed to six different experimental scenarios. A. Metal sample exposed to the test solution (Blank). B. Metal sample 
exposed to the microbial consortium (C). Metal sample exposed to magnetite (M). D. Metal sample exposed to the microbial consortium and magnetite (C+M). E. 
Metal sample exposed to sand (S). F. Metal sample exposed to the microbial consortium and sand (C+S). 
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to those in Fig. 4D but with a higher quantity compared to the other two 
metals exposed to biotic conditions, consistent with the profilometry 
images shown in Fig. 3. 

3.4. Cross-sectional analysis of metal-deposits interphase 

SEM-EDS images of the cross-sections of metal samples under biotic 
conditions are presented in Fig. 5. The corrosion layer surface in the 
deposited samples, whether magnetite or sand (Figs. 5B, 5C), appears 
continuous and flat. In contrast, the surface of the corrosion products in 
the bare sample (Fig. 5A) appears uneven, porous, or multi-layered. This 
difference may be attributed to the additional weight of the deposit later 
on top of the corrosion products, resulting in a more organised and 
compact distribution. A significant attack can be observed in the tran
sition from the corrosion product layer to the metal in all biotic condi
tions, a phenomenon not observed in samples immersed under abiotic 
conditions (Figure S3). 

The corrosion product elemental composition in direct contact with 
the carbon steel, across all test scenarios (biotic and abiotic), primarily 
comprised oxygen and iron (Fig. 5 and Figure S3). Nevertheless, a 
distinct sulphur layer was evident in coupons exposed to the microbial 
consortium alone (Fig. 5A) and in conjunction with magnetite (Fig. 5B), 
and in metal samples exposed to sand and magnetite (Figure S3). It is 
important to highlight that sulphur compounds were detected in the test 
solutions of all experiments through chemical monitoring (See Section 
3.1); however, EDS analysis identified a sulphur layer in only select 
scenarios. This discrepancy may be attributed to the limitation of only 
one cross-sectional analysis per condition. 

In the coupons exposed to both magnetite deposit and the microbial 
consortium (Fig. 5B), distinct accumulations of chlorine and oxygen 
became apparent within specific sections of the corroded area. A 
discernible sulphur layer was also observed, separating the bulk 
magnetite deposit from the corroded metal. Moreover, the overlapping 
signals of iron, sulphur, and oxygen in the bulk magnetite indicate the 
formation of iron sulphide (FeS) within the magnetite deposit. A notable 
divergence in the EDS cross-sectional analysis between the condition 
with both magnetite and microorganisms (C+M) and its abiotic control 
(M) was the thinner sulphur layer observed in the abiotic condition (M), 
with no discernible accumulation of chlorine on the metal surface (see 

Figure S3A). 
Similarly, EDS analysis of the sample exposed solely to the microbial 

consortium (Fig. 5A) revealed a predominant iron signal in the upper 
layer of the corrosion products, followed by an almost continuous and 
intense sulphur layer. A lower-intensity iron signal accompanied the 
sulphur layer, suggesting the presence of FeS in this section. Notably, 
sodium and oxygen were found to accumulate in the corroded areas. In 
the elemental map of the cross-sectioned metal exposed to the microbial 
consortium and sand deposit, a high signal of oxygen and iron was 
exclusively detected within the corroded areas. Meanwhile, silicon, 
oxygen, and sulphur signals overlapped within the bulk sand, again 
suggesting the formation of FeS throughout the sand deposit. 

3.5. Microbial viability 

The MPN of sessile microorganisms found under the two deposits, on 
the bare metal, and in the bulk sand and magnetite, are presented in  
Table 2. The concentration of sessile microorganisms developed on the 
bare metal (C) after 22 days of immersion is four orders of magnitude 
higher (1.1×109 cells/cm2) than the sessile bacteria developed under 
the sand and magnetite deposits after the same immersion period 
(4.6×105 and 1.2×105 cells/cm2, respectively). Moreover, similar cell 
concentrations were measured in the samples directly interacting with 
the test solution: C, Bulk magnetite, and Bulk sand. These findings 
suggest that the 10 mm deposit layer (either sand or magnetite) signif
icantly influenced the mass transfer processes of the nutrients available 
in the test solution. Sessile microorganisms at the metal-deposit inter
phase could only obtain limited nutrients, leading to lower microbial 
growth. 

