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a b s t r a c t

H2S corrosion of 304L and 316L in oxygen-free Na2SO4 + Na2S solution at pH 3 and temperature of 60 �C
were investigated by EIS, potentiodynamic polarisation, multi-component Pourbaix diagrams and micro-
structure characterization. At similar conditions, lower corrosion rate was observed on 316L, attributed to
its denser (1.5 times) and smoother (6%) surface layer and confirmed by SEM micrograph. During polar-
isation, H2S increases significantly the critical current density on 304L and passivation current density, ip,
on 316L. Higher ip on 316L was associated to simultaneous FeS2–MoS2 preservation, confirmed by XRD
examination. H2S could have an inhibiting effect on 304L in passivity region.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In most oil and gas purification processes, the corrosion rate of
metals is accelerated by the presence of sulfur containing ions such
as S2O3

2�, SO3
2�, S2O4

2�, HS� and also H2S species [1,2]. Among these
compounds, hydrogen sulfide (H2S) is an extremely toxic component
and with increasing the corrosion rate, accelerates the steel structure
deterioration. To obtain a better protection against H2S corrosion, it
is recommended to use special carbon steels or even higher corrosion
resistant alloys such as austenitic stainless steels [1–2].

The H2S corrosion mechanism of various alloys is being antici-
pated, but due to high toxicity of this compound, the available
experimental results are limited. H2S corrosion studies on some
carbon steels at laboratory scale and with high safety facilities have
been reported by others [3–7]. The results indicated that in desired
pH and immersion time, H2S in an acidic media increases the
impedance of carbon steel compared to solutions without H2S. This
was attributed to the precipitation of a sulfide film on the carbon
steel surface in the H2S-containing solution [3–8]. It was stated
that depending on the solution pH, the chemical composition of
the surface layer is most likely Mackinawite (FeS(1�x)), cubic fer-
rous sulfide or pyrrohtite (FeS), Troilite (FeS(1+x)) and Pyrite
(FeS2) [6–13]. In sequential papers, the H2S corrosion on pure Fe,
Cr, and Ni have been studied in simulated experimental conditions
with trace amounts of local H2S produced by added Na2S dissocia-
tion [14–17]. It was found that depending on H2S concentration,
solution pH and immersion time, H2S could have an inhibiting or
ll rights reserved.

: +98 5714411160.
accelerating effect on the corrosion of pure Fe and Ni [14–15,17].
On Cr, although various corrosion reactions could occur, the corro-
sion rate generally increases by the presence of H2S [16]. However,
in referred papers, H2S corrosion studies on alloys containing Fe,
Ni, and, Cr were not reported.

Electrochemical impedance spectroscopy (EIS) was found to be
effectively useful for characterization of the surface layers and
identifying the H2S corrosion mechanisms [7,17]. The difference
observed in corrosion behavior of 304L and 316L was associated
to the presence of additional molybdenum alloying element in
316L, confirmed by surface analysis techniques [18]. It was de-
picted that Mo participates in surface reactions and enhances the
protectiveness of surface layer formed on the alloy surface [18].
However, up to now, a comparative EIS study of H2S corrosion of
304L and 316L stainless steel in acidic media at temperatures high-
er than room temperature has not been carried out [19–21].

In this paper, EIS measurements in conjunction with open cir-
cuit potential (OCP), linear polarisation resistance (LPR), and
potentiodynamic polarisation (PD) tests and surface microstruc-
tural characterization were performed to investigate the H2S corro-
sion of 304L and 316L stainless steels in acidic media at 0, 5 and
15 ppm (by mole) concentrations of H2S and in a temperature of
60 �C. A comparison between the experimental results and multi-
component Pourbaix diagrams of Fe, Ni, Cr, and Mo systems in
the presence of sulfur components was also performed.

