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ABSTRACT

Multiple mass transport and reaction type rate processes are involved in high temperature refinery
sulfidation corrosion. Corrosion tests provide only aggregate rates of corrosion which results from
underlying generally sequential sub-processes. Theoretically, rates of these sub-processes can be
calculated wusing principles of nonequilibrium thermodynamics and kinetics, if associated
phenomenological coefficients are known. These coefficients are traditionally obtained by experimentally
confirming the governing rate determining step. In complex systems such as refinery sulfidation
corrosion, conventional empirical models such as Arrhenius, parabolic, logarithmic, or other popular rate
laws cannot be confirmed exclusively. This has been elucidated by high temperature sulfidation tests
manipulating concentration, temperature, and duration. Theories of solid-state chemistry and general
chemical science are discussed considering the experimental data in order to create a mechanistic model
which can simulate trends in corrosion rates.

Key words: corrosion mechanism, high temperature oxidation, hydrogen sulfide, sulfur, reactions
(chemical)

INTRODUCTION

High temperature sulfidation (or sulfidic) corrosion of steel by sulfur species in crude oil has long been
known to damage refinery equipment.! Corrosion engineers have been using prediction curves derived
from field corrosion data??® to estimate rates of sulfidation corrosion. However, a significant inaccuracy is
often encountered in these estimations because of the extensive diversity in molecular structures of sulfur
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compounds in crude oils. Additionally, the presence of naphthenic acids complicates the problem further
by influencing, physically and chemically, the sulfidation mechanism.* Hence, a reliable prediction model
of sulfidation is sought after, especially in the presence of naphthenic acids.

Several models for refinery sulfidation corrosion have been published.>'" Some of these models are
based on empirical laws and the rest have arbitrary relationships and “fudge factors”. An effective
prediction model should secure sulfidation rate as a function of system variables such as composition of
sulfur compounds, temperature, and pressure, based on a mechanistic description. In general, any
specific sub-process or a step of the mechanism is validated by experimentally confirming the rate law
associated with the step which relates corrosion rate with one or more system variables. Further
manipulation of system variables is sought to confirm the rest of the steps. The methodology is illustrated
schematically in Figure 1. When the manipulation range is limited by practicality, the remaining steps
must be deduced pragmatically in the absence of other adequate methods. If none of the reaction rate
laws can be distinctly identified then the reaction can be considered in “mixed control” of several
mechanistic steps, meaning that the unit rates of individual steps are not significantly different. Here, the
refinery sulfidation corrosion is analyzed as a mixed controlled reaction to develop useful insights into
the mechanism.

List anticipated mechanistic steps
with associated rate laws

Measure corrosion rates for
defined system variables

Plot parametric plots of corrosion
rate vs system variables

Plot matches with
anticipated rate law

Manipulate system
variables

Mechanistic step
confirmed

Figure 1: Identification of a specific mechanistic step of an overall corrosion mechanism
Refinery Sulfidation Corrosion

An enormous variety of molecular structures of sulfur species'' in crude oil react with steel to produce
a solid corrosion product of iron sulfide scale. The overall sulfidation reaction can be described in a
simplified form as follows.>'#15

(1-x)Fe(s) + R-S-Roiy = Fe1xS) + R-Roiy (1)

Where, R = organic moiety or hydrogen

A non-stoichiometric formula of Fe1,S for iron sulfide, also known as pyrrhotite, is used to express
missing iron from the cation sites of a crystalline iron sulfide phase, resulting in vacancies.'® Sulfidation
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corrosion has been claimed to initially follow a parabolic type of relation between mass gain or loss vs.
time and later linearize.>¢8'7 A parabolic rate law can be obtained mathematically by integration of
thickness growth rate of the scale, inversely proportional to the thickness itself.® In that sense, any “scale-
through” diffusion mechanism, whether molecular diffusion of corrosive species towards the metal
surface or a solid-state atomic diffusion of iron and sulfur, could confirm a parabolic law.'®?* However, a
mechanism of molecular diffusion of corrosive species through the scale followed by their reaction with
the fresh metal surface cannot be responsible for the growth of iron sulfide. This is because generated
porous scale morphologies imply that iron sulfide formed in a dendritic manner in the first place by ionic
transport through iron sulfide crystals.?

