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Synergistic effect of carbamide and sulfate reducing bacteria (SRB) on corrosion behavior of carbon steel was studied in soils
with moisture of 20% and 30%, by soil properties measurement, weight loss, polarization curve, and electrochemical impedance
spectroscopy. The results show that carbamide decreased the soil redox potential and increased soil pH. In soil without SRB,
carbamide made corrosion potential of Q235 steel much more positive and then inhibited corrosion. Meanwhile, in soil with SRB,
0.5 wt% carbamide restrained SRB growth and inhibited biocorrosion of Q235 steel. Corrosion rate of carbon steel decreased in soil
with 30% moisture compared with that with 20% moisture.

1. Introduction

Soil corrosion is one of most common corrosion behaviors of
metals underground.There are numerous factors influencing
the soil aggressiveness such as soil humidity, acidity, soil
salinity, and composition of microbes [1–4]. These factors
interchange over time, making soil corrosion study much
more complicated. The idea that soil corrosion depends on
such factors as soil resistivity [2], pH [5], redox potential
[6], water content [7, 8], and sulfate reducing bacteria (SRB)
[9, 10] is widely accepted and studied. pH, soil acidity,
is a comprehensive reflection of soil chemical properties,
especially the salt content. It affects both anode and cathode
polarization process, which are related to corrosion dynamics
[5]. It is well known that metals suffer serious corrosion in
strongly acidic environment. Since in strongly acidic soil,
with decreasing pH, the depolarized potential of hydrogen
increases, consequently corrosion rate increases. Meanwhile
in soils with a high content of organic matters and organic
acid, even with pH being neutral, metals can still suffer
serious corrosion [11].

The soil redox potential reflects various kinds of
oxidation-reduction equilibrium, normally changing from

+700mV to -300mV. It is mainly affected by soil salt
composition and content, aeration condition, organic matter,
and so on. A soil with strong reducing property is commonly
considered as a reference index of biocorrosion [12]. The
main kinds of microbe related to soil corrosion include
aerobic corrosion bacteria, such as sulfur-oxidizing bacteria
and iron bacteria, and anaerobic corrosion bacteria such as
SRB, referred to as Microbiological Influenced Corrosion
(MIC) [13, 14]. Of various types of microorganisms,
anaerobic SRB are the most common ones that induced
MIC of underground pipeline steel [15]. Many studies have
investigated SRB induced corrosion of carbon steel in soil
simulation solution [3, 16].

The soil corrosiveness increases with soil moisture [12,
17]. But when saturated the diffusion of oxygen would be
suppressed. Besides, soil moisture depended on local climate.
In Shenyang, north part of China, the average soil moisture is
20%. Few studies have been done on the corrosion behavior
of carbon steel in saturated soil [18, 19]. In addition, most of
the studies on soil corrosionwere conducted in soil simulated
solution [20], ignoring some soil factors. For example, large
amount of nitrogenous fertilizer has been used on farmland
for agriculture development, of which carbamide is the most
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Table 1: Compositions of the soil (mg/100 g soil).

chemical composition organic content whole nitrogen content total salt content pH
NO3
− Cl− SO4

2− HCO3
− Ca2+ Mg2+ K+ Na+

4.6 3.1 4.8 23.4 5.7 3.2 0.2 1.4 2260 91 46.4 7.75

Table 2: Experimental matrix.

Experiments Soil A Soil B Soil C Soil D
Soil moisture (wt.%) 20% 20% 30% 30%
Carbamide (wt.%) 0.5 wt% 0.5 wt% 0.5 wt% 0.5 wt%
Activated SRB No Yes No Yes

common type. It would be of importance to study the effect
of carbamide on metals underground. However, little work
has been done. Carbamide is able to be adsorbed on the steel
surface to inhibit its corrosion [21]. There are also reports
that carbamide can be used as a noncorroding alternative to
rock salt for road deicing. In addition, it has been applied as
corrosion inhibitor in metal pickling.

Besides, nitrogen is one of the essential elements to
constitute protein and nucleic acid for bacteria in soil. Hence
carbamide can serve as nitrogen source for SRB growth. The
synergistic effect of carbamide and sulfate reducing bacteria
(SRB) on corrosion behavior of carbon steel in soils will be
interesting. In our previous work [19], the low content of
carbamide promoted the growth of SRB and prevented the
microbiological corrosion of Q235 steel. In this work, further
studies in different soil moisture of 20% and 30% are done
to see the effect of excess carbamide on SRB growth and on
biocorrosion behavior of carbon steel.

