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ABSTRACT 

Opportunity crudes frequently have increased acidity, making high temperature naphthenic acid (NAP) 
corrosion a key concern for their processing in refineries. Lab corrosion rates are hard to interpret due to 
either variable composition of crude fractions or the use of commercially available model carboxylic acids 
that may be unrepresentative of NAP species present in vacuum gas oils (VGO). Here, the corrosion 
behavior of native naphthenic acids in two VGO fractions are compared with white oil solutions of the 
acids isolated from them by solid phase extraction (SPE). Corrosion tests are conducted per the in-house 
“pretreatment-challenge” protocol on carbon steel and 5Cr steel samples. Corrosion rates for isolated 
acid solutions in mineral oil are lower than those for the corresponding VGO. Corrosion product scales 
formed by the isolated acids are more resistant than VGO to a high severity acid-only challenge. 
Characterization of corrosion product scales by cross-section electron microscopy techniques confirm 
that the isolated acids generate dense oxide-rich layers under thin iron sulfide (FeS) layers, in contrast to 
the oxide layers observed under thicker sulfide layers for the VGO. The resistance of the oxide layers to 
the acid challenge is consistent with previously reported formation of nano-particulate magnetite 

(Fe₃O₄). 
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INTRODUCTION 

Crude oil price fluctuations and the need to improve refinery margins have driven refiners towards 
utilizing “opportunity crudes,” despite the challenges frequently associated with their processing. Most 
opportunity crudes have increased acidity and reactive sulfur compounds, making high temperature 
(~220–400°C) sulfidation-naphthenic acid (SNAP) corrosion a key concern for process and corrosion 
engineers.1,2 Naphthenic acids (NAP) are naturally occurring carboxylic acids in crude oil that are 
typically measured by Total Acid Number (TAN – mg of KOH required to neutralize acid in one gram of 
oil). Crude oil contains a wide variety of sulfur compounds, some reactive and some not – reactive sulfur 
compounds thermally decompose to form hydrogen sulfide (H2S) that reacts with the steel surface. It is 
widely accepted that the corrosion from naphthenic acids and sulfur compounds can be represented by 
the following reactions: 3, 4 

 

𝐹𝑒 +  2𝑅𝐶𝑂𝑂𝐻 →  𝐹𝑒(𝑅𝐶𝑂𝑂)2  +  𝐻2                                                                                           (1) 

𝐹𝑒 +  𝐻2𝑆 →  𝐹𝑒𝑆 +  𝐻2                                                                                                       (2) 
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𝐹𝑒(𝑅𝐶𝑂𝑂)2  +  𝐻2𝑆 ↔  𝐹𝑒𝑆 +  2𝑅𝐶𝑂𝑂𝐻                                                                              (3) 
 
Equation (1) and Equation (2) represent oxidation of metallic iron by naphthenic acids (RCOOH) and 
hydrogen sulfide (H2S - a surrogate for, and product of, reactive sulfur compounds), respectively. Iron 
naphthenates (Fe(RCOO)2) formed in NAP corrosion are oil soluble and are considered to be depleted 
by the flow. Iron sulfide (FeS) formed in sulfidation is insoluble in oil and grows as a scale on the metal 
surface.4-7 Secondary reactions, Equation (3), that may occur in the bulk liquid are proposed to affect 
corrosion indirectly by regenerating corrosive species.  

SNAP corrosion is a complex phenomenon that is affected by a wide range of parameters including 
temperature, flow, type of sulfur species, NAP species, TAN, sulfur (wt. %), and metallurgy. Laboratory 
research aimed at determining the role of NAP in corrosion is commonly performed with real crude 
fractions, commercially available NAP acid mixtures, or model carboxylic acids. Each of these 
approaches has inherent limitations. Crude oil distillates’ matrix interactions, especially those due to 
sulfur, complicate interpretation of corrosion by NAP acids.2-4 Even if isolated from petroleum sources, 
commercial NAP acids may not be representative of the boiling range (molecular weight) of acids found 
in vacuum gas oils.2,8 The majority of naphthenic acids from commercial sources boil at temperatures 
lower than those of vacuum gas oils, where SNAP is of greatest interest.8 Carboxylic acids, available as 
model compounds for laboratory corrosion tests, generally lack the structural characteristics of 
naphthenic acids: short -CH2COOH side chains attached to 1-4 saturated rings.9-11 Many of these 
characteristics of NAP were identified after their isolation for analytical evaluation. The separation 
techniques, however, can be adapted for isolation of sufficient NAP acids for corrosion testing at the 
laboratory scale.8,11 In one case, more corrosion was observed for lower boiling range acids (at 250⁰C 

