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a b s t r a c t 

Naphthenic acid corrosion of steel is studied in crude oil/aqueous phase system at ambient tempera- 

ture, using a biphasic stagnant liquid without emulsification, by means of electrochemical measurements 

and surface analysis. The in-situ electrochemical impedance is assigned to the processes occurring at the 

aqueous phase. Corrosion occurred only in the region of the aqueous phase, as crater-shaped pits that 

eventually coalesced, generating a nearly uniform attack in the vicinity of the oil phase. The impedance 

values, normalized to the aqueous region only, reveal corrosion rate increasing with the ratio of crude 

oil/water. Despite the localized character of the anodic oxidation, the iron naphthenate corrosion prod- 

ucts became partitioned between the two phases. Surface-resolved electrochemical techniques in aqueous 

solution revealed enhanced activity of the regions pre-exposed to oil. 

© 2022 Elsevier Ltd. All rights reserved. 

1

o

(

o

c

i  

[

t

u

l

p

w

a

p

p

h

l

S

t

i

[  

t

o

d

p

c

o

c

t

s

t

t

o

[

h

0

. Introduction 

Early corrosion failure of steel structures dealing with crude 

il/seawater mixtures is commonly induced by naphthenic acids 

HNap) [ 1 , 2 ]. Naphthenic acids are chemically defined as a group 

f aliphatic organic carboxylic acids, containing one or more cy- 

lopentane or cyclohexane rings [3] . They are naturally present 

n many crude oils, in contents that can go up to ca . 3-4 wt.%

4] and constitute an important class of corrosion-inducing con- 

aminants [5] . Naphthenic acid corrosion (NAC) is most relevant 

nder high-temperature operation systems [6–8] , namely in distil- 

ation columns, where these acids evaporate under the high tem- 

eratures and then condensate on the cooler parts of the column 

alls, causing intense corrosion [9] . Further to the high temper- 

ture and low pressure, other factors influence NAC, namely the 

resence of thin FeS scale films [6] which tends to provide some 

rotection, or the shear stress that tends to remove any films from 
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he surface at the pipe surface [10] . In the corrosion process, iron 

s oxidised by the naphthenic acids, forming iron naphthenates 

 2 , 8 , 9 ]. These HNap have great affinity for the oil phase, although

he species tend to become partitioned between the water and the 

il phases [ 11 , 12 ]. 

Despite the relevance and research focus on corrosion un- 

er simulated industrial conditions, namely high-temperature, low- 

ressure, and hydrodynamic conditions, questions remain on the 

orrosion mechanism and on the meaning of electrochemical data 

btained in these liquid/liquid systems. Learning about the pro- 

ess occurring under relatively mild conditions is relevant because 

he moderate corrosion rate allows monitoring of the early corro- 

ion stages. There are few studies reported on NAC at moderate 

emperature. Rios et al. [13] used in-situ techniques and reported 

he formation of insoluble iron naphthenate on the steel surface 

n the initial stages of NAC at room temperature. Schütz et al. 

14] detected a linear variation of the pitting potential with the 

oncentration of inclusions at the surface in pipeline steel alloys, 

he correlation being likely dictated by the water-soluble form of 

he naphthenic acids, which tend to cause corrosion at the inter- 

ace of FeS inclusions [ 14 , 15 ]. The effect of inclusions was also in-

estigated on stainless steel. By monitoring the fluctuations of cur- 

ent and potential in AISI 316, Hass et al. [15] reported that the 
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Table 1 

Elemental composition for API 5L X70 steel (grade 

PSL 1); values correspond to specified maximum 

mass fraction,%, [31] . 

C Mn P S Nb + V + Ti 

0.28 1.40 0.030 0.030 0.15 

Fig. 1. Experimental scheme for global electrochemical measurements in biphasic 

- oil and aqueous phases. WE: working electrode, RE: reference, and CE: counter 

electrode. 
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oise level, and thus the corrosion activity, increased mostly with 

he temperature but also with the addition of naphthenic acids. 

One other aspect discussed in the literature is the composi- 

ion of emulsions. For an emulsion formed by adding free water 

o crude oil, Becerra et al. [16] observed an increase of the ohmic 

esistance with the amount of water, which suggests that the oil 

ay be the corrosive agent while water presents low corrosion of 

he surface. In a study dealing with carbon steel corrosion under 

ydrodynamic conditions, Perini et al. reported that, for oil con- 

ents below 20 wt%, using mineral oil and a surfactant solution 

s components of the emulsion, enhanced electrochemical activity 

as observed when compared to the base surfactant solution [17] . 