2. Experimental Design

2.1. Materials and Preparation

2.1.1. Coupon Preparation. Carbon steel Q235, with a com-
position (wt.%) of 0.30 C, 0.019 P, 0.029 S, 0.01 Si, 0.42 Mn,
and balance Fe, was cut into two varied sizes, 10×10×3mm
and 20×20×3mm, which will be used as working and counter
electrodes and weight-loss test samples. The coupons were
abraded with a series of grit papers (200, 400, 600, 800, and
1000) followed by cleaning in acetone and alcohol and then
dried. The working and counter electrodes were embedded
in epoxy resin to give working areas of 10mm × 10mm for
electrochemical measurements in a three-electrode cell. The
working surface was cleaned with acetone and distilled water.
All the prepared coupons were sterilized under ultraviolet
rays prior to each experiment.

2.1.2. Soil Preparation. The chemical compositions of soil
used in this work are given in Table 1.The soils were sterilized
by heating at 121.8∘C at high pressure. Then the sterilized soil
and distilled water were mixed proportionally in experimen-
tal containers, to make different soils with moisture content
of 20% and 30%.

2.1.3. Carbamide and SRB. Carbamide was purchased from
Sinopharm, with the nitrogen content of 46.4 wt.% according
to the national standard GB2440-2001. Before experiment
set-up, different amounts of carbamide were measured by
electronic analytical balance up to 0.0001 g, sterilized under
ultraviolet rays, andmixed into different soils prepared above.

The sulfate reducing bacteria (SRB) used in this study
areDesulfovibrio desulfuricans, same SRB strain as described
in previous paper [20, 22]. SRB cultures were incubated
in an anaerobic environment in the API RP-38 medium
(g/l), containing MgSO4⋅7H2O 0.2, KH2PO4 0.5, NaCl 10.0,
ascorbic acid 1.0, sodium lactate 4.0, yeast extract 1.0, and
Fe(NH4)2(SO4)2 0.02. The pH value of the culture solution
was between 7.0 and 7.1. SRB species were activated in an
incubator for 24 hours and then were added to and mixed
carefully with the prepared soil under bubbling N2 in the
experiment container. Then, the experiment containers were
weighted and sealed over experiment period to keep the
water moisture constant. The experimental matrix is listed in
Table 2.

2.2. Testing Environments and Methods. All the experiments
were performed at room temperature for 65 days.

2.2.1. Soil Redox Potential and pH. Soil redox potential was
measured by a multimeter, 5 Pt electrodes, and a saturated
calomel electrode (SCE). The redox potential was calculated
from

𝐸ℎ = 𝐸𝑚 + 250 + 60 ∗ (𝑝𝐻 − 7) (𝑚𝑉) (1)

where Eh is redox potential at pH=7 (mV, standard hydrogen
scale); Em is themean of the potential measured from the five
platinum electrodes (mV) [23]. Soil pH was also measured
from time to time, using the same method as in published
article [22].

2.2.2. Immersion Tests. The specimens of 20×20×3mm were
used for weight-loss tests, which were buried at a depth of
10 cm below the surface of the soils in the same experimental
containers. The prepared specimens were weighed to a preci-
sion of 0.1mg before tests. After the experiment, the extracted
specimen was pickled in a mixture containing hydrogen
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Figure 1: The soil redox potential changes over time.

chloride (HCl) 500ml, urotropine 20 g, and water (H2O)
500ml for 10min at room temperature, then cleaned with
water, dried at 105. 8∘C for 30min in a furnace, cooled, and
weighed. The same process was repeated until the difference
between the last two results was less than 0.0001 g. Weight
losses were calculated and converted into uniform corrosion
rates (𝜇m/y). Each experiment used triplicate specimens to
guarantee the reliability of the results. After the tests, surface
appearance of tested specimen was observed using scanning
electron microscopy (SEM).

2.2.3. EIS and Polarization Tests. Electrochemical tests were
performed in a three-electrode system, with a graphite
electrode used as the counter electrode, a saturated cop-
per/bluestone (Cu/CuSO4) electrode as the reference elec-
trode, and carbon steel as working electrode. The tests were
conducted using the PARSTAT 2273 electrochemical mea-
surement system. In EIS, an alternating current signal with
a frequency range from 10 kHz to 1mHz and an amplitude of
10mV was applied to the working electrode at the corrosion
potential. Potentiodynamic polarization was tested at the
potential scanning velocity 0.5mV/s andwith the scope being
±0.25 V.

