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ABSTRACT

A novel experimental set-up was designed and built to investigate the effect of iron sulfide layer growth
on H,S corrosion of carbon steel. Tests were conducted by purging 10% H,S/N, into 1 wt.% NaCl solution
at different temperature (25 °C-80 °C), different pH (pH 4 to pH 6) and different flow conditions (60 rpm
and 600 rpm magnetic stirring rates). The exposure period was from 1 day to 7 days. The corrosion
behavior was monitored by linear polarization resistance (LPR) and checked with weight loss analysis.
The morphology and compositions of surface corrosion products were analyzed by Scanning Electron
Microscopy (SEM/EDS), cross section analysis and X-ray Diffraction (XRD) methodology. The results
show the balance between iron sulfide precipitation and undermining process, characterized by the
scaling tendency, can lead to a variety of corrosion outcomes depending on the environmental
parameters such as temperature, pH, and flow rate. Protective corrosion product layer and low corrosion
rate were observed at high pH, temperature and low flow rate due to precipitation of a dense corrosion
product layer.
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INTRODUCTION

In the authors’ previous work?, an electrochemical model of H,S corrosion without iron sulfide layer
growth has been developed to address the initial stages of the corrosion process, avoiding the complex
issues associated with formation and growth of an iron sulfide layer. However, long term H,S corrosion
experienced in lab or field conditions is dominated by the formation of the iron sulfide corrosion product
layer. The corrosion product layer can be very protective, but there are also some reports of localized
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corrosion related to iron sulfide corrosion products failures. The magnitude of the corrosion attack is
apparently very dependent on the nature of the iron sulfide corrosion product layer®. The protective layer
is usually dense and has a good adherence to the steel surface. The less protective layer is usually
porous, flaky, and non-adherent to the steel surface and may lead to localized corrosion and failures.

The mechanism of H,S corrosion of carbon steel under corrosion product layer forming conditions is a
complex process that still lacks a comprehensive understanding. A few years ago, a predictive model for
H,S corrosion was developed by Sun and Nesic*5, who proposed an inner 1-10 nm thin inner
mackinawite film acting as a solid state diffusion barrier and a porous outer iron sulfide layer formed by
spalling of the inner iron sulfide film. Due to the presence of these two layers, the corrosion rate is always
under mass-transfer control, as Sun et al.* hypothesized. The proposal that two different iron sulfide
layers form on the steel surface, which is the key for understanding H,S corrosion, is accepted in the
corrosion community. However, the mechanism of the formation of the two layers is still under debate.

A somewhat similar alternative hypothesis is proposed by the authors in the present work, but one that
is better defined and more thoroughly verified by experimental results. It can be summarized as follows:
a very thin inner iron sulfide film of mackinawite is first formed via a chemisorption process, i.e., by a
direct reaction of exposed surfaces of Fe with dissolved H,S.® This film forms rapidly and its presence
can be determined, based on the thermodynamic arguments for chemically adsorbed species; see the
appropriate stability diagrams developed by Marcus, et al.”. The thicker outer layer of iron sulfide is
formed by precipitation on the initially chemisorbed film of mackinawite, which is a preferred nucleation
site. The formation of this outer layer depends on the thermodynamic stability for iron sulfide at the steel
surface, i.e. on the surface water chemistry.® This layer may end up being dense and protective or porous
and non-protective depending on the competition between precipitation (which favors protection) and
corrosion (which undermines it). In the current study, the objective was to verify this new hypothesis
about the mechanism of formation and the role of iron sulfide corrosion product layers in H,S corrosion.

EXPERIMENTAL METHOD

Equipment

In the literature, many corrosion experiments have been conducted in closed systems (e.g. autoclaves)
with a limited inventory of fluids. In that scenario, the aqueous Fe?* concentration and pH may increase
significantly with exposure time and affect the iron sulfide layer formation and corrosion rates. Therefore,
a new approach with continuous replenishment of fluid was developed to investigate the effect of iron
sulfide layer on corrosion under stable environmental conditions. The experiment apparatus is shown in
Figure 1. The system consists of four main components: the pre-conditioning vessel, the test cell (shown
in more detail in Figure 2), the gas scrubber, and the chemical scrubber.

