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ABSTRACT

Multispecies bacterial attachment to carbon steel surfaces is not fully understood; for example, as
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to why the attachment of certain bacteria influences corrosion. In this study, finished steel, A~ 2023

106GB was exposed to a mixed bacterial culture in a batch reactor system at a constant
temperature of 35°C to evaluate the corrosion rate with and without bacterial influence. Cultures
collected from the cooling tower site were exposed to coupons and were grown in a batch
reactor. Atomic force microscopy (AFM) was used to obtain roughness parameters. Surface
morphology and colonisation patterns were observed by scanning electron microscopy (SEM).
16S rDNA sequencing indicated predominance of Pseudomonas sp. and Clostridium sp. on the
rough surfaces. Cell colonisation of surfaces showed no time-related differences, with differences
observed on surface roughness parameters. Intergranular and uniform corrosion was observed.
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The smooth finished steel surface performed best in resisting corrosion.

Introduction

Microbial communities in complex environments typi-
cally exist in syntropic synergy in order to optimise util-
isation of resources. Microbial cultures growing on
metal surfaces can facilitate corrosion reactions and
erosion of surface layers [1]. Bacterial attachment is still
considered one of the challenges in bioengineering
applications mainly due to the complex initial cell
attachment dynamics which involves deposition of exo-
polysaccharides (EPS) and complex interactions across
the cell/biofilm matrices [2,3]. The important factors
that influence initial bacterial attachment to a surface
including the bacterial cell in a planktonic state are the
cell appendages, pH and temperature, attachment pro-
teins and EPS excretion [4]. Following the attachment
stage, multiplication and division of the bacteria will
commence and this adds to the build-up of the biofilm.
EPS is the driving factor of biofilm formation in most
cases [5]. Biofilm formation begins with the genetically
mediated deposition of EPS which creates a protective
layer for bacteria that eventually use the near surface
ecosystem as a niche [6]. Bacterial attachment on

metallic surfaces have shown to affect the corrosion
kinetics either by corroding or protecting the steel, it
was reported that during early bacterial attachment
stages high corrosion rates are observed [7,8]. Due to
the accelerated corrosion and downtime experienced in
the petrochemical environment, it is crucial that early
colonisers are understood.

An industrial study by Prithiraj et al. [9], demon-
strated that attachment of a mixed bacterial culture had
an influence on the corrosion rate of industry standard
steel. Zhu et al. [10] further challenged that the attach-
ment of specific species to industry finished steel
together with bacterial metabolic functioning could
influence the corrosion rate. The industrial study con-
ducted by Zhu et al. [10] posited that Pseudomonas sp.
and Clostridium sp. were capable of producing organic
acids thereby accelerating corrosion rate. In an environ-
mental corrosion study conducted by Procépio [11], it
was evidenced that Firmicutes (Clostridium sp.) were
responsible for high corrosion rates on steel. However,
these studies did not investigate and identify the pref-
erential attachment of these species to a surface.
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Surface modifications to reduce attachment of bac-
terial cells to a surface have been studied for decades
across different fields. A recent study on metallic bio-
materials gave insight on antipathogenic surface mod-
ifications to control infections in humans and
highlighted that surface area and roughness signifi-
cantly increases bacterial colonisation and biofilm for-
mation [12,13]. Other studies showed the efficacy of
marine bacteria Cobetia marina and seaweed spores
Ulva linza in facilitating colonisation and potential
impacts on corrosion of metallic surfaces [14]. Some
studies also evaluated attachment of a few strains of
bacteria to a rough or smooth surface, and results
were rather inconsistent [8,15].

There is limited research that has been conducted
on the preferential attachment of a mixed bacterial
culture to industrial standard steels, which contributes
to corrosion in the petrochemical environment. Two
specific works in dentistry studied multispecies coloni-
sation on rough and smooth finished dental material
[16,17]. These studies used different methods to evalu-
ate surface roughness and the results were rather con-
trasting from each other.

Electron microscopy and confocal laser scanning
microscopy have been traditionally used to count bac-
terial cells at the surface [17]. However, all of these
methods are imprecise, indirect and tedious [18]. There
are reports of single-strain bacteria exposed to a given
surface for a short period of time which allows for visi-
bility of the bacteria under the microscope [19].
However, these conditions do not reflect a multispecies
system. 16S rDNA sequencing with qPCR was used in a
study by Park et al. [17] to quantify bacterial cell attach-
ment to a surface. Third-generation sequencing can also
give more insight into microbial species colonising steel.

The latest development in atomic force microscopy
(AFM) offers new opportunities in characterising sur-
faces [18] by examining bacterial attachment and sur-
face roughness at atomic, nanoscale and microscale
levels. Although time consuming, AFM is able to quan-
titatively evaluate a given surface.

It is important to understand how multiple bacterial
species interact and attach to the steel specifications
to recommend an optimum surface finish and cut
costs. This study used third generation sequencing
together with absolute gPCR and AFM to provide new
insights into bacterial colonisation of industry finished
carbon steel tube material. This study establishes for-
mative standards when implementing new tube bun-
dles in heat exchangers used for cooling water service,
and broaden the comparison to literature, while pre-
senting a better understanding of multispecies coloni-
sation to surfaces. The study also highlighted key role

players responsible for corrosion in the petrochemical
industry.

Materials and methods
Experimental set-up

A stainless-steel perforated mesh designed to collect
bacteria, with dimensions 0.178mm x 12.7mm x
76.2mm was inserted in situ as a coupon rack in a
cooling tower circulation pipeline at the petrochemical
plant in South Africa (Supplemental Figures S1 and
S2). The mesh was left in place for a period of
11 months. Cooling water was directly transported
from the cooling tower to the coupon rack at low
flow. The coupon rack was designed to hold only one
biofilm mesh. The mesh was removed from the cou-
pon rack using sterilised tweezers and inserted in a
sterile sample bag containing the cooling tower water.
The bag with the mesh was transported to an on-site
microbiology laboratory. Upon arrival at the laboratory,
the mesh was immediately transferred into a batch
reactor containing autoclaved prepared media with
sterilised carbon steel alloys.

