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Abstract

In the present work, the susceptibility of API 5L X52 steel to corrosion processes was
evaluated in the presence of high contents of hydrogen sulfide and carbon dioxide.
Gravimetric tests and surface analyses were carried out to establish both the corro-
sion rate and damage type exhibited by the metal. The obtained results indicate that
the hydrogen sulfide is the most active gas in the corrosion processes that took place,
quite above carbon dioxide. The main observed corrosion products were iron sul-
fides and the typical damage associated with hydrogen sulfide presence was Sulfide
Stress Cracking (SSC). The surface damage evidences the presence of cracks with
considerable magnitude and metal loss as consequences of the corrosion processes.
Likewise, the presence of oxygen in the system modifies the displayed corrosion type,
where corrosion products such as iron oxides and reduction in the number and ex-
tent of cracks are observed. On the other hand, the addition of a film-forming corro-
sion inhibitor based on modified imidazolines eliminates completely the develop-
ment of cracks, although under certain test conditions, it can favor localized pitting

corrosion.
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1. Introduction

The quality of crude oil transported through pipelines is subjected to constant changes

according to the exploitation time of reservoirs. In addition, this quality is also modifi-
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ed by the incorporation of currents coming from other hydrocarbon production fields.

From the corrosion point of view and more specifically for the case of the Gulf of
Mexico region, currently, the transported hydrocarbons present, on average, maximal
hydrogen sulfide and carbon dioxide contents in the order of 4% in the gas, in addition
to around 20% of formation free water in oil. These fluids are handled under acceptable
security conditions throughout the pipeline network already present in the region,
which is made mainly of API 5L X52 steel.

In addition, maintenance and inner-corrosion-control prevention systems have been
implemented, which consider the dosage of film-forming corrosion inhibitors. Cur-
rently, the used product formulation is based on modified imidazolines, being this kind
of compounds the most common in the oil industry, due to their high protection effi-
ciency in acid environments and good cost/benefit ratio [1] [2] [3].

On the other hand, hydrocarbons that are being produced in new fields feature high
hydrogen sulfide, carbon dioxide and water contents, which are above those currently
handled by far. These fluids have to be transported also through the pipeline network
already existent in the region.

Due to this situation, the estimation of hydrogen sulfide and carbon dioxide concen-
tration above 20% and the increasing free water content, there is uncertainty as to the
effect that the aforementioned conditions will exert on the corrosion control of API 5L
X52 steel. The performance of this material is still being studied under the new opera-
tion conditions. Although different studies using high hydrogen sulfide/carbon dioxide
concentrations have been carried out, they have been aimed mainly to establish the
formation mechanisms of corrosion products on the steel surface [4]-[12], without
taking into account the corrosion type and its effect on the metal integrity. The pre-
viously mentioned becomes relevant when oil industry facilities operate under high
pressure and temperature conditions are considered.

According to the facts mentioned above, the present research work was performed as
a first approach to establish both the magnitude of the variables related to the condi-
tions to which the pipeline steel will be exposed and the performance of the corrosion

inhibitor currently dosed in the oil pipelines.

2. Experimental

The experimental design considered 6 corrosion evaluation tests, which were carried
out using synthetic brine [13] modified at 10% sodium chloride in a pressured vessel at
70 kg-cm™” and flow rate of 600 revolutions per minute (RPM). All the tests were per-
formed for 24 hours.

At first, the hydrogen sulfide/carbon dioxide effect at saturation level was established
displacing air with high purity nitrogen (99.99%), which provided an environment with
a minimal oxygen content (below 0.005 mg-L™") to evaluate the corrosion rate at two
different temperatures with and without (blanks) corrosion inhibitors as shown in Ta-
ble 1. Afterwards, tests without air displacement were performed, which resulted in an

oxygen content around 0.1 + 0.01 mg-L™". The tests were carried out at 115°C (Table 2).
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Table 1. Test conditions for establishing the corrosion rate in hydrogen sulfide/carbon dioxide
saturated solutions.