3.6. Microbial activity 

Adenylates estimation was performed to determine the differences in 
the physiological state and stress levels of sessile communities formed 
under the two deposits and on the bare metal surface. AEC values were 
also determined for the sessile communities developed within the two 
model deposits. AEC values higher than 0.8 typically correspond to 
metabolically active microbial populations. Stressed but viable pop
ulations (i.e., in a stationary growth phase) typically have AEC values 

Fig. 4. SEM analysis of carbon steel coupons after immersion (corrosion products removed): A. Metal sample exposed to the test solution (Blank). B. Metal sample 
exposed to magnetite (M). C. Metal sample exposed to sand (S). D. Metal sample exposed to the microbial consortium (C). E. Metal sample exposed to the microbial 
consortium and magnetite (C+M). F. Metal sample exposed to the microbial consortium and sand (C+S). 
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between 0.5 and 0.8, while senescent populations have AECs lower than 
0.5 [40]. 

The AEC ratios measured in each tested condition are presented in  
Fig. 6. The highest AEC was found in the sessile population growing in 
the bare metal (1.0) in the absence of deposits and in direct contact with 
the test solution. The microbial populations formed under the 10 mm 
layer of sand and magnetite were stressed (viable but not actively 
growing), with AEC ratios of 0.8 and 0.5, respectively. However, a sig
nificant difference was observed in the AEC ratios of the sessile popu
lation formed within the sand deposit and the one developed within the 
magnetite deposit (bulk deposit). Sessile microorganisms interacting 

Fig. 5. SEM-EDS imaging of cross-sectioned coupons exposed to three different biotic conditions for 22 days. A. Metal coupon exposed to the microbial consortium 
(C). B. Metal coupon exposed to the microbial consortium and magnetite (C+M). C. Metal coupon exposed to the microbial consortium and sand (C+S). 

Table 2 
Cell concentrations of sessile microorganisms formed in the different experi
mental conditions.  

Reactor Section MPN (cells/cm2) or (cells/g) 95% Confidence 
limits 

Lower Higher 

C Bare metal 1.1×109  1.8  41 
C + M Bulk deposit 1.1×109  1.8  41 

Deposited metal 1.1×105  0.17  1.8 
C + S Bulk deposit 1.1×109  1.8  41 

Deposited metal 4.6×105  0.90  20  

Fig. 6. AEC ratios of the sessile populations formed on deposited metal (under 
sand and magnetite deposits) and bare metal after immersion. 
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with the magnetite (despite showing higher microbial concentration 
than sand, Table 2) were in a stationary growth phase or viable (AEC of 
0.8). In contrast, the sessile bacteria interacting with sand were actively 
growing (AEC of 0.9). 

3.7. Microbial community composition 

DNA and RNA-based amplicon sequencing identified total and active 
sessile microorganisms developed on the bare metal and bulk magnetite 
deposits. A total of 959,555 high-quality sequences were obtained after 
bioinformatics processing of the raw data. Fig. 7 displays the taxonomic 
distribution of sessile populations and the percentage of their relative 
abundance in each experimental scenario. 

The molecular analysis of microorganisms in each experimental 
condition revealed consistent dominance by Tepidibacillus sp. and 
Pseudomonas sp., accompanied by a lower proportion of Bacillus sp. 
(Fig. 7). In the total microbial communities, Pseudomonas sp. constituted 
the majority (88.20%) in the absence of deposits. Conversely, within 
magnetite and sand environments, Tepidibacillus sp. prevailed, ac
counting for 50.33% and 72.3% of the total communities, respectively. 
The highest percentage of Bacillus sp. in the total communities was 
observed in the presence of magnetite (C+M). 

When examining metabolically active populations based on RNA 
analysis, Pseudomonas sp. was the most active member (91.48%) in the 
absence of deposits. In the presence of magnetite, Pseudomonas sp. was 
the most active species (52.06%) despite Tepidibacillus sp. being the most 
abundant. Conversely, in sand-deposited samples, Tepidibacillus sp. 
dominated the total community and constituted the dominant taxa in 
the active community. The highest proportion of Bacillus sp. in the active 
communities was again observed in the presence of magnetite (C+M). 