Bacterial cultivation

The batch reactor was placed in an incubator equipped
with a thermostat and set at a constant temperature
of 35°C to simulate the cooling tower temperature
conditions. The bacteria on the coupon surfaces were
grown anerobically and the batch reactor was only
opened to remove the alloys, however, cooling towers
operate as open systems. Modified batch mineral
medium was prepared from 0.501g KH,PO,, 1.000g
NH,CI, 4.502g Na,SO, 0.005g CaCl,.2H,0, 0.062g
MgS0O,.7H,0, 12.012g 50% solution sodium lactate,
1.001g yeast extract, 0.004g FeSO,.7H,O, 5.002g
Na;C,H;O, sodium citrate mixed in 1.00L distilled
water to simulate the mineral rich water quality of
river water fed to the cooling towers with minimal
carbon sources. The initial pH of 6.52 was adjusted to
7 using 5M NaOH. The adjustment of pH was con-
ducted for consistence with other studies on the
impact of metal finish on bacterial attachment [10].
Day 3, 6 and 13 were chosen for this study based on
the growth phases (lag, exponential and death) from
previous bacterial growth rate studies [20].

Alloy preparation

Carbon steel coupons, measuring 1cm by 1cm, were
polished to two different finishes. The rough and smooth
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surfaces were polished to 400 grit finish using silicon
carbide waterproof paper and 3-micron polish, respec-
tively. The coupons were polished using an Automatic
Polishing Machine (Struers Tegramin-30, United States,
Cleveland, Ohio) for 3min, using a force of 35N at 300
revolutions per minute. Carbon steel alloys were fas-
tened on cable ties, rinsed with acetone and steril-
ised for 1h using 70% ethanol. All work was conducted
under a laminar flow hood. The fastened coupons were
inserted into the batch reactor containing the media
inoculated with a mixed bacterial culture. Coupons were
rinsed three times to remove loosely attached bacteria
before evaluation under the microscopes.

Surface study

The morphological properties of the uncoated sam-
ples (in a hydrated state) as well as the elemental
composition and distribution mapping of the surface
in abiotic (without bacteria) and biotic (with bacte-
ria) conditions were studied using a Crossbeam 540
scanning electron microscope (Oxford Instruments,
Zeiss Gemini 2), with an accelerating voltage of 5kV
coupled with an energy dispersive X-ray (EDX). The
hydrated bacterial coupons were dried by placing on
a paper towel (to absorb any excess media dripping
from the coupon) on the side that was not scanned
and were transferred to a platform (stage) for scan-
ning. AFM was conducted on smooth and rough sur-
faces before and after exposure on the multispecies
biofilm over 3, 6 and 13days on alloy A to obtain
roughness parameters. Five fields of vision were
evaluated on each coupon and standard deviations
were obtained based on the mean. Some coupons
were easier to scan than others (dependent on sur-
face roughness). The samples were studied in a
Bruker Dimension Icon AFM with ScanAsyst
(Germany). A micro-Raman Confocal Microscope
(WITec Alpha 300 RAS+, Germany) was used to char-
acterise corrosion products on the surface with the
multispecies biofilm layer. The Raman was config-
ured at a 532nm laser at a laser power of 0.102mW
and an integration time of 15min. The FTIR spec-
trum was measured using Fourier Transform Infrared
spectroscopy (FTIR) (Spectrum 65, Perkin Elmer,
Waltham, Massachusetts, United States) in the range
of 4000-1500cm~". The sample was placed directly
under the probe to obtain the spectra, without coat-
ing the sample. The wavenumber was determined
for areas where peaks were observed. Raman spec-
troscopy analysis has been established as a reliable
instrument for corrosion studies either in single layer
or multi-layer surface characteristics evaluation [21].
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Similarly, FTIR in transmission mode is able to give
more information about the exposed steel due to
the penetration of the infrared radiation from the
probe and a non-destructive technique.

Separate alloys (six alloys) for 16S rDNA analysis
were removed under the laminar flow hood. Alloys
were gently rinsed 3 times with sterilised distilled
water to remove loosely attached bacteria and
swabbed on the polished side (middle of the coupon)
using a sterile swab. The sterile swab tube was sealed
with parafilm and stored in a freezer for 13 days before
analysis was conducted. This was done to identify the
early (day 3), middle (day 6) and late colonisers (day
13) on each surface.

Species identification

Genomic DNA (gDNA) extraction of the bacterial swabs
was done by using ZymoBIOMICS DNA Mini-preparation
kit, D4300 Zymo (Zymo Research). The extracted gDNA
was amplified in a PCR (Polymerase chain reaction)
machine (Eppendorf Mastercycler Nexus Gradient),
using a universal primer pair 27F and 1492R as previ-
ously described [22]. This was done in order to target
the V1 and V9 region of the bacterial 16S rDNA gene.
The resulting amplicons were barcoded with Pacbio
M13 barcodes for multiplexing through limited PCR.
The resulting barcoded amplicons were quantified and
a pooled equimolar and AMPure PB bead-based purifi-
cation step was then performed. The PacBio SMRThbell
library was prepared from the pooled amplicons fol-
lowing the manufacturer’s protocol. Sequencing primer
annealing and polymerase binding was done following
the SMRTlink software protocol to prepare the library
for sequencing on the PacBio Sequel lle system [23].

Samples were sequenced on the Sequel system via
Pacbio software. Raw subreads were processed through
the SMRTIlink (v9.0) software and usearch. The taxa-
nomic information was determined based on the
Ribosomal database project 16s database v16. The
taxa classification percentage abundance reports were
created using an inhouse python script. Highly accu-
rate reads were processed via Circular Consensus
Sequences (CCS) and Vsearch software to produce a
metagenomic report with species read count and per-
centage abundance.

Another set of six alloys from the same media were
gently rinsed and swabbed under sterile conditions
and used to obtain bacterial levels on the surface. The
quantitative polymerase chain reaction (qPCR) was
used. The standard curve (Supplemental Figures S3
and S4) was generated using a serial dilution of the
pPGEM-T plasmid from 0.1ng to 0.1 fg.
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The gPCR was then performed in 96 well plates
with Luna Universal gPCR Master Mix (New England
Biolabs, Ipswich, MA, USA) using dye-based gPCR
assay. Each reaction contained 1pul of DNA template,
0.25um forward (TCCTACGGGAGGCAGCAGT) and
reverse (GGACTACCAGGGTATCTAATCCTGTT) primers
and 1 X Luna Universal gPCR Master mix (NEB M3003).
The reactions were run on a CFX96 Real-Time PCR
System (Bio-Rad) following a three-step PCR program.
The cycling conditions were 1 X (95°C for 5min), 40 X
(95°C for 10s; 60°C for 155 and 72°C for 20s) followed
by a melt curve analysis (Supplemental Figure S5) from
60°C to 95°C in 0.2°C increments. Three technical rep-
licates were run for each DNA sample (Supplemental
Table S1). Amplification of different input templates
were evaluated based on the quantification cycle (Cq)
value. The absolute copy number was calculated using
the formulas in the supplementary file. The average Cq
values were plotted against the absolute copy number
of standards and standard curves which were gener-
ated by a linear regression of the plotted points
(Supplemental Figures S3 and S4). The absolute copy
number for the bacterial strains was calculated based
on the standard curve.

