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For the first time, the simultaneous effects of sulfate reducing bacteria (SRB), soil type and moisture
content on corrosion behavior of a pipeline steel were investigated. Corrosion weight loss
measurements were performed in abiotic control and SRB-active conditions, at three different moisture
contents, and in two types of soils. Results showed that the presence of SRB in the soils, although
increased the corrosion rate and aggravated pitting corrosion at low moisture contents, had a protective
effect at high moisture contents. The corrosion rates showed a maximum at the saturation moisture
content (SMC) of the soils. Soil physicochemical analyses showed that the corrosion rate and soil
resistivity were not related while texture and chemical content of the soils had strong effects on the
corrosion rate. At low moisture contents, two layers of corrosion products formed on the surface of the
coupons in both soils. X-ray diffraction (XRD) results showed that the outer layer was ferric
oxyhydroxides in both abiotic and SRB-active conditions. The inner layer was magnetite in the abiotic
condition and a mixture of magnetite and iron sulfides in the SRB-active condition. At high moisture
contents, one layer of corrosion products formed on the surface in both soils, which was green rusts
(GR) in the abiotic condition and a mixture of GRs and iron sulfides in the SRB-active condition.
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1. INTRODUCTION
Oil and gas transmission pipelines because of a combination of good design, materials and
operating practices have an acceptable safety record. However, like any other engineering structure,
doi: 10.20964/110294
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pipelines do occasionally fail [1]. It has been reported that in the USA, Canada and Europe
approximately 22%, 52% and 16% of total incidents in oil and gas pipelines were because of
corrosion, respectively. Of those caused by corrosion, 20-36% were because of external corrosion [2–
6]. The total annual cost of corrosion in the oil and gas production industry is estimated to be $1.372
billion, which $589 million associated with surface pipelines and facility costs [7].
Buried carbon steel pipelines are protected against external corrosion by simultaneous
application of a protective organic coating and cathodic protection [8,9]. Despite how effective these
protective measures are, in the presence of inevitable coating flaws, the adhesion of the coating to the
steel decreases with time, cathodic protection current also is not enough in these areas; so the bare steel
will be exposed to the corrosive environment of the soil [8,10].
One of the major causes of pipeline failures in soils has been identified as microbiologically
influenced corrosion (MIC) [8]. There are different estimations about the contribution of MIC in total
number of failures in buried pipelines caused by corrosion, from 10% to 70% [11–16]. The first MIC
case was observed in 1934, where sulfate reducing bacteria (SRB) resulted in failure of buried castiron pipes [17]. Since then, numerous research have been carried out concerning the effect of SRB on
buried pipelines. It is believed that SRB are one of the most problematic group of microorganisms
involved in MIC [10,18–21].
Most reports about SRB-induced corrosion showed that SRB accelerated corrosion of metals
[20,22]. Li et al. [17] concluded that the presence of SRB in anaerobic soils caused a 20-fold increase
in the average corrosion rate of a carbon steel. Sun et al. [23] showed that the presence of SRB in soils
containing chloride ions exacerbated the pitting susceptibility of a stainless steel. Zhao et al. [11]
reported that the activity of SRB in sea mud increased the corrosion rate of a mild steel by 1.82 times
compared to that in sterile sea mud. Despite a detrimental role considered for SRB, other researchers
have recently found that sulfide films on a metal substrate caused by SRB metabolites, had protective
effects and decelerated the corrosion [20,22,24–26].
Although plenty of studies have been performed on the effects of SRB on corrosion of steels,
most of them were in sea water environments or simulated soil solutions, while few of them were
carried out in soil environments. Therefore, no identical and conclusive opinion about the effects of
SRB on corrosion of steels in soils has been made so far. In this study, by considering the simultaneous
effects of SRB, physicochemical properties of soil, and moisture content an attempt toward a better
understanding of the role of SRB in corrosion of a buried pipeline steel has been made. Since, SRB
have been causing many problems in Kharg Island, Iran, the main terminal for exporting Iran’s crude
oil, experiments were carried out using soils of this island where kilometers of gas and oil pipelines are
buried [27,28]. Weight loss measurement, stereo-microscopy and X-ray diffraction (XRD) were
employed to study the corrosion behavior of a pipeline steel in different conditions.
2. EXPERIMENTAL
In this work, simultaneous effects of SRB, soil type and moisture content on corrosion behavior
of a buried pipeline steel has been studied. All test parameters were chosen based on real situations in
Kharg Island to have more reliable and attributable results.