It can be agreed that the high temperature sulfidation of metals proceeds by ionic transport of metal and
oxidant through the scale, in which interfacial oxidation of metal at the metal-sulfide interface and
reduction of sulfur at the sulfide-oil interface must be warranted. Reduction of sulfur produces cationic
vacancies and holes that initiate at the surface of the iron sulfide scale, and inwardly transport through
the scale and get annihilated at the iron-iron sulfide interface as shown in Figure 2.16:192627 Hence, iron
sulfide scale acts simultaneously as both an “ionic” and “electrical” conductor, this can be termed a “mixed
conductor”.'®26.28 |f interfacial oxidation and reduction reactions are in dynamic equilibria, electrochemical
potentials of ions are fixed at the interfaces establishing a potential gradient across the scale and the rate
equation, derived from principles of nonequilibrium thermodynamics, approaches a parabolic law.'® Local
equilibria at interfaces is the main assumption behind this derivation which is valid for “thick film”
regimes.'%%

Environment
Fe . .

containing sulfur
Fe + V're + 2h*— Fere R-S-R —» Ss + V"re + 2h*+ R-R

Figure 2: Schematic representation of interfacial reactions in sulfidation corrosion using Kréger-
Vink notations3®3! [in A, A is a structural element (Fe, S or V=vacancy), C is a charge (e = positive
and ' = negative), his a hole, and subscript S is a lattice site (Fe, S or i=interstitial)].t

Non-stoichiometric iron sulfide Fe1xS (pyrrhotite) generally has high electrical conductivity (0.001-0.005
Q-cm)'®3233 and the self-diffusion coefficient of iron in pyrrhotite is also relatively high,2¢3* which means
chemical diffusivity of iron for sulfidation corrosion can be quite high for given concentration of
vacancies.?® In such a case, a parabolic region could get highly flattened or simply does not become rate
limiting. A parabolic trend is expected only for extremely high reactivity of a sulfur compound that can
greatly exceed chemical diffusion rate. In such cases, extremely high corrosion rates would result despite
of diffusion control, due to high chemical diffusivity of iron in pyrrhotite.

However, in refinery sulfidation, mass loss deviates from initial “non-linear” trend and after some hours it
becomes linear with time. This shifting of kinetics has been popularly referred to as “para-linear” kinetics.
This kind of behavior can be modelled by adding in parallel a linearly progressing process. One such

T The term “lonic transport” is generally used to describe atomic diffusion in crystals such as pyrrhotite due to its ionic nature.’®
However, theoretical treatments on the subject describe atomic diffusion by vacancy transport as opposed to ionic transport.
Further, relative charges or oxidation states are more appropriately assigned to vacancies instead of elements for non-
stoichiometric crystals.3 Electronic transport is described using holes instead of electrons because pyrrhotite is a p-type

semiconductor.'®
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phenomenon is oxidation with vaporization or loss of oxide scale.*® Parallels can also be drawn with
refinery sulfidation corrosion in which iron sulfide scale is suspected to be removed continuously. Another
point of view on para-linear kinetics was postulated by Haycock involving a mechanism of continuous
loss of adherent scale by recrystallization and subsequent disbonding.?!?2 Remaining adherent scale
would thus maintain some constant thickness to yield linear kinetics.?'?> The assumption is that the
disbonded portion would provide no resistance to molecular diffusion of corrosive species which is
incomprehensible.?'?2 However, a simpler explanation would be that the interfacial reactions are rate
governing when the linear kinetics prevail, i.e., when the mass loss is linearly proportional with time.’

Evaluation of the effect of temperature on reaction rate can also offer insights into kinetics. For most
chemical reactions, an Arrhenius plot of logarithmic unit rate versus the inverse of absolute temperature
is linear, which is expected according to transition state theory.3® However, it can be hypothesized that
the interfacial reactions involve complex electron transfer processes which may produce non-linearity in
Arrhenius plots.?® Such non-linear trends have already been observed in other sulfidation studies at
refinery conditions though claimed to be linear.23° In those studies, initial mass loss versus time regions
were interpreted to be parabolic, an obvious outlook would be that the parabolic constant produces linear
Arrhenius plots unless they did not.*®3% This argument is further strengthened by the results of the present
parametric study of kinetics of sulfidation reaction to determine the mechanistic steps.

