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ABSTRACT

Oxygen-reducing air flooding is a low-permeability reservoir recovery technology with safety and low-cost advan-
tages. However, in the process of air injection and drive, carbon in the air is oxidized through the crude oil reser-
voir to generate CO,, and this can cause serious corrosion in the recovery well. In this study, experiments on the
corrosion of J55 tubular steel in a fluid environment with coexisting O, and CO, in an autoclave are presented. In
particular, a weight loss method and a 3D morphometer were used to determine the average and the local corro-
sion rate. The corrosion surface morphology and composition were also measured by means of scanning electron
microscopy (SEM) and an X-ray diffractometer (XRD). The corrosion pattern and morphological characteristics
of J55 steel were analyzed in the O,/CO, environment for different degrees of oxygen-reduction. As made evident
by the experimental results, the corrosion products were mainly ferrous carbonate and iron oxide. In general, air
injection increases the degree of oxygen reduction, from oxygen corrosion characteristics to CO, corrosion-based
characteristics. As a result, the corrosion product film becomes denser, and the corrosion rate is lower.

KEYWORDS

J55 steel; O,/CO, corrosion; corrosion product film; oxygen-reducing air flooding

1 Introduction

Oxygen-reduced air flooding is a low-risk and low-cost tertiary oil recovery technology that has recently
emerged. The mechanism of air flooding is to make the oxygen in the air react with the crude oil by low-
temperature oxidation. It generates CO and CO, while regulating the viscosity of crude oil and then
combines with N, and light hydrocarbon components to form flue gas to repel crude oil [1,2]. For low-
permeability reservoirs, if un-reduced-oxygen air is injected directly for oil flooding, the oxygen in the
injected gas does not enter the reservoir in time, leading to a high oxygen concentration in the production
wells, which may heighten the risk of explosion [3,4]. Therefore, the method of reducing the oxygen
content in the air to a pre-determined level by air separation equipment before injection has received wide
attention. Oil fields such as Changqing, Qinghai, and North China have started to apply oxygen-reducing
air flooding to the extraction of low-permeability oil fields.
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In the process of air injection and oil flooding, the oxygen in the air reacts with the reservoir crude oil to
produce CO,, and the O, and CO, together cause corrosion to the tubular column in the extraction section [5—
7], resulting in serious deterioration of the tubular column in the extraction well. It affects the safety of oil
well extraction and causes huge economic losses. The current research on J55 steel mainly involves corrosion
in a single gas (O, or CO,) environment. The O, and/or CO; in the air or neutral solution, and the mechanism
of electrochemical corrosion are shown in Fig. 1. Zhu concluded that in an environment of O, and CO,
coexistence, the corrosion product film on the material surface does not form a dense protective layer,
and the synergistic corrosion effect of O, and CO, is stronger than the single corrosion effect of O, or
CO, only [8]. Zhang et al. [9] argued that the corrosion products produced under the synergistic
corrosion of O, and CO, have less adhesion to the metal surface, are easy to fall off, and the corrosion
rate is significantly greater than the corrosion rate of O, and CO, under a single component. At the same
time, the main product of the corrosion reaction is produced under high-temperature conditions. FeCO; is
more stable and has good film-forming properties. And oxidation generated by Fe,O3; and FeOOH
protection is weak [10—12].
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Figure 1: Schematic diagram of the electrochemical corrosion process of O, and CO,

Liquid phase

As shown in Fig. 2, the oxygen concentration of oxygen-reduced air is less costly when it is between 6%
and 10%. The cost difference between 6% and 10% is not significant. In this paper, three groups of oxygen-
reduced air with 6%, 8% and 10% oxygen concentrations were selected. The O, and CO, partial pressures
after injection into the corresponding output wells through reservoir oxidation were simulated. Corrosion
experiments were conducted on J55 steel in a hot fluid environment. Corrosion experiments of J55 steel
were conducted in a single O, and CO, environment for control.

2 Experimental Methods

2.1 Experimental Materials
Corrosion pegs: J55 steel, size 72.4 mm X 21.5 mm x 2.2 mm. The chemical composition of the
J55 steel used is shown in Table 1.

