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A B S T R A C T   

An in situ Raman flow loop with flow cell was developed to enable observation of the mackinawite corrosion 
product layer generated in marginally sour environments with traces of oxygen ingress. As a result, the mack
inawite corrosion product layer was found to be oxidized into magnetite in the solution when [O2](aq) > 3 ppb(w), 
which was linked to the pitting initiation of mild steel (API X65) in marginally sour environments. The 2D 
precursor of nano-crystal mackinawite, the chemisorption FeS layer, Sads (Fe), was detected by ex situ Raman 
microscopy.   

1. Introduction 

Understanding the structure and properties of surface layers is of key 
importance in the study of localized corrosion. Understanding mecha
nisms associated with the localized corrosion of steel in oxygen con
taining aqueous solutions has been the topic of a vast body of literature 
over the past century [1–4]. As stated by H. Strehblow: “One of the most 
important developments over the past 20 years in the study of passivity 
has been the application of surface analytical techniques” [5]. Mecha
nisms of localized corrosion of steel in carbon dioxide containing 
aqueous solutions have also received a lot of attention [6]. However, 
research on localized corrosion of mild steel in hydrogen sulfide con
taining solutions is relatively sparse due to the complexity of the 
required experimental methods due to the toxicity of H2S. Therefore, a 
lot of work remains to be done on understanding the role of corrosion 
product layers formed in sour environments relating to localized 
corrosion. 

In O2 containing aqueous solution, the layer growth begins after the 
adsorption of O2 on the steel surface. Usually, the thickness of the oxide 
layer is less than 100 nm. If these oxides films have semiconducting 
properties, as for the oxides of Fe, Cr, Ni, and Cu, they will grow only up 
to a few nanometers in thickness [7]. For example, the thickness of the 
passive film on stainless steel is usually up to only 5 nm [8]. The study of 

this type of nano-scale films carries a lot of analytical challenges as very 
specialized techniques must be used. X-ray photoelectron spectroscopy 
(XPS) [9], secondary ion mass spectrometer (SIMS), extended X-ray 
absorption fine structure (EXAFS), Auger electron spectroscopy (AES) 
[10] and scanning tunneling microscope (STM) [11] are typically 
needed to identify passive layers and study their structures. Oxide layers 
are also often examined in cross-section analysis using transmission 
electron microscopy (TEM) enabling direct visualization of the layer. 

It has been noted that the as-characterized passive layer structure 
could be different following ex situ and in situ materials analysis pro
cesses. This is because post-processing of the specimen (drying process, 
exposure to air) can lead to structural changes to the layers. For 
example, Bockris and co-workers [11] reported, using a transfer device 
for Auger analysis, that the passive film on iron is composed of Fe(OH)2, 
forming a polymeric layered structure. O’Grady [12] used in situ 
Mössbauer spectroscopy to examine both in situ and “dried” (i.e., ex situ) 
passive films. The in situ films consisted of chains of iron atoms con
nected by dioxy and dihydroxy bonds, further linked by water. However, 
the film changed to more closely resemble γ-Fe2O3 upon removal from 
the passivating medium and upon drying and aging. 

In CO2 environments, a FeCO3 precipitation layer can typically reach 
several tens of microns in thickness, plus incorporate residual Fe3C in
side. These layers are easily visible in cross section analysis under SEM. 
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However, their degree of protectiveness has been linked to the presence 
and characteristics of a thin layer of oxide formed on the metal surface, 
rather than being ascribed to the presence of a thicker FeCO3 layer. FIB- 
TEM analysis was required to make this observation [13]. 

In sour environments (H2S/CO2), study of the structure and prop
erties of corrosion product layers is much more complicated because of 
the potential for numerous FeS polymorphs to co-exist as well as because 
of the complications associated with sulfur chemistry. A large body of 
knowledge does exist, derived from geochemistry research, particularly 
that related to the formation of mackinawite (FeS)/troilite (FeS)/pyr
rhotite (Fe1-xS) as well as the S2

2– containing mineral pyrite (FeS2). Pyrite 
typically forms at high H2S pressure and high temperature [14]. Its 
conductivity has been used to explain the occurrence of localized 
corrosion and galvanic coupling between pyrite and steel [15]. Pyrite is 
the thermodynamically most stable product of several formation and 
transformation reactions involving mackinawite, greigite, troilite, and 
pyrrhotite [14]. On the other hand, mackinawite is often found to be the 
initial (kinetically favored) iron sulfide corrosion product forming on 
the substrate surface under most conditions [16]. Localized corrosion 
was also found at low H2S partial pressure and low temperature 
[17–20]. Therefore, studies considering mackinawite, instead of pyrite, 
are crucial in understanding localized corrosion mechanisms in low 
temperature and low H2S partial pressure environments. However, this 
is quite challenging because of the following aspects:  

1) Mackinawite is unstable and easily oxidized during post-processing.  
2) Freshly formed mackinawite is usually amorphous or nanocrystalline 

[21], which can lead to misidentification using typical 
diffraction-based techniques.  

3) Mackinawite formed as corrosion product layer can be very thin at 
low temperature and low H2S partial pressure, which can add to the 
difficulty of the analysis, especially when the substrate is actively 
corroding underneath.  

4) The precursor or first few layers of mackinawite, which is formed by 
chemisorption (Sads(Fe), [22]) is very difficult to detect using com
mon analysis techniques.  

5) The co-existence of other corrosion products or residual phases, such 
as iron oxides, iron carbide, and iron carbonate all increase the 
complexity of the analysis. 

Therefore, it is necessary to find a suitable, preferably in situ, 
analytical tool to facilitate the study of localized corrosion in sour en
vironments, especially when H2S content is small (e.g., in marginally 
sour environments [17]). 