2. Methods and materials

Analytical grade Na2SO4, Na2S, and H2SO4 reagents were used.
To prepare the solution, 1 M Na2SO4 solution was buffered by
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H2SO4 to a pH of 3. To exclusively investigate the H2S corrosion
mechanism, it is common to purge an inert gas into the solution
to remove dissolved oxygen [14–17]. Otherwise, several involved
cathodic reactions could interfere (oxygen and HS� reduction).
Prior to each experiment, the prepared solution was purged by in-
ert gas (Argon) for 15 min. Then a required amount of Na2S, pro-
ducing 5 and 15 ppm H2S, was added to the solution (All
concentrations are reported in ppm by mole). According to the fol-
lowing reaction, Na2S is dissociated to H2S in acidic solution [2–
5,11,12,21–22]:

Na2Sþ 2Hþ ! 2Naþ þH2S ð1Þ

As a result, a trace amount of H2S is locally generated at the
vicinity of alloy surface. It should be emphasized that the argon
purging and deoxygenating were continuously applied during all
measurements. A sealed electrochemical flat-cell (with 500 cm3

in volume) was used and prior to adding Na2S, the inert gas was
purged into the solution (with 4.5 bar pressure). After adding
Na2S (and producing H2S), argon was purged above (not into) the
solution at a safe distance from the solution surface with lowest
possible pressure just to avoid oxygen entrance. This could help
to avoid any decreasing in H2S concentration during measuring
time. Mounted cylindrical 304L and 316L austenitic stainless steel
specimens with 1 cm in diameter were used as working electrode.
The chemical compositions of alloys in wt.% are given in Table 1.
Prior to each experiment, the specimens were ground up 1200
SiC abrasive paper and then polished with 3 and 1 lm alumina
slurry to obtain mirror-like exposure surface.

The corrosion experiments were performed in the following
sequence:

(a) 900 s OCP recording.
(b) LPR test with potential domain of ± 10 mV and sweep rate of

0.5 mV/s.
(c) Potentiostatic EIS test at OCP with amplitude of 10 mV and

normally a frequency range of 10�2 to 105 Hz.
(d) PD test with a sweep rate of 1 mV/s and potential range from
�200 to 2000 mV with respect to OCP.

All measurements were performed three times to assure repro-
ducibility. All corrosion tests were carried out by an Ivium Poten-
tiostat instrument, using saturated calomel and Pt wire as
reference and counter electrodes, respectively. Ivium and EIS Spec-
trum Analyzer were used to extract the EIS equivalent circuit com-
ponents. Simulated data was fitted by less than 1% error in
calculation.

All measurements were performed in a water bath with a con-
trolled temperature of 60 ± 1 �C. This temperature represents ac-
tual conditions for gas purification units. To identify the
influence of alloying elements, the experimental results were final-
ly compared with multi-component Pourbaix diagrams of Fe-Ni-Cr
(304L) and Fe-Ni-Cr-Mo (316L) aqueous systems and in the pres-
ence of H2S species. All Pourbaix diagrams were plotted at 60 �C
by using Medusa software [23]. An equilibrium concentration of
10�6 M has been used for dissolved Fe, Ni, Cr and Mo ions (i.e.
[Fe2+(aq)] = [Cr3+(aq)] = [Ni2+(aq)] = [Mo4+(aq)] = 10�6 M). It should
be noticed that in Me-S-H2O systems (where Me = Fe, Ni, Cr, and
Mo), some other species may be also existed which may not be ta-
ken into account such as FeCr2O4, NiFe2O4, NiCr2O4, etc. [24].
Table 1
Chemical composition (in wt.%) of used 304L and 316L alloys.

C S P Mo Mn Si Cr Ni Fe

304L 0.02 0.02 0.03 0.30 1.62 0.46 18.13 8.71 Bal.
316L 0.02 0.02 0.02 2.32 1.71 0.49 18.16 8.25 Bal.
However, as can be seen in the reference, [24], theses compounds
are most likely stable at neutral and alkaline conditions. Therefore,
most likely they have no contribution in the present study.

Finally, scanning electron microscopy (SEM, Leica Cambridge,
S360) and XRD (Bruker model D8 ADVANCE) were used to charac-
terize the samples surface morphology and compositions after
exposure to the H2S corrosive media.

3. Results and discussion

3.1. OCP results

The results of OCP variations are shown in Fig. 1. In all H2S con-
centrations, the OCP values associated to 316L alloy are more posi-
tive than 304L, but their difference diminishes by increase in H2S
concentration. As seen in Fig. 1, increase in H2S concentration de-
creases OCP of both alloys. For instance, in 316L alloy, its decrease
is almost three times higher than 304L at 5 ppm H2S concentration.
Decrease in OCP is an indication of alloy nobleness deterioration
and surface activity acceleration.

