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Abstract 

In this research C-steel corrosion products are allowed to form in a water-based solution 

containing 1000 ppm of SO4
2−, which simulates a highly corrosive soil. The electrode Fermi level 

was controlled with a three electrodes electrochemical set-up, scanning a potential window between 

the corrosion and the passivation regions. This, combined with in-situ Raman spectroscopy, allows 

to characterise the surface chemistry of the products formed according to the ongoing 

electrochemical reactions. When the potential is held in the stability region of the ionic species the 

surface state of the metal is characterised principally by the presence of lepidocrocite (γ-FeOOH) 

and green rust (GR-SO4
2−). The application of an anodic potential, simulating the effect of a DC 

anodic interference, combined with factors like moisture, presence of oxygen and sulphate ions 

contribute to develop a multicoloured (mix orange-like, yellow and green) mainly amorphous 

reaction product composed by a mix of iron oxide and oxi-hydroxide phases. 

Keywords: in-situ Raman spectroscopy; cathodic protection; corrosion in soil; green rust 

Introduction 

Buried carbon steel pipelines are extensively used infrastructures for the transport and 

distribution of hydrocarbons (as methane and oil) and water. As their corrosion generally implies 

high costs and dangerous inconvenience for the human health, a deep knowledge of the main forms 

of corrosion and how to mitigate them remains a subject of great importance. In order to preserve 

the structural integrity, one of the best choices is to combine a coating, composed by coal tar 

enamel or polymeric material, and a cathodic protection system (impressed current or sacrificial 

anodes). In absence of cathodic protection, corrosion may even occur in the form of a localised 

attack often leading to leakages[1]. Such local attacks may arise from cracks or inhomogeneities in 
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the iron oxide layer permitting an anode to form at the base of the discontinuity and a cathode to 

establish someway over the sample surface. Generally, the anodic and cathodic reactions of C-steel 

buried in an aerated neutral soil can be expressed by Eq. 1 and 2 

2𝐹𝑒 → 2𝐹𝑒2+ + 4𝑒−                     (1) 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−                    (2) 

The driving force of the reaction causes iron cations migration away from the metal and 

accumulation of anions like Cl− and OH− until a cap of corrosion products, mainly composed of 

iron oxides, hydroxides or oxi-hydroxides, may form. Here the metal valence presents a mixed 

+2/+3 character (magnetite or green rust) or even +3 (hematite, lepidocrocite, goethite…) according 

to the oxidising environmental conditions. Among the most important factors affecting the 

aggressivity of the environment moisture, oxygen content, soil resistivity (dependent on dissolved 

salts), temperature, pH and eventual presence of bacteria rule the occurrence of the corrosion attack. 

However, even external factors such as stray currents, originating from AC or DC sources, may be 

relevant for the corrosion kinetics.  

Electrochemical laboratory scale simulations, of the corrosion processes developing on the 

external pipe surfaces, may be afforded recreating the in-service conditions experienced by the 

materials using in-situ collected soil samples[2, 3] or simulating the soil composition according to 

properly designed liquid electrolytes. The latter, for sure, offer a simpler example of ease of 

implementation and availability. According to that Wu et al.[4] investigated the performance of 

Q235 steel in a solution containing NaCl, CaCl2, Na2SO4, MgSO4, NaHCO3 and KNO3 adjusting 

the pH between 3 and 7 with sulphuric acid in order to simulate acid deposits finding a corrosion 

reaction rate first order with the proton concentration. Liu et al.[5] prepared a 0.01 M NaCl based 

soil-simulating solution adding different salts. The author found that the addition of cations 

promoted higher corrosion rates following the order K+>Mg+>Ca2+, while for the anions the 

following rule was validated SO4
2−>HCO3

−>NO3
−. Also Benmoussa et al.[6] prepared a soil-

simulating solution by adding the exact content of ions found in several samples of soil extracted in 

Algeria, finding the sulphate ion as the most concentrated specie. A similar approach was adopted 

by Belmokre et al.[7], using a criterion of soil aggressiveness based on the chloride and sulphate 

content, using higher concentrations for the latter anion. Sulphate salts are often present in ground 

water or feeding water of boilers[8] and are generally recognised to enhance the formation of pits 

over the steel surface, with pit density scaling with the sulphate concentration[9]. Based on those 

analysis and well established the participation of sulphates in the corrosion attack of C-steel, the 
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present study will be devoted to the in-situ characterisation of corrosion products formed on C-steel 

immersed in a soil-simulating solution, containing 1000 ppm of SO4
2−, according to the use of 

