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1. Introduction

  Sweet and sour corrosion of steel structure in the well 
and transportation pipeline in the oil and gas system is 
a major problem of equipments and monetary loss for oil 
and gas industries. To combat this corrosion effect, the 
oil and gas industries use expensive high corrosion re-
sistant materials and other protective methods. The oil pro-
duction unit is in the marine seawater environment, which 
itself is very corrosive due to presence of Cl- ,SO4

2-, 
HCO3

- , CO3
2- and the dissolved oxygen. The sweet corro-

sion is caused by the presence of CO2 and the sour corro-
sion by the presence of H2S in the oil and gas marine 
environment. They produce corrosion species HCO3

-, 
CO3

2-, S-2 in addition to Cl-, contributing to huge degrada-
tion rate in oil field sea water. The concentration of these 
species also vary depending on the geographical location 
of the structures across the different ocean and sea water 
as well as along the depth [1]. The pH of sea water is 
normally in the range of neutral to slightly alkaline, but 
local acidity develops, due to corrosion products as well 

as crude petroleum products, lowering the pH to less than 
4. Temperature is also not fixed but varies due to seasonal 
change and geographical location of an oil field site. Each 
and every parameter has direct influence on the degrada-
tion rate of the submerzed structures. Chloride ion ag-
gravates the degradation of materials in aqueous environ-
ment [2-8]. It helps in breaking passive oxide layer, lead-
ing to localized corrosion of crevice and pitting corrosion. 
pH has a variable effect on corrosion. Both very low and 
high pH are detrimental to corrosion. 
  Sweet corrosion is a significant problem in the oil and 
gas production and transportation (transmission and dis-
tribution) systems. Downhole CO2 corrosion in the pro-
duction systems has received significant attention due to 
the high CO2 content in the oil and gas production fluids 
that can cause significant failures of the pipes in wells. 
Sour corrosion is caused by salts and sulfide compounds 
dissolved in crude oil. These provoke the formation of 
a corrosive aqueous solution whose chemical composition 
involves the presence of both hydrochloric acid (HCI) and 
hydrogen sulfide (H2S). Previous researches [9-11] have 
shown that H2S had a remarkable acceleration effect on 
both the anodic iron dissolution and the cathodic evolution
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In general the influence of any of the these parameters 
is independently known. But conjoint effects of the above 
mentioned multiple parameters and the interrelationship 
among the variables on corrosion rate are complex and 
not known. The influence of so many factors on the corro-
sion rate, necessitates modeling and simulation of corro-
sion process. Corrosion models [12-20] have been devel-
oped by by Artificial neural network (ANN), Genetic algo-
rithm (GA) and Finite element method (FEM) to study 
the effect of these parameters and predict the corrosion 
rate. Mechanisms of the corrosion process are better un-
derstood from the modeling and simulation and right pro-
tective methods can be applied [21].
  304 austenitic stainless steel which is corrosion resistant 
due to the formation of passive film is also prone to corro-
sion in such environment with breakdown of passive film, 
leading to localized and general corrosion.
  In the present investigation, corrosion behavior of 304 
stainless steel has been studied in synthetically produced 
sea water having above mentioned ions. Potentiodynamic 
studies have been extensively carried out by varying each 
of these parameters and computing corrosion potential and 
corrosion current. 
  Electrochemical AC impedance spectroscopy studies 
were also carried out for better understanding of electro-
chemical effects of corrosive species on electrical phe-
nomenon occurring at metal-solution interface. The cor-
roded substrates were characterized by XRD. The mor-
phology of the uncorroded and corroded surface were in-
vestigated by scanning electron microscopy.

2. Experimental Methods 

  The test specimen was 1 cm x 1 cm of low carbon 
steel Experiments were conducted in 3.5% NaCl solution 
(NACE solution). Sweet Corrosion of the sample was 
studied by bubbling CO2 through the artificially sea water 
solution (Table 1). CO2 was generated from an apparatus 
with the the following reaction: 

  CaCO3 + 2HCl = CaCl2 + CO2 + H2O

  The time of bubbling was noted and pH of the solution 
was checked. The CO2 bubbled would form carbonic acid 

that would contribute to the lowering of pH. The amount 
of CO2 ranged from 3.5 ppm-170 ppm (average sea water 
composition is reported having 90 ppm)
  Sour Corrosion of the sample was studied by adding 
right amount of Na2S in the artificially prepared sea water 
solution. This too liberates S2- ions and has similar affects 
to that of H2S passing. The S2- concentration was kept 
between 14 gm/l and 24 gm/l.