Int. J. Electrochem. Sci., Vol. 11, 2016

3889

2.1. Coupons
Coupons of 50 × 25 × 4 mm3 were cut from a plate of carbon steel API 5L X65 for weight loss
measurement. The nominal composition of API 5L X65 steel used for experiments is shown in Table
1. The coupons were abraded successively with a series of grit papers (120, 240, 360 and 600)
followed progressively by degreasing in the acetone and weighting to a precision of 0.1 mg. Coupons
were sterilized by 70% ethanol, rinsed in sterilized double-distilled water and dried under filtersterilized N2 atmosphere. They were kept in a vacuum desiccator to avoid any pollution.
Table 1. Nominal chemical composition of API 5L X65 carbon steel used for weight loss
measurement coupons.
Element C
Mn
S
P
V
Nb Ti
Fe
wt%
0.25 1.45 0.03 0.03 0.004 as 0.06 balance

2.2. Soils
Soils in this study were taken from Kharg Island, Iran on which there were two main soil
formations: Aghajari and Coral (Fig. 1). The location where the experimental soils were taken is
marked by a circle in Fig. 1. Approximately, 70 kg from each soil formation was collected from 100
cm depth, the average burial depth for oil and gas pipelines, for the experiments [29].

Figure 1. Left) geological map of Kharg Island. Circle shows the location where the experimental soils
were collected. Right) extraction location of the soils: A) Aghajari soil, B) Coral soil.
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The chemical analysis of the soils was conducted by wet chemistry (BS-1377-3 standard) at
Iran Khak Consulting Engineers Laboratory (operator), Tehran, Iran. X-ray diffraction (XRD) analysis
of the soils was done at Par-e-Tavous Research Institute, Mashhad, Iran. The particle size distribution
test was carried out according to American Society of Testing Materials (ASTM) standard D422-02.
Both sieving and sedimentation processes were used to have a complete particle size distribution of the
soils. The soil pH was measured in a 1:1 v/v mixture of soil and distilled water with a Corning 430 pH
probe [30]. Soil resistivity was measured by using the Wenner four-electrode method (ASTM G57-95).
A VoKam power supply was used as a current source and a FLUKE 187 digital multimeter was used
to measure voltage.
It has been reported [31] that the moisture content of soils at depth of 100 cm in Kharg Island
regularly varied from approximately 15 to 25 wt% each year. Therefore, three different moisture
contents, 15, 20 and 25 wt% were chosen to study the effect of moisture content on corrosion behavior
of the buried steel.
Prior to sterilization and moistening, any lumps or clods of collected soils were broken up
manually. The homogenized soils were desiccated at 105 ˚C for 48 hours [32]. The dried soils were
sterilized by autoclaving at 121 ˚C and steam pressure of 15 lb/in2 for 20 min in metallic baking pans
covered with aluminum foils.
The moisture content in each experiment was adjusted based on Eq. 1 by adding N2-sparged
sterile DI water to the sterile soils under sterile conditions:
Moisture content (wt%) =
×100
(1)
where ww and ws are the weights of added DI water and dried soil sample, respectively.
2.2.1. Soil saturation moisture content (SMC) measurement
In soil, there are always holes and porosities despite many attempts to eliminate them. The
moisture content at which all the holes and porosities are filled with water and no free water collects
on the soil surface is called SMC. For measuring the soil SMC, 200 g of each dried soil was weighted
into a 500 ml plastic container. Then, DI water was gradually added to the container while mixing the
mixture uniformly with a glass stick. The mixture was considered saturated when:
1) There was no free water on the surface of mixture.
2) Consolidated when a trench was formed by a sharp edge in the mixture.
3) Flowed when the container was tilted 45 degree angle (did not apply to Aghajari soil) [33].
The weight of added DI water was recorded at the end and the SMC was calculated by Eq. 1.

2.3. Microorganisms
A pure SRB culture, Desulfovibrio desulfuricans, isolated from soils of Kharg Island, Iran, was
obtained from Research Institute of Petroleum Industry, Tehran, Iran. The culture medium used for the
cultivation was Postage B medium consisted of 1000 ml DI water with addition of 0.5 g K2HPO4, 1.0 g
NH4Cl, 1.0 Na2SO4, 1.0 CaCl2.6H2O, 2 g MgSO4.7H2O, 3.5 g sodium lactate, 1.0 g yeast extract, 0.1 g
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L-ascorbic acid, 0.1 g thioglycolic acid and 0.5 g FeSO4.7H2O [34,35]. The last three chemicals were
temperature sensitive. Thus, they were prepared separately as a 100X stock solution and then filtersterilized [36]. The main solution consisted of other chemicals in 990 ml DI water, was autoclaved at
121 ˚C and 15 lb/in2 steam pressure for 20 min after its pH was adjusted to 7.5 by adding 1 M NaOH
[37]. Both solutions were sparged with filter-sterilized N2 for 45 minutes. In an anaerobic chamber
filled with N2 gas under sterile conditions, 10 ml of 100X stock solution was added to the main
solution and then the final medium was inoculated with 5% (v/v) SRB inoculum. At the end, the
culture medium was incubated for 4 days at 30 ˚C [18]. The incubation time was 4 days because the
SRB culture used was transferred to its stationary phase after 4 days. The number of SRB cells was
counted by using a hemocytometer (counting chamber) under an Olympus CX31 microscope with
400x total magnification [38]. The SRB amount was approximately 3×108 cells per milliliter of culture
medium.