Raman spectroscopy. This solution, provided the high humidity, the high sulphate content, the 

corrosion potential of C-steel and the low resistivity (8.285 Ω·m) should simulate a severe soil 

according to the “indices” model developed by Trabanelli[10] forecasting a corrosion rate >0.5 

mm/year. The formation of surface films is investigated both at the corrosion potential (Ecorr), and at 

a more positive value, i.e., +0.5 V/SHE (Standard hydrogen electrode), offering the opportunity of 

studying the surface state of anodic regions of buried structures subjected to stray currents 

originating from stationary or non-stationary sources[11–14]. These conditions may verify if the 

structure of interest interfere with the ground bed of a cathodic protection plant, or as a result of the 

dispersed current coming from a DC traction system. 

Raman spectroscopy is a particularly useful surface technique for the in-situ characterisation of 

film produced according to electrochemical phenomena. Following a similar approach 

Odziemkowski et al.[15] characterised iron films produced in a carbonates based solution held at 

pH=9, finding magnetite (Fe3O4), with Raman signals at 546 and 665 cm−1, and Fe(OH)2 (545 and 

3416 cm−1) as the main species. However, other authors[16] expressed doubts about the consistency 

of the 546 cm−1 band of iron II hydroxide as the brucite like phase presents only lines at 260 and 

407 cm−1. This point of view is more likely as this phase possesses a low Raman scattering cross 

section and because of its intrinsic low thermodynamic stability, causing its conversion to magnetite 

according to the disproportionation reaction [15] in Eq. 3 

3𝐹𝑒(𝑂𝐻)2 → 𝐹𝑒3𝑂4 (𝑠) + 𝐻2 (𝑔) + 𝐻2𝑂(𝑙)                  (3) 

A relatively recent Raman characterisation of iron oxide and oxyhydroxides is reported by de 

Faria et al.[17] who investigated the effect of the artefacts induced by the laser power, finding a 

“safe” compromise using a red laser (633 nm) with an output power over the sample limited to 0.7 

mW. Generally, few studies[18] are present in literature regarding the in-situ Raman 

characterisation of the surface state of iron when immersed in a solution containing sulphates, 

giving also no indication about the laser power delivered to the sample, creating doubts about 

possible interconversions among phases. The ex-situ analysis of corrosion products may preclude 

the opportunity to understand all the intermediate phases and reactions contributing to the formation 

of a final scale of rust. As a result, the present analysis has the aim of unifying the knowledge of the 

iron surface state when the metal is immersed in a soil simulating solution containing sulphates 

only. The goal is reached by performing in-situ Raman spectroscopy, in an electrochemical cell 

containing an aerated solution of 1000 ppm of SO4
2−, using a 633 nm laser with a power delivered 
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to the sample of 0.7 mW. The potential is varied anodically between Ecorr and +0.5 V/SHE in order 

to simulate an anodic interference condition. 

Materials and methods 

All the experiments are performed with circular (diameter 10 mm) C-steel samples with the 

chemical composition shown in Tab. 1.  

Tab.  1 Elemental composition of the C-steel used in the present analysis (values are referred to wt.%). 

C 156 Mn 403 Cr 267 Ni 225 Mo 386 Cu 327 Al 396 Fe 

0.05 0.264 0.081 0.031 0.001 0.018 0.012 Balance 

 

The microstructure of the metal, shown in Fig. 1a, is revealed almost fully ferritic using a Nital 5 

solution (95 %v/v ethyl alcohol + 5 %v/v HNO3).  

 

Fig.  1 a C-steel microstructure and b anodic current density of the steel undergoing DC interference at +0.5 V/SHE. 

