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This work proposed a rotating disk electrode strategy to study the electrochemical corrosion
performance of API-X100 pipeline steel immersed in a simulated oil/water emulsion under controlled
electrochemical and hydrodynamic conditions. The mass-transfer of oxygen was found to be crucial to
the cathodic process of steel in solution both before and after the addition of oil. Electrode rotation
sped up the cathodic reduction by accelerating oxygen diffusion. In the solution, after the addition of
oil, there was an increment in the limiting diffusive current density (LDCD), which resulted from the
enhanced solubility of oxygen in the oil/water emulsion. The anodic current density decrease caused
by the electrode rotating speed (ERS) increment resulted from the accelerated oxygen diffusion and
reduction along with the enhancement in the oxidation of the steel. With the addition of oil, the anodic
dissolution of steel decreased. This phenomenon was ascribed to the fact that a layer of an oily phase
formed on the surface of the steel and the reaction activation energy increased. Upon the addition of
oil, a variation of the corrosion reaction mechanism was observed, indicating the activation-controlled
feature of the interfacial reaction instead of the mass-transfer controlled property.
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1. INTRODUCTION

Non-traditional oil production, including from Canadian oil sands [1, 2], has been accepted as a
crucial way of catering to the ever-increasing requirement for energy consumption. The oil sands are
developed into an oil sand slurry after being mixed with warm water. This slurry is subsequently
delivered to the extraction plant via pipelines for further processing. Hydro-transportation is
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acknowledged as a flexible and economic technique for oil sands transportation [3]. Nevertheless,
corrosion and erosion—corrosion pose a primary risk to the integrity of a hydro-transport system [4-7].

The combination of oxygen, water, and varying salts, including CI" and HCO3, along with the
elevated content of sand particles, in the oil sands slurry lead to pipe steel corrosion, and erosion
speeds up through the flowing slurry [8]. Compared with the single use of erosion or corrosion, their
synergistic effects cause significant material loss [9-16].

Studies on the corrosion of hydro-transport pipe steel immersed in oil sands slurry were
considered sophisticated due to the synergistic effects of operating parameters and the varying
components of steel corrosion. For instance, a layer of oily phase formed over the surface of the steel,
which led to decreased steel corrosion; hence, a great alteration in the corrosion performance of the
steel resulted from the destabilization of the emulsion [17-25]. Huet and co-workers [26, 27] proposed
that the steel corrosion and electrolyte resistance of the steel fluctuate due to the variation in oil/brine
composition near the electrode surface. In addition, sand particle impingement and the hydrodynamic
condition of the slurry were believed to initially affect the coverage of the oily phase and subsequently
the steel corrosion performance.

Despite the extensive used of emulsions, the electrochemical and corrosion performance of
metals in emulsified systems has received little concern. Studies on the electrochemical performance
of metallic surfaces in emulsions under controlled hydrodynamic conditions will help better
understand the effect that the oily phase has on corrosion. This work studied the electrochemical
performance of API-X100 pipeline steel immersed in oil-in-water emulsions under controlled
electrochemical and hydrodynamic conditions to investigate the relationship among the
electrochemical technique—determined corrosion rate, hydrodynamic conditions and oil content of this
emulsion. The results obtained in these studies are crucial for understanding the importance that oil has
in modifying the rate and mechanism of corrosion.

2. EXPERIMENTS

2.1. Oil/water emulsions

NaHCOj3 (0.02 M) and NaCl (0.02 M) were mixed using 0.2 wt% dioctyl sulfosuccinate
sodium salt to form the anionic surfactant agent. The oil-water emulsion consisted of 20” engine oil
(1 g/L), Tween 80 (0.5g/L), Span 80 (0.5 g/L) and distilled water. This agent served as the basic
experimental solution and was used to achieve a uniform mixing of oil in the emulsion. This basic
solution was mixed with a light mineral oil of varying concentrations (density: 0.90 g/cm®) to
synthesize the oil/water emulsions. The oil sands slurry was simulated by adding sand particles
(10 wt%; average size: 100 um; Lane Mountain products) to the as-prepared oil/water emulsion. The
pH values of solutions with and without 10% oily phase were 8.62 and 8.57, respectively. A particle
size analyzer was used to determine the average drop size. In all cases, the drop size exhibited a
unimodal distribution, averaged as 11 um.
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2.2. API1-X100 carbon steel

The experimental specimens were cut from an API-X100 steel-made oil pipeline. The chemical
composition and carbon equivalent of this steel are recorded (Table 1). There were two polishing
process prior to each test, initially with SiC paper to 1200 grit and then with Al,O3 powder (0.05 pum)
to a mirror—like finish.