2.1 Polarization Studies 
  Electrochemical measurements were conducted as 
ASTM standards [22,23], using Gamry Potentiostat instru-
ment coupled with Echem analyst software, controlled by 
a personal computer, in a conventional three-electrode cell 
systems. The working electrode was carbon steel, the coun-
ter electrode was graphite, and a saturated calomel elec-
trode (SCE) acted as the reference electrode. Experiments 
were performed in different concentrations of Cl−, SO4

2−, 
CO2 and S2− solutions, at preselected pH and temperature, 
to determine the corrosion potential corr and corrosion 
current corr. The potential was scanned between −1.5 V 
and 1 V at a scan rate of 1 mV/s

2.2 Electrochemical Impedance Spectroscopy (EIS) 
  The experimental arrangement was the same as that of 
polarization studies. The electrochemical cell was con-
nected to an impedance analyzer (EIS300 controlled by 
Echem analyst software) for electrochemical impedance 
spectroscopy. The electrochemical impedance spectrawere 
obtained at frequencies between 300 kHz and 0.01Hz.The 
amplitude of the sinusoidal wave was 10mV.The following 
results and information are obtained from the EIS experi-
ments: Polarization resistance
  ( ), electrolyte resistance ( ), double layer capaci-
tance (dl), capacitive load or constant phase element,
CPE(), and  which is defined from the capacitive im-
pedance equation  = 1/()−.
  Capacitors in EIS experiments often do not behave 
ideally. Instead, they act like a constant phase element 
(CPE). The exponent  = 1 for pure capacitance. For a 
constant phase element, the exponent  is less than one. 
The “double layer capacitor” on real cells often behaves 
like a CPE instead of like a pure capacitor

Table 1 Composition of artificial sea water (ASTM D1141-2003)

NaCl Na2SO4 NaHCO3 KCl KBr, MgCl2.6H2O CaCl2.6H2O MgCl2.6H2O SrCl2.6H2O H3BO3

Concentration in gm/liter

23.47 3.917 0.192 0.664 0.096 10.61 1.469 10.61 0.04 0.026
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2.3 X-Ray Diffraction (XRD) Analysis 
  The X-ray diffraction technique is used to define the 
crystalline structure and the crystalline phases. This test 
was done using a Rigaku Ultima III X-Ray Diffractometer 
for recording the diffraction traces of the samples with 
monochromatized Cu K radiation, at room temperature; 
the scan region (2) ranged from 100 to 1000 at a scan 
rate of 50 min−1.
  Microstructures of the corroded specimens were ob-
served under Leica Optical Microscope.

2.4 Scanning Electron Microscope (SEM) Morphology 
  The electron micrographs were studied by SEM with 
accelerating voltage 30 kV, magnification up to 300,000x, 
and resolution of 3.5 nm. The images of the corroded 
samples were photographed at low and high magnification

3. Results 

  The effects of variation of concentration of CO2 and 
S-2 on degradation behavior of carbon steel were studied 
by Potentiostatic polarization and the various electrical 
properties at the metal solution by Electrochemical im-
pedance spectroscopy (EIS). The presence of different 
compounds on corroded surface was detected by XRD. 
The morphology of the degraded surfaces is characterized 
by SEM. 

