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ABSTRACT

Crude oils with a total acid number (TAN) higher than 0.5 are highly corrosive at temperatures
between 400 and 700°F found in atmospheric and vacuum distillations of oil refineries. The
destructive effects of naphthenic acids (NAP) occur in the same temperature range as
sulfidation corrosion due to reactive sulfur compounds also contained in crude oils. Efforts of
mitigating NAP corrosion of existing equipment by a high TAN oil include blending with crudes
of lower acids content, neutralization or removal of naphthenic acids, and the use of corrosion
inhibitors. Phosphate esters are commonly used in commercial NAP corrosion inhibitors. Two
such inhibitors have been evaluated in laboratory experiments using a specific testing –
“pretreatment - challenge” procedure. This method evaluates the effects of NAP in oils at high
temperature on the formation and corrosion resistance of scales on metal surfaces. NAP
corrosivity is determined by weight loss and scales are characterized in cross section by both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) coupled with
energy dispersive spectroscopy (EDS). Adding each inhibitor to two crude fractions changed the
protective properties of scales formed in the test. The results differentiate the two inhibitors in
terms of efficiency and phosphorous distribution in the scale.
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INTRODUCTION
Naphthenic acid (NAP) corrosion is an important factor for both refinery operators and design
engineers needing to processing crude oils with a TAN higher than 0.5.1,2 The risk of NAP
©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

1

corrosion is highest at temperatures 220 - 400°C (430 - 750°F) in atmospheric and vacuum
distilling units and is especially high where fluid streams have high velocities or turbulence
(transfer lines, pump-arounds, etc) that enhance the acid corrosive effects. Refineries use
different strategies to mitigate NAP corrosion, for example, blending the high TAN crudes with
crudes of lower TAN, neutralizing the NAP or removing them from acidic crudes, using high
quality alloys. Each of these methods can be expensive and increase production costs. The use
of corrosion inhibitors is an attractive alternative to control NAP corrosion in refineries. A variety
of different inhibitors have been developed, patented, and are currently in use for mitigating the
NAP corrosion.3-6 The chemical composition of commercial NAP corrosion inhibitors “currently in
use” is proprietary, with patent literature revealing only that most are variations based on sulfur,
phosphorous, or mixed P/S functional groups. Patents claim differences in delivery and
structure of phosphorous or sulfur to form a “protective scale”.
As users of such products, refineries are interested in lab tests that not only provide a relative
measure of “efficiency” but also aid understanding of inhibitors reaction mechanism so that field
application can be improved. Two phosphate ester corrosion inhibitors were experimentally
evaluated as part of the Naphthenic Acid Corrosion Joint Industry Project (NAP JIP) at Ohio
University. The performance and characteristics of the two corrosion inhibitors in two crude oil
fractions are presented and discussed in the following sections.

EXPERIMENTAL
Experimental Procedure and Instrumentation
The corrosion inhibitors were evaluated according to a specific “pretreatment-challenge”
corrosion test protocol.8 It consists of two distinct phases and was designed to evaluate the
properties of scales formed on metal surfaces from crude fractions at high temperature. Scales
formed on test rings in autoclave at high temperature are characterized in the “pretreatment”
phase. A second set of rings, pretreated in the same manner, are exposed during the
“challenge” phase to high temperature, flow and shear stress conditions similar to those
encountered in transfer lines of distilling units. The “challenge” phase is performed in a customdesigned “flow through” apparatus called the High Velocity Rig (HVR). The HVR flow path
(Figure 1) includes an autoclave where the rings are rotated with 2000 rpm that corresponds to
a peripheral velocity of 8.5 m/s. The HVR autoclave can be operated at pressures from 0 to 3.4
MPa (0 - 500 psig) and temperatures up to 370ºC (700ºF). The HVR metering pump provides a
constant fluid flow of fresh feed in a range from 5 to 20 cm3/min. All testing fluids and the HVR
reactor are purged with nitrogen prior testing. The “pretreatment” phase is executed in a static
autoclave -Figure 2 - (Parr Instruments Series 4520) that has a magnetic stirrer and can be
operated to the same high temperature 370ºC (700ºF) as the HVR. Both experimental phases
“pretreatment” and “challenge” had identical duration – 24h.
Based on their performance in previous corrosion tests, two crude fractions (VGO) were
selected for evaluating inhibitors. The two VGO were provided by project sponsors along with
their %S and TAN values. The two VGO were labeled as R (TAN = 0.78, S = 1.56 wt.%) and
UB (TAN = 1.43, S = 2.89 wt.%). The inhibitors used in this experimental work were selected
based on sponsors’ requirements. Each inhibitor had to be of phosphate ester type and to be
used in the industry at the date of the evaluation. The exact chemical structures and
compositions of the two inhibitors were proprietary therefore they were labeled as inhibitor A
and B.
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Separate VGO only “pretreatment” tests were run as a reference for each “inhibitor & VGO”
mixture. The inhibitor solutions for “pretreatment” phase were prepared by adding 500 ppm of
inhibitor to 600 mL of VGO and then mixing the fluid thoroughly. For the “challenge” phase, a
white mineral oil (no acid, no sulfur, no inhibitor) was spiked with commercial naphthenic acids
(TCI America) to TAN = 3.5.