Oxidation of mackinawite in the air at room temperature can readily 
occur, although it is logically not as fast as at higher temperature. 
Studies have reported only partial oxidation of mackinawite into 
another phase [16]. Therefore, if the layers of interest are thick enough 
(for example, if they are formed at comparatively higher H2S partial 
pressure), scanning electron microscopy/energy dispersive X-Ray spec
troscopy (SEM/EDS) and X-ray powder diffraction (XRD) can give 
satisfactory results and provide the correct phase identification infor
mation. XPS only provides information about the top several layers of 
atoms, consequently, XPS spectrum can provide information about 
surface oxidation of mackinawite. Cross-sectional analysis using the 
focused ion beam technique combined with transmission electron mi
croscopy (FIB-TEM) could offer information about the entire layer. If 
further combined with selected area electron diffraction (SAED) and 
process electron diffraction (PED), phase identification is enabled, pro
vided that the layer thickness is greater than 100 nm [18,19]. However, 
if the outer layer of mackinawite has been oxidized, no ex situ analysis 
could determine if the oxidation occurred due to the experimental 
environment or due to post processing. Therefore, in situ Raman spec
troscopy is an appealing technique since:  

1) Raman spectroscopy is relatively simple to use and does not require 
vacuum.  

2) The applied incident laser light can transmit through several types of 
transparent media, such as air, water, glass, and plexiglass or any 
other transparent plastics (e.g., acrylic, polyethylene, polypropylene, 
polycarbonate), without significant losses.  

3) Both crystalline and amorphous materials can be detected by Raman 
shift responses.  

4) Species in aqueous solution can also be detected by confocal Raman 
spectroscopy if the concentration is higher than the detectable 
threshold [23,24]. 

These characteristics make in situ Raman spectroscopy a very 
promising analytical tool for the study of corrosion product layers 
formed at low H2S pressures and low temperature. This is especially 
adaptable to marginally sour environments that have fewer safety- 
related complications but result in extremely thin, albeit complicated, 
corrosion product layers that are difficult to be identified. A properly 
designed system enables the Raman laser signal to go through the 
aqueous solution and the transparent reactor window to arrive at the 
surface of interest, interact with the surface layer structure, and then 
scatter back to the detector. Although the freshly precipitated mack
inawite was usually nanocrystalline or “amorphous”, the characteristic 
Raman peaks can be detected [25,26]. 

However, the corrosion product layers formed in the marginally sour 
environments may contain several phases; their responses to the Raman 
signal must be considered and differentiated if an effective spectrum 
with characteristic peaks is desired. For example, carbonyl groups usu
ally have one very strong peak at Raman shift round 1300 cm− 1, 
therefore FeCO3 can be detected by this characteristic peak [27]. Iron 
oxides have multiple close peaks, but these peaks are not overlapping 
with each other. Therefore, they can be differentiated from one another. 
Fe3C displays a plateau with double peaks at around 1100 cm− 1 [28,29]. 
Both iron sulfides (e.g., mackinawite, pyrite) and elemental sulfur are 
weak Raman scatterers; this makes their identification a challenge. This 
present work described the design and development of an in situ Raman 
cell and addressed these issues mentioned above about the proposed 
identification of phases formed during the corrosion process. The work 
also logically focuses on corrosion product layers formed in marginally 
sour environments. 

2. Experimental setup and procedure 

2.1. Experimental equipment 

A Bruker confocal Raman microscope SENTERRA II was used in the 
experimental work. A × 10 objective with 7 mm focal length, a ×50 
objective with 1 mm focal length, and a ×50 objective with 10 mm focal 
length were used for calibration with mineralogical specimens, ex situ 
analysis and in situ spectral acquisition, respectively. A He–Ne laser of 
514 nm wavelength with 25 mW output power and 732 nm wavelength 
with 100 mW output power at backscattering mode was applied for each 
analysis. The confocal pinhole diameter was of 25 × 100 μm. Raman 

Fig. 1. 2D design sketch of the 3D printed in situ Raman flow cell 
(IRFC) reactor. 
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spectra were first collected in the spectral region of 80 ~ 4000 cm− 1 

with a resolution of 4 cm− 1, then at 80 ~ 1600 cm− 1 with a spectra 
resolution of 1.5 cm− 1 at a different spot on each sample. Spectral ac
quisitions required five accumulations for a good signal-to-noise ratio. 

The in situ Raman flow cell was designed as shown by the 2D sketch 
in Fig. 1, which displays a cross section of the reactor. The specimen was 
fixed in the center of the reactor, with the fluid flowing through the 
reactor. The 3D sketch drawn by Solidworks is shown in Fig. 2. The 
specimen was inserted into a gas-tight 3D printed plastic enclosure with 
a sapphire window. The idea was based on the fact that glass is trans
parent under the Raman signal (laser). 

The in situ Raman flow loop was designed based on the sketch shown 
in Fig. 3. The in situ Raman flow cell (IRFC) reactor was connected with 
two reservoirs of aqueous solutions with detachable connectors and 
three-way valves. The flow loop could be switched between 1) the 30 ◦C, 
pH 5.01 ± 0.01, 0.97 bar CO2 and 0.04 mbar H2S saturated 1 wt.% NaCl 
solution; and 2) the nitrogen saturated deionized water at 30 ◦C. Pictures 
in Fig. 4 show the finished in situ Raman flow loop and cell. 

2.2. Experimental procedures 

The entire flow loop was rinsed with deionized water before each 
experiment. Two-liter 1 wt.% NaCl solution was introduced into the 
system with a continuous sparging of analytical pure grade CO2 gas at 30 
◦C under atmospheric pressure. Mixing was achieved by a rotating pedal 
at a speed of 300 rpm. Na2CO3 was added to adjust the solution to pH 5 

Fig. 3. P&ID of the designed in situ Raman flow loop.  