actual temperature).8 At these low temperatures, minimal scale formation was observed by plane-view 
scanning electron microscopy (SEM). However, weight loss measurement and SEM cross-section 
analyses have shown that scale formation and composition have a significant impact on VGO corrosion 
rates at temperatures >300⁰C.6,7,12-14  

NAP acids have been isolated from two HVGOs with different corrosion and scale behaviors in order to 
assess the role of the acids, i.e., to decouple the effect of NAP acids from the HVGO matrix relating to 
corrosion. The isolation of these acids from a HVGO matrix was achieved using solid phase extraction 
with aminopropyl silica (APS) and the evaluation of the “isolated NAP acids” with respect to corrosion in 
an inert mineral oil (spiked to native TAN) as per the “Pretreatment – Challenge” protocol developed at 
the Institute for Corrosion and Multiphase Technology (ICMT) at Ohio University.6,7 

 

STAGE 1 – NAP ACID ISOLATION 

The bulk quantities of NAP acids needed for corrosion testing were isolated from the HVGO fractions by 
an SPE procedure using an amine-functionalized silica – aminopropyl silica (APS) that has been used 
previously on an analytical scale.15 In this procedure, NAP acids present in HVGO are adsorbed onto the 
APS while the bulk of the oil is removed with solvents and then the NAP acids are displaced with excess 
acetic acid in toluene, as detailed below (Figure 1). 

Equal volumes of a weighed HVGO sample and toluene are combined in a flask to reduce viscosity.  A 
three-fold molar excess of APS (Sigma-Aldrich, St. Louis MO), based on sample TAN, is added to the 
solution and stirred overnight for 12 hours. The APS slurry is then poured through a porous cellulose 
Soxhlet extraction thimble (GE Whatman, UK) so that the APS with adsorbed NAP acids is retained in 
the thimble and the acid-depleted oil is collected in a beaker. The thimble is then loaded into a Soxhlet 
extractor with toluene in the boiling flask to extract residual oil. After the residual oil/toluene extract 
solution is removed, an azeotropic solution of acetic acid: toluene (70:30) is placed in the boiling flask. 
NAP acids are extracted by mass action into the boiling flask solution by the azeotrope so that the APS 
remaining in the thimble has acetic acid adsorbed on its active sites. The bulk of the solvent mixture is 
removed from the NAP acids by rotary evaporation (WG-EV311 rotary evaporator - Wilmad-LabGlass, 
Vineland, NJ). The traces of acetic acid remaining in the residual NAP acid-toluene solution are 
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eliminated by multiple washes with distilled water in a separatory funnel. Acetic acid, being soluble in 
water, goes into the aqueous phase, and NAP acids remain in the toluene phase. The water phase is 
discarded, and the toluene phase containing NAP acids is retained. The NAP acid extract is recovered 
by removal of toluene with rotary evaporation at a higher temperature. The toluene solutions filtered 
through the Soxhlet thimble are designated “acid depleted oil” and toluene Soxhlet extracts are identified 
as “residual oil.” Each is retained for further use. 
 

 
 

Figure 1: Schematic representation of the sequence of steps employed to isolate NAP acids. 
 
 

The amount of HVGO used for NAP acid extraction is limited by the size of the Soxhlet extraction 
apparatus. With the existing apparatus, only 500g - 550g of HVGO can be processed. Therefore, the 
acid isolation procedure had to be performed in two batches to obtain enough NAP acid extract to 
conduct the corrosion tests. The efficiency of the process is monitored by measuring total acid number 
(TAN) in the oils (after toluene stripping) at different stages of the isolation procedure by potentiometric 
titration as per ASTM D664 15, 16 (Table 1). NAP acid extracts obtained from different batches are mixed 
together and diluted in mineral oil such that final TAN of the solution is the same as their respective 
native HVGO fraction. Small amounts of sulfur seen in NAP acid extracts is attributed to the presence of 
sulfur as a component part of the molecular structure of particular naphthenic acids.  