Table 1. The chemical composition and carbon equivalent of the AP1-X100 steel.

Composition (wt. %)
C Mn Mo Ni Al Cu Ti Nb Cr V
0.1 1.65 0.18 0.13 0.02 0.24 0.03 0.042 0.016 0.003

2.3. Experimental apparatus

The rotating disk electrode (RDE) (diameter: 0.5 cm) was used. The counter electrode formed
by a serpentine platinum wire was protected using a porous membrane. The reference electrode was
prepared by coupling a standard saturated calomel electrode (SCE) with a Luggin probe. The tip of this
SCE was between the counter and working electrodes. The location of either the counter electrode or
reference electrodes was arranged to avoid affecting the flow lines of the emulsion from/to the working
electrode. The RDE rotated in a range (0 - 2500 rpm), whereas 800 rpm was applied in most of the
tests. When the rotation rates exceeded 800 rpm, the main effects of the rotation rate could not be
monitored in the electrochemical activity. Becerraa and co-workers [22] proposed the utility of the jet
impingement electrochemical cell in the test.

The morphology of the steel was observed by scanning electron microscopic (SEM) (JSM-
6700F, JEOL). Electrochemical measurements were carried out using a Solartron 1280C
electrochemical measurement configuration. The polarization profiles were plotted using different
potentials in a range of —1.0 V to 2.0 V (vs. SCE), and the sweep rate was 1 mV/s. Further, the open
circuit potential (OCP) was recorded for 300 s prior to each test. Electrochemical impedance assays
were carried out at the corrosion potential, and the voltage perturbation amplitude was 20 mV, whereas
the frequency fell in a range (10 kHz - 100 mHz). The specimens were left at the OCP for 300 s and
were subsequently exposed to polarization at —1.0 V (vs. SCE) for 300 s, followed by measurement of
the impedance at the pre-determined OCP, to standardize the sample surface.

3. RESULTS AND DISCUSSION

Figure 1 displays the microstructural properties investigated using scanning electron
microscopy. Acicular ferrite and bainite colonies were found and are characteristic of a sophisticated
microstructure, and the color showed slight variations, possibly due to local changes in the chemical
composition.
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Figure 1. SEM pattern of API-X100 steel showing martensite (dark), bainite, and ferrite (light)
colonies.

API-X100 steel in the presence and absence of oil (10 wt%) at varying electrodes was
characterized via the cathodic polarization patterns shown in Figure 2. These two solutions showed a
limiting current density (LCD) that increased markedly as the ERS increased. In addition, this figure
shows a positive shift in the corrosion potential as the rotating speed increased. There was no limiting
current phenomenon in the polarization of the electrode at high cathodic over-potentials, and the
cathodic current density was found to be ERS-independent. Further, compared with the cathodic
current density recorded at individual rotation speeds in solution before oil addition, that obtained in
the oil/water emulsion was slightly elevated (Figure 1A and B). Upon electrode rotation, oxygen
diffusion is accelerated, as is the cathodic reduction of oxygen [28]. Therefore, the cathodic current
density and limiting diffusive current density increased with the increasing rotation speed, as shown in
Figure 1. The oxygen reduction dominated the cathodic reaction of AP1-X100 steel in aerated aqueous

solution before and after adding oil. The reduction process was described as follows:
0,+2H,0+4e —»40H"