Fig. 4. Pictures of the in situ Raman flow cell & flow loop.  

Fig. 2. In situ Raman flow cell (IRFC) reactor 3D sketch.  
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Fig. 5. Using methylene blue as an oxygen indicator to test cell tightness (Thyphoon7979 (https://commons.wikimedia.org/wiki/File:Complete reactions of blue 
bottle experiment.png), https://creativecommons.org/licenses/by-sa/4.0/legalcode) (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 

Fig. 7. Calibration of IRFC with calcite mineral standard sample (×10 objective).  

Fig. 6. The sealing capacity of the IRFC.  
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and kept around 5.01 ± 0.01 by an automatic titration system. Dissolved 
O2 concentration was monitored continuously by a HACH® Orbisphere 
510 oxygen meter. After two hours of sparging of CO2, an H2S/CO2 gas 
mixture was added in to get a partial pressure of H2S of 0.04 mbar. Four 
12 mm × 12 mm × 2 mm API X65 steel specimens with a surface finish 
of 600 grit was loaded after [O2](aq) <10 ppb(w). The specimen in the in 
situ Raman flow cell was connected into the flow loop at the same time. 
As the valve to the flow cell was turned on, the dry steel specimen inside 
the flow cell was flooded by the deoxygenated solution immediately. 
The corrosion experiment began. The in situ Raman flow cell shall be 
disconnected when measurement was needed. 

3. Results and discussion 

3.1. Seal test of the IRFC 

Methylene blue as an oxygen indicator was used together with 

glucose to test whether oxygen ingress could occur inside the Raman cell 
after it was disconnected from the flow loop. The redox reaction, which 
induces the color change, is shown in Fig. 5 [30]. 

As shown in Fig. 6, the methylene solution is originally blue in color. 
After being heated to above 40 ◦C, it is reduced into a colorless anoxic 
solution. The solution would only turn blue if exposed to oxygen. During 
operation, the solution remained colorless for at least one day. The 
threshold of color change for methylene blue is measured to be 1.3 ppm 
by a HACH® Orbisphere 510 oxygen meter at the gas outlet incorpo
rated in the experimental setup. It is understood that this method is 
rather crude since it cannot detect dissolved oxygen content below 1.3 
ppm. However, it constituted an initial pass/fail method to validate the 
cell design. 

3.2. Calibration with minerals of known structures 

Bulk mineral specimens of known crystalline identity were 

Fig. 8. Calibration of IRFC with pyrite.  

Fig. 9. Raman spectra of standard Na2SO4 solution of various concentrations showing the characteristic peak of Na2SO4 detectable above 0.01 mol/L.  
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introduced into the Raman cell to verify that they could be successfully 
identified during normal operating conditions. The cell was first tested 
with calcite because calcite has a hugely prominent intense peak of a 
carbonyl group (C––O in carbonate), which is expected to be easily 
detectable through a sapphire lens, given the consideration that sap
phire itself might contribute to the background signal on the Raman 
spectrum under lower magnification objective with a longer focal 
length. The calibration result by ×10 objective is shown in Fig. 7. From 
bottom to top: the first (a) and second (b) spectra are reference data of 
calcite and corundum (sapphire window), respectively, from the 
RRUFF™ database (American Mineralogist Crystal Structure Database); 
the third spectrum (c) is commercially available calcite mineral in air, 
directly exposed to the laser; the fourth spectrum (d) is calcite inside the 
IRFC; the fifth spectrum (e) is with deionized water injected into the 
IRFC with the calcite. The fourth spectrum (d) shows that both the lens 
and the sample signal were picked up in the spectrum when the ×10 
objective was used. With the two characteristic peaks of corundum near 
400 cm− 1 and 600 cm− 1 labeled and subtracted, the Raman spectrum 
appears just as it would without the lens. The fifth spectrum (e) shows 
that water does not add extra peaks below a Raman shift of 1300 cm− 1, 
where the inorganic bond movement relating to corrosion products and 
scales is located. Since the focusing length of the ×10 objective is ca. 7 
mm in this case, the optical system failed to focus on the different hor
izontal heights. Therefore, the structural information from the lens, the 

sample, and the media in between were combined in one spectrum. If an 
objective of higher magnification and longer working focal length is 
applied, and the confocal function at different heights is enabled, the 
sample information could be separated from the media and the lens. 

After calibration with calcite, which takes advantage of strong in
tensity of the signal, pyrite was tested to check for smaller signal in
tensity (compared to corundum) and whether Raman fluorescence 
would be a concern of the IRFC. The calibration result is shown in Fig. 8. 
From bottom to the top, the first (a) and second (b) spectra are refer
ences from the RRUFF™ database of pyrite and corundum, respectively; 
the third spectrum (c) was acquired from a commercially available py
rite mineral in air, directly exposed to the laser; the fourth (d) spectrum 
was pyrite inside the IRFC; the fifth (e) spectrum was acquired after 
deionized water was injected into the IRFC with the pyrite. Although the 
peak intensity of pyrite was small compared with that of corundum, as 
shown in the fourth spectrum, a very good focus facilitated by water 
made it detectable, as shown in the fifth spectrum. Pyrite is not as easily 
oxidized in air near room temperature as has been stated elsewhere 
[31], nor was it oxidized immediately after being in contact with water 
in air. 