2.3.1. SRB inoculation to the soils
Having the same number of SRB cells in the weight loss measurements as it was in the field
condition was ideal. Therefore, before the weight loss experiments, the amount of SRB cells in the
collected soils was determined. For this purpose, 200-g samples from each soil were transferred from
the field to the lab in sealed containers. The most probable number (MPN) method was used for the
enumeration of SRB cells. The procedure has been described elsewhere [39,40]. For the serial dilution,
the same culture medium as explained in Section 2.3 was used. It is a selective culture medium for just
SRB strains, and other bacteria cannot grow well in it [34]. Therefore, the result of MPN method could
be an acceptable measure of number of SRB cells in the soil samples. The number of SRB cells was
approximately 2 × 107 cells in 1 g of each soil.
Glass containers used for the experiments held approximately 1300 g of soil. 100 ml of the
enriched culture medium (3×108 cells per ml) was injected to each container to meet the amount of
SRB cells in the collected soils (2 × 107 cells per 1 g). Injection of bacteria to the soil was done in an
anaerobic chamber filled with N2 gas under sterile conditions. At the end, the containers were sealed
tightly to prevent any oxygen penetrating inside.

2.4. Weight loss measurements
Coupons were buried at the depth of 12 cm from top of glass containers with 20 cm height and
15 cm diameter. Burying coupons was done prior to SRB inoculation in an anaerobic chamber filled
with N2 gas under sterile conditions. In order to evacuate the air trapped between soil particles, the soil
inside each glass container was compacted with fixed number of beats by a constant weight [41].
Experiments were done in two types of soils: Aghajari and Coral; at three moisture contents: 15, 20
and 25 wt%; four burial times: 1, 2, 3, and 4 months; and in abiotic and SRB-active (biotic) conditions,
i.e., totally 48 experiments. The loss of moisture content in the experiments was less than 2 wt%. For
each experiment, two coupons were used to ensure the accuracy of results. After each experiment,
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coupons were taken out and pickled in 20 wt% HCl solution containing 0.14 M Urotropin for 7 min.
They were cleaned with DI water, dried and weighted again to a precision of 0.1 mg, afterward. At the
end, the measured weight loss was converted into uniform corrosion rate, milli-inch per year (mpy) by
Eq. 2 [42].
mpy =
(2)
where w, D, A and T are the measured weight loss in mg, density of the steel in g/cm 3, surface area of
the coupons in sq. in and the exposure time in h, respectively.

2.5. Microscopy
An Olympus SZX-9 stereo microscope equipped with a digital camera was used to study the
corroded surface of the coupons after the weight loss experiments.

2.6. X-ray diffraction (XRD) analysis
XRD analysis was carried out in order to characterize the corrosion products. XRD samples
were collected from coupons on which the corrosion products were easily distinguishable with the
naked eye from each other and also soil particles. XRD samples were collected in an anaerobic
chamber filled with N2 gas immediately after removing the coupons from the soil. The samples were
kept in zip-lock plastic bags till XRD analysis. XRD patterns were recorded by Philips 2236/20
diffractometer with a copper anode (K-alpha 1 = 1.54060 Å and K-alpha 2 = 1.54443 Å) at 40 kV and
40 mA. The scanning angle (2θ) ranged from 2.00˚ to 109.98˚. The XRD patterns were analyzed with
the help of X’Pert HighScore software.

