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Abstract: Microorganisms in biodiesel storage tanks may generate bio-corrosion due to their 

hygroscopic and susceptible fuel degradation. The organisms, including Bacillus megaterium present 

in the hydrocarbons, resulted from the EPS and metabolites processes that subsequently control the 

corrosion process of the tank. This present study examined the effect of biodiesel concentration on 

microbial activity through TPC analyzing growth for B. megaterium. Furthermore, this study 

investigated EPS formation and acid metabolites production by B. megaterium based on SEM 

observations and acidimetric titration. Meanwhile, this study investigated the microorganism-induced 

corrosion impact based on gravimetric analysis. The results explained a higher biodiesel concentration 

in diesel oil promoted an increase in the growth of B. megaterium and the corrosion rate. Conversely, 

the acid metabolites produced from bacteria under the biofilm did not significantly increase the 

corrosion rate. Corrosion products resulting from the B. megaterium activity on the surface of the steel 

included Iron (II, III) oxide (Fe2O3 and Fe3O4). The formation of oxide and pitting may control the 

strength of the surface tank in the course of biofuel storage, which may lead to the failure of the material. 
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1. Introduction 

Fossil fuel or biofuel is commonly stored in storage tanks in a given period. For this 

purpose, most hydrocarbon storage tanks are made of a material such as carbon steel because 

of their high strength and good formability. Nevertheless, carbon steel is susceptible to bio-

corrosion under the influence of microorganisms present in hydrocarbon fuels. Particularly, 

biocorrosion processes at a metal surface favorably occur in aqueous environments of waste 

treatment facilities, including chemical and underground pipelines transporting oil and gas [1–

4]. In this case, biocorrosion of carbon steel storage, distribution, and infrastructure systems 

has significant economic impacts on maintenance costs and reduction of the fuel quality 

resulting from deterioration [5–8]. 

Further, biodiesel primarily comprises methyl esters of fatty acids (FAME) resulting 

from plant oils or animal fats' transesterification. This fuel is then blended with diesel fuel at 

varying concentrations. Biodiesel as a mixture with diesel fuel interacts with the metal surfaces 
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during the storage, thereby promoting biocorrosion in the storage tanks. Compared to diesel 

oil, biodiesel also has a higher susceptibility to degradation by microorganisms, which has 

become crucial during storage [9–14]. Specifically, biodiesel's chemical composition may vary 

greatly depending on the raw material used [15]. Incorrect handling and storage practices of 

biodiesel and diesel–biodiesel blends can lead to microbial development, impacting its final 

quality [16]. Biodiesel also contains more dissolved oxygen than diesel oil [17,18], reducing 

oxidative stability and increasing fuel biodegradation [19,20]. In its place, it is naturally more 

hygroscopic than diesel oil, resulting in the mixture containing more water [21,22]. 

Particularly, water in the fuel becomes a habitat for the metabolism and growth of 

microorganisms [15,23].  

Correspondingly, biodiesel may be contaminated by microorganisms because the 

storage tank's condition is difficult to keep sterile. In contrast, microorganisms can survive in 

systems such as air, water, or soil [24]. Factors of climate, distribution system design, the 

chemical composition of fuels, methods, and effectiveness of cleaning and controlling product 

quality may contribute to microorganism contamination in operation and storage tanks. 

However, storage conditions contribute more to contamination and corrosion [25]. 

Accordingly, the presence of microorganisms needs controlling during biodiesel storage, in 

turn preventing the corrosion tank. 

Recently, microorganism contamination affecting diesel and biodiesel properties has 

been reported for specifically biocorrosion with microorganism activity [15,22,26,27]. Here 

biocorrosion proceeds related to the degradation of hydrocarbons when utilized by 

microorganisms as carbon and energy sources [22,28,29]. Consequently, biodiesel, as a mix of 

diesel oil, can promote corrosion in hydrocarbon storage tanks. Instead, in Indonesia, a mixture 

of diesel oil contains a higher concentration of biodiesel than that of the mix found in other 

countries, which reaches 30% v/v. With a relatively high mix ratio, hygroscopic biodiesel is 

more easily contaminated by the presence of microorganisms, making it easily degraded. 