3.3. Detection of sulfate species with in situ Raman 

As shown above, the Raman cell showed promising results with 
identifying bulk minerals bulk. It can also be used to detect specific 
chemicals present at small concentration in a solvent. This is of prime 
interest for the research reported in this H2S corrosion related work 
since it could potentially be used to detect products of H2S oxidation (i.e. 
sulfate species). Consequently, a series of a calibration tests were per
formed to explore the resolution limit for SO4

2− detection. As shown in 
Fig. 9, different concentrations of Na2SO4 could influence the intensity 
of its characteristic peak near 980 cm-1 [32]. However, the detection 
limit for Na2SO4 is 0.01 mol/L, which may be too high to be truly useful. 
For instance, water chemistry calculation shows that at baseline condi
tion (30 ◦C, 1 wt. % NaCl, pH 5.01 ± 0.01, 0. 97 bar CO2 and 0.04 mbar 
H2S), the HCO3

– concentration is 0.002 mol/L, and the dissolved H2S 
concentration is 3.7 × 10-6 mol/L. Therefore, it is unlikely that sulfate 
solute will be detected in in situ Raman spectra in the sour corrosion 
experiments. Although there is 0.17 mol/L NaCl in the solution, neither 
Na+ nor Cl– can be detected by Raman spectroscopy as they are simple, 
rather than polyatomic, ions [24]. NaCl could affect the position of 
H2O’s characteristic peak near 3500 cm-1, but this information is not 
helpful in corrosion studies. 

3.4. Possible oxidation products of mackinawite 

Raman spectroscopy uses an inelastic scattering of monochromatic 
light to detect vibrational, rotational, and other low-frequency modes. 

Table 1 
Reported Raman peak positions for mackinawite and other relevant iron sulfur- 
containing phases.  

Compound Composition 1st 

peak 
2nd 

peak 
3rd 

peak 
4th 

peak 

Nanocrystal Mackinawite 
[26] 

FeS 208 282   

Amorphous Mackinawite 
[37] 

FeS 214 282   

Amorphous Mackinawite 
[38] 

FeS 218 281 395  

Oxygen Pre-corroded 
Mackinawite [42] 

FeS 254 302 362  

Mackinawite (This work) FeS 218 284 395  
Pyrrhotite [43] Fe(1-x)S 326 376   
Greigite [44] Fe3S4 248 345   
Goethite [45] α-FeO(OH) 300 390   
Lepidocrocite [26,46] γ-FeO(OH) 250 380 525  
Magnetite [47] Fe3O4 297 523 666  
Hematite [48,49] Fe2O3 223 289 404 1310 
Maghemite [50] Fe2O3 377 510 670 715 
Cementite (Cohenite) 

[51] 
Fe3C 1360 1580   

Elemental sulfur [52] S8 154 220 473  
Siderite [53] FeCO3 188 290 732 1087  

Fig. 10. SEM analysis of the thick mackinawite layers.  
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Fig. 12. Ex situ Raman spectra of the 3 μm thick mackinawite/pyrrhotite corrosion product layer and comparison with RRUFF data.  

Fig. 11. XRD analysis of the layer showing both mackinawite and pyrrhotite.  

Fig. 13. TEM images of the cross section cut out by FIB from the specimen of pH 5 and pH 6 experiments (30 ◦C, 0.97 bar CO2, 0.04 mbar H2S, X65, 1 wt.% NaCl, 300 
rpm, 7 days, [O2]aq =20 ppb(w).). 
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One of the unique merits of this method is that Raman spectroscopy can 
be applied through water and through glass, which makes analysis of the 
material through a specialized holder possible. It is understood that 
mackinawite is vulnerable to oxidation in air, especially considering 
laser heating effects, as well as traces of dissolved oxygen in the H2S 
aqueous solution. However, ex situ Raman spectroscopy cannot tell 
whether the oxidation of mackinawite happened during the corrosion 
tests or post-processing [19]. Therefore, the optimal option is to apply in 
situ Raman spectroscopy in an anaerobic environment to prevent 
oxidation. 

There are many possible oxidation products of mackinawite and it is 
worth investigating what phases could be expected. Reported oxidation 
products of mackinawite include greigite [33,34], elemental sulfur, 
magnetite [26,35], goethite (α-FeO(OH)), and lepidocrocite (γ-FeO 
(OH)) [25]. Greigite was deemed as an intermediate oxidation product, 
which converts into oxides and elemental sulfur over a period of time 

[35]. In addition, hematite (α-Fe2O3) and maghemite (γ-Fe2O3) have 
been reported as oxidation products of mackinawite [25]. It has been 
found [26] that mackinawite oxidation does not necessarily mean that a 
new phase will be detected. Fe (III) has been reported to incorporate into 
the tetrahedral sites of mackinawite [36] and will not be detected as a 
new phase if its content is lower than 20 % [37]. 

One of the challenges facing this study is that the standard database 
of iron sulfides for Raman spectra is in places sparse and incomplete. 
Generally speaking, the nanocrystalline [26], amorphous [37,38], or 
partially oxidized mackinawite [26,39] all have distinct peaks, shifted 
peaks, or broadened peaks as compared to a well-crystallized mack
inawite [26]. Typical Raman shift peak positions for mackinawite and its 
oxidation products are summarized in Table 1. According to Bourdoi
seau et al., [26], freshly synthesized nanocrystalline mackinawite has 
two peaks, one at 208 cm–1, which corresponds to its lattice mode [40]; 
and another at 281~298 cm–1, which is the symmetric stretching mode 

Fig. 14. XPS results—the elemental composition of the corrosion product layers.  

Fig. 15. XPS spectra of X65 specimens exposed to the pH 6 condition (X65, 30 ◦C, 0.04 mbar H2S and 0.97 bar CO2, pH 6.01 ± 0.01, 1 wt.% NaCl, 300 rpm, 7 days).  

