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ABSTRACT 
 
Two types of corrosion cause the majority of problems in offshore or seawater applications; aqueous 
corrosion and microbiologically influenced corrosion (MIC).  Aqueous corrosion results from the 
alkalinity of the seawater itself where MIC degradation stems from microorganisms in the seawater that 
cause corrosion and stress cracking in materials.  Rotational lining solutions can apply a thick, fully 
bonded, vacuum resistant, monolithic liner of high-density polyethylene (HDPE) to the inner diameter of 
piping systems, and has proven to provide long-term corrosion protection to aqueous corrosion in salt 
water applications.  To combat MIC, a novel combination of antimicrobial powder and high-density 
polyethylene powder was applied through rotational lining. Experiments were conducted to evaluate the 
biological and mechanical performance of material coatings. Results from microbiological testing 
showed that coatings enhanced with the material resisted and deactivated over 99% of bacteria while 
results from mechanical testing indicated that the additive has no significant impact on the corrosion or 
abrasion resistance of the HDPE lining or on the adhesion of the lining to the substrate. These results 
are significant because the additive material eliminates the primary source of MIC while maintaining the 
mechanical and thermal properties of the existing HDPE coating system. This technology provides 
transformative change in treatment and prevention methods for offshore and seawater applications.     
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INTRODUCTION 

 
Microbiologically influenced corrosion (MIC) is responsible for over 40% of structural failures in oil and 
gas production, processing, and storage equipment.  Additionally, MIC significantly impacts water 
distribution systems, shipping and additional industries that rely on metallic infrastructure. In this type of 



  

corrosion, microorganisms cause corrosion and stress cracking in both metallic and non-metallic 
materials by forming colonies and eating away at the material surface. MIC has been well documented 
in substrates exposed to a variety of aqueous environments including seawater, freshwater, soils, and 
fuels [1-3]. While MIC is commonly caused by sulfate-reducing bacteria (SRB) [4-6], these bacteria can 
combine with other bacteria and form a more complex biofilm [7].  Biofilm-metal interactions at the 
molecular level have yet to be completely understood. The growth of biofilms and subsequent MIC 
damage also increase skin friction drag of ship hulls [4, 8] and feeds the attachment of sessile marine 
invertebrates [4, 9], which directly, negatively impacts the ships’ performance and increases energy 
requirements. The cost of corrosion in the US rose to over $1 trillion in 2013 making corrosion one of 
the largest single expenses in the US economy [10]. MIC and related activities contribute to almost 
25% of the total US annual cost of corrosion [4, 11-12]. When this degradation is combined with 
aqueous corrosion from the marine environment, it is apparent that any significant advancement in MIC 
mitigation would prove invaluable to asset protection programs in seawater applications.  
 

 
In order to prevent MIC, pipes and other structures are commonly lined with high-density polyethylene 
or HDPE that is resistant to aqueous corrosion in salt water or brine (Fig. 1).  Coatings and linings with 
this material have been used for many years with great success. Rotational lining solutions can apply a 
thick, fully bonded, vacuum resistant, monolithic liner of high-density polyethylene (HDPE) to the inner 
diameter of piping systems.  This liner has proven to last over 20 years in brine water services 
providing long-term corrosion protection to aqueous corrosion in saltwater applications.  Defects and 
microbial degradation of polymer coatings, however, can provide opportunities for localized biological 
attacks. Neoh and Kang [4] provide a comprehensive review of the protective effects of well-defined 
polymer coatings against MIC and suggest that the prevention of bacterial or microbial adhesion and 
biofilm formation of metal surfaces remains a scientific and technological challenge. 
 

 
 

Figure 1.  Pipe flange rotationally lined with HDPE 
 
 

Advances in nanotechnology over the last several years have enabled the formation of novel 
combinations of particles exhibiting unique properties at the nanoscale [13-17]. Engineers are using 
these properties to enhance a wide range of existing or traditional bulk scale materials. One such 



  

property is the inherent antimicrobial effect of certain nano-scale particles[18-24]. A novel coating 
additive has been developed that is activated through combustion synthesis and forms a cermet 
powder that can then be incorporated into traditional coating systems [13-14, 17]. Several key 
outcomes from previous research conducted by the authors have established a basis for the 
development of the material, the most impactful of these being a method to create highly 
porous, antibacterial solid materials through combustion synthesis [13-14].  By combining nanoscale 
particles into a reactant mixture and providing an energy source for ignition, the reaction produces a 
self-propagating heat wave that will synthesize metallic structures made of pores only nanometers 
wide that inherently exhibit antibacterial properties. The extraordinarily high surface areas these 
materials possess serve as an excellent platform for the neutralization of bacteria. These newly 
synthesized materials can be incorporated into coatings, which can be applied to metal, ceramic, 
plastic or composite surfaces. This type of coating system presents a novel approach to 
microbiological neutralization, or more specifically, microbiologically influenced corrosion protection 
[14, 17]. The objective of this project is to combat MIC through the combination of a proprietary 
antimicrobial powder to high-density polyethylene powder to provide a full corrosion solution to both 
types of corrosion in seawater applications.  
 
