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ABSTRACT

Sulfate reducing bacteria (SRB) biofiims are often responsible for microbiologically
influenced corrosion (MIC) in oil and gas pipelines. Biocides together with pigging are
employed to mitigate pipeline MIC. In this work, anthraquinone (AQ), a plant-based SRB
inhibitor, was assessed as a green chemical to mitigate X65 carbon steel MIC.
Desulfovibrio ferrophilus 1S5, a highly corrosive SRB strain, was grown in enriched
artificial seawater (EASW) culture medium at 28 °C. Various assays, including cell counts,
biofilm imaging, X65 carbon steel weight loss measurements, and electrochemical tests
were used to determine the efficacy of AQ against SRB MIC. An undetectable SRB sessile
cell count and 99% decrease in weight loss were achieved by 25 ppm (w/w) AQ after 7 d
of static incubation. Biofilm imaging corroborated the sessile cell count data. In
comparison, 25 ppm tetrakis (hydroxymethyl) phosphonium sulfate (THPS) reduced
sessile D. ferrophilus cells below detection limits and 99% decrease in weight loss, similar
to AQ, but unlike AQ, THPS also strongly decreased planktonic cells. Moreover,
electrochemical tests using AQ injection (100 ppm in the medium) at 3-d incubation further
endorsed the superior performance of AQ based on 120% polarization resistance (Rp)
increase compared to 84% achieved by 100 ppm THPS injection.
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INTRODUCTION

Biofilms, as defined by the International Union of Pure and Applied Chemistry (IUPAC), are
aggregates of microorganisms in which cells adhere to each other and/or to a surface, and are
embedded within a self-secreted extracellular polymeric substance (EPS) [1]. EPS contains
polysaccharides, proteins, and extracellular DNA. Biofilms have their own ecosystems that are
different from the surrounding environments. Their presence and localization determine their
impact, which can be both clinical and environmental. In clinical settings, biofilms are a major
cause of persistent infections [2].

Biofilms exhibit various defense mechanisms, including diffusional barriers to slow down biocide
penetration, lowered metabolic rate to minimize uptake of a biocide, formation of tough persister
cells to preserve the biofilm for rapid future recovery, and upregulation of genes for enzymes that
degrade biocide molecules. Sessile cells can also utilize efflux pumps to pump toxic chemicals
out of the cells [3-5]. Bacteria within biofilms can exhibit up to 1,000-fold greater resistance to
antibiotics and antimicrobial agents than planktonic cells [6], contributing to the emergence of
antibiotic-resistant strains of infectious bacteria [7], which represents a critical and pressing public
health crisis. Electroactive biofilms such as some sulfate reducing bacteria (SRB) and nitrate
reducing bacteria (NRB) biofilms (e.g., anaerobic Pseudomonas aeruginosa biofilm) can harvest
electrons directly from energetic metals such as carbon steel to produce energy for metabolism
[8]. Both corrosive metabolites and direct electron transport can lead to microbiologically
influenced corrosion (MIC), also known as biocorrosion [9]. Biofilms are very corrosive since
sessile cells are capable of direct electron transport at the surface of the metal and can
concentrate corrosive metabolites underneath the biofilms [10,11]. In addition to causing MIC,
biofilms cause biofouling, which can reduce flow rates, or heat transfer efficiency in heat
exchangers, and equipment failures [12]. Biofilms in potable water pipelines pose contamination
risks, leading to waterborne diseases and chemical exposure [13,14].