Figure 1: Schematic representation of the High Velocity Rig (HVR), the “flow through”
loop used in “challenge” phase.

Figure 2: Static autoclave. Main components and samples set-up for the "pretreatment"
experimental phase.
The sample rings with OD = 81.75 mm were made of UNS K03006 carbon steel (CS) and of
UNS K41545 alloy steel (5Cr). Six rings were used in every experiment (3 of each type of steel).
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Additional rectangular small samples made of same steel types were “pretreated” in autoclave
tests and later used for SEM scale analysis. Corrosion rates were calculated based on samples
metal losses. Before every test samples were polished with 400 and 600 grit silicon carbide
(SiC) paper under isopropanol flush. Then samples were rinsed with acetone and dried under
nitrogen flush. Samples were weighed on an analytical balance (initial weight) and their
geometrical dimensions were measured with a caliper. When test ended the scales were
removed from the samples by mechanical and chemical means. The superficial loose scale
layers were removed by brushing the samples with a stiff plastic brush. Further, the strongly
adherent scale persisting on the samples after mechanical brushing was chemically removed by
using the Clarke solution (ASTM G 1-90).9 At the end of the Clarke solution procedure the
samples final weight was recorded and used in corrosion rate calculation.
Metal loss and scale gains were evaluated in every pre-treatment tests and these values were
subtracted from samples initial weights that were exposed to a complete “pretreatmentchallenge” test. By subtracting the metal losses corresponding to the “pretreatment” test, it
became possible to quantify and evaluate precisely the corrosive effect of the NAP during the
“challenge” phase.
Experimental conditions for corrosion inhibitor evaluation are summarized in Table 1.
Table 1
Experimental conditions for “pretreatment-challenge” tests with corrosion inhibitors.
Test Phase

TAN
(mg KOH / g
oil)

Sulfur
content
(wt %)

Inhibitor
conc.
(ppm)

Temp.

Time
(h)

Pressure
(psig)

Rotation
(rpm)

“Pretreatment”

0.78 – 1.43

1.56 – 2.89

500

343ºC
(650ºF)

24

200

0

“Challenge”

3.5

0

0

343ºC
(650ºF)

24

150

2000

Cross sections of metal samples with scale intact were examined and analyzed using a JEOL
JSM-6390 scanning electron microscope (SEM) coupled with an energy dispersive X-ray
spectrometer (EDS). Thin cross sections of were ion milled and extracted from surfaces for
examination by transmittance electron microscope (TEM) with Zeiss Libra 200EF (200 kV) also
equipped with an energy dispersive X-ray spectrometer (EDS).
Experimental Data Processing
Corrosion rates expressed in mm/y were evaluated based on samples metal loss which were
calculated as the difference between samples weight before and after the test, according to
Equation 1.

where

𝐶𝐶𝐶𝐶 =

(𝐼𝐼𝐼𝐼 − 𝐹𝐹𝐹𝐹)
∙ 24 ∙ 365 ∙ 1000
𝜌𝜌𝐹𝐹𝐹𝐹 ∙ 𝐴𝐴𝑠𝑠 ∙ 𝑡𝑡

CR - corrosion rate [mm/y]
IW – initial weight [kg]
FW – final weight (after last clarking) [kg]
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(1)