Methods proposed to study naphthenic corrosion are commonly 

ased on mass loss and electrical resistance probes [ 2 , 18 ], and

n the electrochemical noise technique [ 19 , 20 , 21 ]. Electrochemi- 

al impedance spectroscopy (EIS) is a powerful technique for high 

esistive media. EIS has been employed mostly to study the di- 

lectric properties of oil, oil-water emulsions, and industrial lu- 

ricants [ 17 , 22 , 23 ], using inert electrodes and high frequencies, up

o 10 MHz. EIS studies involving corrosion, however, require lower 

requencies, below 10 kHz. One of the scarce studies in this line 

ombines EIS with the effects of hydrodynamics and mass transfer, 

y using a rotating disk electrode or a jet impingement electro- 

hemical cell; complemented by other parameters, thus corrosion 

ates were estimated [16] . Despite these results, the lack of separa- 

ion between the two phases remains as a limitation in the under- 

tanding of the corrosion mechanism and the use of a system with 

ell-defined stagnant phases come as a potentially interesting ap- 

roach. 

Another possible approach involves surface-resolved electro- 

hemical techniques; these open new opportunities for the under- 

tanding of surface and interfacial electrochemistry [ 24 , 25 ]. Among 

he electrochemical probe techniques, the scanning electrochemi- 

al microscopy (SECM) has allowed mapping the concentration of 

issolved iron and oxygen along the surface of corroding metals 

 26 , 27 , 28 , 29 ], whereas localized electrochemical impedance spec- 

roscopy (LEIS) has been applied mostly to the study of galvanic 

r pitting corrosion [30] . These techniques, however, have been re- 

tricted to continuous aqueous phases. The study of corrosion in a 

iphasic medium is highly challenging and specific strategies are 

eeded to avoid contamination of the electrodes. Our approach in- 

olves the measurement of the metal activity, following the expo- 

ure to crude oil or to dilute sulfate aqueous solution, with the 

urpose of understanding the changes on the metal surface result- 

ng from the contact with the oil phase. 

Seamless and welded steel pipes for the oil and natural gas 

ndustries use high-strength low-alloy steels (HSLA). The current 

ork focuses on the corrosion of a HSLA steel in the presence of a 

iphasic environment, in which the oil phase consists of crude oil. 

he effect of the concentration of naphthenic acids is measured 

y adding controlled amounts of these acids. The arrangement is 

eant to mimic the corrosion in tanks of petrochemical plants. The 

tudy deals with the use of electrochemical techniques, namely EIS, 

EIS, and SECM, with the aim to learn about the applicability of 

hese advanced techniques on the characterization of corrosion in 

he oil-water complex environments and to give a contribution to 

he understanding of NAC mechanisms. 

. Experimental 

.1. Materials 

The material studied is API 5L X70 steel, whose composition is 

resented in Table 1 . 

The crude oil was obtained from an offshore Brazilian pre-salt 

ell, to which naphthenic acids (by Sigma-Aldrich) were added in 
2 
ontrolled amounts (up to 10 vol.%). As aqueous electrolyte, a di- 

ute sulfate solution was chosen, to provide a mild electrolyte and 

hus enhance the corrosive effect of the naphthenic acids, while 

till ensuring ionic conduction even in the absence of the acids. 

he solution consisted of 0.01 M Na 2 SO 4 (by Sigma–Aldrich) in 

eionized water (Millipore, conductivity 1.1 m �−1 cm 

−1 ). All ex- 

eriments were carried out at ambient temperature. 

.2. Electrochemical impedance spectroscopy – EIS 

For the EIS, the samples consisted of flat plates (3.0 mm thick- 

ess). Prior to each experiment, the samples were prepared by 

brasion with SiC emery paper up to 10 0 0 mesh, rinsed with Mil- 

ipore deionized water and ethanol and dried with compressed 

ir. A homemade cell (150 mL volume) was used, in which the 

ample was exposed vertically and compressed from the outside 

gainst an o-ring at a lateral window, leaving an exposed area 

f 3.14 cm 

2 . The aqueous solution was poured first and then the 

il was added dropwise, preventing contamination of the bottom 

art of the steel plate, while leaving the metal exposed to both 

hases – Fig. 1 . A platinum wire counter electrode and a commer- 

ial Ag|AgCl|KCl (saturated) reference electrode, both immersed in 

he aqueous phase, completed the setup. Measurements were per- 

ormed using a PC4 potentiostat coupled to a FAS1 Femtostat (both 

y Gamry Instruments, PA, USA), in the frequency range 10 kHz –

 mHz, with 10 mV rms amplitude. 

Measurements were made after 60 minutes stabilization at the 

pen circuit potential. The requirement of steady state was en- 

ured by getting two identical full spectra, obtained sequentially. 

he impedance presented is normalized to the total surface area 

xposed (3.14 cm 

2 ). In one set of experiments, the area fraction 

xposed to the aqueous phase, X aq , was varied with the values of 

.05, 0.50, and 0.95, with no addition of naphthenic acids. A sam- 
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le exposed to the dilute sulfate solution only (control sample) 

as also tested. In another set of experiments, naphthenic acids 

Sigma-Aldrich) were added to the oil, in concentrations of 1.0, 

.0, and 10 vol.% while the ratio of areas was kept at X aq = 0.50

1:1 area ratio). 

