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ABSTRACT 

 Microbial colonisation of metal surfaces or adhesion of bacteria on metal surfaces is a 

crucial step in initiating microbiologically influenced corrosion. As the material surface is 

essential in the development of a biofilm, an understanding of how material surface 

properties affect adhesion of bacterial cells, including the mechanism of bacterial adhesion, 

may assist in designing or modifying material composition to inhibit bacterial adhesion and 

prevent the corrosion of materials. A study was carried out to investigate the effect of nickel 

on the adhesion and corrosion ability of Pseudomonas aeruginosa, which is common 

bacterium associated with corrosion, on stainless steels with the same chromium contents 

were 201, 316, 304 and 430 stainless steels in nutrient rich simulated seawater. In addition, a 

fully nickel coating on carbon steel sample was included for further study and comparison. 

The number of bacteria adhering to the material surface after short-term immersion was 

counted by fluorescence microscopy. Furthermore, the corrosion properties after 42 days 

immersion were observed and samples corrosion behaviours were also checked by scanning 

electron microscope and inductively coupled plasma mass spectrometry. It was found that 

nickel-coated sample had the highest level of bacteria attachment and offered poor corrosion 
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resistance under artificial seawater with Pseudomonas aeruginosa strain. Higher nickel 

content in stainless steel with same physical ability resulted in higher enhancing bacteria 

attachment. It was also found out the important of passive film compositions such as 

molybdenum on stainless steel in microbial corrosion resistance due to the formation of 

molybdenum oxide which remained passive in low pH environment, performed better 

corrosion resistance in artificial seawater containing bacteria.  

Keywords: Microbiologically influenced corrosion (MIC), Pseudomonas aeruginosa, 

adhesion, surface analysis, passive film  
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1. Introduction 

 Microbiologically influenced corrosion (MIC) refers to the involvement of 

microorganisms in deteriorating metallic (as well as non – metallic) materials. It is an 

electrochemical process that can increase the corrosion rates of metals up to 2-3 times [1]. 

Microorganisms can initiate, facilitate or accelerate corrosion of metal and mostly result in 

the formation of localized and crevice corrosion on metal surface [2]. MIC causes numerous 

problems in many industries including marine industries [3]. It has been evaluated that some 

20% of the corrosion cost is caused by microbial corrosion and degradation [3]. 

 Pseudomonas aeruginosa is a Gram-negative motile rod bacterium and ubiquitous in 

nature. This organism gains energy by transferring electrons from glucose in the environment 

to oxygen, producing gluconate in the periplasm. Then gluconate is then transferred through 

the inner membrane by a specific energy-dependent gluconate uptake system [4]. P. 

aeruginosa is also a dominant bacterium in marine environments and one of the aerobic 

slime-forming bacteria (SFBs) [5], which form a biofilm layer on metal surfaces. The biofilm 

becomes larger, thicker and more heterogeneous with exposure time then generate differential 

aeration and concentration cells promoting local differences in pH, corrosion products and 

dissolved oxygen [5] thereby resulting in initiation and acceleration the corrosion process of 

steel [5,6]. 

 Adhesion of microorganisms on metal surfaces has been played an essential role in 

initiating MIC and one of the most important consequences is the formation of biofilm [7]. At 

first, organic molecules from bulk solution including those produced by bacteria immobilize 

at the substratum and form a conditioning film. The substratum then determine the 

composition and orientation of the molecules in the conditioning film and during exposed 

time, the composition of the adsorbed material becomes substratum independent [8]. Those 

molecules are small and polymeric compounds such as lipids, proteins, complex 
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polysaccharides and humic substances [9]. Furthermore, bacteria have the potential to 

produce other molecules, such as biosurfactants, amphiphilic polymers and polyphilic 

polymers which are likely to interact with interfaces [10] and have an effect on the adhesion 

process of bacteria on the metal surfaces. 