Corrosion rate

Duplicate batch systems were used to evaluate corro-
sion of carbon steel grade A: A 106 GB. One of the sys-
tems was inoculated with bacteria and the other one
was without bacteria. Equation 1 was used to deter-
mine corrosion rate (mm/y) using NACE standards
169-2000 Item no0.21200, ASTM G1-72 [24] and ASTM
D2688-70 [25]. These laboratory methods and stan-
dards are used for preparing, cleaning, and evaluating
corrosion test specimens, and testing for corrosivity of
water in the absence of heat transfer (weight loss
methods).

(W, —W,)x365x100
p.. At

Cr= (M

where Cr is corrosion rate (mm/y), W, is the initial
weight of coupon (g), W, is the final weight of coupon
(9), p. is the coupon density (g/dm3), A is the surface
area (dm?) and t is time in days. Six carbon steel alloys
were initially weighed and placed in the batch reac-
tors. The cleaning and weighing process after media
exposure was conducted by placing the alloys in 32%
HCl solution for 25min with 0.34mL Armohib corro-
sion inhibitor as well as 10% caustic solution to obtain
the final weight. Coupons were further soaked in ace-
tone and brushed lightly with a soft brush under

flowing water after every treatment and dried at 105°C
before weighing. The soft brush was used to remove
any visible biofilm or corrosion product on the surface.

Etching of the alloy

Microstructural analysis of a separate alloy A 106 GB
was conducted conforming to standards ASTM 407
and ASTM E3 [9]. The specimen was mounted with a
multifast Phenolic hot mount resin using a Struers
mounting press (CitoPress — 15, Ballerup, Denmark) set
at 180°C. The mounted carbon steel alloy was pol-
ished with a polish disc from 220 grit to 1200 grit and
cleaned with acetone. To reveal the microstructure, the
alloy was etched by immersing in nital (2mL HNO,
and 98mL ethyl alcohol) for 15s, then cleaned with
water and acetone and observed under an optical
microscope (Nikon Eclipse MA 200, Tokyo, Japan).

Statistical analysis

Mean values and corresponding 95% confidence inter-
vals were calculated to determine the difference
between rough and smooth surfaces at respective
bacterial colonisation times. Time-related differences in
roughness values were determined with a paired t-test.
One-way analysis of variance (ANOVA) was performed
on the surface finishes and corrosion rates to establish
differences between the differently finished alloys.
Significance was set at 95%. The bacterial species
abundance was evaluated using Permutational analysis
of variance (PERMANOVA) in PRIMER 7. The analysis
was conducted to determine the differences in bacte-
rial species abundance between sample surfaces.
Percentage data was transformed using the square-root.
The resemblance and PERMANOVA design was con-
ducted using the Bray-Curtis similarity, unrestricted
permutation method. The linear relationship between
species abundance and corrosion rate was evaluated
using Pearson’s correlation and regression to obtain
significance. Significance was set at 95%. One-way
ANOVA was performed on the absolute copy number
to obtain the difference in bacterial levels between the
rough and smooth surfaces.

Results
Bacterial colonisation

The first step was to analyse the bacterial colonisation
on the surfaces. Bacteria could be visualised by SEM
on day 3. Table 1 presents the surface assessment of
the bacterial species abundance using rDNA gene
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sequencing. The early, middle and late colonizers are
presented for rough and smooth surfaces. In this study
there were no significant time-related differences in
the colonisation for both surface finishes p (perm)>0.05.
Further to this, the absolute gqPCR results showed no
significant time-related differences (p>0.05) in bacte-
rial levels for both surface finishes.

During the early stages of attachment (Table 1), the
abundance of Clostridium sp. was higher on the rough
finished surfaces with a species abundance of 80.25%,
than on the smooth surfaces with a species abun-
dance of 77.76%. Clostridium sp. attachment may be
higher on the rough finished surface due to friction at
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the surface and larger surface area. Scratches and
grooves observed on the rough surface range from
about 1-1.5um (Figure 1b), whereas the bacteria gen-
erally have a width of about 0.5um. This then would
enhance the attachment of cells to the surface [13,17].
The topographical dynamics of the rough and smooth
surfaces are produced by the grit size of the silicon
carbide paper and polish, making the surfaces dis-
tinctly different; the smooth surface indicated scratches
of about 0.5um (Figure 1a) or less. Several species of
the Clostridium genus contributed to biofilm develop-
ment and possessed metal-related metabolic activities,
initiating attachment to the steel surface at early

Table 1. Bacterial abundance on the alloy surface determined by rDNA gene sequencing, with top 5 species.

Species read

Species read

Species read

Smooth surface* count %" Smooth surface* count %t Smooth surface* count %!

Total early 1425 100 Total middle 9315 100 Total late 9522 100
colonisers (day 3) colonisers (day 6) colonisers (day 13)

Clostridium 804 56.42 Unknown 3979 4272 Desulfotomaculum 4548 47.76
intestinale aeronauticum

Clostridium 155 10.88  Clostridium butyricum 2427 26.05  Pseudomonas 3293 34.58
butyricum

Clostridium 149 10.46 Clostridium 1219 13.09 Unknown 473 497
metallolevans metallolevans

Unknown 123 8.63  Clostridium intestinale 489 5.25  Clostridium butyricum 338 3.55

Streptococcus 50 3.51 Methylobacterium 187 2.01 Sedimentibacter 233 245

adhaesivum
Other species** 144 10.1 Other species** 1014 10.88  Other species** 637 6.69
Rough surface* Species read %' Rough surface* Species read %! Rough surface* Species read %!
count count count

Total early 2486 100 Total middle 9002 100 Total late 9767 100
colonisers (day 3) colonisers (day 6) colonisers (day 13)

Clostridium 986 39.66  Pseudomonas 2816 31.28  Comamonas 8913 91.26
metallolevans

Clostridium 702 28.24 Unknown 1975 21.94  Desulfotomaculum 161 1.65
intestinale aeronauticum

Clostridium 307 1235  Clostridium butyricum 1830 2033 Unknown 159 1.63
butyricum

Unknown 229 9.21 Clostridium 854 9.49 Delftia 98 1.00

metallolevans
Pseudomonas 71 286  Clostridium intestinale 422 469  Psuedomonas 55 0.56
Other species** 191 7.68  Other species** 1105 12.27  Other species** 381 3.90

*The P-value among both groups were determined to be p(perm) >0.05. T Species percentage abundance. **Other individual bacterial species amounting

to less than 1 % and attached to the alloy surface.