Within the storage tank, microorganisms utilize biodiesel blends as a carbon source to 

carry out metabolism that will induce corrosion [30,31]. Among several species, Bacillus sp. 

is a microorganism that dominates the biodegradation of hydrocarbon products, affecting the 

corrosion rate [32,33]. B. megaterium is one species identified in the corrosion products of 

diesel oil transportation pipelines in India, and its effect on biocorrosion was previously 

reported [34]. However, the way this microorganism affects corrosion is still poorly 

understood, particularly in systems involving biodiesel degradation and efficiency of utility by 

microorganisms. Principally, the biocorrosion process on the metal surface of the storage tank 

relates the ability of microorganisms to degrade hydrocarbons and forms a complex matrix of 

extracellular polymeric substances (EPS) [35] and metabolites that change the state of the 

surrounding environment. 

The present research was undertaken to investigate the impact of B. megaterium 

microbial activities on the surface of the carbon steel tank, which controls biocorrosion 

containing biodiesel. In particular, several factors were considered in this study, including the 

growth and metabolite levels of biodiesel in this species and the carbon steel tanks' corrosion 

rate. Results are expected to add knowledge on preventing the biocorrosion of the storage tanks. 

2. Materials and Methods 

The immersed environment was prepared with a blend of biodiesel and diesel. In this 

case, diesel fuel was blended using 15% (B15), 20% (B20), 30% (B30) v/v biodiesel, and 100% 
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(B100) pure biodiesel, herewith presented in this paper as a mixture of B15, B20, B30, and 

B100. The biofuel was provided by PT. Darmex Agro, while the commercial fuel of diesel, 

was purchased at the Pertamina gas station. Subsequently, the medium was filtered through the 

CA filter membrane using 0.45 μm pores before experiments of biocorrosion.  

The microorganism of Bacillus megaterium was obtained from the National University 

of Singapore. This bacterial was then treated in several stages. They were firstly cultured in 

250 ml Erlenmeyer filled with 100 ml sterilized Bushnell Haas (BH) medium until the 

beginning of the stationary phase. 2 ml inoculated bacteria were taken into 500 ml Erlenmeyer 

containing 300 ml of BH medium and 1 g of sterilized diesel oil as sole nutrition. The bacteria 

were then incubated in a rotary shaker with a temperature of 30oC and 150 rpm for 22 days 

(x106 CFU/ml). 

Carbon steel ST-37, commonly used for a storage tank, was prepared as a coupon of 

specimens for corrosion observation. The carbon steel was then cut into pieces with a size of 1 

cm x 1 cm. Immersion was carried out based on the ASTM G 31-72 standard with a size of 

0.025-0.050 cm2 for 1 ml of the test solution. Subsequently, the test solution's volume was 200 

ml so that the maximum surface area of the steel plate was 10 cm2 per reactor. After that, the 

coupons were polished with 240-1200 grid abrasive paper, according to ASTM G 1-90. All the 

specimens were then cleaned with demineralized water and ethanol to remove fat and 

impurities after polishing. Eventually, they were dried with an electric dryer and stored in a 

desiccator before material characterization. 

Bio-corrosion processes on the surface of the tank were investigated by carrying out 

storage simulations, in which the carbon steel coupons were immersed in the medium for 20 

days. The immersion was carried out in a 250 ml glass reactor with a 200 ml working volume 

consisting of medium and 10% v/v bacteria on BH solution, which has passed the 

acclimatization process. The soaking process was done at a temperature of 30OC and under 

anaerobic conditions, similar to the process in the storage tank for 20 days. 