Furthermore, diversity profiling analysis highlighted variations in 
sessile bacterial community composition in response to environmental 
conditions, including the presence or absence of deposits and the deposit 
type. 

4. Discussion 

4.1. Corrosion behaviour in the presence of magnetite alone – Reactor M 

The results presented in this study demonstrate that the presence of a 
10 mm layer of magnetite deposited on carbon steel (M) significantly 
increased (five times) the uniform corrosion rates of carbon steel 
compared to the Blank condition (B). The qualitative categorisation of 
the corrosion rates changed from low to moderate, according to the 
NACE SP0775 standard [30]. This finding aligns with previous reports 
that have shown magnetite to considerably accelerate carbon steel 
corrosion, particularly galvanic corrosion, in both aerated and deaerated 
systems [21,22,41,42]. 

Magnetite is a semiconductor corrosion product with a more noble 

potential than steel. Consequently, when coupled with carbon steel, it 
acts as a cathode [43]. Hence, it is plausible to assert that in test M, the 
magnetite layer coupled with the carbon steel. Due to its powder nature, 
an uneven deposit layer was deposited on the metal surface, and 
microanodic zones were likely created in the areas where magnetite was 
not in direct contact with the metal. Meanwhile, the magnetite layer 
represented a large cathodic area [22]. This hypothesis gains further 
support from the fact that the sole distinguishing factor between the 
magnetite deposit and the sand deposit is their electrical conductivity. 
The particle size and surface area of both sand and magnetite were 
similar (Table 1), and laboratory-based studies have consistently shown 
that these two properties can significantly impact the severity of 
corrosion induced by deposits [44,45]. 

Simultaneously, elemental composition analysis of the compounds 
present at the magnetite-metal interphase, obtained with EDS 
(Figure S3B), revealed a continuous thin layer of oxygen immediately on 
top of the metal sample, with a thinner sulphur layer underneath. Iron 
oxides and iron sulphides were likely formed abiotically on the exposed 
carbon steel surface, as O and S overlap with Iron. The measured con
centration of sulphides in the M test during the test solution monitoring 
(Fig. 1) supports this finding. Previous research has demonstrated that 
even low concentrations of sodium thiosulphate (as low as 0.01 M) can 
facilitate the formation of iron sulphides (FeS) on carbon steel surfaces 
through disproportionation/reduction reactions in chlorine-rich solu
tions [46,47]. Furthermore, FeS has been identified as a factor 
contributing to galvanic corrosion on carbon steel by also acting as a 
cathode for the anodic dissolution of metal (Eq. (7), resulting in corro
sion rates as high as 6 mm/year [48,49]. 

Based on the above, the reactions of the proposed corrosion mech
anism evidenced in the presence of magnetite and the absence of bac
teria (Reactor M, Fig. 2) are as follows: 

Reactions in the anodic region: 

Fe→Fe2+ + 2e− (2) 

Reactions in the cathodic region: 

2H+ + 2e− →H2 (3) 

Reactions for the corrosion products formation are as follows: 

Fe2+ + 2OH− →Fe(OH)2 (4)  

3Fe(OH)2→Fe3O4 +H2 + 2H2O (5)  

Fe2+ +HS− →FeS+H+ (6)  

Fe0 + 2H+ ̅̅→
FeS Fe2+ +H2 (7) 

Iron oxidation of carbon steel (Eq. 2) takes place in the micro anodes 
of bare metal, whereas the reduction of the dissociated (free) hydrogen 
ions occurs in the magnetite or cathode (Eq. 3). The released Fe+2 ions at 
the steel surface diffuse, and the corrosion products that these ferrous 
ions could form will depend on the surrounding pH, dissolved oxygen, 
and the concentration of environmental ions. Fe+2 ions might have 
combined with the OH- ions released at the cathode to form the first 
corrosion product (Eq. 4) [50,51]. As solid Iron (II) hydroxide, Fe(OH)2, 
starts to precipitate at a pH above 6, it is proposed as one of the corrosion 
products formed in our system [52]. Once Fe(OH)2 is formed, it could 
have been easily oxidised to form intermediate iron oxides such as 
magnetite (Eq. 5) [42]. Fe+2 ions released during iron oxidation might 
have also reacted with the elemental sulphur generated from the sodium 
thiosulphate dissolution in water to form FeS (Eq. 6) [46]. Iron sulphides 
potentially catalysed the reduction of H+ ions to H2 (Eq. (7). Confir
mation of the proposed corrosion mechanism in Reactor M requires 
further investigation. Fig. 7. Relative abundance of total and active sessile microorganisms formed 

on bare, sand-deposited, and magnetite-deposited carbon steel after immersion. 
Each bar represents the results from the three replicates evaluated in 
each condition. 
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4.2. Corrosion behaviour in the presence of the microbial consortium 
alone – Reactor C 

