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Abstract: The effect of temperature, time and rotation speed of FT-GTL process water on the corrosion
rate of API X-120 carbon steel was investigated. Electrochemical impedance spectroscopy and
potentiodynamic polarization techniques were used to determine the carbon steel corrosion rate
under temperatures ranging from 293 to 323 K and rotation speed of 0, 500, 1000, 2000 rpm when the
immersion time was 0.5, 1, and 2 h. The corrosion rate increased with temperature and rotation speed
but decreased with immersion time. SEM, XRD, and XPS analyses of the corroded surfaces confirmed
the formation of iron oxide and ferric oxide as the main components of the protective layer.
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1. Introduction

Energy sources play a fundamental role in the world’s economics and the creation of wealth.
Fossil fuels represent the biggest share in the world’s energy mix and are expected to maintain this
share in the near and medium-range future. Natural gas (NG) is becoming increasingly more important
as a key energy component in the energy mix worldwide [1]. NG can be used for direct combustion
for heat production as it can be used as a raw material in many synthesis gas process routes to be
converted into a large number of liquid and gaseous products such as gas to liquid (GTL) products.
In the GTL process, natural gas is converted through Fischer-Tropsch (FT) reactions into synthetic
crude product that can be upgraded and separated into different commercial hydrocarbon fractions. A
by-product of the FT reaction is the associated process wastewater that is generated in large volumes
and may represent up to 25% more on a weight basis than the hydrocarbon products.

In a typical GTL plant, wastewater generally includes cooling tower blow down water, steam
generation unit blow-down water and process area, equipment wash and maintenance activities in
addition to FT reaction [2]. Table 1 shows wastewater sources and the main contaminants in each
stream in a GTL process.
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Table 1. Main sources of GTL wastewater

Unit Contaminant

F-T reaction Inorganic compounds and oxygenated hydrocarbons

Cooling tower blow down water Dissolved solids, suspended solids and heavy metals

Steam generation unit blow-down water Dissolved solids and minerals

Process area, equipment washing and maintenance activities Oil, emulsified oil and other hydrocarbons

In particular, the characterization of FT reaction wastewater depends on the reaction conditions,
such as the type of catalytic metal, temperature and pressure. GTL wastewater contains a number of
inorganic compounds, including metals, chloride, sulphate, acetate, bicarbonate and dissolved gases
such as H2S and CO2 [3]. Other contaminants in the water produced in the FT process include acidic
contaminants and dissolved hydrocarbons such as acids, ketones, alcohol, aldehydes, acetates and
other oxygenates that are mainly light alcohols which represent the main source of COD [4,5]. Detailed
characterization of FT unit wastewater can be found in the work of Dang et al. [6].

Carbon steel material is commonly used in the fabrication of plant units and in pipelines
transporting fluids in industrial processes for its economic advantages. The presence of acidic
contaminants can corrode the internal surface of the pipeline network [7] and other plant units.
Corrosion attacks on carbon steel represent real threats to the operations of the facilities, and for that
reason, it is important to minimize the effect of corrosion on plant production and safety. Studies shows
the microalloying of carbon steel with carbides and nitrides can reduce the corrosion rate and improve
the mechanical properties and thus the price to yield ratio decreases [8]. API-X 70 and API-X80 were
used in pipelines of oil and gas industry for their good mechanical properties [9]. However, API-X
120 with enhanced mechanical properties has replaced both metals [10]. API-X 120 steel is the highest
grade of carbon steel pipeline that is available in today’s market; it is developed and enhanced to resist
the corrosion of pipelines even in sour environment [8].

In this work, we investigated the effect of temperature, immersion time and rotation speed of FT
process wastewater that contains dissolved oxygenated hydrocarbons on the corrosion rate of API
X-120 carbon steel using electrochemical methods.

2. Experimental Set-Up and Procedures

2.1. Material and Solution

2.1.1. Working Electrode

The working electrode consisted of an API X-120 carbon steel alloy rod having a diameter of 1.02
cm and an exposed surface area of approximately 0.823 cm2. The working electrode was mounted on a
resin sample holder and used in all experiments. Its elemental composition was taken from a previous
work [8].

