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Abstract: Mild  steel  coupons (MSCs) buried for thirty months in soils inoculated with bacterial isolate
Bacillus cereus-SNB4 resulted in microbiologically influenced corrosion (MIC) based average percent weight
loss (APWL) and corrosion rate (CR) as 8.21% and 3.55mgdm d , respectively with 18.86% moisture and2 1

0.218% organic contents. For nutrient added soils the corresponding figures were -8.95 and -3.87 with 13.53%
moisture and 0.239% organic contents. The CR and APWL of MSCs due to MIC, treated with Bacillus
thuringiensis-SN8 were 6.14mgdm d and 14.19%, respectively with 17.65% moisture and 0.228% organic2 1

contents. For nutrient added soils, the respective values were -1.68 and -3.9 with 15.74% moisture and 0.19%
organic contents. Corrosion rate and APWL of MSCs due to MIC in the co-cultured (inoculated with Bacillus
cereus-SNB4 + Bacillus thuringiensis-SN8) soils without added nutrients were 0.7mgdm d and 1.61%,2 1

respectively with 12.65% moisture and 0.206% organic contents. For co-cultured nutrient added soils, CR and
APWL due to MIC were -3.18mgdm d and -7.35%, respectively with 16.85% moisture and 0.272% organic2 1

contents. X-rays diffraction (XRD) analysis of corrosion products expressed peaks of higher intensities of
Fe(OH) , -Fe O .3H O and -FeOOH.3 2 3 2
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INTRODUCTION Prevention and treatment of biocorrosion should be

Metals and their alloys are influenced by of biofilm [12]. There are currently a limited number of
physicochemical and biological factors of their immediate effective strategies to inhibit biofilm growth and MIC
environments and over a period of time corrosion may inside industrial pipelines [13, 14]. Biocides that usually
lead to failures of services for which metallic systems were include halogen and ozone (oxidizing) or formaldehyde,
installed [1]. Corrosion is a main component of the glutaraldehyde, isothiazolones and quaternary ammonia
operating and maintenance cost of gas industry pipelines compounds (non-oxidizing) are the main tools for
[2-4]. controlling biological degradation [15]. However, results

MIC accounts for 20–50% of internal corrosion of biocides have been far from satisfactory, because MIC
caused by bacteria growing on the inner pipeline surfaces occurs under adherent biofilms [16] and the chemicals
[5, 6]. In industrial settings, bacterial biofilms on surfaces become much less effective against sessile organisms
cause changes in local microenvironment, metabolic within biofilms compared to their effectiveness against a
processes, pH and dissolved oxygen leading to the planktonic population. This renders the biofilms
generation of active pitting corrosion cells [7]. resistance to the antimicrobial agents [17-19]. Besides
Microorganisms  associated  with  MIC  include but are causing MIC some microorganisms can also induce
not  limited  to sulphate-reducing, sulfur-oxidising [8], corrosion inhibition [20]. Corrosion inhibiting bacteria
iron-oxidizing [9], iron-reducing [10] and acid-producing protect metals under aerobic [21] as well as anaerobic
bacteria [11] as well as fungi [1]. conditions [22]. Zuo [23] has suggested beneficial

mainly based on avoiding or minimizing the development
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bacterial biofilms as one of the most promising Experimental Procedure: MSCs were then inserted in the
approaches to reach an effective environmentally friendly soils with 25% moisture contents provided by 80ml of
corrosion control strategy. sterilized inoculated water / nutrient broth. The containers

Underground metal structures are usually expected to were capped, air tightened, sealed with thick black tape
have a long working life, often 50 to 100 years. Structures and placed in inverted positions at room temperature.
such as natural gas and crude oil pipelines and water Coupons in uninoculated water / nutrient broth
mains are only some of the many structures reported to impregnated soils served as controls. While respective
have  been affected by soil corrosion around the world sets of experimental units were inoculated with Bacillus
[24, 25]. Corrosion rate of soil buried metallic structures cereus-SNB4, Bacillus thuringiensis-SN8 and their co-
depends on a large number of factors including biotic culture.
components. In Pakistan natural gas is transported
through soil buried mild steel pipes from its origin to far Post-Harvest Procedures
country areas. Due to varied topographical regions with Processing of Mscs for Determining Corrosion Rate
varying soil conditions, process of corrosion occurs with (CR) and Average Percent Weight Loss (APWL): At the
different magnitude at different locations. The present end of 30 months’ post-exposure period, the experimental
study was aimed at evaluating the process of corrosion of containers were opened and 1gm of soil was saved for
mild steel coupons following 30 months’ burial in a well viable counting of bacteria. Then the MSCs were
mixed soil under different sets of experimental treatments recovered from soils and their corrosion products were
which included nutrients, corrosion promoting and / or removed with the help of fine needles as well as scalpels
inhibiting bacteria. Results of this study are valuable in and saved for XRD analysis. The MSCs were then made
predicting corrosion based failures of the services for completely free from corrosion products by the method of
different soil environments and informative for developing Angeles-Chavez et al. [28]. MSCs were then dried at 80°C
future control measures. for 20 minutes and weighed. Weight loss of each coupon