ρFe – Steel density [kg/m3]
As – sample area exposed to corrosive fluids [m2]
t – time of the experiment [h]
As it was mentioned above separate "pretreatment" reference tests was performed and samples
metal loss was evaluated in these tests. The “pretreatment” sample metal loss was then
subtracted from the initial weight (IW) of every sample submitted to a complete "pretreatmentchallenge" experiment. This “new” IW was then used in Equation 1 to calculate corrosion rates
for the “challenge” phase. Thus, it was possible to separate the corrosive effects of
“pretreatment” from those of the “challenge”.
Corrosion products build up on metal samples during the tests in form of scales. The analysis of
these scales provides important information on the chemical reactions and their products
formed during the runs. A theoretical scale thickness was calculated using Equation 2. It was
assumed that scale formed uniformly on all samples surfaces and it consisted mainly of iron
sulfide (FeS). The scale has a multilayered structure and during sample processing after the
test, some of the superficial layers are lost in the solvent rinsing process. Therefore, in
evaluation the scale thickness only the strongly adherent scale was considered. Thus, the
weight gain is calculated as the difference between the sample weight after rubbing (mechanical
removal) – WRub and the final weight of the samples after last clarking – FW.

where

𝛿𝛿𝐴𝐴 =

(𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐹𝐹𝐹𝐹)
∙ 106
𝜌𝜌𝐹𝐹𝐹𝐹𝐹𝐹 ∙ 𝐴𝐴 𝑇𝑇

(2)

δA – adherent scale thickness [μm]
WRub – rub weight [kg]
FW – final weight (after last clarking) [kg]
ρFeS – iron sulfide density [kg/m3]
AT – sample total area exposed to corrosive fluids [m2]
RESULTS AND DISCUSSION
Crude fractions corrosivity at high temperature is the result of combined effects of naphthenic
acid and sulfur compounds which are part of the complex chemical composition of oils. The
mechanism of naphthenic acids and sulfur corrosion is not fully deciphered yet but it is generally
summarized by three chemical reactions.9,10

Fe + 2RCOOH → Fe(RCOO)2 + H2

(3)

Fe + H2S → FeS + H2

(4)

Fe(RCOO)2 + H2S ⇋ FeS + 2RCOOH

(5)
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Main corrosion byproducts are iron naphthenates formed according to reaction (3) and iron
sulfide (FeS) which is formed in reactions (4) and (5). Iron naphthenates are oil soluble and, in
the absence of reactive sulfur, they can be entrained in the oil flow and constantly removed from
the reaction sites. The iron sulfide is a solid corrosion product which is deposited in successive
layers as it forms on the metal surfaces. However, imperfections in scale structure (cracks,
pores) leave diffusion paths for NAP to partially dissolve the scale degrading its protective
properties so that the underlying metal is attacked. According to reactions (4) and (5) and to
experimental data the scale formed at high temperature from crude fractions consists mainly of
FeS. However recently published studies revealed that NAP acid and sulfur corrosion is a more
complicated process and scales formed in these reactions have a complex composition that
also includes iron oxides (Fe3O4 magnetite) besides the FeS.13-15 The complex structure of
mixed scales has been used to rationalize and explain differences in corrosion resistance
among scales.12
The scope of this work was to evaluate the efficiency of phosphate esters corrosion inhibitors in
mitigating the NAP and S corrosion. The phosphate esters are proposed to interact with metal
surfaces and inherent corrosion scale to form insoluble iron phosphate that covers these
surfaces and protect them against the attack of corrosive species in oil.15 The experimental
results discussed in following paragraphs show the effect of the two phosphate esters in two
high TAN VGO with different TAN/S content.