2.1.2. GTL Produced Water Characterization

The water sample was collected from a GTL plant in Qatar specifically from a F-T process unit.
The water sample composition was analyzed and determined in our laboratory and is listed in Table 2.
Mineral composition of the wastewater water sample was characterized by ICP-MS and is presented in
Table 3.
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Table 2. Analysis results of F-T process waste water.

Parameter, Dimension, (SMWW Method) Value Used Method

TOC, mg/L 125.4 Total organic carbon analyser (TOC-L)
COD, mg/L 530 APHA 5220 C Closed Reflux, Titrimetric Method
Phenols, mg/L 0.131 HAC spectrophotometer
PH, (4500 H+. B) 4.18 Electrometric Method
Conductivity, µs/cm 124.6 Conductivity meter
Salinity, ppt 0.06 Standard method
TDS, mg/L 38.5 Standard method
TSS, mg/L (APHA 2540 B) 2.5 Total Suspended Solids Dried at 103–105 ◦C

Table 3. Characterization of GTL produced water by IC-ICP-MS.

Component Unit Concentration

Ammonium ppm 8.450
Potassium ppm 0.058
Calcium ppm 2.044
Magnesium ppm 0.068
Boron ppb <dl *
Vanadium ppb 0.018
Iron ppb 31.144
Copper ppb 0.314
Barium ppb <dl

* dl: detection limit.

2.2. Experimental Set-Up

Corrosion tests were performed in a classic three-electrode electrochemical double jacketed glass
cell having a volume of 125 mL purchased from Gamry (Warminster, PA, USA). A 6 mm dimeter
graphite counter electrode was mounted on the cell. The reference electrode employed in this work
for electrochemical measurements consisted (Ag/AgCl) electrode filled with a KCl 3 molars solution
emerged inside a Luggin capillary that was filled with GTL process water. The working electrode was
immersed inside the solution and maintained at fixed temperature. The corrosion cell temperature
was maintained at the desired temperature using a HAAKE A25 digital water circulator system
(Thermo Scientific, Inchinnan, UK) that was connected to a double jacketed cell as shown in Figure 1.
The solution concentration was maintained constant throughout the experimental runs by mounting
a condenser on the cell opening to condense any evaporated solution during higher temperature
experiments. The stirring speed of the solution was maintained at the lowest possible value to prevent
any disturbance to the system while still ensuring good mixing at the same time.

A Gamry Ref 600 potentiostat (Gamry Instruments, inc. USA) with ±0.2% accuracy on potential
and current readings was used for the electrochemical experiments. The potentiostat was controlled by
Gamry GPES version 4.9.007 software. Recorded corrosion data were analyzed using Gamry Echem
AnalystTM Software [11,12]. Reproducibility of the experimental set up was verified in a previous
work [7] and was estimated to be less than 6% error.
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Working electrode rotation speeds of 0, 500, 1000, and 2000 (RPM) corresponding to a linear velocity 
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2.4. Morphology and Composition Analysis 

A high-resolution camera was employed to visually inspect the corrosion product on the surface 
of the specimen. A model JCM-6000 scanning electron microscope (SEM, Jeol Ltd, Tokyo, JAPAN) 
with a beam voltage of 20 kV was used to determine the specimen morphologies prior and post 
corrosion experiments. The specimen surface was analyzed using a model Miniflex II X-ray 
diffractometer (XRD, Rigaku, Tokyo, Japan) to determine possible corrosion products. An Ultra Axis 
X-ray photoelectron spectrometer (XPS, Kratos, Manchester,UK) was used also to quantitatively 
identify the content of the corroded samples and compare them with the XRD analyses results.  

Figure 1. Schematic diagram of the experimental setup.