Fitting of the impedance spectra was made using Zview soft- 

are (Scribner Associates), describing the imaginary component of 

he spectra by a constant phase element (CPE) given by Eq. (1) . The

arameters Q o , α, and ω are, respectively the CPE constant and ex- 

onent, and the angular frequency. 

 CPE = 

1 

Q 0 ( jω ) 
α (1) 

The capacitance was calculated from the CPE, taking Eq. (2) . 

32] , where R ct is the charge-transfer resistance. 

 dl = 

( Q o R ct ) 
1 
α

R ct 
(2) 

For the inspection and analysis of the surface, exposure was 

ade for 20 h, after which the surface was rinsed with running 

ater, degreased with ethanol, and dried with compressed air. 

ourier transform infrared (FTIR) spectroscopy was performed us- 

ng a Nicolet 5700 spectrometer, equipped with attenuated total 

eflectance (ATR), with 256 scans and 4.0 cm 

−1 resolution. Inspec- 

ion of the surface morphology was made by scanning electron 

icroscopy (SEM), using a FEG-SEM/JEOL 7001F system at 20 kV 

eam energy. 

.3. Localized electrochemical measurements 

The surface-resolved techniques were employed to study the lo- 

al electrochemical activity of the samples, following exposure to 

he biphasic medium. Resin-embedded samples ( ∼ 3.5 × 20 mm 

xposed area) were polished (2400 mesh) and exposed to the 

iphasic medium for 20 h; subsequently they were rinsed with 

ater and ethanol, dried and finally placed horizontally at the bot- 

om of the cell, containing Na 2 SO 4 0.01 M solution, for the local- 

zed measurements. For both the LEIS and the SECM techniques, 

he setup was based upon the M370 Electrochemical Workstation 

Uniscan Instruments, U.K.). The sample was inserted from the bot- 

om in a 140 mm diameter electrochemical cell (from Uniscan) and 

ligned horizontally using a spirit bubble level. The electrolyte vol- 

me in the cell was 700 mL, and its surface was approximately 

0 mm above the sample. A standard laboratory Ag|AgCl reference 

lectrode (Gamry Instruments) was used; to prevent disturbing the 

olution or any leaking in the close vicinity of the metal sample, 

he reference electrode was kept at a safe distance (at least 10 mm) 

rom the studied area. 

For the LEIS, the sample was controlled by a potentiostat 

Solartron 1286) coupled to a frequency response analyzer (So- 

artron 1250). The scanning microprobe consisted of a disk-ring 

ommercial device (RSP model, Uniscan Instruments, U.K.) to 

hich the tip was modified to produce a microdisk (diameter 

70 μm) [ 33 , 34 , 35 ]. The disk-to-ring distance was approximately

 mm. The tip was placed very close to the substrate, using the 

tepper motor, under visual inspection. An a.c. perturbation with 

0 mV rms amplitude was applied to the steel electrode, around 

ts open circuit potential. Measurements were made either in the 

pectral mode (in which the probe was placed in a fixed position 

nd the frequency was scanned at 1 kHz–100 mHz) or at a fixed 

requency (1.0 Hz) and along a horizontal line scan, with step of 

60 μm and scan rate 200 μm s −1 . A platinum mesh counter 

lectrode and the Ag|AgCl reference electrode completed the cell. 

he estimated sampled area in each point is around 1.0 mm 

2 [33]. 

The SECM technique was employed for characterizing the local 

lectrochemical activity after exposure of the steel to the bipha- 

ic medium. The measurements were made in the dilute aqueous 
3 
a 2 SO 4 , using either the competition mode or the feedback mode . 

he competition mode was used to monitor the oxygen depletion 

ear the surface [ 26 , 36 ]. Under diffusion rate control, the current 

t the tip, i lim 

, is proportional to the concentration of the reactant, 

 ( Eq. (3) ). 

 lim 

= 4 nF D c a (3) 

With n being the number of electrons transferred in the reac- 

ion, D , the diffusivity, a, the tip radius, and F , Faraday’s constant. 

hen the scan is made at a short distance from a surface, and pro- 

ided the oxygen is the only species being reduced at the probe, 

he regions of the sample with more intense cathodic activity will 

ive a lower cathodic current at the tip. The current was measured 

ith the tip potentiostatically polarized to a potential at which 

xygen reduction occurs under diffusion control as ( Eq. (4) 

 2 +2 H 2 O + 4 e − → 4O H 

−. (4) 

In the feedback mode, 5.0 mM potassium ferrocyanide was 

dded as mediator, to the 0.010 M Na 2 SO 4 electrolyte, and the tip 

otential was set an anodic value, to force the oxidation at the 

ip ( Eq. (5) : 

e ( CN ) 
4 −
6 ↔ Fe ( CN ) 

3 −
6 + e − (5) 

Depending on the potential and conductivity of the substrate, 

he mediator may undergo regeneration, which will affect the lim- 

ting current measured at the tip. If the mediator undergoes re- 

uction at the surface, then the oxidation current at the tip will 

ncrease when it enters the diffusion layer near the surface (posi- 

ive feedback) while blocking surfaces result in negative feedback. 