3. Results and Discussion

3.1. Soil Properties. The changes of soil redox potential over
time are shown in Figure 1. Obviously in soils with and
without SRB, the addition of carbamide made the soil redox
potential decrease dramatically. That is because carbamide
increased the soil organicmatter content.The redox potential
was more negative in soil with SRB, in agreement with pub-
lished literature [22]. It is commonly accepted that the more
negative the soil redox potential, the more the aggressiveness
the carbon steel suffered [12]. However, this may not be the
case in neutral or alkaline soil: themore positive the soil redox
potential is, themore serious the steel would suffer.Hence soil

pH needs to bemeasured over time. Effect of soil moisture on
soil redox potential was also compared in Figure 1.The redox
potential in soil moisture of 30% was lower than that in soil
moisture of 20%.That is because the more the water content,
the lower the oxygen level in soil.

As mentioned above, pH is an important parameter to
measure soil corrosivity. Hence, the changes of soil pH were
recorded and drawn in Figure 2. pH value in soils with
carbamide is much higher than in soils without carbamide,
where the fact that some carbamide was decomposed into
carbon dioxide (CO2) and ammonia (NH3) makes sense.
When NH3 volatilized, pH declined slightly after 35 days, as
shown in Figure 2. Considering the effect of SRB, pH value
was a little bit lower in soil with SRB. This is because the
ultimate metabolic product of SRB was low-carbon chain
fatty acid, which formed relative acid environment [24, 25].
Some studies have shown that metabolic products of bacteria
can promote corrosion of carbon steel in soil. In soil with
moisture of 30%, compared to 20%, pH value decreased in
soil with carbamide and increased in soil without carbamide.

So, the addition of carbamide decreased soil redox poten-
tial and made the soil pH higher than 7, which theoretically
decreases the soil corrosivity and then inhibits corrosion
behavior of carbon steel. Meanwhile, the addition of SRB in
soil decreased soil redox potential, and soil pH was lower
than 7 in soil moisture of 20% and neutral in 30% moisture,
generally increasing the soil corrosivity and accelerating
corrosion of carbon steel. The synergistic effect of carbamide
and SRB on corrosion behavior of carbon steel in soil will
be very interesting, considering that carbamide can be the
growth resource of SRB.

3.2. SRB Growth Analysis. To check the effect of carbamide
on SRB growth, different addition levels of carbamide were
studied in soil, shown in Figure 3. The method of how to
detect the number of live SRB has been published in our
previous work [20, 22], which follows the national standard
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Figure 2: Soil pH changes over time.
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Figure 3: Number of SRB over time in soil with moisture of 20% (a) and 30% (b).

[26]. In the early stage of the experiment, the amount of SRB
in soils with low content of carbamide is more compared
with higher carbamide. Over time, due to the decomposition
of the carbamide, the soils with higher level of carbamide
have more live SRB, but significantly lower than the initial
number. This indicated that carbamide promoted the growth
of SRB but in a certain limited level. With excess amount of
carbamide, SRB growth was compressed. With soil moisture
of 30%, the amount of SRB decreased first and then increased,
and the changes of SRB were different in soils with different
concentrations of carbamide. In general, low content of
carbamide promoted SRB growth, while elevated levels of
carbamide (0.5 wt%) inhibit the growth of SRB, same as the
result in 20% moisture.

3.3. Corrosion Potential of Carbon Steel. Thecorrosion poten-
tial of carbon steel fluctuated at an initial period due to the
unstable soil environment (Figure 4). After 10 days, it kept
constant. In soils without SRB, corrosion potential of carbon
steel wasmore positive in soil containing carbamide than that
in soil without carbamide. Carbamide was easily adsorbed
on the steel surface to form a protective film [6]. However,
when the soil environment was unstable, the adsorbed film
was incomplete and corrosion potential tended to be more
negative. When the soil environment was stable, corrosion
potential dramatically increased in soil with carbamide,
which indicated that carbamide inhibited steel corrosion.
Meanwhile, in soil with SRB, corrosion potential tended to
be negative in soil with carbamide, the reason for which
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Table 3: Fitting results of polarization curves.