Corrosion Rate Results
Corrosion rates measured in experiments and calculated scale thicknesses for fraction R are
plotted in Figure 3 &4 respectively. The corresponding results for fraction UB are given in
Figures 5 &6.
Figure 3 compares the “pretreatment” and “challenge” corrosion rates of CS and 5Cr VGO R
(TAN = 0.78., S = 1.56 wt.%) in the absence or in the presence of inhibitors. Without inhibitors –
neat fraction R – the “challenge” corrosion rates were much higher than their corresponding
“pretreatment” corrosion rates both for CS and 5Cr. The “challenge” rates for both metals were
similar to those measured for specimens without pre-treatment, suggesting that scales formed
in “pretreatment” with R provided limited protection against the NAP. Thickness calculations
suggest that the NAP challenge had little effect on scale thickness (Figure 4)
Pretreatment of R containing 500 ppm inhibitor A showed reduced corrosion rates in
“pretreatment”, especially for CS; corrosion rates in the corresponding “challenge” were much
lower for both steel types. However, both CS and 5Cr “challenge” corrosion rates were higher
than 1 mm/y indicating that inhibitor A had limited effect in R. Scale thickness did not appear to
change significantly when A was added to fraction R.(Figure 4)
Inhibitor B had a major effect and significantly improved scale protective qualities when it was
added to fraction R. Corrosion rates for CS and 5Cr, in “pretreatment” experiments with 500ppm
inhibitor B were much lower than those for neat fraction R.( Figure 3). The scales formed when
R was mixed with inhibitor B were very protective against the TAN 3.5 “challenge” with both CS
and 5Cr corrosion rates close to 0. The very thin, highly protective scales were formed on CS
and 5Cr samples in pretreatment with R containing inhibitor B (Figure 4). This suggests inhibitor
B generates a scale that interferes with the formation of the thicker scale observed in the other
fraction R tests.
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Fraction R & Inhibitors

Corrosion Rate (mm/y)

12.0

CS Pretreatemt
CS Challenge

10.0

5Cr Pretreatment
5Cr Challenge

8.0
6.0
4.0
2.0
0.0

Fract. R
neat

Fract. R
+ INH B

Fract. R
+ INH A

Figure 3: Corrosion rates of CS and 5Cr samples “pretreated” with fraction R neat, with R
and inh. A and with R and inh. B, and then “challenged” with TAN 3.5 solution in the HVR.
Challenge Scale on 5Cr
Pretreatment Scale on 5Cr

Scale Thickness (μm)

Challenge Scale on CS
1.99
1.99

3.5

Pretreatment Scale on CS

2.69
1.77

3.0
2.5
2.0

1.54
2.04 1.66

2.39

1.73

0.84
1.36

1.5

Pretreatment Scale on CS
Challenge Scale on CS

1.0

-

0.77

0.5

Pretreatment Scale on 5Cr

0.0
Fract. R
neat

Fract. R
+ INH A

Challenge Scale on 5Cr
Fract. R
+ INH B

Figure 4: Comparison of scale thicknesses. Scales were formed on CS and 5Cr samples
in autoclave “pretreatment” tests with fraction R neat, with R and inh. A, with R and inh. B
and then the samples protected by scales were “challenged” with a TAN 3.5 solution in
the HVR.
Duplicate “pretreatment-challenge” tests demonstrated high corrosion rates for neat Fraction UB
with its high TAN and total S content (TAN = 1.43, S = 2.89 wt.%). The high “challenge”
corrosion rates indicate that scales formed by neat UB on samples were not protective either
metal (Figure 5).
Inhibitor A had a limited effect on fraction UB corrosivity in both stages of the test protocol. In
comparison to neat UB, CS and 5Cr corrosion rates appear unaffected in by the addition of
inhibitor B in “pretreatment” and were only slightly lower in the “challenge” (Figure 5). Likewise,
similar scale thicknesses were detected in both stages for UB with or without inhibitor A.
However, after “challenge” scales on both metals are much thinner than those after
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“pretreatment” suggesting some partial scale removal under combination of NAP and shear
stress (sample rotation) during the HVR “challenge”.
On the other hand, Inhibitor B decreased fraction UB corrosivity in both stages and on both
metals (Figure 5). The scales formed in UB and inhibitor B were thinner compared to those
formed without inhibitor and their thickness did not change when “challenged” with NAP acids
(Figure 6). The reduced corrosion rates and thickness of the scales appears to hint that
inhibitor B generated a different type of scale that interfered with formation of the thicker scale
inherent in the other UB tests.
Fraction UB & Inhibitors

Corrosion Rate (mm/y)

12.0

CS Pretreatemt
CS Challenge

10.0

5Cr Pretreatment
5Cr Challenge

8.0
6.0
4.0
2.0
0.0

Fract. UB
neat
(repeat. test)