The pre-conditioning vessel holds up to 20 L of a N, purged agueous solution and is equipped with four
ports: gas inlet, gas outlet, a port for pH probe and the replenishment of solution and an outlet port
connecting to a line going to the gear pump. The pH of the solution in the pre-conditioning vessel was
adjusted manually by adding a deoxygenated hydrochloric acid (HCI) or sodium hydroxide (NaOH)
solution. The adjustment was made depending on the target water chemistry conditions in the test cell.
The pump rate used for transferring the replenishment solution from the pre-conditioning vessel into the
test cell depends on the pH drift of the solution in the test cell, which is related to corrosion rate. When
the corrosion rate is high, Fe?* release is faster and pH increases quickly, so the pump rate was set to a
higher value (3-6 ml/min), and vice versa, when corrosion rate of the specimen in the test cell is low,
pump rate was set to a lower value (1-2 ml/min). The pH of the solution in the test cell was continuously
monitored and the pump rate is adjusted accordingly.
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Figure 1. Schematic of the experimental set-up for long tern H,S corrosion tests.

Figure 2. Schematic of the test cell for the long term H,S corrosion test

The test cell is similar to the standard three electrode glass cell, as described in the authors’ previous
work®. The counter electrode was a platinum wire. The reference electrode was Ag/AgCl in saturated KClI
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electrolyte. The working electrode was a cylindrical X-65 carbon steel specimen with ca. 5.4 cm? surface
area. However, several improvements were made to address the specific research needs. First, in order
to investigate the growth of iron sulfide layer, several square specimens (1.2cmx1.2cmx0.2cm, carbon
steel) were hung from nylon string into the solution in the test cell. These were recovered for surface
analysis and weight loss measurements after different exposure times.

A magnetic stirrer at the bottom was used to simulate flowing conditions instead of using a rotating
cylinder electrode (RCE). The RCE can be inserted only as a single specimen, which is used for
electrochemical measurement and is not as suitable for surface analysis and weight loss measurements.
If any other specimens are placed in the solution along with the RCE they would reside in an almost
stagnant solution, which is considerably different from the flow condition seen at the RCE. When a
magnetic stirrer was used, the flow condition for all the specimens was similar. The effect of flow on iron
sulfide layer growth and corrosion rate was investigated by using this experimental set-up.

Another new feature of this test cell was the addition of two extra ports: one port at the top for the inflow
of fresh solution added from the pre-conditioning vessel and one side port at the bottom for the solution
exiting to the gas scrubber. The solution level of the test cell was controlled by the U-shaped tube
connected between the test cell and gas scrubber.

The gas scrubber (in the form of a glass cell) was used to collect the solution exiting from the test cell.
N, gas was purged to remove dissolved H,S. The addition of concentrated NaOH solution to the
scrubbing liquid at the bottom was used to neutralize any leftover H,S in the solution. The liquid water
scrubber (a high volume container) was used to collect the solution out of the gas scrubber. Solid NaOH
was also added to remove final traces of dissolved H,S.

Material

Corrosion of API® 5L X65 pipeline steel was investigated. The composition of this type of steel is shown
in Table 1. One single cylindrical electrode (RCE) and multiple hanging specimens machined from the
parent steel material were used. The RCE has a diameter of 1.20 cm and a working surface area of 5.4
cm?. The hanging specimen dimensions are 1.2 cmx1.2 cm x 0.2 cm, with a surface area of around 3.8

cm?.
Table 1. Chemical composition of the carbon steel used in RCE ( wt% ).
Cr Mo S V Si C Fe Ni Mn P
0.14 | 0.16 | 0.009 | 0.047 | 0.26 | 0.13 | Balance | 0.36 | 1.16 | 0.009
Procedure