Fitting results of
polarization curves

0 wt% 0.5 wt% 0 wt%+SRB 0.5 wt%+SRB
𝐼
𝑐𝑜𝑟𝑟

(𝜇A/cm2)
𝐸
𝑐𝑜𝑟𝑟

(mV)
𝐼
𝑐𝑜𝑟𝑟

(𝜇A/cm2)
𝐸
𝑐𝑜𝑟𝑟

(mV)
𝐼
𝑐𝑜𝑟𝑟

(𝜇A/cm2)
𝐸
𝑐𝑜𝑟𝑟

(mV)
𝐼
𝑐𝑜𝑟𝑟

(𝜇A/cm2)
𝐸
𝑐𝑜𝑟𝑟

(mV)
Soil
moisture
20%

1 day 1.552 -556.6 35.42 -689.9 0.6235 -781.7 2.561 -798.6
40 days 9.063 -486.5 2.227 -324.0 1.280 -890.3 0.7698 -891.2
65 days 6.745 -489.7 0.5043 -277.0 3.899 -897.9 2.178 -822.8

Soil
moisture
30%

1 day 9.068 -786.6 51.64 -821.1 5.083 -823.9 2.129 -823.9
40 days 2.440 -638.8 0.3075 -214.4 5.222 -869.3 3.089 -319.9
65 days 3.252 -780.0 1.284 -242.9 0.5128 -918.7 4.096 -224.4
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Figure 4: Corrosion potential of Q235 steel over buried time.

was discussed before. Proper amount of carbamide provided
energy for the growth of SRB and promoted soil corrosion of
carbon steel. Hence the effects of carbamide on soil corrosion
turned to its effects on SRB growth. But excessive carbamide
decreased the number of SRB, which in turn inhibited soil
corrosion of Q235 steel. To compare corrosion potential in
different soil moisture, there were minor changes except
that in soil without carbamide. In that experiment group,
corrosion potential of Q235 steel in soil with moisture of 30%
was more negative than that in soil with moisture of 20%.
Probably the increased water molecule reduced the corrosion
potential, which played no role in soil with carbamide.

3.4. Polarization Curves of Carbon Steel. The polarization
curves of carbon steel Q235 in different soils after 1 day, 40
days, and 65 days are shown in Figures 5 and 6, respectively,
and the fitting results are listed in Table 3. At day 1, in contrast
with the groups in soils without carbamide, corrosion current
I𝑐𝑜𝑟𝑟 was larger and corrosion potential E𝑐𝑜𝑟𝑟 was more
negative in soil with 0.5 wt% carbamide. That is likely due to
the incomplete protective film which would cause localized
corrosion on steel surface. In soil with SRB, I𝑐𝑜𝑟𝑟 of Q235 steel
was smaller than that in soils without SRB, since initially the

biofilm of SRB was formed on the sample surface to protect
it from corrosion [20]. In soil with moisture of 30%, I𝑐𝑜𝑟𝑟
increased over all.

Over time, E𝑐𝑜𝑟𝑟 of Q235 steel in soil without SRB shifted
to be positive, and I𝑐𝑜𝑟𝑟 decreased. Because initially oxygen
depolarization was the leading cathodic reaction, over time
oxygen was consumed and cathode reaction was prevented.
Besides the slope of anodic polarization became larger, which
shows that there were corrosion products on the steel surface,
and the diffusion process of cation became more difficult.
Comparing with the case in soils without carbamide, E𝑐𝑜𝑟𝑟 of
carbon steel in soil with carbamide was more positive and
I𝑐𝑜𝑟𝑟 was much lower, indicating that carbamide inhibited
corrosion reaction of carbon steel. In soil with moisture
of 30%, the slope of cathode polarization curve was even
smaller, showing the cathode reaction was inhibited, and I𝑐𝑜𝑟𝑟
was decreased. Besides, E𝑐𝑜𝑟𝑟 shifted to be more negative,
which agrees with published literature [8]. In soil with SRB,
E𝑐𝑜𝑟𝑟 was much more negative than that in soils without SRB.
I𝑐𝑜𝑟𝑟 increased after 40 days except the group in soil with
moisture of 30% and containing 0.5 wt% carbamide. I𝑐𝑜𝑟𝑟
increased because of the death of SRB and the degradation of
SRB metabolite products. It has been reported that corrosion
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Figure 5: Polarization curves of Q235 steel in soil with moisture of 20% after 1 day (a), 40 days (b), and 65 days (c), respectively.

rate of Q235 steel was enhanced in the death phase of SRB
[27]. In soil containing 0.5 wt% carbamide, there appeared
passivation but soon activation on the anodic polarization
plot, which was due to the formation and fracture of mixed
products on the steel surface. The cathodic curves became
flat, showing that the reduction of corrosion products was
prevented.

