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Effects of turbulent flow on the corrosion kinetics of X52 pipeline steel in aqueous solutions containing H2S R. Galvan-Martinez, J. Mendoza-Flores, R. Duran-Romero and J. Genesca-Llongueras*



This work presents the electrochemical results obtained during the study of the corrosion of X52 pipeline steel sample, immersed in brines containing H2S, under turbulent flow conditions. Linear polarisation resistance (LPR), electrochemical impedance spectroscopy (EIS), Electrochemical Noise (EN) and polarisation curves



were used in order to determine the effect of turbulent flow upon the corrosion kinetics of the steel. It was found that flow has a considerable influence upon the electrochemical process occurring on the surface of the steel and corrosion rate is increased.



1 Introduction



determination of the resistance of different alloys to combined conditions of corrosion and mechanical stresses. In many real situations, H2S corrosion occurs under turbulent flow conditions, for example, in transport of hydrocarbons in pipelines [10]. The Rotating Cylinder Electrode (RCE) is a tool that allows testing under controlled turbulent flow conditions in laboratory [11 – 14]. It has a well-defined hydrodynamic behaviour and a uniform distribution of current [13, 15, 16]. The RCE also has some practical advantages, such as the need of relatively small quantities of test fluid [17]. Several workers have used the RCE in order to determine the influence of turbulent flow conditions on the corrosion rate [11, 18 – 21].



The corrosion of steel structures in contact with aqueous environments containing dissolved hydrogen sulfide (H2S), known as “sour” environments, is an important phenomenon in the chemical and oil industries [1 – 3]. In the oil industry, H2S has been associated to damage by corrosion and stress cracking induced either by sulphides or hydrogen [4 – 6]. H2S gas can dissolve in water based solutions turning them into corrosive “sour” solutions. The increment of temperature and/or pressure increases the aggressiveness of H2S containing solutions. Corrosion of steel in H2S containing solutions can be represented according to [7, 8]. Anode: Fe ) Fe2þ þ 2e



ð1Þ



Cathode: H2 S þ 2e ) H2 þ S2



ð2Þ



Overall reaction: Fe þ H2 S ) FeS þ H2



ð3Þ



Depending on pH, partial pressure of H2S and environment oxidation potential, corrosion products of iron sulphides can take several molecular forms (i.e. FeS2 or Fe7S8) [9]. The majority of corrosion studies of steels in environments containing dissolved H2S, have been carried out under static conditions [10]. The main objective of these studies, is the
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2 Experimental All experiments were carried out at 20 8C and at the atmospheric pressure of Mexico City (0.7 bar). Two aqueous solutions were used: NACE brine [22] and a 3.5% NaCl aqueous solution. In order to remove oxygen from the test environment, N2 gas (99.99%) was bubbled into the test solution for a period of 20 minutes. After oxygen removal H2S gas (99.99%) was bubbled into the test solution until saturation was reached. The saturation pH was 4.2 for NACE brine and 4.1 for the 3.5% NaCl brine. All experiments were made by triplicate. An air-tight three-electrode electrochemical glass cell was used. Cylindrical working electrodes, made of API X52 steel [23], were used in all experiments. The total exposed area of the working electrodes was 5.68 cm2 for static conditions and 3.4 cm2 for dynamic conditions. Prior to each experiment the steel working electrodes were polished up to 600 grit SiC paper, cleaned and degreased with acetone. As reference electrode a saturated calomel electrode (SCE) was used. In order to minimize the effect of the solution resistance a Lugging capillary was used. A sintered graphite rod was used as auxiliary electrode. Hydrodynamic conditions were controlled using a Perking-Elmer EG&G Model 636 Rotating Cylinder Electrode (RCE) system. In dynamic conditions, a rotation speed of 1000 rpm was used.
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For the electrochemical studies a Solartron SI 1287B potentiostat and a Solartron 1250 Frequency Response Analyser were used. Linear polarisation resistance (LPR), Electrochemical Impedance Spectroscopy (EIS) and Electrochemical Noise (EN) tests were carried out at several time intervals, during a 24 hours period. Polarisation curves were also obtained in this study. All electrochemical tests were carried out on clean samples and in freshly prepared test solutions. Potentiodynamic LPR method was used and a potential range of  0.015 V referred to Ecorr was selected, the sweep rate was 1 mV s1. In all EIS tests the frequency range used was 0.01 Hz to 10 kHz with a 10 mV amplitude. 5 points per decade of frequency were recorded. Zview software v.2.1 was used in the analysis of the data. In the electrochemical noise tests, simultaneous measurements of current and potential were recorded at a sampling rate of 1 point per second and a total of 1040 points per measurement were obtained. ENAnalyse [26] software was used in EN data analysis. Potentiodynamic polarisation curves were recorded at a sweep rate of 1 mV s1. After experimentation, selected samples were cleaned [24] and analysed in a JEOL JSM-5900LV Scanning Electron Microscope (SEM).