 There are many factors that affect the adhesion process, including bacteria characteristics, 

material surface and environmental factors [11]. It has been reported that both physical 

characteristics including surface roughness, surface tension, hydrophobicity and chemical 

composition properties of the material have influence on bacterial adhesion [12]. 

Additionally, the alloying elements such as nickel, chromium, nitrogen added to steel could 

significantly affect the attachment of bacteria and biofilm development [13]. Furthermore, 

Felipe A. Lopes reported that nickel ions had increase bacterial growth and proved that pure 

nickel had higher adhered cells than 304 SS [12]. This could be clarified by the formation of 

passive film of mostly chromium oxide (Cr2O3) on 304 SS that prevents the dissolution of 

metal species. However, there is lack of literature to show if nickel has an effect on microbial 

adhesion of SS with nearly same chromium contents. 

 Previous literatures haven’t compared MIC of different SSs having same chromium 

contents. Therefore, this study focused on the mechanism of MIC with varying nickel 

contents and nearly same chromium contents on stainless steel (SS) were investigated. 

Furthermore, fully nickel-plated carbon steel with 40 µm nickel coating was used for 

comparison. Assays used to determine the extent of MIC were adhesion assays, surface 

tension, hydrophobicity, metal ion concentration analysis, scanning electron microscope 

(SEM), inductively coupled plasma mass spectrometry (ICPMS) and weight loss 

measurement. 

2. Experimental methods 
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 Four SSs including 201, 304, 316, 430 and nickel-coated sample with typical chemical 

composition as given in Table 1. They were cut into 10 mm × 10 mm for long term 

experiment and round samples with diameters were 15 mm for adhesion assays. The SS 

coupons were finish polished to 1 µm. All coupons were ultrasonically washed with acetone 

for 10 mins then followed by immersion in ethanol 80% for 2 hours, rinsed with high purity 

water, finally dried in biohazard cabinet. 

 The bacterium used in this study was Pseudomonas aeruginosa. The strain was stored at -

80 ºC in glycerol 20%. Firstly, the bacteria were streaked to cell culture dishes and grown 

overnight. The bacteria then were transferred to 500 mL culture medium for experiments with 

shaking and incubated at 37 ºC. Cell culture dish was prepared by adding 6 g tryptic soy agar 

to 200 mL high purity water, stirred and autoclaved then distributed to sterilized empty cell 

culture dish, cooled down and stored at 4 ºC. The culture growth medium used was nutrient 

rich artificial seawater which artificial sweater was prepared according to ASTM 114-98 (gL-

1): NaCl 24.53; MgCl2 5.2; Na2SO4 4.09; CaCl2 1.16; KCl 0.695; NaHCO3 0.201; KBr 0.101; 

H3BO3 0.027; SrCl2 0.0025, NaF 0.003, high purity water and nutrient was TSA 3 g.L-1 [14]. 

The pH of the medium was adjusted to 7.4 ± 0.2 and stirred for 10 mins then autoclaved at 

121 ºC for 15 mins. Additionally, phosphate-buffered saline (PBS) 1X, formaldehyde 4% in 

PBS solution were prepared for staining bacteria with 4′,6-diamidino-2-phenylindole (DAPI). 

 After approximately 48 h bacteria growth, took out 10 mL of bacteria culture medium was 

taken out for determining bacterial concentration. The bacterial cells were harvested by 

centrifugation (5000 rpm, 10 mins) and resuspended in 10 mL high purity water for 

enumerating bacteria cells by staining with trypan blue 0.4% and using haemocytometer. The 

result showed that after 2 days incubation, the bacterial concentration was 1.5 × 107 cells mL-