After long term experiments (see 65 days), in soil without
SRB, the anode Tafel slope was dramatically larger than the
cathode Tafel slope, which indicates that the corrosion rate
was controlled by the anode process [28]. This is probably
because the corrosion products prevent the dissolution of
the iron. In soil moisture of 20% current rate was declined,
and in soil moisture of 30% current rate instead increased
slightly possibly because of the rupture of corrosion products.
The current rate in soil containing 0.5 wt% carbamide was

dramatically smaller than that in soil without carbamide. In
soils with SRB, the anode process was passivated due to its
corrosion products on the surface. But still corrosion rate was
larger than that in soil without SRB, which indicates that SRB
and its metabolite promoted corrosion of Q235 steel.

3.5. Analysis of the Electrochemical Impedance Spectroscopy
(EIS). EIS was one of the effective means to investigate the
electrochemical properties of the corroded surface of carbon
steel in soils. However, soil environment is very complicated,
and corrosion products of carbon steel usually combine with
soil particles closely, which make EIS plots hard to analyze
and various analysis methods have been proposed [29, 30].
To be sample, in the Bode plots, the impedance modulus
at the high/medium frequencies reflects the resistance of all
products on the steel surface, and that at the low frequencies
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Figure 6: Polarization curves of Q235 steel in soil with moisture of 30% after 1 day (a), 40 days (b), and 65 days (c), respectively.

reflects the charge transfer resistance related to the iron
dissolution reaction. Figures 7 and 8 show EIS Bode plots of
the carbon steel Q235 in soils with moisture 20% and 30%
after 3 days, 30 days, and 65 days, respectively.

After 3 days, there was few corrosion products on the
steel surface, so the resistance at high/medium frequency was
generally low in all experiment groups. In soil with moisture
of 20%, the resistance at low frequency in soils containing
0.5 wt% carbamide was smaller than that in soil without
carbamide, which was due to the same reason as before.
Carbamide was adsorbed on the steel surface to form an
incomplete film, which promoted the charge transfer. In soils
with SRB, at the initial period carbamide and SRB were both
adsorbed on the steel surface to form a protective film, so
the resistance at the low frequency in soil added carbamide
was larger than that in soil without carbamide, in accordance
with the results of polarization curves. In soil withmoisture of

30%, whether in soils with and without SRB, charge transfer
resistance in soil containing carbamide was lower than that
in soil without carbamide, indicating carbamide inhibited the
corrosion reaction. Besides, the impedance at low frequency
was smaller than that in soil with moisture of 20%.

After 30 days, there were corrosion products on the steel
surface; thus the resistance at the high/medium frequencies
increased. One or two time constants were found in the
plots, which was dependent on the combination of corrosion
products on the sample surface, which can be confirmed by
SEM and EDS data, shown in Figure 11. But the corrosion
products combined with soil grains were easily broken off,
which shows that the resistance at the high frequency cannot
reflect the real resistance of corrosion process. The resistance
at the low frequency instead shows the corrosion situation
more accurately. In soil with moisture of 20%, the resistance
at the low frequency increased in soils without SRB and
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Figure 7: EIS plots of the carbon steel Q235 in soils with moisture of 20wt% after 3 days (a), 30 days (b), and 65 days (c).

decreased in soils with SRB which was in accordance with
the results of polarization curves. In soil moisture of 30%, the
resistance at the low frequency increased due to the corrosion
products on the steel surface. The charge transfer resistance
in soil added carbamide was larger than that in soil with
no carbamide, which indicates that carbamide could inhibit
the further corrosion in soil. Over time, there were more
and more corrosion products on the surface of carbon steel
and then the diffusion of corrosion products became more
difficult. Hence, after 65 days, there was Warburg impedance
in EIS plot, which indicates that the process was controlled by
concentration polarization [31].

