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ABSTRACT: In crude oil refineries, high temperature
corrosion in nonaqueous phase, predominantly by carboxylic
acids (also known as naphthenic acids in crude oil) and
sulfidation, is an old problem and has been studied for almost a
century. Despite the large body of laboratory study and field
experience, the mechanism of corrosion by naphthenic acids
and sulfidation is not fully understood so that models in the
public domain are empirical rather than mechanistic.
Previously, a protective inner iron oxide scale was found
when both naphthenic acids and sulfur compounds were
present in our prior corrosion study. In the current study, it is
shown that the high-temperature corrosion by naphthenic acids and sulfidation depends on the solid state diffusion of iron
through the inner scale. It is postulated that corrosion rates are governed by either chemical kinetics on the surface of the inner
scale or self-diffusion of iron through the inner scale. A model was built to simulate this mechanism for corrosion and validated
with experimental data from a flow through corrosion test.

1. INTRODUCTION

In recent years, there was an increasing economic stimulus for
crude oil refineries to process price-discounted “opportunity
crudes”. It is estimated that processing opportunity crudes may
boost the profit of a medium-sized refinery by more than ten
million US dollars (USD) each year.1 However, the high
content of sulfur compounds and carboxylic acids (also known
as naphthenic acids in the crude oil, NAP) may cause serious
corrosion problems and threaten facility integrity.
Although sulfidation (corrosion by sulfur compounds in the

crude oil) and naphthenic acid corrosion (NAC) have been
studied for decades,2 most studies are empirical, describing
experimental results and field experience without probing the
corrosion mechanism. For example, sulfidation is often
predicted by modified McConomy curves that relate corrosion
rates with temperature for different alloys based on refinery
experience data with an implication of mechanism. Total sulfur
is used for correlations, although functional groups (mercaptan,
aliphatic/alicyclic sulfide, disulfide, thiophene) differ in
abundance and reactivity.3−6 Large numbers of NAP with
different structures are present in acidic crude oils.7−11

Corrosion by NAC is generalized leaving no solid corrosion
product on the steel surface after undermining thin oxide layer
steel surfaces.12

Despite extensive study, the mechanism of concurrent
sulfidation and NAC is still not understood on a molecular
level. Publications on “corrosion models” describe generic
observations on sulfidation and NAC or proprietary empirical
correlations between the corrosion rate and the corrosive

environment.1,13−15 Currently, there is no public mechanistic
model to simulate sulfidation and NAC.

1.1. Background. In our prior research into the
mechanism, a multilayer corrosion product scale was found
to have an inner oxygen-containing layer underneath an outer
sulfide layer after the concurrent sulfidation and NAC.16,17 The
inner layer (inner scale) was found to be a mixture of
nanoparticulate magnetite and pyrrhotite while the outer layer
(outer scale) was composed of pyrrhotite only. It was
determined that the presence of magnetite in the inner scale
significantly enhanced the layer protectiveness.18−20 The
formation of magnetite in the inner scale was rationalized to
be the result of thermal decomposition of iron naphthenates
(iron carboxylates) formed by acid attack on the metal followed
by the disproportionation of wüstite (FeO) trapped underneath
the outer scale (reactions R1 and R2).21−25

↔ + +Fe(RCOO) FeO RCOR CO2 2 (R1)

↔ + α‐4FeO Fe O Fe3 4 (R2)

In the current study, it is proposed that the sulfidation and
NAC by crude oil is controlled by the solid state diffusion of
iron through the inner corrosion product scale adjacent to the
steel surface. A model has been built on the basis of the
proposed corrosion mechanism. The mechanistic model has
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been validated by simulation of a series of experiments
involving solutions of various acid concentrations (denoted
by TAN or total acid number, the amount of potassium
hydroxide in milligram to naturalize one gram crude oil) and
sulfur content. To the best knowledge of the authors, it is the
first mathematical model based on the corrosion mechanism of
sulfidation and NAC in the public domain.
1.2. Corrosion Mechanism. In contrast to the electro-

chemical reactions in aqueous corrosion, sulfidation, and NAC
are generally accepted to proceed by direct chemical reactions
due to the range of 1010−1015 Ω·m resistivity of crude oils.26,27

One of challenges in studying corrosion mechanisms is the
formation and growth of corrosion product scale. For example,
a dense scale composed of iron sulfide and/or iron carbonate is
found in aqueous corrosion with carbon dioxide (CO2) and/or
hydrogen sulfide (H2S). It is commonly accepted that the dense
scale deters the aqueous diffusion of corrosive ions and CO2/
H2S toward the steel surface and decreases the corrosion
rate.28−34 While the thickness of an outer FeS layer may affect
molecular diffusion toward the surface in a similar fashion, the
role of the inner scale in sulfidation and NAC is less clear. Two
hypotheses may be proposed for its effect on corrosion:
Hypothesis 1: The porosity of the inner scale allows corrosive

molecular species in the fluid to diffuse toward the steel surface
so that the corrosion reaction takes place at the steel surface
under the corrosion product scale.
Hypothesis 2: The inner scale is impermeable to molecular

species in the fluid but allows solid state diffusion of iron
through it so that corrosion takes place on the outer surface of
the inner scale.
Hypothesis 1 is an intuitive extension of the role of scale in