MIC is a threat to pipeline infrastructure, particularly in the oil, gas, and water utilities sectors,
accounting for 20-40% of severe corrosion incidents and more than US$2.7 trillion in annual costs
globally [2,9,15]. A variety of strategies, particularly those involving physical and chemical
approaches, have been implemented to combat the formation of corrosive biofilms and mitigate
MIC in industrial settings [9]. One of the primary industries affected by SRB-induced corrosion is
the oil and gas sector, where pipelines are especially vulnerable [2]. Desulfovibrio ferrophilus IS5,
a highly corrosive SRB, was shown to cause 3.3 mm/year uniform corrosion on X65 carbon steel
(CS) over 30-d in enriched artificial seawater (EASW) at 28 °C [16]. Pipeline biofilms are
commonly controlled by pigging, which mechanically scrapes internal surfaces, and by biocide
treatments (e.g., chlorine, glutaraldehyde) which kill microorganisms [9,17], however, some
biocides can be toxic and environmentally problematic. Alternative strategies include specialized
iron alloys that release biocidal metal ions (copper, zinc, aluminum, lead) to inhibit SRB activity,
biofilm formation, and corrosion [18]. In addition to mechanical and chemical methods,
antibacterial coatings and biobased agents provide promising strategies to limit biofilm formation
[19-21]. These coatings prevent microbial attachment, while natural compounds such as D-amino
acids [22], plant-derived antimicrobials like D-limonene, and biosurfactants suppress biofilm
development and microbial activity, offering environmentally friendly corrosion control [23].



Given the environmental risks associated with traditional chemical treatments, there is growing
interest in alternative, eco-friendly antibacterial agents to control SRB biofilms in field applications.
This study explored the potential of unsubstituted 9,10-anthraquinone (AQ), a plant-based
antibacterial agent [24] for combating biofilm formation and MIC by SRB. AQ is a polycyclic
quinone compound containing a cyclohexadiene diketone structure [24]. It suppresses SRB
growth by targeting hydrogen-dependent sulfate respiration [25], likely acting as a redox
uncoupler that disrupts electron transfer and ATP synthesis. Its interaction with cytochrome c3
suggests interference with the electron transport chain, reducing H2S production. Previous studies
have reported direct electron transport between other bacterial species and iron which involved
the use of outer membrane, c3-type, cytochromes [26,27].

AQ and its derivatives occur naturally in a variety of sources, including plants [28] and fungi [29].
These compounds have long been used in traditional Chinese medicine, valued for their diverse
biological activities, including anti-inflammatory, anticancer, and antibacterial effects [24]. Rhein,
an  anthraquinone, exhibited antibacterial activity @ against several species,
including Staphylococcus, Streptococcus, and Bacillus. Its inhibitory mechanism involves
blocking electron transfer in the respiratory chain, which disrupts nucleic acid and protein
synthesis, thereby severely limiting bacterial growth. [24,30,31]. In Streptococcus mutans, rhein
disrupted cell wall integrity, inhibited biofilm formation, glycolysis, and altered bacterial
morphology exerting a bacteriostatic effect [24,32].

EXPERIMENTAL PROCEDURE
2. Materials and methods
2.1 Bacterium, culture medium, and metal

D. ferrophilus 1S5, a pure-strain SRB known for its high corrosivity, was cultivated in EASW culture
medium at an optimal growth temperature of 28 °C, as outlined in the test matrix presented in
Table 1. Table 2 shows the composition of the EASW medium. The initial pH of the culture medium
was adjusted to 7.0 by using a 5% (w/w) NaOH solution. After autoclaving the medium for
sterilization, it was sparged using a gas distributor with filter-sterilized nitrogen (N2) gas for one
hour to eliminate dissolved oxygen. The medium was then transferred to an anaerobic chamber,
where filter-sterilized L-cysteine (100 ppm), acting as an oxygen scavenger, and a filter-sterilized
Fe?* solution (20 ppm), serving as an enzyme cofactor to enhance SRB growth [33], were added.

Table 1
Test matrix for AQ efficacy testing
Parameter Condition
Microbe D. ferrophilus 1S5 (DSM 15579)

Cultural medium EASW

Coupon material X65 with working surface area of 1 cm?. Each coupon was polished
to 600 grit.

Anaerobic vials  Six 125 mL vials each containing 3 coupons in 50 mL EASW medium
and 0.5 mL D. ferrophilus inoculum. The first vial served as the
control (without AQ), while the remaining 5 vials contained 5, 10, 15,
20, and 25 ppm AQ, respectively.




Electrochemical

10 mL glass cells with each containing a single 1 cm? working

glass cells electrode (WE) coated with epoxy coating on all sides except the
exposed working surface area, graphite counter/pseudo-reference
electrode (CE/p-RE) submerged in 5 mL EASW inoculated with 0.05
mL seed culture.