 

EXPERIMENTAL PROCEDURE 
 
The novel HDPE/antimicrobial coating was installed on 30.48 cm x 30.48 cm (12 in x 12 in) carbon 
steel test plaques (Fig. 2) via a rotational lining process.  The antimicrobial powder was purchased from 
Advanced Nano Solutions and the HDPE powder was purchased from RMB Products. The plaques 
were blasted with steel shot to near white metal.  This blast profile allowed the polyethylene to 
mechanically bond to the metal substrate.  Two plaques were connected together with a 25.4 cm x 25.4 
cm (10 in x 10 in) square ring between them with powder encapsulated into the system.  The powder 
was weight controlled to allow for a 0.81 cm (0.320 in) lining thickness on the plaques.  HDPE was 
blended with the antimicrobial material at five concentrations, 0.2%, 1%, 3%, 7% and 10% by weight.  
Two plaques were lined at each concentration. 
 

 



  

Figure 2: Carbon steel plaque rotationally lined with HDPE and 10%wt ANA. 
 
Mechanical Testing 
 
Experiments were conducted to evaluate the novel coating for existing lining criteria. The first test was 
a spark or holiday test to ensure the material lined on the plaques at acceptable thickness without voids 
or porosity.  The spark test was performed at 18,000 V per NACE RP-02-74 and all linings passed this 
testing. 
 
The next mechanical test was a peel test designed to test the bond strength of the HDPE to the metal 
substrate.  A benefit of rotational lining is that the plastic becomes bonded to the metal substrate, which 
leaves no annular space between the steel and plastic.  This provides a barrier against corrosion 
material getting behind the liner and also allows the pipeline to operate under vacuum without an 
external pressure on the liner.  The bond strength was tested to ensure the antimicrobial additive did 
not degrade the quality of the bond.  A lined plaque at each concentration was cut into 1.27 cm x 25.4 
cm (½ in x 10 in) strips and submitted to an ASTM D3167 Float Roller Test to test the bond. Surface 
concentration of the anti-microbial agent is important as the HDPE will not experience much erosion 
during its lifespan in normal saltwater applications.  If the antimicrobial agent were to concentrate 
towards the “top” of the HDPE lining, it would better protect against the MIC over the lifespan of the 
pipeline.  Surface concentration was first inspected visually on one plaque at 7% concentration of 
antimicrobial additive.  After a visual inspection, the plastic was slowly machined away while visually 
inspecting the plastic for evidence of the antimicrobial agent. 
 
Longevity of both HDPE in normal salt or brine water applications as well as longevity with HDPE 
doped with an antimicrobial was reviewed by exploring case history in these applications.  HDPE is well 
known to protect aqueous corrosion in metal caused by brine or salt water.  Roto-lining with this 
material claims to provide a thick monolithic liner that will significantly increase pipeline lifespan.  In 
2012, a southeastern Texas Chemical Plant removed 21 HDPE lined fittings that were in a brine water 
service for approximately 15 years for a routine inspection [25].  These fittings were inspected via a 
spark test per NACE RP-02-74 and submitted to spot thickness checks with an ultrasonic thickness 
gauge.  The spark test was performed on 100% of the lined surface including plastic wrapped around 
onto flange faces. In 2011, a major oil company had piping rotationally lined with HDPE doped with an 
anti-microbial agent to protect against both aqueous and MIC for an offshore platform application.  In 
2016, a visual inspection was performed on the lining and an attached unlined alloy valve [26].  
 
Biological Testing 
 
An independent microbiology laboratory was contracted to perform testing to determine the 
antimicrobial effectiveness of rotationally molded polyethylene enhanced with the antimicrobial agent 
per ASTM E2180 and ASTM E2149. The microorganisms that are most frequently combined with SRBs 
and associated with biofilm formation and subsequent MIC are the staphylococci, with Staphylococcus 
aureus (S. aureus) being the most common [27]. This bacterium (S. aureas) was purchased from 
Sigma Aldrich and the initial count for the S. aureus culture was 6.4*107 CFU/mL. To obtain readily 
countable numbers of bacteria, a serial dilution procedure was followed. This was carried out by making 
serial ten-fold dilutions of the S. aureus that covered the entire probable range of concentrations. From 
the final dilution, 0.1 mL was pipetted onto agar medium in a sterile petri plate and spread with a 
sterilized, bent, glass rod. The specimens were cut from a roto-molded plate at an area of 24.18 cm2 
(3.75 in2) with antimicrobial additive in increasing concentrations by weight percent. Testing was 
employed to determine the antimicrobial characteristics of the coatings by increasing the weight percent 
of the antimicrobial powder into the HDPE powder by 0.2%, 1%, 3%, 7%, and 10%. The roto-molded 
HDPE was enhanced with the antimicrobial powder and tested against S. aureus in shaken incubation. 
A control plate was spread with 0.1mL of the inoculated water.  Samples of polyethylene with 24.18 cm2 
(3.75in2) of treated surface area each were added to their respective flasks, which were incubated at 
37oC and 125 rpm.  The incubation of the petri plate was carried out in a chamber at 37°C for a time 



  

frame from 1 hour to 2 weeks. Samples were removed and plated (0.1mL per plate) at 3600 s (1 hr) 
intervals.  Enumeration of the total bacteria count was estimated by the visible growth of colonies over 
time. Colony counts were determined after 72,000 s (20 hr) incubation at 37oC and converted to viable 
colonies per milliliter. 
 
