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ABSTRACT

Having a better understanding of the effect of increased temperature on the performance of organic
corrosion inhibitors (Cls) is beneficial for their usage in high temperature environments. The present work
focuses on studying the effect of temperature on inhibition behaviours of an in-house synthesized CI
model compound, tetradecyl phosphate ester (PE-C14), in a simulated refinery environment. Surface
saturation concentrations at three temperatures (25°C, 55°C, and 80°C) are determined by exploiting
corrosion rate evolution. At low temperature (25°C), a gelatinous film formed on the rotating cylinder
electrode (RCE) surface that significantly affected the limiting current, although the PE-C14 layer was
poorly adherent. At elevated temperatures (55°C and 80°C), a thick, adherent and readily detectable by
EDS and Raman spectroscopy, PE-C14 layer formed on the RCE surface to achieve much lower
corrosion rate (inhibition efficiency close to 100%) with relatable surface saturation concentrations.

Keywords: corrosion inhibition, phosphate ester, surface saturation concentration, temperature, inhibitor
film
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INTRODUCTION

Organic corrosion inhibitors (Cls) are widely employed in the oil and gas industry to protect carbon steel
pipelines against internal corrosion. The high inhibition efficiency of organic Cls at extremely low
concentration can be attributed to their amphiphilic molecular structures. This structure enables the
formation of self-assembled films that act against corrosion via the adsorption of their hydrophilic head
group on the steel substrate and the repellence of aqueous corrosive species by their hydrophobic tail.
Consequently, any factors affecting the film formation of organic Cls could lead to changes in inhibition
behaviors.

The use of organic Cls in high-temperature environments, i.e., up to 80°C here, has particular challenges:
not only uninhibited corrosion rates (CRs) are largely accelerated, but also inhibition performance could
be affected dramatically. The high temperature could affect the organic Cls inhibition performance from
different aspects, such as influencing the adsorption process,'® inducing chemical degradation,® ’
enabling polymerization,® ° etc. Even through the performances of organic Cls at elevated temperatures
have been extensively studied,’® the mechanisms behind these effects require further elucidation.
Moreover, the effects of temperature on inhibition are often different from inhibitor to inhibitor.
Consequently, more research work about the effect of high temperature on organic Cls will be beneficial
for their optimal usage.

The research described herein focuses on studying the effect of temperature on inhibition behaviours of
an in-house synthesized ClI model compound, tetradecyl phosphate ester (PE-C14), in a simulated
refinery environment. Surface saturation concentrations at three temperatures are identified in relation to
corrosion rate over time measurements obtained by linear polarization resistance (LPR).
Potentiodynamic sweeps were collected after the corrosion rate stabilized. Surface analysis techniques,
including scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and Raman
spectroscopy, were employed to characterize the specimen surfaces after their exposure to the
experimental environment at the selected temperatures. This paper mainly focuses on describing
experimental observations and raising relevant research questions, mechanistic interpretation is ongoing
and will be the subject of a future publication.

EXPERIMENTAL SETUP AND METHODOLOGY
Materials and Chemicals

Steel specimens used for electrochemical measurements were machined from UNS G10180" carbon
steel (C1018) with a ferritic-pearlitic microstructure. The in-house synthesized Cl model compound,
tetradecyl phosphate ester (PE-C14), was employed in this work. The composition of PE-C14 consists
of 73.5% monoester and 26.5% diester. Their molecular structures are shown in Figure 1. Its synthesis,
purification, and characterization are described elsewhere.™

“UNS numbers are listed in Metals and Alloys in the Unified Numbering System, published by the Society of
Automotive Engineers (SAE International) and cosponsored by ASTM International.
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Figure 1: Molecular structures of in-house synthesized tetradecyl phosphate ester (PE-C14)
(monoester and diester present as 3:1 mixture)

Apparatus and Electrochemical Techniques

The electrochemical measurements were carried out using a three-electrode glass cell (Figure 2) with a
platinum grid as a counter electrode, saturated KCI Ag/AgCl reference electrode, and a C1018 rotating
cylinder electrode (RCE) with an outer diameter of 12 mm and a height of 14 mm as a working electrode.
All potentials reported in this paper are in reference to a saturated KCI Ag/AgCI electrode. The reference
electrode was connected to the corrosion cell via a KCI salt bridge and a Luggin capillary.
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Figure 2: Schematic of the setup for electrochemical experimentst