The solution—dissolved oxygen molecules reached the surface of the steel after diffusing
through the solution boundary layer before the reduction process occurred at the surface of the steel
electrode. Therefore, cathodic polarization patterns displayed a LDCD due to the significant effect of
the entire steel corrosion by the mass-transfer process.
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Figure 2. Cathodic polarization patterns of API-X100 steel in solutions (A) in the absence of and (B)
in the presence of oil (10%) at 60 °C as a function of ERS.
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As indicated in Figure 3, the API-X100 steel in solutions before and after adding oil (10%) at
varying electrodes was characterized via the anodic polarization patterns. As the ERS increased, the
anodic current density was found to decrease in two cases, and a positive shift of the corrosion
potential was observed. Further, the anodic current density obtained at the individual ERS decreased
after adding oil. Iron dissolution characterized the anodic process of API-X100 steel in oil-free and oil-
containing solutions:

Fe —» Fe® +2e

where iron ions combined with hydroxide ions to form corrosion scale, Fe(OH),:

Fe** +20H~ — Fe(OH),

where the process began with the oxidization of Fe(OH), into FeOOH that was not stable and
further oxidized to Fe,O; after adding oxygen. Hence, Fe,O; and FeOOH were expected to be
contained in the corrosion product.

2Fe(OH), +%o2 —> 2FeO0OH +H,0

2FeOOH — Fe,0, + H,0

For the two solutions before and after adding oil, as the ERS increased, the anodic current
density was found to decrease, and a positive shift in the corrosion potential was observed (Figure 3).
This phenomenon resulted from and promoted the production of Fe(OH), scale and Fe,O3 film on the
electrode surface. This promotion lay in the fact that the oxygen diffusion to the electrode surface for
the reduction reaction had been sped up. The addition of oil also decreases the anodic dissolution of
steel due to the formation of a layer of oily phase on steel surface, which inhibited the dissolution of
steel [22].
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Figure 3. Anodic polarization patterns of API-X100 steel in solutions before and after adding oil
(10 wt%) as a function of ERS.
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API-X100 steel in solutions before and after adding oil (10 wt%) at varying temperatures
(ERS: 3000 rpm) was characterized via the polarization patterns shown in Figure 4. As the temperature
increased, there was an enhancement in the anodic dissolution current density, and a simultaneous
negative shift of the corrosion potential of the steel was observed. The acceleration of the oxygen
diffusion at elevated temperatures led to the formation of a protective corrosion scale, which resulted
in decreased steel dissolution (Figure 4). However, this phenomenon was inadequate to offset the
effect caused by the increment in interfacial dissolution. The pronounced anodic dissolution increase
and a negative shift in corrosion potential suggested an enhanced activity of the steel electrode at
higher temperatures. In addition, as the temperature increased, there was a sharp increase in the anodic
current density of the steel, indicating a slight possibility that a less porous FezO,4 would form on the
electrode surface within the temperature range used. In fact, a further increase in the tested temperature
could lead to the formation of Fe3O,.
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Figure 4. Polarization patterns of API-X100 steel in solutions in the (A) absence and (B) presence of
oil (10%) (rotation speed: 3000 rpm) as a function of temperature.

API-X100 steel in varying concentrations of solutions at 60 °C (ERS: 3000 rpm) was displayed
via Nyquist diagrams in Figure 5A. A capacitive semicircle at high frequency and a diffusive tail at
low frequency were observed in the Nyquist profile in the oil-free solution. A variation in the EIS
characterization after adding oil was observed. Simultaneously, the semicircle extension to the entire
frequency range was observed. As the oil concentration increased, an increase in the semicircle size
was observed. As shown in Figure 5B, the Nyquist plots of API-X100 steel were recorded at 60 °C
(ERS: 3000 rpm) in the original solution, oil/water emulsion and oil/water/sand slurry. The diameter of
the capacitive semicircle showed an obvious decrease after adding sand. Nevertheless, the impedance
obtained with and without the addition of sand showed no variations. The Nyquist diagrams of API-
X100 steel in oil/water emulsion at 60 °C (ERS: 1000 rpm) are shown in Figure 5C as a function of
experimental time. For all characterizations, an extended semicircle over the test frequency range and
an increase in semicircle diameter due to the increased immersion time could be observed.
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Diffusive impedance was observed in the low—frequency range in oil-free solutions, as shown
in the EIS characterization. This phenomenon resulted from the oxygen diffusion-controlled reaction
process. The variation in the EIS characteristics after adding oil to the solution indicated the variation
in the corrosion reaction mechanism. A capacitive semicircle was recorded over the entire frequency
range, suggesting the activation-controlled property of the interfacial reaction. A layer of oily phase
formed, which inhibited the interfacial electron-transfer reaction instead of the mass-transfer step. The
obvious decrease in charge-transfer resistance upon the addition of sand particles to the oil/water
emulsion suggested that the corrosion of steel significantly increased. The sands in the flowing slurry
could affect and even damage the oily and oxide films produced on the steel surface, ultimately leading
the bare steel to be exposed to the corrosive solution. In addition, the sand particle—induced effect led
to a rougher electrode surface, corresponding to an increased number of depressed semicircles over
that of the solution without sand.