   

RESULTS 
 
Mechanical Results 
 
The results of the peel test can be found in Table 1.  Historically, roto-lined HDPE does not peel off the 
plaque, but instead experiences a tensile failure.  In this type of failure, a top layer of the plastic tears 
before the liner peels off of the plaque.  This means the bond strength is stronger than the tensile 
strength of the material.  The mode of failure of the liner blended with each concentration also was a 
tensile failure.  Therefore, the anti-microbial does not have an impact on the adhesion properties of the 
lining material.  However, there is a noticeable drop in tensile strength at higher concentrations of the 
anti-microbial.    The tensile strength remains under what should be experienced in normal operation 
and the adhesion strength would still allow the liner to operate in vacuum conditions. 
 

Table 1: Results of ASTM D3167 Float Roller Test 
Loading Load/inch 

(lbf/in) 
Est. Tensile Stress 

*(PSI) 
Failure Mode 

0.2% 190.8 1490 Tensile 
1.0% 194.9 1454 Tensile 
3.0% 170.8 1366 Tensile 
7.0% 140.6 1081 Tensile 

       10.0% 157.3 1173 Tensile 
 
When visually inspecting the plaque with 7% concentration of antimicrobial, the antimicrobial was very 
obvious in the HDPE layer.  Images of the antimicrobial enhanced HDPE lining surface (Fig. 3) 
were captured using an electronic microscope at 100x magnification.  As the plastic was 
machined away, the visual appearance of the polymer began to disappear after the first 5% of the 
polymer was removed.  After 75% of the polymer was removed, the visual appearance of the polymer 
had completely disappeared.  This result is explained by understanding the lining process.  As the 
powder heats during installation, it begins to melt and bond with the metal substrate.  The material 
layers up to the nominal lining thickness and then the part cools via external convection.  The layers 
closest to the steel wall solidify first.  The anti-microbial material never melts due to its much higher 
melting temperature.  The HDPE suspends the antimicrobial powder, which is pushed to the most inner 
portions of the liner. 



  

 
 

Figure 3: Surface of rotationally lined HDPE enhanced with 10%, 3%, 1%, and 0.2%wt 
antimicrobial additive. . 

 
 
In the inspection of the 21 fittings, there were no leaks reported by the end user and no visible 
corrosion to the steel piping.  Fourteen of the 21 fittings passed a spark test at 18,000 V.   There were 
no visible voids in the liner.  Additionally, 16 of the 21 fittings had HDPE thickness readings all above 
0.250”.  The original lining thickness was unknown.  However, based on these results, another 5-10 
years of additional service life could be expected by the addition of the nano-composite antimicrobial. 
 
Visible inspection of the piping submerged in seawater also had positive results.  The unlined alloy 
valve was covered with algae and discolored.  The HDPE doped with the antimicrobial additive showed 
no discoloration and had no marine life growing on the surface. 
 
Biological Results 
 
Experimental data showed that the enhanced HDPE linings strongly resist bacterial growth at from 0.2 
to 10%wt concentrations of antimicrobial additive (Fig. 4).  Testing showed significant (greater than 7 
log) reduction of viable cells in dynamic fluid conditions in as little as 2 hours at 3%wt (Fig. 2).   Plate 
inspection shows an obvious trend between the percentage of ANA within the coating and the reduction 
of bacteria over time.   
 



  

 
Figure 4: Incubated plate counts over time for samples with 0.2%, 1%, and 3% of antimicrobial 

additive by weight 
 

 
 

 
*Denotes plates with too many colonies to accurately count. Data points greater than 100,000 are 
estimated based on the initial CFU per mL and the replication time of S. aureus. 
 

Figure 2:  Graphical representation of Incubated plate counts over time for samples with 0%, 
0.2%, 1%, and 3% of antimicrobial additive by weight 



  

 
CONCLUSIONS 

 
Microbiologically influenced corrosion is a complex issue, which causes damage across multiple 
industries resulting in equipment failure and high cost for repair and replacement. The novel coating 
presented here uses rotational molding of HDPE combined with an antimicrobial powder additive to 
create a real and practical solution to an existing, high-profile problem.  While this coating is unique and 
new, it has been tested both mechanically and biologically with repeatable, third-party results. These 
results indicate that by incorporating an antimicrobial additive into a HDPE base material, the coating 
maintains the critical physical characteristics of the HDPE and provides bacterial and biofilm 
neutralization at weight percentages as low as 0.2%. Addition of the antimicrobial additive in a weight 
percentage of 3% can eliminate over 99% of microbes and provide a long-term resolution to the issues 
associated with MIC.  
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