3. RESULTS AND DISCUSSION
3.1. Effect of soil type on corrosion rate
Figs. 2 and 3 show the variations of the average corrosion rate of the coupons with time and
moisture content, respectively. In almost all conditions, the average corrosion rate of the coupons in
Aghajari soil was greater than that in Coral soil, which can be explained by differences in chemical
content and texture of the soils. Figs. 4 and 5 show the XRD patterns of Aghajari and Coral soils,
respectively. Their patterns were nearly the same, which implied that both soils consisted of similar
minerals. The main minerals in both soils were carbonate and quartz. However, Table 2 shows that the
chemical content of two soils had considerable differences.
As shown in Table 2, the amount of chloride ion in Aghajari soil was approximately twice of
that in Coral soil. The higher average corrosion rates in Aghajari soil could be attributed to its higher
chloride concentration, because chloride ion increases the aggressiveness of soils and breakdown
tendency of protective layers formed on the surface of mild steels [23,43]. The amounts of carbonate
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and bicarbonate ions in both soils were virtually the same, so these ions could not make a difference in
the corrosion rate. Sulfite ion behaves as an oxygen scavenger and reduces the concentration of
dissolved oxygen in soils which causes a reduction of the corrosion rate due to less oxygen available to
participate in electrochemical reactions [44]. On the other hand, less dissolved oxygen favors the
conditions for SRB activity which may increase the corrosion rate. Therefore, the effect of sulfite ion
content of soils on the corrosion rate the buried steel needs further investigation.

Figure 2. Variations of the average corrosion rate of the coupons with time.

Figure 3. Variations of the average corrosion rate of the coupons with moisture content.
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Table 2. Chemical content of the experimental soils.
Amount (wt%)
pH
Soil
Na+
K+
Mg2+ Ca2+ SO32- SO42- Cl- HCO3type
Aghajari 7.55 0.065 0.160 1.569 21.245 0.25 trace 0.045 0.023
Coral
7.42 0.210 0.022 0.391 32.421 1.03 trace 0.026 0.025
[a]
Total dissolved salts.

Figure 4. X-ray diffraction pattern of Aghajari soil.

Figure 5. X-ray diffraction pattern of Coral soil.

Organic
content
0.37
0.39

TDS[a]
0.41
0.56

Int. J. Electrochem. Sci., Vol. 11, 2016

3895

The concentrations of K+ and Mg2+ ions in Aghajari soil were approximately eight and four
times those in Coral soil, respectively. The concentration of Ca2+ with a good approximation was
identical in both soils. Liu et al. [45] have found that K+ ion decreased the charge transfer resistivity,
while Mg2+ and Ca2+ ions increased it and their influence on soil aggressiveness was in order of K + >
Mg2+ > Ca2+. Therefore, the higher concentration of K+ and Mg2+ ions in Aghajari soil could be
another reason for the higher average corrosion rates in Aghajari soil.
Table 3. Soil resistivity of the experimental soils at three different moisture contents.
Soil resistivity (Ω.cm)
15 wt% moisture content 20 wt% moisture content 25 wt% moisture content
Aghajari
9671
2697
2889
Coral
3208
2724
1977

Soil type

Soil separate
Gravel
Sand
Silt
Clay

Weight percentage in (wt%)
Aghajari Soil Coral Soil
13.31
6.29
73.10
89.20
8.96
2.76
4.62
1.75

Figure 6. Particle size distribution analysis of Aghajari and Coral soils: Gravel > 4.75 mm, 0.047 mm
< Sand < 4.75 mm, 0.005 mm < Silt < 0.047 mm, and Clay < 0.005 mm (ASTM D422-02).
Fig. 6 shows the particle size distribution of two soils. According to the soil texture
classification triangle [46], Aghajari and Coral soils are classified into loamy sand and sand categories,
respectively. The percentage of fine particles (silt and clay), in Aghajari soil (13.58 wt%) was
noticeably greater than that in Coral soil (4.51 wt%). More fine particles in soil texture, lowers the
hydraulic conductivity of soil; results in accumulation of more acid and base forming materials at the
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metal/soil interface that cannot be leached out quickly and therefore accelerates the corrosion reactions
[47]. This might be another reason for the higher average corrosion rates in Aghajari soil.
Resistivity of two soils at different moisture contents is given in Table 3. As expected, an
increase in the moisture content, decreased the resistivity of both soils because water facilitates the
transfer of charges in soil environments.
The resistivity of Aghajari soil was higher than that in Coral soil. More fine particles in
Aghajari soil increased its water holding capacity and decreased the movement of water into soil [48].
Therefore, the transfer of charges became more difficult and the resistivity increased. Another reason
could be less dissolved salts (TDS in Table 2) in Aghajari soil. Dissolved salts provide necessary
charges to carry a current, so less dissolved salts means higher resistivity [49].
Soil resistivity has been considered as one the most fundamental factor in predicting soil
corrosivity so far. It has been reported that soil corrosivity has a negative correlation with soil
resistivity [9,47,50–52]. However, some recent field studies have asserted that since soil resistivity is
enter-related with other factors such as moisture content, soil composition and porosity, there is no
specific dependence between soil resistivity and soil corrosivity [32,53]. Although resistivity of
Aghajari soil was higher than Coral soil at almost all moisture contents and lower corrosion rates were
expected in Aghajari soil, the weight loss results showed higher corrosion rates in Aghajari soil (Figs.
6 and 7), which implicated that there was no negative correlation between soil resistivity and soil
corrosivity.

