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Classic and local analysis of corrosion behaviour of graphite and stainless steels in polluted phosphoric acid
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In phosphoric acid solution (40% H 3 PO 4 ), the corrosion behaviour of graphite and stainless steels was studied by the use of different electrochemical methods, namely polarization curve analysis, electrochemical impedance spectroscopy (EIS) and scanning vibrating electrode technique (SVET). The combined effect of chemical impurities and the increase of medium temperature was studied to approach the real conditions in the process of phosphoric acid manufacturing. It was found that the current density measured by polarization curves increased with the presence of chloride and sulphate ions in the acid solution whatever the tested material. Compared to stainless steels, graphite had the best corrosion resistance in polluted phosphoric acid. However, for graphite the increase of temperature from 20 to 80 • C induced an increase of the corrosion rate and potential and a decrease of the resistance confirmed by EIS results. Subsequently, local currents were detected at the surface of the sample by using the scanning vibrating electrode technique. From the data obtained, graphite surface manifested a distinctive behaviour from that of stainless steels. A generalized corrosion was occurred on graphite whereas a localized corrosion was observed for stainless steels. These results show a clear interest of graphite as component material in some of the equipments of the phosphoric acid industry.

Introduction

In the phosphoric acid industry, the main stages of the wet process phosphoric acid (WPA) manufacture involve the attack of phosphate ore by concentrated sulphuric acid (98%), filtration of the pulp and concentration of acid. This process generates severe corrosion problems of the equipments made of stainless steels and graphite (heat exchangers) due to the aggressiveness of the acid produced [START_REF] Decker | Phosphates and Phosphoric Acid[END_REF].

In our laboratory, several works studied the corrosion of various materials in the phosphoric acid with addition of chemical ions [START_REF] Guenbour | [END_REF][3][4][5] and solid particles (abrasion effect) [6] and sometimes measurements were performed in the industrial phosphoric acid to study the behaviour in a real but complex medium [7]. All these studies were realized by using classic electro-chemical techniques (voltametry, chronopotentiometry), spectroscopic and microscopic observations. Stainless steels proved their good corrosion resistance in acid solutions. It was shown that chloride and sulfide ions accelerated the anodic process by altering passivity and activating the material dissolution rate. This harmfull effect was attributed to the adsorption of ions on the material surface [START_REF] Streblow | Corrosion Mechanisms in Theory and Practice[END_REF][START_REF] Rajeswari | [END_REF][10][11][12][13][14][15][16].

Carbon materials are also very attractive for industrial applications [17,18] due to their chemical and electrochemical characteristics [START_REF] Kinoshita | Carbon Electrochemical and Physicochemical Properties[END_REF]. The corrosion of carbon was studied by many authors [START_REF] Kinoshita | [END_REF][START_REF] Kinoshita | Corrosion Problems in Energy Conversion and Generation[END_REF][START_REF] Janssen | [END_REF][23][24][25][26][27][28]. Kinoshita and Bett [START_REF] Kinoshita | [END_REF][START_REF] Kinoshita | Corrosion Problems in Energy Conversion and Generation[END_REF] reported that the formation of a surface oxide and evolution of carbon dioxide (CO 2 ) occurred during the electrochemical oxidation of different carbons in H 3 PO 4 solution at temperatures up to 135 • C. A protective oxide (graphite oxide) and a surface oxide were found to form when the anodic current was imposed during the electrolysis of carbon electrodes in HCl [START_REF] Janssen | [END_REF].

Classic electrochemical techniques provide average data (corrosion potential, corrosion current, . . .) integrating over a large surface area of the studied material. However, corrosion phenomena are often localized, from where the interest of using local electrochemical analysis.

The scanning vibrating electrode technique (SVET) appears as powerful electrochemical technique to study oxido-reduction reactions in the micro range [29]. This technique is used in situ to measure the current densities on the corroded surface, without altering the corrosion process, nor to change the local environment in the localized corrosion sites, and without influencing the corrosion rate. SVET offer the possibility of mapping variations in current densities at the microscale over metal surface by measuring potential gradients developed in the solution due to the ionic flow. The maps show the spatial distribution of anodic and cathodic zones over a corroding surface and permits to evaluate the area ratio responsible of a global behaviour.