3.2. LPR results

Fig. 2 represents the influence of H2S concentration on LPR
(polarisation resistance, RP) values. In all H2S concentrations, the
RP value of 316L is higher than for 304L. However, by an increase
in the H2S concentration, the decrease in RP value of 316L is quicker
than for 304L. This means that the results of the LPR and OCP mea-
surements follow a similar trend. The corrosiveness of the solution
increases by an increase in H2S concentration to 5 ppm. For 316L
alloy, the RP decrease is six times higher than that one for 304L.
Accordingly, the corrosion rate of both alloys increases. Although
the 316L alloy has a higher corrosion resistance compared with
the 304L alloy, the difference reduces by increase in H2S concentra-
tion. This indicates that the influence of H2S is more profound on
the 316L alloy.

The influence of H2S on cathodic reactions including proton
reduction is as follows [14–17]:

H2S! Hþ þHS� ð2Þ

HS� ! Hþ þ S2� ð3Þ

2Hþ þ 2e� ! H2 or 2H ð4Þ
Fig. 1. OCP variations of 304L and 316L alloys vs. H2S concentration (ppm by mole)
in Na2SO4 + Na2S (pH 3).



Fig. 2. LPR (Rp) variations of 304L and 316L alloys vs. H2S concentration (ppm by
mole) in Na2SO4 + Na2S (pH 3).

Fig. 3. (a) Nyquist and (b) Bode plots of 304L in Na2SO4 + Na2S, pH 3, at various H2S
concentrations (ppm by mole), T = 60 �C. Inserted graph in Nyquist plot is the used
equivalent circuit.
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A decrease in corrosion resistance by introducing H2S in both
304L and 316L alloys can be associated to the increase in proton
reduction, equations 2–4, and consequently anodic dissolution. In
addition, sulfide ions can act as surface catalysts and speed up
the anodic dissolution which can be distinguished in LPR and
OCP results. Iron anodic reactions can be represented by the fol-
lowing reactions [14,17]:

FeþH2SþH2O! FeðHSþÞabs þH3Oþ ð5Þ

ðFeHS�Þads ! ðFeSHþÞads þ 2e� ð6Þ

ðFeSHþÞads þH3Oþ ! Fe2þ þH2SþH2O ð7Þ

Consequently, the dissolution of iron is accelerated. In fact, it
has been reported that on pure iron, H2S plays an accelerative role
on both the anodic iron dissolution and the cathodic hydrogen evo-
lution [14,17]. The difference in corrosion behaviour of 304L and
316L can be related to the chemical reactions involved by other
alloying elements such as Cr, Ni, and Mo which is discussed in
the following sections.

3.3. EIS results

Figs. 3 and 4 show the Nyquist and Bode plots of 304L and 316L
specimens at 60 �C and different H2S concentrations. Various
equivalent circuits have been proposed for H2S corrosion
[7,10,14–17,20]. Certainly, complex reactions could occur on the
surface (particularly since the Cr, Ni are active and FeS2 and
MoS2 are formed in this pH), but their reaction steps could not
be distinguished by the EIS. The total impedance is quite low and
most likely the time constants of involved reactions have overlap
and cannot be separated. For this reason, the possible and sepa-
rated reaction steps of the alloying elements were borrowed from
the previous studies where H2S corrosion of the pure Cr, Ni, and Fe
elements were investigated individually [14–17]. In all conditions,
the Nyquist curves indicate a single capacitance loop having a time
constant in Bode plots. Therefore, the alloy-electrolyte interface
can be simulated by an Randles equivalent circuit as shown in
the inserted graph in Fig. 3, where Rs is the solution resistance,
RP is the polarisation resistance at the alloy–electrolyte interface
(also known as charge transfer resistance) and CPE is the constant
phase element. The CPE value can be expressed in the form of
P(ix)n in which P is proportional to the capacitance, n is a param-
eter related to surface roughness and cell configuration, and x is
the angular frequency. Applying CPE instead of pure capacitance
improves EIS data fitness of the experimental results [25,26]. EIS
data simulation on wide frequency spectrum, 105 to 10�3 Hz (not
shown here) also indicates that a charge transfer resistance condi-
tion occurs in the surface reactions. Although, presence of H2S does
not induce any other time constants, however, a decrease in the
capacitance loop diameter and charge transfer resistance can be
observed by an increase in the H2S concentration. Therefore, the
EIS results can be used to identify the corrosion mechanism by
the presence of H2S species.