Extraction yield (%) in Table 1 is calculated as per Equation (4). 
 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑊2∗𝑇𝐴𝑁𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑊1∗𝑇𝐴𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 100                                                                          (4) 

 

Where, 
𝑊1= Initial weight of the HVGO fraction [g] 

𝑊2= Final weight of the NAP acid extract [g] 
𝑇𝐴𝑁𝑖𝑛𝑖𝑡𝑖𝑎𝑙= TAN of native HVGO fraction 

𝑇𝐴𝑁𝑒𝑥𝑡𝑟𝑎𝑐𝑡= TAN of final NAP acid extract 
 
The isolated acid extracts were diluted in an acid/S-free heavy mineral oil to prepare test solutions with 
NAP acid concentrations close to that of the native HVGO. The TAN of these test oils were determined 
by TAN titration. The concentration of S was estimated from that of HVGO’s and the dilution factor 
(previous studies have shown that concentration of S in isolated acids is close to that of their source oil 
8,11; this may be due to the nature of their biogeochemical origin17). The data show that the TANs of the 
“Acid Solutions” are close to their parent HVGO, but the sulfur concentrations have been reduced 
approximately 20 fold; i.e., molar ratio of S/TAN has been reduced 20 fold. In previous publications, it 
has been noted that the S/TAN ratio affects the nature of the scales formed and that scales from HVGO 
are more complex than those from model acids.7, 18 
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Table 1 

TAN (mg KOH/g oil) Measured in Oils after Solvent Stripping at Different Stages of NAP Acid 
Extraction 

 

 
HVGO-A HVGO-B 

SAMPLE Batch 1 Batch 2 Batch 1 Batch 2 

Native fraction 5.93 5.93 4.43 4.43 

Acid depleted oil 0.241 0.32 0.33 0.29 

Residual oil 1.14 1.29 0.91 0.54 

Final NAP acid 
extract 

144.5 131.2 96.1 111.5 

Extraction yield (%) 86.9 86 88.4 88.6 

 

Table 2 

TAN and Estimated Total Sulfur Content of the “HVGO” and its 
“NAP Acid Extract Solution in Mineral Oil” 

 

 HVGO-A 
Acids A 
Solution 

HVGO-B 
Acids  B 
Solution 

TAN (mg KOH/g oil) 5.93 5.85 4.43 4.49 

Sulfur (wt. %) 0.87 0.04 3.65 0.15 

S/TAN 0.15 0.007 0.83 0.031 

Mole ratio S/acid 2.56 0.12 19.4 0.50 

 
 

STAGE 2 – EXPERIMENTAL DETAILS 

Corrosion characteristics of isolated naphthenic acids are evaluated per ICMT’s in-house “Pretreatment – 
Challenge” protocol.9, 16 This specific experimental protocol involves two corrosion tests. In the first test, 
the steel samples are pretreated with test fluids containing corrosive species to determine the corrosion 
rates and corrosion scale characteristics. In the second test, samples are pretreated in the same manner 
and then are challenged in a more aggressive environment to determine the protectiveness of corrosion 
product scale formed during pretreatment. 

Equipment Description 

Autoclave 

A static 1L autoclave (AUT) made of Alloy C-276 (Parr Instruments, IL) is used for pretreatment. A 
schematic of the autoclave is shown in Figure 2. The autoclave has a magnetic stirrer coupled to an 
impeller which homogenizes the experimental fluid during the test. Two valves located on the autoclave 
head are used to purge the AUT headspace with nitrogen before and after the test, for deoxygenation 
and for evacuation of generated toxic vapors, respectively. Test samples are placed on specific sample 
holders (shown in Figure 2) and then immersed in the experimental fluid in the AUT. Temperature of the 
test fluid is monitored/controlled during tests through a thermocouple inserted into a thermowell. 
Pressure in the autoclave is monitored with the attached gauge.  
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Figure 3: (a) Schematic representation of rotating cylinder, samples and autoclave in 
HVR (b) Cross sectional view of HVR. 

 
 

Figure 2: Static autoclave (AUT) set-up used for “pretreatment.” 
 