EXPERIMENTAL PROCEDURE

Traditionally, sulfidation corrosion tests have been performed in static autoclaves. In an autoclave test,
the concentration of corrosive species in the test liquid decreases due to their consumption in corrosion
reactions and due to their partitioning into the gas phase in the headspace. This limitation was overcome
by selecting a flow-through mini autoclave (FTMA) as an experimental apparatus which is schematically
shown in Figure 3. A negligible concentration gradient exists along the fluid pass over the surface of
corrosion test samples, because the sulfidation rate is incredibly slow compared to the convective mass
transport of species and the corrosion test samples are small, too. Also, during the test, corrosive species
do not partition in the vapor phase since the liquid phase is maintained in the FTMA reactor by the back
pressure valve.

The main goal of the experimental work was to determine the mechanistic steps of the sulfidation
reaction, especially the rate determining step in the typical operating range of the system variables. Thus,
a parametric study was performed where the system variables such as time, concentration and
temperature, respectively, were manipulated. Corrosion rates were determined by mass loss from carbon
steel samples within test duration instead of evaluating the mass gains (scale). In this way, the errors
associated with undesirable scale loss during sample handling after testing were eliminated. After each
test, the corrosion product was removed from the samples according to ASTM G1-03 procedure. Initial
and final mass of samples were measured using an analytical balance. Each test had four corrosion
samples in the reactor. Two were used for corrosion rate evaluation and the other two were subject to
analysis of corrosion product by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS).

I Parabolic rate constant depicts chemical diffusivity of atomic species in the scale which may also potentially generate a non-
linear Arrhenius plot. However, there is a body of literature available showing linear Arrhenius plot of parabolic rate constant
versus inverse of absolute temperature for many high temperature corrosion systems which probably drove the same conclusion

of the other refinery sulfidation studies.®35 ) _ o _ )
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Figure 3: Schematic diagram of testing apparatus flow-through mini autoclave (FTMA)

Initially, it was decided to check if the sulfidation corrosion reaction was under diffusion control. A series
of corrosion tests with increasing test durations up to 48 hours were performed in the flow-through-mini-
autoclave (FTMA) using a model oil solution of dodecylsulfide (DDS) dissolved in a mineral oil. The
increment in the test duration was chosen to be smaller (3h) for the first few tests to capture the initial
rapid reaction rate, but later it was increased (6h, 12h) to obtain a notable increase in the mass loss of
samples as shown in Table 1.

Table 1 Experimental test matrix to assess evolution of sulfidation rate

Time Total sulfur (wt.%) in Temperature Pressure
test solution by DDS* Test Material
(h) oo : (°F) (kPa)
in mineral oil
3
6
9
12 Carbon Steel
18 0.25 (ASTM A 106) 650 600
24
36
48
*DDS = Dodecylsulfide CH3(CH2)11S(CH2)11CHs3
Table 2 Composition of corrosion test samples of carbon steel (ASTM A 106)
Element C Si Mn P S Cr Ni Mo V Cu Fe
Wt. % 018 | 041 | 0.8 | 0.11 | 0.06 | 0.02 | 0.04 | 0.02 | 0.03 | 0.08 | Balance

The dependence of corrosion rate on sulfur concentration was evaluated using four different
concentration solutions of DDS dissolved in model oil as specified in the test matrix in Table 3.
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Table 3 Experimental test matrix to assess the effect of sulfur concentration on sulfidation

Total sulfur (wt.%) in test solution by Test Material Temperature Pressure Time
DDS in mineral ol (°F) (kPa) (h)
0.1
0.25
045 Carbon Steel 650 600 24
0.625

Dependence of corrosion rate on the temperature was the most important factor from the kinetic point of
view. Therefore, standard 24 hours FTMA tests were performed at 550, 600, and 650°F with a DDS
solution of a constant sulfur concentration (0.45 wt.%) as given in Table 4.

Table 4 Experimental test matrix for evaluation of reaction kinetics

Temperature Total sulfur (wt.%) in Pressure Time
test solution by DDS Test Material
(°F) S . (kPa) (h)
in mineral oil
550
600 0.45 Carbon Steel 600 24
650

RESULTS

The aim of the experimental work was to elucidate the kinetics of sulfidation corrosion by performing
parametric study of corrosion rate against time, concentrations and temperatures. Time evolution of
sulfidation rates is illustrated using mass loss of corrosion test samples instead of corrosion rate because
terminologies used here for evolution of the rate such as parabolic, para-linear and linear refer to
evolution of mass loss versus time (Figure 4). Effect of concentration is illustrated using corrosion rate
versus concentration plot (Figure 5). Effect of temperature is illustrated using Arrhenius plot of logarithmic
of the unit rate versus inverse of the absolute temperature (Figure 6). Also, the characterization of the
corrosion product was performed using scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD).