The corrosion test evaluating the effect of the microbial consortium 
alone (in the absence of deposits) on metal deterioration revealed that 
microorganisms significantly enhanced the uniform and localised 
corrosion of carbon steel after 22 days of immersion, as shown in Figs. 2, 
3, and 4, compared to the Blank condition. Nevertheless, statistically 
significant differences were observed only in comparing biotic and 
abiotic pitting rates, as indicated in Table S2. The addition of the mi
crobial consortium led to a shift in pitting rates from high in the Blank 
condition to severe in the presence of microorganisms, according to the 
NACE SP0775 standards [31]. This phenomenon is commonly observed 
in studies on MIC, as most microbial corrosion mechanisms result in a 
localised attack on the metal surfaces, which is underestimated when 
considering only uniform corrosion rates based on weight loss. 

The predominant microorganism identified in the biofilms formed on 
the metal surface was Pseudomonas sp. The association of the Pseudo
monas genus with corrosion processes has been reported in numerous 
studies [53–56]. Species belonging to this genus are commonly found in 
natural environments and are considered ubiquitous in oil pipelines 
[57]. Pseudomonas is known for its ability to form slime and develop 
biofilms that create differential aeration cells in aerobic environments. 
The areas within the biofilm where low partial pressures of oxygen are 
trapped act as anodes, while regions with higher oxygen content act as 
cathodes [58]. Moreover, Pseudomonas species have been found capable 
of corroding carbon steel through extracellular electron transfer (EET), 
facilitating the transfer of electrons from the extracellular oxidised metal 
to the interior of the cell for the reduction of oxygen (in aerobic envi
ronments) and other oxidants such as sulphate and nitrate (in anaerobic 
conditions) [55]. Recent studies have also reported that, under anaer
obic conditions, Pseudomonas causes corrosion of carbon steel by 
coupling the extracellular oxidation of iron from the metal surface using 
nitrate as a terminal electron acceptor [53,59]. 

In addition to Pseudomonas sp., the biofilms in condition C also 
contained Tepidiobacillus sp. and Bacillus sp., which accounted for 11 and 
less than 1% of the abundance, respectively. Tepidiobacillus belongs to 
the Bacillaceae family and has been isolated from groundwater [60] or 
structures in contact with groundwater [61,62]. For this, members of the 
Tepidiobacillus genus are expected to have adapted to extreme environ
ments and exhibit versatile physiology. Species within this genus are 
moderately microaerophilic, thermophilic bacteria capable of utilizing 
various terminal electron acceptors such as iron oxides (ferrihydrite, 
lepidocrocite), transition metals, nitrate, sulphur, and thiosulphate 
while utilizing different organic and inorganic substrates as the electron 
donors [60–63]. While limited literature is available regarding the 
metabolic capabilities of the Tepidibacillus genus, no corrosion studies 
report its contribution to any corrosion process. Note that, contrary to 
the Tepidibacillus genus, the Bacillus genus has been reported to 
contribute to corrosion processes. However, its low abundance in the 
microbial community makes its participation in the corrosion observed 
in reactor C very unlikely. 