3.2. Effect of time on corrosion rate
Figs. 7 and 8 show the changes in the corrosion rate of the coupons with time for Aghajari and
Coral soils, respectively. Generally, in both soils, the corrosion rate had a descending trend with time
which was due to the formation of protective corrosion products on the surface of the coupons,
separating the bare steel from the corrosive environment of the soils [47,54,55]. However, in some
cases, the descending trend could not be seen from the beginning. In the abiotic condition, for Aghajari
soil at 15 and 20 wt% moisture contents or for Coral soil at 15 wt% moisture content, the corrosion
rate increased with time until the third month and then decreased. At low moisture contents, corrosion
products formed locally on the surface with relatively small surface adhesion, so within the first
months they could not decelerate the corrosion, however, after three month the corrosion products
covered the surface to an extent that started to protect the surface [55].
In the biotic condition, for both soils at 15 wt% moisture content, the corrosion rate first
decreased until the second month and then increased. In the biotic condition, the corrosion products
contained iron sulfides (Section 3.5). Within the first two months, the iron sulfides covered parts of the
surface and decreased the corrosion rate, but, when sufficient amounts of the iron sulfides formed on
the surface, they formed galvanic couples with the steel surface (anode) and accelerated the corrosion
[56,57]. Also, the iron sulfides can cause a local reduce in pH which enhances the breakdown of
protective layers formed on the surface and increases the corrosion rate [11,58]. However, at high
moisture contents, the iron sulfides formed more uniformly on the surface and had a protective effect.
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Moreover, the cracking in the protective layers because of the local decrease in pH was less likely.
Therefore, the corrosion rate decreased with time.

Figure 7. Variations in the corrosion rate of the coupons in Aghajari soil with time.

Figure 8. Variations in the corrosion rate of the coupons in Coral soil with time.

3.3. Effect of moisture content on corrosion rate
Fig. 9 shows the changes in the corrosion rate with moisture content for Aghajari soil. There is
a maximum at 20 wt% moisture content for almost all the corrosion rate curves. The reason was the
soil SMC. The measured SMC for Aghajari was approximately 20 wt%.
The inevitable trapped oxygen between soil particles aggravates corrosion of the buried steel.
By increasing the moisture content, as long as the source of oxygen exists, charge transfer reactions
occur faster, so the corrosion rate increases. However, when the moisture content exceeds the SMC,
holes and porosities in the soil are filled with water and the corrosion process is controlled by diffusion
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of oxygen to the surface of the steel; thus the corrosion rate declines [50,55]. Many research [41,59]
have reported that an increase in the moisture content accelerated the corrosion reactions which seems
contradictory to the results. This ostensible contradiction probably was because the range of moisture
contents was below the soil SMC in all those research.
Fig. 10 shows the changes in the corrosion rate with moisture content for Coral soil. Unlike
Aghajari soil, there is no maximum in the corrosion rate curves. The corrosion rate decreased with the
moisture content from the beginning for both abiotic and biotic conditions. The reason was that the
SMC of Coral soil was approximately 16 wt%. Since moisture contents smaller than 15 wt% were not
considered in the experiments, no maximum probably could be seen in the curves. Otherwise, there
would be a maximum at 15 wt%.

Figure 9. Variations in the corrosion rate of the coupons in Aghajari soil with moisture content.

Figure 10. Variations in the corrosion rate of the coupons in Coral soil with moisture content.
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3.4. Effect of SRB on corrosion rate
As shown in Figs. 9 and 10, at low moisture contents, the presence of SRB in the soils
increased the corrosion rate dramatically. However, by increasing the moisture content, the corrosion
rate rapidly dropped and became smaller than that in the abiotic condition. In the biotic condition, at
moisture contents smaller than the SMC, an increase in the moisture content, in addition to increase the
rate of charge transfer reactions as mentioned before, made the anaerobic conditions more favorable
for SRB activity by discharging the oxygen trapped between soil particles. The high activity of SRB
resulted in more sever corrosion. Moreover, bacteria need moisture to move in the soil and their
movement is enhanced in saturated soils compared to soils that are unsaturated [60,61]. At low
moisture contents, bacteria were not be able to spread on all over the surface and SRB-induced
corrosion took place locally. On the other hand, at moisture contents exceeded the SMC, the activity of
SRB did not change significantly because a strictly anaerobic condition had already reached, but, the
movement of SRB over the surface became easier. Therefore a uniform and protective film of
corrosion products and bacterial metabolites covered the surface and decreased the corrosion rate.
The acceptable corrosion rate for carbon steels in soil environments is defined 5 mpy [62,63]. It
can be seen in Figs. 7 and 8 that for both soils the corrosion rate passed this acceptable rate mostly in
the biotic condition at low moisture contents, especially 15 wt%.