Figure 1. Three-dimensional representation of the Atomic Force micrographs of mechanically polished 3 micron (a) and 400 grit

(b) finished surfaces.
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attachment stages [26]. A global distribution of the
16S rRNA sequence determined for Clostridium intesti-
nale (Table 1) was found in animal, aquatic, soil and
plant samples (Sequence accession number: X76740).
Streptococcus representatives were observed on day 3.
Frequently seen bacteria on the surfaces were
Clostridium sp., however, Pseudomonas sp. were
observed on day 3 and day 6 and favoured the rough
finished surface (400 grit). Pseudomonas sp. were
observed only in the later attachment stages on the
smooth surface). The presence of bacterial species
Desulfotomaculum aeronauticum and Delftia at the late
stages, infers that their presence may not directly
impact steel corrosion at early stages. Comamonas sp.
were evident only on day 13 rough surface and almost
fully colonised the surface (91.26%). The abundant
Clostridium sp. was reported to produce organic acids
associated with corroding metals (Procopio 2021; 27].
A large number of unknown species (42.72%) were
observed on the smooth surface during middle
colonisation.

The results failed to reject the null hypothesis where
p(perm)>0.05, therefore there were no significant
time-related differences in colonisation and bacterial
levels (p>0.05) on rough and smooth finishes. During
initial colonisation (day 3), surface roughness had an
influence on bacterial colonisation. The abundant
Clostridium sp. representatives were more prevalent on
the rough finished surface (Table 1). This suggested
that during initial colonisation, bacteria attached to
the substrate. Middle and late colonising bacteria may
attach to the already present biofilm and bacteria.
Surface finish no longer becomes the influencing fac-
tor, due to growth and maturation of the biofilm
which is formed rapidly [17]. The results highlighted
the importance of conducting third generation
sequencing, and identifying the key role players at
early stages which preferentially attached to the steel
surface. Plots on the dependence of bacterial attach-
ment extent as a function of surface roughness is pre-
sented in Supplemental Figures S6 and S7. In light of
the findings, this study can be seen in the general

Table 2. Mean surface roughness parameters before and after
bacterial exposure.
After exposure Root

After exposure Root

Smooth mean square Rq Rough mean square Rq
finish* (nm) finish* (nm)

Day 0 8.68+1.24 Day 0 39.16+15.87
Day 3 114.67 £10.69 Day 3 70.70+2.1
Day 6 55.81+11.70 Day 6 260.83+31.35
Day 13 31.25+4.61 Day 13 490.33+121.32

*The p-values among both groups were determined to be <0.05 and
Student’s t-test showed significant differences. (N=3/group). Scan size of
10pm.

context as similar findings were observed in a multi-
species study in the field of Medical Dentistry [16
and 17].

Quantitative assessment of the surface

Table 2 presents the root mean square (RMS) rough-
ness values of alloy A before and after bacterial expo-
sure in the batch reactor media. One-way ANOVA was
conducted over 3, 6 and 13days to determine
time-related differences among the groups. On the
smooth surface, the RMS roughness increased from a
value of 8.68+1.24nm (before bacterial exposure) to
114.67 £10.69nm (after bacterial exposure) because of
initial bacterial attachment and biofilm development.
However, on the rough surface during initial colonisa-
tion, the RMS roughness value was lower than the
smooth surface with a value of 70.70+2.1nm. This
gives indication that bacteria had likely started form-
ing biofilm rapidly on the rough surface compared to
the smooth surface, thereby producing a smoother
surface initially. The presence of bacteria on a surface
can give a more irregular surface finish, as the spaces
between them would not be filled. This was visualised
using SEM on day 3 (see below). This gives more
insight into the stages of multispecies biofilm forma-
tion on a particular surface and future work on biofilm
structures may be considered. The ANOVA test gave a
p value of p<0.05, which rejected the null hypothesis,
indicating that there was a significant time-related dif-
ference in roughness parameters on the smooth and
rough finished surfaces. A Student’s t-test further con-
firmed that there were significant differences among
rough and smooth groups. This concludes that multi-
species colonisation with a p value of p(perm)>0.05 is
not proportional to surface roughness with a p value
of p<0.05. Similar observations were reported in a
multispecies study by Park et al. [17].

Morphology of the rough and smooth surface

Figure 1a and b depict the AFM three-dimensional
images of the smooth and rough finished alloys before
bacterial exposure. SEM images before bacterial expo-
sure are depicted in Figure 2a and b. Figure 3 presents
the SEM images of the alloy after exposure to bacterial
media. On day 3, the smooth finished alloy showed a
significant increase in roughness, which was observed
by qualitative assessment (Figure 3a). The attached
bacterial cells were randomly orientated on the sur-
face and not parallel to the polishing scratches. For
the rough surface on day 3, the RMS roughness was
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found to have increased from the unexposed value of
~39.16+£15.87nm to 70.70+£2.1nm. Visually, the SEM
images showed a smoother surface where few bacteria
could be observed. On day 6 and 13, the rough sur-
faces exhibited a further increase in RMS roughness
values (Table 2), which may be attributed to the com-
plex biofilm structures including motile bacteria
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dispersed on the surface of the biofilm. This was evi-
denced by SEM images in Figure 3f. The lower RMS
roughness values seen on these days on the smooth
surfaces (Figure 3c and e) did not show presence of
motile bacteria, inferring a smoother surface.

The microstructure of the unexposed alloy A (Figure
4) was compared to the SEM images in Figure 5, where

Figure 2. Representative SEM images of smooth (a) and rough (b) alloy surfaces.