The SVET found a wide range of applications in the study of corrosion phenomena [30][31][32][33]; this technique uses a mobile microelectrode to detect and quantify localised corrosion currents occurring at the metal-electrolyte interface as pitting and crevice corrosion, surface microcracks, weld corrosion, galvanic and intergranular corrosion, corrosion in coated steel samples and deterioration of organic coatings.

The purpose of the present paper is to report on use of the classic and local electrochemical techniques for studying corrosion behaviour of graphite and stainless steels in a phosphoric acid solution and for investigating the influence of the medium temperature (20-80 • C) and the presence of pollutions (Cl -, SO 4 2-). The addition of chloride and sulphate ions was used to mimic the chemical composition of the industrial phosphoric acid and the temperature was increased to 80 • C to approach the conditions at the concentration stage in the manufacturing process. The scanning vibrating electrode technique was specially used to detect the anodic and cathodic current distribution on the surface of the electrodes and then to determine the corrosion type.

Experimental

The materials used in this investigation are graphite impregnated with a fenolic resin and stainless steels Hastelloy G (HG), Uranus B64 (UB64) and Uranus 50 (U50). The chemical composition of the alloys is listed in Table 1. For all measurements, electrodes were mechanically polished using successively thinner grade of emery papers (400-4000 grades), then washed with distilled water and dried with blowing warm air. The exposed area of the specimen was 0.25 cm 2 . Platinum and saturated calomel electrodes (sce) were used as counter and reference electrodes, respectively. The electrolyte used in this study was the phosphoric acid (40% H 3 PO 4 ) without or with addition of 4% of H 2 SO 4 and 400 ppm of chloride ions. In this last case, the solution was called polluted H 3 PO 4 solution.

Anodic polarization curves were drawn potentiodynamically at a scan rate of 0.5 mV/s with a potentiostat/galvanostat EG&G model 263A. A cathodic potential at -0.3 V under the corrosion potential was imposed during 15 min before scanning potential towards anodic values.

A solartron SI 1250 frequency response analyser was used for electrochemical impedance spectroscopy (EIS). EIS diagrams were recorded between 20 and 10 mHz at the open-circuit potential and the ac amplitude was 10 mV. Before impedance test, the specimens were immersed in the electrolyte for 20 min to allow dynamic stabilization.

Local current measurements were performed using the SVET from Applicable Electronics (USA). Pt-Ir microelectrodes (Micro Probe Inc., USA) were black platinised before being used as probe. The diameter of the sphere of the black platinum deposit was about 20 m with a corresponding capacitance of around 40 nF. The amplitude of the vibration used was about 20 m and the vibration frequencies were between 200 and 300 Hz according to X and Z directions. The ASET Software (Science Wares Inc., USA) converted the potential drop measured by the microprobe with Ohm's law into a current density value. The calibration was made thanks to a stainless steel microelectrode used as a punctual current source. The displacement of the microprobe was performed using a motorised and computer controlled XYZ micromanipulator. A video camera was used to image and control the distance between the microprobe and the sample surface. This distance was 100 m and the electrolyte used for all the SVET investigations was dilute chloridric acid solution (1 mM, pH 2.56 and conductivity 9.5 mS/cm). The local analysis was performed at open potential and at room temperature. Before SVET scans, graphite and stainless steel samples were immersed 60 min at open-circuit potential in polluted H 3 PO 4 solution at different temperatures and washed with distilled water. Three treatments were carried out for each electrode, and three measurements were taken at various places of each analysed surface. The data were then treated with Matlab software and the current density was plotted as a three-dimensional surface (the current density measured along the z-axis as a function of the x, y plane). In this format, positive and negative current densities represent anodic and cathodic sites, respectively.