W. Zhang et al.                                                                                                                                                                                                                                  



Corrosion Science 188 (2021) 109516

9

of FeS [26]. Further, the degree of crystallinity will change the latter, not 
the former. The 208 cm–1 peak shifts to 214~218 cm–1 in amorphous 
mackinawite, and even shifts to 254 cm–1 in the case where the spec
imen is first pre-corroded aerobically before sulfide is added. However, a 
careful comparison between some of the in situ Raman spectra [25,26] 
with other ex situ Raman spectra [37,38,41] reveals that hematite is 
commonly mistakenly labeled as mackinawite. Simply put, any “mack
inawite” spectrum that includes peaks other than 208 cm–1 (1st peak in 
Table 1) and 282 cm–1 (2nd peak in Table 1), like 395 cm–1 (3rd peak in 
Table 1) or 1310 cm–1 (4th peak in Table 1), does not identify mack
inawite but is representative of its oxidation. 

3.4.1. Ex situ Raman spectra of thick mackinawite/pyrrhotite layer formed 
at high H2S partial pressure 

Ex situ Raman spectroscopy was used to analyze both thick and thin 
layers in order to verify if the corrosion product layers have been 
oxidized after being retrieved from the reactor and dried. Later, it will be 
compared with the in situ Raman spectra. 

First, a thick FeS layer formed on C1018 steel and prepared at 80 ◦C 
under 2 bar H2S, pH 4.0, 1 wt.% NaCl for 2 weeks, was analyzed by ex 
situ Raman spectroscopy. Fig. 10. shows the thickness of the layer is 
about 3 μm (a), with scattered pyrrhotite crystals on top of mackinawite 
(b). 

Fig. 11 shows the XRD analysis of the layer confirming both mack
inawite and pyrrhotite were present. This analysis was performed 
immediately after the specimen was retrieved from the reactor. There
fore, no sign of oxidation was found. 

Fig. 12 compares two Raman spectra of the corroded C1018 steel 
specimen with a 3 μm thick mackinawite/pyrrhotite layer, with related 
RRUFF™ database spectra. This specimen was the same one that was 
characterized by XRD but was exposed to air for a significant time before 
Raman analysis was performed. Both mackinawite and hematite were 
identified in the Raman spectra, although mackinawite seemed to be 
dominant. Here the mackinawite qualitatively corresponds to the bulk of 
the layer composition. However, the pyrrhotite crystals could not be 
detected by Raman analysis, possibly because they were too scattered on 
the surface and because the location of the analysis missed them; Raman 
microscopy (laser spot size 0.5 ~ 10 μm) yields spectra from an area 
orders of magnitude smaller than XRD (spot size > 20 μm). 

3.4.2. Ex situ Raman spectra of thin mackinawite layers formed at low H2S 
partial pressure 

The analysis was repeated ex situ on a much thinner layer. Two 
experimental conditions were chosen: 1) 30 ◦C, pH 5.01 ± 0.01, 0.97 bar 
CO2, 0.04 mbar H2S, 300 rpm stir bar, 7 days, [O2](aq) ≈ 20 ~ 40 ppb(w); 
2) 30 ◦C, pH 6.01 ± 0.01, 0.97 bar CO2, 0.04 mbar H2S, 300 rpm stir bar, 
7 days, [O2](aq) ≈ 20 ~ 40 ppb(w). The corrosion product layers formed 
under these two conditions were typically porous, existing as a ca. 200 
nm thick mixture of iron sulfide and iron oxide. Neither XRD nor SAED 
could provide precise diffraction patterns of these nanolayers [18]. 
SAED could identify the outer layer at pH 6 as magnetite, the inner layer 
was mistakenly matched with Fe0.91S [18]. PED made the correct 
diffraction mapping match as mackinawite (FeS) [18]. Fig. 13 summa
rizes these layers’ structural information and compares them. 

Besides TEM-EDS, XPS was also applied to the specimen generated at 
the pH 6 condition (X65, 30 ◦C, 0.04 mbar H2S, and 0.97 bar CO2, pH 
6.01 ± 0.01, 1 wt.% NaCl, 300 rpm, 7 days). As Fig. 14 shows, Fe, S, O, C 
are the elements of concern. Fig. 15 shows that iron sulfide and oxide 
were detected, which agrees with the FIB-TEM results. Both Fe 2p and O 
1s confirmed the existence of Fe2O3 and Fe3O4. As for S 2p, the result 
suggests that S2− has been oxidized. However, the valence states of the 
oxidation product cannot be confirmed: it could be S-, S◦ or SO4

2− . The 
problem is that if FeS, FeS2, FeSO4 were added into the peak fitting in Fe 
2p, a fit of the sum of the peaks can be achieved almost all the time, 
especially given the broadening of the Fe 2p3/2 and sp1/2 peaks. More
over, C 1s shows the sign of potential coexistence of FeCO3 and Fe3C in 
the corrosion product layer. 

The peak fitting results in Fig. 15 were based on the literature 
binding energies listed in Table 2. It is easily detectable that binding 
energies for some compounds are very close to each other. That is the 
reason why a fit can be easily achieved with multiple possibilities. 
Although characteristic peaks of different elements in the same com
pounds can be compared with each other to enable a mutual confir
mation, it is still difficult to make sure the fingerprint of each compound 
is fully determined. 

The sampling depth of the XPS is very limited compared with FIB- 
TEM. Therefore, the sample could not be plated with any protective 
layer such as Au or Pd for preservation before transferring to the XPS 
sampling chamber. Although the samples had been sputtered to remove 
contamination, whether this procedure was completely effective to 
remove ex situ oxidation products is unknown. Consequently, whether 
the oxyhydroxide or oxide was generated in situ or ex situ cannot be 
unequivocally determined with this method. Therefore, XPS is not an 
ideal tool in terms of layer analysis in sour corrosion studies when 
specimen oxidation is expected. 