Fig. 2. Corrosion rate (Vcorr), calculated by LPR technique, as a function of time. X52 steel in NACE and 3.5% NaCl solutions saturated with H2S, static (filled markers) and 1000 rpm (hollow markers)



3 Results and discussion



These results show that there is a clear influence of flow on the measured values of Ecorr.



3.1 Corrosion potential (Ecorr)



3.2 Linear polarisation resistance (LPR)



Figure 1 shows the variation of the measured corrosion potential (Ecorr) with time in the NACE and 3.5% NaCl brines, saturated with H2S. a) NACE solution: At static conditions Ecorr changes from  0.71 V to a stable value of  0.72 approximately. At 1000 rpm, in general, Ecorr moves to higher values, changing from  0.70 V to  0.69 V approximately. b) 3.5% NaCl solution: At static conditions Ecorr changes from  0.72 V to a stable value of  0.73 approximately. At 1000 rpm, in general, Ecorr moves to higher values, changing from  0.72 to  0.70 approximately.



Figure 2 shows the variation with time of the corrosion rate (Vcorr) values obtained in the LPR tests. It is clear that flow affects the measured Vcorr. In both NACE and 3.5% NaCl solutions, Vcorr increased as the rotation of the RCE is increased. The highest Vcorr was measured in the 3.5% NaCl solution at 1000 rpm. a) NACE solution: At static conditions Vcorr changes from 0.49 mm y1 to a stable value of 0.26 mm y1 approximately. At 1000 rpm, Vcorr moves to higher values, changing from 0.64 mm y1 to a value of 0.33 mm y1 approximately. b) 3.5 wt% NaCl solution: At static conditions Vcorr changes from 0.65 mm y1 to a value of 0.41 mm y1 approximately. At 1000 rpm, Vcorr moves to higher values, changing from 1.1 mm y1 to a stable value of 0.85 mm y1 approximately. 3.3 Electrochemical Impedance Spectroscopy (EIS) 3.3.1 3.5 % NaCl solution



Fig. 1. Measured corrosion potential (Ecorr) of X52 steel in NACE and 3.5% NaCl solutions, saturated with H2S, static (hollow markers) and 1000 rpm (filled markers). All values vs. SCE
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Figures 3, 4a and 4b show the impedance spectra for X52 steel immersed in 3.5% NaCl solution saturated with H2S, under static and dynamic conditions. At both static condition and 1000 rpm, the diameter of the measured semicircles increased with time. It is also clear that, at all time, the diameter of the semicircle measured at 1000 rpm is smaller than the diameter of the semicircles measured at static condition. These observations are in good agreement with the behaviour of the measured values Vcorr. The increment of the diameter of the semicircle, observed in Figure 3, may be attributed to the formation of a film of sulfide on the surface of the steel [3, 25]. On the other hand, the smaller semicircles measured at 1000 rpm, could
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Fig. 3. Measured EIS spectra (Nyquist plot) as a function of time. X52 steel in 3.5% NaCl saturated with H2S, static and 1000 rpm.T0 ¼ initial time, T24 ¼ 24 hours, S ¼ static



Fig. 5. Measured EIS spectra (Nyquist plot) as a function of time. X52 steel in NACE solution saturated with H2S, static and 1000 rpm



and higher frequency limits are different for static and 1000 rpm conditions. This behaviour is correlated to the different maximum phase angles measured, shown in Figure 4b. In this figure it can be see that, at static conditions, a higher maximum phase angle is measured than at 1000 rpm.



3.3.2 NACE solution



Fig. 4. Measured EIS spectra as a function of time. X52 steel in 3.5% NaCl solution saturated with H2S, static and 1000 rpm. a) Bode magnitude plot, b) Bode phase angle plot



be related to the formation of a thinner and more adherent corrosion products layer on the surface of the electrode. Figures 4a and 4b are the corresponding Bode representations of the impedance data in Figure 3. In Figure 4a it is possible to observe that, the slopes of the curves between lower
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Figures 5, 6a and 6b show the variation of the impedance spectra with exposure time, corresponding to X52 steel samples immersed in NACE solution, saturated with H2S, at static conditions and 1000 rpm. In the Nyquist representation of the measured impedance (Figure 5) it is possible to observe that, in general, as the exposure time of the steel samples increased the extrapolated intersection of the curve with the Zr axis occurs at higher values. This behaviour is in good agreement with the behaviour of the Vcorr values shown in Figure 3. As it was mentioned before, this behaviour can be attributed to the formation of a film of sulfide on the surface of the metal [3, 25]. In this same Figure 5, it is relevant to note the depressed shape of the measured semicircles. It is also important to note that there is a clear influence of rotation rate on the measured impedance spectra. The EIS data in Figure 5 can suggest that at 1000 rpm, the layer of corrosion products formed on the surface of the electrode is thinner that the layer formed at static conditions. The different slopes, of the region between higher and lower frequencies, shown in the Bode plots (Figure 6a), confirm the influence that the turbulent flow has upon the corrosion process. Figure 6b shows that, for both conditions, the measured phase angle tends to displace to lower frequencies, as exposure time is increased. As in Figure 4b lower phase angle maximums were recorded at 1000 rpm.