3.1 Polarization Studies
  Fig. 1 shows the polarization curves of steel in sweater 
with variation of CO2 concentration. It is found that in-
crease in CO2 concentration shifts the curves to the right, 
indicating an increase in corrosion rate. But the corrosion 
rate is found to be the minimum at 20 ppm CO2 concen-
tration and it is less than the values at 0 ppm 
concentration. Variation of pH in the oil field environment 
may influence the rate of sweet corrosion (Fig. 2). It is 
seen that the corrosion rate increases with higher acidity 

Table 2 Computed Corrosion Data of Sweet and Sour corrosion 

System Concentration pH Temperature ̊ C Ecorr volt
Vs SCE Icorr mA/cm2

Sweet Corrosion CO2    0 ppm 7.0 25 -0.53 0.050
Sweet Corrosion CO2   20 ppm 7.0 25 -0.57 0.023
Sweet Corrosion CO2   50 ppm 7.0 25 -0.68 0.718
Sweet Corrosion CO2  100 ppm 7.0 25 -0.86 0.828
Sweet Corrosion CO2   50 ppm 4 25 -0.76 0.832
Sweet Corrosion CO2   50 ppm 7.0 25 -0.57 0.231
Sweet Corrosion CO2   50 ppm 9.0 25 -0.77 0.091
Sweet Corrosion CO2   50 ppm 7.0 25 -0.53 0.712
Sweet Corrosion CO2   50 ppm 7.0 50 -0.87 0.005
Sweet Corrosion CO2   50 ppm 7.0 80 -0.77 0.78

    System Concentration pH Temperature ̊ C Ecorr volt
Vs SCE Icorr mA/cm2

Sour Corrosion S2- 
  2 gm/l 7.0 25 -0.58 0.006

Sour Corrosion S2- 
 14 gm/l 7.0 25 -0.72 0.09

Sour Corrosion S2- 
 20 gm/l 7.0 25 -0.68 1.12

Sour Corrosion S2- 
 14 gm/l 4.0 25 -0.64 0.98

Sour Corrosion S2- 
 14 gm/l 7.0 25 -0.57 0.08

Sour Corrosion S2- 
 14 gm/l 9.0 25 -0.52 0.004

Sour Corrosion S2- 
 14 gm/l 7.0 25 -0.58 0.006

Sour Corrosion S2- 
 14 gm/l 7.0 50 -0.63 0.89

Sour Corrosion S2- 
 14 gm/l 7.0 80 -0.72 1.03

Fig. 1 Potentiodynamic polarization comparison of CO2 corrosion 
at different concentration.
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or alkalinity compared to that under neural pH. This is 
due to breakdown of protective carbonate layer. The effect 
is more in acidic region compared to other. Temperature 
in ocean oil field environment changes due to exothermic 
reactions in the petroleum products as well as geo-

graphical location and seasonal change. The effect of tem-
perature on sweet corrosion (Fig. 3) is having dual effect. 
Normally increase in temperature increases the corrosion 
rate as the diffusion of corrosion species is faster, the fact 
decreases the concentration polarization. But on the other 
hand, increases in temperature decreases the dissolved 
gases, O2 and CO2 which decrease the corrosion 
  Fig. 5 and 6 illustrate the effects of pH and temperature 
change, on sour corrosion, keeping H2S fixed at 0.5 gm/l. 
It is seen that sour corrosion decreases under alkaline con-
dition (Fig. 5) and becomes very high in acidic condition. 
Temperature is found to accelerate sour corrosion rate 
(Fig. 6). Table 2 illustrates the effect of various parameters 
on sweet and sour corrosion rates.

3.2 Electrochemical Impedance Study (EIS)
  All the above studies show that both sweet and sour 
corrosion aggravate steel. The effect of sour corrosion is 
much damaging to steel compared to sweet corrosion. 
Now for better understanding of the fundamental aspects 

Fig. 2 Potentiodynamic polarization comparison of 50 ppm CO2 
corrosion at different pH.

Fig. 3 Potentiodynamic polarization comparison of CO2 corrosion 
at different temperature.

Fig. 4 Potentiodynamic polarization comparison of H2S corrosion 
at different concentration.

Fig. 5 Potentiodynamic polarization comparison of H2S corrosion 
at different pH.