Extracted fitted data from the equivalent circuits are shown in
Table 2. The RP values obtained by EIS are very similar to the RP val-
ues obtained by LPR measurements (with less than 5% difference),
Fig. 2. Comparing Nyquist curves of the two alloys depicts that in
all H2S concentrations, the semicircle diameter associated with
316L is larger than for 304L. In solution without H2S, RP of 316L
is about three times larger than for 304L. However, by an increase
in the H2S concentration, RP of both alloys reduce more or less with
the same trend. It seems that although the 316L alloy has a greater
corrosion resistance at solution without H2S, its superior perfor-
mance is diminished by an increase in H2S concentration.

The n and C parameters extracted from CPE are shown in Fig. 5.
Although in solution without H2S, the n value in 316L is smaller
than for 304L, however, as shown in Fig. 5, in solution with H2S,
the n values in 316L are greater than for 304L. For the 304L alloy,
an increase in the H2S concentration to 5 ppm results in rapid de-
crease of n value from 0.89 to 0.78. A slight decrease down to 0.77
could be observed by further increase in H2S concentration. For the



Fig. 4. (a) Nyquist and (b) Bode plots of 316L in Na2SO4 + Na2S, pH 3, at various H2S
concentrations (ppm by mole), T = 60 �C.

Fig. 5. Calculated (a) n and (b) C variations with H2S concentration (ppm by mole)
at 60 �C.
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316L alloy, the n value decreases slightly from 0.83 to 0.81 by the
presence of 5 ppm H2S, but remains almost constant by further in-
crease in H2S concentration. A decrease in the n value is an indica-
tion of surface roughening which is due to an increase in the alloy
surface dissolution [22,25,26]. Therefore, a more rapid decrease in
the n value for the 304L alloy indicates that the H2S influence on
the 304L surface roughness is greater than on the 316L alloy. In
other words, in 316L, H2S does not affect the surface roughness;
consequently the n value does not change significantly. This means
that in solution without H2S, the surface roughness of 316L is 7%
higher than 304L. In contrast, by producing H2S, the surface rough-
ness on 304L is 6% higher than 316L.

Surface capacitance values were calculated and plotted in
Fig. 5(b), according to the following equation [25,26]:

Cct ¼ n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PðRPÞ1�n

q
ð8Þ

In 304L alloy, in presence of 5 ppm H2S, Cct decreases rapidly
from 118 to 23.6 lF cm�2 and by further increase in H2S concentra-
tion it increases slightly to 37.4 lF cm�2. On the other hand, in
Table 2
Extracted fitted data from EIS test.

H2S Conc. (ppm) Rs (X cm2) Rp (X

304L
0 2.7 237
5 3 110

15 2.8 105

316L 0 3 910
5 3.6 251

15 3.6 140
316L alloy, the Cct value increases steadily by an increase in H2S
concentration from 27.2 to 56.0 lF cm�2. It is well known that
the capacitance is inversely proportional to the surface film thick-
ness according to [22,25,26]:
Cct ¼
eoe
d

S ð9Þ
where d is thickness of the surface film, S is surface area of the elec-
trode, eo is the permittivity of air and e is the local dielectric con-
stant. Therefore, an increase in Cct is an indication of surface layer
dissolution and thinning process. The 316L alloy has a greater Cct

in compare with 304L which indicates that it has a thinner surface
layer. But since it has greater n, its surface layer is more uniform
and condensed. Comparing C values indicates that in H2S-free solu-
tion, the surface layer thickness of 316L is 4–5 times thicker than
cm2) P (F cm�2) n C (lF cm�2)

1.6 � 10�4 0.91 118.0
9.9 � 10�5 0.76 23.6
1.2 � 10�4 0.78 37.4

4.6 � 10�5 0.83 27.2
8.6 � 10�5 0.81 40.3
1.2 � 10�4 0.81 56.0



Fig. 6. SEM images of (a) 304L and (b) 316L samples after exposure to 15 ppm (by
mole) H2S containing media (magnification � 2000).
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304L. In contrast, by producing H2S, the surface layer thickness on
316L becomes 1.5 times thinner than 304L.