3.4 Impedance spectra analysis using equivalent circuits Figure 7 shows the equivalent circuit used for the data analysis of the measured impedance spectra, under static conditions. In this figure Cdl is double layer capacitance, Rfilm and
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Cfilm are the respective resistance and capacitance of the film of corrosion products, formed on the surface of the steel sample. Table 1 shows the best results obtained in the numerical simulation of the process, using the equivalent circuit in Figure 7, for the two test environments, at static conditions and at different exposure times. In this table it can be seen that the charge transfer resistance (Rct) and the resistance of the corrosion products film (Rfilm) increased (in both brines) with time, consequently the calculated Vcorr decreased. The calculated values of the capacitance of the double layer (Cdl) increased with time. Also, the calculated values of capacitance of the film (Cfilm) increased with time. These results can explain the behaviour observed in the laboratory measurements and corroborates the formation of a film of corrosion products on the surface of the steel sample. Figure 8 shows the good correlation of the experimental data with the data obtained for the equivalent circuit proposed in Figure 7 using the values in Table 1, for the 3.5% NaCl solution, static conditions and at the beginning of experimentation. However, under controlled hydrodynamic conditions the equivalent circuit in Figure 7 does not show the same good correlation. 3.5 Electrochemical Noise



Fig. 6. Measured EIS spectra as a function of time. X52 steel in NACE solution saturated with H2S, static and 1000 rpm. a) Bode magnitude plot, b) Bode phase angle plot



Figures 9 to 11 show the electrochemical noise results, corresponding to X52 steel samples immersed in NACE and 3.5% NaCl solutions, saturated with H2S, at static condition. In order to analyse the measured electrochemical noise data, Noise Resistance and Noise Impedance parameters were calculated [26]. Noise resistance (Rn) was calculated at selected periods of exposure time. Rn was estimated from the potential and current time records, as the ratio of the standard deviation of the measured potential to the standard deviation of the measured current [26 – 29]. Then, Vcorr was calculated by dividing the Stern-Geary constant (B ¼ 0.120 V) by the estimated Rn values. Figure 9 compares the Vcorr values, calculated with Rn to the values of Vcorr calculated by the LPR technique, for X52 steel immersed in NACE and 3.5% NaCl solutions saturated with hydrogen sulphide, under static conditions at 20 8C.



Table 1. Parameters obtained from the equivalent circuit analyses (Figure 7), static conditions. Rs ¼ solution resistance, Rct ¼ charge transfer resistance, Cdl ¼ double layer capacitance, Rfilm ¼ corrosion products film resistance, Cfilm ¼ corrosion products film capacitance X52 Steel in NACE solution saturated with H2S in static conditions Test solution



Time (Hours)



Rs (X cm2)



Rct (X cm2)



Cdl (lF cm2)



Rfilm (X cm2)



Cfilm (lF cm2)



NACE



0



7.08



368.60



443.13



130.30



757.06



NACE



24



6.66



612.00



3218.00



150.50



4689.10



X52 STEEL IN 3.5% NaCl solution with H2S in static conditions Test solution



Time (Hours)



Rs (X cm2)



Rct (X cm2)



Cdl (lF cm2)



Rfilm (X cm2)



Cfilm (lF cm2)



NaCl



0



10.82



328.70



1276.00



143.60



2265.10



NaCl



24



10.88



446.00



2962.00



158.70



3560.50
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Table 2. Parameters obtained from the polarisation curves (Figures 10 and 11) Static conditions



1000 rpm



3.5% NaCl



NACE



3.5% NaCl



NACE



ba (V / decade)



0.09617



0.08158



0.1089



0.09011



bc (V / decade)



0.1532



0.2198



0.1970



0.1619



Bexperimental (V)



0.02566



0.02584



0.03045



0.02513



Rp (X cm2)



673.9483



803



443



508.6755



0.61963



0.44104



1.06747



0.76917



0.71844



0.51137



1.23770



0.89183



2



Icorr (A m ) 1



Vcorr (mm y )