Samples are mechanically polished with silicon carbide papers and alumina particles to obtain a 

mirror like surface. Before the electrochemical experiments, samples are cleaned in ultrasound with 

acetone for 10 minutes and then washed in deionised water. After that, samples were immediately 

dried with nitrogen gas to preserve their surface state. All the electrochemical tests are performed 

using a Metrohm Autolab PGSTAT using a 4 ml PTFE 3 electrode cell (ASTM G5[19]) with a 

home-made KCl saturated silver-silver chloride reference electrode (SSCsat.). All potential values 

are then converted with respect to a standard hydrogen electrode (SHE). The experiment is 

performed at a controlled temperature of 21 °C in an aerated solution of 1000 ppm of SO4
2− using 

Na as the cation. The solution conductivity is 8.285 Ω·m with pH = 7. Potential is varied between 

Ecorr (generally lying ~−0.45 V/SHE) and +0.50 V/SHE. In-situ Raman spectroscopy acquisitions 

are performed with a commercial NTEGRA Spectra set-up (NT-MDT), in correspondence of 
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previously mentioned potential values. Raman spectroscopy is performed by employing an 

excitation laser source at 532 nm, having a power of 5 mW. However, adjusting the ND filter at 1.4 

allows the power delivered to the sample to be ~0.7 mW, low enough to avoid relevant phase 

transitions[17]. Crystal structure is characterized by x-ray diffraction using a Philips PW3020 

goniometer with Cu Kα1 radiation (1.54058 Å) performed in Bragg-Brentano geometry. Corrosion 

products are investigated by means of scanning electron microscopy using a Carl Zeiss EVO 50VP 

SEM equipped with a Bruker x-ray spectrometer for chemical microanalysis (EDS). 

Results and discussion 

Immediately after immersion Ecorr stabilises at about −0.45 V/SHE. After few hours the surface 

of the metal starts to cover with orange-like stains of corrosion products as demonstrated by the 

right image, present in Fig. 2, acquired by an optical microscope.  

 
Fig.  2 Ex-situ Raman spectra of sample previously immersed in a 1000 ppm sulphate solution. 

Removal of the sample from the testing solution and ex-situ Raman spectroscopy analysis 

reveals that in both apparently uncorroded and corroded regions, the main spectral features belong 

all to γ-FeOOH (lepidocrocite) with main peaks at 255, 380,1054 and 1307 cm−1. Peak positions 

and relative intensities well agree with Raman spectrum present in several relevant studies[17, 20, 

21]. The feature present at 665 cm−1 cannot be assessed rigorously as it can belong to 

lepidocrocite[20] - even if generally the peak is seen at 650 cm−1- or can describe the more intense 

peak of magnetite (Fe3O4) as well. This is in agreement with the formation of corrosion products of 

iron in oxidising condition. From this preliminary analysis it appears that lepidocrocite is the main 

constituent forming after exposure, in free corrosion condition, to a solution containing sulphates. 
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After the C-steel permanence at Ecorr for 2 h, the in-situ Raman spectra, shown in Fig. 3, present 

substantial differences with respect to previous data. In the low wavenumber region the plot is 

characterized by the overlapping of the peaks related to intermolecular translational vibrations of 

water[22, 23], whose modes are related to hydrogen bonding and additional effects pertaining to the 

surrounding environment[24].  

 
Fig.  3 Raman spectra characterising C-steel at Ecorr and at an anodic potential of +0.5 V/SHE. 

The last two liquid phase related Raman signals belong to the symmetric stretching of free 

sulphate ions (ν1-SO4
2− at ~980 cm−1) and to the bending region of water (~1640 cm−1).Apart from 

γ-FeOOH three features at 215, 433 and 505 cm−1 manifest. According to literature the last two 

lines should correspond to GR(SO4
2−). The peaks at 433 and 505 cm−1 are assigned to the stretching 

of the Fe2+-OH and Fe3+-OH[25]. The ratio of the intensity is very close to unity, suggesting a 

similar amount of hydroxyl ions attached to Fe3+ and Fe2+. On the other hand, difficulties arise from 

the assignment of the peak present at 215 cm−1. According to Simard et al. [25] it should be related 

to the presence of Cl− in GR an hypothesis automatically discarded due to the absence of the latter 

anion in the testing solution. Pineau et al. [26] obtained a GR(SO4
2−) Raman spectrum much more 

similar to the one presented in this study even if the author did not justify the presence of the peak 

around 215 cm−1. Another hypothesis is its relation to lepidocrocite, even if it is unexpectedly 
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higher than the major features present around 255 cm−1. However, the disappearance of the peak at 

high anodic potential demonstrates that probably it describes an Fe2+- related vibrational mode. This 

phase is generally observed in steel structures exposed to seawater or as the corrosion product of C-

steel pipes devoted to water transport. Moreover it is generally recognised to be a source of 

sulphates for sulphates reducing bacteria (SRB)[26]. It is composed by layers of Fe2+/Fe3+ 

oxyhydroxide, retaining an excess of positive charge, alternated by water molecules and SO4
2− ions 

used to restore charge neutrality[26]. Even in seawater where the Cl− to SO4
2− concentration ratio is 