High Velocity Rig (HVR) 

“Challenge” tests are conducted in a high velocity rig (HVR) that is designed for use at high temperature, 
shear stress and velocity conditions. The HVR is a flow through system where the test fluids are 
preheated and pumped continuously through the autoclave containing the metal samples. Only “ring” 
shaped samples can be handled in the HVR. The “ring” samples are mounted on a rotating cylinder 
which is located inside the HVR autoclave. During the test, the cylinder rotates at 2000 rpm that 
corresponds to peripheral velocity of 8.5 m/s. Thus, it becomes possible to expose samples to high 
temperature and high velocity simultaneously in a corrosive environment during the HVR test. The HVR 
heating (AUT, feeding lines), temperature control, oil flow (pump), sample rotation (AUT), and test 
duration are controlled by a PC with specific software. Some details of the HVR (rotating cylinder, cross-
sectional view) are shown in Figure 3. More detailed description and the schematic can be obtained from 
our earlier work by Bota, et al.7 

 

Test Solutions 

NAP acid extracts obtained from SPE are mixed in highly refined mineral oil and spiked to their 
respective native TAN. Native HVGO fractions and their NAP acid extract mixtures in mineral oil are used 
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in “pretreatment.” A commercial mixture of naphthenic acids (TCI America) extracted from petroleum was 
dissolved in the same mineral oil to prepare a “corrosive TAN 3.5” solution that is used in “challenge” 
tests – this is referred to as “TAN 3.5 Challenge solution.” The characteristics of the test fluids and 
experimental conditions for pretreatment are outlined in Table 3. For challenge, all pretreatment tests in 
Table 3 are repeated and then challenged in HVR with ‘‘TAN 3.5 Challenge solution.’’ Samples 
generated in “pretreatment” are used to calculate pretreatment corrosion rate and, hence, fresh samples 
need to be pretreated before they are challenged in HVR. Procedures to calculate corrosion rates are 
expanded upon in a later section. 

Test Materials 

Corrosion tests were performed on two materials - A106 carbon steel (CS) and F5 A182 steel (5Cr steel). 
These materials are chosen as they are most commonly used in refineries. Test samples of two different 
geometries are used - ring samples (OD = 81.76 mm, ID = 70.43 mm and width, H = 5 mm) and 
rectangular samples (CS samples of dimensions 19.2 mm x 12.8 mm x 3.2 mm and 5Cr steel samples of 
dimensions 17.7 mm x 11.1 mm x 3.2 mm). Ring samples are used to calculate corrosion rates while 
rectangular samples are used for characterization of pretreatment corrosion product scales 
(TEM/SEM/EDS). Before experiments, each sample was polished with 400 and 600-grit silicon carbide 
paper (SiC), in succession. Isopropanol was used to flush samples during polishing to prevent oxidation 
and overheating. After polishing, samples were wiped with a paper towel, rinsed with toluene and 
acetone, and dried under nitrogen flow. Initial weights of polished clean samples were measured with an 
analytical balance capable of measuring accurately up to 0.1 mg. 

After each experiment, samples were rinsed with toluene and acetone, gently rubbed with a soft plastic 
brush, treated with “Clarke” solution (ASTM G1-03) and reweighed. Based on the weight difference of 
samples before and after the experiment and the exposed surface area, the corrosion rate was 
calculated. 

Test Procedures 

Pretreatment in Autoclave 

In “pretreatment”, the static autoclave is filled with test fluid up to 60% of its volume – providing enough 
head space to accommodate vapors generated during testing as well as liquid expansion. A sample 
holder containing ring samples and rectangular samples is placed in the autoclave vessel such that 
samples are fully immersed in the test fluid. The autoclave head is clamped to the vessel, and the 
autoclave head space is flushed with nitrogen for a few minutes (typically ~10 minutes) to deoxygenate 
the system. Temperature of the test fluid is raised to 650°F (343°C) and is maintained for 24 hours. 
During the entire test, the magnetic stirrer is switched on and the test fluid is constantly agitated. After 24 
hours, heating is turned off and the system is allowed to undergo cooling. After reaching room 
temperature, the head space is flushed with nitrogen to remove toxic vapors generated during the test 
and samples are processed for weight loss analysis.  