Fig. 6 shows SEM images of rinsed and dried specimens after
exposure to 15 ppm H2S solution. Clearly, a general attack (without
any evidence for localized corrosion) was observed on both alloy
surfaces. Furthermore, on 304L, the attacked surface is rougher
and more heterogeneous than the 316L, confirming the n varia-
tions obtained by EIS in Fig. 5. Formation of surface layer on
316L with less porosity can be associated to the beneficial influ-
ence of molybdenum alloying element (see Section 3.5). Moreover,
it seems that thicker layer with higher porosities formed on 304L
leads to crack formation at outmost alloy surface which is clear
in SEM images.

In summary, simultaneously C and n comparison can verify that
in solution without H2S, surface layer on 304L exhibits a thinner
and more uniform characteristic. However, H2S develops a rougher
and thicker surface layer. In the case of 316L, in solution with and
without H2S, the surface layer is more uniform, compact and does
not change significantly.

Based on above EIS (calculated n and C values) and SEM results
and to exemplify the alloys surface layer evolution, a sketch of the
sample cross section can be drawn. Fig. 7 depicts schematic view of
relative surface layer thickness and porosity (roughness) variations
on two alloys, at OCP condition, after exposure to 0, 5 and 15 ppm
H2S containing media. To simplify, specimen in 0 ppm H2S was
chosen as bare and the initial air formed oxide layer, FeO–Cr2O3,
was not shown. In fact, air formed oxide is almost dissolved in
the present solution and is replaced by the sulfide layer (see Sec-
tion 3.5). The scheme shows that a thicker and more porous surface
layer on 304L is formed. More details of identified layer constitu-
ents, FeS2 and MoS2, will be discussed in Section 3.5.
3.4. Potentiodynamic polarisation results

Potentiodynamic (PD) polarisation results are shown in Fig. 8.
Since in all experimental conditions, the solutions are basically sul-
fur containing, in the absence and presence of H2S, similar active-
passive behaviour is observed in which a critical current density,
icr, for both alloys could be obtained. The variations of icr and pas-
sivation current density, ip, at 500 mV anodic overpotential (vs.
SCE) were plotted in Fig. 9. Generally, in all conditions, icr in
316L is smaller than in 304L. Therefore, passivation on 316L is eas-
ier than on 304L. The icr value increases in both alloys, five and ten
times in 304L and 316L, respectively, by an increase in H2S concen-
tration from 0 to 15 ppm. This means that H2S retards the forma-
tion of passive layer on both alloys. However, the influence of H2S
on hindering the passivation of 316L alloy is greater than for 304L.
This can be verified by the fact that in H2S-free solution, icr in 304L
is five times higher than 316L, while in solution with 15 ppm H2S,
this ratio decreases to 2.5.

Interestingly, changes in passivation current density, ip, are dif-
ferent from icr. In solution with 0 and 5 ppm H2S, ip of 316L is smal-
ler than 304L. In 304L, by an increase in H2S concentration to 15
ppm, ip decreases from 0.69 to 0.077 mA cm�2, about 10 times.
Conversely, in 316L, by an increase in H2S concentration to 15
ppm, ip increases from 0.17 to 1.12 mA cm�2, about 5 times. As a
result, in a solution with 15 ppm H2S, ip of 316L becomes higher
than 304L. This means that H2S could create a more favorable con-
dition for sulfide layer formation on 304L at high enough potentials
in the passivation range (in compare with 316L).

To sum up, considering both icr and ip values for 304L, it can be
concluded that in spite of difficulties for passivation (high icr), the
alloy exhibits a passive layer with more integrity (lower ip). On the
other hand, on 316L the passivation could occur more easily. How-
ever, the passive layer possesses a lower corrosion resistance in
compare with 304L. Identifying the current peaks on PD results
and analogous surface reactions on alloys surface is discussed
below.