All experiments were performed in the test cell with the solution saturated with a H,S/N, mixture at
atmospheric pressure. The test cell can hold 2 L of 1 wt% NaCl electrolyte. Initially the solutions in both
the test cell and the pre-conditioning cell were both purged with N, for at least three hours (often
overnight), to remove dissolved oxygen. After the solution was deoxygenated, the designhated H,S/N,
mixed gas was introduced to the solution in the test cell by purging for at least half an hour to saturate
the electrolyte. The solution pH in both the test cell and pre-conditioning cell were adjusted to the set
value by adding deoxygenated aqueous HCI or NaOH solution. Prior to immersion, the carbon steel
specimen surfaces were polished with 400 and 600 grit silicon-carbide paper, rinsed with isopropyl
alcohol and dried in air. Experimental conditions are summarized in Table 2.

@®American Petroleum Institute(API), 1220 L Street, NW, Washington, DC 20005-4070
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Table 2. Test matrix for studying the effect of iron sulfide layer on corrosion

Parameter Description

Solution 1 wt.% NaCl

Temperature 25°C,80°C

Total pressure 1 bar

Magnetic stirring rate 60, 600rpm

Initial pH 4.0,5.0, 6.0

H,S concentration 10% H,S/N,
Test duration 4-7 days

Corrosion rates for carbon steel were determined using both the electrochemical and weight loss
techniques. During the test, linear polarization resistance (LPR) and electrochemical impedance
spectroscopy (EIS) were used to monitor the corrosion rate. LPR measurements were conducted in a
range of £5 mV with respect to the open circuit potential (OCP) and a scan rate of 0.125 mV/s. EIS
measurements were performed in the frequency range from 5 kHz to 3 mHz, with an alternating current
(AC) signal amplitude of 10 mV(rms) at the OCP. Clarke solution® was used to remove the corrosion
product layer from the specimens surface for weight loss corrosion rate calculation. After the experiments,
the specimens were evaluated through additional ex-situ analyses. The morphology and compositions of
corrosion products were analyzed using a scanning electron Microscope (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray diffraction (XRD).

RESULTS AND DISCUSSION

Formation of the Inner Thin Iron Sulfide Film and Its Effect on H,S Corrosion

In the Introduction section, an argument was made that there is a thin inner iron sulfide layer on the steel
surface. The existence of this layer was proposed by Sun et al. 3* who suggested that it forms by a ‘solid
state’ reaction between iron and H,S and that it reduces the corrosion rate by acting as a solid state
diffusion barrier. However, we now believe that it is more likely that this thin inner layer forms by
chemisorption and retards the corrosion rate by interfering with the kinetics of different electrochemical
reactions. The evidence for this alternative proposal will be presented in the text below. There are two
main independent arguments in favor of existence of this chemisorbed sulfide film.

First, the formation of the inner adsorbed sulfide film is not only found on an iron substrate, a similar
adsorbed sulfide film is also observed on other metal substrates, such as platinum (Pt), gold (Au), nickel
(Ni), and copper (Cu)!®. Jiang and Carter®'! predicted HS™ can be strongly chemisorbed on the iron
surface using density functional theory (DFT). Marcus *° also confirmed that the dissolved H,S species
such as H,S, HS™ can be specifically adsorbed on the metal surface and form a chemisorbed layer. The
layer forms rapidly and its presence is dependent on the thermodynamic stability of the adsorbed sulfide
layer on Fe or other substrates at the given conditions. An E-pH diagram is the most typical way to
represent the thermodynamic stability of different species for a redox process. Marcus et al. ” developed
an E-pH diagram for sulfur species adsorbed on iron to predict the formation of this chemically adsorbed
layer, as Figure 3 shows. The condition for this diagram is 25 °C, 10* mol/kg total S concentration and
10 mol/kg Fe2* concentration. The red line at the bottom is the transition line between the H,O adsorbed
layer and sulfide adsorbed layer (sulfide adsorbed layer coverage 6sadgs) = 0.99, H,O adsorbed layer
coverage On,0ads) = 0.01). Above this red line, a surface coverage of the sulfide adsorbed layer is higher
than 0.99 and H,O coverage is less than 0.01, which means the sulfide adsorbed layer is stable. Vice
versa, below this red line, the adsorbed sulfide layer is unstable. The area in the blue square represents
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the range of potential (-0.3 to -0.6 V) and pH (2 to 7) for the common corrosion conditions for mild steel
corroding in a H»S saturated solution. Comparing this with the stability domain of the adsorbed sulfide
layer in Figure 3 shows the sulfide layer is very stable at these conditions except for some very extreme
conditions (low pH and low potential). It is also found that adsorbed sulfide film can exist under conditions
in which no bulk iron sulfide (Mackinawite) is stable.
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Figure 3. E-pH diagram for sulfur adsorbed on Fe (25°C, Total sulfur concentration= 10* mol/kg)
(Reproduced with permission from Marcus and Protopopoff’, Copyright ©1990, The Electrochemical
Society).

