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Abstract: With continuously growing oil and gas demand, exploitation of highly sour reservoirs brings large corrosion risks due to

the coupling effects of corrosive factors including elemental sulfur, CO,, and formation water. In the present work, corrosion

behavior of P110 tubing steel in simulated oilfield formation water containing elemental sulfur and CO, was investigated by

immersion tests and electrochemical measurements. The results indicate that increasing temperature accelerates the corrosion rate of

P110 tubing steel, promotes the formation of iron sulfide, and causes serious pitting corrosion. However, influence of temperature

varies in different temperature range mainly due to the different corrosion-controlling species like CO, at low temperatures and

elemental sulfur at high temperatures. Based on the results, the coupling effects of elemental sulfur and carbon dioxide were

discussed.
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Global oil and gas demand has

continuously, so that exploitation and production condition

been growing

of new oil and gas resources becomes more and more
severe!'!. In recent years, highly sour reservoirs with harsh
environment are being exploited, where deposit of
elemental sulfur in the pipeline systems can cause serious
corrosion?. Furthermore, the presence of CO, and H,S in
the sour gas makes the environments more corrosive and
the corrosion mechanism of metallic tubing steels more
complicated. In the harsh environment containing elemental
sulfur, CO, and H,S, most metallic materials for tubing,
casting and pipelines even Ni-based alloys would suffer
severe corrosion and increase the risk of corrosion failure™..

During highly-sour oil and gas exploitation, elemental
sulfur is usually transported from the gas reservoir to the
ground gathering system in three ways"": chemical reaction
with hydrogen sulfide, dissolution in polymer alkanes, and
carrying by high speed airflow in terms of micro droplet. As
the temperature and pressure changes, elemental sulfur
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particles precipitate from natural gas and deposit, which
may cause following hazards': gas fluid channel decrease,
pipe blockage, corrosion perforation and cracking.
Corrosion of carbon steels in CO, environment has been
characterized widely in the past decades ™.
indicated that plenty of factors including temperature, CO,

It was

pressure, flow rate, chloride concentration, chemical
composition, microstructures and so on affected the
corrosion rate and scale property. Regarding the effect of
temperature, some incongruous results were reported,
possibly due to the coupling effects among different
influencing factors rather than single temperature change.
The addition of elemental sulfur can significantly influence
the corrosion of carbon steels by increasing corrosion rate
and promoting pitting corrosion***'!

The presence of elemental sulfur would affect the
corrosion mechanism and then the corrosion products.
Although iron sulfide is often the corrosion product of
elemental sulfur corrosion and hydrogen sulfide corrosion,
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the corrosion mechanism is far different. For the hydrogen
sulfide corrosion, the corrosion process is usually involved
in dissolution and dissociation of hydrogen sulfide in water,
and formation of iron sulfide. For the elemental sulfur
corrosion, the process is more complicated due to the core
corrosion possibly induced by solid particles or deposits.
Even though the mechanism of elemental sulfur corrosion is
still indefinite, acidification of sulfur in aqueous solution
below the melting point of elemental sulfur is usually

221 However, the

considered as the main corrosion cause
field experience seems more complicated due to the
co-existence of elemental sulfur, H,S and CO, in highly
sourer gas field, so that the corrosion mechanism is still
open to debate.

With these considerations, the present work was aimed to
study influences of temperature on the corrosion of P110
tubing steel in the CO,-saturated simulated oilfield formation
water with element sulfur addition. Based on the results, the
corrosion mechanism affected by coupling effects among
several corrosive factors was discussed at last.

1 Material and Methods

1.1 Materials and test solutions

In the present study, P110 tubing steel was studied with
chemical composition as listed in Table 1. It can be seen
from Fig.1 that the microstructure of P110 tubing steel is
homogeneous, comprising tempered sorbite, and has no
obvious rolling texture features. Samples with dimensions of
40 mmx10 mmx4 mm for immersion corrosion tests and
coupons with dimensions of 10 mmx10 mmx4 mm for
electrochemical tests were prepared from P110 tubes. All
samples were ground by abrasive silicon carbide paper to
1000# and cleaned in acetone for 5 min ultrasonically.

Simulated oilfield formation water was prepared with
deionized water and analytical reagents according to the
chemical composition as listed in Table 2. In particular, 5 g/L
elemental sulfur was added.