3.5. Pourbaix diagrams

The passivation behaviour of two alloys can also be investigated
in more details by using multi-component Pourbaix diagrams. To
do this, a comparison between EIS, PD results and multi-compo-
nent Pourbaix diagrams of Fe, Ni, Cr, and Mo systems in the ab-
sence and presence of sulfur components was performed.
According to the Pourbaix diagrams of Fe, Ni, and Cr (alloy constit-
uents of 304L), Figs. 10 and 11, in the presence of H2S and at pH 3
(shown as red dashed line), the passivation of 304L could be asso-
ciated to the formation of FeS2 in the surface layer (gray region in
Fig. 10 (a)–(b)); The following reaction [27–30]:

Feþ 2H2S! FeS2 þ 2H2 ð10Þ

Regarding to the presence of FeS2 and/or FeS as surface layer
constituents, it has been reported that FeS2 and FeS have more sta-
bility in acidic and alkaline conditions, respectively, which is sim-
ilar to the present results, Fig. 10 (b). The following equilibrium
reaction exists between FeS2 and FeS [27,28]:

FeSþH2SðaqÞ $ FeS2 þ 2HþðaqÞ þ 2e� ð11Þ



Fig. 7. Schematic images of relative surface layer thickness and porosity (roughness) on (a) 304L and (b) 316L samples exposed to 0, 5 and 15 ppm (by mole) H2S containing
media. The white and black spots represent the porosities and MoS2 constituents, respectively. To simplify, sample in 0 ppm H2S was chosen as base and the initial air formed
oxide layer, (FeO–Cr2O3) was not shown.
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During sample rinsing and drying for SEM imaging and XRD
characterization, pyrite may be decomposed to the pyrrohtite as
follows [27,28]:

3FeS2 þ 2H2O$ 3FeSþ 3H2Sþ SO2 ð12Þ

However, studies of pyrite reactions are even more contradic-
tory, the products being listed variously as FeSO4, Fe2(SO4)3, FeO,
Fe2O3, FeS, H2SO4 or S either as single products or as complex mix-
ture [27–29]. XRD characterization was also performed on rinsed
and dried specimens. Figure 13 reveals XRD results on 304L and
316L samples exposed to 15 ppm H2S containing media. Presence
of FeS2 on both alloys and MoS2 on 316L is clear. Moreover, FeS
and MoO2 components also exist. This is enough to conclude that
the sulfur-bearing Fe compounds and MoS2 surface layer are
formed. Since XRD is an ex-situ technique and it is performed on
sample after washing and drying, its results do not exactly resem-
ble the actual corrosion products during aqueous corrosion occur-
rence [27,28]. Recently, X-ray photoelectron spectroscopy (XPS)
studies of surface layer on H2S attack on 316L also revealed that
relatively high concentration of sulfur could be found inside the
formed oxide, which indicates that sulfur entered the oxide film
through local weakening of the oxide [19]. In fact, using an
in situ technique would be further supportive to identify S com-
pounds in the surface layer during corrosion phenomenon.

At higher potentials, FeS2 is replaced by iron oxide, Fe2O3 (and
consequently iron hydroxiode), as seen in Fig. 10. This means that
by detaching the sulfur species from the surface at high enough
potentials, hydroxyl ions could take an opportunity to reach the
surface and iron oxide could be formed [18,23–24]. This can be
confirmed by an extra peak in the passivation region of 304L PD re-
sults at a overpotential of about 1000 mV vs. SCE; See Figs. 8 and
9(a). The Pourbaix diagram does not show any stability region
for FeS at the present investigated conditions which has been re-
ported previously on carbon steel [6,13].

Moreover, Cr and Ni do not exhibit a passive layer at pH 3, based
on Pourbaix diagrams. Following reactions could be proposed for
dissolution process [15,16]:

NiþH2SþH2O$ ðNiHSÞads þH3Oþ þ e� ð13Þ

ðNiHSÞads $ NiHSþ þ e� ð14Þ

NiHSþ þH3Oþ $ Ni2þ þH2SþH2O ð15Þ

and

CrþH2SþH2O$ ðCrSH�Þads þH3Oþ ð16Þ

CrþH2SþH2O! ðCrSHÞads þH3Oþ þ e� ð17Þ

ðCrSH�Þads $ ðCrSHÞads þ e� ð18Þ

ðCrSHÞads ! CrSHþ þ e� ð19Þ

CrSHþ þHþ $ Cr2þ þH2S ð20Þ

According to the Pourbaix diagrams of Fe, Ni, Cr, and Mo (alloy
constituents of the 316L alloy), Figs. 10–12, the passivation in low
anodic overpotential could be mainly associated to formation of
FeS2, Eq. (10) and also MoS2, as below [19–20,23]:

Moþ 2H2S!MoS2 þ 2H2 ð21Þ



Fig. 8. Potentiodynamic polarisation curves of (a) 304L and (b) 316L in
Na2SO4 + Na2S, pH 3, at various H2S concentrations (ppm by mole), T = 60 �C.