Figure 3. Scanning electron micrographs depicting the smooth surface on day 3 (a), day 6 (c) and day 13 (e) and rough surfaces

on day 3 (b), day 6 (d) and day 13 (f).
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the bacterial biofilm and corrosion products were
cleaned from the rough and smooth surfaces and
revealed intergranular and uniform corrosion. Figure 6
depicts the abiotic samples after the surface was
cleaned. Figure 5a, c and e depicts the smooth surface
revealing intergranular corrosion. This can be visually
observed along the grain boundaries [9]. This was
seen on day 3 with some damage to the grains. When
compared to the abiotic system intergranular corrosion
was not observed on day 3, the lamellae were clearly
visible in the perlite (Figure 6a). On day 6, the grains
and grain boundaries were visible in some areas of the
samples exposed to bacteria, and intergranular attack
could be observed (Figure 5c¢). In the abiotic system,
there was no damage observed on the surface and
the lamellae were still visible on day 6 and day 13. In
the biotic system on day 13, the grain boundaries
were more visible in comparison to day 6, with certain
areas of localised attack to the grain. On the rough
finished surfaces (Figure 5b, d and f), uniform corro-
sion was observed from day 3 and intergranular corro-
sion was observed with attack to the grain in a
localised area (Figure 5b and f). This coincided with
the colonisation data on day 3 (Table 1) and SEM
images (Figure 3a and b). On the rough finished sur-
faces on day 3, 6 and 13, the type of corrosion was
more uniform over the entire surface (Figure 6b, d and
e). On day 13, the lamellae in the perlite could still be
observed with some damage. Elemental analysis may
shed some light on the compositional changes in the
steel, as discussed below.

Figure 4. Scanning electron micrograph of the original etched
alloy A (without batch media exposure) revealing the perlite
(dark area) and ferrite (light area) phases. The lamellae can be
seen in the perlite.

Elemental mapping

An elemental analysis was conducted on the alloy
without exposure to batch media, conforming to ASTM
E415 standards (Table 3). This was also done to con-
firm the grade of steel used in this study. A general
observation was made on the carbon content. Before
bacterial exposure, the carbon values for alloy A, in
weight percent, were determined to be 0.19%, with
iron being 98.29%. An elemental analysis using EDX on
the SEM was then conducted after bacterial exposure.
Considering the sensitivity of the instrument, this
method was only used to indicate the presence of the
elements. The carbon values for alloy A were observed
to be 7.23% on day 3, 12.18% on day 6 and 8.52% on
day 13 (Table 3). After removing the biofilm from the
surface, EDX detected carbon at about 10% on day 6
(Table 4). In the abiotic system, carbon was 7.10% on
day 6. The presence of the high carbon element
detected by EDX analysis is commonly detected in bio-
films as a principal component of bacterial cells.
Moreover, metals are able to adsorb organic molecules
such as yeast extract. The original iron content in Table
3 (before exposure 98.29%) was compared to the iron
content after bacterial exposure (Table 4). Iron had
depleted to a value as low as 46.91% on day 13. When
compared to the abiotic system, iron was observed to
be 90.06%. Balamurugan et al. [28] reported a similar
minimum value in the firewater system containing
iron-reducing bacteria (IRB) known as Pseudomonas sp.
Among the other elements in the multispecies biofilm,
sulphur was seen at the highest value of 1.9%, phos-
phorus at 0.33% on day 3, then further depleted to
0.11% on day 13.

The change in material composition in some
instances may be attributed to the decreased sensitiv-
ity on the material due to the presence of the multi-
species biofilm. Elements such as phosphorus, sulphur
and chloride together with organic acids produced by
bacteria are known as corrosion initiators.

Corrosion rate

The corrosion rates (Table 5) were high when the alloys
were exposed to bacteria. The smooth surfaces of alloy
A were seen to perform best in this system when
exposed to the bacteria. There were overall reduced
corrosion rates on day 13. Although Clostridium sp. was
prevalent on all surfaces, Pseudomonas sp. were identi-
fied on the rough surfaces on day 3 and day 6. No sig-
nificant differences in corrosion rates were observed
(p>0.05) in both rough and smooth groups. However,
when conducting ANOVA only on day 6 rough and
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Figure 5. Scanning electron micrographs after cleaning the bacterial biofilm and corrosion products on the surfaces, depicting
the smooth surface on day 3 (a), day 6 (c) and day 13 (e) and rough surfaces on day 3 (b), day 6 (d) and day 13 (f). Intergranular

corrosion is indicated by the white arrows.

smooth surfaces, there was a significant difference
observed (p<0.05). It was observed that the increase in
biofilm RMS roughness did not necessarily result in
high corrosion rates of steel at different periods of
exposure. This was evidenced by the RMS roughness
values in Table 2, where a high RMS roughness value
of 490.33+121.32nm on the rough surface on day 13,
showed lower corrosion rates as seen in Table 5. The
RMS roughness value (260.83+31.35nm) on day 6 gave
a higher corrosion rate on the rough surface when
compared to day 13. For the smooth surface on day 3
the RMS value was 114.67+10.69nm with a corrosion
rate of 2.25mm/y however, on day 13 the RMS rough-
ness observed (31.25+4.61nm) gave a lower corrosion

rate (0.24mm/y). More understanding into the spatial
distribution and multispecies biofilm development on
surface finishes as seen in Supplemental Figure S8, and
its impact on the corrosion rate is required. The correla-
tion and regression analysis of the species abundance
and corrosion rate proved that there was no significant
(p>0.05) linear relationship between smooth and rough
surfaces.