Not only are the dissolved H,S species easily adsorbed on an iron surface, but other sulfur containing
species such HS,03, S,0:* and thiols (R-SH) can also be readily adsorbed on an iron surface.
Comparison between H,S and thiol adsorption is performed here. Similar adsorption binding energy has
been observed for thiols!? and aqueous H,S*® on an iron substrate. Volmer, et al.** and Lay et al.'® have
proposed the adsorption mechanism of thiols on a metal surface. The sulfur atoms in thiols are covalently
bonded to the metal surface. The bond from chemisorption of a thiol to the metal surface can only be
formed by cleavage of the S-H bond. This mechanism can be interpreted to be the same for aqueous
H.S, because H,S can be thought of as the smallest of thiols, and an analogy between aqueous H,S and
thiol adsorption on mild steel can be accepted.

However, a question remains about how does this chemisorbed sulfide layer affect the electrochemical
reactions in H,S corrosion? It was previously proven that chemisorption of H,S on the platinum can slow
down the hydrogen evolution rate (HER)*®, which is the most important cathodic reaction in the corrosion
process. As Figure 4 shows, the exchange current density of the hydrogen evolution rate (HER) on Pt
decreases with an increase in surface coverage by sulfides. The sulfide coverage was measured by
Auger spectroscopy, low energy electron diffraction (LEED), and 3°S radiotracer techniques. In addition,
if an analogy between aqueous H,S and thiol adsorption on mild steel can be accepted, the observations
of the retardation effect due to thiol adsorption on electrochemical reactions can be taken as the evidence.
Stratmann, et al.}” have reported that, during thiol adsorption, the sulfide adsorbed layer was established
within 10 s, yielding a film composed of domains with a lateral size of 10-20 nm. This adsorbed layer can
cause a decrease of capacitance due to the pushing apart of the double layer, and affect the charge
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transfer reaction. Volmer, et al.’? stated that both propanethiol (C3H;SH) and decanethiol (CioH2:SH)
chemisorb onto iron and 10-nm-thick multilayer films can be identified, which show excellent blocking of
oxygen reduction. Thiols or other sulfur containing compounds (such as thiosulfate), have been used as
corrosion inhibitors for carbon steel corrosion.!®
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0.6
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Figure 4. Exchange current density of HER on Pt (111) vs. the sulfur coverage. The curved dash line is
calculated according to ig=iops=0) (1- 8s), With iops=0) = 1.4x10* A cm?. (Reproduced with permission from
Marcus et al. 18, Copyright ©1987, American Vacuum Society).