Initial pH 7.0+£0.2

Initial cell count  6.73 (+ 0.80) x 10° cells/mL right after inoculation.

Incubation time 7 d

Assay Sessile cell count, planktonic cell count, weight loss, biofilm
visualization.

Electrochemical tests: LPR (before and after tandem injections of 100
ppm AQ and THPS).

Table 2
Composition of EASW culture medium [34]
Chemical Amount
NaCl 23476 g
Na2S04 39179
NaHCOs3 0.192 g
KCI 0.664 g
KBr 0.096 g
H3BOs3 0.026 g
MgClo 4.965¢g
SrCl2-6H20 0.04 g
CaCl2-2H20 1.469 g
Sodium lactate 3.5¢
Yeast extract 109
Sodium citrate 05¢g
MgSO4-7H.0 0.71¢
CaS04-2H20 019
NH4ClI 019
KoHPO4 0.05¢
Fe(NH4)2(SO4)2-:6H20 1.37 ¢
Deionized water 1L

X65 coupons each with a top exposed surface area of 1 cm? were used in this experiment. The
remaining surfaces of these coupons were coated with an inert epoxy coating (3M Product 323).
Only the top surfaces of the coupons were abraded to a 600 grit finish. Table 3 shows the
elemental composition of X65. All coupons were thoroughly cleaned using pure isopropanol and
subsequently sanitized under UV light for several hours. At inoculation, AQ suspension (with a
mean particle size of 2 um) provided by EB Technologies (Dallas, Texas)'!, and THPS solution

' EB Technologies, Inc., Dallas, TX.



(Product Number: 15175, Sigma-Aldrich®)? were added to their respective anaerobic vials
according to the defined concentrations.

Table 3
Elemental composition (wt. %) of X65 [35]
Metal C Si Mn P S V Nb Ti Fe

X65 016 045 165 0.02 0.01 0.09 0.05 0.06 Balance

2.2 Enumeration of sessile cells

After 7-d incubation at 28 °C, all coupons were retrieved and washed with a pH 7.4 phosphate-
buffered saline (PBS) solution. The coupon replicates for sessile cell counts were processed by
removing the biofilm using sterilized cell scrapers and re-suspending the biomass in 10 mL of
PBS solution. Both sessile cell suspensions and planktonic cell suspensions obtained from the
same anaerobic vials were then vortexed to evenly distribute the cells in the liquid samples before
being visualized under a microscope at 400X magnification for cell counting using a
hemocytometer [16]. Because D. ferrophilus cells were motile, they were easily distinguished
from non-cell particles such as FeS particles under a 400X microscope.

2.3 Confocal laser scanning microscopy (CLSM) analysis

Biofilms on the respective replicate coupons were stained with the Live/Dead® BacLight™
Bacterial Viability Kit L7012 (Life Technologies, Grand Island, NY, USA)3, which employed SYTO
9 as a green-fluorescent stain for live cells and propidium iodide as a red-fluorescent stain for
dead cells [36]. In the resulting CLSM images, live cells appeared green, while dead cells were
represented in red.

2.4 Weight loss analysis

The coupon replicates for weight loss measurements were washed with a fresh Clarke’s solution
to remove adherent corrosion products according to the standard protocol (ASTM G1-03). After
treatment with the Clarke’s solution, the coupons were weighed to determine the changes in
weight before and after incubation with SRB. For each weight loss data point, an average of three
replicate coupons from the same anaerobic bottle were used.

2.5 Electrochemical tests

A PCI4/750 potentiostat (Gamry Instruments, Inc., Warminster, PA, USA) was utilized to evaluate
the electrochemical responses of X65 coupon working electrodes (WEs) with graphite as counter
electrode/pseudo reference electrode (CE/p-RE) in a 2-electrode configuration before and after
tandem injections of 100 ppm AQ and 100 ppm THPS, respectively in 10 mL biofilm test kit (mini
glass cells) [37] with 5 mL culture medium inoculated with D. ferrophilus at 3 d. Linear polarization
resistance (LPR) scans were conducted at a rate of 0.1667 mV/s over a range from —10 mV to
+10 mV relative to the open circuit potential (OCP) [37].