aqueous corrosion that replaces ions in an electrolyte at
temperatures below 200 °C with direct reaction of reactive
sulfur and acid molecules in a nonconducting medium at
temperatures above 200 °C. At these temperatures below 200
°C solid state diffusion is usually ignored.
Hypothesis 2 is an intuitive extension of oxidation and

sulfidation at temperatures well above 400 °C where solid state
diffusion of iron through an inner scale is fast.35 Radiotracer
and magnetokinetic measurements over the past 70 years has
established that the high-temperature sulfidation of steel
proceeds by the outward diffusion of iron through the compact
iron sulfide scale by exchange between an iron atom and the
neighboring vacancy.36−43 Gas phase sulfidation has been
proven to proceed by charge transfer with incorporation of
sulfur atoms into the iron sulfide lattice and creation of charged
iron vacancies (reactions R3−R6).44−46 Continuous sulfidation
results in an iron-deficient outer surface of the inner scale and
promotes the solid state diffusion of iron.

+ ↔ +− −H S 2e S Hl2 ( ) (ad)
2

2(l) (R3)

↔ +− −S S 2e(ad)
2

(ad) (R4)

↔ +S S V(ad) S Fe (R5)

+ ↔ ″−V 2e VFe Fe (R6)

High temperature solid state diffusion studies involve gas
phase concentrations (i.e., very low concentrations) of reactive
molecules in inert carrier gases with no mechanism for scale
removal. In less inert refinery liquids at 240−400 °C, iron solid
state diffusion and chemical reaction rates for sulfidation and
NAC are similar in order of magnitude but the complex liquids

can remove corrosion products by shear stress or solubility
forces.
Under refinery conditions sulfidation and NAC usually

proceed simultaneously. In our prior study, scales formed on
specimens by sulfidation and NAC are challenged by an acid
only flow at TAN 3.5.16,17 When the experiment was performed
in a flow through mini-autoclave (FTMA), oxygen in the inner
scale was observed to enhance the scale protectiveness when
challenged by acids alone.47,48 The composition, location, and
thickness of the scales in this study were taken as evidence that
solid state diffusion of iron was the controlling mechanism, i.e.
concurrent NAC and sulfidation by model compounds
generated an impermeable inner scale. As a corollary, magnetite
in an inner scale is expected to reduce corrosion rates because
its solid state diffusivity is several orders lower than that in
pyrrhotite (Figure 1).43 The results of the experiments in
following sections reinforce the conclusion that hypothesis 2 is
correct.

2. MODELING APPROACH
The model assumes that corrosion is governed by two
processesthe solid state diffusion of iron through the inner
scale and the chemical reactions on the surface of the inner
scaleeither of which may be rate-determining. In addition, it
assumes that molecular diffusion in the fluid and flow dynamics
influence rates of chemical reactions by affecting the
concentration of NAP and sulfur compounds at the surface
of the inner scale. Each factor is addressed below.

2.1. Solid State Diffusion of Iron. As noted above, the
solid state diffusion of iron in iron sulfide proceeds by the
exchange between ferrous ions (Fe2+) and the vacancies in the
lattice. Previously, XRD identified troilite as the form of FeS in
the corrosion product scale; however, other work shows that
the FeS is more properly identified as a pyrrhotite (Fe(1−x)S)
that is indistinguishable from troilite in XRD.49 The iron
diffusivity in pyrrhotite may be calculated by eq 1.39 In the
current study, the adopted value of diffusion activation energy
(ΔHFe in FeS) is 82 kJ/mol when temperature is above the Neél
temperature of pyrrhotite (316 °C).42 It is known that the pre-
exponential factor D0,Fe in FeS is a function of crystal orientation
with the average value 2 × 10−6 m2/s for random orientation as

Figure 1. Solid state diffusion of iron through the inner scale.
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expected for the inner scale.39 The pre-exponential factor for
iron in magnetite D0,Fe in Fe3O4

with random orientation is the
same order of magnetite (0.5−5 × 10−6 m2/s).50 However,
when iron diffusion in magnetite is calculated by eq 2 with its
diffusion activation energy (ΔHFe in Fe3O4

) of 240 kJ/mol, it can
be seen that there is a high energy barrier for the motion of iron
that explains its superior corrosion protectiveness.43

= −ΔD D e H RT
Fe in FeS 0,Fe in FeS

/Fe in FeS (1)

= −ΔD D e H RT
Fe in Fe O 0,Fe in Fe O

/
3 4 3 4

Fe in Fe3O4 (2)

For the inner scale composed of compact nonporous
nanoparticulate pyrrhotite and magnetite, the effective
diffusivity can be found by the Maxwell equation as shown
below.35

=
− +

+ −
D

D V D V D

V D V D

[(3 2 ) 2 ]

(3 )eff
Fe in FeS FeS Fe in Fe O FeS Fe in FeS

FeS Fe in Fe O FeS Fe in FeS

3 4

3 4

(3)

In the steady state, the diffusion rate of iron through the
inner scale is proportional to the concentration gradient of iron
according to the Fick’s law (eq 4).

δ
= −J

D
C C( )iFe

eff
0,Fe ,Fe (4)

When there are sufficient quantities of sulfur compounds in
the fluid, the incorporation of sulfur atoms proceeds so fast that
Ci,Fe was zero. In this case, the maximum flux of iron is achieved
and the corrosion is limited by the solid state diffusion of iron
(eq 5).