Corrosion solution: simulated groundwater. The simulated formation water used in this experiment was
formulated with reference to the field formation water components, and the component concentrations of the
simulated formation water are presented in Tables 2 and 3.
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Figure 2: Price of oxygen-reduced air production with different oxygen content and O, and CO, partial
pressure in the output well after injection [2]

Table 1: J55 steel chemical composition (Mass percent)

C P S Si Cr Mn Mo Ni Cu Fe
0.324% 0.015% 0.017% 0.226% 0.049% 1.544% 0.007% 0.026% 0.020% Residuals

Table 2: Simulated groundwater component concentrations (pH =5.3)

Components Content (mg/L)
K", Na* 21404

Ca*" 5480

Mg** 1464

Cl 38198

HCO;5~ 183

SO~ 672

Table 3: O, and CO, partial pressures corresponding to different corrosion experiments (total pressure 3 MPa)

O, partial pressure (MPa) CO, partial pressure (MPa)

10% oxygen concentration minus oxygen air (.2 0.35
8% oxygen concentration minus oxygen air  0.16 0.30
6% oxygen concentration minus oxygen air .12 0.25
0.2 0
Pure O, 0.16 0
0.12 0
0 0.35
Pure CO, 0 0.30

0 0.25
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2.2 Experimental Equipment

The equipment used in this experiment are a high-temperature autoclave (Hastelloy high-temperature
and high-pressure corrosion system: volume 10 L, maximum working pressure 10 MPa, maximum
working temperature 240°C); HH-8 digital display constant temperature water bath; JJ-1 magnetic heating
stirrer; JJ223BC electronic precision balance; SW-W electric, desktop, regular temperature drying oven,
JSM-6390 scanning electron microscope; XRD-6000 diffractometer; CoutourGT-X three-dimensional
morphology instrument.

2.3 Experimental Conditions
Temperature: 60°C, speed: 150 r/min, corrosion time: 7 days.

2.4 Experimental Steps

Each group of experiments consisted of three parallel specimens (I, 11, III). Specimen I is used to test the
surface morphology and corrosion product composition. Specimen II tests the three-dimensional
morphology and local corrosion rate after the film removal. Specimens 11, III push the uniform corrosion
rate after removing film and takes the average value. Experiment-specific operation steps [13—17] are as
follows:

(1) Firstly, the pegs were polished and sanded to the same degree of finish on their surfaces, corners, and
holes. Then rinsed with deionized water and put into acetone to degrease. Then soaked in anhydrous
ethanol to further degrease and dehydrate. Finally, the pegs were dried, measured, and weighed.

(2) Fig. 3 shows the schematic diagram of the high-temperature and high-pressure corrosion
experimental device.

(3) Set the speed of the reactor, raise the temperature to the preset temperature (60°C), and wait for
the temperature to stabilize. Pass in N, to replenish the pressure in the kettle to 3 MPa. Start the
corrosion experiment, remove the hanging piece after seven days, and observe and record the
surface condition before treatment.

(4) Specimen I was placed in a drying dish after rinsing, dehydration, and cold air drying, and then the
microscopic morphology of corrosion products was observed by scanning electron microscopy.
Next, the film composition of corrosion products was analyzed by XRD diffractometer.

(5) Specimens II and III, another set of empty pegs, were put into the ultrasonic cleaning machine
containing hydrochloric acid washing solution to remove corrosion products. The ratios of the
pickling solution are as follows: 35 mL hydrochloric acid (37% concentration). 315 mL pure
water and 3.15 g hexamethyltetramine. The cleaning temperature is 30°C, with a cleaning time of
15 min. After the completion of acid cleaning, the hanging piece was subjected to anhydrous
ethanol dehydration, and then put in the drying oven for one h. At the end of oven-drying, the
pegs were taken out, weighed, and the average corrosion rate calculated as shown below:

V- 8.76 x 104 X [(m1 —WI2) — (Wl3 —I’I’l4)]
N Sxtxp

(M

where: Vis the uniform corrosion rate, mm/a; m, is the mass of the hanging piece before cleaning g;
m, is the mass of the hanging piece after cleaning, g; m; is the mass of the blank hanging piece before
cleaning, g; m, is the mass of the blank hanging piece after cleaning, g; S is the surface area of the test
piece, cm?; ¢ is the the experimental time, h; p is the material density of the hanging piece, g/cm®.

