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ABSTRACT: Because the rate of naphthenic acid corrosion does not correlate with the concentration of acids, it has been
proposed that a subset of naphthenic acids in petroleum fractions may be more corrosive than others. The primary corrosion
products (iron naphthenates) decompose to form ketones at corrosion temperatures (250−400 °C), so characterization of
ketones in corrosion fluids could potentially be used to identify the reactive acids that generated the iron naphthenate. Previous
work with model acids has reported the development of a method to characterize such ketones by isolation with strong anion
exchange separation and detection, with the assistance of ketone targeting derivatization reagent, by Fourier transform ion
cyclotron resonance mass spectrometry. Here, we extend that method to characterize the ketones formed in a corrosion test by
use of commercially available naphthenic acids (NAP) in a flow-through reactor. The NAP corrosion test yields a single O1
ketones/aldehydes distribution close to that predicted from the O2 acids distribution before corrosion, with no bias in the
carbon number and a slight bias toward lower double bond equivalents in the reactive acids detected. Ketone distributions did
not appear to change over the 24 h test. With a fluid residence time of only ∼30 min at reactor temperature, the results suggest
that the ketones were formed rapidly beneath an FeS scale.

■ INTRODUCTION
“Opportunity crudes” are available at lower prices due to
higher concentrations of sulfur and naphthenic acids
(carboxylic acids found in petroleum).1 Both reactive sulfur
(i.e., sulfur species that oxidize iron) and naphthenic acids
cause corrosion in crude oil refineries, at a cost on the order of
billions of dollars annually for the petroleum industry.2

Reactive sulfur corrodes steel at high temperatures (230−400
°C) to form an insoluble iron sulfide scale, whereas naphthenic
acids at the same temperatures react with steel to form oil-
soluble iron naphthenates.3 These corrosion processes, in the
absence of water, may be summarized by three free radical
reactions4

+ → + •Fe 2RCOOH Fe(RCOO) 2H(s) 2 (1)

+ → + •Fe H S FeS 2H(s) 2 (s) (2)

V+ +Fe(RCOO) H S FeS 2RCOOH2 2 (s) (3)

in which R represents the hydrocarbon portion of the reactive
carboxylic acid and H2S is used as surrogate for reactive sulfur.
As indicated in reaction 3, in addition to direct reaction with
the iron, H2S (or other reactive S) can react with the iron
naphthenate product and regenerate acids. It should be noted,
however, that the reverse reaction may also occur (i.e., acids
can react with the FeS scale), and it is often suggested that
both reactions 1 & 2 may occur by solid-state diffusion of iron

through the scale. The FeS scale generated in reactions 2 and 3
has been shown to inhibit corrosion unpredictably due to
differences in the acid/sulfur ratio and shear forces on refinery
wall surfaces.4−8

In corrosion tests with vacuum gas oils, scales have been
observed that contain not only FeS but also an insoluble iron
oxide (magnetite) layer that appears to increase resistance
against further corrosion.5,9,10 When challenged by acid alone,
magnetite appears to be generated underneath the previously
existent scale.11−13 Model acid studies have shown that the
magnetite layer can be generated as a result of thermal
decomposition of iron naphthenate (generated by reaction 1)
in the oil13,14

→ + +Fe(RCOO) FeO CO RCOR2 2 (4)

α→ + ‐4FeO Fe O Fe3 4 (5)

At temperatures greater than 250 °C, solution-phase thermal
decomposition of iron naphthenates begins to generate carbon
dioxide, wüstite (FeO), and a ketone (reaction 4).15 The
wüstite is thermodynamically unstable below ∼550 °C and
disproportionates into ferrite (α-Fe) and magnetite (Fe3O4)
(reaction 5).16,17
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The naphthenic acid corrosion of iron (reaction 1) depends
on the shape and size of the reactive carboxylic acids.3 The
distributions of naphthenic acids in crudes differ widely in
shape and size due to variability in their geological origin.18−20

Tens of thousands of naphthenic acids, with molecular weights
(MW) that range between 200 and 1000 Da, have been
characterized in a single drop of oil.21,22 The compositional
complexity and variability of naphthenic acids in petroleum
play a role in the lack of a good correlation between their
concentration and corrosivity. Generally, corrosion is consid-
ered to increase with naphthenic acid concentration,23 as
measured by the total acid number (TAN, the amount of
potassium hydroxide in mg needed to neutralize 1 g of oil) and
as acids approach their boiling point.24,25 It is therefore
postulated that a subset of the total naphthenic acids is
primarily responsible for iron corrosion.26,27 Thermal decom-
position of iron naphthenates (reaction 4) would be expected
to generate an oil-soluble ketone that retains the molecular
composition and structure of the two acids that formed the
iron naphthenate. Previously, we reported the development of
a method that characterizes the ketones generated in corrosion
tests with individual model acids.28 That method combines a
chromatographic separation and carbonyl-specific derivatiza-
tion with detection by Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS). A multistep
procedure was required to separate corrosion-derived ketones
from unreacted acid and other possible existing oxygen
containing compounds (either pre-existing in the sample or
formed during corrosion test) and confirmed that the O1
molecular composition was truly that of a carbonyl compound.
Here, the method has been applied to effluents from a
corrosion test carried out with a commercially available
naphthenic acid mixture (NAP). In the present test, iron
oxide scales have been formed on the surface of metal samples
with pre-existent sulfide scales. The objective of this work was
to demonstrate the applicability of the method to a mixture of
acids and to identify any selectivity in ketone formation.