Test Number Test Description Temperature (°C) Inhibitor Concentration (mg-L™")
1 Blank 70 0
2 Inhibitor Evaluation 70 50
3 Blank 115 0
4 Inhibitor Evaluation 115 50

Table 2. Test conditions for establishing the corrosion rate in hydrogen sulfide/carbon dioxide
saturated solutions with oxygen presence.

Test Number Test Description Temperature ("C) Inhibitor Concentration (mg-L™")
5 Blank 115 0
6 Inhibitor Evaluation 115 50

Evaluation of the corrosion rate by weight loss. Two rotating cage pieces of
equipment [14] [15] connected in a parallel arrangement were used to establish a uni-
form gas flow (Figure 1) for each test set, one piece of equipment for the reference
blank and the other for the corrosion inhibitor.

Preparation and coupons handling. The steel used to carry out the tests had the
same specification as the one employed in the construction of pipelines: API 5L X52
steel. Table 3 shows the typical chemical composition of this material.

The corrosion coupons were cut in order to have 75 x 19 x 3 mm dimensions and
polished to reach a 1200 abrasive paper finishing. The coupons were conditioned for
the tests according to the procedures described in the corresponding standards [16]
[17]. Every rotating cage held 8 coupons.

Test conditions. Two liters of synthetic brine [18] (Figure 2) were poured into each
piece of equipment and when applicable, air was displaced with nitrogen. Afterwards,
hydrogen sulfide and carbon dioxide gases were bubbled simultaneously in order to
reach the saturation concentrations, establishing the pH of each solution [19]. Once the
corrosive medium was settled, the equipment conditioning was carried out until reach-
ing the specific operation conditions for each test set, starting it with the corresponding
flow and temperature conditions and increasing the internal autoclave pressure with
nitrogen.

In the case of tests 2, 4 and 6 (Table 1 and Table 2), a modified-imidazoline-based
corrosion inhibitor was used. It is considered that this additive is specially designed to
be partitioned in the aqueous phase and aimed to controlling the corrosion caused by
the combined action of hydrogen sulfide and carbon dioxide present in oil-gas, oil and
gas pipelines.

Coupons analyses and weight loss determination. At the end of the tests, the se-
diments accumulated on the surface of the coupons were removed to be analyzed. Af-
terwards, chemical cleansing was carried out: a) cleaning with anhydrous acetone, b)

cleaning with inhibited acid, c) neutralization of inhibited acid, d) cleaning with rubber
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Table 3. Chemical composition of API 5L X52 steel.

Element Weight %

C 0.16

Si 0.45
Mn 1.65

S 0.01

P 0.02
\Y% 0.07
Nb 0.05
Ti 0.04
Fe Balance

VESSEL PARAM

—

[NoRmAL PRessURE

ENABLE
ALARM
ALARM DISABLED
CONTROL

SOLUTION TEMP C RPM HOURS

28 591 27 !

| CONTROL IS ON | MOTOR IS ON _
TEMPERATURE STIRRING TIMER
CONTROL CONTROL CONTROL

Figure 2. Experimental setup for rotating cage tests.
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cap and e) dehydration with anhydrous acetone. The coupons were preserved in a de-
siccator until reaching constant weight to calculate the corrosion rate [16]. The average

corrosion rate was calculated as follows:

orrosion rate :ﬂ (1)
AxT xD

where:

K = Constant (8.76 x 10* for mm year™' and 3.45 x 10° for mpy),

T'= Time of exposure in hours,

A = Area in cm’,

W= Mass loss in grams,

D = Density in gcm™ (7.85 for low alloy steels)

Surface analysis. The surface analysis was carried out by scanning electron micro-
scopy, in high vacuum mode and using a secondary electron detector for the image
formation without previous sample preparation. A microscope XL30 ESEM (Philips)
equipped with a tungsten filament at acceleration voltage of 25 kV was used.