Moreover, the retardation effect of the first sulfide layer on the charge transfer reactions, especially the
anodic reaction and H,O reduction is also observed in potentiodynamic sweeps as shown in the authors’
previous work.? Figure 5 shows a comparison of potentiodynamic sweeps conducted in a H,S saturated
aqueous environment and a similar environment containing no H,S.! The anodic reaction and the H,O
reduction current density are retarded with addition of H,S. Actually a similar retardation effect on anodic
reaction from HAc was also observed by Crolet et al.*® , Sun et al.?°, and Gulbrandsen and Bilkova 2.
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Figure 5. Comparison of potentiodynamic sweeps for H,S environment and non-H,S environments.
(Reproduced with permission from Zheng et al.t, Copyright ©2014, NACE International)

The mechanism of the retardation coming from adsorbed H,S can be explained by the changes in the
double layer. The thickness of the first inner sulfide film was reported?® to be 10 nm, which is approaching
the same order of magnitude as the double layer thickness (10-100 nm).?? The typical double layer has
adsorbed H,O molecules at the metal/solution interface. The adsorption of sulfide species can be
considered to be a competing or “replacement” reaction in which sulfide species replace H,O molecules
adsorbed at the metal/solution interface and affect the properties of the double layer.

In summary, the analysis above has confirmed that it is most likely that the very thin inner sulfide layer is
formed by chemisorption. The chemically adsorbed sulfide layer can slow down the charge transfer
reaction kinetics, where both anodic and cathodic reactions are affected. The previously developed
electrochemical corrosion model by the present authors!? already includes this influence on corrosion
kinetics by reducing the charge transfer exchange current density.

Formation and Effect of the Outer Iron Sulfide Layer on Corrosion

As stated in the Introduction section, a much thicker outer iron sulfide layer may form, depending on the
surface saturation value for iron sulfide, in relation to the precipitation reaction:

Felay) + Staq) = FeS(s) (1)

The saturation value for iron sulfide formation is calculated based on Equation (2).

Cpe2tCg2—
Skes = — — 2
KspFeS ( )

By knowing the concentration of Fe?* and S?~ ions at the steel surface, the likelihood of formation of iron
sulfide by precipitation can be determined. When Sees > 1, the multiple of the concentrations of Fe?* and
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S? jons exceeds the solubility limit, and iron sulfide may precipitate on the steel surface. When Sges < 1,
iron sulfide cannot form and any existing iron sulfide may be dissolved from the steel surface. Importantly,
not every type of precipitated iron sulfide layer is protective. The corrosion rate is directly related to the
properties of the iron sulfide layer: its morphology, porosity and attachment to the corroding surface.
Notably iron sulfide layer thickness is often a poor predictor of protectiveness. The easiest way to quantify
the likelihood of obtaining a protective iron sulfide layer is via the surface scaling tendency (SST) which
describes the relative rate of precipitation (formation) with respect to the corrosion rate (undermining rate)
at the steel surface, expressed in the same units, as Equation (3) shows.

SST = Precipitation Rate (PR) (3)
"~ Corrosion rate (CR)

When SST >1, the rate of iron sulfide precipitation (formation) at the steel surface equals or exceeds the
rate of corrosion (undermining), and the condition is favorable for formation of dense, protective iron
sulfide layers which can lead to corrosion rate reduction. Vice versa when SST<1, the corrosion process
undermines the newly formed iron sulfide layer faster than precipitation can fill in the voids. A porous and
non-protective iron sulfide layer forms, which can be very thick.

Three series of controlled corrosion tests in the presence of iron sulfide were designed in order to verify
the hypothesis related mechanism of formation of the outer iron sulfide layer by precipitation which is
different from the proposal of Sun et al.* based on spalling of the thin inner layer. The experiments were
also meant to and check the validity of SST as an effective indicator of protective film formation in H,S
corrosion of mild steel.

Test series #1 is focused the effect of pH. As previously known, precipitation rates increase and corrosion
rates decrease with increasing pH, so the SST will be higher. This is favorable for protective iron sulfide
layer formation. Test series #2 is related to the effect of flow. Species transport in turbulent flow affects
the surface concentration of species. Lower flow can cause the increase of surface ferrous ion
concentration and pH?3, making the surface condition more favorable for iron sulfide precipitation due to
an increased precipitation rate and higher SST. Test series #3 looked into the effect of temperature.
Generally, increased temperature accelerates the precipitation kinetics more than it does the corrosion
rate, making the SST higher which should aid the formation of a protective layer.