■ EXPERIMENTAL METHODS
Materials. HPLC grade dichloromethane (DCM), toluene, and

methanol were purchased from J.T. Baker Chemicals (Phillipsburg,
PA) and used as received. Commercial naphthenic acids (TCI
America, Portland, OR) were used, along with purchased white
mineral oil (average MW, 530 Da) (Tufflo 6056, Calumet Specialty
Products, Indianapolis, IN), and a yellow oil (America’s Core 600,
ExxonMobil Basestocks, Spring, TX, a processed lube basestock,
containing 0.25% S). Strong anion exchange (SAX) solid-phase
extraction (SPE) cartridges (Agilent Bond Mega BE-SAX) were used
for ketone separation, and Amplifex keto reagent (AB Sciex,
Framingham, MA) was purchased for derivatization.
Commercial NAP Acid Preparation. Commercially available

naphthenic acids (TCI America, Portland, OR) were diluted with a
white mineral oil to prepare a TAN 6.5 solution.
Ohio University Test Protocol. The Ohio University (OU) has

developed a protocol for testing the resistance of corrosion scales to
further corrosion.29 In the OU protocol, corrosion with a test oil on
metal rings in a sealed autoclave (“pretreatment”) is used to develop
an iron sulfide (FeS) corrosion scale; these rings are transferred to a
flow-through reactor, where the scale on the rings is “challenged” (to
determine extent of corrosion protection) with naphthenic acid
solution of fixed TAN in a white oil under rotational shear stress. The
details of this protocol have been presented elsewhere.13,14 Briefly,

(1) “Ring pretreatment”: carbon steel (A106 Gr B) and 5Cr rings,
a mild steel with a content of 5% chromium (F5 (A182)), were
pretreated in the static autoclave with a processed lube

basestock (“yellow oil”) containing 0.25% S that generated
corrosion scales on the ring surface. The pretreatment
temperature was 650 °F (343 °C) and the duration was 24 h.

(2) “Ring challenge”: after pretreatment in the static autoclave, the
rings were transferred into a high velocity rig (HVR) flow-
through reactor, which was fed with the challenge solution of
TCI acid in mineral oil (TAN = 6.5, S = <0.1% wt). A
schematic diagram of the HVR setup can be seen in Figure S1.
The challenge temperature was 650 °F (343 °C) and the
duration was 24 h. During the challenge, the speed of the
rotating cylinder was set to 2000 rpm (translating to a
peripheral velocity of 8.5 m/s, Reynolds number of 1771, and
wall shear stress of 74 Pa). A back-pressure of 150 psig was
applied to suppress breakout of gas; flow-through rate of fresh
oil containing TAN 6.5 TCI acid was set to 7.5 cm3/min. In
addition to the high TAN value of the challenge solution, the
high peripheral velocity helped to create a corrosive condition.
The solution flowed continuously past the rotating rings at 343
°C with a ∼30 min residence time in the HVR. The effluent of
the HVR was cooled to room temperature in-line before
sampling. Aliquots of effluent were collected in vials at the
waste drum hourly during the corrosion test.

All corrosion tests were performed at Ohio UniversityInstitute
for Corrosion and Multiphase Technology (ICMT), where the oil
samples were collected.

Ketone Separation and Derivatization. Ketones were isolated
from post-NAP challenge samples by SAX separation.28 Briefly, ∼1 g
aliquot of the sample in the 6th h vial was diluted in 2 mL of pentane
and loaded onto a DCM-pretreated SAX SPE cartridge (Agilent Bond
Mega BE-SAX) and allowed to equilibrate for 15 min. Fractions were
collected by successive 12 mL washes of pentane, DCM, and
methanol (MeOH). The solvent in the fractions was evaporated
under N2 and weighed to determine mass balance. The residues were
then dissolved in toluene to form 1 mg/mL stock solutions. An
aliquot (200 μL) of the stock toluene solution of the DCM fraction
was derivatized with Amplifex keto reagent as previously described.30

As previously shown, the ketones elute in the DCM fraction; hence,
only the DCM fraction results are reported.28

FT-ICR MS Sample Preparation. The stock toluene solutions of
the derivatized DCM fractions from the NAP postchallenge sample
were diluted to a final concentration of 250 μg/mL in toluene/
methanol (50:50, v/v) without any modifier to aid in protonation. A
syringe pump (500 nL/min flow rate) delivered the samples to the
mass spectrometer through a 50 μm inner diameter fused silica micro
electrospray ionization (ESI) needle under typical positive ESI
conditions (i.e., 3.0 kV with a heated metal capillary temperature of
∼100 °C). For characterization of the commercial NAP carboxylic
acids, the samples were delivered to the mass spectrometer under
typical negative ESI conditions with no changes in sample
composition.