Corrosion rate was assessed by linear polarization resistance (LPR) measurements, with a scan range
from -5 mV to +5 mV vs. OCP, a scan rate of 0.125 mV/s and a B value of 26 mV. Cathodic
potentiodynamic polarization sweeps were conducted at the end of each experiment when the corrosion
rates were stable, by starting from the OCP down to -0.6 V vs. OCP at a scan rate of 0.125 mV/s. The
anodic potentiodynamic sweeps were taken subsequently when the OCP returned to the original value
before the cathodic sweep; they were taken from the OCP up to +0.2 V vs. OCP. The ohmic drop was
compensated for in all the presented curves. All electrochemical measurements were carried out via a
potentiostat (Gamry Interface 1010%). The error bars shown on the curves throughout this paper indicate
the minimum and maximum values from multiple measurements.

T Image courtesy of Cody Shafer, ICMT, Ohio University.
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Test Matrix and Procedure

The corrosion experiments were performed in a simulated refinery environment containing low NaCl
concentration (0.1 wt.%) with NH4OH (ammonium hydroxide) and CH3COOH (acetic acid) as other
aqueous components. The full experimental matrix is shown in Table 1. A schematic of the experimental
procedure is shown in Figure 3. Prior to each experiment, the RCE was sequentially polished with 180,
400 and 600 grit silicon carbide abrasive papers, cleaned with isopropanol in an ultrasonic bath after
polishing, and air-dried before insertion into the cell. The solution was deoxygenated for 2 hours by
sparging with N2 prior to the introduction of the working electrode. Before the injection of PE-C14, there
was 20 minutes of pre-corrosion, in which LPR, OCP and EIS measurements were taken to ensure that
there was no contamination from previous experiments and the surface conditions of the steel specimens
were consistent among all sets of tests. After the injection of Cls, LPR and EIS data were taken every 30
minutes until the corrosion rate became stable (+ 0.01 mm/year). At the end of each test, potentiodynamic
polarizations were conducted. The N. saturated solution was maintained at pH 3.8 by injecting NaOH
and HCI solutions. Sparging with N2 was maintained throughout the test to prevent air ingress and
maintain the saturation of the test electrolyte with N2. The rotation speed of the working RCE was set at
1000 rpm before starting the electrochemical measurements. The PE-C14 inhibitor model compound was
dissolved in isopropyl alcohol first and then this mixture was deoxygenated with N2 and injected into
solution directly using a long syringe needle.

Insert RCE (1000 rpm) [nject Cl

}

| Purge solution | LPR & OCP | OCP, LPR, OCP | Polarization sweep |

L
el

| 20 min ll Until CR is stable ,l ,|

Figure 3: General experimental procedure for electrochemical experiments

Table 1. Experimental matrix for electrochemical experiments

Description Parameters
Working solution | 0.1 wt.% NaCl, 30 mg/L HCI 37%, 10 mg/L NH4OH, 50 mg/L HAc
Material UNS G10180
Sparge gas N2
Total pressure 1 bar
Temperature 25°C, 55°C and 80°C
pH 3.8+0.1
Cl model compound PE-C14

Other analytical techniques were also used for post-exposure analysis. Raman spectroscopy was
conducted to capture the Raman peaks of surface products using 532 nm laser with 2.5 mW and 3 s
dwell time. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were also
used to capture secondary electron images and elemental information. The secondary electron images
were taken with an accelerating voltage of 15 kV, and spot size of 60.
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EXPERIMENTAL RESULTS AND DISCUSSION
Determination of Surface Saturation Concentration

As described by Hackerman, et al.,' the surface saturation concentration is the critical bulk ClI
concentration for which the metal surface is assumed to be saturated with the adsorbed inhibitor
molecules, resulting in minimal corrosion rate and maximal inhibition efficiency. It can be determined by
comparing the stable corrosion rates of metal specimens exposed to different Cl concentrations.

Results of corrosion rate evolution with time for C1018 in the studied environment over a range of PE-
C14 concentrations at 25°C, 55°C and 80°C are shown in Figure 4. At 25°C (Figure 4a), in blank
condition, the corrosion rate decreased at the initial stage and then stabilized between 0.5 to 1.0 mm/year.
The stable corrosion rates decreased with the addition of PE-C14 concentration but only until a ClI
concentration of 40 ppm, was reached. However, when the PE-C14 concentration surpassed 40 ppmy,
the corrosion rate of C1018 did not decrease further and stabilized at ca. 0.06 to 0.02 mm/year. Therefore,
the critical concentration for PE-C14 to achieve surface saturation in the studied environment at 25°C