3.5. Characterization of corrosion products
Pictures of the coupons in Aghajari and Coral soils after removing them from the glass
containers are shown in Figs. 11 and 12, respectively. Unlike burial time, soil moisture content
changed the appearance of the corrosion products significantly. It was observed that at low moisture
contents, especially 15 wt%, two layers of corrosion products locally covered the surface with a
relatively high thickness (e.g. Coupons 2& 4 in Fig. 11 and Coupons 1& 5 in Fig. 12). The outer layer
was orange/brown phases, which formed on zones where the inner layer (black phases) had developed.
In most cases, the outer layer along with soil particles, covered the inner layer in a way that the inner
layer could not be seen without peeling off the outer layer. At high moisture contents, especially 25
wt%, the corrosion products evolved mostly as one layer on the surface and became more uniform and
thinner (e.g. Coupons 6& 9 in Fig. 11 and Coupons 6& 10 in Fig. 12). The color of the corrosion
products in this case varied from pale to dark green.
The pH of the soil around the coupons was measured after taking the coupons out from the
containers (data not shown). No meaningful trend was found between changes in pH and the
experimental parameters. The pH varied between 7.4 to 8.1 for Aghajari and 7.3 to 8.2 for Coral soil.
The slight increase in pH was probably because of the formation of hydride-bearing corrosion products
on the surface of the coupons.
In order to characterize the corrosion products, XRD analysis was done. Since along with the
separation of the corrosion products from the surface considerable amounts of soil particles were also
separated, soil minerals were dominant in all XRD patterns and because of that quantitative analysis
could not be applied successfully. Table 4 and 5 list all the compounds found in XRD samples for
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Aghajari and Coral soils, respectively. The first five compounds in each sample–calcite, aragonite,
dolomite, silica and ferrosilite–were related to the chemical content of the soils.
The corrosion products for Coupon 1 in Fig. 11 (Sample “15%, abiotic, 2m” in Table 4) were a
mixture of goethite, akaganeite and magnetite. The oxidation state of iron in goethite and akaganeite is
+3 and in magnetite is a mixture of +2 and +3. Therefore, iron in goethite and akaganeite had a higher
tendency to be oxidized compared to that in magnetite. Since oxygen is more accessible in outer
layers, goethite and akaganeite should form as the outer layer and magnetite as the inner layer of the
corrosion products. Goethite is orange to brown, akaganeite is yellow to dark brown, and magnetite is
black [41]. It was observed that the corrosion products on the surface of Coupon 1 in Fig 11 were
black phases and on top of them orange/brown phases were present. The black phases can be seen at
the bottom left side of Coupon 1. However, the orange/brown phases are hard to see because of their
similar color to Aghajari soil. It can be concluded that the black phase in the corrosion products was
magnetite and the orange/brown phase was a mixture of akaganeite and goethite.
1) 15%,ab,2m

2) 15%,ab,3m

3) 15%,b,1m

4) 15%,b,3m

5) 15%,b,4m

6) 20%,nob,4m

7) 25%,ab,4m

8) 25%,b,1m

9) 25%,b,3m

10) 25%,b,4m

Figure 11. Weight loss coupons in Aghajari soil after removing them from the soil: 1-10) coupon’s
number; 15, 20 and 25%) moisture contents in wt%; ab) abiotic condition, b) biotic condition;
1, 2, 3 and 4m) burial times in month.

According to Table 4, the outer layer of corrosion products for Sample “15%, biotic, 4m” was
made up of lepidocrocite, akaganeite and goethite. Hence, the orange/brown phases on the surface of
Coupon 5 in Fig. 11 were a mixture of the mentioned compounds, which is in line with the results of
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previous paragraph. For the same coupon, although soil had SRB and iron sulfides were expected to
form on the surface, they were not detected in the XRD pattern of the outer layer. The same result was
obtained for the outer layer of corrosion products for Coupon 8 in Fig. 12 (Sample “20%, biotic, 3m
outer layer” in Table 5). However, in the inner layer of the latter, iron sulfides–troilite, pyrite and
greigite–were detected as well as magnetite. Therefore, it can be concluded that at low moisture
contents, two layers of corrosion products formed on the surface of the coupons. The outer layer was
ferric oxyhydroxides–lepidocrocite, akaganeite or goethite– in both abiotic and biotic conditions. The
inner layer was magnetite in the abiotic condition and a mixture of magnetite and iron sulfides in the
biotic condition.
The corrosion products on the surface of Coupon 8 in Fig. 11 was a dark green layer. In the
corrosion products (Sample “25%, biotic, 1m” in Table 4) in addition to two iron sulfides, so-called
green rusts (GR) were detected. In the presence of corrosive species such as Cl -, SO42- or HCO3-, iron
hydroxide which is one of the main corrosion products of carbon steels in soils, oxidizes to an
intermediate hydroxyl GR. For instance, the reaction of Fe(OH)2 with HCO3- that produces GR 1 is as
follows [64].
6Fe(OH)2 + HCO3- + 2H2O Fe4IIFe2III(OH)12CO3.2H2O + H+ + 2e(3)