The SECM was based on a commercial probe (from Sensolyt- 

cs) consisting of a microelectrode platinum wire (purity 99.99%), 

ealed and pulled in a quartz glass body, with the active electrode 

iameter of 10 μm and RG-value > 10. The setup was completed 

ith a platinum mesh counter electrode and an Ag|AgCl reference 

lectrode. The operating tip-sample distance was set after record- 

ng z-approach curves above the resin and approaching the surface 

f the resin until the current dropped to 30% of the bulk current. 

hat level was taken as approximately 10 μm height above the sur- 

ace. Subsequently, the tip was withdrawn to the desired distance. 

n the results presented, the approach curves were made in the z 

irection, at 5 μm step size and 5 μm s -1 , with a tip potential of

 t = + 0.4 V, to force the oxidation of the mediator; the voltammo- 

ram is presented as Supplementary Data. 

The line scans were made horizontally, at a tip-substrate dis- 

ance of 20 μm, with a step of 100 μm and 100 μm s −1 scan

ate, and a tip potential of −0.7 V to monitor the oxygen depletion 

nder limiting diffusion control [29]. At this potential, further to 

he oxygen reduction reaction (ORR), Fe 2 + might also become re- 

uced; however, its concentration is negligible, and there were no 

igns of metal crystallization at the tip. This method allows assess- 

ng oxygen depletion with spatial resolution and has its use has 

een reported for galvanic corrosion [ 27 , 37 ]. 

. Results 

.1. Global electrochemical measurements 

The effect of the volume fraction of sulfate solution was as- 

essed in a set of spectra having different ratios of aqueous 

hase/oil phase. Except for the control sample, all the samples had 

 supernatant oil phase. 

The impedance spectrum presents a single capacitive loop –

ig. 2 (a) – with the ohmic resistance roughly decreasing with the 

rea of the aqueous phase volume, despite some dispersion, ex- 

lained by the differences in the positioning of the counter elec- 

rode. To ease the comparison, the spectra are also presented 
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Fig. 2. EIS spectra of API 5L X70 steel immersed in crude oil/ 0.01 M Na 2 SO 4 biphasic medium, for various area fractions exposed to the solution, X aq , as indicated in the 

plot. Spectra prior to resistance correction (a) and after subtraction of the ohmic resistance (b); The corresponding equivalent electric circuit is presented in (c). Oil was used 

as received. Impedance is normalized to the total sample area. 

4 
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Table 2 

Parameters from fitting of the spectra (normalized to the overall surface area) and open circuit potential. 

X aq Q o / Ω −1 cm 

−2 s α α C dl / mF cm 

−2 R ct / k Ω cm 

2 τ = R ct . C dl / s E ocp / V (Ag|AgCl) 

0.05 2.96 × 10 −4 0.83 0.31 4.1 1.3 −0.65 

0.50 3.97 × 10 −4 0.84 0.42 3.2 1.3 −0.64 

0.95 1.64 × 10 −4 0.81 0.14 2.9 0.4 −0.67 

1.00 2.3 × 10 −3 0.79 3.8 2.8 10 −0.62 
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Fig. 3. Charge-transfer resistance of API 5L X70 steel immersed in crude 

oil/ 0.01 M Na 2 SO 4 biphasic medium for various area fractions exposed to the aque- 

ous phase: values obtained from the spectra in Fig. 2 , normalized to the overall area 

(a) or to the area of the metal/aqueous phase only (b). 

e

m

p

s

3

t

fter subtraction of the series resistance - Fig. 2 (b). The low- 

requency region presents a pseudo-inductive tail in the first quad- 

ant, which roughly corresponds to a negative resistance; its origin 

s not clear, and therefore it is excluded from our interpretation. 

 simple equivalent circuit was used, comprising a series resis- 

ance ( R s ) followed by a capacitive component, described as a con- 

tant phase element (CPE), and a parallel charge-transfer resistance 

 R ct ) – Fig. 2 (c). The charge-transfer resistance grows with the de- 

reasing fraction of the aqueous phase. It is in the range 20 0 0 –

0 0 0 Ω cm 

2 , a value that is higher than the 100 – 700 Ω cm 

2 re-

orted for exposure to oil/water emulsions impingement corrosion 

16] . It is much lower than the 10 8 – 10 9 Ω cm 

2 parallel resistance

eported by Perini et al. [17] for oil; further, our results consist of 

 single semi-circle, while those authors assigned a high-frequency 

emi-circle to the oil (continuous phase) and a lower frequency 

emi-circle to the emulsion [17] . Since we do not have a contin- 

ous and dispersed phase, but rather two phases in parallel, the 

esults are consistent with the impedance being due to the elec- 

rochemical activity at aqueous interface only, resulting from the 

igh ohmic resistance of the oil [16] . 