δ
=J

D
CFe,max

eff
0,Fe (5)

2.2. Chemical Reactions in Corrosion. In the absence of
corrosion product scale, NAP corrodes the steel directly
(reaction R7). Note that both reaction products can be
continuously removed from the steel surface so that the reverse
reaction is often ignored. NAC has been shown to be a first-
order reaction regarding NAP, and the corrosion rate follows
the Arrhenius law (eq 6).51,52

+ → +2RCOOH Fe Fe(RCOO) H(l) (steel) 2(l) 2(l) (R7)

= −Δr C A e H RT
NAC on steel s,NAP NAC on steel

/NAC on steel (6)

The rate-determining step (RDS) of sulfidation has been
shown to be sulfur exchange (reaction R3), which is a first-
order reaction regarding H2S concentration.46 Therefore, the
model postulates that sulfidation in the liquid phase is also a
first-order reaction determined by eq 7.

= −Δr C A e H RT
sulfidation s,sulfur sulfidation

/sulfidation (7)

The model assumes that NAC takes place on the surface in
the inner scale, i.e. it postulates that NAP reacts with the iron in
the of the pyrrhotite lattice (reaction R8). The rate of reaction
R8 is assumed to be close to that of reaction R9 which
represents the dissolution of pyrrhotite by acids. In both

reactions, the ferrous ion leaves the pyrrhotite lattice and
associates with the RCOO group. The difference relates to the
byproducthydrogen atoms combining with each other to
form hydrogen gas in reaction R8 while they associate with
sulfur atoms to form hydrogen sulfide in reaction R9.

+ + ↔ ++ −2RCOOH Fe 2e Fe(RCOO) H(l) (FeS)
2

2(l) 2(l)

(R8)

+ ↔ +2RCOOH FeS Fe(RCOO) H S(l) (s) 2(l) 2 (l) (R9)

However, most studies on NAC assume direct corrosion of
steel by NAP (reaction R7) rather than by acid attack on the
pyrrhotite in the inner scale (reactions R8 and R9). If the
model postulates that dissolution of the pyrrohite by the acids
is a first-order reaction, the acid corrosion rate can be calculated
by eq 8.

= −Δr C A e H RT
NAC on FeS s,NAP NAC on FeS

/NAC on FeS (8)

However, no values have been published for the kinetic
constants of the high-temperature dissolution of pyrrhotite by
carboxylic acids in nonaqueous phase (reaction R9).
For NAC only on bare steel surface, no inner scale is formed

and the corrosion rate is calculated by eq 6. In all other cases,
an inner scale is formed and the combination of NAC and
sulfidation rates is calculated from eqs 7 and 8. In parallel, the
maximum solid state diffusion of iron is calculated from eq 5.
The corrosion rate is from the rate limiting step, i.e. either the
value of the chemical reaction rate or the maximum solid state
diffusion of iron (eq 9).

= +CR r r Jminimum{( ), }simulation NAC on FeS sulfidation Fe,max

(9)

The following experimental sections describe the methods to
find or estimate the activation energies and pre-exponential
terms for eqs 6−8 that are used in the model. In addition,
results from a series of experiments that support the corrosion
mechanism and model are presented.

3. EXPERIMENTAL SECTION
3.1. Experiment Materials. Rectangular A106 carbon steel

(CS) specimens of were used in experiments (Table 1, as
provided by Alabama Specialty Products). Specimens were 0.60
mm in thickness cut to 16.30 mm × 15.60 mm with a central
hole 3.74 mm in diameter. Immediately prior to use, specimens
were abraded by 400-grit and 600-grit SiC paper in succession
under the flow of 2-propanol, wiped with paper towel to
remove residual particles, degreased with toluene and acetone,
dried under nitrogen, and weighed with an analytical balance
(to obtain an initial weight).
After corrosion experiments, specimens were extracted from

the apparatus for weight loss and microscopic analyses.
Specimens for weight loss analysis were rinsed with toluene
and acetone, prior to Clarke treatment in accordance with
ASTM G1-03.53,54 Specimens for microscopic analysis were
stored in an inert mineral oil until they were rinsed with
toluene and acetone just prior to mounting in epoxy for
microscopic analysis as described in our previous publication.48

Table 1. Chemical Composition of A106 Carbon Steel Specimen (% wt)

C Si Mn P S Cr Ni Mo V Cu Fe

0.18 0.41 0.8 0.11 0.06 0.02 0.04 0.02 0.03 0.08 bal
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Scanning electron microscopy (SEM) analysis was performed
on a JEOL JSM-6390 SEM. The energy dispersive X-ray
spectroscopy (EDS) detector was equipped with the SEM to
analyze the chemical composition.
3.2. Experimental Solutions. The corrosion study was

performed with model compounds to represent corrosive NAP
and sulfur compounds in real crude oil. n-Dodecyl sulfide
(DDS, CH3(CH2)11S(CH2)11CH3, CAS No. 2469-45-6, Fisher
Chemical) was obtained as the model sulfur compound. Model
NAP included a mixture of NAP extracted from real crude
fractions (TCI, CAS No. 1338-24-5, TCI America, Table 2)

and a pure carboxyl ic ac idpalmit ic acid (PA,
CH3(CH2)14COOH, CAS No. 57-10-3, Fisher Chemical).
The hydrocarbon of crude oil was replaced by an inert mineral
oil Tufflo 6000 by CITGO (Table 3). A series of solutions with
different S/TAN ratios were prepared by mixing Tufflo and
model compounds (DDS, PA, and TCI) as shown in Table 4.