The surface saturation concentrations of PE-C14 at 55°C and 80°C were determined following the same
method. At 55°C (Figure 4b), the corrosion rate stabilized between 3 to 4 mm/year in the blank test. In
inhibited tests, the surface saturation is achieved between 40 and 60 ppm,, with a stabilized inhibited
corrosion rate at ca. 0.002 mm/year. This implies that the time taken to completely corrode a 1cm thick
piece of the tested steel would be increased from 3 years to 5000 years in the presence of PE-C14 at
this critical concentration. At 80°C (Figure 4c), a similar stabilized corrosion rate ca. 0.002 mm/year was
achieved by a higher surface saturation concentration between 80 and 160 ppmy. As a comparison, the
uninhibited “blank” corrosion rate was between 7.5 to 11 mm/year.
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Figure 4. Corrosion rate vs. time of C1018 in simulated refinery environment with different PE-
C14 concentrations at 25°C (a), 55°C (b) and 80°C (c).
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Potentiodynamic polarization curves of C1018 in the studied environment with different PE-C14
concentrations at 25°C, 55°C and 80°C are shown in Figure 5. Comparing the experiments containing
PE-C14 with the blank test, it can be seen that both anodic and cathodic polarization curves were
retarded. This inhibition behavior was consistent among all three studied temperatures. At 25°C (Figure
5a), as the concentration reached above 40 ppm., the charge transfer of both the anodic and cathodic
regions show no more retardation. It is confirmed that the surface saturation concentration was between
20 and 40 ppmy in the studied conditions. Similarly, the surface saturation concentrations determined
from corrosion rate results can be confirmed by the polarization curves at 55°C.

The limiting current density was affected by one order of magnitude in the inhibited experiments at 25°C,
as shown in Figure 5a. As temperature increased to 55°C (Figure 5b), the limiting currents slightly
decreased in inhibited cases. However, significant effects on limiting currents were observed again under
inhibited conditions at 80°C, as displayed by Figure 5c¢. More discussion about the limiting current change
is made in a later section.
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Figure 5. Potentiodynamic polarization curves of C1018 in simulated refinery environment with
different PE-C14 concentrations at 25°C (a), 55°C (b) and 80°C (c).

The inhibition performance at different temperatures in the studied environment are compared in Table
2 to understand the effect of temperature on inhibition of PE-C14. The surface saturation concentrations
increased as temperature increased. The baseline corrosion rate increased with temperature since this
accelerates both the anodic and cathodic reactions, thus promoting corrosion. Higher baseline corrosion
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rate requires higher PE-C14 concentration to mitigate corrosion to the minimum corrosion rate, thus,
higher surface saturation concentration is required. As for the stable corrosion rates at surface saturation
concentrations, the corrosion rates at 55°C and 80°C (ca. 0.002 mm/year) were much lower than that at
25°C (ca. 0.06 to 0.02 mml/year). Consequently, the inhibition efficiencies (IEs) at surface saturation
concentration at 55°C and 80°C (~ 100%) were higher than the IE at 25°C (93%  5%). These changes
over temperature are discussed in depth with corresponding surface analysis results in the next section.

Table 2. Comparison of inhibition performances of PE-C14 at different temperatures in
simulated refinery environment.

Temperature Surface saturation concentration Baseline CR | Stable CR at SSC
('C) (SSC) (mm/yr) (mmiyr) IE at SSC
(PPmMw)
25 20 to 40 0.5to1 0.06 to 0.02 93% = 5%
55 40 to 60 3to4 ~0.002 ~100%
80 80 to 160 7.5t0 11 ~0.002 ~100%

Experimental Observation and Surface Analysis

Besides inhibition performance, the RCE specimen surfaces and solutions during and after the
experiments also showed some differences at different temperatures. Table 3 summarizes these
differences, including RCE surface morphology and solution appearance after electrochemical
experiments.

At 25°C, a gelatinous film on the RCE specimen surface was observed, as displayed by the images in
Table 3. This gelatinous film could be washed off easily and the steel surface exposed when rinsed by
deionized water and isopropyl alcohol. At the end of the experiments, the solution had become cloudy,
and agglomerates were observed floating on and suspending in the experimental solutions, as shown in
Table 4.