The exponent α is approximately 0.8 in all samples, with minor 

ariations, while the Q o and the capacitance are consistent with a 

ouble layer. Unlike the capacitance and the resistance, the time 

onstant ( τ ) does not depend on the area. Its value is in the range

 – 10 seconds ( Table 2 ). This is far too high for the oil phase, for

hich around 10 ms was reported [17] and we thus assign it to 

he processes at the metal/water phase interface. The charge trans- 

er resistance decreases with the fraction of area exposed to the 

queous phase, X aq – Fig. 3 (a) and Table 2 . Assuming that the elec-

rochemical activity measured comes from the aqueous phase only, 

ccounting for the overall area likely means that the apparent re- 

istance is overestimated. When only the fraction of aqueous area 

s accounted for – Fig. 3 (b) – the opposite trend is observed, i.e ., 

he charge transfer resistance increases as the aqueous phase be- 

omes predominating. 

The open circuit potential was in the range −600 to −680 mV; 

t gradually decreased in the sample exposed to the sulfate so- 

ution only due to depletion of oxygen, while it was quite sta- 

le from the start of immersion in the samples in the biphasic 

edium (Supplementary Data). Further, d.c. polarization (Supple- 

entary Data) shows that the cathodic reaction is controlled by 

iffusion in the simple immersion in the sulfate solution (mean- 

ng that oxygen reduction is the cathodic process), while under an 

il layer, the open circuit potential becomes slightly more negative 

nd the reaction is activation-controlled, i.e ., water is the cathodic 

eactant. These results show a difference in the cathodic reaction, 

hich is that of oxygen in normal aqueous exposure, while wa- 

er becomes the cathodic reactant in the presence of the upper oil 

ayer, thus altering the corrosion mechanism. 

The spectra in Fig. 4 depict the effect of the naphthenic acid on 

he electrochemical activity of the system. Addition of 1% and 5% 

f HNap caused an evident decrease of the size of the impedance 

rc, while adding up to 10% caused no further effect. The charge- 

ransfer resistance obtained through fitting gives a consistent evo- 

ution, stabilizing at approximately 1.6 k Ω cm 

2 – Fig. 5 . The evolu- 

ion suggests dissociation of the HNap in the aqueous phase [38] , 

aking the electrolyte more aggressive and thus increasing the 
5 
lectrochemical activity at the surface. This is supported by the pH 

easurements made in the aqueous phase before and after the ex- 

eriment, which has revealed a pH drop from 6.0 to 4.5 (in the 

ystem with addition of 5% HNap), after 1 h of contact. 

.2. Surface inspection and analysis 

Following immersion, the samples revealed a spatial distribu- 

ion of corrosion attack and morphology. The regions exposed to 
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Fig. 4. Impedance spectra of API 5L X70 steel exposed to crude oil/ 0.01 M Na 2 SO 4 biphasic medium, for varying naphthenic acid content in the oil phase, with X aq = 0.50. 

Spectra are normalized to the overall area, and the series resistance was subtracted. 

Fig. 5. Effect of the naphthenic acid content on the charge transfer resistance of 

API 5L X70 steel exposed to crude oil/ 0.01 M Na 2 SO 4 biphasic medium, measured 

by EIS. X aq = 0.50; values obtained from the spectra in Fig 4 and normalized to the 

overall area. 
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he oil phase show no signs of corrosion ( Fig. 6 (a)), while se-

ere and extensive attack was observed just below the interface 

 Fig. 6 (b,c)), in the aqueous region. On this region of the surface 

he attack was uniform, leading to a rough surface and no dis- 

inction among pits. Finally, deeper and further away from the oil 

hase, a few millimeters below the oil, the attack became gradu- 

lly more localized, as isolated crater-shaped pits - Fig. 6 (d). 

The spatial distribution and morphology of the anodic dissolu- 

ion reveals localized attack, with the anodic reaction occurring at 

he water phase, but mostly restricted to a small area near the oil. 

his could be due either to an increased acid concentration near 

he oil phase, as it diffuses from the oil, or to a spatial separa-

ion between the cathodic and the anodic reactions. This second 

xplanation, based upon a higher solubility of oxygen in oil and 

he formation of a galvanic process between the oil and the aque- 

us phase, has been discussed by Becerra et al. [16] ; while it seems

easonable in industrial conditions, due to the thin oil layers in a 

oving emulsion, it is hard to accept in stagnant conditions, under 

 relatively thick layer of oil. The most likely cause for the local- 

zed corrosion is therefore the higher concentration of HNap in the 

pper aqueous region, close to the oil, consequence of the slow 
6 
iffusion and the partition coefficient of the carboxylic acids, with 

he acceleration of both the anodic and the cathodic reactions [39]. 