Fig. 9. (a) Critical passivation current density, icr and (b) passivation current
density, ip (at potential 500 mV vs. SCE) of 304L and 316L alloys in Na2SO4 + Na2S,
pH 3, at various H2S concentrations (ppm by mole), T = 60 �C.
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This can be confirmed by a decrease in current density after icr.
At higher potentials, replacement of MoS2 by MoO2 could be pre-
dicted by the following reaction [19–20,23]:

MoS2 þ 2H2O!MoO2 þ 2H2S ð22Þ

This can be observed as a second current peak in PD results,
Fig. 8(b), at overpotential of about 500 mV. Again Fe2O3 (and iron
hydroxide in aqueous solution, [18]) could be formed at overpoten-
tials higher than 1000 mV which is similar to the 304L, distin-
guished by the third current peak in Fig. 8(b).

In brief, the greater corrosion resistance of 316L in H2S solutions
resulted by LPR and EIS methods can be exclusively associated to
its molybdenum content and formation of sufficient MoS2 compo-
nent. Research performed on individual alloying elements Cr, Ni,
and Mo in media containing reducing sulfur species and H2S re-
vealed greater corrosion resistance of Mo in comparison with the
two other alloying elements, i.e. Ni and Cr [18]. In both alloys, in
acidic media, the alloy surface is covered by HS� and S2�. In 304L
alloy, Fe tends to thermodynamically form a sulfide compound,
FeS2, which shows some protective ability of the surface layer.
Noticeably, Cr and Ni could not help to form a protective layer in
the form of Cr2O3 or NiS at pH 3. However, in 316L, MoS2 could
contribute to passivation improvement as seen in the EIS and PD
results; Figs. 4 and 8(a) at low potential region. By increase in
H2S concentration, on 304L, the iron sulfide layer thickness in-
creases as the surface capacitance decreases, Fig. 5(b). However,
dissolution of Cr and Ni leads to a rougher porous surface layer
as the n value decreases in Fig. 5(a). On 316L, the surface layer con-
tains both FeS2 and MoS2 compounds and contribution of Mo sul-
fide layer leads to generation of a more compact surface layer
(increase in the C value in Fig. 5(b) on 316L). Meanwhile, the n va-
lue remains almost constant, Fig. 5 (a), i.e. the surface is smoother
in compare with 304L alloy (despite increase in H2S concentration).

In addition, since FeS2 gives a less protective layer in compari-
son with FeS2 + MoS2, 304L reveals a higher critical current density.
On 316L, Mo could improve the passivation by forming MoS2, par-
ticularly in presence of H2S. By further increase in H2S concentra-
tion, however, FeS2 formation condition is more favorable and
the difference between two alloys is reduced.

At higher H2S concentrations, high passivation current density
on 316L can be associated to the fact that two sulfide compounds,
FeS2 and MoS2 must be maintained simultaneously on the alloy
surface. In contrast, on 304L, the passivation current is only con-
sumed by FeS2. Therefore, at higher potentials in the passive re-
gion, H2S could somewhat induce an inhibiting effect on 304L.
This phenomenon has been reported previously on carbon steel
where H2S begins to exhibit its inhibitive effect with the formation
of mackinawite and its conversion to a more protective layer such
as troilite [5,7–13]. Moreover, it is reported that molybedenum
intermittently could cause sulfur species detachment from the sur-
face and thinning of the surface layer [18,23]. This can be verified
by observing a higher capacitance of the surface layer and passiv-
ation current density on 316L in compare with 304L.

It should be noticed that the pH value has inevitably a crucial
effect on passivation behaviour as can be seen in Pourbaix dia-
grams in Figs. 10–12. This is an important issue since in practical



Fig. 10. Pourbaix diagrams of (a) Fe-H2O and (b) Fe–H2O–S systems at 15 ppm (by
mole) H2S concentration, T = 60 �C, [Fe2+(aq)] = 10�6 M, calculated from the
thermodynamic data of reference [23].