As illustrated by Figure 4, a linear trend of mass loss versus time resulted from the isothermal sulfidation
test with 0.25 wt.% sulfur, which supported the hypothesis that the sulfidation reaction was not under
diffusion control which would have otherwise produced a parabolic trend.

Corrosion rate for 24 hours by dodecylsulfide (DDS) was linearly proportional to its concentration as
illustrated by Figure 5. In contrast to the power law, which would have pointed to definitive chemical
reaction control, a linear correspondence of rate with concentration could mean interfacial reaction to be
rate determining. However, linear mass loss versus time data in Figure 4 indicates that sulfidation
corrosion was in interfacial reaction control.

The Arrhenius plot of specific reaction rates versus inverse of the temperature was found to be non-linear
as illustrated by Figure 6. This behavior was similar to the previous experiments reported for another
model compound at different concentration and in different temperature ranges, which indicates that the
same mechanism might be in play in all these cases.
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Figure 4: Mass loss versus time data of sulfidation corrosion of carbon steel by 0.25 wt.% of sulfur
by DDS in model oil solution at 650°F.
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Figure 5: Mass loss versus concentration data of sulfidation corrosion of carbon steel for 24
hours by DDS in model oil solution at 650 °F.
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Figure 6: Arrhenius plot of unit corrosion rate versus inverse of the absolute temperature.
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However, the comparison of the present mass loss versus time data with the trends reported in the other
studies indicates otherwise.®® It is possible that non-linear mass loss versus time trend might have been
mistakenly interpreted to be parabolic instead of logarithmic in those studies.*

If a non-linear region reported in the literature®3® can be assumed to be logarithmic, then this can yield a
possible explanation of the results. A logarithmic law was originally proposed by Tammann*' and later
derived by Cabrera and Mott based on electric field activated ionic transport through the film.#? In parallel,
it was proposed by Eley and Wilkinson that logarithmic kinetics could also be observed due to interfacial
reactions being activated by an electric field.** The same interfacial reaction kinetics would go linear when
thickness is greater than space charge region.*

As shown by Figure 7, analysis of corrosion products by scanning electron microscopy (SEM) on the
surface captured the formation of new iron sulfide crystals on the outer surface which is in agreement
with the hypothesis of iron sulfide growth by predominant outward diffusion of iron.

r
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Figure 7: Scanning electron microscopy (SEM) images of corrosion product formed on carbon
steel surface by 0.25 wt.% of sulfur after 24 hours.

Elemental analysis of corrosion product by energy dispersive X-ray spectroscopy (EDS) confirmed that
corrosion product scale was composed of iron and sulfur, as illustrated by Figure 8.The corrosion product
scale was disbonded from the metal surface by the epoxy embedment of the coupon allowing the resin
to fill separation space. and detection of carbon and oxygen in dark regions during the EDS scanning is
indicative of this, see Figure 8.

Phase identity in the scale was confirmed by sample analysis with the X-ray diffraction (XRD) at a scan
rate of 3 degree/min with step width of 0.02 degree with CuK,, radiation generated at 30 kV and 15 mA.
Peaks in the pattern were characterized to be iron and iron sulfide, as shown in Figure 9.
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Figure 8: Analysis of corrosion product formed on carbon steel surface by DDS (0.25 wt.% of
sulfur) after 24 hours by energy dispersive X-ray spectroscopy (EDS), in scanning line mode.
Black portion is epoxy.
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Figure 9: X-ray diffraction pattern of corrosion test samples with corrosion product.
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CONCLUSIONS

Refinery sulfidation corrosion proceeds by solid state diffusion of ions through the scale which is always
coupled with electric current. Due to higher values of self-diffusion coefficient of iron and electrical
conductivity of pyrrhotite, solid state diffusion can be much faster and may not become rate limiting which
was demonstrated especially by mass loss versus time data. For the range of system variables selected
in the experiment series, linear kinetics was observed which indicated that the rate determining step was
not the solid-state diffusion but interfacial reactions. Mathematical modelling of interfacial reactions is
required to be performed to estimate refinery sulfidation corrosion rates.
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