Analysis of corrosion products. Mossbauer Spectroscopy (MS). Transmission
Mossbauer spectra were recorded at 27°C with a conventional constant acceleration
spectrometer (Wissel-Electronik), which was equipped with a krypton proportional de-
tector. The y-radiation source was 57 Co of 925 MBq (25 mCi) within a rhodium ma-
trix maintained at room temperature. The chemical isomer shift (J) data are given rela-
tive to a-Fe. The absorption spectra were fitted using the NORMOS software [20].

3. Results

Tests 1 and 2.

The pH of the solutions used in the tests was 2.83 in both cases. On the other hand,
the corrosion rate was considerably lower in the test carried out with corrosion inhibi-
tor presence, Table 4. The corrosion inhibitor efficiency under the experimental condi-
tions was 94.30%.

Here, the corrosion blanks obtained from Test 1 showed solids adhered to the surface
whereas the blanks from Test 2 were found practically clean. This situation was ex-
pected, considering the low corrosion rate values exhibited by the steel coupons ex-
posed to the corrosion inhibitor presence.

The corrosion products from Test 1 were analyzed by Mossbauer Spectroscopy
(Figure 3), which shows the presence of oxides and iron sulfides, which are commonly

observed in the sediments present in pipelines that transport sour hydrocarbons.

Table 4. Corrosion rates at 70°C, hydrogen sulfide/carbon dioxide saturation, 70 kg-cm™ and
flow rate of 600 RPM.

Test 1 blank without inhibitor Test 2 50 mg-L™" of corrosion inhibitor
Average value of the 8 2.103 mm-year™ Average value of the 8 0.120 mm-year™
used blanks (82.85 mpy) used blanks (4.72 mpy)
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Figure 3. Compounds associated with iron obtained in Test 1.

The surface morphological analysis was performed by both scanning electron micro-
scopy and elemental chemical analysis by Energy-dispersive X-ray spectroscopy (EDS)
(Figure 4). The coupons showed uniform corrosion and numerous points with loca-
lized corrosion. Damage displaying important amplitude and depth is observed.

The EDS analysis in Figure 4(e) indicates the presence of oxygen, silicon, chlorine,
manganese and iron. The most intense peaks correspond to iron and oxygen, whereas
those with lower magnitude are associated with chlorine, silicon and manganese. These
elements are considered as alloying metals, with exception of chlorine, which appears as
a contaminant coming from brine. Figure 4(f) shows the EDS analysis performed on
the dark spots observed on the surface; here, the presence of oxygen, sulfur and iron
(residues of corrosion products, which were not completely removed during the blank
cleansing) are observed, which indicates that the corrosion products formed on the
steel surface are mainly iron sulfides with different stoichiometric ratios.

In addition, it is important to emphasize that a higher magnification of the surface
allowed the visualization of cracks with different sizes, orientations and depths (Figure
5). This condition is considered as highly risky for the metal integrity once exposed to
the high pressure and temperature conditions. This also would imply an accelerated
corrosion process, exposing the steel to riskier situations [21].

On the other hand, the surface analysis for the steel exposed to the Test 2 conditions
(with corrosion inhibitor presence) only showed uniform corrosion (Figure 6(a)) and
some more damaged zones (Figure 6(b)). The elements detected by EDS analysis
(Figure 6(c)) were iron, oxygen, antimony, silicon and manganese, which are consi-
dered as either part of the alloy or impurities of the very metal, except oxygen, which is
assumed as part of some oxide present on the surface.