(6) After weighing specimen II, the three-dimensional morphology instrument was used to observe the
three-dimensional morphology of the hanging sheet after the removal of corrosion products, and the
local corrosion rate was calculated as follows:
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where: V7 is the local corrosion rate, A is the corrosion pit depth, ¢ is the hanging corrosion time.

Thermocouple Atmospheric

Ors T
LTI ¢

] : _______ J55 steel
COZ NZ B j ﬁ """"""" u
] | - Water bath
| Rotor B
N e — u Discharge
I '! f valve
Electromotor

Figure 3: High-temperature and high-pressure dynamic hanging corrosion experimental device schematic
diagram

3 Experimental Results and Discussion

3.1 Corrosion Morphological Characteristics

Fig. 4 shows the corrosion morphology of J55 steel under the fluid environment of a single O,/CO,
corrosive medium, respectively. As seen in Fig. 4a, the corrosion products on the surface of the specimen
in a single O, environment (O, partial pressure of 0.2 MPa) are dark brown. The surface of the peg is
distributed with uneven pitting, and its microscopic morphology shows obvious cracks and pores. Fig. 4b
shows that the specimen surface corrosion layer is thin and relatively flat in a single CO, environment
(CO, partial pressure of 0.35 MPa). SEM observations show that the corrosion product is a dense
accumulation of blocks. Corrosion product film has a certain protective effect on the metal matrix.

Fig. 5 shows the macroscopic morphology and microscopic morphology of corrosion of J55 steel under
three groups of O, and CO, mixed gas environments with different partial pressures. It is observed that there
are corrosion products stacked on the material surface in all groups of environments. But in different O,/CO,
partial pressure environments, the type of corrosion layer and degree of corrosion differ. As shown in Fig. 5a,
the corrosion products are thicker and looser in the O, partial pressure of 0. 2 MPa and CO, partial pressure
of 0.35 Mpa than what was seen in the single O, (O, partial pressure of 0.2 MPa) environment. Cracks and
pores are more obvious. There is an obvious corrosion layer-off phenomenon in the microscopic morphology
of the point pit at the attachment of fine white grains. SEM observations showed that the cracks have a large
leaf-like corrosion material generated. In O, partial pressure of 0.16 MPa, and CO, partial pressure of
0.3 MPa, the corrosion layer is thin, and the corrosion layer appears dark brown. This indicates that the
degree of corrosion of the specimen is slowed down. Through the microscopic morphology, it was
observed that the corrosion layer still has some voids, while the inner layer of blade-like corrosion
products is denser. In the O, partial pressure of 0.12 MPa and CO, partial pressure of 0.25 MPa, the
corrosion layer is flatter and thicker, with no obvious local corrosion pits. SEM observations show that
the corrosion products on the metal surface were a dense accumulation of blocks, indicating that the
characteristic CO, corrosion dominated [18-20]. The above morphological features of corrosion indicate
that the decline of J55 steel under the synergistic effect of O, and CO, is more serious than in single O,
or CO, environment. The corrosion situation is significantly reduced by the injection of increasingly
oxygen-reduced air.
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(b) Single CO, (0.35 MPa)

Figure 4: Corrosion profile of J55 steel in a single O,/CO, environment

3.2 Analysis of the Composition of Corrosion Product Films

From Fig. 6a, the corrosion product film of J55 steel in a single O, environment (O, partial pressure of
0.2 MPa) was mainly composed of iron oxide. It showed irregular distribution characteristics on the metal
surface. And a small amount of Fe elements was detected on the corrosion product film surface. It indicates
that the morphology of the corrosion product film in some areas of the single O, environment is very thin,
leading to the detection of the inner metal composition by X-ray breakdown of the corrosion product film
[21]. From Fig. 6b, in a single CO, environment (CO, partial pressure of 0.35 MPa), the corrosion product
film of J55 steel is mainly composed of ferrous carbonate and a small amount of Fe(HCO3),.