Considering that Pseudomonas sp. was the predominant species in 
both the total and active communities (Fig. 7), it is plausible to attribute 
the MIC rates of carbon steel in this condition to the activities of this 
genus. The highest concentrations of nitrites and dissolved iron were 
found in test C during the test solution monitoring (Fig. 1), indicating 
that Pseudomonas sp. was likely engaged in iron oxidation coupled with 
nitrate reduction, a thermodynamically favourable corrosion reaction 
[59]. This reaction includes several metabolic pathways, some of which 
are described as follows [64]: 

NO−
3 + 2e− + 2H+→NO−

2 +H2O (8)  

NO−
3 + 8e− + 10H+→NH+

4 + 3H2O (9)  

2NO−
3 + 10e− + 12H+→N2 + 6H2O (10) 

Nevertheless, it is important to highlight that the concentrations of 
dissolved sulphides in Reactor C, when compared against abiotic con
trols and the blackening of the test solution, also indicate sulphate/ 
thiosulphate reduction in the presence of the microbial consortium 
alone. Given the potential of both Tepidibacillus and Pseudomonas to 
utilise sulphate/thiosulphate as electron acceptors, the production of 
H2S (Eqs. 11 and 12) represents an additional MIC mechanism in 
Reactor C. However, it is important to note that its impact is considered 
to be lesser than that of nitrate reduction. 

Fe0 +H2S→FeS+H2 (11)  

Fe0 + 2H+ ̅̅→
FeS Fe2+ +H2 (12)  

4.3. Corrosion behaviour in the presence of magnetite and the microbial 
Consortium – Reactor C+M 

This study’s results clearly demonstrated a synergistic corrosion ef
fect between deposits and microorganisms for both sand and magnetite. 
However, this effect was significantly more pronounced with magnetite. 
Despite similar concentrations of corrosive metabolites (sulphides and 
nitrites) observed throughout the immersion period (Fig. 1), comparable 
microbial concentrations at the metal-deposit interphase (Table 2), and 
similar microbial community structures (Fig. 7) between C+M and C+S, 
the acceleration of uniform corrosion and pitting rates was notably less 
pronounced in the presence of inert sand (Figs. 2,3, and 4). This phe
nomenon can be attributed, in part, to the tendency of microorganisms 
to exacerbate pre-existing corrosion mechanisms or amplify baseline 
corrosion processes, clearly evident beneath the magnetite deposit but 
absent beneath the sand deposit (Fig. 2). 

The magnification of magnetite-induced baseline corrosion by the 
microbial consortium is linked to the generation of corrosive metabo
lites during microbial metabolic activities. Chemistry monitoring of 
Reactor C+M revealed the microbial consortium’s involvement in both 
nitrate and sulphate/thiosulphate reduction (Figs. 1A, 1B). During sul
phate/thiosulphate reduction, bacteria generate hydrosulphide ligand 
HS-, which undergoes a reaction with H+ to form H2S. H2S is known to 
rapidly react with metallic iron to form the corrosion product iron sul
phide (Eq. 11) [65]. Similarly, during nitrate reduction, bacteria pro
duce nitrites (as indicated by Eqs. 8, 9, and 10), and the accumulation of 
high concentrations of nitrites on the metal surface can decrease the 
corrosion potential and induce the formation of pits [66,67]. 

In addition to the corrosion promoted by the microbial consortium 
corrosive metabolites, it is essential to consider the plausible role of 
magnetite in facilitating EET [26,28] and, consequently, EMIC. EET is an 
important biological activity observed in many microorganisms isolated 
from environments typically deficient in organic electron donors but 
rich in inorganic substrates, such as mining sites, groundwater, marine 
sediments, and hydrothermal fields [68–70]. It has been proposed as an 
adaptive microbial response to obtain energy in organic-poor anaerobic 
environments and outcompete others for organic electron donors [71]. 
In our study, the lower AEC of sessile bacteria at the metal-deposit 
interphase than those on the bulk deposit (Fig. 6) likely resulted from 
challenging conditions created beneath the 10 mm magnetite layer, 
hindering optimal microbial development. Microbial EET has been 
associated with stressful conditions such as the presence of heavy metals 
[72], extreme pH conditions [73], and carbon source starvation [74], 
some of which might have occurred under the magnetite. In this sce
nario, magnetite could have established a connection between microbial 
cell walls and the metal surface that acted as an electron donor under 
starvation conditions, i.e., Magnetite may have facilitated the use of Fe0 

as an electron donor while utilizing sulphate and nitrate as final electron 
acceptors for microbial metabolism. 