~19, GR(SO4
2−) is more abundant as the structure is more likely to form in presence of divalent 

anions. The absence of GR(SO4
2−) in the ex-situ Raman spectrum, which was subjected to a similar 

immersion history, can be explained by the natural tendency seen for green rust to oxidise in favour 

of lepidocrocite in seawater[25–27]. This study demonstrates that the same effect can spontaneously 

occur in a soil-simulating environment. Moreover, the possibility of performing in-situ 

measurements permits to resolve structures sensible to atmospheric conditions like green rust. After 

150 s of the application of an anodic potential (+0.5 V/SHE) the surface chemistry is practically 

unchanged, apart from few slight modifications, sign that the imposed oxidative conditions require 

some time to modify the electrode composition. Noteworthy is the noticeable increase of the 

normalised intensity of the stretching mode of sulphates correlating with the broadening observed at 

the GR(SO4
2−) peaks at 433 and 505 cm−1. The reasons behind this observation can be twice and 

possibly related to 1) the release of sulphate ions accumulated in between the brucite-like layers of 

GR(SO4
2−)[26] and 2) the accumulation of sulphates according to the anodic electrification of the 

electrode. At this point, also the peak at 665 cm−1 grows in intensity. As this features was previously 

observed in the air exposed sample its presence should not be strictly related to the application of 

the anodic potential but rather to the permanence in the testing solution. Moreover, the fact that it 

grows in intensity irrespectively of the other lepidocrocite peaks should be an indication that this 

feature is describing a vibrational mode related to another phase. Focusing on the anodic current 

density, seen in Fig. 1b, the causes related to its progressively increasing trend may be twice and 1) 

dependent on the increase of surface concentration of sulphates, as demonstrated by Raman and in 

agreement with accepted models[28] indicating a soil aggressiveness proportional to the sulphates 

content, but also 2) as the result of the hydrolysis of the Fe2+ cations, produced by the anodic 

reaction, determining a modification of the surface pH towards lower values. 

Substantial changes start after 650 s of polarisation. In particular, the previously observed peaks 

belonging to GR(SO4
2−) are progressively suppressed in favour of the formation of features related 

to Fe3+ bearing passivation products perfectly in agreement with the Pourbaix diagram shown in the 

insert of Fig. 3. However, given the high spatial inhomogeneity of the corrosion product, the anodic 
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current density still continues to increase in time, as shown in Fig. 1b. Accordingly, hematite, the 

most stable iron ore, and maghemite dominate the Raman spectra[17, 18, 29, 30]. At this point the 

anodic current density starts to decrease only when the surface coverage of stable Fe3+ phases, γ-

FeOOH and δ-FeOOH, reaches high values. A possible observation that should favour the 

assignment of the 665 cm−1 feature to magnetite resides in its fading tendency in relation to the 

external applied potential. In fact, the oxidative condition, imposed by the anodic potential, 

guarantees the conversion of almost all the Fe2+ cations present in magnetite into Fe3+ ions, 

inducing the complete conversion of the spinel structure into γ-Fe2O3. This is plausible as the 

present applied potential is verified to be sufficient for the complete oxidation of Fe2+ cations 

contained in magnetite, presenting a redox potential dependent on the Fe2+/Fe3+ stoichiometric 

ratio[27]. After the permanence in the electrochemical cell at +0.5 V/SHE for 2 h a voluminous 

orange-like scale of corrosion products, formed after 1 h of anodic polarisation and responsible for 

the decrease observed in the anodic current density (Fig. 1b), develops over the metallic material. 

In-situ Raman analysis are presented in Fig. 4, allowing to assess the various layers composing the 

corrosion product. Raman spectrum collected in correspondence of the darker regions shown in the 

insert 1 of Fig. 4 perfectly agree with the spectrum of δ-FeOOH acquired by De Faria et al. [17] 

even if few features belonging to lepidocrocite can still be detected. On the other hand, brighter 

regions of the electrode surface, as in the insert 2 of Fig. 4, present all the previous specroscopic 

features observed for lepidocrocite. To confirm the structural constituents composing the reaction 

products, Raman spectrum 3 is acquired in the insert 3 of Fig. 3 where an evident orange layer of 

lepidocrocite covers the darker layer previously verified to be constituted of δ-FeOOH. 