TPC (Total Plate Count) with the spread plate method was carried out to determine the 

number of B. megaterium living in biofilms formed on metal surfaces. The attached biofilm 

was removed from the metal surface and dissolved in 10 ml of demining water. The sample 

was then diluted with a dilution factor of up to 10,000 times. 0.1 ml was taken and distributed 

to the nutrient agar (NA), hardened in a petri dish from each dilution result. Petri dishes 

containing microbes were stored in an incubator of 30°C, and the calculation of the number of 

colonies was carried out after two days of storage. This analysis was carried out every five days 

during the immersion period. 

Acidimetric titration was carried out to quantify the concentration of metabolites 

produced by B. megaterium in biofilms formed on the metal surfaces. This analysis can prove 

the effect of metabolites produced on metal corrosion. 

SEM SU3500-Hitachi Ltd, Tokyo, Japan, at various magnifications, were used to 

observe the biofilm formed on the samples, obtained by immersing in formal aldehyde of a 

phosphate buffer with a pH of 7.3 for 24 hours. For this reason, samples were then rinsed with 

demineralized water and followed by ethanol at concentrations of 20%, 50%, 75%, and 98%. 

The coupon was dried with an electric dryer and stored in a desiccator before SEM 

examination. 

The gravimetric procedure was carried out to determine the specimen's corrosion rate 

according to ASTM G 1-03. In this way, the biofilm-free metal coupons were soaked in a 6 N 

HCl solution containing 20 grams of Sb2O3 and 50 grams of SnCl2 for 1-25 minutes to remove 
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corrosion products. Metal coupons were then rinsed with demineralized water, dipped in 

ethanol, and dried with an electric dryer, and weighed. The rinsing and drying processes were 

repeated until a constant metal weight was obtained. 

The metal corrosion products were analyzed using XRD following ASTM A751. 

Initially, metal coupons for XRD measurement were prepared by removing biofilm. Then, they 

were dipped in ethanol and dried. Analysis of corrosion products was carried out on the 20th-

day samples. Moreover, the microstructure of corrosion products and the corrosion damage 

were observed using SEM SU3500 (Hitachi Ltd, Tokyo, Japan). 

3. Results and Discussion 

Profiles of B. megaterium colonies based on TPC analysis are presented in Figure 1. In 

the mixture fuel of B15, the number of colonies seemed to grow until it reached 232.5 x 105 

CFU/cm2 on the 20th day. Obviously, the average number of colonies continued increasing 

until the end of the immersion showing that microorganisms could still be in the exponential 

growth phase. In the B20 fuel, however, the number of colonies continued to increase, reaching 

450 x 105 CFU/cm2 on the fifth day and then decreasing to 102.5 x 105 CFU/cm2. The same 

living colony profiles could be shown in fuels of B30 and B100. The number of colonies tended 

to increase until the fifth day and reached 537.5 x 105 CFU/cm2 for the B30 mixture and 687.5 

x 105 CFU/cm2 for the B100 mixture. After the fifth day, the number of living colonies 

decreased until the end of the soaking time. The maximum number of colonies reached on the 

fifth day for the mixtures of B20, B30, and B100 shows that B. megaterium has reached a 

stationary growth phase. On the fifth day of immersion, the effect of biodiesel concentration 

on the growth of B. megaterium was also significant. The average number of colonies in 

biofilms increased in line with the biodiesel concentration, which is 107.5 x 105 CFU / cm2 for 

B15, 450 x 105 CFU/cm2 for B20, 537.5 x 105 CFU/cm2 for B30 and 687.5 x 105 CFU/cm2 for 

B100, respectively. 