Challenge in High Velocity Rig 

In the “pretreatment-challenge” test, samples are initially pretreated in the autoclave under the same 
conditions as described above. After reaching room temperature, all ring samples are transferred onto a 
rotating cylinder in the HVR. “TAN 3.5 Challenge solution” of TCI acids in mineral oil is preheated to 
650°F (343°C) and flows through the HVR autoclave at a rate of 7.5 cm3/min throughout the test. The 
pretreated samples are exposed to “TAN 3.5 Challenge solution” for 24 hours, after which heating is 
turned off. The system is allowed to cool down and the samples are removed for further analysis. One 
carbon steel and one 5Cr steel sample is stored in mineral oil for SEM analysis, while the other samples 
are processed immediately for weight-loss analysis.  
In addition to challenging pretreated samples, as a benchmark experiment, freshly-polished samples 
without any pretreatment were installed in the HVR and corroded by the “TAN 3.5 Challenge solution” at 
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the same conditions as for the other tests. The corrosion rate obtained in this experiment is referred to as 
“pure TAN 3.5 corrosion rate.” The pretreated samples are expected to have lower challenge corrosion 
rates than “pure TAN 3.5 corrosion rate” due to formation of protective corrosion product scales during 
“pretreatment.” 
 

Table 3  

Experimental Matrix for “Pretreatment” in Autoclave 

Test 
No. 

Pretreatment in Autoclave 

Test fluid Sulfur 
(Wt. %) 

TAN 
(mg KOH/g) 

Time 
(h) 

Temp. 
(°F) 

1 HVGO-A 0.87 5.93 24 650 

2 HVGO-B 3.65 4.43 24 650 

3 Acids A in mineral oil 0.04 5.85 24 650 

4 Acids B in mineral oil 0.15 4.49 24 650 

 

Corrosion Rate Evaluation 

Corrosion rates of samples are assessed based on their weight loss during the experiment. 
“Pretreatment” and “Challenge” corrosion rates are calculated using Equation (5) and Equation (6), 
respectively. For every test, three carbon steel samples and three 5Cr steel samples are used, and the 
reported corrosion rate is the average value of those obtained for these three samples. 
 

𝐶𝑅𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 =
𝐼𝑊−𝐹𝑊

𝜌𝑠𝑡𝑒𝑒𝑙∗𝐴𝑆,𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡∗𝑡𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
∗ 10 ∗ 24 ∗ 365                                            (5) 

 

 

𝐶𝑅𝐶ℎ𝑎𝑙𝑙𝑒𝑛𝑔𝑒 =
𝐼𝑊−𝐹𝑊−𝑊𝐿𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝜌𝑠𝑡𝑒𝑒𝑙∗𝐴𝑆,𝐶ℎ𝑎𝑙𝑙𝑒𝑛𝑔𝑒∗𝑡𝐶ℎ𝑎𝑙𝑙𝑒𝑛𝑔𝑒
∗ 10 ∗ 24 ∗ 365                                                          (6) 

 

Where,  

𝐶𝑅𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 – Pretreatment corrosion rate, [mm/y] 

𝐼𝑊 – Initial weight of freshly polished sample, [g] 

𝐹𝑊 – Final weight of steel sample after treating with Clarke solution, [g] 
𝜌𝑠𝑡𝑒𝑒𝑙 – Density of steel sample, [g/cm3] 
𝐴𝑆,𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 – Area of sample exposed to test fluid during pretreatment, [cm2] 

𝑡𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 – Duration of pretreatment, [h] 
𝐶𝑅𝐶ℎ𝑎𝑙𝑙𝑒𝑛𝑔𝑒 – Corrosion occurred during the challenge step only, [mm/y] 

𝑊𝐿𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 – Weight loss of sample in pretreatment step, [g] 
𝐴𝑆,𝐶ℎ𝑎𝑙𝑙𝑒𝑛𝑔𝑒 – Area of sample exposed to test fluid during challenge, [cm2] 

𝑡𝐶ℎ𝑎𝑙𝑙𝑒𝑛𝑔𝑒 – Duration of challenge test in HVR, [h]  

 
Microscopic Analysis 

Cross-sections of all samples were examined by a scanning electron microscope (SEM), equipped with a 
silicon drift detector for energy dispersive spectroscopy (EDS) compositional analysis across the layers. 
Some of the pretreated samples were analyzed using a Transmission Electron Microscope (FEI Tecnai 
F30 TEM), as it is more suitable to characterize thin scales up to resolution as high as 0.3 nm. Phase 
analysis of inner scale was carried out using Precession Electron Diffraction (PED), a feature available in 
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TEM, as traditional X-ray diffraction cannot detect phases for inner corrosion product scales. TEM 
samples were extracted by a focused ion beam (FIB).  
 