1. Two coupons of each materials (201, 304, 310, and 430 SSs, as well as nickel-coating) 

were used in the adhesion assays. The coupons were placed in sterilized 50 mL Scott bottles 
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and added aseptically 45mL of the test medium. Those bottles were placed in the incubator 

and incubated at 37 ºC for 60 mins. During the test, the coupons were fully immersed in test 

medium with the polished sides facing upward. After incubation, coupons were gently rinsed 

with 1X PBS for 3 times to remove any poorly adhered bacteria then added 350 µL of 

formaldehyde 4% to fix the cells for 20 mins, rinsed with 1X PBS for 3 times, stained with 

350 µL of 300 nM DAPI in PBS solution and incubated without light for 5 mins. These 

coupons were rinsed with 1X PBS for 3 times before microscopic observation. Attached cells 

were enumerated by fluorescence microscopy and around 15-20 different fields were 

randomly selected and counted for each surface. To ensure reproducibility the tests were 

repeated 6 times. 

 Contact angle is the angle formed by a liquid at the phase boundary where a liquid, gas 

and solid intersect as shown in Table 2. The contact angles of materials were measured 

according to a smartphone-based contact angle measurement instrument method [15]. The 

measurements were carried at room temperature using 2 µL high purity water, formamide 

and glycerol on material surfaces and repeated the tests 10 times for each material with each 

liquid used and the averaged con tact angles was determined. The images were recorded by 

phone camera and the contact angels were determined by using ImageJ software with 

DropSnake plugin. The data of surface free energy of the liquids used were given in Table 2 

[17]. 

 The surface tension of each materials was calculated by three-liquid method developed by 

Van Oss [18] using the contact angles values obtained by high purity water, formamide and 

glycerol. The surface tension of each material was calculated by the following equation (1). 

 (1 + 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖) × 𝛾𝛾𝐿𝐿𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡 = 2 ×(�𝛾𝛾𝐿𝐿𝑖𝑖𝐿𝐿𝐿𝐿 × 𝛾𝛾𝑆𝑆𝐿𝐿𝐿𝐿 + �𝛾𝛾𝐿𝐿𝑖𝑖+ × 𝛾𝛾𝑆𝑆+ + �𝛾𝛾𝐿𝐿𝑖𝑖− × 𝛾𝛾𝑆𝑆−) (1) 

 𝛾𝛾 = 𝛾𝛾𝐿𝐿𝐿𝐿 + 𝛾𝛾𝐴𝐴𝐴𝐴 = 𝛾𝛾𝐿𝐿𝐿𝐿 + 2�𝛾𝛾+𝛾𝛾− (2) 
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where θ is the contact angle of each material in each liquid; γL
tot is the total surface tension of 

each liquid; γLW is Lifschitz-van der Waals (LW) (nonpolar) component; γAB is polar 

component; γ+ is electron-acceptor (+) component; γ- is electron-donor (-) component; The 

term L and S represent for liquid and solid respectively. The subscript i is for each liquid use 

(i = high purity water, formamide and glycerol). 

 The hydrophobicity of each material was estimated by following equations [19]: 

 ∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝑡𝑡𝑡𝑡𝑡𝑡 = ∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆

𝐿𝐿𝐿𝐿 +∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝐴𝐴𝐴𝐴  (3) 

 ∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝐿𝐿𝐿𝐿 = −2 × (�𝛾𝛾𝑆𝑆𝐿𝐿𝐿𝐿 − �𝛾𝛾𝐿𝐿𝐿𝐿𝐿𝐿)2 (4) 

 ∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝐴𝐴𝐴𝐴 = 4 × (  �𝛾𝛾𝑆𝑆+ × 𝛾𝛾𝐿𝐿− + �𝛾𝛾𝑆𝑆− × 𝛾𝛾𝐿𝐿+  −�𝛾𝛾𝑆𝑆+ × 𝛾𝛾𝑆𝑆− − �𝛾𝛾𝐿𝐿+ × 𝛾𝛾𝐿𝐿−) (5) 

where ΔGSWS
tot is the interfacial free energy of each material in the present of water ΔGSWS

LW
 

is nonpolar components; ΔGSWS
AB is polar components; The term S and W denote the solid 

and high purity water. It has been reported that if ΔGSWS
tot is negative, the surfaces of solid 

samples have less affinity for water than the water molecules have for themselves then they 

are hydrophobic [19]. If ΔGSWS
tot is positive they are hydrophilic. The more negative 

ΔGSWS
tot , the more hydrophobic the surface and the more positive ΔGSWS

tot is, the more 

hydrophilic is the surface. 