When the steel was exposed to dry oil, i.e ., with no water, the 

TIR spectrum revealed a clean surface ( Fig. 7 , curve (a)), with no 

ign of corrosion products or even of the naphthenic acid, while 

xposure to the dilute sulfate seems to generate lepidocrocite ( γ –

eOOH) (curve (d)), identified by the bands at 1018 cm 

−1 (in-plane 

ibration) and 750 cm 

−1 (out-of-plane vibration) [ 40 , 41 ]. These 

ands are also observed in the samples corroded in the biphasic 

edium (curves (b) and (c)), together with the broad band cen- 

ered at 3250 – 3300 cm 

−1 , assigned to O 

–H stretching, likely due 

o iron hydroxides. Although the formation of lepidocrocite is not 

xpected with an open circuit potential below −0.6 V or with un- 

erated water, because oxygen or some other strong oxidant is re- 

uired for the conversion to Fe(III), it may however result from 

ome oxidation of ferrous compounds in air, after removal from the 

olution. On the other hand, curves (b) and (c) show no signs of 

arboxylic acid, which would require a characteristic peak of C = O, 

t 1720 cm 

−1 [42] ; instead, carboxylates ( i.e ., the naphthenates) are 

evealed [43] by the bands at 1655 and 1414 cm 

−1 , both above and

elow the interface. The similarity of the surface in the two regions 

oes not match the contrast observed in the SEM inspection, but 

t rather suggests that the naphthenate, formed only in the pres- 

nce of the aqueous phase, may diffuse into the oil phase where it 

recipitates on the surface. 

.3. Local electrochemical measurements 

In the post-exposure study, the region pre-exposed to the oil 

hase became more reactive, as revealed by a drop of the overall 

mpedance by approximately one order of magnitude – Fig. 8 . Al- 

hough the results should be interpreted in a qualitative way, the 

ffective area of the aqueous region is much higher, which might 

ustify a lower impedance. However, the oil region has a higher ad- 

ittance, by around one order of magnitude in relation to aqueous 

egion. This could mean that either this region became protected 

y the oil during the exposure, or the aqueous region became pro- 

ected by some iron oxides following the exposure. 

The impedance scan lines confirm the lower impedance on the 

ide pre-exposed to the oil – Fig. 9 . Further, the impedance con- 

istently decreased as the probe approached the surface. This was 

ore consistent on the side of the non-corroded surface, while on 

he corroded side (exposed to the aqueous phase) the distance of 

he probe to the surface had a just a minor effect. The line scans 

ere made at various heights because the dissolution of mate- 
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Fig. 6. SEM micrographs of API 5L X70 steel after exposure to crude oil + 5% HNap / 0.01 M Na 2 SO 4 biphasic medium, at the oil region (a), at the interface (b), just below 

the interface (c), and in the aqueous region at a distance from the oil (d). 

Fig. 7. FTIR spectra of API 5L X70 steel surface after exposure to the as-received crude oil (a); the oil phase, in the oil + 5% HNap/0.01 M Na 2 SO 4 biphasic system (b); the 

aqueous phase in the same biphasic system, at the region just below the interface (c); the Na 2 SO 4 0.01 M solution only (d). 

r
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t
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ial may increase the tip-sample distance. However, the average 

ocal impedance difference between the two sides is well above 

he difference caused by the probe height (as confirmed by the 

urves obtained at 20 and 220 μm height, z). Hence, the profile 

annot be ascribed to any roughness effect caused by corrosion 
ut rather results from the differences in electrochemical reactiv- d

7 
ty. As the probe moves to the corroded region (pre-exposed to the 

queous phase), the impedance rises, likely due to the accumula- 

ion of corrosion products. Unlike the oil-exposed area, a plateau 

s never reached; this impedance profile is likely due to the con- 

ribution of the more active neighboring region on the left of the 

iagram. 
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Fig. 8. Local impedance spectra of API 5L X70 steel in Na 2 SO 4 0.01 M Sample pre-exposed for 20 h to the oil/0.01 M Na 2 SO 4 biphasic system. 

Fig. 9. Impedance modulus at 1.0 Hz, measured in Na 2 SO 4 0.01 M, along API 5L X70 steel surface, pre-exposed to the oil/0.01 M Na 2 SO 4 biphasic system, for different 

heights z above the metallic surface. 
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The tip current measured in the SECM experiments revealed a 

endency for contamination during continued experiments, which 

esulted in low measured currents. Still, the approach curves re- 

ealed positive feedback currents, meaning that the metal is elec- 

roactive in both regions. This feedback current is higher on the 

egion previously exposed to the oil, i.e ., which gained a higher 

egeneration capacity ( Fig. 10 ). This means that the surface was 

leaner from any insulating films, compared to the region exposed 

o the aqueous phase. The highest tip current, measured at the sur- 

ace, is approximately 0.195 nA in the aqueous region, vs. 0.29 nA 

n the oil region. This has no direct correlation with the corrosion 

ate, but it rather reveals a surface that regenerates the mediator 

t a faster rate, thus being more capable of transferring electrons 

t the surface. 

The line-scans obtained across the metal with E t = −0.70 V 

eveal lower currents locally, compared to the mounting resin –

ig. 11 . Over the inert resin the reduction current is approximately 
8 
.6 to 0.8 nA, with some lateral asymmetry resulting from the 

robe movement, that can push some fluid during the scan. The 

ecreased cathodic current measured locally reveals depletion of 

xygen, and thus cathodic activity, near the substrate [30] . The de- 

letion is more significant in the steel pre-exposed to oil, likely 

ue to the absence of corrosion products. 