2.3. Electrochemical Measurement

The experimental work started with the preparation of the working rotating disc electrode that
was first abraded with different grit papers (220, 400, 600, 800, 1000 and 2000) to remove all impurities
and ensure a smooth surface, then it was successively cleaned with distilled water and acetone before
letting it dry. Once the electrode was mounted on the cell, nitrogen gas was passed through the cell to
deoxygenate its contents and remove any possible gas impurities in the cell. The open circuit potential
(OCP) was measured before it reached stability defined as OCP <5 mV/20 min. During the EIS tests,
signal frequencies varying from 0.001 Hz to 100 kHz were implemented. The applied disturbance
signal was a sinusoidal voltage of 10 mV amplitude. The Tafel and linear polarization curves were
carried out over a potential range of ±250 mV versus open circuit potential (OCP) with a scan rate
of 1 mV/s. The solution temperatures were varied from 293 to 323 K in increment of 10 K. Working
electrode rotation speeds of 0, 500, 1000, and 2000 (RPM) corresponding to a linear velocity of 0,
0.26, 0.53 and 1.06 m/s were applied. The specimen immersion times of 0, 30, 60 and 120 min were
employed. Each test was repeated three times and the average value was considered. A summary of
the experimental conditions is given in Table 4.

Table 4. Summary of the experimental conditions used in this work.

Temperature (K) Immersion Time (min) Rotation Speed (RPM)

293, 303, 313, and 323 0, 30, 60, and 120 0, 500, 1000, and 2000

2.4. Morphology and Composition Analysis

A high-resolution camera was employed to visually inspect the corrosion product on the surface
of the specimen. A model JCM-6000 scanning electron microscope (SEM, Jeol Ltd, Tokyo, JAPAN) with
a beam voltage of 20 kV was used to determine the specimen morphologies prior and post corrosion
experiments. The specimen surface was analyzed using a model Miniflex II X-ray diffractometer (XRD,
Rigaku, Tokyo, Japan) to determine possible corrosion products. An Ultra Axis X-ray photoelectron
spectrometer (XPS, Kratos, Manchester, UK) was used also to quantitatively identify the content of the
corroded samples and compare them with the XRD analyses results.
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3. Results and Discussion

3.1. Effect of Temperature.

3.1.1. Potentiodynamic Polarization

To evaluate the temperature effect on the corrosion process for carbon steel in GTL process water,
carbon steel alloy API-X120 was tested at four different temperatures of 293, 303, 313, and 323 K.
Potentiodynamic polarization curves for carbon steel corrosion in FT-GTL process water were obtained
applying a scan rate of 1 mV/s over a potential interval of ±250 mV versus open circuit potential (OCP)
are presented in Figure 2.
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different temperatures.

The obtained results showed that with increased solution temperature, Tafel curves shifted
towards the right of the current density scale [13]. This shift in Tafel curves is attributed to the increased
rate of metal dissolution which, in turn enhanced the oxidation-reduction reactions [14–18] as follows:

Oxidation reaction:
Fe(s) → Fe2+

(aq) + 2e− (1)

The produced electrons from this reaction are used to reduce the oxygen dissolved in water
according to the following reaction:

Reduction reaction:
O−2 (aq) + 2H2O(aq) + 4e− → 4OH− (2)

Then the hydroxyl ions, OH–, will undergo a chemical reaction with Fe2+ ions present in water to
create iron hydroxide Fe(OH)2, which eventually dries up to form ferric oxide (Fe2O3) [19] according
to the following reaction:

Fe2+
(aq) + 2OH−(aq) → Fe(OH)2(aq) → Fe2O3 (rust) (3)
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The analysis of Tafel plots (Figure 2) allows the determination of electrochemical corrosion
parameters such as the corrosion current density (icorr), polarization resistance (Rp), and corrosion
potential (Ecorr) listed in Table 5. The cathodic Tafel slope (bc) values were found to lay in the range
212–350 mV/decade, suggesting activation control corrosion. The analysis of Tafel plots using Echem
AnalystTM allowed the determination of corrosion current (icorr) which was used to calculate the
corrosion rate, CR:

CR =

(
1.95× 105

)
·icorr ·W

ρ · A
(4)

where CR—corrosion rate-mille-inches/year (mpy), icorr —corrosion current (Ampere), W—metal
specimen equivalent mass (g), ρ—Metal density (g/cm3) and A—contact area between the working
electrode and the fluid (cm2).