Results and discussion

Behaviour in H 3 PO 4 solution at 20 • C

The polarization curves obtained on graphite and stainless steels in phosphoric acid solution (40% H 3 PO 4 at 20 • C) are illustrated in Fig. 1. The graphite presented a good resistance in the acid medium; the current densities observed on this material were weak (less than 10 -7 A/cm 2 ) until the potential value of 0.5 V/sce. When the anodic potential increased, the current density of graphite increased too, that was attributed to the formation of graphite oxide. It can be considered that the electrochemical corrosion of carbon in phosphoric acid proceeded through the formation of carbon surface oxides in preferred sites [34]. These sites are the edges, dislocations and discontinuities in the layer planes of microcrystalline carbon. At higher anodic potential values, the current increased rapidly with potential and then the anodic oxidation was the sum of many processes: oxidation of graphite electrode, decomposition of graphite oxide to CO 2 and CO and evolution of oxygen.

For stainless steels, it was clearly seen from Fig. 1 that the alloys had a good passive behaviour with a large passivation domain. This behaviour may be attributed to the chemical composition of the alloy rich on Cr, Ni and Mo. At anodic potentials, the formation of Fe, Cr and Ni oxides was expected following the reactions:

Fe + H 2 O → FeO + 2H + + 2e - Ni + H 2 O → NiO + 2H + + 2e - Cr + H 2 O → CrO + 2H + + 2e -
The formation of iron oxide took place through a dissolution-precipitation mechanism in which the formed compound was soluble and started to deposit on the electrode surface, whereas the formation of both chromium and nickel oxides took place by direct nucleation and growth mechanism on the electrode surface. Then, the formation of higher oxidized forms of iron and chromium was expected as well as some thickening of nickel oxide:

2FeO + H 2 O → Fe 2 O 3 + 2H + + 2e - 2CrO + H 2 O → Cr 2 O 3 + 2H + + 2e -
Some authors considered that chromium oxide (Cr 2 O 3 ) was the main passive component of the passive step in the anodic polarisation of SS [35]. Nickel was also able to reduce the corrosion rate and passive current density, and molybdenum addition in stainless steels was known to increase the resistance to localized and pitting corrosion [36]. The role of Ni and Mo in stainless steel at anodic potentials in acid solutions was to stabilise the passive film and to eliminate the active surface sites.

In the medium with high concentrations of phosphoric acid, precipitation of ironphosphate occurred at the interface [37]: PO 4 In these solutions and due to the low oxidative capacity of the stainless steel surface, a porous film formation was expected [38].

6H 3 PO 4 + 3Fe → 3Fe(H 2 PO 4 ) 2 + 3H 2 3Fe(H 2 PO 4 ) 2 → Fe 3 (PO 4 ) 2 + 4H 3
For the three stainless steels, the corrosion rate was about 4 × 10 -7 A/cm 2 for HG, 8 × 10 -7 A/cm 2 for UB64, 4 × 10 -6 A/cm 2 for U50 and less than 2.5 × 10 -8 A/cm 2 for graphite in the same conditions. These values indicated that all the tested materials were very resistant in the phosphoric acid solution with the best behaviour for graphite, then HG (high Ni and Mo contents), UB64 and U50 (lowest Ni and Mo contents).

Influence of impurities

Free potentials at open-circuit were recorded versus immersion time for graphite and stainless steels in the acid solution polluted with chloride and sulphate ions at 20 • C (Fig. 2). The evolution of the curves showed that all the samples may attain a steady-state open-circuit potential after a few minutes of immersion, indicating a good stability of the material/solution system even in the presence of impurities.

Potential values at open-circuit were 0.37, -0.07, -0.11 and -0.30 V/sce for Gr, HG, UB64 and U50, respectively. It can be seen that under the same conditions, the graphite showed a greater value of corrosion potential (more noble) than those of stainless steels. This is due to the greater stability of the graphite surface in contact with polluted acid solution. Also, it may be assumed that at a free potential, the formation of a stable and protective layer was instantaneous on the stainless steel surfaces.