2 SIGMA-ALDRICH? is a registered trademark of Merck KGaA, Darmstadt, Germany.
3 Live/Dead® and BacLight™ are trademarks of Thermo Fisher Scientific Inc. and its subsidiaries.



RESULTS AND DISCUSSION
3.1 Sessile cell count and weight loss data

In this work, AQ caused substantial reductions in sessile cell counts and corrosion rates without
significantly affecting planktonic SRB populations, likely because the particle-like behavior of AQ
specifically targeted biofilm formation rather than free-floating bacteria. The black broth color
intensities in Figure 1A appear similar for all AQ concentrations, indicating no impact of AQ on
planktonic growth. This is validated by the planktonic cell count data in Table 4. Preliminary results
using D. ferrophilus 1S5 indicated that AQ, at 15 ppm and above (up to 25 ppm), reduced sessile
cell counts by over 80% and significantly decreases metal weight loss due to corrosion (Table 4).
Figure 1B clearly shows a higher AQ dosage led to cleaner coupon surface after incubation. After
7-d of incubation, sessile cell counts demonstrated a strong dose-dependent inhibition of
D. ferrophilus IS5 biofilm by AQ, which was added at the inoculation stage (0 d) to prevent biofilm
formation as shown in Figure 1B and Table 4. At the highest concentration tested (25 ppm),
sessile cell counts remained below the hemocytometer detection limit (< (2.3 + 1.2) x
10* cells/cm?), calculated from the biofilm resuspension volume per cm? coupon surface and the
cells suspension detection limit of 5x 10%cells/mL for the hemocytometer), indicating highly
effective and consistent inhibition, with a > 99.9% (> 3-log) reduction in sessile cell count and a
99.7% reduction in weight loss compared to the untreated control (no AQ).

(A)

No AQ 5 ppm AQ 10 ppm AQ 15 ppm AQ 20 ppmAQ 25 ppm AQ

Figure 1. (A) 125 mL anaerobic vials with 50 mL EASW containing X65 coupons with and
without AQ after 7-d D. ferrophilus 1S5 incubation, (B) coupons after the incubation.



Table 4
Summary of average cell counts and weight loss data of X65 coupons after 7-d of
D. ferrophilus IS5 incubation with and without AQ. (n=3, * s.d)

AQ Sessile cell count Planktonic cell  Weight loss (mg/cm?)
(108 cells/cm?) count (108
cells/mL)
0 ppm 38.8 (£ 2.94) 3.73 (£ 0.15) 127123
5 ppm 11.4 (x 0.65) 3.66 (£ 0.18) 3.80 £ 0.95
(71% decrease) (70% decrease)
10 ppm 9.85 (+0.51) 3.56 (£ 0.15) 2.87 £0.99
(75% decrease) (77% decrease)
15 ppm 7.90 (+0.26) 3.52 (£ 0.15) 1131045
(80% decrease) (91% decrease)
20 ppm 3.17 (£ 0.40) 3.47 (£ 0.14) 0.23+0.15
(92% decrease) (98% decrease)
25 ppm Undetectable (< (2.3 +1.2) x 10+  3.41 (x 0.20) 0.03 £ 0.06
cells/cm?) (> 99.9% or > 3-log (99.7% decrease)
decrease)

At 25 ppm, THPS significantly inhibited D. ferrophilus biofilm formation on X65 coupons (Figure
2B), with sessile cell counts falling below the hemocytometer detection limit (1.67 (&
0.58) x 10* cells/cm?) calculated based on sessile cell re-suspension dilution and 5 x 10* cells/mL
detection limit for the cell suspension), indicating highly effective and consistent biofilm
prevention. Unlike AQ, THPS also markedly reduced planktonic cell counts, which were similarly
below the detection limit (Figure 2A). Weight loss data reflected THPS efficacy (Table 5), with
coupons exposed to 25 ppm THPS showing a weight loss of 0.07 + 0.06 mg/cm? (99.4%
decrease), compared to 0.03 + 0.06 mg/cm? (99.7% decrease) under 25 ppm AQ, confirming that
both treatments very effectively mitigated corrosion, though THPS had a slightly higher weight

loss than AQ.
ﬁ\ (B)
| \

Figure 2. (A) 125 mL anaerobic vial with 50 mL EASW containing X65 coupons with 25
ppm THPS after 7-d D. ferrophilus IS5 incubation, (B) coupons after the incubation.