Stern–Geary equation [20] was used to determine the polarization resistance, Rp. The corrosion
rate is determined by:

icorr =
(ba × bc)

(2.3× (ba + bc)
.

1
Rp

(5)

where the parameters (ba) and (bc) were determined from the anodic and cathodic Tafel slopes.

Table 5. Potentiodynamic polarization parameters for API-X120 steel in GTL process water at
different temperatures.

Temperature (K) 293 303 313 323

Beta A (ba), (V·decade−1) 0.189 0.24 0.222 0.270

Beta C (bc), (V·decade−1) 0.212 0.280 0.290 0.350

Rp, [KΩ·cm2] 5.691 4.619 2.562 2.256

Corrosion Current, Icorr (µA) 7.623 12.15 21.31 29.34

Corrosion Current Density (µA·cm−2) 9.26 14.76 25.89 35.65

Corrosion Potential, Ecorr (mV) −621.8 −620.5 −618.3 −625.1

Corrosion rate (mpy) 4.238 6.753 11.85 16.31

It is worth noticing that as the temperature was increased from 293 to 323 K, a remarkable increase
(up to nearly four-fold) in the corrosion rate was observed. According to NACE RP0775-2005 standard
the corrosion rate is identified as high under the temperatures 293 and 303 K (5–10 mpy) and severe
under the temperatures 313 and 323 K as the corrosion rate (mpy) is larger than 10. The increase in
metal dissolution with increased temperature enhanced the oxidation-reduction reaction as well as the
current density which are thought to be responsible for such behavior. The temperature effect on the
process follows the well-known Arrhenius equation:

icorr = A· exp(−Ea/RT) (6)

where: A—a pre-exponential factor, Ea—apparent activation energy, R—gas constant (8.314 J·mol−1
·K−1)

and T—absolute temperature (K).
The Arrhenius plot in the form of log icorr vs. 1/T for carbon steel alloy in GTL process water is

shown in Figure 3. The plot gives a satisfactory straight line (R2 = 0.9928) with a slope Ea/R = 4364.3.
From this slope, the activation energy of carbon steel corrosion in the solution was estimated to be
around 36.28 kJ/mol.
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Figure 3. Arrhenius plots for the corrosion current of carbon steel in GTL process water solution.

3.1.2. Electrochemical Impedance Spectroscopy (EIS) Data Analysis

Electrochemical impedance spectroscopy (EIS) is an important tool to study corrosion and corrosion
prevention. To further characterize the electrochemical corrosion process at the interface of API-X120
GTL-Process water environment, and to verify the results obtained by Tafel plots measurements, (EIS)
measurements were performed. In this study, the equilibrium of the corrosion system was perturbed
by applying a sinusoidal potential signal with an amplitude equals 10 mV across a frequency range
from 100 mHz to 100 kHz at stabilized OCP. The response of system’s current intensity against time
changes for different solution temperatures was recorded. The Bode magnitude plot displays the log
|Z| (log impedance modulus) versus log f (log frequency), and the Bode phase plot shows Φ (the phase
angle) versus log f, where |Z| and Φ are defined as:

|Z| = [(Z’)2 +(Z”)2]1/2 (7)

and:
Φ = tan−1 [−Z”/ Z’] (8)

where Z’ and Z” are the real and the imaginary components of the impedance, respectively.
The measured frequency characteristics of API-X120 steel alloy in corrosive environment of GTL