 The corrosion study was performed duplicate, each one using three coupon samples. The 

10 mm ×10 mm coupons were hung by nylon string and aseptically introduced to individual 

sterilized 500 mL Scott bottles containing 400 mL nutrient rich medium. Then 10 mL of 

bacteria was transferred aseptically culture to these bottles of medium and incubated at 37 ºC 

for 42 days. To maintain the bacterial density and the resultant metabolic activity in the 

steady-state growth phase during immersed time, 75% of the medium was drained and 

replaced by an equal amount of fresh nutrient rich medium every 7 days. Furthermore, 10 ml 

solution from each bottle was collected after 42 days and filtered with 4 µm filter to remove 
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bacteria for inductively coupled plasma mass spectrometry testing to identify metal ion 

concentration in solution. 

  The metals coupons which then subjected to surface analysis were retrieved from biotic 

medium and were washed gently three times with PBS 1X and fixed with glutaraldehyde 

4.5% in PBS in 30 minutes. The glutaraldehyde was removed and the coupons were washed 

three times with high pure water. The coupons were dehydrated with ethanol 25, 50, 75, 90, 

and 100% in 10 minutes for each, dried in biohazard cabinet for 30 minutes and mounted for 

SEM imaging to observe biofilm and corrosion product on the surface of samples. Chemical 

analysis of the biofilm and/or corrosion products on the surface of the coupons was carried 

out using energy dispersive X-ray spectroscopy (EDS). To observe corrosion attack and 

pitting formation on coupon surfaces, the biofilm and corrosion products were removed 

immediately after taking the samples out of them media. At first, the samples from the 

solution were washed three times with 100 mL high pure water then cleaned with ultrasonic 

bath for 2 mins. The coupons were then immersed in Clarke’s solution according to ASTM 

standard G1-03 [20]. Finally, all coupons were rinsed high pure water following by ethanol 

80% and dried in bio hazard cabinet. The cleaned samples afterward were weighted and 

analysed using SEM. The corrosion rate of the coupons was measured according to ASTM 

standard G1-03 from weight loss measurement [20]: 

Corrosion rate (mm.y-1) = 8.76×104×weight loss (g)
density (g.cm-3)×area (cm2)×time�h�                                 (6)   

3. Results and discussion 

 Fig. 1 shows the concentration of bacteria adhering on various metallic surfaces. There 

were significant differences of bacteria colonisation between the Ni-coated sample and SS 

samples. Within SS samples, the greatest adhesion of cells was observed on 430 SS, followed 

by 316, 304, and 201 SSs. After measuring contact angles of the coupons by using high pure 

water, formamide and glycerol, surface tension of the coupons were calculated by using 
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equations (1) and (2). The calculation of the surface tension of metal coupons requires three 

unknown components: Lifschitz-van der Waals (LW) (nonpolar) component (γLW), electron-

acceptor (+) component (γ+) and electron-donor (-) component (γ-). Those three unknown 

components were solved by system of three equations using equation (1) for three type of 

liquid testing. Table 3 show the contact angles and surface tension of 201, 304, 316, 430 SSs 

and nickel-coating coupons. 