Higher magnified images allowed the observation of both a high density of pit-
ting-type localized corrosion, distributed heterogeneously over the analyzed area and
areas affected by corrosion localized on the scratch edges (Figure 7(a) and Figure
7(b)). Figure 7(c) shows the EDS analysis performed on the metal surface, where a

typical composition of the used steel type is observed.
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(e)

()

Figure 4. Surface analysis of API 5L X52 steel exposed to the conditions described for Test I:
(a) and (b) The surface shows elevations, dark spots (corrosion products) and different loca-
lized corrosion points, (c) and (d) uniform corrosion and presence of severe localized corro-

sion, elongated with considerable depth, (e) surface EDS analysis and (f) EDS analysis on dark

spots.

Tests 3 and 4.

Tests 3 and 4 were carried out at a higher temperature (115°C). The pH of the em-

ployed solution was 2.8.

The corrosion rate in Test 3 (without corrosion inhibitor) was higher than the one
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Figure 5. Presence of cracks on API 5L X52 steel exposed to
the conditions described for Test 1. This image series shows
the occurrence of uniform corrosion. It is important to em-
phasize the presence of numerous cracks damages with differ-
ent magnitudes and shapes.

obtained in Test 4 (Table 5). The average efficiency of the corrosion inhibitor under
the test conditions was 84.87%. It is important to mention that the corrosion inhibitor
efficiency diminished about 10% with respect to the efficiency obtained in Tests 1 and
2, attributing such diminution to the temperature increase.

For Test 3, corrosion residues suspended in brine were observed, which were filtered
to be analyzed. According to the results obtained by Mdéssbauer Spectroscopy (Figure
8), the presence of mackinawite and marcasite is observed, although pyrrhotite prevails
evidently. Likewise, iron carbide or cementite is identified with a considerable percen-
tage of 18.6 %. This compound was not identified in Test 1.

Cementite is part of steel microstructure and occurs as a hard and fragile compound
with a hardness value above 68 HRC. Its presence identified during the analyses is due
to the flaking of some metal fractions as a consequence of the wearing out process oc-
curring at the grain limits.

Figure 9 shows surface analysis images. Figure 9(a) features different magnitude
elevations, some of them with dark spots, which are assumed as iron sulfides, taking

into account the corresponding EDS analysis.
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(o)

Figure 6. Surface analysis of API 5L X52 steel exposed to the
conditions described for Test 2: (a) Uniform corrosion present in
most of the analyzed areas, (b) highly damaged zones by genera-
lized corrosion and (c) EDS analysis.

Fe

Mn

0.90 1.80 270 360 450 540 6.30 720 8.10 9.00
(c)

Figure 7. Test 2 surface analysis: (a) and (b) Presence of pitting-
type damages, (c) EDS analysis.
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Table 5. Corrosion rates at 115°C, hydrogen sulfide/carbon dioxide saturation, 70 kg-cm™and
flow rate of 600 RPM.

Test 3 blank without inhibitor Test 4 50 mg-L™! of corrosion inhibitor
Average value of the 8 1.799 mm-year™" Average value of the 8 0.272 mm-year™
used blanks (70.84 mpy) used blanks (9.022 mpy)

114
18,6 % entite (Fe,C)

58,8 % _
Pyrrhotite (Fe S, )

25% Marcasite (FeS,)
1% Mackinawite

1.0 —feRex

Relative transmission

0.9

-10 ' -5 ' 0 ' 5 ' 10
Velocity (mm/s)

Figure 8. Compounds associated with iron obtained in Test 3.

Likewise, most of the surface shows tracks of vanished scratches due to the occur-
rence of a uniform corrosion process. By means of highly magnified images, the pres-
ence of cracks with different shapes and variable orientations is evidenced, as it can be
observed in Figures 9(a)-(f). Different EDS analyses were carried out on the cracks,
identifying oxygen, carbon, iron, silicon and aluminum.

For Test 4, which was carried out in the presence of corrosion inhibitor, the forma-
tion of corrosion products was not enough to perform their analysis. Figure 10 shows
metal surface images, where slight uniform corrosion with isolated pitting is observed.

Tests 5 and 6.