1) 15%,ab,2m

2) 15%,ab,3m

3) 15%,b,1m

4) 15%,b,2m

5) 15%,b,3m

6) 20%,ab,3m

7) 20%,ab,4m

8) 20%,b,3m

9) 25%,ab,4m

10) 25%,b,1m

Figure 12. Weight loss measurement coupons in Coral soil after removing them from the soil: 1-10)
coupon’s number; 15, 20 and 25%) moisture contents in wt%; ab) abiotic condition, b) biotic
condition; 1, 2, 3 and 4m) burial times in month.
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The GRs also can be seen in the corrosion products of Coupon 7 in Fig. 11 and Coupon 9 in
Fig. 12 (Sample “25%, abiotic, 4m” in Tables 4 and 5). However, no iron sulfide was detected in the
corrosion products of these coupons. Therefore, it can be concluded that at high moisture contents, the
corrosion products consisted of GRs in the abiotic condition and a mixture of GRs and iron sulfides in
the biotic condition.

Table 4. X-ray diffraction analysis results of the corrosion products formed on the coupons in Aghajari
soil: ×) presence of a compound in a sample; 15 and 25%) moisture contents in wt%; 1, 2 and
4m) burial times in month.
compound

Chemical formula

15%,abiotic,2m

25%,abiotic,4m

25%,biotic,1m

15%,biotic,4m
outer layer

Calcite
Aragonite
Dolomite
Silica
Ferrosilite
Magnetite
Goethite
Lepidocrocite
Akaganeite
Mackinawite
Troilite
Pyrite
Greigite
Amorphous Iron sulfide
Green rust 1
Green rust 2
Green rust 3

CaCO3
CaCO3
CaMg(CO3)2
SiO2
Mg0.318Fe0.67Ca0.016SiO3
Fe3O4
α-FeOOH
γ-FeOOH
β-FeOOH
FeS1-x
FeS
FeS2
Fe3S4
FeS
II
III
Fe 4Fe 2(OH)12(CO3)
FeII3.6FeIII0.9(O,OH,SO4)9
FeII3FeIII(OH)8Cl·2H2O

×
×
×
×
×
×
×
-

×
×
×
×
×
×
×

×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
-

Table 5. X-ray diffraction analysis results of the corrosion products formed on the coupons in Coral
soil: ×) presence of a compound in a sample; 15, 20 and 25%) moisture contents in wt%; 1, 3
and 4m) burial times in month.
compound

Chemical formula

25%,abiotic,4m

15%,biotic,1m

20%,biotic,3m
inner layer

20%,biotic,3m
outer layer

Calcite
Aragonite
Dolomite
Silica
Ferrosilite
Magnetite
Goethite
Lepidocrocite
Akaganeite
Mackinawite
Troilite
Pyrite
Greigite
Amorphous Iron sulfide

CaCO3
CaCO3
CaMg(CO3)2
SiO2
Mg0.318Fe0.67Ca0.016SiO3
Fe3O4
α-FeOOH
γ-FeOOH
β-FeOOH
FeS1-x
FeS
FeS2
Fe3S4
FeS

×
×
×
-

×
×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
-

×
×
×
-
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FeII4FeIII2(OH)12(CO3)
FeII3.6FeIII0.9(O,OH,SO4)9
FeII3FeIII(OH)8Cl·2H2O

Green rust 1
Green rust 2
Green rust 3

3903
×
×

-

×
×

×
×

During corrosion of carbon steels in soils, at pH above 7.3, the transformation of iron
hydroxides to ferric oxyhydroxides occurs according to Reaction 4 [65]. The transformation results in
green zones of iron hydroxides surrounded by orange/brown oxyhydroxides which can be seen on the
surface of Coupon 3 in Fig. 11 and Coupon 4 in Fig. 12. The green zones surrounded by orange/brown
phases can be seen more at low moisture contents. An increase in the soil moisture content pushes
Reaction 4 to the left and consequently more green phases form on the surface. This is evident from
Figs. 15 and 16 that more green zones formed on the surface at 25 wt% moisture content compared to
15 and 20 wt% moisture contents.
3Fe(OH)2 + 2H+ 2FeOOH + Fe2+ + 2H2O + H2
(4)