Fract. UB
neat

Fract. UB
+ INH A

Fract. UB
+ INH B

Figure 5: Corrosion rates of CS and 5Cr samples “pretreated” with fraction UB neat, with
UB and inh. A and with UB and inh. B, and then “challenged” with TAN 3.5 solution in
the HVR.
Challenge Scale on 5Cr
Pretreatment Scale on 5Cr

3.08

Scale Thickness (μm)

2.47

3.5
2.46

2.19

2.5
1.5

Pretreatment Scale on CS

2.95

3.0
2.0

0.94

0.81
0.54

0.93

0.64

1.43
1.27

1.0

Pretreatment Scale on CS
1.22

0.57
0.81

0.5
0.0

Challenge Scale on CS

2.30

Challenge Scale on CS
Pretreatment Scale on 5Cr

Fract. UB
neat

Fract. UB
neat
(rptd. test)

Challenge Scale on 5Cr
Fract. UB
+ INH A

Fract. UB
+ INH B

Figure 6: Comparison of scale thicknesses. Scales were formed on CS and 5Cr samples
in autoclave “pretreatment” tests with fraction UB neat, with UB and inh. A, with UB and
inh. B and then the samples protected by scales were “challenged” with a TAN 3.5
solution in the HVR.
©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

8

Scales Analysis
Corrosion rate and scale thickness data does not explain the performance of inhibitors effect on
crude fraction corrosivity. To gain some insight into the effects of the inhibitors on NAP
corrosion, scales formed with R and UB mixed with inhibitors were analyzed in cross-section by
SEM and TEM/EDS techniques. SEM images of scales formed with fraction R and inhibitors are
compared on CS in Figure 7 and on 5Cr in Figure 8. In each figure, scales from “pretreatment”
are shown above corresponding scale after NAP “challenge”.
Neat fraction R forms a multilayered scale on CS in the autoclave “pretreatment” test (Figure
7(a). The fragmented structure of this scale facilitates the NAP acids diffusion that will corrode
the metal and create large voids under scale during the “challenge” (Figure 7(d)). SEM images
of scales formed from R mixed with inhibitor A and later “challenged” do not differ significantly
from those formed without inhibitor (Figure 7(b) and (e)). The similarities between the two scale
examples suggest the limited effect of inhibitor A on fraction R corrosivity, an observation
supported by the corresponding corrosion rates measured in these tests.
Likewise, fraction R with or without inhibitor A forms non-protective, multilayered scales on 5Cr
and these scales survive the TAN 3.5 “challenge” while corrosion proceeds. (Figure 8).
However, fraction R with inhibitor B forms a thin film on 5Cr that protects very effectively
against NAP attack on the base metal.

R (neat)

R + Inh. A

R + Inh. B

Figure 7: SEM cross-section images of scales formed on CS samples: (a) “pretreatment”
scale formed with fraction R neat, (d) same scale after TAN 3.5 “challenge”; (b)
“pretreatment” scale formed with fraction R + Inh. A, (e) same scale after TAN 3.5
“challenge”; (c) “pretreatment” scale formed with fraction R + Inh. B, (f) same scale after
TAN 3.5 “challenge”.
Similar SEM scale images were observed on both metals in tests on fraction UB; so only those
for CS are shown (Figure 9). SEM images confirm that Fraction UB formed thicker scales than
fraction R, most probably due to its higher total S content (2.89 wt.%). However, the scale
thickness did not offer a better protection to the metal during the “challenge” phases. NAP acids
diffused through the thick scale and corroded extensively the metal leaving large voids under
©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

9

the scale. These voids are consistent with the reduction is scale “thickness” calculated by
weight loss (Figure 6). Inhibitor A added to UB did not affect scale characteristics in either stage
of the protocol (Figure 9 (b) & (e)). In contrast, inhibitor B added to fraction UB created a
protective scale barely detectable in the SEM images (Figure 9 (c) & (f)).
R (neat)

R + Inh. A

R + Inh. B

Figure 8: SEM cross-section images of scales formed on 5Cr samples: (a)
“pretreatment” scale formed with fraction R neat, (d) same scale after TAN 3.5
“challenge”; (b) “pretreatment” scale formed with fraction R + Inh. A, (e) same scale after
TAN 3.5 “challenge”; (c) “pretreatment” scale formed with fraction R + Inh. B, (f) same
scale after TAN 3.5 “challenge”.
UB (neat)