There was an increase in the corrosion rates of the
alloys when exposed to the bacterial media on days 3,
6 and 13 (Table 5), when compared the abiotic system.
However, some grades of steel exhibited unusual corro-
sion behaviour on certain days. This challenges the
hypothesis that an increase in corrosion rate would be
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Figure 6. Scanning electron micrographs after cleaning the corrosion products on the abiotic surfaces, depicting the smooth
surface on day 3 (a), day 6 (c) and day 13 (e) and rough surfaces on day 3 (b), day 6 (d) and day 13 (f).

expected in a bacterial system. In the abiotic system,
the rough alloy on day 3 exhibited higher corrosion
rates when compared to the abiotic smooth alloy on
day 3. This occurrence was reported in a study by Kim
et al. [29], where it was evidenced that increased sur-
face roughness without microbial influence may also
have an effect on the corrosion of steel. However, not
as substantial as in a system with bacteria. On the con-
trary, in the presence of bacteria, the smooth surface on
day 3 indicated higher corrosion rates when compared
to the rough finished surface on day 3. This indicated
corrosion resistance and was observed to be the

attachment and formation of biofilm by Pseudomonas
sp. on day 3 (Table 1). Whereas, Pseudomonas sp. was
not identified on the smooth surface. Biofilm formation
on the rough finished surface was supported by the
SEM images on day 3 (Figure 3b). There was an instance
of mass increase rather than the expected mass decrease
observed on smooth alloy A on day 6 (-96.5mm/y).
This behaviour was not observed in the abiotic system
and showed stable corrosion rates of 0.32mm/y. The
mass increase observed may be due to carbon-metal
bonding by acetogenic and hydrogen-producing spe-
cies (Clostridium sp.) forming covalent bonds with iron.



Table 3. Elemental composition of smooth alloy A (without
batch media exposure) and after bacterial exposure in the
biotic system (with biofilm) on days 3, 6 and 13.

Alloy A after Alloy A after  Alloy A after
Alloy A exposure on exposure on  exposure*on
before day 3*(with day 6*(with  day 13*(with
Elements exposure* biofilm) biofilm) biofilm)
C 0.19 7.23 12.18 8.52
Fe 98.29 74.60 57.15 58.51
Si 0.26 0.22 0.21 0.17
Mn 0.87 0.00 0.00 0.93
P 0.00 0.33 0.56 0.1
S 0.00 0.24 0.33 1.89
Cr 0.10 0.00 0.00 0.00
Mo 0.10 0.00 0.00 0.00
Ni 0.02 0.24 0.27 0.27
Al 0.03 0.00 0.00 0.00
Cu 0.01 0.00 0.00 0.00
Nb 0.02 0.00 0.00 0.00
Ti 0.01 0.00 0.00 0.00
v 0.03 0.00 0.00 0.00
cl 0.00 0.02 0.01 0.00
K 0.00 0.03 0.11 0.00
W 0.05 0.00 0.00 0.00
Na 0.02 0.47 0.78 0.00
0 0.00 16.60 28.27 29.60
Ca 0.00 0.03 0.14 0.00
Total 100 100 100 100

*Units indicated in Weight %.

Table 4. Elemental composition of the smooth alloy a of the
cleaned abiotic surface (control) and cleaned biotic surface
(without biofilm).

Alloy A Alloy A Alloy A
Alloy A Alloy A Alloy A after after after
abiotic  abiotic  abiotic exposure exposure exposure
system  system  system onday onday on day
onday onday on day 3* 6* 13*
3* 6% 13* (without  (without (without
Elements (cleaned) (cleaned) (cleaned) biofilm) biofilm)  biofilm)
C 7.19 7.10 5.95 8.08 9.94 9.05
Fe 84.66 86.71 90.06 84.65 60.2 46.91
Mn 0.83 0.85 0.97 0.82 0.67 0.61
0 7.32 535 3.02 6.45 29.1 43.4
Total 100 100 100 100 100 100
*Units indicated in Weight %.
Table 5. Corrosion rates for alloy A.
Without Without
bacterial With bacterial bacterial With bacterial
Smooth exposure exposure exposure exposure
Alloy A (smooth)* (smooth)* (rough)* (rough)*
Day 3 0.31+0.04 2.25+0.13 1.02+£0.054 1.7+0.02
Day 6 0.32+0.15 -96.5+0.17 0.40+0.02 38.7£0.15
Day 13 0.29+0.03 0.36+0.13 0.24+0.02 1.20+0.05

*Units indicated in mm/y. p>0.05.

Enzymes may direct the hydrogen and carbon dioxide
produced by the bacteria into the acetogen metabolism
where the enzyme active sites share carbon-metal
bonds. Carbon-metal bonding in steel was reported by
Martin [30]. It is also to be noted that in addition to the
carbon-metal bonding phenomenon, surface sensitive
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IR such as FTIR may be used to detect C-Fe bonds to
further prove the presence of these bonds.

For rough alloy A exposed to bacteria on day 6, the
highest corrosion rate was observed with a value of
38.7mm/y. This was a significant increase in corrosion
rate compared to the low corrosion rate of 0.40mm/y
observed in the system without bacteria. This sup-
ported the SEM images in Figure 5d, where a combi-
nation of intergranular and uniform corrosion was
seen over the entire surface. Alloy A smooth finished
steel had shown to perform better than the rough fin-
ished surfaces.

Corrosion products analysis

The evaluation of corrosion products on a carbon steel
surface, gives insight on how bacterial attachment and
excretion of organic acids play an important role in
the corrosion process. Table 6 and Figure 7 present the
Raman spectroscopy results of the alloy surface, which
indicates three corrosion products including possible
corrosion product mackinawite with the respective
spectral peaks. The three corrosion products observed
by the Raman spectra were lepidocrocite, goethite and
magnetite. A phase transformation of lepidocrocite to
goethite was observed in this study from day 3 at
250cm™'. This phase transformation on carbon steel
was observed in a study by Balamurugan et al. [28].
Lepidocrocite was not easily evident on day 3 from
the Raman spectra and rather from Figure 7 insert (a).
Figure 7 insert (a) revealed lepidocrocite on the sur-
face on day 3, which was characterised as sharp
flower-like structures protruding from the surface, and
a similar observation was reported by Thalib et al. [36].
On day 13 lepidocrocite could be seen at intense
peaks of 375 and 1308 cm™', and was also observed on
day 6 at 385cm~"; however, peaks were not intense. It
can be deduced that there is a mixture of lepidocroc-
ite and goethite on day 13 possibly due to the phase
transformation. Magnetite was seen more intensely on
day 13 from Figure 7 insert (b) taking on the shape of
dark, flat discs; this was observed by the Raman shift
of 660cm™"'. Magnetite peaks only started to form from
day 6 and was observed as intense peaks on day 13.
This was particularly observed from the SEM images
(Figure 5e), where intergranular attack was alleviated
on the smooth surface (day 13) and some grain
boundaries were still visible. This means that the mag-
netite layer protected the steel surface from further
corrosion. There were no magnetite peaks observed
on day 3, which further infers that higher corrosion
rates could be expected from day 3 and 6 (Table 5).
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Table 6. Corrosion products formation of alloy a after bacterial exposure.
Wavenumber (cm™") Values close to reference

Corrosion product Exposure time in days observed in this study below Notes
Lepidocrocite (y- FeOOH) Day 3 (no Raman peak, 375cm™!, 1308cm™'  Antunes et al. [31] Kartsonakis and Charitidis [32], reported
deduced from SEM (Figure values of 393cm™".