These tests were carried out at 115°C, but the difference with respect to the first four
tests was that environment oxygen was not displaced, in order to have an additional
corrosive agent (Table 6). The pH of the used solution was 2.88.

The average corrosion rate of the corrosion blanks featured in Test 5 was higher than
the one obtained in Test 6. The efficiency of the corrosion inhibitor was lower than
those observed in the previous tests, with an average value of 76.61%.

Here, from the corrosion rate perspective, the combination of temperature and oxy-
gen presence exerted a higher effect on the inhibitor performance.

The sediments recovered from Test 5, according to the Mdssbauer Spectroscopy
(Figure 11), indicate the presence of sulfides and iron oxides as corrosion products.
Likewise, once again, the presence of cementite was identified, which is a compound
that was found in the residues of Test 3. However, with Test 5, a lower content in the

order of 2.5% was detected, which is in contrast with 18.6% reported in Test 3.
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(a) (®)

Figure 9. Presence of cracks on API 5L X52 steel exposed to
the conditions described for Test 3: (a) Presence of uniform
corrosion with localized corrosion zones, (b)-(f) damages
caused by cracks with different magnitudes and shapes.

200pm

Figure 10. Surface analysis performed on API 5L X52
steel exposed to Test 4 condition.

RS
03"

%% Scientific Research Publishing 633



M. J. H. Gayosso et al.

Table 6. Corrosion rates at 115°C, hydrogen sulfide/carbon dioxide/oxygen saturation, 70 kg:
cm™ and flow rate of 600 RPM.

Test 5 blank without inhibitor Test 5 50 mg-L™" of corrosion inhibitor
Average value of the 8 1.648 mm-year™’ Average value of the 8 0.390 mm-year™
used blanks (64.904 mpy) used blanks (15.178 mpy)
1o T 34% 3 Hematite (F&,0,)

54% Magnetite (F8304)

2.5% Cementite (Fe,C)
1.7% Marcasite (FeS,)
. - — O_L

e 3

Relative transmission

Velocity (mm/s)

Figure 11. Compounds associated with iron obtained in Test 5.

The surface analysis for steel exposed to Test 5 conditions is shown in Figure 12.
Here, uniform corrosion all over the blank surface with some localized corrosion spots
is shown. With higher magnification (Figure 12(c) and Figure 12(d)), some preferential
cracking on the base material is observed, identifying the presence of metal fractures.

The cracking occurring in Test 5 is apparently of lesser magnitude in comparison
with the one observed in Test 3. The extent and depth displayed by the Test 3 cracks
allow the deposit of particles inside them, which is not observed in the images of Test 5
cracks.

The surface analysis of the steel exposed to Test 6 conditions (with inhibitor pres-
ence) only shows slight uniform corrosion (Figure 13) with white spots on some areas

that correspond to some material lobes formed on the surface.

4. Discussion

The corrosion rate of the evaluated blanks in corrosion inhibitor absence decreased as
the temperature was increased from 70 to 115°C and it falls lower when oxygen is not
displaced from the system, as shown in Figure 14. This fact could indicate that the
corrosion products formed on the metal surface are more protective at higher temper-
atures with oxygen presence.

However, it is worth emphasizing the presence of damage on the steel surface
through localized processes such as pitting, fractures or cracking. The aforesaid could
limit the meaning and interpretation given to the corrosion rate parameter, as they only

consider uniform corrosion.
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Figure 12. Surface analysis of API 5L X52 steel exposed to Test
5 conditions: (a) and (b) Uniform corrosion surface, (c) and
(d) presence of surface cracks.

f—— 200um

fanig
1000x  —

Figure 13. Surface analysis of API 5L X52 steel exposed to
Test 6 conditions.