3.3. Experimental Equipment. A flow through apparatus
named “flow through mini autoclave (FTMA)” was used in the
experiments. As shown in Figure 2, FTMA allowed continuous
fluid fed into its reactor where specimens are installed. In order
to avoid cross-contamination, a vessel and an oil pump are
devoted to Tufflo only while the other two vessels and oil
pump were used to contain and deliver experimental solutions.
The fluid fed into the reactor is chosen by switching a three-
way valve in the upstream of tubing. During experiments, fluid
in all vessels is bubbled with nitrogen gas to remove oxygen. Six
specimens separated by spacers are installed in the reactor with

a thermocouple extended into same location in the reactor to
control the temperature of the fluid surrounding the specimens.
Details of the specimens installation in the FTMA reactor can
be found in our prior publication.47 The pressure of reactor
(791 kPa) is maintained by the back pressure valve in its
downstream. All tubing of FTMA is made of 316 stainless steel,
and the customized reactor is made of Hastelloy C-276. The
FTMA for the experiments was operated under the conditions
shown in Table 5.

3.4. Experimental Procedures. There are two successive
steps in an experiments designated as “pretreatment” and
“challenge”. The pretreatment experiment is used to generate
corrosion product scales in experimental solutions and to assess
their corrosivity. In the challenge experiment, the corrosion
product scale formed in the pretreatment experiment is
exposed to a TAN 3.5 NAP solution at 343 °C for 24 h
order to evaluate its protectiveness against NAC. Both steps are
run in the FTMA using the experimental procedures described
below.

Pretreatment. After installation of freshly abraded speci-
mens, the reactor is connected to the FTMA tubing and a flow
of Tufflo is established while when the reactor is being heated
to the test temperature. When the test temperature is reached,
the flow is switched to the experimental solution contained in
test fluid vessel 1 at a flow rate of 1.5 cm3/min. The valve
switch is taken as the start of pretreatment experiment. After 24
h, the flow is switched back to Tufflo to remove the residual
experimental solution, reactor heating is stopped, and the
reactor is allowed to cool down with the Tufflo flow continuing.
After cooling, the reactor is opened and drained and the six
specimens are removed from the reactor, Three specimens are
prepared for weight loss analysis, and the other three are saved
in Tufflo for microscopic analysis.

Challenge. A parallel pretreatment experiment is run under
the same conditions as described above. In the end of
pretreatment time, the valve is switched to Tufflo flowing
through the reactor for 30 min while the temperature is
adjusted (if necessary) to the challenge temperature 343 °C.

Table 2. Boiling Point Range of TCI (TAN 230)

parameter temperature (°C)

initial boiling point 239
50% boiling point 296
80% boiling point 343
final boiling point 493

Table 3. Selected Physical and Chemical PropertiesTufflo

parameter description

appearance clear liquid
color colorless
odor odorless
density (at 16 °C, kg/m3) 876
dynamic viscosity (at 100 °C, cP) 1.1
flash point (°C) 254
initial boiling point (°C) 388

Table 4. Properties of Experimental Solutions

solution TAN
sulfur content
(S % wt)

sulfur content/TAN
(S/TAN)

PA only 1.75 0 0
PA + DDS-1 1.75 0.25 0.14
PA + DDS-2 1.75 0.58 0.33
PA + DDS-3 1.75 1.16 0.67
PA + DDS-4 1.75 1.75 1
PA + DDS-5 0.87 1.16 1.33
PA + DDS-6 0.87 1.46 1.67
TCI only 3.5 0 0
TCI + DDS 1.75 0.25 0.14
DDS only 0 0.25 -

Figure 2. Scheme of the flow through mini autoclave (FTMA).

Table 5. Flow Parameters of the FTMA Reactor

parameter value

fluid velocity 9.0 × 10−5 m/s
flow rate 1.5 cm3/min
back pressure 791 kPa

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.8b00250
Ind. Eng. Chem. Res. 2018, 57, 4329−4339

4332

http://dx.doi.org/10.1021/acs.iecr.8b00250


After 30 min (or until 343 °C is reached), the flow is switched
to the TAN 3.5 acid solution (“TCI only”) contained in test
fluid vessel 2 (1.5 cm3/min). The time of the valve switch is
taken as the start of the challenge experiment. After 24 h, the
valve is switched back to Tufflo in the end of the challenge. The
reactor is cooled down, and specimens are extracted and
prepared for analyses in the same manner as in the
pretreatment. Thus, in contrast to previous study, the
specimens in the FTMA are pretreated and challenged in situ
without being relocated or subjected to large temperature
differences.
3.5. Evaluation of Corrosion Rates. Corrosion rates were

calculated by weight loss analysis. Equation 10 shows the
expression for the pretreatment corrosion rate. The calculation
for the challenge corrosion rate should exclude the weight loss
in the pretreatment, as shown in eq 11.