A very good correlation can be observed in the NACE and 3.5% NaCl brines. Noise Impedance spectra (Zn) were calculated dividing, at each analysed frequency, the power spectral density (PSD) of the potential by the PSD of the current. PSD values were obtained using the Maximum Entropy Method (MEM) [26]. Figures 10 and 11 compares, in a Bode plot, the impedance data obtained by the EIS technique and the equivalent Zn re-



sults obtained in the EN analysis. The information in these figures corresponds to 1 and 24 hours of the exposure time, in NACE and 3.5% NaCl solutions, saturated with hydrogen sulphide, under static conditions. A good correlation of the information at low frequencies can be observed. 3.6 Polarisation curves Table 2 presents the relevant electrochemical parameters calculated from the polarisation curves in Figures 12 and 13. For the present work, the values in Table 2 were used in all calculations of Vcorr. Figure 12 shows the polarisation curves for X52 steel in NACE and 3.5% NaCl solutions saturated with H2S at static conditions. The calculated corrosion current density (Icorr) is higher in the 3.5% NaCl solution than in the NACE solution, consequently Vcorr has the same behaviour. It is important to note that, the cathodic branches in these polarisation curves have slopes that can not be associated to a pure charge transfer resistance process. This feature suggests a contribution of a mass transfer process on the cathodic kinetics.



Fig. 7. Proposed equivalent circuit for static conditions



Fig. 8. Experimental data (dots) and numerical simulation (continuous line), using the equivalent circuit in Figure 7. X52 steel, at static conditions, 3.5% NaCl solution at the beginning of experiment
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Fig. 9. Corrosion rate (Vcorr), calculated by LPR and EN, against time. X52 steel in NACE and 3.5% NaCl solutions saturated with H2S, 20 8C. S ¼ static condition



Fig. 10. Bode representation of EIS and noise impedance data of X52 steel in NACE solution saturated with H2S, under static conditions, 20 8C. T0 ¼ at the beginning of experimentation; T24 ¼ 24 hours of exposure time
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Fig. 11. Bode representation of EIS and noise impedance data of X52 steel in 3.5% NaCl solution saturated with H2S under static conditions. T0 ¼ beginning of experimentation; T24 ¼ 24 hours



Fig. 12. Polarisation curves. X52 steel in NACE and 3.5% NaCl solutions, saturated with H2S, static conditions



Figure 13 shows the polarisation curves for X52 steel in NACE and 3.5% NaCl solutions, saturated with H2S at 1000 rpm A similar behaviour, as the one observed in Figure 12, is found. The calculated Icorr is higher in the 3.5% NaCl solution than in the NACE solution. It is possible to say that the 3.5% NaCl solution is more corrosive than the NACE solution, at static conditions and at 1000 rpm. It is also important to note that, the cathodic branches of the polarisation curves in Figure 13, have slopes that can not be associated to a pure charge transfer resistance process and the presence of a limiting current density can be observed. 3.7 Surface analyses Figures 14 and 15 show Scanning Electron Microscope (SEM) photographs of the film of corrosion products formed
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Fig. 13. Polarisation curves. X52 steel in NACE and 3.5% NaCl solutions, saturated with H2S, 1000 rpm
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Fig. 14. SEM microphotography of the surface film formed on the surface of the steel immersed in 3.5% NaCl solution after 24 h and EDAX composition spectra of the film in zone 1



Fig. 15. SEM microphotography of the film formed on the surface of X52 steel immersed in NACE solution after 24 h and EDX composition spectra of two zones in the film



on the surface of steel samples, in 3.5% NaCl and NACE solutions, saturated with H2S. Chemical composition was obtained by Energy Dispersive X-Ray analyses (EDX) on selected areas of the film. The EDX spectra show that the two elements with major concentration in the corrosion products layer are sulphur (S) and iron (Fe). These elements constitute the iron sulphur layer formed in H2S environments.



4 Conclusions 1. The electrochemical measurements show that, in general, the corrosion of the X52 steel in 3.5% NaCl solution saturated with H2S, is higher that in the NACE solution saturated with H2S.
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2. In the two test environments (3.5% NaCl and NACE solution), at static and dynamic conditions, the calculated corrosion rate decreases with the increment of exposition time. This behaviour can be attributed to the formation of an iron sulphur film on the surface of the steel. 3. The electrochemical techniques used in this work show that turbulent flow conditions affects the electrochemical corrosion process of X52 steel in H2S containing solutions. 4. Turbulent flow influences the overall corrosion kinetics of the steel samples immersed in H2S containing solutions. 5. As the rotation rate increases both, corrosion potential (Ecorr) and corrosion rate (Icorr) increase. This increment can be associated to a flow dependent cathodic process. 6. The measured anodic process is flow independent.
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7. There is not a clearly defined limiting current on the cathodic branch of the measured polarisation curves. This fact suggests the presence of a flow independent process in the overall cathodic kinetics.
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