In environments with hydrogen sulfide/carbon dioxide saturation, the presence of
iron sulfides and carbonates would be expected. Nevertheless, as already shown by dif-
ferent studies [22] [23] [24] [25] [26], the formation of carbonates is not significant
under the tested conditions and the formation kinetics of sulfides prevails during the
process. Thus, the analysis of the corrosion products formed during the performed tests
with hydrogen sulfide/carbon dioxide saturation shows that iron sulfides prevail at both

test temperatures, with values above 80 weight%.
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Corrosion rate (mm/y)

Test 1 Test 3 Test5
(H25/€C02, 70°C) (H25/C02, 115°C) (H25/C02/02, 115°C)

Figure 14. Corrosion rates in tests considered as blanks, using 10 % NaCl
brine, 70 kg-cm’z, rotation rate of 600 RPM and API 5L X52 steel exposure
time of 24 h.

However, there are differences among the sulfide species formed at each tempera-
ture; although the presence and proportion of mackinawite is constant in both tests
with a value around 20%. As it has already been shown by other researchers, this com-
pound is formed extremely quickly and it is considered as the first sulfide formed in
hydrogen sulfide environments [27] [28] [29] [30].

In this way, at 70°C the presence of sulfides and some oxides that are commonly ob-
served in the sediments present in pipelines transporting sour hydrocarbons occurs;
whereas at 115°C, only three sulfide species are identified, where pyrrhotite prevails
remarkably with around 60%.

In addition, it is worth mentioning the presence of cementite or silicon carbide
(18%) in the obtained products during the tests performed at 115°C. This compound is
not a corrosion product for it corresponds to the material that is part of the steel mi-
crostructure [31] and its presence is attributed to a phase flake resulting from the oc-
curring corrosion process.

On the other hand, when oxygen is not displaced from the system, the presence of
oxides is favored, which affects the formation of sulfides. According to Test 5 results,
the hematite and magnetite oxides represented around 60% of the obtained products,
whereas 40% was constituted by iron sulfides, being pyrrhotite the prevailing sulfide. In
addition, under these conditions, the presence of cementite is also observed, although
with a lower proportion of 2.5%.

The results of the performed tests show how the corrosion products formed on the
surface of the blanks are made up of different species depending on the test conditions.
This fact has to be reflected on the surface protection condition.

The corrosion type observed in Tests 1 and 3 seems, at first sight, generalized; how-

ever, there are localized corrosion spots. Likewise, the presence of cracks on the metal
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surface becomes of more interest for the surface analysis. These fractures can be the be-
ginning of more serious damage for the integrity of API 5L X52 steel, when exposed to
environments with high hydrogen sulfide contents. Under these conditions, the devel-
opment of some characteristic corrosion processes such as hydrogen induced cracking
(HIC), sulfide stress cracking (SSC) and stress-oriented-hydrogen-induced cracking
(SOHIC) [32] [33] [34] has been observed. In this particular case and according to what
has been established by some researchers, this corrosion type would seem to be the
most common failure for the steel, being the most dangerous mechanism for a metal
fracture, as it can occur instantaneously without previous warning [21].

According to the aforesaid, it is necessary that a suitable corrosion control system be
implemented in the field when intending to handle fluids with high hydrogen sulfide
and carbon dioxide concentrations through transport pipelines made of API 5L X52
steel. The previous statement stems from the fact that this material seems no to be the

most suitable one for this type of fluids.

Corrosion Inhibitor Efficiency

The performance of the corrosion inhibitor currently used in the transport and distri-
bution pipelines of the Gulf of Mexico region was evaluated. Such corrosion inhibitor is
a commercial product based on modified imidazolines which works as a film-forming
inhibitor.

The corrosion rates of the coupons exposed to the same conditions used for the three
corresponding blanks, but with a chemical additive concentration of 50 mg-L™", are

shown in Figure 15. These data correspond to Tests 2, 4 and 6.