5), and day 6, day 13
(most intense bands)
Goethite (a -FeOOH) Day 13 (Sharp intense peak) 250cm™’ Genchev and Erbe [33] and Kartsonakis and Charitidis [32], reported a
Mackinawite and day 6 (not intense). Leban and Kosec [34] value of 273 cm~" for geothite.
Genchev and Erbe [33], reported
253cm™" for mackinawite.
Magnetite (Fe;0,) Day 6 and day 13 (very 688cm~", 660cm™"  Colomban et al. [35], Kartsonakis and Charitidis [32], reported a
broad) Antunes et al. [31], value of 683cm™".
Genchev and Erbe [33]

Figure 7. Raman spectra of smooth alloy A after exposure on day 3, 6 and 13, with inserts indicating lepidocrocite (a) and mag-
netite (b).

Iron-reduction by Clostridium sp. and Pseudomonas  Key functional groups
sp. were probably involved in the formation of Fe,O,
(Magnetite). Organic acids played an important role, as
described by Equation 2 [37]. The presence of the acid
can be confirmed by the Fourier transform infrared
spectroscopy results and, will be presented in the next
section.

FTIR has been used to study films on alloy surfaces by
the absorption and transmission of infrared radiation;
molecular fingerprints can be obtained. In this study,
the transmission mode was used to obtain the spectra.
The higher energy region (higher than 1500cm™'), can
be used to determine the presence of functional
CH,COO" + 8Fe(OH), —> 8Fe** +150H +2HCO; +5H,0 groups in a molecule. The results in Figure 8 and Table
7 indicated that there were only slight differences in

)] peak intensity over day 3, 6 and 13, where day 13



showed more intense peaks of carbonyls. There was an
intense peak of acetylenic compounds observed
on day 3.

It was observed that acetylenic compounds in the
form of acetic acid were detected most intensely on
the surface of the alloy from early stages of exposure
(day 3 and day 6), in the region of 2500-2000cm™".
Corrosion results (Table 5) indicated high corrosion
rates on day 6. A decrease in corrosion rate was
observed on day 13. This was supported by the less
intensified acetylenic peak on day 13 (Figure 8). The
carbonyl peak was seen to have formed from day 3
and intensified on day 6 only. The intensified metal
carbonyl peak on day 6 gives indication of C-Fe bonds.
This shows further evidence that the carbon-metal
bonding is a possible phenomenon. The bacteria had
produced acetic acid which is a mechanism of
corrosion.

Discussion

From this study it was observed that a significant pro-
portion of the microbial diversity in the petrochemical
industry has not been identified. This was evidenced
during middle colonisation where an abundance of
47% (Table 1) of unknown bacteria was present on the
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smooth surface of the alloy. The Vaal River supplied
water to a Vaal reservoir by the use of a pumping
abstraction system, which pumped water to a main
reservoir. Water was then diverted to a third reservoir
which supplied the petrochemical cooling towers. The
change in physical environment, storage capacity and
hydraulic conditions, has been reported to affect the
microbial communities and microbial growth in water
distribution systems [39,40]. At the current pace of dis-
covery and characterisation, it would take some years
to describe the remaining unknown species [41].
Comamonas sp. were seen in the gas and pipelines
industry, observed with other microbial communities
and were not reported to be associated with corrosion
[10]. Comamonas sp. was observed during the late
stages of attachment on the rough surface, indicating
cell attachment to the already present bacteria and
biofilm.

As the biofilm develops, the diverse organisms liv-
ing in the EPS matrix interact according to the organ-
isations of the biofilms. This enables the exchange of
metabolites, signalling molecules, genetic material and
defence compounds, organising interactions among
organisms. There is competition among cells in bio-
films which involves killing mechanisms or strategies
that compromise growth, such as nutrient depletion or

Figure 8. FTIR spectra of alloy A day 3 showing acetylenic compounds stretching at 2162cm™". Day 6 showing the acetylenic
compound peak was less intensified (2148cm™"), and the carbonyl peak was still present at 1948 cm=". Day 13 showing acetylenic
compounds at a stretch of 2162cm~', indicating decreased amounts of acetic acid produced by the bacteria.
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Table 7. Functional groups.

Group
Group frequency
frequency  wavenumber
wavenumber  ¢cm” from
Origin cam’! literature Assignment ~ References
C=C 2212, 2162, 2260-2100 Acetylenic Coates [38]
2183, 2194, compounds
2177, 2148,
2202, 2185,
2162
Transition 2077, 1948, 2100-1800  Transitional Coates [38]
metal 2085, 1960 metal
carbonyls carbonyls

communication mechanisms influencing biofilm com-
position. The autoinducer molecules of the bacterial
cells are used as a communication mechanism called
quorum sensing, which contribute to the adaptation
via the EPS [42]. Moreover, incubation time has shown
to influence the biofilm composition as seen in Table
1, similar to the findings observed in the study by Park
et al. [17].

The presence of the bacterial species
Desulfotomaculum aeronauticum and Delftia at the
later growth stages has also been previously observed
in industrial systems and associated with corrosion
[43]. Streptococcus representatives observed on day 3
here, have been commonly reported to influence den-
tal surfaces [44]. There are limited reports on the cor-
rosive effects of the Streptococcus genus on industrial
grade steels. Streptococcus sp. was reported to produce
thin biofilms of about 11um on surfaces during early
attachment stages [45]. Our findings (Table 1) are in
agreement with the study conducted by [45].

The RMS roughness of the smooth finished surface
increased from 8.68+1.24nm (before bacterial expo-
sure), to 114.67+£10.69nm (after bacterial exposure).
The increase of the RMS roughness value may be
attributed to the initial bacterial attachment and bio-
film development. However, bacterial attachment may
be higher on the rougher surface, inferring that the
biofilm developed at an accelerated rate, most likely
due to friction at the surface and larger surface area
[13]. This resulted in a smooth textured biofilm layer
developing initially, accompanied by an RMS rough-
ness value of 70.70+2.1nm observed on day 3.