Fig. 11. Pourbaix diagrams of (a) Cr–H2O–S and (b) Ni–H2O–S systems at 15 ppm
(by mole) H2S concentration, T = 60 �C, [Cr3+(aq)] = [Ni2+(aq)] = 10�6 M, calculated
from the thermodynamic data of reference [23].

Fig. 12. Pourbaix diagrams of Mo–H2O–S systems at 15 ppm (by mole) H2S
concentration, T = 60 �C, [Mo4+(aq)] = 10�6 M, calculated from the thermodynamic
data of reference [23].
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applications, for instance gas purification processes, an increase in
the pH value (due to process variations) could change the situa-
tions to the region where chromium oxide and nickel sulfide can
be formed, Figs. 10 and 11, and significantly assist the alloy passiv-
ation [23]. Interestingly, recent investigations on 316L stainless
steel in alkaline solution containing sulfur (NaOH + Na2S) revealed
that sulfide has profound effect on the corrosion behaviour. It was
stated that sulfide prevents formation of a stable passive film, most
probably via adsorption on the surface. As a result, the dominant
mechanism of corrosion in sulfide-containing environments be-
comes similar to active dissolution, which could lead to significant
material losses [20]. Betova et al. [20], reported that addition of
Na2S has negligible influence on corrosion of pure molybdenum
due to the considerably higher kinetic stability of the surface film.
This could explain the use of pure Mo as a reference electrode in
sulfur-containing solutions.

In addition, in most applications, due to process variables,
temperature fluctuations are inevitable which can have a vital ef-
fect on H2S corrosion reactions [1–2]. In other words, in addition
to the H2S concentration, temperature variations can certainly af-
fect the kinetic parameters, in particular the conditions for surface
layer formation [18,25]. Thus, a quantitative study of the tempera-
ture influence of H2S corrosion of 304L and 316L stainless steel in
acidic media to accurately recognize its importance is needed.
Recent studies on carbon steel (AISI-1020) at high temperature
(90 �C) showed that alloy corrosion rate increased significantly



Fig. 13. XRD results on (a) 304L and (b) 316L samples exposed to 15 ppm (by mole)
H2S containing media. Presence of FeS2 on both alloys and MoS2 on 316L is clear.
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with the increase of H2S concentrations by strong acceleration
effect on the cathodic hydrogen evolution and formation of
mackinawite as loose formed corrosion products on alloy surface
[10].

In conclusion, to decide for an optimum material selection pro-
cess, investigation of corrosion behaviour of 304L and 316L alloys
at other pHs and temperatures is necessary.
4. Conclusions

The influence of laboratory-produced H2S by Na2S (0, 5 and
15 ppm by mole) on the corrosion behaviour of 304L and 316L
austenitic stainless steels in an oxygen-free Na2SO4 + Na2S solution
at pH of 3 and temperature of 60 �C was investigated. The results
can be summarized as follows;

(1) OCP, LPR and EIS results showed almost similar trends in
corrosion behaviour of the two alloys. However, a lower cor-
rosion rate could be observed for the 316L alloy. EIS results
showed a single capacitive loop containing CPE element rep-
resenting the surface charge transfer reactions. By an
increase in H2S concentration from 0, 5 and then 15 ppm,
the corrosion resistance of both alloys diminishes.

(2) Calculated higher n and C values at the 316L alloy–electro-
lyte interface indicated formation of a 1.5 times denser
and 6% smoother surface layer. This has been confirmed by
the SEM image from the alloy surface in which a more por-
ous surface layer could be observed on 304L.
(3) Potentiodynamic polarisation results revealed that both
alloys exhibit active–passive behaviour during anodic polar-
isation in which H2S significantly increases the critical cur-
rent density on both alloys and noticeably, the passivation
current density on 316L.

(4) Multi-component Pourbaix diagrams of constituent alloying
elements revealed that on 304L, the surface layer composi-
tion is most likely FeS2, while on 316L, its composition is
mainly FeS2 and MoS2. This has been confirmed by XRD
examination.

(5) Higher passivation current density on 316L was related to
the simultaneous upholding of FeS2 and MoS2 on the alloy
surface. At higher potentials in the passive region, H2S could
induce a noticeable inhibiting effect on 304L by reducing the
passivation current density. The presence of Mo could cause
sulfur species detachment from the surface and thinning of
the surface, distinguishable by a higher capacitance of the
surface layer on 316L in comparison with 304L.
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