Test series #1 - pH Effect

Corrosion Behavior

Corrosion rates from LPR measurement at different pH values are shown in Figure 6. The pH has a
strong influence on the corrosion rate. At pH 4.0, the increase of corrosion rate with time can be attributed
to the presence of an iron carbide network exposed by corrosion. It has been reported that iron carbide
can accelerate the corrosion rate due to the increase of the cathodic reaction area®*?. At pH 5.0 and pH
6.0, the decrease of corrosion rate is the result of the protective iron sulfide layer formed on the steel. It
is also shown that the iron sulfide layer formed at pH 6.0 is more protective compared with that obtained
at pH 5.0, due to the high SST at pH 6.0.
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Figure 6. Corrosion rate with time at different pH, P = 1 bar, 10% H,S/N, (0.05 bar H,S), 80 °C.

Corrosion Product Layers

Figure 7 shows the surface morphology and cross section of the corrosion product layer as a function of
pH after a one day exposure. Top view SEM images show that a surface layer had formed on all
specimens after one day of corrosion.

At pH 4.0, the surface layer has a very open and porous structure, as shown in Figure 7 (a) and (d), so
the product cannot provide any protection against corrosion. The layer thickness is about 4.5 um, which
is much smaller than the average of 10 ym of metal lost due to corrosion during the experiment. That is
probably due to the layer being too loose and detached from the steel surface, so it could be easily
removed by wall shear stress.

At pH 5.0, the top surface layer displayed a flaky structure. Parts of the layer had spalled off and revealed
the presence of much smaller crystallites under the outer layer. From the cross section analysis, the
corrosion product is also composed of two parts: a dense and adherent layer covering the steel surface
with a thickness on average of about 5 ym and a second very porous layer on top. By comparison, the
steel thickness loss due to corrosion is about 5 pm, which corresponds roughly to the thickness of the
dense layer. It is most likely this layer is the result of the immediate precipitation of Fe2* released from
corrosion. The second porous layer has most likely formed through a slow precipitation from Fe2* in the
bulk solution. This second porous layer is not as well attached and corresponds to the flaky features
observed in the top view SEM image.

At pH 6.0, the surface was mostly covered with a much denser layer. Similar to the specimen at pH 5.0,
small crystals were observed on areas where the outer layer had spalled off. From the cross section
image, a thin dense and seemingly adherent layer covers the steel surface with a thickness around 1 um,
which is close to the metal loss thickness by corrosion (0.7 pm).
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Figure 7. SEM image and cross section of corrosion product layer at various pH conditions, P = 1 bar,
10% H,S /N, (0.05 bar H,S), 80 °C, duration 1 day.

The surface morphology of the corrosion product layer and cross section analysis at the end of tests are
shown in Figure 8. The structure of the corrosion product layers present the same characteristics as were
observed after one day of corrosion. That is the main cause of corrosion rates remaining the same from
1 day to the end of the tests at 6 days.

©2015 by NACE International. Reguests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084. The material presented and the views expressed in
this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

11



3 48K 200 . 100pm 10,60 °S] s s il
(a) SEM image of corrosion product layer at (d) Cross section of steel specime
pH 4.0 corrosion product layer at pH 4.0

e
n with

Metal thickness
loss=18%2 pm

(b) EM imag of corrosionprodct layer at (e) Cross section of steel specimen with
pH 5.0 corrosion product layer at pH 5.0

; 07 :;‘5,6,;,1\ 7'SEL 15kV  X5500 2pm 11 56 BEC
(c) SEM image of corrosion product layer at (f) Cross section of steel specimen with
pH 6.0 corrosion product layer at pH 6.0

Figure 8. SEM image and cross section of corrosion product layer at various pH conditions, P = 1 bar,
10% H,S /N, (0.05 bar H,S), 80 °C, 7 days exposure at pH 4.0 and pH 5.0, 4 days exposure at pH 6.0.