The low microbial concentrations observed at the metal deposit 
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interphase of magnetite and sand compared with those in the bulk de
posits (Table 2) also support the hypothesis of magnetite facilitating 
EMIC. Previous reports have shown that EET supports cell maintenance 
but not cell growth (i.e., cell replication) in anaerobic environments 
with limited carbon sources [71,75,76]. Since both microbial commu
nities (C+M and C+S) were exposed to starvation under a deposit, both 
likely engaged in EET. However, the microbial cells under sand limited 
the number of cells involved in EET to those in direct contact with the 
metal, while in C+M, magnetite even facilitated the use of Fe0 as an 
electron donor for cells located within the magnetite deposit, which 
were distant from the metal. 

Based on the above, the proposed corrosion mechanism in the 
magnetite-microbial scenario can be summarised as follows: 

1) Once the Tepidibacillus, Pseudomonas, and Bacillus sp. biofilm were 
established at the metal deposit interphase, their metabolic activities led 
to the formation of corrosive metabolites, including nitrites, organic 
acids, and hydrogen sulphide, which accumulate at the metal surface 
due to the diffusion barrier created by the magnetite. EDS-SEM results 
suggest the formation of iron oxides, iron sulphides, and iron species 
containing chloride at the metal-deposit interphase (Fig. 5). 

2) Nutrients from the bulk were likely unable to reach the biofilm at 
the metal-deposit interphase, again due to the diffusion barrier pre
sented by the magnetite and nutrient consumption by the sessile bacteria 
in the top layer of the magnetite bulk deposit (Table 2). This finding is 
supported by the AXP results (Fig. 6), which indicate high stress levels in 
the sessile microorganisms in close contact with the metal. 

3) Under starvation conditions, the biofilm may have switched its 
metabolic activity to EET processes [75], facilitated by the presence of 
magnetite as an electron transfer mediator [26,28,77–79]. 

Overall, EMIC, chemical MIC, and abiotic corrosion mechanisms may 
collectively and simultaneously have resulted in the formation and 
propagation of severe pitting and uniform corrosion rates in the pres
ence of magnetite. The reactions involved in this proposed corrosion 
mechanism are summarised in Fig. 8. 

5. Conclusions 

The effect of magnetite in the synergistic action of an oilfield- 
recovered multispecies consortium and deposits on carbon steel corro
sion against sand was investigated. The main findings of the study are as 

follows: 

a. Corrosion testing demonstrated a synergistic corrosion effect be
tween the oilfield-recovered multispecies consortium and deposits, 
including magnetite and sand. In the presence of these deposits, 
uniform corrosion and pitting rates were significantly higher than 
the sum of the rates promoted by the consortium alone, and the 
deposit (M or S) alone.  

b. The synergistic corrosion effect between the microbial consortium 
and deposits was significantly more severe in the presence of 
magnetite than sand. This difference occurred despite both scenarios 
having similar concentrations of corrosive metabolites throughout 
the immersion period, comparable microbial concentrations at the 
metal-deposit interphase, and similar microbial community 
structures.  

c. Uniform corrosion and pitting rates revealed that magnetite induced 
carbon steel corrosion and pitting under abiotic conditions. In 
contrast, inert sand did not exhibit any corrosion effect. While the 
electrical conductivity of magnetite was not measured, its semi- 
conductive nature is likely the contributing factor to this 
phenomenon.  

d. Although the exact mechanism underlying the stimulatory effect of 
magnetite on the synergistic effect of deposits and microorganisms in 
carbon steel corrosion cannot be definitively proven, it can be 
partially attributed to the role of microorganisms in accelerating the 
baseline abiotic corrosion and pitting process initiated by magnetite. 
Furthermore, the high stress levels measured through the AEC ratio, 
associated with low microbial cell concentrations beneath deposits, 
suggest the creation of an environment conducive to EET processes. 
Considering prior research that has demonstrated magnetite’s ability 
to accelerate EET processes, it is plausible that EMIC also contributed 
to the observed severe synergistic corrosion effect in C+M.  

e. The 16 S rRNA profiling, based on DNA and RNA molecules, 
demonstrated that microbial communities responded distinctly to 
the presence or absence of deposits and the type of deposit present in 
each scenario. These findings emphasize the significant impact of 
deposit presence on microbial colonization and community 
composition. 

Fig. 8. Schematic illustration of synergistic corrosion of carbon steel in the presence of the microbial consortium and a magnetite deposit. It should be noted that the 
processes depicted could occur concurrently on corroding metal surfaces; however, they vary in terms of their rates and respective contributions to corrosion. 
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