In addition, electric equivalent circuits (EEC) models
were selected to fit EIS data of carbon steel in soils with
moisture 20wt%, shown in Figure 9. 𝑅𝑠 represents the soil
electrolyte resistance, and 𝑅𝑓 represents all the resistance

of products on the surface of sample. 𝑅𝑡 and 𝑄𝑑𝑙 represent
the charge transfer resistance and the double layer capaci-
tance, and W represents the Warburg impedance. Then the
corrosion resistance 𝑅𝑐𝑟 was calculated to be the sum of
𝑅𝑓, 𝑅𝑡, and diffusion resistance 𝑊𝑅, to check the evolution
of carbon steel in different soils over time. The SEM and
EDS data were drawn to show the surface morphologies
of carbon steel in soils with moisture 20wt% (Figure 11). It
can be seen from Figure 10 that initially 𝑅𝑐𝑟 was similar in
all soils except in soils with no carbamide but with SRB.
In soils with no carbamide but with SRB, 𝑅𝑐𝑟 was higher,
in agreement with the polarization test. Over time, the
𝑅𝑐𝑟 value of carbon steel in soils with SRB decreased, and
localized corrosion was overserved on surface (Figure 11(a)).
At 15 days, in soils with SRB, localized corrosion occurred,
while the element S was detected at the location where
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Figure 8: EIS plots of the carbon steel Q235 in soils with moisture of 30wt% after 3 days (a), 30 days (b), and 65 days (c).

Rs

Qdl

Rt

(a) One time constant

Rs Qdl

Rt

Qf

Rf

(b) Two time constants

Rs Qdl

Rt

Qf

Rf

W

(c) Two time constants and Zw
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Figure 10: EIS fitting parameter Rt changes over time in different systems.

SRB was detected (Figure 11(b)). After 65 days, localized
corrosion was also detected on the sample surface and
SRB metabolic products combined with corrosion products
and soil particles were observed (Figures 11(c) and 11(d)).
𝑅𝑐𝑟 of carbon steel in soils with carbamide was higher
than that without carbamide, indicating carbamide inhibited
corrosion reaction of iron. After 65 days, a thick layer of
corrosion products combined with steel oxides was observed
(Figure 11(e)).

3.6. Average Corrosion Rate. Average corrosion rates (Figure
12) were calculated from the weight losses of the samples. In
soils without SRB, 0.5 wt% carbamide remarkably inhibited
soil corrosion, while in soil with SRB, the addition of
carbamide also decreased average corrosion rate of Q235
steel but the reason is different from the previous case.
Besides, corrosion rate in soil with SRB was much larger
than that in soils without SRB, which further proved that
SRB accelerated soil corrosion. The effect of water content
in soil on corrosion rate was also shown. In soil without
SRB, corrosion rate was lower in moisture of 30%, as the
saturated water content allowed even less dissolved oxygen
and then prevented cathodic polarization, with corrosion rate
down. In soil with SRB, corrosion rate was also smaller in
moisture of 30% because SRB are able to survive or even
take advantage of the presence of molecule oxygen [32].
The surface morphologies are shown in Figures 13 and 14.
To check this effect, different concentrations of carbamide
were added in soil with and without SRB and weight-
loss tests were done to measure the corrosion rate. The
results (Figure 15) show that in soil without SRB carbamide
inhibits corrosion and the inhibition effect increases with
increasing carbamide concentration. In soils with SRB, 10%
humidity promotes the corrosion; the effect increases with
the increase of the carbamide concentration [23].Meanwhile,

in soils with 20% moisture, carbamide promotes corrosion
but the effect decreased with the carbamide concentration
increasing. With 0.5 wt% of carbamide, it inhibited bio-
corrosion of carbon steel. In soils with 30% moisture, the
inhibition of corrosion increases with increasing carbamide
concentration. Hence, carbamide can be used as an effect
inhibitor in soils for both common corrosion and biocorro-
sion.