At pH 4.0, a thick, porous and very detached layer covers the steel surface, which does not provide any
protective effect. At pH 6.0, a thin, dense and adherent layer is present on the steel surface, which is
very protective against corrosion. The protectiveness of the iron sulfide layer at pH 5.0 is intermediate
with respect to the layers at pH 4.0 and pH 6.0. The corrosion layer was somewhat protective, as the
final steady-state corrosion rates were much lower than the initial corrosion (3.2 mm/y to 1.0 mm/y), but
was still around 1 mm/y.

Moreover, the corrosion product layers at the end of the tests (4- 7 days) are much thicker than those
after 1 day of corrosion, and appears to be very dense, but corrosion rates do not change much. This is
indicative that the thickness of corrosion product layers and apparent porosity as seen in SEM images,
play a negligible role in corrosion rate reduction. Lack of correlation of the overall layer thickness and
associated corrosion rate has also been observed in CO, corrosion in the presence of iron carbonate
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layers 26. The corrosion rate is mostly likely related to the porosity and morphology of the thin corrosion
product layer immediately adjacent to the steel surface (first few microns) and to how well it is attached
to the steel surface, rather than the overall layer thickness and porosity.

Test series #2 - Flow Effect

Corrosion Behavior

Turbulent flow can affect the surface water chemistry by changing mass transfer rate of species moving
from the bulk to the steel surface or vice versa. At low flow rate, the surface concentration for most of the
species is different from bulk concentrations. The surface pH has been shown to be 1 to 2 units higher
than the bulk solution pH 2326, When that happens and the surface pH is higher, the conditions are more
favorable for iron sulfide formation on the steel surface as the precipitation rate will be higher, and the
corrosion rate is lower; therefore the SST will be higher and the protective corrosion product layer is easier
to form.

Figure 9 shows corrosion rates from LPR measurement at different flow rates at pH 4.0. At the higher
flow rate (600 rpm stirring rate), corrosion rate increases with time, meaning that no protective layer
formed on the steel surface. At the lower flow rate (60 rpm stirring rate), the corrosion rate reduces from
2.2 mm/y to about 1.5 mm/y, which is due to the formation of the somewhat protective layer on the
surface. The bulk water chemistry is exactly the same in these two cases. The different roles of the
corrosion product layer resulted from the difference in surface water chemistry caused by the turbulent
mixing. The same effect was observed at pH 5.0 as shown in Figure 10. A lower flow rate was observed
to be favorable for the protective corrosion product layer formation.
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Figure 9. Effect of flow rate on corrosion rate change with time at pH 4.0, Pt = 1 bar, 10% H,S /N, (0.05
bar H,S), 80 °C.
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Figure 10. Effect of flow rate on corrosion rate change with time at pH 5.0, Pww = 1 bar, 10% H,S /N,
(0.05 bar H,S), 80 °C.

Corrosion Product Lavyers

Figure 11 shows the effect of the flow on the surface morphology and cross section of the corrosion
product layers at pH 4.0. At 600 rpm (high flow rate), the surface layer has a very open and porous
structure and is detached from the steel surface, as shown in Figure 11 (a), (b). Consequently, the
corrosion product layer cannot provide any protection against further corrosion. At 60 rpm (low flow rate),
a more dense and adherent layer covering the steel surface with a thickness on average of about 20 pm
was observed, which corresponds roughly to the thickness of steel loss (22 um). The corrosion product
layer was slightly more protective than that at 600 rpm (high flow rate), as the initial corrosion rate (2.2
mm/y) decreased to 1.5 mm/y corrosion rate.
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Figure 11. Effect of flow on the surface morphology and cross section of corrosion product layers at pH

4.0, Pt = 1 bar, 10% H,S /N, (0.05 bar H,S), 80 °C, 7 days exposure.