1.2 Immersion corrosion test

All immersion corrosion tests were performed isothermally.
Prior to tests, high purity N, was purged into the test
container for 2 h to remove dissolved oxygen in test solutions,
and then high purity CO, was introduced for 1 h to saturate
the test solutions. After tests, some specimens were cleaned
by appropriate chemical solution to keep the corrosion
products down and then cleaned with deionized water and
ethanol. The average corrosion rate V., was calculated by
Eq.(1) based on the mass change of specimens.

Vcorr = 876X(m0_m1)/(Stp) (1)
where m, is the mass of samples before the test (g), m; is the
mass of samples after the test (g), ¢ is the corrosion duration
(h), S is the surface area of specimen (m?), and p is the density
of specimen (g/em’). Other specimens were rinsed with
distilled water, and used to characterize the corrosion products.
In the present work, test temperatures were set as 30, 50, 70,
and 90 °C and the test duration was set as 120 h.

1.3 Electrochemical tests

Polarization curves and electrochemical impedance
spectroscopy (EIS) measurements were carried out in a
CS370
three-electrode system was used, where P110 specimen was
the working electrode, a saturated calomel electrode (SCE)
was the reference electrode, and a pair of graphite poles was
the auxiliary electrode. All electrochemical tests were
performed at a constant potential scan rate of 0.5 mV/s.

1.4 Characterization methods
The corroded samples were characterized by microstructure

electrochemical workstation. The conventional

investigation, phase identification and chemical composition
analysis. A Scanning Electron Microscopy (SEM) was
employed to investigate the scale microstructures, an X-ray
Diffraction (XRD) spectrometer with Cu Ka radiation was
utilized to identify the corrosion products, and an Energy
Dispersive Spectrum (EDS) detector was used to analyze the
chemical compositions of corrosion scales.

Table 1 Chemical composition of P110 tubing steel (Wt%)
C Si Mn P S Cr Ni Ti \Y Fe
0.260 0.200 1.400 0.009 0.003 0.150 0.010 0.030 0.012 Bal.
2 Results

Fig.1 Microstructure of P110 tubing steel

2.1 Characteristic of corrosion

Fig.2 depicts the corrosion rates of P110 tubing steel in the
simulated environment at different temperatures for 120 h
exposure. Overall, corrosion rates of P110 tubing steel
increase with temperature increasing. Evidently, the V,-T
relationship can be divided into three parts according to the
slope as indicated in Fig.2. In the first region (30~50°C), the
extremely low slope suggests the slight temperature effect on
the corrosion rate of P110 tubing steel. In the second region
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Table 2 Chemical composition of simulated oilfield formation water

Chemical reagent MgS0O4:7H,0 CaS0O,

N32CO3

NaHCO; Nast4 NaCl S

Content/g-L™' 0.18 0.642

0.557 5.31 8.732 16.48

V /mmra

corr

of o—°

20 30 40 50 60 70 80 90 100
T/C

Fig.2 Corrosion rates of P110 tubing steel

(50~70 °C), the steep slope indicates the significant
temperature dependence on the corrosion rate. In the third
region (70~90 °C), the slope becomes low gradually,
indicating that the influence of temperature is lowered
possibly due to the rapid formation of thick corrosion
products.

Concerning the CO, corrosion, it is often considered that
temperature would affect corrosion rate of carbon steels
strongly. At temperatures below 60 °C, protective FeCO;
films cannot form unless the pH is high enough; therefore,
corrosion rate would increase with temperature. Above 60 °C,
the decrease of FeCOj; solubility would result in the increase
of protectiveness of FeCOs; films with temperature, so that

e

the corrosion rate would be reduced with temperature
increasing™?*. The addition of elemental sulfur seems to
make the corrosion more complex possibly due to the
complicated influence of temperature on the CO, corrosion
and elemental sulfur corrosion.