1) 15%,ab,1m

2) 15%,ab,2m

3) 15%,ab,3m

4) 15%,ab,4m

5) 15%,b,1m

6) 15%,b,2m

7) 15%,b,3m

8)15%,b,4m

9) 20%,ab,1m

10) 20%,ab,4m

11) 25%,ab,1m

12) 25%,ab,4m

13) 20%,b,1m

14) 20%,b,4m

15) 25%,b,1m

16) 25%,b,4m

1 cm
Figure 13. Stereo microscope images of the weight loss coupons in Aghajari soil after pickling: 1-16)
coupon’s number; 15, 20 and 25%) moisture contents in wt%; ab) abiotic condition, b) biotic
condition; 1, 2, 3 and 4m) burial times in month.
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1) 15%,ab,1m

2) 15%,ab,2m

3) 15%,ab,3m

4) 15%,ab,4m

5) 15%,b,1m

6) 15%,b,2m

7) 15%,b,3m

8) 15%,b,4m

9) 20%,ab,1m

10) 20%,ab,4m

11) 25%,ab,1m

13) 20%,b,1m

14) 20%,b,4m

15) 25%,b,1m

12) 25%,ab,4m

16) 25%,b,4m

1 cm
Figure 14. Stereo microscope images of the weight loss coupons in Coral soil after pickling: 1-16)
coupon’s number; 15, 20 and 25%) moisture contents in wt%; ab) abiotic condition, b) biotic
condition; 1, 2, 3 and 4m) burial times in month.
3.6. Morphology of corroded surfaces
Figs. 13 and 14 show the surface morphology of the corroded coupons in Aghajari and Coral
soils, respectively, after pickling. Pitting corrosion was severe at low moisture contents, especially 15
wt%. At high moisture contents, soil particles covered the steel surface more uniformly and corrosion
occurred more uniformly instead of being localized. An increase in the moisture content from 15 to 20
wt%, changed the deep narrow pits on the surface to shallow interconnected craters and further
increase to 25 wt% changed the craters to a uniform surface.
At low moisture contents, pitting corrosion was more severe in the biotic condition compared
to the abiotic condition (e.g., compare Coupons 5-8 with 1-4 in Figs. 13 and 14). This mean that SRB
aggravated pitting corrosion at low moisture contents. However, at higher moisture contents, 25 wt%
for Aghajari soil and 20 and 25 wt% for Coral soil, the surface morphology was uniform like that in
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the abiotic condition. This is completely in accordance with the discussion in Section 3.4 explained
that at moisture contents exceeded the SMC, SRB caused a uniform corroded surface.
At 15 wt% moisture content in both soils, pit density increased with time (Coupons 1-4 or 5-8
in Fig. 13 and 1-3 or 5-6 in Fig. 14). Apparently, this is in contrast with the results of the weight loss
experiments, showed that the corrosion rate decreased with time, because the weight loss test gives the
uniform corrosion rate and not the localized corrosion rate. Comparing the surface morphology of the
coupons in two soils, it is obvious that the density and depth of pits were greater in Aghajari soil
compared to those in Coral soil, particularly at 15 wt% moisture content. A possible reason could be
the higher concentration of chloride ion in Aghajari soil (Section 3.1).

4. CONCLUSIONS
Simultaneous effects of SRB, soil type and moisture content on corrosion behavior of carbon
steel API 5L X65 were studied by weight loss measurement. Results showed that the corrosion rate of
the coupons in Aghajari soil was greater than that in Coral soil due to higher concentrations of
corrosive ions and a larger percentage of fine particles in Aghajari soil. However, no specific
dependence was found between the corrosion rate and soil resistivity. Generally, the corrosion rate
showed a decreasing trend with time, but increased with soil moisture content up to the soil SMC and
then decreased. The presence of SRB in the soils, although increased the corrosion rate and aggravated
pitting corrosion at low moisture contents, had a protective effect at high moisture contents. At low
moisture contents, two layers of corrosion products formed on the surface of the coupons. XRD
analysis showed that the outer layer was ferric oxyhydroxides. The inner layer was magnetite in the
abiotic condition and a mixture of magnetite and iron sulfides in the SRB-active condition. However,
at high moisture contents the corrosion products mostly appeared as one layer on the surface which
was GRs in the abiotic condition and a mixture of GRs and iron sulfides in the SRB-active condition.
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