UB + Inh. A

UB + Inh. B

(a)

(b)

(c)

(d)

(e)

(f)

Figure 9: SEM cross-section images of scales formed on CS samples: (a) “pretreatment”
scale formed with fraction UB neat, (d) same scale after TAN 3.5 “challenge”; (b)
“pretreatment” scale formed with fraction UB + Inh. A, (e) same scale after TAN 3.5
“challenge”; (c) “pretreatment” scale formed with fraction UB + Inh. B, (f) same scale
after TAN 3.5 “challenge”.
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Scale TEM Analysis
Inhibitor B formed protective scales both with fractions R and B that were too thin to properly
characterize by SEM (Figures 7-9). Therefore, representative CS samples were selected for
analysis of the scales by TEM/EDS which has higher resolution that allowed elemental mapping
and EDS analysis (atomic %) on selected points (Figures 10-13).
CS samples pretreated with inhibitor A in R and UB are compared in Figures 10 & 11. Elemental
mapping for CS “pretreated” in R with inhibitor A (Figure 10 (a)) shows that the scale was rich in
sulfur (yellow) and iron (red) with smaller amounts of oxygen (blue). Phosphorus (magenta)
appears to be only on top of the scale which suggests that the inhibitor was not able to reach
the metal and form the iron phosphate. EDS point analysis confirms that scale formed in R
containing inhibitor A consisted mainly of FeS (Figure 10 b and Table 2).
TEM/EDS analyses for CS samples “pretreated” with fraction UB containing inhibitor A were
similar to those in fraction R. Elemental mapping analysis of scale on CS indicates that it
consists mainly of FeS without incorporation of phosphorous from the inhibitor (Figure 11 (a)). .
EDS point analysis measures S, Fe and P in the scale but it also detects significant amounts of
oxygen which might be present in form of iron oxide (Table 3).
Two CS samples exposed to Inhibitor B were analyzed by TEM/EDS: one was after
“pretreatment” in fraction R; the other after pretreatment in fraction R and NAP 3.5 challenge.
Corrosion rates measured on CS in these experiments were very low suggesting the existence
of a very protective scale/film that was barely visible in the SEM cross-section images of these
samples. The TEM/EDS offered a more complete view of these scales. Specifically, the EDS
elemental mapping shows a multilayered scale with an intermediate layer rich in phosphorus
and oxygen (Figure 12 (a)). Underneath this thin, homogeneous layer there is another layer rich
in oxygen an iron (probably an iron oxide). A thick layer consisting only of sulfur and iron is
covering the thinner inner layers. The EDS point analysis shows in that the intermediate
homogenous thin layer consists mainly of phosphorus, oxygen, and iron (Table 4 – point 2) and
it is probably iron phosphate. Further, the results of Table 4 indicate that layer located under the
intermediate one contains mainly oxygen and iron with some traces of sulfur (point 1) and top
thick later is mainly FeS (point 3 & 4). Phosphorus and oxygen were also detected in on the top
of the FeS thick layer (point 5).
The TEM image reveals a very thin layer (~ 200 nm) with a relatively homogeneous structure
after “challenge” of a scale formed with R containing inhibitor B (Figure 13 (b)). The thin scale is
made of phosphorus (magenta), oxygen (yellow) and iron (red) according to elemental mapping
data (Figure 13 (a)). The EDS elemental mapping of this layer indicate phosphorus (magenta),
oxygen (yellow) and iron (red) as the main component of it (Figure 13 (a)). The mapping results
corroborated by elemental point analysis (Table 4). The latter hints that the TAN 3.5 challenge
strips FeS from the scale leaving a surviving scale rich in iron phosphate.
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(a)

(b)

Figure 10: TEM/EDS analysis of a scale formed on CS in “pretreatment” with fraction R
and inhibitor A – (a) scale elemental mapping and (b) selected points on the scale for
EDS elemental analysis. Point analysis results presented in Table 2.
Table 2
EDS point analysis results for scale formed on CS sample in “pretreatment” with fraction
R and inhibitor A
Point
Element Line
O-K
P-K
S-K
Fe-K
Total

1
Atom %
7.4
4.3
45.3
43
100

(a)

2
Atom %
13.4
0
48.2
38.3
100

3
Atom %
14
0
41
45
100

(b)

Figure 11: TEM/EDS analysis of a scale formed on CS in “pretreatment” with fraction UB
and inhibitor A – (a) scale elemental mapping and (b) selected points on the scale for
EDS elemental analysis. Point analysis results are summarized in Table 3.