EXPERIMENTAL RESULTS 
 

HVGO-A vs. “Acids A” (NAP Acids Extracted from HVGO-A in Mineral Oil) 

Corrosion rates determined for CS and 5Cr steel during pretreatment and challenge tests are shown in 
Figure 4. During pretreatment, “Acids A” are as corrosive as “HVGO-A” on carbon steel, but less 
corrosive on 5Cr steel. However, in the “challenge” test, both CS and 5Cr samples pretreated with “Acids 
A” resist the TAN 3.5 acid challenge. This indicates that the corrosion product scales formed by “Acids A” 
are very protective, i.e., they are resistant to naphthenic acid attack. Thus, although “HVGO-A” itself 
shows some resistance to naphthenic acid corrosion, isolation of naphthenic acids enhances the 
resistance.  To better understand the reason for this enhanced resistance of the corrosion product scale, 
samples were subjected to an extensive analysis of the corrosion scale on pretreated samples using 
SEM/EDS and FIB-TEM/PED techniques. 

SEM analyses showed that the films from “Acids A pretreatment” were very thin, so the cross-sections of 
CS and 5Cr samples were analyzed by TEM (Figure 5). The inner and outer layers are continuous, of 
similar < 1μm thickness, and appear to differ in density and morphology in the TEM images. Composition 
analysis using EDS elemental mapping showed that the two layers are dissimilar, i.e., the outer layer 
predominantly shows the presence of sulfur and iron, while the inner layer is composed of iron and 
oxygen. In the case of 5Cr samples, Cr was also seen in the inner layer. EDS line scanning (Figure 5) 
across the scales further strengthens the observation that the two layers are different in composition. In 
order to gain further knowledge about the different phases present in the corrosion products, phase 
analysis was carried out using Precession Electron Diffraction (PED). 
 

 

Figure 4: Comparison of pretreatment and challenge corrosion rates for CS and 5Cr steel 
samples that are pretreated using HVGO-A and its NAP Acid extract (Acids A) and challenged 

with ‘TAN 3.5 challenge’ solution. 
 

Precession electron diffraction (PED) is an add-on to the TEM and, hence, is done after obtaining the 
TEM images at high resolution. PED spot patterns are collected sequentially with a dedicated external 
camera while the primary electron beam scans the sample area (typically a few square micrometers 
chosen from the area of interest on the TEM image) and simultaneously precessed around the optical 
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axis of the microscope. During this scanning and precessing of the primary electron beam, thousands of 
PED spot patterns are recorded and stored in the computer’s memory. In order to proceed with crystal 
orientation and phase identification of each experimental PED spot pattern, thousands of simulated spot 
patterns (so-called templates) are utilized for each crystallographic phase in the sample. Phase 
identification is done with cross-correlation and statistical matching of experimental PED patterns with 
generated electron diffraction templates of all possible (known) phases.19 Phase maps generated for CS 
and 5Cr samples using the PED technique are shown in Figure 6. The phase maps clearly show that the 
inner layer is predominantly magnetite (Fe3O4) and outer layer is iron sulfide (FeS). In the case of 5Cr, 
small amounts of Cr2O3 are also seen in the inner layer. The conclusion from TEM/PED analysis is that 
there is a thin and continuous magnetite layer being formed on the metal surface when it is exposed to 
naphthenic acid extracts at 650°F.  

In contrast, the scales produced after pretreatment with “HVGO-A” are nearly 10x thicker, so they were 
analyzed by SEM (A & B in Figure 7). As can be seen in the EDS scan for CS, two distinct layers were 
formed; an outer sulfide-only layer and an inner mixed sulfide-oxide layer. The 5Cr appears to show two 
layers, but in this case, the inner layer appears to be a mixed Fe and Cr sulfide. 