Vcorr (mm/y)

Test 2 Test 4 Test 6
(H2s/C02, 70°C) (H25/C02, 115°C) (H25/€02/02, 115°C)

Figure 15. Corrosion rates for corrosion inhibitor tests using 10% NaCl brine, 70 kg-
cm™?, rotation rate of 600 RPM, API 5L X52 steel exposure time of 24 h and corrosion
inhibitor concentration of 50 mg-L™".
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It is evident that the corrosion rates are too low in comparison with those obtained
for the blanks. Here, with corrosion inhibitor presence, a behavior that is opposite to
the one displayed by the blanks is observed, which has already been reported for inhi-
bitors of the same type [35]. The corrosion rate is lower at 70°C, which was increased at
115°C and became higher when oxygen was not displaced.

With the obtained corrosion rates in each pair of tests, the inhibitor efficiency was

calculated according to the following equation:

blank weight loss —inhibited weight y
blank weight loss

efficiency (%) = 100 (2)

At 70°C and with hydrogen sulfide/carbon dioxide presence, the corrosion inhibitor
seems to provide good metal protection, obtaining an efficiency of 94 %, whereas by
increasing the temperature to 115°C, the efficiency is decreased to 84 %. Likewise, the
inhibitor exhibited poorer performance in the tests where oxygen was not displaced,
with 76.3% efficiency (Table 7).

Nevertheless, even when chemical product efficiency is observed, it is worth noting
that the estimated data consider a uniform corrosion process all over the surface of the
blanks. In this way, the analysis of the protection provided by the corrosion inhibitor
becomes relevant.

In the case of the first test set, the obtained efficiency rate is acceptable; however, the
surface analysis of the blanks in the presence of corrosion inhibitor evidenced a high
pitting density. This fact implies that the corrosion inhibitor is not protecting enough
under the tested conditions. Likewise, it is evident that the corrosion process is very
different in absence and presence of chemical additive for when it was added neither
fractures nor cracks were observed.

For the second test set, the corrosion inhibitor efficiency was diminished, but no
cracks or any other localized corrosion phenomenon were observed. Likewise, for the
third test set, the corrosion inhibitor efficiency displayed the lowest value, but with bet-
ter inhibition of cracks and localized corrosion.

In this way, it is worth mentioning that the average field dosage of corrosion inhibi-
tor used in the transport pipelines located in the Gulf of Mexico zone is in the order of
10 to 20 ppm. Likewise, the local normativity applicable in the matter of pipeline inter-
nal corrosion control [36] establishes that the efficiency of chemical products has to be
evaluated at concentrations ranging from 5 to 50 ppm. The minimal efficiency looked
for a chemical product to be used in the field is 90 %, obtained by means of a gravime-
tric technique and without showing any kind of pitting.

According to the previously mentioned, the employed corrosion inhibitor would not

Table 7. Corrosion inhibitor efficiency.

50 mg-L™" of corrosion inhibitor
70°C - H,S/CO, 115°C - H,S/CO, 115°C - H,S/CO,/0,
94.3% 84.9% 76.3%
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match the established requisites, even at the highest concentration recommended by
the applicable normativity. At this point, it is worth noting that the film-forming corro-
sion inhibitors have shown in the laboratory efficiencies that are above 90% with con-
centrations below 25 ppm, according to the applicable normativity. This performance
seems to work well under the average conditions that prevail in the hydrocarbon
transport pipelines in the Gulf of Mexico region, which take into account hydrogen sul-
fide and carbon dioxide contents ranging from 2 to 4%, establishing corrosion rates
below 0.05 mm-year™ (2 mpy) in most of the evaluated pipelines.

Notwithstanding, the possible effects exerted on the performance of the corrosion
inhibitors for the transport of fluids with higher hydrogen sulfide and carbon dioxide
contents, makes compulsory the performance of more detailed studies aimed at estab-
lishing new criteria in the evaluation of products in the laboratory. This is in order to
make a selection for inhibitor field application and to provide safer conditions in han-

dling hydrocarbons with high acid gas contents.