Table 5
Summary of cell counts and average weight loss data of X65 coupons after 7-d of
D. ferrophilus 1S5 incubation with 25 ppm THPS. (n=3, * s.d.)

THPS Sessile cell count Planktonic cell  Weight loss (mg/cm?)
(108 cells/cm?) count (108
cells/mL)

25 ppm Undetectable (< (2.3 £ 1.2) x 10* Undetectable (< 5 0.07 £ 0.06
cells/cm?) x 10% cells/mL) (99.4% decrease)
(> 99.9% or > 3-log decrease) (>99.2%
decrease)
3.2 CLSM analysis

CLSM 3D image analysis of D. ferrophilus biofilms on X65 coupons at 7 d revealed a clear dose-
dependent inhibition of biofilm formation in response to AQ treatment as shown in Figure 3.
Untreated coupons (0 ppm AQ) exhibited dense and thick biofilm, whereas progressive reductions
in biofilm biomass and coverage were observed at 5, 10, 15, and 20 ppm AQ, with the highest
level of prevention observed at 25 ppm AQ. Notably, treatment with 25 ppm THPS (Figure 4)
produced a comparable level of biofilm inhibition, indicating that both compounds are effective in
mitigating SRB biofilm formation on steel surfaces.
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Figure 3. CLSM 3D images of D. ferrophilus 1S5 biofilm on X65 coupons at different
concentrations of AQ at 7 d of anaerobic incubation. The green columns represent live
cells (left panel), and the red columns represent dead cells (right panel), showing a dose-
dependent reduction in biofilm formation, with the highest inhibition observed at 25 ppm
AQ.
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Figure 4. CLSM 3D images of D. ferrophilus 1S5 biofilm on X65 coupons at 25 ppm THPS
at 7 d of anaerobic incubation. The green columns represent live cells (left panel), and
the red columns represent dead cells (right panel). Treatment with 25 ppm THPS inhibited
biofilm formation to a level comparable to 25 ppm AQ.



3.3 Electrochemical tests

LPR scans at 3 d of incubation were conducted (with intervals) before and after tandem injections
of AQ (100 ppm in the medium) and THPS (100 ppm in the medium) in their respective biofilm
test kit vials as shown in Figure 5.

AQ and THPS injections, D. ferrophilus 1S5 X65, mini glass cell (3 d)
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Figure 5. Rp values for X65 single WEs (without any replicates) before and after tandem
injections of 100 ppm AQ and 100 ppm THPS at 3 d of D. ferrophilus 1S5 incubation.

Upon the first 100 ppm AQ injection, AQ increased the polarization resistance (Rp) by 120%,
outperforming THPS, which resulted in an 84% increase. This suggests that AQ exerted a rapid
and potent inhibitory effect on corrosion processes. A second 100 ppm injection produced smaller
but consistent increases in Rp, 30% for AQ and 28% for THPS. While THPS is an established
biocide, this work shows that AQ demonstrated similar efficacy as THPS against D. ferrophilus
IS5, highlighting its potential as a corrosion inhibitor against SRB MIC.

CONCLUSIONS

e 25 ppm AQ strongly inhibited D. ferrophilus 1S5 biofilm formation over a 7-d period when
applied at inoculation.

e Sessile cell count reduced > 99.9% at 25 ppm AQ, but planktonic cell count was reduced
by only 9%, indicating selective inhibition of sessile cells.

e Weight loss-based corrosion rate decreased 99.7% on average by 25 ppm AQ which was
similar to 25 ppm THPS.

e AQ and THPS performed similarly at the same concentration (100 ppm) against a mature
D. ferrophilus 1S5 biofilm with a 120% increase compared to an 84% increase in Ry,
respectively.
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