FT-ICR MS Mass Analysis. A custom-built passively shielded 9.4
T FT-ICR mass spectrometer31 was equipped with a modular
software package (Predator) for data acquisition.32 Ions generated at
atmospheric pressure under the aforementioned ESI conditions were
transferred by a tube lens/skimmer at 250 V into an radio frequency
(rf)-only external quadrupole. After ion accumulation,33 the ions were
passed through a mass-resolving rf-only quadrupole and collisionally
cooled with He gas at a pressure of ∼3.5 × 10−6 Torr. Octopole ion
guides, equipped with capacitively coupled excitation electrodes,
transferred the ions into a seven-segment cylindrical ICR cell,34,35

where they were subjected to broadband frequency sweep excitation
(∼70−720 kHz at a sweep rate of 50 Hz/μs and peak-to-peak
amplitude, Vp−p°, of 0.57 V). Then, 150 time-domain transients were
coadded,36 zero-filled, fast Fourier transformed, and phase-corrected
to yield an absorption-mode mass spectrum for each sample.37

FT-ICR MS Mass Calibration and Data Analysis. The mass
spectrometer was initially externally calibrated with HP mix (Agilent,
Santa Clara, CA) to convert the ICR frequencies to m/z based on a
quadrupolar trapping potential approximation.38,39 From peaks with a
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magnitude at least 6 times greater than the standard deviation of the
baseline noise, peak lists were constructed. From the peak lists, the
spectra were subjected to an internal “walking” calibration,36 based on
the most abundant homologous ion series. The ion masses were
converted to the Kendrick mass scale, assigned a unique elemental
(containing less than 100 12C, 200 1H, 2 14N, 5 16O, and 1 32S atoms
and their isotopes), and grouped by heteroatom class (OoNnSs) with
differing extents of alkylation.40 Custom software was used for all data
processing and imaging (PetroOrg).41

Calculated O1 Distribution Generation. An O1 distribution was
generated based on the O2 molecular formulas assigned in (−) ESI for
the commercial NAP acids. That is, all possible combinations of two
acids (assigned O2 molecular formulas) were used to form a set of O1
species based on reaction 4. Abundance of the O1 species was
adjusted based on the peak magnitude of the two O2 assignments to
generate a statistical (calculated) distribution of Ol ketones.

■ RESULTS AND DISCUSSION
Acid Molecular Composition. The molecular composi-

tion of the (−) ESI O2 class (e.g., carboxylic acids) of the
commercial NAP used for the open system corrosion test is
displayed in Figure 1 (left). Here, isoabundance-contoured

plots of double bond equivalents (DBE = number of rings plus
double bonds to carbon) versus number of carbon atoms
enable visualization of the compositional distribution of
members of the O2 heteroatom class. The naphthenic acids
are centered at ∼C20 and DBE 2 (i.e., one cycloalkane ring plus
the carboxyl group). That distribution is typical of commercial
NAPs generally derived from lighter, lower boiling point,
fractions (e.g., diesel/light gas oil fractions).42

Class Distributions Derived from FT-ICR MS Analysis.
DCM fractions of the NAP postchallenge effluent samples after
SAX separation, along with a sample of the commercial NAP
acids, were derivatized and analyzed by (+) ESI FT-ICR MS to
characterize any ketone formation. The relative abundances of
the assigned heteroatom classes are highlighted in Figure 2. We
previously demonstrated the lack of ketones/aldehydes in the
white oil used for acid dilution.28 No assignments were made
for the commercial NAP acid mixture, indicating that
commercial mixture contained no ketones/aldehydes. In the
DCM fraction of the NAP posttest sample, approximately 45%
of the relative abundance is assigned to the N2O1 class,
corresponding to derivatized O1 ketones/aldehydes. Additional

higher oxygen (i.e., O2, O3, and O4) classes were also
derivatized, albeit at decreasingly lower abundances. With
such high relative abundances of derivatized O1 species after
the corrosion test, and the absence of any assigned in the
pretest, it is clear that ketones/aldehydes were generated as a
result of the corrosion test. As noted above, the residence
period of the challenge fluid in the autoclave, exposed to the
metal rings, is ∼30 min. The assignment of ketones in the
posttest fluid is consistent with a high corrosion rate at the test
temperature (343 °C) and the formation of an iron oxide scale
on the metal surfaces. In tests at lower acid concentration, it
has been demonstrated that an oxide layer is formed under a
pre-existing scale, and a similar layer was formed in the current
corrosion test (not shown).11−14 As noted above, iron
naphthenates in solution decompose at lower temperature
than the acids; hence, it is postulated that the formation of the
ketones and magnetite occurs in solution beneath the porous
FeS scale. That is, the ketones represent the acid structures
that formed them.