ρ
=

× ΔW
St

CR
3.15 10

1

10
1

steel (10)

ρ
=

× Δ − ΔW W
St

CR
3.15 10 ( )

2

10
1 2

steel (11)

4. RESULTS AND DISCUSSION
4.1. Verification of Corrosion Mechanism. Earlier, it was

proposed the NAC took place on the outer surface of the inner
scale (hypothesis 2). In order to verify the proposed corrosion
mechanism, specimens pretreated in FTMA with PA + DDS-5
and -6 solutions at 343 °C were challenged with the TCI only
(TAN 3.5) solution in the same FTMA. These experiments at
high S/TAN were an extension of our previous work on the
effect of S on FTMA scale formation involving PA + DDS-1 to
4. At the high S/TAN ratios, thick inner scales adjacent to steel
surface were formed after the pretreatment with PA + DDS-5
and -6 solutions (Figure 3a and c). In the challenge experiment,
the corrosion product scale was exposed to the solution
containing only NAP, providing valuable information on the
mechanism of NAC in the presence of an inner sulfide scale.
The challenge corrosion rates in Table 6 corresponded to a

loss in steel thickness of around 4 μm in both cases. In other
words, the frontier of the steel surface was expected to “retreat”

by about 4 μm during the challenge experiment. However,
inner layers were intact and still adherent to the steel surface as
shown in Figure 3b and d. The fact that the inner layer was not
undermined by the acid strongly supported hypothesis 2, i.e.
NAC in the present of inner scale proceeded by the solid state
diffusion of iron.

4.2. Determination of Activation Energies of NAC and
Sulfidation. The activation energy of NAC on bare steel
surface was obtained from the Arrhenius equation based on
pretreatment of A106 specimens at different temperatures in
the FTMA. As shown in Figure 4, the corrosion rate increases

with temperature and the activation energy (ΔHNAC on steel in eq
6) was 47 kJ/mol, which was consistent with reported values in
literature.52−56 However, the extrapolation of the Arrhenius
plot to obtain a pre-exponential factor only yields the product
Cs,NAPANAC on steel because the concentration of acid at the
surface on the inner scale was unknown. In order to calculate
the value of the pre-exponential factor ANAC on steel, the NAP
concentration on the surface of inner scale (Cs,NAP) must be
estimated from mass transfer through the fluid and outer scale
(read on).
In the same way, A106 specimens were pretreated with a low

concentration of DDS only solution (0.25% S) at different
temperatures (Figure 5) and the activation energy of sulfidation
was found by Arrhenius treatment to be 94 kJ/mol (ΔHsulfidation
in eq 7). This value was consistent with the activation energy of
sulfur (in the form of hydrogen sulfide) exchange on pyrrhotite
surface (82−120 kJ/mol).57

In order to find the activation energy of reaction R9, A106
specimens pretreated in the DDS only solution were challenged
with the TCI only solution. As shown in Figure 6, the inner
scale formed in DDS only was partially dissolved after the
corrosion by NAP in the challenge experiment and the reaction
rate (rNAC on FeS in eq 8) can be calculated on the basis of
thickness decrease (eq 12). Given that the reaction rate was
more sensitive to the activation energy than the pre-exponential
term, the activation energy of NAC on the pyrrhotite surface

Figure 3. Cross-section SEM images of A106 specimens pretreated in
FTMA with PA + DDS-5 (a) and challenged with TCI only (b);
pretreated with PA + DDS-6 (c) and challenged with TCI only (d).

Table 6. Pretreatment and Challenge Corrosion Rates of
A106 Specimens in PA + DDS-5 and -6 Solutions

pretreatment
solution

pretreatment
corrosion rate

(mm/y)

challenge
corrosion rate

(mm/y)

steel loss in
challenge

experiment (μm)

PA + DDS-5 2.6 1.5 4.1
PA + DDS-6 2.8 1.4 3.8

Figure 4. Corrosion rates of A106 specimens pretreated with the TCI
only solution in FTMA at 288, 316, and 343 °C.
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(ΔHNAC on FeS) can be obtained via eq 13, and its value was
found to be around 63 kJ/mol.

δρ
=

Δ
r

MW tNAC on FeS
FeS

FeS (12)

≈ Δ −Δr
r

e H H RTNAC on FeS

NAC on steel

/NAC on steel NAC on FeS

(13)

A summary of activation energies in solid state diffusion and
chemical reactions is given in Table 7. This data shows that

solid state diffusion in magnetite presents the highest energy
barrier among all processes, which is consistent with the
protectiveness of oxygen-containing scales found in our prior
research.16−19

4.3. Mass Transfer in Fluid and Values of Pre-
exponential Terms of NAC and Sulfidation. High-
temperature diffusion coefficients of NAP and sulfur com-
pounds in oil were not well studied in public literature. C20
paraffin (C20H42) possesses similar carbon number and
molecular size to PA, TCI, and DDS in the current study.
Therefore, the self-diffusion of C20 paraffin will be used in the
simulation relating to mass transfer in fluid.

The self-diffusion of paraffin has been extensively studied and
the diffusion coefficient was fitted in accordance with Eyring’s
theory (eq 14).58−60 For C20 paraffin, D0,C20 was 1.5 × 10−7

m2/s and ΔHC20, 18 kJ/mol. It was assumed that both NAP
and sulfur compounds have the same diffusivity as that of C20
paraffin.