Figure 12 shows the effect of the flow on the surface morphology and cross section of the corrosion
product layers at pH 5.0. The results have a similar dependence on flow rate as observed for pH 4.0. At
a low flow rate (60 rpm), the rate of precipitation at the surface is much higher than the rate of corrosion
(leading to a high SST) and tends to form a more protective corrosion product layer, which is dense and

adherent to the steel surface, as Figure 12(d) shows.
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Figure 12. Effect of flow on the surface morphology and cross section of corrosion product layers at pH
5.0, Pt = 1 bar, 10% H,S /N, (0.05 bar H,S), 80 °C, 7 days exposure.

Test series #3 - Temperature Effect

In the absence of any precipitation and corrosion product layer formation (i.e., at the initial stages of
corrosion), temperature accelerates the kinetics of all the processes involved in a corroding system:
electrochemical reactions, chemical reactions, transport processes, etc. Hence, the initial corrosion rate
also increases with temperature as indicated in Figure 13.

When the formation of the corrosion product layer occurs by precipitation, it is known that increased
temperature aids the iron sulfide layer formation by accelerating the kinetics of precipitation. At 25 °C the
kinetics of iron sulfide precipitation is very much slower than that at 80 °C. Only a very porous layer
formation can be detected at 25 °C, as shown in Figure 14 (c) and (d), which does not provide sufficient
protection against corrosion (the corrosion rate is fairly constant from 0.4 mm/y to 0.3 mm/y). At 80 °C
Figure 14 (a) and (b) show a thin, dense and adherent iron sulfide layer formed on the steel surface,
which provides very good protection against corrosion, reducing the corrosion rate from 1.1 mm/y to 0.1
mml/y. In summary, higher temperatures make the initial corrosion rate higher, but make the final
corrosion rate lower, which is shown in Figure 13.
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Figure 13. Effect of temperature on corrosion rate change with time at pH 6.0, P = 1 bar, 10% H,S /N,

80 °C
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Figure 14. Effect of temperature on the surface morphology and cross section of corrosion product layers
at pH 6.0, P = 1 bar, 10% H,S /N,, 80 °C, 4 days exposure.
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Composition of corrosion product

EDS and XRD were used to characterize the composition of the corrosion product layer on the steel
surface. XRD results show mackinawite is the dominant corrosion product except at pH 4.0. At pH 4.0,
iron carbide is the dominant corrosion product after one day exposure, shown in Figure 15. Other iron
sulfides such troilite and pyrrhotite appear at the end of the some tests, which is shown in Figure 16 as
an example.
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Figure 15. XRD analysis of surface corrosion products after 1 day corrosion, showing mostly FeCs
Conditions: pH 4.0, 600rpm stirring rate, 80 °C, 1 wt% NacCl solution, 0.054 bar H,S, balance N,.
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Figure 16. XRD analysis of surface corrosion products after 7 days corrosion, showing iron carbide,
Mackinawite, Troilite. Conditions: pH 4.0, 600rpm stirring rate, 80 °C, 1 wt% NaCl solution, 0.054 bar
H,S, balance N,.
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CONLUSIONS

A double layer structure of an iron sulfide layer formed in H.S corrosion of mild steel as proposed
by Sun et al.* was confirmed, which composed of a very thin inner film and a much thicker outer
layer. However, the mechanism of formation and the role this layers play is not the same as
originally described by Sun et al.*.

It is most likely that the very thin inner sulfide layer is formed by chemisorption. The chemically
adsorbed sulfide layer slows down corrosion by affecting the charge transfer reaction kinetics,
where both anodic and cathodic reactions are affected.

The outer iron sulfide layer is formed by precipitation at the corroding steel surface and is a strong
function of surface water chemistry.

The protectiveness of the outer iron sulfide layer depends on the balance between iron sulfide
precipitation which forms the layer and the corrosion which undermines it. This can lead to a
variety of long-term corrosion outcomes depending on the environmental parameters such as
temperature, pH, and flow rate.

The protective iron sulfide corrosion product layer and low corrosion rate were observed at high
pH, temperature and low flow rate due to high precipitation rate of a dense corrosion product layer.

The present results also confirm that the concept of surface scaling tendency is a good indicator
for assessing the likelihood of the formation of protective iron sulfide layers.
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