In the coexistence of O, and CO,, the main products of corrosion are FeCO; and Fe oxides (Fe,O3 is
dominant), as determined from the XRD pattern analysis. As shown in Fig. 7a, the supersaturation of Fe**
and CO5~ in the solution is larger when the partial pressure of O, is 0. 2 MPa and the partial pressure of CO,
is 0.35 MPa. The grain nucleation rate is higher this time, and the FeCO; grains formed are relatively small.
The white grains generated in Fig. 5a are FeCO3, and trace amounts of Fe;0,4 and FeOCl are also generated
due to the high concentration of dissolved oxygen in the solution. However, the peak value of FeCO;
increases with the decrease of CO, concentration, and Fe;O, is no longer produced. As shown in Fig. 7c,
the peak value of FeCOj; tends to be constant when the partial pressure of O, is 0.12 MPa, and the partial
pressure of CO, is 0.25 MPa, while the amount of Fe,O3 production decreases significantly. When the
oxygen concentration and CO, concentration are reduced simultaneously, the amount of FeCO;3 on the
steel surface increases. The FeCOj corrosion product film is denser, which can alleviate the oxygen-
induced corrosion effect on the J55 steel sheet [22]. According to XRD analysis, the main corrosion
reaction processes of J55 steel in different corrosive media are as follows [23-28].
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Macroscopic morphology SEM microscopic morphology
(a) Oz partial pressure of 0.2MPa and CO2 partial pressure of 0.35MPa (10% oxygen-
concentration air flooding production well)

Macroscopic morphology SEM microscopic morphology
(b) O2 partial pressure of 0.16MPa and CO, partial pressure of 0.3MPa (8% oxygen-concentration
air flooding production well)

Macroscopic morphology SEM microscopic morphology
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Figure 5: Macroscopic appearance of J55 steel corrosion under different partial pressure O,/CO,
coexistence environment
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Figure 6: XRD pattern of corrosion products of J55 steel in a single O,/CO, environment
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Figure 7: XRD pattern of corrosion products of J55 steel under the coexistence of O, and CO,
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(1) Reaction under the action of CO,

Anodic reaction:

Fe — Fe’t42e (3)
Cathodic reaction:

CO; + H0 — H+HCO; “)

HCO; — H"+CO3~ )

2H'42e — H, (6)

The total reaction equation is:
Fe 4+ CO; + H,0 — FeCO; + H, (M
Fe + 2CO, + 2H,0 — Fe(HCO3),+H, (8)

(2) Reaction under the action of O,:

4Fe+0, + H,0 — 4Fe(OH), )
4Fe(OH),+0, + 2H,0 — 4Fe(OH), (10)
2Fe(OH),— Fe,03 + 3H,0 (1)
6FeO+0, — Fe30q4 (12)

(3) Reaction under the joint action of O, and CO,:
4FeCO3 + O, + 4H,0 — 2Fe, 05 4+ 4H,CO;5 (13)
3FeO + CO, — Fe304+CO (14)

The difference in corrosion product film composition can be obtained by comparing the single O,/CO,
environment and the coexistence of O, and CO,. The corrosion products under a single O, environment are
dominated by iron oxides (Fe,03, Fe;04). O, and CO, coexistence environments both exist. Combined with
the corrosion morphology analysis, O, and CO, synergistic effect of oxygen corrosion and CO, corrosion
characteristics. When the O, partial pressure increases, iron oxide production increases. But the corrosion
product film is unstable and easy to peel off from the material’s surface. J55 steel constantly undergoes
CO, corrosion damage to the material. When J55 steel was in a lower oxygen concentration and CO,
concentration, corrosion began to tend to exhibit characteristic CO, corrosion. And because FeCOj is
more stable, it can effectively prevent dissolved oxygen penetration into the corrosion layer and
aggravating corrosion.

3.3 Three-Dimensional Morphological Analysis after Removal of Corrosion Products

Fig. 8 shows the three-dimensional surface morphology of the hanging sheet under different corrosive media
after the removal of corrosion products. Figs. 8a and 8c show that the J55 steel in a single O, environment and O,/
CO, coexistent environment both show different degrees of pitting corrosion. The pitting corrosion of J55 steel in
the O,/CO, coexistence environment is relatively more serious. There are more pitting areas and a greater degree
of corrosion. The J55 steel in the single O, environment also had more pitting areas and the second highest degree
of pitting corrosion. Fig. 8b shows that the corrosion area under a single CO, environment is larger, but the
overall corrosion depth is smaller, indicating uniform corrosion.
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Figure 8: J55 steel in different corrosive media three-dimensional morphology and cross-sectional
corrosion depth

The local corrosion pit depth and local corrosion rate of steel under the three corrosive media are shown
in Table 4. The local corrosion rate under single O,, single CO,_and O,/CO, coexistence environment are
2.14 mm/a, 0.70 mm/a, and 3.16 mm/a, respectively. The local corrosion rate under the O,/CO, coexistence
environment exceeds the sum of the local corrosion rate under a single O, environment and a single CO,
environment. It means that when O, and CO, coexist, CO, accumulates on the surface of J55 steel,

where pitting corrosion occurs, to further increase the depth of pitting corrosion. The presence of CO,
aggravates the pitting corrosion of J55 steel.