= −ΔD D e H RT
C20 0,C20

/C20 (14)

In the temperature range of NAC and sulfidation, the
dynamic viscosity of C20 paraffin shows a nearly linear
relationship with temperature (Figure 7).61 Although C20
paraffin is a viscous fluid at room temperature, its viscosity at
high temperatures is quite low.

The mass transfer toward the surface of specimens in the
FTMA reactor can be solved as a fully developed laminar flow
over a horizontal flat plate. The Reynolds number (Re), the
Schmidt number (Sc), and the average Sherwood number (Sh)
over the plate can be obtained from eqs 15−17.62

ρ
=

μ
Re

lV C20

(15)

ρ
= μ

Sc
DC20 C20 (16)

= =Sh
lk

D
Re Sc0.664

C20

1/2 1/3

(17)

Rearrangement of eq 17 gave the mass transfer coefficient (k)
in eq 18.

=k
Re Sc D

l
0.664 1/2 1/3

C20
(18)

In the steady state, the flux of NAP (JNAP) or sulfur
compounds (JS) toward the steel should be equal to their
consumption rate in corrosion. According to reaction R7, the
consumption rate of NAP is twice that of the corrosion rate of
iron, i.e. JNAP = 2rNAC. For NAC on the bare steel surface, the
corrosion rate where no scale is formed is given by eq 6 so that
consumption rate of NAP can be calculated by eq 19.

= −

= −Δ

J k C C

C A

( )

2 e H RT
NAP b,NAP s,NAP

s,NAP NAC on steel
/NAC on steel (19)

Figure 5. Corrosion rates of A106 specimens pretreated with a 0.25%
S DDS only solution in FTMA at 288, 316, and 343 °C.

Figure 6. Cross-sectional SEM images of A106 specimens pretreated
in FTMA with DDS only at 343 °C (a) and challenged with TCI only
(b).

Table 7. Activation Energies in Solid State Diffusion and
Chemical Reactions

process
activation energy (ΔH,

kJ/mol)

self-diffusion of iron in troilite 82
self-diffusion of iron in magnetite 240

+ ↔ +2RCOOH Fe Fe(RCOO) H(l) (steel) 2(l) 2(l) 47

+ ↔ +H S Fe FeS H2 (l) (FeS) (s) 2(l) 94

+ ↔ +2RCOOH FeS Fe(RCOO) H S(l) (s) 2(l) 2 (l) 63

Figure 7. Dynamic viscosity of C20H42 paraffin at high temperatures.
Data obtained from ref 61.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.8b00250
Ind. Eng. Chem. Res. 2018, 57, 4329−4339

4334

http://dx.doi.org/10.1021/acs.iecr.8b00250


From the corrosion rates in Figure 4, the value of pre-
exponential term for NAC on bare steel surface (ANAC on steel)
was found to be 5.3 × 10−3 m/s.
Extensive studies of have demonstrated that sulfidation

quickly reaches a steady state corrosion rate despite increasing
scale thicknesses.51 Because solid state diffusion occurs only
through a contiguous inner FeS scale, scale grains separated by
mechanical stress no longer participate in reactions with the
iron. As noted earlier, the model assumes that sulfidation occurs
with a rate limiting sulfur exchange mechanism on the inner
scale. The sulfur flux (consumption rate) is equal to the
sulfidation rate. Thus, a pre-exponential term of 7.6 m/s for
sulfidation (Asulfidation) was calculated from corrosion rates for
DDS (eq 20).

= −

= −Δ

J k C C

C A

( )

es
H RT

sulfur b,sulfur s,sulfur

,sulfur sulfidation
/sulfidation (20)

Asulfidation is 3 orders of magnitude higher than ANAP because the
probability that two acid molecules “collide” with a single iron
atom is that much lower than the single collision of a reactive
sulfur molecule with an iron atom.
4.4. Model Validation with Experimental Results. In

order to verify the proposed corrosion mechanism and model, a
series of experiments was performed and summarized in Table
8. The thickness and chemical composition of inner scales were
determined by analysis of cross-section SEM/EDS of speci-
mens pretreated with a series of PA + DDS in FTMA at 343 °C
(Table S1).47 No inner scale was formed in the FTMA
pretreatment with PA only; otherwise, the thickness and sulfur
content of inner scale increased with sulfur content in the
solution, indicating sulfidation became the dominant corrosion
mechanism for high-sulfur solutions. Assuming the inner scale
was a compact mixture of nanoparticulate pyrrhotite and
magnetite with no porosity, the volume fraction of iron sulfide
was obtained in eq 21, providing the input value to calculate the
effective diffusivity in eq 3.