Fig.3 presents the surface morphologies of P110 tubing
steel corroded in the simulated environment at different
temperatures. At 30°C, the corroded specimen shows a thin
and smooth surface, and the corrosion film is thin
considering the clear grinding marks (Fig.3b). At 50°C, some
white particles appear on the surface of the corroded
specimen, and EDS analysis shows high concentration of S
for such particles. In addition, localized spalling can be
observed in Fig.3d. At 70°C, serious corrosion and evident
exfoliation can be seen in Fig.3e. At 90 °C, much more
serious corrosion, large particles and deep holes can be seen
in Fig. 3h. With temperature increasing, more S can be
detected on the surface films by EDS, indicating severe
elemental sulfur corrosion at higher temperatures.

Fig.4 shows the XRD patterns for the surface films formed
on P110 tubing steel. At 30 °C, the corrosion is slight so that
the surface film is too thin to detect. At 50°C, the surface
film is composed of FeCO;. At 70°C and 90°C, the surface
films are composed of FeCO; and FeS. When temperature
increases from 70 °C to 90 °C, the peaks for FeS become
stronger. In all cases, peaks for P110 tubing steel are strong,
suggesting the surface films on the specimens are thin.

Fig.3 Surface morphologies of P110 tubing steel corroded at different temperatures: (a, b) 30°C, (c, d) 50°C, (e, f) 70°C, and (g, h) 90°C
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Fig.4 XRD patterns for the surface films formed on P110 tubing

steel at different temperatures

Fig.5 presents the cross section morphologies of surface
films formed on P110 tubing steel. It is evident that
increasing temperature significantly enhances the formation
of corrosion products, and makes a much thicker corrosion
film. In Fig.5a, the corrosion film formed at 70°C is the dark
layer with a thickness of ~10 m. In Fig.5b, the corrosion film
formed at 90°C is the slightly grey layer with a thickness of
~ 20 m. The different contrast in the back scattered electron
images for the corrosion films formed at two different
temperatures may be related to the relative content of FeCOs
and FeS. With temperature increasing, the relative content of
FeS in the corrosion film increases, leading to a relatively
obvious contrast in the back scattered electron images. EDS
line scan result (Fig.6) indicates that the corrosion film
formed on P110 tubing steel at 90 °C is composed of iron,
sulfur, carbon and oxygen, corresponding to the FeCOj; and
FeS as identified before.

After removal of corrosion films by chemical cleaning,
surface morphologies of the corroded specimens are shown
in Fig.7. Corrosion pits can be seen on the specimens
corroded at 50, 70, and 90 °C. In addition, the size and
quantity of corrosion pits increases with temperature.

On the basis of the above results, it can be speculated that
increasing temperature can affect the corrosion behavior of
P110 tubing steel in three aspects: enhancing the corrosion
rate, promoting the formation of FeS and inducing pit
corrosion.

2.2 Electrochemical behavior

Fig.8 illustrates the polarization curves of P110 tubing
steel in the simulated environment at different temperatures.
The obvious passivation area on the anodic polarization
curve at 30°C tends to disappear as temperature increases.
This may be ascribed to the fast formation of corrosion
products at higher temperatures which reduce the formation
of passive film. It indicates that the corrosion film formed at
30°C is more easily passivated than those formed at 50 and
70 °C. This means that the cathodic process of corrosion

Epoxy

P110 steel

FeS+FeCO;

P110 steel

Fig.5 Cross section morphologies of surface films formed on
P110 tubing steel at 70°C (a) and 90 °C (b)

Intensity/a.u.

Depth/um

Fig.6  EDS line scan (in depth) result of the corrosion film
formed on P110 tubing steel at 90 °C

reaction at 30°C is controlled by concentration polarization
instead of activated polarization. When the electrode
potential is higher, the cathodic polarization current density
is kept constant, and the limit current is independent of the
electrode potential, so the corrosion reaction is controlled by
the diffusion process. This is in accordance with the
observations elsewhere!”’!.