Further, the presence of biodiesel in diesel oil affected microbial growth. The average 

number of B. megaterium living colonies seemed to change in the different biodiesel 

concentrations for 20 days of immersion. With the B15 mixture, the average number of living 

colonies reached 129 x 105 CFU/ cm2. The average number of living colonies increased in the 

B20 mixture of 197 x 105 CFU/cm2, B30 353 x 105 CFU/cm2, and 433.5 x 105 CFU/cm2 in the 

B100 mixture since biodiesel is more susceptible to biodeterioration than diesel oil. The 

molecules in biodiesel are subjected to be degraded by microorganisms. In addition to utilizing 

biodiesel as a substrate, microorganisms do not require special abilities [9,36–39]. The 

hygroscopic nature of biodiesel compared to diesel oil also controls microorganisms' high 

activity and growth [18]. Importantly, the water trapped in the fuel becomes the habitat of 

microorganisms for a significant role in the metabolism and growth of microbes [23,40]. By 

consuming biodiesel, microorganisms form biofilms to store the nutrients needed to maintain 

the metabolic process [30].  

Correspondingly, the number of colonies seemed to decrease after the fifth day on 

respective fuel mixtures of B20, B30, and B100, when microorganisms started entering the 

phase of death, and biofilms underwent a lysis process. Also, the number of nutrients 

decreased, causing microbes initially trapped in biofilms to be released into the solution for 

forming new colonies elsewhere [41]. 

Furthermore, the decrease in the number of colonies may result from microorganisms 

producing metabolites. As long as microorganisms grow and multiply, in addition to EPS 
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making a constituent of biofilms, acid metabolites can be made. Under conditions of lack of 

oxygen (acting as electron acceptors) as in the bottom of the storage tank, fermentation 

occurred due to microbial metabolism in the water phase. This process leads to the production 

of organic acids [12,42,43]. Accordingly, an increase in biodiesel concentration for 

microorganisms' metabolism influenced metabolites' output, including acid metabolites.  

Subsequently, the concentration of acid metabolites was quantified by B. megaterium using the 

acidimetric titration method, and the result is shown in Figure 1. 

 
Figure 1. The number of B. megaterium colonies and the concentration of acid in the biofilm. 

The concentration of biodiesel influenced the acid metabolites produced by B. 

Megaterium (Figure 1). Consequently, the concentration of acid metabolites accumulating at 

the end of the immersion time is more likely to increase along with the increasing percentage 

of biodiesel in diesel oil, which is 1.5 mM for B20; 1.85 mM for B30, and 2.5 mM for B100. 

However, acid metabolites trapped in biofilms could be toxic to microorganisms, so that the 

number of living colonies on metal surfaces was reduced as found in the fuel mixtures of B20, 

B30, and B100. Due to microorganisms still in the growth phase, acid concentrations reached 

2.25 mM for B15 at the end of the immersion time. For other biodiesel mixtures, 

microorganisms have entered the stage of death or spread due to lysis events. 

Further growth activity, biofilm formation, and acid metabolite production by B. 

megaterium made an increase in biodiesel concentrations affecting carbon steel corrosion. 

Here, the corrosion rate is known as the corrosion parameter to describe the kinetics of a metal's 

corrosion reaction in an environment. For this purpose, the corrosion rate was determined by 

the gravimetric analysis method or based on metal mass loss. The result shows that the 
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corrosion rate of carbon steel is controlled by biodiesel concentration and the activity of B. 

megaterium (Figure 2).  

 
Figure 2. Effect of B. megaterium activities on the corrosion of carbon steel. 

This was also confirmed by the results of the ANOVA statistical analysis with a P 

value<0.05. With the mixture of B15, the average metal corrosion rate reached 0.132 ± 0.049 

mm/year. Although it was not very significant, an increase in the corrosion rate occurred in the 

mixture of B20 in the order of 0.136 ± 0.072 mm/year. In the higher biodiesel concentration 

(B30), metals' corrosion rate reached 0.163 ± 0.042 mm/year, whereas, in the B100 medium, 

the corrosion rate of metals was achieved by 0.210 ± 0.052 mm/year. The highest average 

corrosion rate in the B100 mixture proved that biodiesel has the property of being easily 

oxidized or degraded so that B. megaterium can use it as a carbon source. 