process water at different temperatures are presented as Nyquist plots (Figure 4) and Bode plots
(Figure 5) respectively. The EIS data on the Nyquist plot (Figure 4) shows a single semicircular loop in
the first quadrant whose diameter increases with decreased temperature, which indicates a decrease in
the corrosion rate of carbon steel. Nyquist plots show characteristic shapes of semi-circles suggesting
that the corrosion process is under activation control. Larger diameter of the semicircles obtained with
lower temperatures show high electrical resistance at the interface metal-solution, which is the result
of oxidation of iron and Fe+2 ions in the solution. The EIS spectrum at different temperatures show the
presence of one-time constant that is the capacitive loop. The presence of a capacitive loop, usually
indicates that the sample surface was partially covered with corrosion products. The EIS diagrams
at 293, 303, 313, and 323 K appeared to be identical in shape with a capacitive loop diameter which
decreases with temperature. This results are in good agreement with those previously reported by
other researchers [21,22].
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Figure 4. Nyquist diagrams for API-X120 steel in GTL process water solution determined experimentally
(point line) and fitted ones (solid lines) at different temperatures.
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The impedance spectra on the Bode plot (Figure 5) shows resistive regions at both ends of the
frequency scale that are high (HF) and low (LF) frequencies. While at middle frequencies (MF), a
capacitive behaviour was observed. The decrease in solution temperature increases the impedance
absolute value (|Z|) at the LF, with the highest value obtained at a temperature of 293 K. On the other
side, the larger value of the impedance |Z| at the low frequency (LF) range with decreased temperature
is a criterion in favour that the corrosion resistance of carbon steel increases with temperature as a
result of increased metal dissolution with temperature. The phase angle shift (Φ), revealed the presence
of a single phase minimum (Φmin) at the medium frequency range (MF), indicating the presence of
one-time constant representing the electrode process. A lowest value for Φmin was obtained at 313 K.

EIS data at different temperatures were analyzed with the Echem Analyst software using the
equivalent circuit presented in Figure 6. This circuit is called the simplified Randles circuit. It consists
of two resistances and a capacitor. Randles model is usually represented by a solution resistance (Rs)
in series with a combination of a resistor (Rct) and capacitor (Cdl) in parallel as shown in Figure 6. RS
represents the resistance of solution which is the GTL process water in this case. Rct is the charge
transfer resistance, it is the resistance for the electron to change the phase, e.g., from the electrode into
the solution or to be more precise to a species solved in the solution. In order to get perfect fit, the
substitution of constant phase elements (CPE) is correlated by the double-layer capacitance (Qdl or
Cdl) [21–24]. The resistor and capacitor usually represent the corrosion products formed on top of the
sample surface. The transfer function used in the EC fitting is the following:

Z(w) = Rs +
Rct

1 + ( jw)αRctCdl
(9)

where: A—empirical parameter (1 ≤ α ≤ 1), J—
√
−1, Ω—angular frequency (ω = 2πf ) in rad s−1 and

F—frequency in Hz.
The value of the exponent alpha (α) in Equation (9) varies with the electrode surface roughness,

smaller values of α indicate rougher surfaces [23]. When α is equal to unity, the system capacitance
behaves as an ideal double-layer. Fitting values of the circuit show that both Rs and Rct decrease with
increased temperature with their lowest values obtained at the highest temperature (323 K), hence
indicating increased corrosion rate with increased temperature [7,13,17,25]. These results obtained
from EIS analyses confirmed the results previously obtained from the Tafel curves. The simulated
electrical circuit parameters for carbon steel corrosion in GTL process water are summarized in Table 6.Metals 2020, 10, x FOR PEER REVIEW 10 of 20 
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Figure 6. The electrochemical equivalent circuit used to fit EIS data for API-X120 steel in GTL process
water at OCP with frequency.
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Table 6. Fitting values to EIS at different temperatures.

Temperature
(K)

Rs Rct
Qdl

CPE n-CPE

[Ω·cm2] [Ω·cm2] [Ω−1·cm−2 ·s−n]

293 76 1126 5.41 × 10−5 0.78

303 63 723 5.95 × 10−5 0.733

313 48 653 5.10 × 10−5 0.784

323 32 412 6.53 × 10−5 0.78

3.2. Effect of Immersion Time

The effect of specimen immersion time in GTL process water on carbon steel alloy API-X120
corrosion was evaluated at four different immersion times; 0, 30, 60 and 120 min at a fixed temperature
of 303 K and zero rpm. Electrochemical measurements in term of Tafel curves and electrochemical
impedance spectroscopy plots were used in the evaluation.

3.2.1. Potentiodynamic Polarization Curves

The obtained polarization curves for the tests conducted at different immersion times are presented
in Figure 7.
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Figure 7. Potentiodynamic polarization curves of carbon steel alloy API-X120 in GTL process water at
different immersion times.