. Discussion 

The oil has a very low ionic conductivity, of approximately 

.486 μSm 

−1 [17], six orders of magnitude below that of the diluted 

queous Na 2 SO 4 (estimated as ∼0.24 Sm 

−1 [39]), therefore the two 

hases in parallel result in the measurement coming mostly from 

he more conductive of the two phases. The consistent variation 

f impedance with the water/oil ratio, as well as the high time 

onstant of the electrochemical process, support the interpretation 

hat the electrochemical response measured is due to the aqueous 
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Fig. 10. SECM amperometric approach currents measured in K 4 [F e (CN) 6 ] + Na 2 SO 4 0.01 M, with tip potential, E t = 0.4 V. Position z = 0 corresponds to the API 5L X70 steel 

surface, pre-exposed to the crude oil + 5% HNap/0.01 M Na 2 SO 4 biphasic medium. 

Fig. 11. SECM amperometric horizontal line-scans in 0.01 M Na 2 SO 4 solution, at E t = −0.7 V; sample consists of API 5L X70 steel, pre-exposed to crude 

oil + 5% HNap/0.01 M Na 2 SO 4 . 
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hase. The apparent decrease of the charge transfer resistance with 

he water content seems to agree with the observations reported 

n crude oil/brine mixtures [42] , in which the amount of crude oil 

eemed to lower the corrosion rate of the steel products. However, 

nce the oil phase is excluded from the active area normalization, 

e observe the opposite trend, i.e ., the charge-transfer resistance 

ncreases with the area fraction of the aqueous phase, meaning 

hat the corrosion rate effectively increases with the oil amount. 

hile Efird and Jasinski [42] interpreted the apparent protection 

f the oil based upon the effect of the corrosion products, we con- 

lude that the difference results essentially from the lack of iden- 

ification of the two phases i.e., from the determination of the ef- 

ective area of each phase. 
9 
Electrochemical measurements dealing with oil corrosion are 

ommonly performed in model emulsions [42] , in which kerosene 

s often used as the oil component while the reference elec- 

rode is usually inserted via a Luggin capillary, which lowers the 

unction potential, while preventing contamination of the refer- 

nce half-cell. While contamination of the reference electrode can 

ead to disturbed potential readings [44] , the use of an emulsi- 

ed electrolyte leads to uniform dissolution, masking mechanistic 

nd spatial effects. The approach used in this work, while pre- 

enting contamination of the electrodes, evidences the effect of 

he naphthenic acid, while still allowing the contact between the 

wo phases and the metal surface. This is a better alternative to 

he use of aqueous extracts from the oil, in which the acid be- 
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omes uniformly dissolved, while the spatial distribution of cor- 

osion misses the proximity of the oil phase, source of the naph- 

henic acids. Moreover, the use of diluted sodium sulfate solution 

nstead of the more common sodium chloride, essentially restricts 

he corrosive effects to the effect of the naphthenic acids. Finally, 

he oil layer blocks the contact with air, hindering the diffusion 

f oxygen down to the metal surface. The arrangement used thus 

as several advantages, despite its deviation from service condi- 

ions that can occur under turbulent regime. 

Acids in crude oil dissolve to some degree into the water phase 

r adsorb at the oil/water interface, depending on the pH, molec- 

lar structure, and molecular size [45] . In the oil phase, the naph- 

henic acids become stabilized by forming dimers, in which the 

arboxylic terminal becomes coupled, while at interfaces they be- 

ome stabilized by self-assembling, with the non-polar part (cy- 

lopentyl or cyclohexyl rings) in the organic phase and the car- 

oxyl terminal, in the aqueous phase [46] . They present partition 

nto the water phase by proton donation, i.e., ionization. The pro- 

on combines with hydroxyl ion (OH 

−) at sufficiently high pH, 

hile the negatively charged Nap 

− becomes partitioned into the 

ater. The partition coefficient varies linearly with the number of 

arbon atoms in the acid hydrocarbon chain and determines the 

ritical pH, i.e., the pH at which the fraction of ionized acid at the 

nterface exceeds 0.5 [46] . Naphthenic acids have a variable num- 

er of carbon atoms in the range C10-C30 [ 47 , 48 ]. For C14 naph-

henic acids with one or two rings, partition coefficients are re- 

ortedly around 10 −5 , while smaller molecules may reach parti- 

ion coefficients two orders of magnitude higher [ 39 , 46 ], thus more

eadily dissolving in the aqueous phase. For molecular weight 209–

33 g/mol, some partition into the water phase has been ob- 

erved starting above pH ∼5 [49] , while concentrations as high as 

00 mg/L after prolonged natural contact of water have been re- 

orted, even at low temperature [50] . 

According to the mechanism proposed for high-temperature 

AC [51] , the first step is the acid dissociation at the interface ( Eq.