Corrosion parameters calculated from polarization curves
are summarized in Table 3. It can be seen that the cathodic
Tafel slope is always greater than the anodic Tafel slope in
the temperature range of 50~70°C, indicating that the over
potential of cathodic process is greater than that of anodic
process so that the corrosion reaction is controlled by the
cathodic process. With the increase of temperature, the
corrosion current density increases obviously from 3.71
Alem?® to 148.7 A/em?, and the corrosion is accelerated. At 30
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Fig.7 Surface morphologies of the corroded specimens at different temperatures after removal of corrosion films: (a) 30°C, (b) 50°C,

(¢) 70°C, and (d) 90°C
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Fig.8 Polarization curves of P110 tubing steel at different

temperatures

Table 3 Fitting parameters of polarization curves of P110

tubing steel in simulated solution at different

temperatures

0, bﬂ/ bC/ ICOIT/ ECOI’I'/ Rp/
T/°C 2 2
(mV/dec) (mV/dec) pA-cm mV Q-cm
30 91.9 68.3 3.71 -697.2  4585.7
50 52.9 189.4 5.98 -573.6  3002.5
70 87 235 10.9 -572.4 25294
90 106 192.3 148.7 -261.4 199.5

~ 70°C, the increase of corrosion current density is slow,
showing that the influence of temperature is slight. At 90°C,
the corrosion current density increases sharply, indicating the
corrosion rate of P110 tubing steel is significantly enhanced.
This is in accordance with the observation as mentioned
above.

The impedance spectra of P110 tubing steel in the
simulated environment at different temperatures are shown in
Fig.9. It can be seen that all impedance spectra are composed
of a capacitive arc located at the high frequency part and a
Warburg impedance located at the low frequency part. There

is significant difference on the radius of capacitance arc at
the high frequency part. At 30 °C and 50 °C, similar AC
impedance spectra containing double layer capacitance arc at
high frequency and two time constants can be seen. However,
the capacitive arc radius and reaction resistance R, are
relatively smaller at 50 °C, possibly because the increasing
temperature enhances the activity of reactant, weakens the
activation control, and accelerates the corrosion reaction. At
70°C, the radius of capacitive arc is greater than that at 50°C,
which may be ascribed to the rather different microstructures
of corrosion film. At 90 °C, the diffusion impedance is shown
as a line with a large deviation from 45°C, which may be
caused by the dispersion effect due to the inhomogeneity of
the electrode surface. There are two possible causes for the
inhomogeneity: (i) pitting corrosion induced by elemental
sulfur and CI’; (ii) accelerated localized corrosion induced by
the local acidification between the iron sulfide and substrate.

3 Discussions

Based on the above results, it can be inferred that the
increase of temperature can affect the corrosion of P110
tubing steel in the simulated environment from following
aspects: enhancing the corrosion rate, promoting the
formation of FeS and inducing pit corrosion.

For the uniform corrosion of P110 tubing steel in the
simulated environment, competition between CO, corrosion
and elemental sulfur corrosion determines the corrosion rate
and corrosion products.

Concerning the CO, corrosion, it has been well
recognized that the dissolved CO, gas in aqueous solution
hydrates to form carbonic acid and results in corrosion of
mild steels”®*”). Tt is often assumed that hydrogen gas and
bicarbonate ions are generated via the direct reduction of
carbonic acid at the metal surface. However, more recently,
it is considered that the dissociation of carbonic acid to
hydrogen ions is the most important cathodic reaction in an
acidic solution!"***"! In this perspective, the carbonic acid
would act as a reservoir of hydrogen ions. As a result, the
corrosion rate would be higher than strong acid solutions
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Fig.9
under the same pH condition""
following Eq.(2):

Fe’" + CO;” = FeCO; )
when the concentrations of relevant ions (i.e. Fe*" and CO;™)
exceed their solubility limit. The precipitation of FeCO;
would reduce the corrosion rate significantly. In addition,

. Solid FeCOs; precipitates

the precipitation rate is dependent on the FeCOj; solubility

1.5% developed a unified expression for

limit. Sun et. a
FeCO; solubility which is determined by temperature and
ionic strength, as shown in Eq.(3):

logK,, = —59.3498 — 0.041377Ty — 2.1963/T +

24.5724log(Ty) +2.5181°°-0.6571 (3)

where Ky, is the FeCO; solubility limit (mol*/L’) and 7 is the
ionic strength (mol/L), and T\ is temperature.