It was observed that Clostridium sp. may be the rea-
son for the intergranular corrosion attack owing to the
fact that this species was seen to dominate the smooth
surface finish (Table 1). Preferential attachment and
synergistic behaviour of both Clostridium sp. and
Pseudomonas sp. facilitated a more severe combination
of intergranular and uniform corrosion attack on visual
observation. This is supported by the relative

abundance of this species on the rough surface during
the initial attachment stages (Table 1).

From the corrosion rate evaluation, it was deter-
mined that A106 GB smooth finished steel was identi-
fied as the best candidate steel in this bacterial system.
It is to be noted that this specific material is suscepti-
ble to pitting corrosion when exposed to bacteria
using rough industry standard surface finishes, as
reported in a study using accelerated corrosion meth-
ods [9]. Pitting corrosion was not observed after clean-
ing the surfaces (Figure 5), as this is visually indicated
by rounded bright cavities or holes which are pro-
duced on the steel surface. This may be due to the
type of bacteria which attached to the surface.
Instances of high corrosion rates and mass increase on
day 3 and day 6 on the rough surfaces specifically,
may be due to the synergistic behaviour of
Pseudomonas sp. and Clostridium sp [46]. which
attached to the rough surface on day 3 and 6 (Table
1). The results presented in Table 1 above are in agree-
ment with the findings from Xi et al. [1]. In the current
study, Pseudomonas sp. was shown to grow rapidly
from day 3 and representatives of this genus are capa-
ble of producing organic acids from as early as day 1
of growth [1]. The decrease in corrosion rates observed
after long-term exposure (day 13) are likely due to the
formation of a biofilm layer by Pseudomonas sp. that
alleviated the corrosion rate Xi et al. [1]. However,
Clostridium sp. and Pseudomonas sp. together play an
important role in the protection of steel during
long-term exposure by formation of a magnetite layer
and similar findings were previously reported in the
study by Balamurugan et al. [28]. Corrosion products
such as lepidocrocite, goethite and magnetite on car-
bon steel were reported in another study by Refait
et al. [47].

The FeS peaks (sharp and intense) observed by
Raman spectroscopy were reported between 200 and
375cm™". In this study, peaks were observed from day
6 to day 13 at 250cm™" and 375cm~". On day 6, black-
ening of the batch reactor media (inoculated with bac-
teria) was observed. It was reported that Clostridium
sp. are capable of producing sulphide during growth,
thereby increasing iron reduction [21,48]. This was fur-
ther supported by the Raman spectra, where macki-
nawite was observed at 250cm™'. Elemental mapping
results showed a rapid decrease in iron content on the
surface to 46.91% (Table 4) with indication of the pres-
ence of sulphur (Table 3). Moreover, it was seen that
the abiotic media without bacteria showed blackening
only on day 13 this could be due to lactate being an
electron donor. When sulphide reacts with iron, black
ferrous sulphide is produced. It is known that the



electron donor was from both lactate (lactic acid
C,H,0,) and metal [49].

Attachment of the abundant bacteria Clostridium sp.
and Pseudomonas sp., along with their metabolites,
played an important role in the corrosion kinetics of
steel. Functional groups further suggested that acety-
lenic compounds as a metabolite were probably
responsible for the accelerated corrosion rates seen on
day 3 and day 6 [1].

Limitations

Characterisation of the unknown bacterial species from
this petrochemical cooling water system was limited in
this work. More understanding into the bacterial spa-
tial distribution and multispecies biofilm development
on surface finishes, and its impact on the corrosion
rate was limited in this study. Surface energy in rela-
tion to surface hydrophobicity and surface chemistry
(functional groups, electrostatic charge, and coatings)
was limited in this work. The pGEM-T plasmid that was
used to quantify bacterial levels only confirmed that in
a multispecies system, there are no significant
time-related differences in colonisation of the surfaces.
However, as the results of this study suggests, more
focus should be given towards quantifying the early
bacterial colonisers.

Future work

Future work can be done in identifying the unknown
species to understand their ecology and impacts in
the petrochemical industry. Further research on
carbon-metal bonding on these alloys will be worth-
while. In this study, it was impractical to conduct
in-situ studies. Implementation of a modified coupon
rack may be designed to hold multiple coupons for
analysis on different days. Early and middle colonisa-
tion should be taken into account. This includes imple-
mentation of sterile conditions for assessment of
coupons. Bacterial growth and attachment should be
evaluated in conditions where the medium contains
hydrocarbons. Additional gPCR work can be done by
manufacturing a specialised plasmid to quantify the
abundant Clostridium sp. on the different surfaces on
day 3 early colonisation [17]. As it was observed in this
study, the absolute bacterial levels using the pGEM-T
plasmid showed no significant time-related differences
(p>0.05). This information can be used in the industry
to control biofilm formation on steel through dosing
strategies, especially during new installations with
focus on targeting attachment of the abundant
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bacteria. It may be impractical to implement smooth
surfaces on all heat exchangers tubes; however, the
smooth surfaces can be employed in areas of the heat
exchangers where cooling water (flowing on the shell
side) is stagnant such as behind the baffle plates.

Conclusions

This study focused on the petrochemical industry and
focused on multispecies bacterial interactions on industry
standard steel surfaces. In this study, there were no sig-
nificant time-related differences on the species abun-
dance and bacterial levels on surfaces. However, on day
3 the abundant Clostridium sp. was more prevalent on
the rough finished surface. Time-related differences were
observed on the RMS roughness values with no signifi-
cant differences on the microbial corrosion rates on
rough and smooth groups. Visually, the abundant strains
facilitated a more severe combination of corrosion attack.
Presence of acetylenic compounds and sulphur, induced
high corrosion rates. Long-term exposure of the steel to
bacteria showed reduced corrosion rates by formation of
a magnetite film, which involved the bacterial metabolism.
Furthermore, Pseudomonas sp. were seen to prefer-
entially attach to the rough surfaces, indicating higher
corrosion rates than the smooth surface. The methods
employed in the study highlighted the importance of
conducting third generation sequencing in determin-
ing the key role players responsible for corrosion.
Smooth steel A 106 GB proved to perform best in this
bacterial system and should be considered by the pet-
rochemical industry during future installations.
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