Fig. 6 Potentiodynamic polarization comparison of H2S corrosion 
at different temperature.
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of electrochemical science of sweet and sour corrosion,, 
. EIS study helps to understand the electrochemical phe-
nomena occurring at the metal-seawater interface, effect 
of ions and computed R-L-C circuit. In general, the inter-
face consists of layer of (+ve) charge and a layer of (-ve) 
charge which is called electrical double layer, which pro-
duce a capacitance (Cdl) or pseudo-capacitance (Y0). The 
degree of capacitance is know from the parameter α. If 
α is close to, the capacitance is pure, else it is a pseu-
do-capacitance. In addition, there are resistance load for 
polarization resistance (Rp), solution resistance(Rs). The 
phenomenon can be interpreted by Nyquist and Bode plot, 
which are depicted and discussed in the following section 
for various corrosion effects.
  EIS study is carried out. Fig. 7 illustrates electro-
chemical impedance study by a Nyquist of the steel in 
sweet corrosive environment with the variation of concen-
tration of CO2. Nyquist plots show semi circle. The diame-
ter of the semicircle indicates the polarization resistance, 
Rp. It is interesting to see this diameter decreases with 
increase in CO2 concentration, that is polarization resist-
ance becomes less. In the bode plot of the same study 
(Fig. 8), the impedance Z is of high value for the case 
of minimum CO2. It shows both Impedance and resistance 
become high for the sweet corrosion the least CO2 

concentration. The EIs data fit the simple Randle circuit 
(Fig. 9) with a capacitance (Y0)parallel to polarization re-
sistance (Rp)and both in series with solution resistance 
(Ru). The computed EIs parameters are shown in Table 
2. The phase angle shifts (Fig. 10) towards -90 degree, 
indicating presence of capacitance or pseudo capacitance 
in the RLC circuit.
  EIS studies for sour corrosion are similarly shown in 
Fig.s 11,12 and 13 for Nyquist plot, Bode plot and phase 
angle shifts respectively. EIS data in sour corrosion also 

match the model circuit in Fig. 9 and the computed EIS 
parameters are given in table 3. Bode plot reflects the 
diameter of the semi circle decreases with increasing in 
sulphide concentration (Fig. 11), indication polarization 
resistance is decreasing and the impedance too is getting 
lowered (Fig. 12) in the bode plot.

3.3 XRD Analysis of Corrosion products
  Fig.s 14 and 15 show X ray diffraction graphs of the 
corroded steel in sweet corrosion and sour corrosion 

Fig. 7 Nyquist Plot of EIS data with variation of CO2 
concentration. Fig. 8 Bode Plot of EIS data with variation of CO2 concentration.

Fig. 9 Model circuit of EIS.

Fig. 10 Bode Plot of EIS data phase angle with variation of 
CO2 concentration.
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respectively. It shows the corroded products of sweet cor-
rosion: Fe4(CO)13C, Fe(HCO3)2 and sour corrosion: 
Mackinawite (FeS) and FeS2. 

Table 3 Computed EIS Data for sweet corrosion of steel in 
seawater (Fig. 7, 8)

CO2 concentration
(ppm) 

Rp
(ohm.cm2) Y0 µF alpha

0 850 110 0.84

50 550 143 0.70

100 250 178 0.60

Table 4 Computed EIS Data for sour corrosion of steel in 
seawater (Fig. 10, 11)

Sulphide 
Concentration gm/l Rp(ohm.cm2) Y0 µF alpha

2 1200 121 .80

14 1000 139 .74

20 620 175 .66

Fig. 11 Nyquist Plot of EIS data with variation of H2S 
concentration.

Fig. 12 Bode Plot of EIS data with variation of H2S concentration.

Fig. 13 Bode Plot of EIS data phase angle with variation of H2S 
concentration.

Fig. 14 XRD analysis of corroded steel sample in 3.5% 
NaCl solution + 20. ppm CO2.

Fig. 15 XRD analysis of corroded steel sample in 3.5% 
NaCl solution + 14 g/l H2S.
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3.5 SEM Images
  The morphology of the sweet and sour corroded surface 
observed under scanning electron microscope is shown 
in Fig. 16. The sweet corrosion (Fig. 16A) shows uniform 
and some localized damage with presence of protective 
carbonate layer (white part) at some areas. It was found 
in the polarization study of sweet corrosion that corrosion 
rate at about 20 ppm CO2 presence is less than zero CO2. 
This is due to the formation of calcareous deposit of carbo-
nate layer. This is indicated by the presence of Fe(HCO3)2  
phase in XRD study (Fig. 14). In sour corrosion (Fig. 
16B), the black corrosion products (FeSx) formed on the 
steel surface in the H2S-containing solutions could be 
observed. The damage of the sour corrosion is severe from 
pitting to sulphide cracking. The images support the corro-
sion products formed in the XRD study in Fig.s 15.