 All metal coupons had higher electron donor than electron acceptor (𝛾𝛾− > 𝛾𝛾+) which 

could create positive metallic substrates. Whereas 430 SS and Ni-coating coupon seemed to 

have predominantly electron donor than electron acceptor (γ− >> γ+). Hydrophobicity of 

test samples was calculated by using equation (3), (4), (5) in Table 3. By using 

hydrophobicity results (∆ SWS
tot ) of metal coupons, it is possible to determine the degree of 

hydrophobicity. According to Van Oss [19], the more negative ∆ SWS
tot , the more hydrophobic 

the sample is and vice versa. Table 3 indicates that Ni-coating sample had the lowest value or 

the highest hydrophobicity and 430 SS had the lowest hydrophobic ability. 201, 304 and 316 

SSs had similar degrees of hydrophobicity. 

 Fig. 2 shows the concentration of iron ion and Fig. 3 shows the concentration of other 

metal ion including nickel on, chronmium ion, manganese ion and molybdenum ion in 

solution after 42 days immersion metal coupons in a P. aeruginosa environment. Result 

showed a statistically significant higher concentration of dissolved iron ion and nickel ion in 

solution in the Ni-coated sample compared to the SS coupons. 201 SS seemed to have highest 

iron ion dissolving in SS group, following by 304, 430 and 316 SSs, respectively. Manganese 

ion has been releasing from 201 SS more than other samples (table 1). It appeared to be no 

molybdenum ion in solution or it is very low (under report limited 0.09 ppm) even in 316 SS 

has 2-3% Mo. This can indicate that molybdenum had formed in stable compound form on 

stainless steel surface. 
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 Figs. 4-8 shows SEM photos of test materials (a) as received, (b) after 42 days immersion, 

(c) following biofilm removal and (d) EDS analysis of (b) samples. There are not many 

difference in biofilm formation among 201, 304 and 316 SS specimens. The biofilm 

formation on 430 SS and Ni-coated samples were thicker than other samples. However Ni-

coated sample showed very deep and large pits on the surface while 430 SS sample showed 

few small and narrow pits. Moreover, 201 SS appeared to be more corrored than 304, 316 

and 430 SS specimens by presenting more larger pits on the surface. EDS results show 

different peak of metal and oxygen which indicate the formation of metal oxide on the 

surface of samples. Furthermore, all stainless steel samples contain manganese oxide (table 

1), however, Figs. 4-8 (d) show very low concentration of manganese on test samples surface 

and Fig. 3 shows high concentration of manganese in solution which indicates the high 

solubility of manganese in test solutions and result in lowering corrosion resistance of 

stainless steel.  

 Fig. 9 illustrates the corrosion rate of test samples following 42 days immersion in 

artificial seawater with P. aeruginosa. According to the graph, Ni-coating sample had the 

highest corrosion rate (mm.yr-1) compared to other samples. Furthermore, 430 SS had low 

corrosion rate while it had very high density of bacteria attachment. Within SS, 201 SS 

showed the highest corrosion rate while it had the lowest adhesion cells on the surface. 

 P. aeruginosa is a SFBs type bacterium which forms a dense slime layer on substrates. 

During biofilm formation, it excretes an acidic exopolymeric substance (EPS). EPS contains 

mostly polysaccharide (alginate) on substrates as its general property in the environment [21] 

which consists of anionic carboxylic groups with metal-binding ability. The corrosion process 

can happen through four main reactions: At first, when there is not enough iron which is 

essential for P. aeruginosa growth in the environment, the bacterium synthesizes two 

siderophores: pyochelin and pyoverdin [22]. These siderophores are low-molecular-weight 
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compounds with a high affinity for iron, which solubilize iron from insoluble ferric 

compounds (in passive film compounds) and transport these ions into the bacterial cell for 

their growth and activity. The metabolism of P. aeruginosa transfers electron from glucose 

which is available in environment to oxygen to form gluconate and release oxygen ion [4]. 

These ions probably combine with water to form (OH)ˉ ion which interact with iron ions to 

form compound [Fe(OH)2+]. The EPS releases protons from the carboxylic group to gain 

energy for bacterial growth by the reaction with iron compound resulting in corrosion product 

[(RCOO)2(FeOH)] followed by reaction 7. The resulting protons are probably dissolving 

oxides in passive film of SS resulting in the breakdown of the passive film. 