4. Conclusions

Carbamide decreased soil redox potential, and so did SRB.
Some carbamide was decomposed into CO2 and NH3, which
increased the pH value. SRB decreased soil pH due to
its metabolic products. But the effect of carbamide took a
bigger part. In soil without SRB, carbamide induced the
corrosion potential of Q235 steel which was much more
positive and inhibited its corrosion. In inoculated soil, exces-
sive carbamide retrained the growth of SRB and inhibited
biocorrosion of Q235 steel. In different water content, there
was less oxygen in soil with themoisture of 30%, so corrosion
rate declined in both soils with and without SRB. Carbamide
can be a potential inhibitor for soil corrosion and biocorro-
sion.
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Figure 11: SEM and EDS data of specimen in soils with moisture of 20wt%: (a and b) 0wt% carbamide+SRB @15 days; (c and d) 0wt%
carbamide+SRB @ 65 days; (e) 0.5 wt% carbamide+SRB @ 65 days.
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Figure 13: Surface morphologies of specimen in soils with moisture of 20% after 65 days. (a) 0% carbamide, (b) 0.5% carbamide, (c) 0%
carbamide+SRB, and (d) 0.5% carbamide+SRB.
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Figure 14: Surface morphologies of specimen in soils with moisture of 30% after 65 days. (a) 0% carbamide, (b) 0.5% carbamide, (c) 0%
carbamide+SRB, and (d) 0.5% carbamide+SRB.
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Figure 15: Average corrosion rate of carbon steel in soil without SRB (a) and with SRB (b) with carbamide concentration.
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[7] R. Akkouche, C. Rémazeilles,M. Jeannin,M. Barbalat, R. Sabot,
and P. Refait, “Influence of soil moisture on the corrosion
processes of carbon steel in artificial soil: active area and
differential aeration cells,”ElectrochimicaActa, vol. 213, pp. 698–
708, 2016.

[8] F. Qin, “Effect of soil moisture content on corrosion behavior
of× 70 steel,” International Journal of Electrochemical Science,
vol. 13, pp. 1603–1613, 2018.

[9] H. H. Collins, “Protection of spun ductile iron pipes against
corrosion by soils,” in Proceedings of the 5th International
Conference on the Internal External Protection of Pipes, 1983.

[10] H. Liu and Y. Frank Cheng, “Mechanism of microbiologically
influenced corrosion of X52 pipeline steel in a wet soil contain-
ing sulfate-reduced bacteria,” Electrochimica Acta, vol. 253, pp.
368–378, 2017.

[11] R. Javaherdashti, Microbiologically Influenced Corrosion: An
Engineering Insight, Springer International Publishing, 2016.

[12] A. I. M. Ismail and A. M. El-Shamy, “Engineering behaviour
of soil materials on the corrosion of mild steel,” Applied Clay
Science, vol. 42, no. 3-4, pp. 356–362, 2009.

[13] B. Little, P. Wagner, and F. Mansfeld, “An overview of microbio-
logically influenced corrosion,” Electrochimica Acta, vol. 37, no.
12, pp. 2185–2194, 1992.

[14] S. Y. Li, Y. G. Kim, K. S. Jeon, Y. T. Kho, and T. Kang, “Micro-
biologically influenced corrosion of carbon steel exposed to
anaerobic soil,” Corrosion, vol. 57, no. 9, pp. 815–828, 2001.

[15] D. Wang, F. Xie, X. Li, X. Wang, J. Liu, and M. Wu, “Effect of
interfacial film on the corrosion behaviour of X80 pipeline steel
in a neutral soil environment containing sulphate-reducing
bacteria,” Corrosion Reviews, vol. 35, no. 6, pp. 445–453, 2017.

[16] H. Liu and Y. F. Cheng, “Microbial corrosion of X52 pipeline
steel under soil with varied thicknesses soaked with a simulated
soil solution containing sulfate-reducing bacteria and the asso-
ciated galvanic coupling effect,” Electrochimica Acta, vol. 266,
pp. 312–325, 2018.

[17] N. N. Glazov, S. M. Ukhlovtsev, I. I. Reformatskaya, A. N.
Podobaev, and I. I. Ashcheulova, “Corrosion of carbon steel in
soils of varying moisture content,” Protection of Metals, vol. 42,
no. 6, pp. 601–608, 2006.

[18] X. M. Li, O. Rosas, and H. Castaneda, “Deterministic modeling
of API5L X52 steel in a coal-tar-coating/cathodic-protection
system in soil,” International Journal of Pressure Vessels and
Piping, vol. 146, pp. 161–170, 2016.

[19] C. Sun, L. Xi-Ming, and X. Jin, “Effect of urea on microbiolog-
ically induced corrosion of carbon steel in soil,” Acta Physico-
Chemica Sinica, vol. 28, no. 11, pp. 2659–2668, 2012.