Cross-section analyses of samples (pretreated with “Acids A”) after “TAN 3.5 Challenge” using SEM 
image and EDS data show that both FeS and Fe3O4 layers are retained with little change in thickness 
during the challenge on both CS and 5Cr steel (Figure 8). On the other hand, after “TAN 3.5 Challenge,” 
the CS and 5Cr samples pretreated with “HVGO-A” behave differently (C & D in Figure 7). In the case of 
CS, the thickness of the FeS layer is thinned from ~8 μm to ~4μm, with some oxide remaining close to 
the base metal surface. On the other hand, the challenge had little effect on the scale thickness for the 
5Cr steel. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Cross-sectional TEM images and elemental analysis of samples pretreated with “Acids 
A” (NAP acid extract in white oil) (A) EDS mapping of carbon steel (B) EDS mapping of 5Cr steel 

(C) EDS line scan for carbon steel, and (D) EDS line scan for 5Cr steel.  
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Figure 6:  Low magnification cross-sectional TEM images and phase maps (marked area) 

generated by PED for (a) CS, and (b) 5Cr steel samples pretreated with “Acids A.” 

 

 

 

Figure 7: SEM cross-section view and EDS line scan of samples (A) CS pretreated with “HVGO-A” 
(B) 5Cr steel pretreated with “HVGO-A” (C) CS pretreated with HVGO-A and challenged with “TAN 

3.5 Challenge” solution (D) 5Cr steel pretreated with HVGO-A and challenged with “TAN 3.5 
Challenge” solution. 

(C) (A) 

(B) 
(D) 
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Figure 8: EDS maps of samples pretreated with “Acids A” (NAP acid extract) in autoclave and 
then challenged with TAN 3.5 solution in HVR; (A) carbon steel (B) 5Cr steel. 

 

HVGO-B vs. Acids B (NAP Acids Extracted from HVGO-B in Mineral Oil) 

A similar comparison of HVGO and isolated acid was initiated for “HVGO-B” because it exhibits different 
behavior in the ICMT “pretreatment-challenge” protocol. In particular, after pretreatment with HVGO-B, 
both metals were less resistant to acid corrosion than for untreated base metals (Figure 9). Pretreatment 
in the autoclave with “Acids B” indicate that they are ~8 times less corrosive than “HVGO-B” on both 
metals. This reduction in corrosivity is more than the ~2 to 3-fold lower value for “Acids A versus HVGO-
A.” The differences between “Acids A” and “Acids B” can be attributed to the high S/TAN ratio for the 
latter. Although the S concentration of the isolated acids is similar to their source HVGO, when the 
“isolated acids” are diluted back to the original TAN in white oils, the “test oils” are depleted of sulfur 
compounds. The difference between corrosion rates suggest that NAP acids are more dominant in SNAP 
corrosion with HVGO-A than in HVGO-B, where the sulfur species are more prevalent.  
  

 
Figure 9: Corrosion rates of carbon steel and 5Cr steel samples pretreated with ‘HVGO-B’ and its 

NAP extract (‘Acids B’). 
 

Pretreatment with “HVGO-B” yields two thick corrosion product layers (Figure 10). On CS, the scale is 
~70μm thick with an outer scale consisting of Fe and S, while the thinner inner layer (~6μm) is a mixture 
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of Fe, S, and O. The corresponding 5Cr steel scale appears to be ~42μm thick with an “eruption” of scale 
on the surface. The EDS across the eruption appears to show some Cr and O imbedded in an outer 
scale of FeS, while the ~6 μm inner scale appears to consist mainly of Fe and S with Cr and O 
enrichment close to the metal interface. 

Two layers are also seen in the SEM/EDS cross-sections for samples after pretreatment with “Acids B” 
(Figure 11). However, these layers are much thinner (of the order of 2μm or less) and EDS elemental 
analysis show that they are not as distinct as those for pretreatment with “Acids-A.”  Although the outer 
layer appears enriched in S relative to O, and vice versa for the inner layer, S and O appear to be in both 
layers. The difference between “Acids B” and “HVGO-B” scale thickness is consistent with the higher 
S/TAN ratio for HVGO-B.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10:  SEM cross-section view and EDS line scan for samples after pretreatment with 
“HVGO-B”; a) Carbon Steel, b) 5Cr steel. 