In Fig. 16, the Raman spectra of both pH 5 (baseline condition) and 
pH 6 specimens were compared with the RRUFF database spectra of all 
the possible oxidation products of iron sulfides. The curve (f) is the 
Raman spectra of a corroded X65 steel specimen with a 200 nm porous 

Table 2 
Binding energies for compounds found on the surface of corroded mild steels.  

Compound Fe 2p S 2p O 1 s C 1 s  

Fe 2p3/2 Fe 2p1/ 

2 

S 2p3/2 S 2p1/2   

Fe2O3 709.90 
[54] ~ 
711.60 
[55] 

724.00 
[56]   

529.50 
[57] ~ 
531.95 
[58]  

Fe3O4 708.10 
[59] ~ 
711.40 
[60] 

723.50 
[56]   

529.10 
[61] ~ 
530.70 
[62]  

FeOOH 711.00 
[60] ~ 
711.80 
[63] 

724.30 
[56]   

530.10 
[59] ~ 
531.80 
[60]  

FeS 710.30 
[64], 
712.20 
[65], 
713.60 
[66]  

160.80 
[67], 
161.40 
[65]    

FeS1.15    162.23 
[68]   

FeS2 706.60 
[65] ~ 
708.60 
[69]  

162.20 
[70], 
162.80 
[71], 

163.50 
[72]   

S8   163.60 
[71], 
164.00 
[73]    

FeSO4 713.60 
[66]  

168.70 
[74], 
168.80 
[66]  

532.30 
[74]  

Fe2(SO4)3   168.00 
[59], 
169.10 
[74]  

531.60 
[74], 
532.20 
[59]  

FeCO3      289.40 
[75] 

Fe3C 708.10 
[76]     

283.60 
[77], 
283.90 
[76] 

C-O-C      286.00 
[78]  
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corrosion product layer, according to FIB-TEM analysis. A possible 
combination of mackinawite and hematite fits spectrum (f), because: 1) 
the first peak of curve (f) from the left could be explained by an overlap 
between 218 cm− 1 (mackinawite) and 223 cm–1 (hematite, Fe2O3); 2) 
the second peak of curve (f) could be an overlap with mackinawite at 
282 cm–1, hematite at 289 cm–1, and goethite at 298 cm–1; 3) plateaus 
near the Raman peaks at 404 cm–1 and 1310 cm–1 belong to hematite 
only. On the other hand, only magnetite can be identified in the 
“baseline pH 5′′ spectrum (e) by the peak near 666 cm− 1, which in
dicates the mackinawite has been oxidized. The mackinawite peaks 
failed to be detected on spectrum (e). Again, this agrees with the pre
vious findings based on TEM (Fig. 13) that the baseline corrosion 
product layer was very thin and porous; the uneven surface of this layer 
returns weak signals. Compared to the layers formed at pH 5, the 
morphological features formed at pH 6 seem more ordered, which 
echoes the TEM-SAED findings (Fig. 13) once again. However, it is 

noteworthy that the mackinawite formed at pH 5 was oxidized into 
magnetite, while the similar layer formed at pH 6 was oxidized into 
hematite. 

3.4.3. Oxidation route of mackinawite in the air (converted from magnetite 
to hematite with time) 

In order to determine the oxidation route of mackinawite, another ex 
situ Raman analysis (Fig. 17) was performed on a freshly retrieved and 
dried specimen from a corrosion experiment at the baseline condition 
(30 ◦C, pH 5.01 ± 0.01, 0.97 bar CO2, 0.04 mbar H2S, 300 rpm stir bar, 7 
days, [O2](aq) ≈ 20 ~ 40 ppb(w)). This first scan (a) of this specimen 
shows that the mackinawite in the layer had not yet been oxidized; the 
second scan performed 20 min later on a different spot shows that the 
mackinawite had been partially oxidized into magnetite; while the third 
scan performed 40 min later on another spot suggests that the mack
inawite was finally converted into hematite. Therefore, the oxidation 

Fig. 16. Ex situ Raman spectra of the thin mackinawite corrosion product layer and comparison with RRUFF data.  

Fig. 17. Oxidation of mackinawite with time measured with a Raman microscope (laser excitation line 532 nm, power 25 W, the specimens were corroded at 30 ◦C, 
pH 5.01 ± 0.01, 0.97 bar CO2, 0.04 mbar H2S, 300 rpm stir bar, 7 days, [O2](aq) ≈ 20 ~ 40 ppb(w)). 
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route of mackinawite in the air appears to be as follows: mackinawite 
-(arrow)- magnetite -(arrow)- hematite. 

3.5. In situ test result on precipitated mackinawite layer 

Since mackinawite is extremely sensitive to oxidation in post- 
processing (drying process and storage), as shown by previous studies 
on thick, thin and freshly retrieved corrosion product layers (Figs. 12, 
16, and 17), in situ Raman is probably the only way to show the original 
status of the mackinawite corrosion product layers in marginally sour 
corrosion. Therefore, a 7 day corrosion experiment was performed at the 
baseline conditions (30 ◦C, pH 5.01 ± 0.01, 0.97 bar CO2, 0.04 mbar 
H2S, 300 rpm stir bar, 7 days, [O2](aq) ≈ 3 ~ 20 ppb(w)), [19,20]. In situ 
Raman analysis was done every day to investigate the formation and 

transformation (i.e., oxidation) of corrosion product layers. As shown in 
Fig. 18, after four days of exposure, the in situ Raman spectrum of the 
corrosion product layer shows that mackinawite has been partially 
oxidized into magnetite due to the presence of 7 ppb(w) of dissolved O2. 
This finding reveals that O2 could still affect H2S corrosion, if there are 
traces of dissolved O2 (>3 ppb(w)). When continuously sparged with 
gases such as H2S, CO2, and/or N2, O2 could still effectively impact this 
corrosion system. It was hypothesized that the initiation of pitting is due 
to the partial oxidation of the FeS layer. This hypothesis has been 
verified by the observation that no pitting was detected at O2 content 
below 3 ppb(w) [19,20]. The Raman microscopy image in Fig. 18 shows 
several pits with diameters around 10 μm. 