In the polluted acid with chloride and sulphate ions (Fig. 3), current densities on graphite and stainless steels were higher than those reported in Fig. 1. The presence of aggressive ions activated the material surfaces and then accelerated the corrosion rate. The corrosion current value was 2.5 times higher than in acid solution without impurities (10 -6 A/cm 2 for the HG, 2 × 10 -6 A/cm 2 for the UB64 and 10 -5 A/cm 2 for U50). Comparing to graphite corrosion rate (4 × 10 -8 A/cm 2 ) it can be concluded that stainless steels were more sensitive to the polluted acid attack than graphite.

For stainless steels, it was shown that the presence of impurities increased the anodic process. This effect was attributed to adsorption of aggressive ions on the material surface that prevented passivity [39] and accelerated local anodic dissolution. The growth of corrosion zones occurred as a result of an increase in aggressive ion concentration resulting from their migration inside the passive film [15,16].

In concentrated chloride solutions the presence of sulphate ions in the solution strongly increased the graphite anodic corrosion, but it was not noticed in dilute solutions [23]. The corrosion of graphite composite has been investigated by Beck et al. [24] in 1-18 M H 2 SO 4 and 1-12 M HClO 4 . The anodic reaction occurring in this process was the slow oxidation of graphite surface to C COOH, CO and CO 2 . Kokhanov [25] and Krishtalik and co-workers [26] studied the kinetic aspects of these reactions. Their investigations were carried out mostly in phosphate electrolytes where intercalation effects were small and the water (or hydroxyl ion) oxidation reaction predominated. The main product obtained under the anodic polarization was CO 2 in acid solution changing to oxygen in alkaline solution. This review showed that graphite was practically inert in alkaline or neutral solution, however in acidic solution electrochemically corrosion of graphite was observed with CO 2 evolution. 

Influence of temperature on graphite corrosion

Polarization curves of graphite in phosphoric acid solution at 20, 60 and 80 • C are illustrated in Fig. 4. It can be seen that the increase of medium temperature induced an increase in current densities. Corrosion rate is about 2.5 × 10 -8 A/cm 2 at 20 • C and more than 10 -7 A/cm 2 at 80 • C.

The current values were bigger in polluted acid solution when the temperature of the medium increased (Fig. 5). From the data obtained, it was clearly seen that the stability of graphite was seriously disturbed by the increase of temperature up to 80 • C. The corrosion rate increased from 4 × 10 -8 A/cm 2 at 20 • C to 4 × 10 -7 A/cm 2 at 80 • C and the corrosion potential increased to more positive value (0.52 V/sce).

The increase of medium temperature induced an increase in the activity of the aggressive ions adsorbed on the surface, and consequently accelerated the dissolution process and the kinetic of exchange between the electrode surface and the electrolyte.

Temperature effect can be attributed to the appearance of active pores or defects in the graphite surface or to the diffusion of reagent species in the graphite layers. Kinoshita and Bett [START_REF] Kinoshita | [END_REF] investigated the electrochemical oxidation of different carbons in H 3 PO 4 at temperature up to 130 • C. It was reported that two anodic processes occurred: the formation of a surface oxide and evolution of CO 2 . Stonehart evaluated the effects of the electrolyte temperature and concentration, the operating potential, the type of carbon, and the nature of surface treatment on the specific carbon corrosion rates [40]. He found that at a given temperature the corrosion currents increased with higher potentials and at a given potential, the corrosion currents also increased with the temperature.

In order to confirm the electrochemical behaviour of graphite, impedance spectra were plotted at open-circuit potential in the polluted phosphoric acid at different temperatures. At high frequencies, linear curves were obtained in the Nyquist plots (Fig. 6a); these lines were not vertical, which indicated that the equivalent circuit of the system included a resistance in addition to the capacitive component [START_REF] Macdonald | Impedance Spectroscopy[END_REF]. The inclination of the lines was due to the presence of the finite faradaic resistance R f in the equivalent circuit. This resistance is relatively large in the acid solution, because of the little rate of the graphite/electrolyte exchange at the steady-state potential.