Increasing the metal immersion time in the process water solution from 0 min to 120 min at a
fixed temperature and zero rotational speed decreased the corrosion rate to reach a minimum rate
of 5.28 mpy. This clearly indicates that the corrosion rate is greatly affected by the accumulation of
the corrosion products on the surface of the metals which acts as a passive film against corrosion,
the corrosion rate decreases. As this passive film layer thickness increases with time, the corrosion
rate continues to decrease further. Numerical results obtained from the analysis of Tafel plots are
summarized in Table 7.
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Table 7. Effect of immersion time on corrosion rate of API-X120 in GTL water at 303 K.

Time (min) 0 30 60 120

Beta A (ba), (V·decade−1) 0.240 0.205 0.177 0.145

Beta C (bc), (V·decade−1) 0.280 0.214 0.187 0.154

Rp, [KΩ·cm2] 4.619 4.155 3.841 3.414

Corrosion Current, Icorr (µA) 12.15 10.94 10.28 9.498

Corrosion Current Density (µA·cm−2) 14.76 13.29 12.49 11.54

Corrosion Potential, Ecorr (mV) −620.5 −616.8 −611.7 −607.1

Corrosion rate (mpy) 6.753 6.083 5.715 5.28

3.2.2. Electrochemical Impedance Spectroscopy (EIS)

EIS curves at the different immersion times provide a clear indication on the corrosion rate.
Nyquist and Bode plots show the effect of time interval from 0 to 120 min presented in Figures 8 and 9,
respectively. Experimental EIS data were analyzed by the Echem-Analyst software using the equivalent
circuit shown in Figure 6. The choice of the equivalent circuit was based on the comprehension of the
normal and pitting corrosion as appeared in the visual and SEM observations presented in Sections 3.4.1
and 3.4.2 A good agreement exists between the experimental and simulated data shown in Nyquist
plots (Figure 8) and Bode plots (Figure 9). Nyquist plot present a single semicircle loop in the first
quadrant whose diameter increases with increased immersion time. The shape of semi-circles indicates
the activation process control during corrosive material tests. The diameter of the capacitive loop
increased with increasing the time interval, reaching the maximum diameter at 120 min which means
that resistance to corrosion was maximum at 120 min [26].
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Figure 8. Nyquist plots for API X-120 steel alloy in GTL process water at different immersion times
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Figure 9. Bode plots of (a) phase angle vs frequency, and (b) modulus vs frequency. for API X-120 steel
alloy in GTL process water at different immersion times.

The EIS spectrum at different immersion times showed the presence of a one time constant that
is the capacitive loop usually attributed to adsorbed species on the metal surface [27], indicating the
partial coverage of the metal surface with corrosion products. The characteristics of this capacitive
loop are shown better in the bode plot. Figure 9b shows a clear shift in the phase. The bode plot just
shows below 10 degrees of the phase angle, indicating that the capacitance characteristic is weak. This
was predicted because the studied time is just two hours, it might become stronger by the time and the
corrosion product would play the role of a barrier against corrosion.

The impedance spectra in the Bode format (Figure 9) show the presence of three different regions:
a resistive region on the left side of the frequency axis representing high frequencies (HF) region, and
low frequencies (LF) region on the right side of the axis. In the middle frequencies region (MF) a
capacitive behaviour region was observed. The EIS data were fitted to the equivalent circuit shown in
Figure 6 and obtained fitting values are presented in Table 8. The solution resistance (RS) decreases with
increasing immersion time, which can be understood by the fact that dissolved metal concentration
increases with time making the solution more active and conductive to the current. On the other hand,
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Rct increases with time to reach a maximum value obtained at the immersion time of 120 min. This
increase in Rct can be explained that the increase in time led to the formation of a corrosion products
layer that get thicker as time increases. The increase in the immersion time caused an increase in the
total impedance (|Z|) at low frequency (LF) region with the highest value obtained for immersion
time of 120 min as in Figure 9a. The total impedance usually refers to corrosion resistance so the
diameter of the Nyquist plot has to be smaller when comparing the immersion time between 0 and 120
min. Whereas, the alloy corrosion resistance is determined by the parameter Rct which is inversely
proportional to corrosion current density [28]. Thus, increasing the value of the Rct decrease the rate of
corrosion. The phase angle shift (Φ) shown in Figure 9b indicates that a single phase minimum (Φmin)
at medium frequencies region (MF) suggesting the presence of only one time constant. Φmin becomes
lower over time, and the lowest value was recorded at 120 min. This denotes to a decrease in the
medium frequency. This is also suggested a very stable film formation on the surface of the sintered
alloy. Therefore, the experimental outcomes from EIS (Nyquist and Bode) results are in agreement
with the potentiodynamic polarization results.