Oxidation of mackinawite is a spontaneous process with the presence 
of extremely low O2 contamination. A phase equilibrium diagram of the 

Fig. 18. In situ Raman spectroscopy analysis: direct proof of oxidation of mackinawite into magnetite in the aqueous solution on a corroding surface (baseline 
condition at 30 ◦C, pH 5.01 ± 0.01, 0.97 bar CO2, 0.04 mbar H2S, 300 rpm stir bar, 7 days, with [O2]aq = 3~20 ppb(w)). Spectrum (a) is taken after 4 days exposure. 
The Raman microscopy image in Fig. 18 shows several pits with diameters around 10 μm. 

Fig. 19. Phase equilibrium diagram of Mackinawite-O2-H2O system (298.15 K, 1 atm, pH2S =0.04 mbar (40 ppmv)). The small rectangle ([O2]aq = 10− 8 ~ 10-4 mol/ 
L, pH = 5.00 ~ 5.10) in the diagram is the baseline condition in terms of localized corrosion in marginally sour environments. 
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Mackinawite-O2-H2O system (298.15 K, 1 atm, pH2S =0.04 mbar (40 
ppmv)) is presented in Fig. 19. The thermodynamic data used is derived 
from the literature and handbook [79–81]. The small rectangle ([O2]aq 
= 10− 8 ~ 10-4 mol/L (e.a.3~20 ppb(w)), pH = 5.00 ~ 5.10) in the di
agram is the baseline condition in terms of localized corrosion in 
marginally sour environments. This diagram shows that oxidation of 
mackinawite should be able to happen with even [O2]aq <3 ppb(w) 
thermodynamically. Although it is not kinetically significant enough to 
initiate pitting at the baseline condition during the 7-day experiments. 

3.6. In situ test result on chemisorbed Sads(Fe) layer 

Corrosion experiments at baseline conditions with different levels of 
dissolved oxygen were performed to verify the finding that oxygen in
duces pitting corrosion in marginally sour environments. As a reminder, 
neither a corrosion product layer nor pitting was found during the 7 days 
experiments with [O2]aq < 3 ppb(w), as shown in the FIB-TEM [18] and 
IFM results (Fig. 20). However, as shown in Fig. 21, one phenomenon 
worth noting is that this “layer-free” steel surface featured a relatively 
very low corrosion rate at 0.09 mm/y compared with other conditions 
where a thick layer could be observed [18]. Therefore, it was speculated 
that a chemisorbed Sads(Fe) layer [82] had formed and was responsible 
for this lower corrosion rate and pitting-free result. It is a challenge for 
Raman observation given the assumption that the Sads(Fe) is akin to a 
monomolecular layer. 

It is important to note that maintaining a dissolved O2 content below 
3 ppb(w) is a challenge due to the complex flow loop design, which 

involves multiple connectors that brings additional O2 diffusion. 
Therefore, the best effort to control ingress of oxygen could only achieve 
about a [O2]aq = 5 ~ 7 ppb(w) average during the 7-day experiment at 
the baseline conditions with the flow loop. [O2]aq < 3 ppb(w) for 7 days is 
only achievable repeatedly without a flow loop. The surface condition of 
the corroding X65 steel specimens under the naked eye and microscope 
after 1, 3 and 7 days are shown in Fig. 22. It shows that basically, the 
steel surface remained shiny in the first three days, while signs of for
mation of a precipitated layer were apparent after seven days of expo
sure. This is because [O2]aq reached 7 ppb(w) at that point, 
compromising the chemisorbed layer and leading to a surface saturation 
of FeS larger than unity. 

As shown in Fig. 23, in situ and ex situ Raman spectra of the corroding 
surface at the baseline condition with [O2]aq = 5 ~ 7 ppb(w) after 1, 3, 
and 7 days of exposure were compared with each other. The main result 
is that no clear product of mackinawite oxidation could be identified in 
the in situ analysis, yet the presence of mackinawite could also not be 
confirmed. The Raman peaks on the in situ Raman spectra were not 
prominent compared with the noisy background, probably due to the 
attenuation of the laser signals with the longer focal length or the 
aqueous solution as the transmission medium. In contrast, the ex situ 
Raman spectra (line g. k and m) identified mackinawite but also 
magnetite. The in situ Raman spectra show a relatively strong peak 
around 150~200 cm− 1, which could be the possible match of bending or 
torsion vibration modes of the S–S bond in elemental sulfur (S8). The 
literature [83] shows that the vibrations in the spectra of S8 molecule 
appear as regions of stretching (ν, 400–475 cm− 1), bending (δ, 152–267 

Fig. 20. Surface profilometry image after layer removal. (the specimens were corroded at 30 ◦C, pH 5.01 ± 0.01, 0.97 bar CO2, 0.04 mbar H2S, 300 rpm stir bar, 
7 days). 