4. Discussion

  The main electrochemical anodic and cathodic reactions 
for the corrosion of carbon steel in aqueous oilfields envi-
ronments in presences of the ions are as follows

  2Fe = 2Fe++ + 4e Anodic
  2H2O + O2 + 4e = 4OH- Cathodic
  2Fe + 2H2O + O2 = 2Fe(OH)2 (Rust) Overall 

4.1 Sweet Corrosion
  Carbonate ion is produced from CO2 gas as explained 
in the following reactions.

  CO2 + H2O = H2CO3

  H2CO3 = HCO3- + H+

  2HCO3
- + 2e- = H2 + 2CO3

2-

  So it produces acidity H+, carbonate CO3
2- and bicar-

bonate HCO3-. Acidity increases the corrosion rate, HCO3- 

on hydrolysis produces H+ and hence it also aggravates 
the degradation of passive layer. But CO3

2- produces a 
protective layer on steel surface by the following reaction 
and hence passivity is strengthened and steel is protected. 
Thus a small concentration of CO2 is helpful in protecting 
passivity layer.

  Fe2+ +CO3
2- = FeCO3

4.2 Sour Corrosion 
  The effect of S2- variation on the corrosion rate of steel 
is shown in Fig. 4. It is seen that the corrosion rate in-
crease severely with increase in S2- concentration. 
Sulphide is a notorious ion present in oil and gas system 
which severely attacks the steel. The nature of the curve 
shows somewhat passivity and passivity breakdown, lead-
ing to localized corrosion. Steel exhibits passivity at pH 
9 and it acts as protective layer in preventing sour corro-
sion while under acidic condition this passive layers 
breaks and S-2 can penetrate the steel surface , causing 
localized to general corrosion. Temperature is found to 
accelerate sour corrosion rate (Fig. 6) due to the face that 

Fig. 16 SEM images of sweet (A) and sour Corrosion (B) in 3.5% NaCl solution + 50 ppm CO2 (A) in and 3.5% NaCl 
solution + 10 g/l H2S (B).
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diffusion rate of S-2 ions becomes faster with increase in 
temperature from the bulk of the solution to the metal-sol-
ution interface and so the concentration of the ions is al-
ways high at the interface. 
  The deterioration of metal due to contact with S-2 (H2S) 
and moisture is sour corrosion. The general equation of 
sour corrosion can be expressed as follows [21]:

  S-2 + 2H+ = H2S (aq)         E= 0.097 V vs: SCE

  Hydrogen sulphide will then dissociate to produce proton 
and bisulphide as described [22] by following equations.

  H2S (aq) = H+  +HS-        K= 9.1 X 10-8

  HS-  H+   + S-2            K= 9.1 X 10-12

  This reaction scheme shows that presence of hydrogen 
sulfide can contribute to the concentration of sulfide at 
the surface by dissociation rather than charge exchange 
with the surface. The sulfide concentration at the surface 
is, therefore, dependent on the concentration of aqueous 
hydrogen sulfide in the electrolyte as well as the reduction 
processes of sulfate.
  H2S exhibited the different role on anodic process of 
carbon steel depending on the pH value in the solutions. 
The local super saturation of FeSx could be formed on 
the carbon steel surface via the following reaction, with 
the nucleation and growth of one or more of the iron sul-
fide, mackinawite.

  H2S + Fe + H2O →FeSx + 2H + H2O

5. Conclusions

  Carbon steel gets severely corroded by sweet and sour 
corrosion due to presence of CO2 and H2S environment 
in the oil field. Increasing the concentration of these spe-
cies strong influence in braking down the protective layer 
and aggravation the degradation process. High corrosion 
rate is associated by low polarization resistance and 
impedance. Metallic carbide and sulphide are the corro-

sion products as detected by XRD. Morphology of the 
corroded surface under SEM show uniform corrosion with 
carbonate protective layer in sweet corrosion and localized 
corrosion with sulphide cracking in sour corrosion.
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