5. Conclusions

According to the obtained results and considering the test conditions featured in the
present work, the hydrogen sulfide content exerts a higher impact on the corrosion
processes occurring at the API 5L X52 steel coupons, as the mainly observed corrosion
products are sulfides and no carbonate presence is detected. Likewise, when oxygen is
not displaced from the system, the formation of iron oxides is favored, which appears
with a proportion that is close to 60%, competing with the formation of sulfides.

This sulfide and oxide proportion seems to exert an effect on both the wearing out
rate and the corrosion type occurring on the steel surface. The corrosion rate is in-
versely proportional to the system temperature and the oxygen presence becomes a va-
riable that increases this effect.

Likewise, it is worth noting that the displayed corrosion type also seems to be differ-
ent depending on the test conditions. With corrosion inhibitor absence and oxygen
displacement, an important effect of hydrogen sulfide on the surface metal occurs,
where the prevailing corrosion type is SSC. At this point, the observed cracks show a
considerable extent and they could even have provoked metal flaking, which is shown
by the presence of cementite observed in the tests performed at 115°C. The develop-
ment of this type of corrosion damage constitutes a high-risk condition for the integrity
of the materials submitted to pressure and temperature conditions.

On the other hand, when oxygen is not displaced, the corrosion type produced by the
hydrogen sulfide content is less evident and a uniform corrosion effect on the metal
surface is also observed, which prompts the formation of oxides due to oxygen influ-
ence. In this way, even when SSC damage still appears, the observed cracks have less
extent and depth and the uniform corrosion on the surface of the blanks becomes more
evident.

The corrosion inhibitor used in the experiment showed high efficiency at a concen-

tration of 50 ppm when evaluated in presence of hydrogen sulfide/carbon dioxide and
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at 70°C. Likewise, although no fractures damage was observed, the blanks suffered se-
vere pitting corrosion. For this reason, the obtained efficiency value has to be dealt with
the correspondent considerations and stop being regarded as a corrosion inhibitor per-
formance criterion. It is considered that at this temperature, the corrosion inhibitor
does not exhibit the expected behavior.

On the other hand, the corrosion rates of the coupons obtained in the tests carried
out at 115°C, with and without air displacement, displayed good corrosion inhibition
efficiency values of 84% and 76%, respectively. Likewise, the surface analysis indicated a
suitable control of the SSC-type corrosion processes, only observing generalized corro-
sion.

After taking into account the performance featured by the corrosion inhibitor, it is
necessary that the optimal application conditions be identified, considering both dif-
ferent concentrations and the possible combination with other chemical products [35]
[37].

Likewise, it is necessary to establish the magnitudes of the hydrogen sulfide/carbon
dioxide concentration changes, due to the incorporation of currents coming from new
wells, to the current transport and distribution systems. In addition, operation condi-
tion changes that will be needed to ensure the safe handling and flow of these hydro-
carbons will have to be considered. This will give more precise parameters in the evalu-
ation of corrosion inhibitors’ performance, which is required for protection of pipeline
systems.

It is important to point out that the hydrocarbons transport and distribution network
from the Gulf of Mexico comprise more than three hundred pipelines, handling hy-
drocarbons with H,S and CO, contents between 2% and 4%. These fluids are handled
under acceptable security conditions throughout the pipelines already installed, as long
as a corrosion inhibitor dosage is considered. However, because a gradual increment on
the concentrations of H,S, CO, and H,O is expected, a huge impact on the pipelines in-
tegrity is estimated.

This situation is not considered as a materials’ selection problem as a replacement of
the pipelines is no feasible. Thereby, it becomes necessary to keep a continuous tracking
of the steel corrosion rates and pay special attention to the type of corrosion that de-
velops at the metal surface. This is because different damage from the uniform corro-
sion observed until now may appear.

According with the last, it is reccommendable to consider the use and/or development
of other corrosion inhibitors, specifically designed for handling fluids with high H,S,

CO, and water concentrations.
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