 

 

Figure 11: EDS maps of samples pretreated with “Acids B” (NAP extract in mineral oil – TAN 4.43 
& S (wt. %): 0.15) in autoclave (A) Carbon steel (B) 5Cr steel. 
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DISCUSSION 

Thin oxide scales, identified as magnetite, have recently been reported under thicker sulfide scales on 
inner surfaces of refinery pipes and on test samples in stirred autoclave experiments investigating SNAP 
corrosion.13,20,21 Oxygen had been detected previously in lab and field samples of corrosion product 
scales, but its presence was dismissed as experimental artefact.22 However, a thin, compact magnetite 
layer close to the metal scale interface has been proposed to be responsible for resistance to further 
corrosion.20,21 Model carboxylic acids have been shown to form iron oxide (magnetite) in SNAP corrosion 
studies. The magnetite is hypothesized to arise from decomposition of iron naphthenates to ketones 
(R2(C=O)) and wuztite according to equations (7) & (8).6,13,21  
 
 

𝐹𝑒(𝑅𝐶𝑂𝑂)2 → 𝐹𝑒𝑂 + 𝐶𝑂2 + 𝑅𝐶𝑂𝑅                                                                                                (7) 

4𝐹𝑒𝑂 → 𝐹𝑒3𝑂4 + 𝐹𝑒                                                                                                                           (8) 
 

This hypothesis has been tested and confirmed by model compound tests where a layer of magnetite 
was formed from model acids in autoclave tests in the absence of reactive sulfur compounds.6,14 
Furthermore, ketones corresponding to model acids were identified in oils at the end of SNAP tests.12 
However, no oxide layer was detected in similar corrosion tests with the same acids in a flow-through 
reactor unless tested in combination with model sulfur compounds.13 The latter can be suggested to 
show that the sulfide layer increases the residence time of iron naphthenates on the scale surface, long 
enough for their thermal decomposition to magnetite and ketones. Thus, magnetite and ketones are 
postulated to form from thermal decomposition of iron naphthenates in solution during autoclave testing 
and under sulfide scale. Similarly, a S/TAN dependence could be inferred from results of SNAP testing of 
a variety HVGOs by the ICMT pretreatment/challenge protocol.18 However, model acids are 
unrepresentative of NAP acids in HVGO; TEM analyses show differences between model acid and 
HGVO scales.14 This is particularly evident in the distribution of S and O in the corrosion product scales.  

HVGO-A (TAN 5.93/%S 0.87) and HVGO-B (TAN 4.43/ %S 3.65) represent different S/TAN ratios within 
a group of high TAN HVGOs. Both exhibit pretreatment corrosion rates lower than the S-free TAN 3.5 
acids in mineral oil.  Although this is consistent with the “common wisdom” that S reduces NAP acid 
corrosion rates, the higher corrosion rate for HVGO-B (sulfur rich) is contradictory. Furthermore, HVGO-
A pretreatment increases resistance to the “TAN 3.5 challenge”, while HVGO-B pretreatment sensitizes 
the metals so that the challenge corrosion rates increase. On the other hand, the “NAP acids isolated” 
from both HVGOs, with >20x lower S concentrations, show lower corrosion rates and the formation of 
oxide-rich inner layers. After pretreatment with “Acids-A,” samples appear to be completely resistant to 
the TAN 3.5 challenge solution. The cross-section SEM data for the HVGO pretreatments suggest that 
thicker and less robust scales are formed in pretreatment while the oxygen layer is dependent on the 
S/TAN molar ratio. At the higher S/TAN ratio, the “HVGO-A” scale is less robust in the challenge than 
that of “Acids A.” It is proposed that S/TAN molar ratio reflects the difference in the morphology of 
corrosion scales and concentration of magnetite in the inner layer. Similar effects would be expected for 
“HVGO-B” and “Acids B” in the challenge environments that are currently under investigation. 
 

CONCLUSIONS 

 Solid phase extraction (SPE) methods using APS can be successfully applied for bulk extraction 
of NAP acids from HVGOs with yields of > 85%.  

 Comparison of corrosion by “HVGO” and “NAP acids isolated from them” helps to decouple 
sulfidation/NAP acid corrosion.  

 HVGO containing sulfur and NAP acid species form two distinct corrosion layers (inner Fe3O4 

layer and outer FeS layer).  

 Relative thickness/morphology/composition of the layers depends on the S/TAN molar 
concentration in the test fluid. 
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 NAP acids play a critical role in forming iron oxides that decelerate naphthenic acid corrosion.  
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