In the present work, the ionic strength of the simulated
solution is ~0.67 mol/L calculated from Eq.(4):

I=1/2Yc;z;2=1/2(c 1z, +carz,°+ ) (4)
where ¢; represents the concentrations of species in the
solution (mol/L) and z, represents the species charges. The
calculated K, at studied temperatures are 4.89x10™" (at 30
°C), 3.50x10™'° (at 50 °C), 2.28x10"° (at 70 °C), and
1.37x10™"° (at 90 °C), indicating a decreasing trend with
temperature increasing. It can be speculated that increasing
temperature would promote the precipitation of iron

Impedance spectra results of P110 tubing steel at different temperatures: (a) 30°C, (b) 50°C, (¢) 70°C, and (d) 90°C

carbonate as predicted by Sun et al **!. However, increasing
temperature almost reduces the corrosion rates of carbon

steels in CO, containing aqueous environments®**". On the

one hand, increase in temperature would exacerbate
corrosion by facilitating the following aspects:
electrochemical reactions, molecular diffusion, and

On the other hand,
increasing temperature would reduce corrosion by retarding

precipitation of iron carbonate.

the following aspects: CO, solubility and solubility of iron
affected by
increasing temperature, those causing the fast formation of

carbonate. Among the possible aspects
protective iron carbonate scale are critical to the corrosion
rate. At high temperature, the lower solubility and higher
precipitation of iron carbonate results in the very dense and
protective iron carbonate films and then reduces the
corrosion rate*",

Regarding the elemental sulfur corrosion, acidification

by sulfur hydrolysis is often considered to be the main
[38]

reason. Boden et al proposed sulfur hydrolysis
controlled the elemental sulfur corrosion, as shown in
Eq.(5):

Sg + 8H,0 = 6H,S + 2H,SO, (®)]

Fang et al. ®”' measured the pH value in the sulfur
containing solution and found significant acidification of
the solution at temperatures above 80 °C. They also reported
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the sulfuric acid as a likely product of sulfur hydrolysis by
ion chromatography analysis 18] and the concentration of
sulfuric acid increased with temperature. From this
perspective, the hydrolysis of elemental sulfur at 90 °C
produces a large amount of H,S and H,SO,, so that the
concentrations of H", HS", and S* in the solution increase
greatly. The reduction of H™ and the dissolution of iron
would be enhanced significantly. On the other hand, due to
the stronger adsorption capacity of sulfur hydrolysis
product like HS™ and S* than carbonic acid dissociation
products like HCO;™ and CO,%, formation of iron sulfide is
preferable®”! .

Based on above discussion, the corrosion process of P110
in the CO,-saturated
formation water with element sulfur addition would be as
follows. First, at low temperatures (T <50°C), CO, in the
environment dominantly causes uniform corrosion and
forms iron carbonate scale on the steel surface, while
elemental sulfur causes little effect on the corrosion

tubing steel simulated oilfield

behavior. Second, in the moderate temperature range (50
°C < T <70 °C), corrosion is still controlled by CO,
predominantly; however, elemental sulfur hydrolysis
proceeds slightly and results in the formation of little
amount of iron sulfide in the corrosion products. Third, as
temperature 70 °C, the

controlling reaction changes from dissociation of carbonic

increases above corrosion-
acid to sulfur hydrolysis, and leads to a corrosion scale
primarily consisting of iron sulfide. Although the rising rate
of corrosion rates along with temperatures decreases
slightly after 70 °C, the corrosion rate at 90 °C is ~38%
higher than that at 70°C. This may be related to the weak
scale contact as shown in Fig.3 where evident exfoliation

and cracking can be seen.
4 Conclusions

The corrosion behavior of P110
CO,-saturated simulated oilfield formation water with
element sulfur addition was evaluated by immersion tests
and electrochemical measurements. Increasing temperature

tubing steel in

accelerates the corrosion rate of PI110 tubing steel,
promotes the formation of iron sulfide, and causes serious
pitting corrosion. Based on the results and discussion,
following conclusions can be summarized.

1) At low temperatures (T < 50 °C), CO, in the
environment dominantly causes uniform corrosion and
forms iron carbonate scale on the steel surface, while
elemental sulfur causes little effect on the corrosion
behavior.

2) In the moderate temperature range (50°C < 7 < 70°C),
corrosion is still controlled by CO, predominantly; however,
elemental sulfur hydrolysis proceeds slightly and results in
the formation of little amount of iron sulfide in the
corrosion products.

3) At temperature above 70 °C, the corrosion-controlling
reaction changes from dissociation of carbonic acid to
sulfur hydrolysis, and leads to a corrosion scale primarily
consisting of iron sulfide.
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