Table 8. Fitting results for EIS at different time.

Time (min)
Rs Rct

Qdl

CPE n-CPE

[Ω·cm2] [Ω·cm2] [Ω−1·cm−2·s−n]

0 63 723 5.95 × 10−5 0.733

30 57 854 6.24 × 10−5 0.787

60 44 904 6.74 × 10−5 0.805

120 38 1204 6.73 × 10−5 0.822

3.3. Effect of Rotation Speed

The effect of working electrode rotation speed on the API-X120 steel alloy in GTL process water
was investigated at four different rotation speeds (0, 500, 1000, and 2000 rpm) and a fixed temperature
of 293 K. The polarization curves obtained under these conditions, shown in Figure 10, indicate that
the corrosion behavior of carbon steel is affected by the solution velocity (rotation speed).
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Figure 10. Potentiodynamic polarization curves for API X-120 steel alloy in GTL process water at
different solution flowrates.
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For static condition (0 rpm), the polarization curve shows an Ecorr value around −621.8 mV and
an icorr value about 7.623 µA. As soon as the rotation speed increased, the Ecorr value shifted to a higher
value of −563 mV at 500 rpm. The Ecorr value increased slightly at 1000 rpm for a value of −555 mV
followed by a further slight increase for a rotation speed of 2000 rpm to reach a value of −545 mV. The
icorr value increased also with the increase in the rotation speed, reaching the highest value at of 10.83
µA at 2000 rpm which is similar to what was reported by Lopes et al. [29]. A summary of the results is
presented in Table 9.

Table 9. The effect of rotation speed on corrosion rate at 293 K.

Speed (rpm) 0 500 1000 2000

Beta A (ba), (V·decade−1) 0.189 0.222 0.226 0.207

Beta C (bc), (V·decade−1) 0.212 0.223 0.224 0.218

Rp, [KΩ·cm2] 5.691 5.943 5.24 4.255

Corrosion Current, Icorr (µA) 7.623 8.128 9.322 10.83

Corrosion Current Density (µA·cm−2) 9.26 9.88 11.33 13.16

Corrosion Potential, Ecorr (mV) −621.8 −563 −555 −545

Corrosion rate (mpy) 4.238 7.747 8.885 10.33

The analysis of the Tafel plots (Figure 10) suggests that increased solution velocity (rotation
speed) generated high current densities which caused a significant reduction in the oxidizing agents’
concentration in the solution. Beside this, mass transport from and to the corroding metal may have
been enhanced by increased rotation speed. The observed relatively constant cathodic and anodic Tafel
slopes under dynamic conditions, suggest the presence of a uniform mechanism for iron dissolution
and cathodic reduction reactions. The induced turbulent environment with increased rotation speed
caused a deterioration of formed layer which caused an increase in the corrosion rate [7,30–32].

3.4. Morphology Analysis

3.4.1. Visual Observation

Visual observation of three carbon steel alloy specimens was performed using a digital camera.
The obtained pictures are shown in Figure 11.
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Figure 11. Visual images of blank and corroded surfaces of specimens, (a) Blank carbon steel specimen,
(b) Carbon steel In GTL water at 0 rpm and 323 K, (c) Carbon steel In GTL water at 1000 rpm and 298 K.
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The carbon steel specimens were blank carbon steel alloy, carbon steel alloy exposed to GTL water
at 323 K and zero rotation speed while third specimen was exposed to GTL water at 1000 rpm and 298
K. both specimens were exposed to the corrosive environment for 24 h. It was observed that carbon
steel alloy exposed to a temperature of 323 K has dark spots and gravures that result from pitting
corrosion, while the specimen that was exposed to GTL water at 1000 rpm and 298 K has a sallow layer.
Of course, the blank specimen does not show any visual defect nor marks.