Fig. 6b shows that there was a decrease in the total impedance values when the temperature of the electrolyte increased, revealing an increase of the corrosion rate. Indeed, the total impedance at 10 -2 Hz was initially around 15 × 10 4 cm 2 at 20 • C and decreased to value above 4 × 10 4 cm 2 after increasing temperature to 80 • C. This evolution suggested an evolution of the charge exchange between the material and the solution occurring at the surface. The R f value decreased when the temperature of acid medium increased (inclination of the plot was more pronounced) due to the enhanced rate of charge transfer at the interface. This evolution revealed that the corrosion processes became more important.

Local analysis

The scanning vibrating electrode technique was used to map the current distribution on the four materials after immersion in acid solutions. The main objective was to locate the cathodic and anodic regions, to compare corrosion resistance of the materials and then to obtain more information on the corrosion type attack which occurred on the materials surface in polluted phosphoric acid.

SVET scans are presented in Fig. 7. It was observed from the current maps that stainless steel and graphite surfaces reacted differently. After 60 min of immersion, the anodic and cathodic sites were distributed on the surface with different sizes and intensities. The sites of the metal dissolution or the formation of the surface oxides were indicated by the anodic zones (positive Iz), which were adjacent to the sites where the oxygen reduction occurred indicated by the cathodic zones (negative Iz).

Stainless steel surface showed big corrosion attack zones indicating a metallic corrosion activity with an anodic current density which attained 120 A/cm 2 after immersion at free potential in the solution at room temperature (Fig. 7: map A-C). In the corrosive environments containing aggressive anions, passivity of alloys brook down at local points on the surface. At these points, anodic dissolution proceeded whereas the major part of surface remained passive.

Graphite samples showed a quasi-symmetric current distribution between anodic and cathodic sites, with size not exceeded a few tens of ms (Fig. 7: map D). The different sites were arbitrarily dispersed on the graphite surface and illustrated a uniform corrosion with weak current densities (less than 20 A/cm 2 ).

When the samples of stainless steels were immersed in the acid solution at higher temperature (80 • C), bigger current densities were recorded and anodic sites were broader. The anodic activity of the stainless steels gave current density of at the most 120 A/cm 2 at 20 • C and which exceeded 300 A/cm 2 at 80 • C (Fig. 7: map E-G). The increase of temperature was confirmed to accelerate the dissolution kinetic on the metal surface. On the other hand, graphite surface was less affected by the increase of temperature: the current densities remained always moderate, but were also higher than those recorded at 20 • C (Fig. 7: map H). This was due to the increase of exchange rate in the active sites on the graphite surface and consequently the resistance of material decreased.

From all these results, current values recorded by SVET confirmed that graphite had the best resistance toward the acid aggressiveness than stainless steels in this order Gr > HG > UB64 > U50. of stainless steels. This is due to the greater stability of the graphite surface in contact with polluted acid solution. Also, it may be assumed that at a free potential, the formation of a stable and protective layer was instantaneous on the stainless steel surfaces.

In the polluted acid with chloride and sulphate ions (Fig. 3), current densities on graphite and stainless steels were higher than those reported in Fig. 1. The presence of aggressive ions activated the material surfaces and then accelerated the corrosion rate. The corrosion current value was 2.5 times higher than in acid solution without impurities (10 -6 A/cm 2 for the HG, 2 × 10 -6 A/cm 2 for the UB64 and 10 -5 A/cm 2 for U50). Comparing to graphite corrosion rate (4 × 10 -8 A/cm 2 ) it can be concluded that stainless steels were more sensitive to the polluted acid attack than graphite.

For stainless steels, it was shown that the presence of impurities increased the anodic process. This effect was attributed to adsorption of aggressive ions on the material surface that prevented passivity [39] and accelerated local anodic dissolution. The growth of corrosion zones occurred as a result of an increase in aggressive ion concentration resulting from their migration inside the passive film [15,16].