The simulataneous presence of Fe3O4, γ-FeOOH and GR(SO4
2−) is not new as McGill et al. [31] 

observed their formation upon corrosion of cast iron in water, while Boucherit et al. [32] found GR 

formation in correspondence of pitted regions. 

Consequently the resulting spectrum (3) presents features belonging to both phases, allowing to 

say that the complex rust layer formed according to the present experimental procedure may be 

constitued by a first layer of lepidocrocite in contact with iron, a second layer of darker δ-FeOOH 

surmounted by a valuminous orange-like layer of lepidocrocite. Those phases may be the result of 

hydration of previously detected Fe3+ oxides[33]. Ex-situ analysis are carried out to confirm 

previous Raman observations collected in Fig. 4. SEM micrographs, in Fig.s 5a and 5b, highlight 

several spherically-shaped structures which according to literature[34] should correspond to γ-

FeOOH. Apart from Fe and O elements, which characterise the surface of the sample, no S 

detection results from EDS analysis. This is not strange as also Pineau et al. [26] observed that S 
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tends to accumulate in the intermediate region of the rust layer where the EDS probe can not be 

particularly sensitive. According to SEM micrograph no indication of GR is observed as the latter 

phase generally presents an esagonal platelet like shape[34]. X-ray diffraction analysis confirms the 

presence of lepidocrocite as the main phase covering the electrode surface. No δ-FeOOH can be 

distinguished probably because of amorphicity and overall lower content with respect to 

lepidocrocite. Peaks are very broad and considerably less intense than the one belonging to the 

substrate, sign that the iron oxi-hydroxides have a low degree of crystallinity, compatible with 

observation of others[34]. 

 
Fig.  4 Raman spectra acquired on C-steel after 2 h of polarisation at +0.5 V/SHE in different regions. 

The absence of green rust related peak is justified by the great tendency of this phase to undergo 

fast oxidation leading to the formation of lepidocrocite, magnetite and goethite[26].  

 
Fig.  5 SEM micrographs a and b of C-steel highlighting the corrosion product; c EDS map of Fe (blue) and oxygen 

(green) and d diffractogram of the corrosion products. 
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This demonstrates the great advantage of performing in-situ analysis permitting to detect GR in the 

first instant of its formation. This evidence is also supported by the study of other authors[35] 

observing the formation of GR according to the Fe corrosion in soil presenting O-deficient 

conditions. 

Conclusions 

Sulphate ions are a very common source of iron corrosion when the metal is employed in buried 

applications. Knowing the precise nature of the corrosion products, present over the metal surface, 

and their protectiveness may be of interest for techniques applied to preserve metallic structures like 

cathodic protection. For this aim, in-situ Raman spectroscopy demonstrates to be a useful technique 

for investigating the formation of local surface corrosion products which can be spatially resolved 

according to the use of an optical microscope immersed in the testing solution. According to the 

present experimental procedure the following conclusions can be drawn: 

1. Ex-situ analysis of the corrosion product formed over C-steel immersed in a neutral solution 

containing sulphates allows to distinguish lepidocrocite (γ-FeOOH) as the main phase; 

2. In-situ Raman analysis permits to detect the formation of reactive intermediate products, as 

green rust containing intercalated sulphate anions; 

3. Application of an anodic potential, capable of simulating a condition of anodic DC 

interference, permits to study the time dependent evolution of the surface state of the 

electrode. As a result of the imposed oxidative condition, green rust, magnetite and 

lepidocrocite are initially converted to Fe3+ oxides like hematite (α-Fe2O3) and maghemite 

(γ-Fe2O3). For the first hour of polarisation the anodic current denotes a progressively 

increasing trend found to be related to an increasing surface concentration of sulphate, as 

demonstrated by Raman spectroscopy, and to a lower pH expected by the hydrolysis of the 

iron cation present in solution; 

4. After 2 h of permanence of the sample at +0.5 V/SHE in aqueous solution a complex rust 

layer composed by a first layer of lepidocrocite in contact with the metal, a second darker 

layer of δ-FeOOH and a final voluminous orange-like reaction products of lepidocrocite 

form. This product, responsible to partially decrease the anodic current, is characterized to 

be mainly amorphous, presenting spherically-shaped structures typical of lepidocrocite. 
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