6) ): 

 

R [ C H 2 ] n COOH ) 2oil → 2R [ C H 2 ] n COO 

−
aq +2 H 

+ . (6) 

In water, the ionized molecule likely becomes stabilized 

hrough the formation of micelles, with the organic chain at the 

ore of the micelle structure and the polar carboxyl terminal in the 

uter region. The formation of micelles of the acids requires a criti- 

al concentration [52] , therefore its formation must be restricted to 

he region near the interface, where the concentration is maximal. 

he cathodic reaction is the hydrogen evolution reaction ( Eq. (7) , 

hile the oxidized iron ions become complexed by the carboxylate 

reactions, ( Eqs. (8) –(10) ) [50] . 

 

+ + 2 e − → H 2 (7) 

e → F e 2+ + 2 e − (8) 

 e 2+ +2R [ C H 2 ] n CO O 

− → Fe [ R [ C H 2 ] n COO ] 2 (9) 

Finally, part of the iron naphthenates diffuse into the oil phase, 

here they become adsorbed on the surface: 

e [ R [ CH 2 ] 2 COO ] 2 → Fe [ R [ CH 2 ] n COO ] 2 , oil (10) 

The major difference in our observations lies in the relevance of 

he diffusion of the naphthenic acids in the water phase, resulting 

n intense corrosion at a thin region near the interface. 

The corrosion morphology, of crater-shaped pits in the early 

orrosion stages, reveals some form of pseudo-passivity, due ei- 

her to an oxide layer or to the adsorption of organic species [46] .

he pits do not grow in depth, but rather tend to coalesce, evolv- 

ng towards an apparently uniform attack. There are reports that 
10 
aphthenic acids favor uniform corrosion compared to pitting at- 

ack in sulfiding solutions (with H 2 S) [ 13 , 19 ]. However, we observe

hat corrosion rather starts as a localized attack, then extending 

owards a uniform process. 

The localized electrochemical techniques, used after the expo- 

ure in the aqueous/oil system, can be considered as an ex-situ 

tudy, although performed in immersion. Its purpose is to compare 

he state of the surface with respect to the activity and possible 

lm formation. The comparative lower impedance, together with 

he more significant depletion of oxygen and the higher feedback 

urrent of the region previously exposed to oil, reveals a more ac- 

ive surface when left in the aqueous solution and with access to 

xygen. The presence of naphthenate, likely resulting from adsorp- 

ion onto the steel surface [13] , does not produce corrosion locally 

ut likely activates the surface upon the new immersion in aque- 

us phase only. The reason for this difference was not explored, 

lthough it may be due either to the simple solubilization of the 

aphthenate when in contact with water, or to some electrochem- 

cal conversion of the naphthenates themselves. 

The setup used in surface-resolved techniques is limited by the 

orizontal scanning, which excludes the use of a biphasic medium, 

ut it is also limited by the risk of contamination of the probes; 

evertheless, the protocol used has given results quite compara- 

le with those obtained on bare metals or galvanic systems [30] . 

he study, although not extensive, shows a marked difference be- 

ween the two regions of the steel surface. These results open new 

hances for the use of advanced techniques on more technical and 

omplex systems. 

. Conclusions 

The morphology of naphthenic acid corrosion of steel in a stag- 

ant biphasic medium consisting of crude oil and water, with no 

mulsification, can be described by three regions: (a) up in the oil 

hase, the steel surface is immune to corrosion; (b) in the aque- 

us phase, in the vicinity of the oil, severe uniform corrosion oc- 

urs; (c) deep in the water phase, at a distance from the oil, slight 

orrosion occurs as crater-shape pits scattered along the otherwise 

ntact surface. 

Increasing concentrations of naphthenic acids in the crude oil, 

ncreased the corrosion rate in the aqueous region. Once only the 

rea exposed to the aqueous phase is considered, for stagnant con- 

ition and in the absence of water/oil emulsion, the corrosion rate 

ncreases with the oil fraction, even though corrosion is restricted 

o the water phase. 

The experimental arrangement using a stagnant biphasic 

edium allows corrosion monitoring using electrochemical tech- 

iques and provides information involving spatial distribution of 

he corrosion processes. Electrochemical impedance spectroscopy 

easurement across the aqueous phase only, while keeping part 

f the electrode exposed to an oil phase, allows to monitor the in- 

irect effect of the oil phase. The setup used reveals information of 

pecific field conditions, in which phase separation influences the 

orphology and mechanism of corrosion. 

The localized electrochemical techniques reveal that, once re- 

oved from the biphasic medium, the area exposed to the oil has 

omparatively lower impedance, higher cathodic activity for the re- 

uction of oxygen and a higher feedback current for regeneration 

f the potassium ferrocyanide mediator in SECM measurements. 

A model for the naphthenic acid corrosion of steel at ambient 

emperature is proposed, based upon the partial solubilization of 

he naphthenic acids in the aqueous phase and complexation of 

errous ions in the water phase. Corrosion is restricted to the water 

hase, although influenced by the concentration of acid in the oil. 

he resulting iron naphthenate may partially dissolve back into the 

il phase and precipitate on the surface. 
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