Ketone Molecular Characterization. The molecular
composition of the derivatized O1 class (N2O1) of the post-
corrosion test sample is displayed in Figure 1 (right). The
composition has been adjusted to remove the carbons from the
derivatization reagent, displaying only carbons from the
reactive ketone/aldehyde. The reagent has no effect on
detected DBE. In the thermal decomposition of iron
carboxylates, a ketone roughly double in carbon number of
the reactive acids and with a DBE one less than the sum of the
acid’s DBE is expected to be generated (reaction 4). The
derivatized O1 class distribution in the postchallenge fluid
exhibits carbon numbers ranging from ∼C25−C50, centered
around ∼C35−C41, and the most abundant DBE ≈ 2−3. Thus,
the ketone distribution falls in the range of carbon number and
DBE expected for the acids used. The centering of the ketones
at ∼C35−C41 is consistent with reactive acids of carbon
numbers roughly C17−C21, corresponding to the most
abundant acids in the commercial NAP mixture. The high
abundance of ketones at DBE 2 and the detection of DBE 1

Figure 1. Isoabundance-contoured DBE versus carbon number plots
for members of the O2 class (carboxylic acids) of the commercial
NAP acids, based on (−) ESI FT-ICR MS (left) and of the
derivatized O1 (N2O1) class from the DCM fraction of the NAP
postchallenge sample based on (+) ESI FT-ICR MS (right). The acids
have a carbon number centered around C19−20 and most abundant
DBE of 2. The derivatized ketones/aldehydes have a carbon number
range of ∼C25−50, with the most abundant at DBE ≈ 2−3.

Figure 2. Heteroatom class distributions based on assignments made
for derivatized commercial NAP acids (red) and the DCM fraction of
the NAP postchallenge sample (blue) based on (+) ESI FT-ICR MS.
No peaks were assigned for the commercial NAP, indicating a lack of
ketones or aldehydes in the mixture. Most (∼45%) of the relative
abundance of the posttest sample was assigned as N2O1,
corresponding to derivatized ketones/aldehydes generated as a result
of the corrosion test.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.9b00626
Energy Fuels 2019, 33, 4946−4950

4948

http://dx.doi.org/10.1021/acs.energyfuels.9b00626


ketones suggest a low DBE bias for the commercial naphthenic
acids reacting with the iron. The DBE 2 ketones can form only
as a result of alkyl carboxylic acids (DBE 1) pairing in reaction
1 with the DBE 2 acids detected with high abundance in the
commercial mixture (Figure 1, left). DBE 1 ketones can form
only from pairing of two alkyl carboxylic acids. The DBE 3
ketones also observed at high abundance may form as a result
of an alkyl carboxylic acid pairing with a DBE 3 acid or two
DBE 2 acids pairing together.
Comparison with Calculated Ketone Distributions.

Because the mechanisms for iron carboxylate formation
(reaction 1) and decomposition (reaction 4) are known
along with the initial (unreacted) distribution of the carboxylic
acids, we are able to calculate a ketone distribution for the
NAP acids, assuming no bias with respect to carbon number or
DBE. The ketone distribution calculated from the NAP acids
(Figure 3, top right) exhibits a carbon number range of ∼C28−

C45 and most abundant DBEs of 2 and 3. The center of the
experimental distribution (Figure 3, bottom left) closely
matches the calculated distribution, indicating that the iron
carboxylate decomposition mechanism likely plays a strong
role in the ketone generation. The experimental results display
a wider carbon number range, likely an artifact of the
abundance-weighting in the calculation. Upon close examina-
tions, the derivatization reveals that some lower and higher
carbon number ketones/aldehydes may be present at very low
abundance. The calculation in the model predicts that some
ketones at ∼C31−C42 could be generated from the higher DBE
(possibly aromatic) acids centered at ∼C19. No such ions are
detected in the experimental results, suggesting that they do
not react with the iron, or that their iron salts do not form
ketones under the present experimental reaction conditions.
The close match between the calculated and experimental
distributions demonstrates the potential of the separation/
derivatization method to quantify ketone distributions from
mixtures of acids. However, little selectivity among ketones has
been detected in the narrow distribution of acid structures for
commercial naphthenic acids.
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