=
+

ρ

ρ ρ

−V

MW

MW MWFeS

FeS % at

FeS % at (1 FeS % at)

FeS

FeS

FeS

FeS

Fe3O4

Fe3O4 (21)

With the thickness of scale and its volume fraction of FeS in
Table S1 the solid state diffusivity of iron can be calculated to
determine the maximum flux of iron JFe,max in eq 5. The
simulation (eq 9) calculates the minimum between chemical
reaction rate, i.e. the sum of sulfidation and NAC (eqs 7 and 8)
and JFe,max the solid state limiting rate (eq 5). The values
calculated in the simulation are compared with the
experimental rates in Figure 8. The chemical reaction rate
and the maximum solid state diffusion rate of iron (expressed in
mol/(m2 s)) have been converted to mm/y equivalent
corrosion rates for this comparison. No inner scale was formed

in PA only, so the maximum solid state diffusion rate is not
applicable. The simulated results fit experimental ones within a
reasonable range. Corrosion was controlled by chemical
reactions for DDS only and PA + DDS-1 and -2 given fast
solid state diffusion rate through thin inner scales. With higher
sulfur content in other solutions, the solid state diffusion of iron
was deterred by thick inner scales and became the rate-
determining step.
Scales formed by experimental solutions were exposed to

attack by TCI only at 343 °C in the challenge experiment. As
reported in our prior publication47 and summarized in Table
S2, most inner scales were thinner (even completely dissolved
in case of PA + DDS-4) after the challenge experiment.
Therefore, solid state diffusion was not the rate-limiting step
and the challenge corrosion rate was controlled by the chemical
reaction on the surface of inner scales (Figure 9).
In order to examine the model’s performance at different

temperatures, A106 specimens were pretreated with PA +
DDS-1 and -2 in FTMA at 316 and 288 °C.48 For the same
experimental solution, lower pretreatment temperature resulted
in a thinner inner scale (Table S3). As shown in Figures 10 and
11, corrosion rates were simulated within an acceptable range

Table 8. Summary of Experimental Conditions to Validate the Model

pretreatment

TAN
(mg KOH/g oil)

sulfur content in solution (%
wt)

temperature
(°C)

followed by
challenge description

0−1.75 0−1.75% 343 no corrosion by a series of solutions; data presented in Figure 8
0−1.75 0−1.75% 343 yes investigation of scale protectiveness; data presented in Figure 9
1.75 0.25%, 0.58% 288−343 no corrosion at different temperatures; data presented in Figures 10

and 11

Figure 8. Model validation with pretreatment corrosion rates of A106
specimens pretreated with a series of solutions in FTMA at 343 °C.

Figure 9. Model validation with challenge corrosion rates of A106
specimens pretreated with experimental solutions at 343 °C and
challenged with TCI only at 343 °C.
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of error. The thin inner scales allowed fast solid state diffusion
of iron, and the chemical reaction was the rate-determining step
at 316 and 288 °C.
4.5. Development toward a Predictive Model. In

sections above, a model was built to simulate the sulfidation
and NAC on the basis of corrosion mechanism. The proposed
model and corrosion mechanism was validated with results of a
series of experiments. It was found that properties of inner
scales (chemical composition and thickness) are critical factors
to simulate the corrosion rate. However, these properties are
not available in the crude oil refineries. So the model is limited

to simulation until such time that those values can be predicted
from properties that can be measured.
Some additional obstacles still exist in building a predictive

model. First, kinetic constants of the dissolution rate of iron
sulfide by NAP (reaction R9) have only been estimated
indirectly as discussed above; exact values of activation energy
and pre-exponential factor should be determined directly. The
formation of magnetite by thermal decomposition of iron
carboxylates (reactions R1 and R2) has been confirmed by the
detection of ketones in post-test corrosion oils.63 The reaction
has been studied extensively in the preparation of nano-
particulate magnetite and the synthesis of ketones in
concentrated solutions of model acids in relatively inert
solvents. Much remains to be determined about the mechanism
of magnetite formation on and within the sulfide scale including
the effects of acid molecular structure and the kinetics of iron
naphthenate formation and thermal decomposition.
Likewise, the mechanism governing the growth of inner scale

is not fully understood. As shown in Figure 12, the inner scale
thickness increased with sulfur content in pretreatment
solutions PA + DDS-1, -2, and -3 but stopped growing for
higher sulfur content, following the same trend of corrosion
rates. In a preliminary study, A106 specimens were pretreated
in PA + DDS-1 at 343 °C for up to 72 h (Figure 13). It was
found that the thickness of inner scale culminated after the 48-h
pretreatment and longer pretreatment did not result in a
significant change of inner scale thickness. These results suggest
that there may be a maximum inner scale thickness under a
given experimental condition that might be related to the
mechanical stress of scale growth that leads to the delamination
of the outer scale.
Eventually, the effect of flow and flow turbulence will need to

be factored into a predictive model. The present work with the
FTMA provides a replenishment flow that simulates steady
state conditions in the refinery, i.e. steel exposed to a constant
concentration of reactants for a brief period and soluble
corrosion product (iron naphthenates) swept away from the
steel surface. Therefore, the FTMA minimizes effects of the
solution chemistry without exerting any mechanical stress on
the scale as it forms on the surface. Alternative testing
equipment will be required to determine the effect of flow
turbulence on scale formation.
Ongoing research in our group is focusing on identifying

properties and their measurement that can be factors in a

Figure 10.Model validation with pretreatment corrosion rates of A106
specimens pretreated with PA + DDS-1 in FTMA at 343, 316, or 288
°C.

Figure 11.Model validation with pretreatment corrosion rates of A106
specimens pretreated with PA + DDS-2 in FTMA at 343, 316, or 288
°C.