[20] J. Xu, K. Wang, C. Sun et al., “The effects of sulfate reducing
bacteria on corrosion of carbon steel Q235 under simulated
disbonded coating by using electrochemical impedance spec-
troscopy,” Corrosion Science, vol. 53, no. 4, pp. 1554–1562, 2011.

[21] F. F. Mozheiko, T. N. Potkina, and I. I. Goncharik, “Effect of
inhibitors on corrosion resistance of carbon steel in suspensed
liquid combined fertilizer,” Russian Journal of Applied Chem-
istry, vol. 81, no. 9, pp. 1705–1709, 2008.

[22] S. Cheng et al., “Effect of urea on microbiologically induced
corrosion of carbon steel in soil,” Acta Physico-Chemica Sinica,
vol. 28, no. 11, pp. 2659–2668, 2012.

[23] N. S. C. T. N. Stations, Ed., Test Methods of Soil Corrosion of
Materials, Science Press, Beijing, China, 1990.

[24] H. Castaneda and X. D. Benetton, “SRB-biofilm influence in
active corrosion sites formed at the steel-electrolyte interface
when exposed to artificial seawater conditions,” Corrosion
Science, vol. 50, no. 4, pp. 1169–1183, 2008.

[25] C. Sun, J. Xu, F. H. Wang, and C. K. Yu, “Effect of sulfate
reducing bacteria on corrosion of stainless steel 1Cr18Ni9Ti in
soils containing chloride ions,”Materials Chemistry and Physics,
vol. 126, no. 1-2, pp. 330–336, 2011.

[26] C. N. Standards, “Examination of bacteria and algae in indus-
trial circulating cooling water,” in Examination of Soil Fangi -
Standard of Plate Count, part 4, 2009.

[27] W. P. Iverson, “Direct evidence for the cathodic depolarization
theory of bacterial corrosion,” Science, vol. 151, no. 3713, pp. 986–
988, 1966.

[28] B. M. Wei, Ed.,The CorrosionTheory and Application of Metals,
Chemical Industry Press, Beijing, China, 2004.

[29] X. Li and H. Castaneda, “Coating studies of buried pipe in soil
by novel approach of electrochemical impedance spectroscopy
at wide frequency domain,” Corrosion Engineering, Science and
Technology, vol. 50, no. 3, pp. 218–225, 2015.

[30] X. Li and H. Castaneda, “Damage evolution of coated steel pipe
under cathodic-protection in soil,”Anti-CorrosionMethods and
Materials, vol. 64, no. 1, pp. 118–126, 2017.

[31] C. N. Cao, Ed., Principles of Electrochemistry of Corrosion,
Chemical Industry Press, Beijing, China, 2008.

[32] W. Dilling and H. Cypionka, “Aerobic respiration in sulfate-
reducing bacteria,” FEMS Microbiology Letters, vol. 71, no. 1-2,
pp. 123–128, 1990.



Corrosion
International Journal of

Hindawi
www.hindawi.com Volume 2018

Advances in

Materials Science and Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of

Chemistry

Analytical Chemistry
International Journal of

Hindawi
www.hindawi.com Volume 2018

Scienti�ca
Hindawi
www.hindawi.com Volume 2018

Polymer Science
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Advances in  
Condensed Matter Physics

Hindawi
www.hindawi.com Volume 2018

International Journal of

Biomaterials
Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Applied Chemistry
Journal of

Hindawi
www.hindawi.com Volume 2018

Nanotechnology
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

High Energy Physics
Advances in

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Tribology
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemistry
Advances in

Hindawi
www.hindawi.com Volume 2018

Advances in
Physical Chemistry

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research InternationalMaterials

Journal of

Hindawi
www.hindawi.com Volume 2018

N
a

no
m

a
te

ri
a

ls

Hindawi
www.hindawi.com Volume 2018

Journal ofNanomaterials

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijc/
https://www.hindawi.com/journals/amse/
https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/ijps/
https://www.hindawi.com/journals/acmp/
https://www.hindawi.com/journals/ijbm/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/jac/
https://www.hindawi.com/journals/jnt/
https://www.hindawi.com/journals/ahep/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/at/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/apc/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jma/
https://www.hindawi.com/journals/jnm/
https://www.hindawi.com/
https://www.hindawi.com/