 2RCOOH + Fe(OH)2+ ⇔ [(RCOO)2(FeOH)] + 2H+ (7) 

Due to the presence of the biofilm layer on the metal surface, the different areas aeration cells 

are created resulting in pitting corrosion. The anode is located beneath the biofilm layer and 

lacks oxygen, whereas the cathode is placed on the surface of the steel substrate and is 

enriched with oxygen [23]. The anode reaction is the dissolving of iron and the cathode 

reaction is the dissolving of oxygen to oxygen ion. Additionally, the present of chloride (Cl-) 

in artificial seawater increases the acidity of electrolyte water (reaction 8) resulting in severe 

pitting corrosion. 

 Cl− + H2O ⟷ HCl + OH− (8) 

 According to Table 3 and 4, this study found that 304 and 316 SSs had similar surface 

tension (𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡) and hydrophobicity (∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝑡𝑡𝑡𝑡𝑡𝑡 ), indicates the similar physical properties. 

However, SS type vary in nickel content with 316 SS > 304 SS > 201 SS as shown in Table 

1. Fig. 1 shows the highest bacteria density on 316 SS, following by 304 and 201 SSs 

indicates that SS with higher nickel content had greater bacterial adhesion to adhere on the 

surface which is. similar to previous report [12]. Additionally, nickel is essential for bacteria 

in variety of cellular process [24]. P. aeruginosa can accumulate nickel ion as phosphide 
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(Ni5P4, NiP2, Ni12P5) and carbide crystal (Ni3C) mostly in the cell envelope region [25]. It is 

possible that when the passive film is dissolved during corrosion process and Ni2+ ion is 

released attracting bacterium to metal surface. Even though 316 SS had the highest bacteria 

density, it appeared to be less corroded than other test samples while 201 SS which had the 

lowest bacteria adhesion appeared to be corroded the most according to their iron released in 

solution in Fig. 2 and corrosion rate in Fig. 9. 201 SS is same as 304 SS but nickel is replaced 

by manganese which lowers corrosion resistance of 201 SS as explained above. Gou-dong 

Bao [26] reported that the passive film of 304 SS was much stronger than 201 SS and the 

corrosion rate of 201 SS was much higher than 304 SS. Thus, although 201 SS had less 

bacteria density than 304 SS, it still corroded more. There is a peak of molybdenum in 316 

SS and from Fig. 3, there is no molybdenum ion in solution. This can illustrate the stable 

formation of molybdenum oxide on surface of 316 SS. Previous study also shows the 

formation of MoO2 in the passive film remain passive at lower pH value [27]. Therefore, 316 

SS has 2-3% of molybdenum allowing formation of MoO2 stable passive film than other test 

samples and result in high corrosion resistance compared to other test samples.  

 P. aeruginosa are gram negative bacteria and their cell walls are negatively charged [28]. 

Therefore, they have a tendency to adhere to positively charged substratum, specifically 

metallic substrates, and initiate biofilm formation [29]. According to Table 3, 430 SS and Ni-

coated coupons had dominant electron donor and minor electron acceptor (𝛾𝛾− >> 𝛾𝛾+). 

While 201, 304 and 316 SSs had nearly same values of electron donor and electron acceptor. 

Therefore, 430 SS and Ni-coated coupons were a more positive metallic substrate than 201, 

304 and 316 SSs and this is probably one of the reasons that 430 SS and Ni-coating coupons 

had higher bacteria colonisation than others. On the other hand, 430 SS had the highest 

hydrophobicity value (∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝑡𝑡𝑡𝑡𝑡𝑡 ) as shown in Table 3 thus it performed the highest hydrophilic 

ability. P.aeruginosa strains have been shown to have hydrophilic properties in recent 
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research [30,31]. Moreover, hydrophilic cells interact more easily with hydrophilic interfaces 

than hydrophobic interfaces [10]. The more hydrophilic the metallic substrate, the more 

bacteria adhere on surface. 430 SS surface had the highest hydrophilic ability; therefore this 

is probably the reason why it had higher bacterial adhesion compared to the other SS samples 

even though it has low nickel content as given in Table 1. However, its corrosion rate was 

low which can be explained by the passive film of 430 SS and its dense biofilm. 