©2019 by NACE International.
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to
NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

12

Table 3
EDS point analysis results for scale formed on CS sample in “pretreatment” with fraction
UB and inhibitor A
Point
Element Line
O-K
P-K
S-K
Fe-K
Pt-K
Total

1
Atom %
0.3
5.3
3.2
6.9
84.3
100

2
Atom %
26.7
7.2
29.4
36.6
0.1
100

(a)

3
Atom %
10.7
0
48.3
41
0.1
100

4
Atom %
11.3
0
31.6
57.1
0.1
100

(b)

Figure 12: TEM/EDS analysis of a scale formed on CS in “pretreatment” with fraction R
and inhibitor B – (a) scale elemental mapping and (b) selected points on the scale for
EDS elemental analysis. Point analysis results are summarized in Table 4.

(a)

(b)

Figure 13: TEM/EDS analysis of a scale formed on CS in “pretreatment” with fraction R
and inhibitor A and then “challenged” with NAP acid (TAN 3.5) – (a) scale elemental
mapping and (b) selected points on the scale for EDS elemental analysis. EDS point
analysis results are summarized in Table 5.
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Table 4
EDS point analysis results for scale formed in “pretreatment” with fraction R and
inhibitor B and later “challenged” with NAP acid (TAN 3.5)
Point
1
Element
Atom %
Line
O-K
53.3
P-K
0.3
S-K
14.7
Fe-K
31.7
Pt-K
0
Total
100

Pretreatment (Figure 12 - b)
2
3
4

5

Pretreatment-Challenge (Figure 13 - b)
1
2
3
4

Atom %

Atom %

Atom %

Atom %

Atom %

Atom %

Atom %

Atom %

62.7
10.7
7
19.6
0
100

24.6
3.4
39.6
32.5
0
100

59.8
5.3
18.5
16.4
0
100

30
42.4
5.1
22.6
0
100

37.4
25
3.8
24.6
9.1
100

39.9
30.2
0
29.9
0
100

41.1
32.6
0
26.2
0.1
100

30.3
11.9
0.1
57.6
0.1
100

CONCLUSIONS
The influence of two phosphate NAP corrosion inhibitors (A&B) on CS and 5Cr has been
evaluated using a "pretreatment-challenge" testing protocol that determines corrosion rates and
characterizes surface scale. Each inhibitor was tested in two crude oil fractions (R & UB) and
results compared for inhibitor-free fractions for stage of the test protocol.
Inhibitor A slightly improved protectiveness in "R" scales but had no influence on scale
protectiveness in “UB” which had ~ 2x higher TAN & S content. On the other hand, Inhibitor B
was very effective in providing protectiveness for both crude fractions. Cross-section TEM/EDS
data showed that Inhibitor A had little or no effect on the structure or composition micron thick
scales in either crude fraction with little phosphorous detected suggesting that the inhibitor did
not compete with the reactive S and NAP that formed the S- & O- rich scale. In the “challenge”
stage, inhibitor A scales were undermined in the same way as the inhibitor-free scales which
explains the lack of corrosion resistance..
In contrast, tests with Inhibitor B in either crude fraction left thin (sub-micron) scales layer visible
only in the TEM images. TEM/EDS analysis a distribution of S, O & P throughout the scale
formed in “pretreatment” that appears depleted in S after the TAN 3.5 challenge. These
observations suggest that Inhibitor B competes with the indigenous reactive S and NAP to form
a protective iron phosphate phase in the thin scale. The “challenge” did not appear to affect the
iron phosphate.
The TEM/EDS data suggest that the difference in efficiency between these two commercial
phosphate ester corrosion inhibitors can be explained by differences in their competition with
native corrosive species in oil (NAP acids and S). These differences may be attributed to
differences in phosphate ester structure and composition that deliver phosphorous to the
surface.
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