Table 2. EIS parameters recorded at 60 °C in solutions before and after oil addition (rotating speed:

3000 rpm).
Solution | Do (cm?®/s) | v (cm®/s) | Co (mol/L) | k (cmi/s) ik (-0.7V) ik (-0.9V)
(mA/cm?) (mA/cm?)
0% oil | 2.24x10° | 0.011 7.71x10™ 0.018 0.142 0.181
10% oil | 1.74x10™ 0.013 2.24x107 0.016 0.155 0.245

The Reynolds numbers (the ratio of inertial forces to viscous forces within a fluid that is
subjected to relative internal movement due to different fluid velocities) of the test system obtained in
this test range from 250 to 3400. It is typically a laminar flow condition, compared to a transition Re of
2 x10° to turbulent flow [29]. Based on the Levich equation, a diffusion-controlled electrode process
on RDE under laminar flow conditions could be described as follows:

i, =0.62nFADZ*w’v°C,

where i_ represents the steady-state LDCD, n means the electron transfer number during the
redox process, F represents Faraday’s constant, A represents electrode area, Do represents the diffusion
coefficient of oxygen, w represents the angular rotating velocity of the RDE, v represents the
kinematics viscosity, and Co represents the concentration of oxygen. The steady-state LDCD was
found to be linearly related to the square root of angular velocity, »*. Apparently, the Levich law is
followed strictly in both oil-free and oil-containing solutions. In the case of an unknown oxygen
diffusion coefficient, the slope of the lines could be used to determine the concentrations of dissolved

oxygen in oil-free and oil-containing solutions.

D, =6.92x107"° (Ij
Vv
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Varying Kkinetic parameters such as the fitted oxygen concentrations and diffusion coefficients
of oxygen were recorded for solutions before and after adding oil (10%) in Table 2. D, is the diffusion
coefficient of oxygen; v is the oxygen concentration; C, is the oxygen concentration; Kk, is the mass-
transfer coefficient; and ix is the Kinetic current density. Compared with the water, the oxygen
concentration in the oil/water emulsion was approximately two times higher. Hence, the increased
solubility of oxygen in solution after adding oil led to the increment of cathodic current density in
oil/water emulsion. In fact, previous work [30, 31] has confirmed that there is a higher solubility of
oxygen in the oil/water mixture than in pure water.
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Figure 5. Nyquist patterns of API1-X100 steel in (A) solutions before and after adding oil with varying
concentrations at 60 °C (ERS: 3000 rpm), (B) solutions before and after adding sands (10%) or
oil (30%) at 60 °C (ERS: 3000 rpm) and (C) in solution with oil (10%) at 60 °C (ERS: 1000
rpm) as a function of immersion time.

4. CONCLUSIONS

In summary, the mass-transfer of oxygen has been found to be crucial in the cathodic process
of API-X100 pipe steel in the solution before and after adding oil. The electrode rotation sped up the
cathodic reduction by accelerating oxygen diffusion. The enhanced solubility of oxygen in the
oil/water emulsion led to an increase in the LDCD obtained in the oil-containing solution. For the
solution before and after adding oil, as the ERS increased, a decrease in the anodic current density was
observed. This phenomenon resulted from an enhancement in steel oxidation due to the acceleration of
oxygen diffusion to the electrode surface for the reduction reaction. In the absence of oil, the corrosion
of steel is an oxygen diffusion-controlled process. The varied EIS characterization after adding oil
indicated a variation in the corrosion reaction mechanism and the activation-controlled property of the
interfacial reaction.
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