The presence of B. megaterium in the diesel-biodiesel oil medium made an increase in 

the corrosion rate of carbon steel compared to the sterile medium (Figure 2). However, in the 

absence of microorganisms (control), corrosion rates with increasing biodiesel concentrations 

were apparent. This is due to the hygroscopic nature of biofuels. The nature of biodiesel, which 

easily absorbs water from the atmosphere and has more excellent water solubility than fossil 

fuels, allows for water accumulation. Besides, high humidity can affect the absorption of water 

by biodiesel. Biodiesel can absorb water up to 1200 ppm under 95% humidity [44]. 

Also, biodiesel's water content can affect the corrosion rate [45,46]. Also, water in 

biodiesel can cause oxidation events and produce corrosive oxidation products in aldehydes, 

alcohols, and short-chain carboxylic acids [47,48]. Correspondingly, the decrease in corrosion 

rate in the B100 mixture in the absence of microorganism activity is due to the formation of a 

passive layer resulting from the reaction between dissolved oxygen, in the amounts from 10-

20% v/v on biodiesel and the metal surface. This research demonstrated that the mixing process 

between diesel oil and biodiesel leads to carbon steel corrosion even though, according to El-

Araby et al. [49], biodiesel blends up to B30 have the main characteristics of fuel which are 

not much different from diesel oil in terms of density, kinematic viscosity, and flashpoint. This 

can be caused when biodiesel is added to diesel oil, the biodegradability of the fuel mixture 

will increase [50].  

Biodiesel concentration, B. megaterium activity, and metal immersion time can also 

contribute to metal corrosion rate. However, in this study, the concentration of biodiesel and 

immersion time did not have a combined effect on the rate of metal corrosion.B. megaterium 
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activity on the surface of carbon steel in a mixture of biodiesel and diesel oil caused corrosion 

damage in the form of pitting (Figure 3). Here magnetite and hematite were formed on the 

metal's surface as corrosion products (Figure 4). Besides, corrosion on metal surfaces can occur 

when the interaction between B. megaterium and medium produces acidic metabolic products. 

In biofilms, these metabolite products may be corrosive and affect the formation of pitting on 

metals [24,45,51]. The corrosion process may also be related to organic acid production during 

fermentative or aerobic metabolism [12]. However, in a mixture of biodiesel and diesel oil, 

acid produced by B. megaterium has a lower effect on carbon steel's corrosion rate. This can 

be seen from the high acid concentration at the end of the immersion period, not followed by 

an increase in metal corrosion rate (Figure 5). In this system, biofilms on metal surfaces 

contribute more to the metal corrosion rate. Despite chemical corrosion being the most 

frequently described, studies show the participation of microorganisms in direct corrosion 

processes or the acceleration/influence of the corrosive action through the formation of 

complex biofilms [51,52]. 

 
Figure 3. Pitting corrosion on the carbon steel. 

 
Figure 4. Corrosion products on the carbon steel surface. 

Further, biofilms may create different environmental conditions, such as differences in 

dissolved oxygen. The area covered by biofilm will act as the anode side in the event of 

corrosion. The oxidation reaction on the anode side produces electrons that will move to the 

cathode side. The more surfaces without biofilm, the more electrons must be provided from the 

area under the biofilm for the redox reaction to proceed. Therefore, corrosion in the form of 

pitting will be formed. 
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Figure 5. Corrosion rate and acid concentration with the presence of B. megaterium. 

4. Conclusions 

It can be concluded that the biodiesel concentration and immersion time affected the 

growth of B. megaterium on biofilm, metabolites concentration, and carbon steel corrosion 

rate. The higher the biodiesel concentration in the medium, the average growth of B. 

megaterium and acid metabolites in biofilms increased. Also, this activity influenced the 

corrosion rate of carbon steel. However, the corrosion rate in this system was influenced not 

only by B. megaterium but also by the medium. The effect of environmental differences due to 

biofilms by B. megaterium plays a more significant role in this system than the metabolites. 

The impact of B. megaterium resulted in pitting corrosion, corrosion products of magnetite and 

hematite. 
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