Figure 12. Inner scale thickness and pretreatment corrosion rates of A106 specimens pretreated with experimental solutions in FTMA at 343 °C for
24 h.
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predictive model for sulfidation and NAC reactions. Compared
with existing models, the predictive model will be based on the
corrosion mechanism, incorporating solid state diffusion, flow
dynamics, and chemical reactions.

5. CONCLUSION
High-temperature corrosion by NAP and sulfur compounds
was found to be governed by solid state diffusion of iron
through the inner scale and the chemical reactions on the
surface of the inner scale. Both NAC and sulfidation proceeded
on top of the inner scale. A mechanistic model was built on the
basis of chemical reaction kinetics, solid state diffusion of iron,
and flow dynamics. In addition to activation energies, values of
pre-exponential terms for NAC and sulfidation were calculated.
Model validation showed satisfactory agreement with exper-
imental results. Current study laid the cornerstone for a
predictive model.
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■ LIST OF SYMBOLS

Abbreviations
CS = carbon steel
DDS = n-dodecyl sulfide
EDS = energy dispersive X-ray spectroscopy
FTMA = flow through mini autoclave
NAC = naphthenic acid corrosion
NAP = naphthenic acid
PA = palmitic acid
Re = Reynolds number
Sc = Schmidt number
SEM = scanning electron microscope
Sh = Sherwood number
TCI = mixture of naphthenic acids available from TCI
America

Nomenclature
ANAC on FeS = pre-exponential term for naphthenic acid
corrosion on troilite surface (m/s)
ANAC on steel = pre-exponential term for naphthenic acid
corrosion on bare steel surface (m/s)
Asulfidation = pre-exponential term for sulfidation (m/s)
C0,Fe = concentration of iron on the inner surface of inner
scale (mol/m3)
Ci,Fe = concentration of iron on the outer surface of inner
scale (mol/m3)
Cb,NAP = concentration of naphthenic acids in the bulk fluid
(mol/m3)
Cb,sulfur = concentration of sulfur compounds in the bulk fluid
(mol/m3)
Cs,NAP = concentration of naphthenic acids on the outer
surface of inner scale (mol/m3)
Cs,sulfur = concentration of sulfur compounds on the outer
surface of inner scale (mol/m3)
CR1 = pretreatment corrosion rate (mm/y)
CR2 = challenge corrosion rate (mm/y)
CRsimulation = simulated corrosion rate (mm/y)
D0,C20 = pre-exponential factor for self-diffusion of C20
paraffin (m2/s)
D0,Fe in Fe3O4

= pre-exponential factor for self-diffusion of iron
in magnetite (m2/s)
D0,Fe in FeS = pre-exponential factor for self-diffusion of iron in
troilite (m2/s)
DC20 = self-diffusivity of C20 paraffin (m2/s)
Deff = effective diffusivity (m2/s)

Figure 13. Inner scale thickness and pretreatment corrosion rates of A106 specimens pretreated with PA + DDS-1 in FTMA at 343 °C for 24, 48, or
72 h.
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DFe in Fe3O4
= self-diffusivity of iron in magnetite (m2/s)

DFe in Fe3O4
= self-diffusivity of iron in troilite (m2/s)

FeS%at = atomic percent of pyrrhotite in inner scale
JFe = flux of iron (mol/(m2 s))
JFe,max = maximum flux of iron (mol/(m2 s))
JNAP = flux of naphthenic acids from the bulk fluid toward the
steel (mol/(m2 s))
JS = flux of sulfur compounds from the bulk fluid toward the
steel (mol/(m2 s))
ΔHC20 = activation energy for self-diffusion of C20 paraffin
(kJ/mol)
ΔHFe in Fe3O4

= activation energy for self-diffusion of iron in
magnetite (kJ/mol)
ΔHFe in FeS = activation energy for self-diffusion of iron in
troilite (kJ/mol)
ΔHNAC on FeS = activation energy for naphthenic acid
corrosion on troilite surface (kJ/mol)
ΔHNAC on steel = activation energy for naphthenic acid
corrosion on bare steel surface (kJ/mol)
ΔHsulfidation = activation energy for sulfidation (kJ/mol)
k = mass transfer coefficient (m/s)
l = length of specimen (m)
MWFe3O4

= molecular weight of magnetite (kg/mol)
MWFeS = molecular weight of pyrrhotite (kg/mol)
R = gas constant (J/K/mol)
S = area of specimen (m2)
rNAC on steel = rate of naphthenic acid corrosion on bare steel
surface (mol/(m2 s))
rNAC on FeS = rate of naphthenic acid corrosion on troilite
surface (mol/(m2 s))
VFeS = volume fraction of troilite
V = average flow velocity (m/s)
ΔW1 = weight loss in pretreatment step (kg)
ΔW2 = weight loss in challenge step (kg)
t = duration of experiment (s)
T = absolute temperature (K)
δ = thickness of inner scale (m)
Δδ = thickness change of inner scale (m)
μ = dynamic viscosity of C20 paraffin (kg/m/s)
ρC20 = density of C20 paraffin (kg/m3)
ρFeS = density of troilite (kg/m3)
ρFe3O4

= density of magnetite (kg/m3)
ρsteel = density of A106 carbon steel (kg/m3)
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