MATERIALS AND METHODS Corrosion rate (mgdm d ) was then calculated as

Corrosion accelerating bacterium (Bacillus cereus-
SNB4) and its antagonist (Bacillus thuringiensis-SN8) X-Rays Diffraction (Xrd) Analysis of Corrosion
reported by Bano and Qazi [26] were employed in this Products: Dried corrosion products were crushed into a
study. These microbes were isolated from corrosion fine powder and processed for XRD analysis for
influenced soils and the authors established their species determining presence and nature of oxides. A semi
identification by sequencing their 16SrRNA genes and computer controlled XRD (RIGAKU Model DMAX/ A)
comparing for percent similarities with the sequences between 10° and 85°-2  with copper Ká radiation at a
deposited in public databases by using the BLAST search rating of 35KV, 25mA was performed.
programme.

Pre-Harvest Preparation of Mild Steel Coupons (MSCs) were determined by spreading 0.1ml of diluted
and Soil Columns: MSCs (2.5×2.5×0.1cm) were prepared suspensions on nutrient agar plates which were
as described by Zuo and Wood [27]. After recording subsequently incubated at 37°C for 24hrs. Moisture
weight, MSCs were autoclaved. Thoroughly-mixed and contents of the soils were measured according to Gupta
sieved through 20 mesh sieves, 300gm of soil in [30]. Soil organic contents were measured as described by
transparent glass containers (12cm×6cm) was placed at Storer [31]. 
105°C for 2 days. They were then capped tightly and
autoclaved. RESULTS

Inoculum Preparation: Overnight grown bacterial Corrosion Rate (CR) and Average Percent Weight Loss
cultures in nutrient broth (Oxoid) were centrifuged at (APWL): Following two and a half years of soil burial
5000rpm for 10 minutes. The pellet was washed twice with under different experimental conditions, the MSCs
distilled water and then the suspension in water / nutrient appeared badly damaged. Corrosion products were found
broth was prepared to achieve 0.80 O.D at 600nm. to  surround  the  coupons completely. After removal of

was calibrated as percent loss from its initial mass.
2 1

described by Majumdar et al. [29].

Soil Analyses: Colony forming units (C.F.U)/gm of soil
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Table 1: Estimation of corrosion of mild steel coupons and accompanying levels of moisture contents, organic contents and bacterial C.F.U×10 of soils following inoculation with Bacillus cereus-4

SNB4, Bacillus thuringiensis-SN8 and their co-culture without added nutrients (A) and with added nutrients (B) at an incubation period of 30 months at 10-30°C.

C.R Moisture Organic
(mgdm d ) APWL contents (%) contents (%) C.F.U/gm2 1

------------------------------------ ------------------------------------ -------------------- ---------------- -------------------
Experiment A B A B A B A B A B

Control 21.42±0.69 23.71±0.31 49.57±1.59 54.86±0.72 18.93±0.37 17.83±0.22 0.188±0.01 0.266±0.02 ---- ----

Bacillus cereus-SNB4 24.97±1.11(3.55) 19.84±1.15(-3.87) 57.78±2.56(8.21) 45.91±2.66(-8.95) 18.86±0.13 13.53±0.51 0.218±0.04 0.239±0.01 50.11±1.91 61.3±2.16a a b b

Bacillus
thuringiensis-SN8 27.56±1.2(6.14) 22.03±1.23(-1.68) 63.76±2.77(14.19) 50.96±2.85(-3.9) 17.65±1.29 15.74±0.41 0.228±0.06 0.19±0.1 42.93±1.53 72.71±3.66a a b b

Bacillus cereus-SNB4
+ Bacillus
thuriengiensis-SN8 22.12±0.48(0.7) 20.53±1.49(-3.18) 51.18±1.11(1.61) 47.51±3.45(-7.35) 12.65±0.17 16.85±0.07 0.206±0.02 0.272±0.14 46.58±1.99 80.05±1.53a a b b

C.R= Corrosion Rate (mg/dm /d); APWL= Average percent weight loss; Values are means of three replicates ±Standard deviation. a= C.R (MIC) b= APWL (MIC) 2

Fig. 1: XRD pattern of the corrosion product

corrosion products, metal loss ranged from 45.91 to XRD Analysis of Corrosion Products: Figure 1 presents
63.76%. Varying levels of metal losses were recorded for the details of XRD data corresponding to the corrosion
the different categories of the experiments (Table 1). products collected from the various experiments. Peaks of