Microorganism settled down and formed biofilm on SS surface. Due to the formation of 

passive film on the surface, the corrosion process happened slowly. While 430 SS had a 

greater number of adhered bacteria, this may have reduced ion movement and acted as a 

small layer to inhibit corrosion [32], resulting in lower corrosion rate. 

 Although the nickel-coated sample had the lowest hydrophilic ability due to lowest 

hydrophobicity value (∆𝐺𝐺𝑆𝑆𝐿𝐿𝑆𝑆
𝑡𝑡𝑡𝑡𝑡𝑡  in Table 3), it showed bacterial adhesion was highest and was 

more than three times compared to 430 SS. The corrosion rate was highest compared to other 

test samples as shown in Fig. 9, producing deep and large pits on the surface after removing 

biofilm as given in Fig. 8. This can be clarified by two reasons: The presence of chloride ions 

in solution formed acidic chloride via reaction 8 which dissolve nickel oxide and nickel in 

nickel-coating sample to form nickel ion. P. aeruginosa was attracted to nickel ions released 

from nickel-coated sample; The nickel-coated sample is mild steel coated with nickel, 

therefore when different aerated cells form and the nickel layer was dissolved, the corrosion 

reaction would have occurred quickly and released plenty metallic ion as shown in Fig. 2. 

Moreover, the lipopolysaccharide in EPS, a highly anionic structure, has been identified as 

the main binding site for metals [33]. When the cell wall is in direct contact with the 

environment, negatively charged groups are able to attract and bind metallic cations based on 

electrostatic forces without cellular energy consumption [34], resulting in high enhancement 

of bacteria attachment on nickel-coating sample. 
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4. Conclusion 

 Nickel-coated samples performed weak corrosion resistance and resulted in the highest 

corrosion rate compared to other SSs samples in artificial seawater containing P. aeruginosa 

strain even though it has been shown to have good corrosion resistance in abiotic 

environment [35]. Electron donor ability and hydrophobicity ability of metal have a 

significant effect on bacteria adhesion which leads to higher bacteria attachment density on 

430 SS compare to other SS samples. Higher nickel content in SS with same physical ability 

results in higher enhancing bacteria attachment. The passive film compositions of SS, beside 

chromium oxide, molybdenum oxide has been playing positive role in microbial corrosion 

resistance. 316 SS even though had high bacterial adhesion but shown to be less corroded 

than 201 and 304 SSs due to the stable of molybdenum oxide while 201 SS has the lowest 

bacteria adhesion but shown to be the most corroded compared to other SS samples due to the 

vulnerable manganese oxide in low pH environment. 
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Figure captions 

Figure 1. Adhesion of bacteria on samples surface after 60 mins of immersion time. 

Figure 2. Concentration of Fen+ ion in ppb in product solution after 42 days immersion of 

coupons. 

Figure 3. SEM photos of 201 SS including as received (a), biofilm formation (b) and after 

removing biofilm (c). 

Figure 4. SEM photos of 304 SS including as received (a), biofilm formation (b) and after 

removing biofilm (c). 

Figure 5. SEM photos of 316 SS including as received (a), biofilm formation (b) and after 

removing biofilm (c). 

Figure 6. SEM photos of 430 SS including as received (a), biofilm formation (b) and after 

removing biofilm (c). 

Figure 7. SEM photos  of nickel-coated sample including as received (a), biofilm formation 

(b) and after removing biofilm (c). 

Figure 8. Corrosion rate of test samples during 42 days of immersion time. 