Table 4: Maximum corrosion-depth measurement results of J55 steel under different corrosive media

Corrosive medium 0.2 MPa O, 0.35 MPa CO, 0.2 MPa O,, 0.35 MPa CO,
Maximum pitting pit depth/um 41.04 13.43 60.59
Local corrosion rate/mm-a | 2.14 0.70 3.16
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3.4 Analysis of the Rate of Corrosion of J55 Steel in Different Corrosive Media

The local rate of corrosion and average rate of corrosion of J55 steel in different corrosive media are
shown in Fig. 9. Fig. 9 shows a single O, environment, corrosion products, and oxygen diffusion on the
substrate with the increase in O, partial pressure. At the same time, the oxidation products are loose and
porous, providing a channel for the corrosion medium, resulting in a gradual increase in the rate of
corrosion of the material. And in a single CO, environment, the H+ content of the solution increases with
the rise of CO, partial pressure, and the corrosion rate also increases.
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Figure 9: J55 steel in different corrosive media under the uniform corrosion rate and local corrosion rate

The three sets of O,/CO, coexistence environments correspond to the gas environment of the extraction
well after injection of 10%, 8%, and 6% oxygen-reduced air, respectively. As seen in Fig. 9a, the sum of the
uniform corrosion rate of a single O, environment and CO, environment is compared with the consistent
corrosion rate of the O, and CO, coexistence environment under the same partial pressure. O, and CO,
coexistence environments were found to have a significant synergistic effect on the overall corrosion of
J55 steel.

As seen in Fig. 9b, the coexistence of O, and CO, gradually changes from promoting pitting to
inhibiting pitting as the degree of oxygen-reduced air flooding increases. Combined with the microscopic
morphology and XRD patterns, it is observed that the FeCO; crystals are finer and shift toward iron
oxides when the oxygen concentration is higher. With the increased degree of oxygen-reduction, FeCOj;
can form a denser corrosion product film on the material surface. This can significantly weaken the
synergistic pitting effect of O, and CO,, reducing the risk of pitting and perforation of J55 steel pipes.

4 Conclusions

(1) When the oxygen concentration of 10% oxygen-reducing air is injected, the oxygen concentration
and CO, concentration in the extraction well are high. It mainly shows the characteristics of oxygen
corrosion, generating a large amount of iron oxide and a small amount of ferrous carbonate. As the
oxygen-reducing air flooding increases, the oxygen concentration and CO, concentration in the
extraction well decrease simultaneously, gradually showing the characteristics of CO, corrosion.
A small number of iron oxides accompany the main corrosion product of ferrous carbonate.

(2) In the extraction well fluid medium, the environment contains both O, and CO,, and the uniform
corrosion rate is greater than the sum of the uniform corrosion rate in a single O, and a single
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CO, environment at the same partial pressure. Thus, the synergistic effect of O, and CO, accelerates
the overall corrosion of J55 steel.

(3) When O, and CO, coexist, CO, accumulates on the surface of J55 steel at the site of pitting
corrosion and increases the pitting further. The accumulation of CO, at the pitting site will
aggravate the pitting corrosion of J55 steel. The local corrosion rate of J55 steel in oxygen-
reduced air with 6% oxygen concentration decreased by 2.32 mm/a compared with that in
oxygen-reduced air with 10% oxygen concentration. This demonstrates that oxygen-reducing has
an obvious effect of inhibiting pitting corrosion.

(4) As long as the cost of oxygen reduction allows, the degree of oxygen reduction of oxygen-reducing
air drive is increased to 6%, which can guarantee the safety of the gas injection process. Moreover,
the corrosion of J55 steel is significantly reduced, but corrosion protection measures such as
corrosion inhibitors or anti-corrosion coatings are still needed to meet the site corrosion
protection needs.
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