CR of MSCs due to MIC by the bacterial strains higher intensities of Fe(OH) , -Fe O .3H O and -FeOOH
Bacillus cereus-SNB4, Bacillus thuringiensis-SN8 and in all the experimental systems were observed. This data
their co-culture in the presence of 18.86, 17.65 and 12.65% reflect the presence of various iron oxidation forms in the
moistures were 3.55, 6.14 and 0.7mgdm d , respectively. corrosion products.2 1

APWL of these MSCs were 8.21, 14.19 and 1.61%
respectively (Table 1). Recovered intact parts of the Soil Analyses: Number of C.F.U/gm of soil for without
coupons treated with Bacillus thuringiensis-SN8 retained nutrients added soils inoculated with Bacillus cereus-
the metallic luster. In case of nutrient added soils CR of SNB4, Bacillus thuringiensis-SN8 and their co-culture
MSCs due to these bacterial strains were -3.87, -1.68 and appeared as 50.11±1.19×10 , 42.93±1.53×10 and
-3.18mgdm d , respectively. While values of APWL 46.58±1.99×10 , respectively. For the latter case no2 1

were -8.95, -3.9 and -7.35%, respectively (Table 1). CR as discrimination could be made about the C.F.U. of
well as APWL due to MIC of MSCs exposed to soils individual  bacterial  isolates.   In   case   of  nutrient
without added nutrients were significantly higher than added soils the respective figures emerged as
those exposed to the nutrient added soils in the presence 61.3±2.16×10 , 72.71±3.66×10 and 80.05±1.53×10 ,

respectively (Table 1).

3 2 3 2

4 4

4

4 4 4

of similar conditions.
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Moisture contents of soils without added nutrients, activity and accelerated corrosion processes. Another
inoculated with Bacillus cereus-SNB4, Bacillus interesting observation was consistently lesser values of
thuringiensis-SN8 and their co-culture were found as CR and APWL of control coupons from nutrient broth
18.86±0.13, 17.65±1.29 and 12.65±0.17%, respectively. impregnated soils. It appeared that presence of nutrient
Where as the respective moisture contents of the nutrient had reduced abiotic corrosive intensity of the soil
added soils were found as 13.53±0.51, 15.74±0.41 and environment. Probably amino acid and protein contents of
16.85±0.07%, respectively (Table 1). Moisture contents of the added nutrients had acted as buffer and ions
the both categories of controls are also shown in the adsorbing entities.
table. Bacterially influenced CR of Bacillus cereus-SNB4

Organic contents of soils without added nutrients was 3.55mgdm d  while for Bacillus thuringiensis-SN8
inoculated with Bacillus cereus-SNB4, Bacillus it was 6.14mgdm d . These two bacterial strains have
thuringiensis-SN8 and their co-culture were 0.218±0.04, been reported to cause and inhibit MIC, respectively in
0.228±0.06 and 0.206±0.02%, respectively. Corresponding soil burial conditions up to 150 days [38]. It seems that the
values for the nutrient added soils were found as corrosion protecting role of the Bacillus thuringiensis-
0.239±0.01,  0.19±0.1  and  0.272±0.14%, respectively SN8 disappeared over the period of time. However,
(Table 1). Organic contents of the both categories of corrosion rates as well as APWL of coupons exposed to
controls are also shown in the table. the co-culture, turned out significantly lesser from the

DISCUSSION had resulted due to inhibitory action of Bacillus

The present results report fate of MSCs following two Conclusively these results dictate that corrosion
and a half years of soil burial under different sets of inhibiting / protective roles of biological agents must be
experimental conditions. Process of corrosion has verified in term of the maximum time frame for their
generally been studied  by  immersing  metallic  coupons effectiveness. And that before such microorganisms
in fluids of varying natures [32-34]. There is a little data if become ineffective, they or their useful products must be
any regarding corrosion of long term soil burial metals. replenished to the system relying on them.
The  MSCs  lost about   63.76%   weight   following X-rays diffraction analysis revealed that major
burial  in Bacillus thuringiensis-SN8 inoculated soils with corrosion products were different hydrated species of
17.65% moisture  contents.  While  this  loss  reduced  to ferrous. Thus iron oxidation was the main reason of
50.96%  in nutrients added soils. Formation of thick layers corrosion. At time of recovery from experimental
of the beneficial bacterial biofilms on the metals’ surface conditions, a few of the coupons had black appearance.
in the presence of growth promoting substances might Which is usually considered as an indication of presence
had  reduced  the  surface  area  for  corrosion  to  occur of FeS. However, the X-rays diffraction analysis
[35, 36].  Fang   et   al.   [37]  reported  that  corrosion demonstrated absence of this corrosion product. It further
occurs mostly in the regions between microbial clusters. can be added that higher number of viable bacteria, if
The aggregation of microbial cells leads to generation of there were even no biofilms, might had consumed
gradient in electrochemical activity. As they become available O  at higher rate and thus it become sparingly
barriers to diffusion and render the underneath area available to cause metal corrosion.
cathodic whereas the region between microbial clusters
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