Fig. 21. Linear polarization resistance (a) and weight loss (b) corrosion rate (the specimens were corroded at 30 ◦C, pH = 5.01 ± 0.01, pCO2 = 0.97 bar, pH2S =0.04 
mbar, 300 rpm stir bar, 7 days). 
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cm− 1) and torsion (τ, 86 and 150–191 cm− 1). However, the stretching 
mode related peak of S–S bond around 473 cm− 1 was missing, although 
it is usually a strong peak at 25 ◦C in S8 crystals. A reported Raman 
application on chemisorption of H2S on copper impregnated activated 
carbon showed that the chemisorbed product was CuS [84]. Therefore, 
the Sads(Fe) Raman spectrum should feature the same peaks as mack
inawite at around 208 ~ 218 cm− 1 (lattice vibration) and 281 ~ 298 
cm− 1 (symmetric stretching). However, once again, the peaks around 
282 cm− 1 are missing. Either the single broadened peak around 150 ~ 
200 cm− 1 in the in situ Raman spectra potentially related to the bending 
or to the torsion of the Fe-S bond without showing much stretching 
activity. At least the ex situ Raman spectrum shows that this layer 
featured the two characteristic peaks of mackinawite after being 
retrieved from the aqueous solution. More work, such as surface 
enhancement, is needed to obtain more detailed structural information 
about the Sads(Fe). 

3.7. Pitting on mild steel in marginally sour environments with oxygen 
ingress 

This in situ Raman microscopy study was originated from the pitting 
mechanism study of mild steel in marginally sour environments [19]. As 
a result, it has been found that the protective layer in this type of pitting 
is the H2S chemisorption layer on the steel surface or the 2D precursor of 
mackinawite, denoted as Sads(Fe). Oxygen ingress, if there is any, could 
oxidize this protective layer in small spots. Depending on the surface pH, 
either the layer will be dissolved or transformed into Fe3O4, as depicted 
in Fig. 19. Steel surface would be exposed to the corrosive H2CO3 
aqueous solution during this process, that is how the pits initiated. This 
type of pitting is inherently distinct from the classic pitting mechanism 
of the passive system, which is evident by the fact that the anodic po
larization curve of the mild steel in H2S/CO2 environments shows no 
passive-transpassive behavior. Due to the common mistake of applying 
the classic pitting mechanism of the passive system on sour corrosion, 
the author of this work will publish such evidence in future publications. 

Fig. 22. Surface condition of the corroding X65 steel specimens under naked eye and microscopy after 1, 3 and 7 days exposure (the baseline condition at 30 ◦C, pH 
5.01 ± 0.01, 0.97 bar CO2, 0.04 mbar H2S, 300 rpm stir bar, 7 days, [O2](aq) = 5 ~ 7 ppb(w)). 
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4. Conclusions 

Due to the high reactivity between dissolved oxygen and H2S/iron 
sulfides, standard analytical tools that required ex situ analysis are often 
not ideal for the analysis of generated surface layers during sour 
corrosion. In contrast, in situ Raman constitutes a promising tool in terms 
of phase identification of the corrosion product layers formed in H2S 
corrosion. This method was implemented, and the preliminary findings 
are outlined below:  

• An in situ Raman flow cell was designed, fabricated in-house using 3D 
printing and implemented in an existing glass cell setup enabling the 
study of corrosion product layer formation and transformation dur
ing experiments. O2 ingress could be controlled to an acceptable 
level and a good seal of the cell could be maintained after being 
disconnected from the flow system to facilitate anaerobic Raman 
analysis;  

• Aqueous sulfate species concentration lower than 0.01 mol/L cannot 
be detected by Raman spectroscopy using the experimental setup 
developed in this work;  

• Ex situ Raman spectra showed that mackinawite layers were sensitive 
to oxidation in air, especially under the localized heating effect of the 
Raman laser;  

• In situ Raman spectra showed that mackinawite layers were sensitive 
to partial oxidation in the aqueous solution by traces of dissolved 
oxygen ([O2]aq > 3 ppb(w));  

• In situ Raman spectra could identify very thin layers (less than 300 
nm thickness), be it amorphous or nanocrystalline mackinawite, 
through the glass lens and aqueous solution;  

• In situ Raman spectra failed to identify the chemisorbed mackinawite 
layer – Sads(Fe), while ex situ Raman spectra achieved it successfully. 
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corrosion of mild steel in marginally sour environments, Corros. J. 73 (9) (2017) 
1098–1106. 

[18] W. Zhang, B. Brown, D. Young, Gheorghe Bota, S. Nesic, M. Singer, Pitting of mild 
steel in marginally sour environments – part I: a parametric study based on 
protective layers formation, Corros. Sci. 183 (2021), 109305. 

[19] W. Zhang, David Young, Bruce Brown, M. Singer, Pitting of mild steel in marginally 
sour environments – part II: pit initiation based on the oxidation of the 
chemisorbed FeS layers, Corros. Sci. 184 (2021), 109337. 

[20] W. Zhang, Initiation and Propagation of Localized Corrosion of Mild Steel in 
Marginally Sour Environments, PhD Dissertation, Ohio University, 2020. 

[21] D. Rickard, G.W. Luther III, Chemistry of iron sulfides, Chem. Rev. 107 (2007) 
514–562. 

[22] S.N. Smith, E.J. Wright, Prediction of minimum H2S levels required for slightly 
sour corrosion. NACE Corrosion Conf., Paper no. 11, NACE International, Houston 
TX, 1994. 

[23] M.D. Fontana, K.B. Mabrouk, T.H. Kauffmann, Raman spectroscopic sensors for 
inorganic salts, Spectrosc. Prop. Inorg. Organomet. Compd. 44 (2013) 40–67. 

[24] K. Furic, I. Ciglenecki, B. Cosovic, Raman spectroscopic study of sodium chloride 
water solutions, J. Mol. Struct. 550–551 (2000) 225–234. 

[25] G. Genchev, A. Erbe, Raman spectroscopy of mackinawite FeS in anodic iron 
sulfide corrosion products, J. Electrochem. Soc. 163 (6) (2016) C333–C338. 

[26] J.-A. Bourdoiseau, M. Jeannin, R. Sabot, C. Rémazeilles, Ph. Refait, 
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