In concentrated chloride solutions the presence of sulphate ions in the solution strongly increased the graphite anodic corrosion, but it was not noticed in dilute solutions [23]. The corrosion of graphite composite has been investigated by Beck et al. [24] in 1-18 M H 2 SO 4 and 1-12 M HClO 4 . The anodic reaction occurring in this process was the slow oxidation of graphite surface to C COOH, CO and CO 2 . Kokhanov [25] and Krishtalik and co-workers [26] studied the kinetic aspects of these reactions. Their investigations were carried out mostly in phosphate electrolytes where intercalation effects were small and the water (or hydroxyl ion) oxidation reaction predominated. The main product obtained under the anodic polarization was CO 2 in acid solution changing to oxygen in alkaline solution. This review showed that graphite was practically inert in alkaline or neutral solution, however in acidic solution electrochemically corrosion of graphite was observed with CO 2 evolution. 

Influence of temperature on graphite corrosion

Polarization curves of graphite in phosphoric acid solution at 20, 60 and 80 • C are illustrated in Fig. 4. It can be seen that the increase of medium temperature induced an increase in current densities. Corrosion rate is about 2.5 × 10 -8 A/cm 2 at 20 • C and more than 10 -7 A/cm 2 at 80 • C.

The current values were bigger in polluted acid solution when the temperature of the medium increased (Fig. 5). From the data obtained, it was clearly seen that the stability of graphite was seriously disturbed by the increase of temperature up to 80 • C. The corrosion rate increased from 4 × 10 -8 A/cm 2 at 20 • C to 4 × 10 -7 A/cm 2 at 80 • C and the corrosion potential increased to more positive value (0.52 V/sce).

The increase of medium temperature induced an increase in the activity of the aggressive ions adsorbed on the surface, and consequently accelerated the dissolution process and the kinetic of exchange between the electrode surface and the electrolyte.

Temperature effect can be attributed to the appearance of active pores or defects in the graphite surface or to the diffusion of reagent species in the graphite layers. Kinoshita and Bett [START_REF] Kinoshita | [END_REF] 

Conclusions

The objectives of this study were to investigate the corrosion behaviour of graphite and stainless steels in phosphoric acid with and without chloride and sulphate ions at different temperatures. The addition of chemical impurities and the increase of the acid temperature, was used to mimic the industrial medium in order to understand the corrosion problems occurs during the phosphoric acid production.

In this paper, information were obtained with different electrochemical techniques. The classic techniques (polarization curves analysis, EIS) permitted to study the corrosion behaviour and to compare the resistance of the materials tested in the acid solution.

Therefore, combining the SVET to the traditional electrochemical techniques for local analysis made possible to study the corrosion process locally, and also to provide data from the corrosion type attack which occurred in the material surface in aggressive environment.

From this study, the following conclusions were:

• Compared to stainless steels, graphite material was more resistant with a low corrosion rate whatever the experimental condition (temperature and pollution). • The presence of impurities as chloride and sulphate ions accentuated the aggressiveness of phosphoric acid. • The increase of temperature induced an increase of the corrosion rate and an increase of the corrosion potential of tested materials. • Impedance measurements showed that graphite had a good resistance in the phosphoric solution in agreement with polarisation curves results and the negative effect of medium temperature was also proved. • The SVET analysis indicated that the corrosion which occurred on graphite was generalised corrosion whereas for stainless steel it was localized corrosion which made graphite an interesting component to be used in industrial process.
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Table 1

 1 Chemical composition (wt%) of stainless steels

	Alloy	Ni	Cr	Mo	Cu	Mn	Si	C	Other
	HG	45.3	21.87	6.35	1.79	1.35	0.34	0.02	Ta: 2.43
	UB64	25.56	20.58	4.67	2.36	1.24	0.72	0.017	W: 4
	U50	8	21	2.5	1.5	2	1	0.03	N: 0.15

Acknowledgements

The authors acknowledge financial support of the Agence Universitaire de la Francophonie (AUF) and the Centre d'Etudes et de Recherches des Phosphates Minéraux, Morocco (CER-PHOS) for alloys and graphite samples.