3.4.2. Scanning Electron Microscope (SEM) Analysis

Blank and corroded carbon steel alloys were analysed using a scanning electron microscope. The
specimens were exposed to the same conditions described in Section 3.4.1. The obtained images, shown
in Figure 12, reveal that blank condition carbon steel alloy has only a few scratches caused by the grit
paper during the specimen cleaning process, similar to what was visually observed earlier without any
serious surface damage. Comparing the blank surface specimen, the corroded surface at 323 K and
zero rotation speed shows pitting corrosion that was also clear by visual observation. SEM for the
corroded surface at 1000 rpm and 323 K shows the formation of a shallow corrosion product layer.
These corrosion products in both cases are mainly iron oxide.
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3.5. XRD Analysis

The XRD spectra of the API-X-120 carbon steel corrosion products at 1000 rpm after 24 h are
presented in Figure 13. The spectra revealed the presence of a high-intensity peak at 44.6◦ 2θ in
the corroded specimen. This peak is attributed to the presence of (Fe) iron. Beside this, different
peaks at low intensity 2θ attributed to the presence of Fe2O3 were found on the surface of corroded
metal against a small unique peak for Fe2O3 found in the reference specimen. Trace amounts of
Fe2O3 were also found in the blank specimen which may be attributed to the contaminations from the
extern. The presence of iron oxide (III) (Fe2O3) as the main corrosion product. Indicates that H2O is
the main component causing corrosion according to Equations (1)–(3). The factors that accelerated
the rate of corrosion could be temperature, chemical salts, humidity and pollutants presented in
Table 1. Production of iron oxide-III (Fe2O3) is believed to form a layer on top of the steel specimen
surface slowing down the corrosion rate. These results are in agreement with the findings reported by
Kitamura et al. [33].
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3.6. XPS Analysis

The composition of the corrosion product formed on API-X 120 carbon steel in GTL process water
under the given conditions of 1000 rpm at ambient temperature was determined using XPS analysis.
The XPS fitting curves and depth profiles are shown in Figure 14. The Figure show that the binding
energies of iron, oxygen, and carbon were essentially the same. The peaks in the C1s spectra was
obtained at 288.3 eV, O1s spectra at 531.5 eV while Fe2p spectrum were obtained at 710.6 eV and
723.4 eV respectively confirming the presence of amorphous Fe2O3. The XPS analysis results confirmed
the results previously obtained by XRD analysis, as both showed the presence of amorphous Fe2O3 on
the surface of corroded specimens.
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Similar findings were reported by Sun et al. [34] who proved the presence of amorphous Fe2O3

during the initial stage of corrosion. The presence of trace amounts Fe2O3 on the blank specimen
(before immersion in the corrosive solution) is normally attributed to surrounding contaminants.

4. Conclusions

In this work, the corrosion behavior and corrosion rate of API-X120 carbon steel alloy in GTL
plant process water at different temperatures, rotational speeds and specimen immersion times was
investigated using electrochemical techniques. It was found that the corrosion rate increased as the
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solution temperature increased up to 16.31 mpy at 323 K. this was attributed to the metal dissolution,
which in turn enhanced the oxidation-reduction reactions. Similar behavior was observed on the
corrosion rate when the turbulence of the solution increased, where it caused a progressive removal
of the protective layer on the specimen surface that led to an increase in the corrosion rate. An
increase in the immersion time caused the corrosion rate to decrease a result of the formation of a
homogenous passive film layer from the corrosion products on the specimen surface. Visual inspection
and SEM micrographs reveled the existence of pitting and several cracks on the specimen surface. XRD
confirmed the formation of amorphous iron oxide-III (Fe2O3) layer on the specimen surface, which
was also confirmed by the XPS analysis.
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