Table captions 

Table 1. Chemical compositions of tested SS specimens. 

Table 2. Surface tension parameters of water, formamide and glycerol [17]. 

Table 3.  Contact angles (º) in water, formamide and glycerol of 201, 304, 316, 430 SSs and 

Nickel-coating, their surface tension (m.J.m-2) and their hydrophobicity (m.J.m-2). 
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Figure 1. Adhesion of bacteria on samples surface after 60 mins of immersion time. 
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Figure 2. Concentration of Fen+ ion in ppb in product solution after 42 days immersion of 

coupons.  
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Figure 3. Concentration of other metal ions in ppb in product solution after 42 days 

immersion of coupons. 



23 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SEM photos of 201 SS including as received (a), biofilm formation (b), after 

removing biofilm (c) and EDS analysis result of biofilm formation sample (d) 

(b) 
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Figure 5. SEM photos of 304 SS including as received (a), biofilm formation (b),  after 

removing biofilm (c) nd EDS analysis result of biofilm formation sample (d) 

(b) 
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Figure 6. SEM photos of 316 SS including as received (a), biofilm formation (b),  after 

removing biofilmc (c) and EDS analysis result of biofilm formation sample (d)  



26 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. SEM photos of 430 SS including as received (a), biofilm formation (b),  after 

removing biofilm (c) and EDS analysis result of biofilm formation sample (d) 
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Figure 8. SEM photos  of nickel-coated sample including as received (a), biofilm formation 

(b) , after removing biofilm (c) and EDS analysis result of biofilm formation sample (d) 
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Figure 9. Corrosion rate of test samples during 42 days of immersion time. 
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Table 1. Chemical compositions of tested SS specimens. 

 Chemical elements (%) 

 C Mn    S    P   Si    Cr    Ni       N Mo 

201 SS < 0.15   5.5-7.5 < 0.03 < 0.060 < 1 16-18 3.5-5.5 < 0.25 - 

304 SS < 0.08         < 1 < 0.03 < 0.045 < 1 17.5-20   8-11 - - 

316 SS < 0.08         < 2 < 0.03 < 0.045 < 0.75 16.-18  14-10     0.10 3-2 

430 SS < 0.12         < 1 < 0.03 < 0.040 < 1 16.-18 < 0.75 - - 

Nickel-coated carbon steel with fully 40 µm nickel coating 
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Table 2. Surface tension parameters of water, formamide and glycerol [17]. 

Liquid 
𝛾𝛾tot 𝛾𝛾AB 𝛾𝛾LW 𝛾𝛾+ 𝛾𝛾ˉ 

( m.J.m-2) 

Water 72.8 51 21.8 25.50 25.5 

Formamide 58.0 19 39.0   2.28 39.6 

Glycerol 64.0 30 34.0   3.92 57.4 
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 Table 3.  Contact angles (º) in water, formamide and glycerol of 201, 304, 316, 430 SSs and Nickel-coating, their surface tension (m.J.m-2) 

and their hydrophobicity (m.J.m-2). 

Materials type θw (º) θF (º) θG (º) γtot (m.J.m-2) γ+ (m.J.m-2) γˉ (m.J.m-2) ∆ SWS
tot  (m.J.m-2) 

SS 201 65.695 ± 2.09 48.082 ± 0.56 45.696 ± 0.24 36.620 12.313 17.844 -13.314 

SS 304 69.477 ± 1.17 47.634 ± 0.34 50.289 ± 1.44 33.859   9.014 10.119 -16.673 

SS 316 66.657 ± 2.01 45.776 ± 0.19 47.758 ± 0.51 35.787 10.769 11.150 -13.882 

SS 430 65.593 ± 2.35 33.557 ± 0.32 30.010 ± 1.01 33.505   6.430 25.708 -06.846 

Ni-coating 82.122 ± 3.95 63.940 ± 1.21 60.974 ± 1.27 22.371   4.928 18.368 -24.786 
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