At 55°C, a visible whitish layer was formed on the RCE specimen surface, as shown by the picture in
Table 3. Different from the gelatinous film formed at 25°C, the whitish layer still adhered to the surface
after being rinsed by deionized water and isopropyl alcohol. As for the electrolyte appearance, it became
cloudy immediately as the PE-C14 was injected therein. As the experiment proceeded, the test electrolyte
gradually became clearer, but with aggregated PE-C14 molecules colloidally suspended in the solution.
At 80°C, the RCE specimen morphology and solution appearance were essentially the same as those
observed at 55°C.
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Table 3. Comparison of RCE specimen surface morphology and solution appearance after the
electrochemical experiments at different temperatures in simulated refinery environment.

T RCE morphology after Electrolyte appearance after electrochemical
(°C) electrochemical experiments experiments
80 ppmy
25
Cloudy, aggregated compounds floated on and
55 suspended in the solution
(similar to the appearance at 25°C with 40 ppm,, PE-
C14)
Cloudy, aggregated compounds floated on and
80 Visible whitish layer suspended in the solution
(similar to the layer formed at 55°C) (similar to the appearance at 25°C with 40 ppm., PE-
C14)

Raman spectroscopy and SEM/EDS techniques were then used to have a better understanding about
the layers formed on RCE specimen surfaces at different temperatures. The RCE specimens were rinsed
by deionized water and isopropyl alcohol, sequentially, and then dried by compressed air before the
Raman spectroscopy. The Raman spectra of RCE specimen surfaces after electrochemical experiments
at 25°C and 80°C with 40 ppmw PE-C14 are shown in Figure 6. The pure solid PE-C14 was measured
first and its peaks were detected, as shown in Figure 6. Identical peaks were detected on the RCE
specimen retrieved from the condition at 80°C with 40 ppm, PE-C14. However, no PE-C14 peaks was
shown on the RCE specimen extracted from the condition at 25°C with 40 ppm. PE-C14 after rinsing.

The composition of the whitish layer formed on the RCE surfaces at both 55°C and 80°C needed to be
determined - whether it was corrosion product, intact, or decomposed corrosion inhibitor. This layer was
then reproduced on a flat specimen surface and characterized using SEM and EDS. The flat specimen
was immersed in the studied environment at 80°C with 300 ppm,, PE-C14 for 12 hours and then extracted
for surface analysis. The cross-section SEM image and EDS mapping results are shown in Figure 7. The
SEM image clearly shows a layer, around 30 to 60 um in thickness, present on the steel surface. The
layer was phosphorus-rich according to EDS mapping. The EDS result confirmed that this layer was
composed of PE-C14.
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Figure 6. The Raman spectroscopy results detected on RCE specimen surfaces after
electrochemical experiments at 25°C and 80°C in simulated refinery environment in the presence
of 40 ppm,, PE-C14.
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Figure 7. Cross-section SEM image (top-left) and EDS mapping results of flat specimen after 12
hours immersion in simulated refinery environment at 80°C in the presence of 300 ppm,, PE-C14.

Discussion

Both electrochemical and surface analysis results showed some differences between low temperature
(25°C) and high temperatures (55°C and 80°C) inhibition experiments. The potential connections
between the electrochemical and surface analysis results at different temperatures indicate the following.
At low temperature (25°C), a gelatinous film was formed on the RCE surface, which could be rinsed off
easily by deionized water and isopropyl alcohol. No PE-C14 was detected on RCE specimen surface
(with gelatinous film rinsed off) retrieved from the condition at 25°C with 40 ppm,, PE-C14. It can be
hypothesized that a monolayer formed on the RCE surface, which was of nanometer scale and beyond
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the detection limit of Raman spectroscopy. From the potentiodynamic polarization curves (Figure 5), the
limiting current densities with 40 and 80 ppm,, of PE-C14 were distinctly retarded. It can be unequivocally
stated that the gelatinous film on the RCE surface plays a role in impeding the mass transfer of hydrogen
ions to the steel substrate. Consequently, the limiting current density diminished.

At elevated temperatures (55°C and 80°C), a visible whitish layer was formed on the RCE surface after
the experiment, which was more adherent than the gelatinous film formed at 25°C. Intense PE-C14
signature peaks were detected by Raman spectroscopy on the RCE specimen surface after the
experiment at 80°C with 40 ppm,, PE-C14, which implies the whitish layer is composed of intact PE-C14
molecules. A 30 to 60 um phosphorus-riched layer from EDS mapping confirmed the formation of thick
and dense PE-C14 layers at these higher temperatures. Consequently, it can be readily postulated that
the whitish PE-C14 layer should be multilayer rather than monolayer. From the potentiodynamic
polarization curves (Figure 5), the limiting current was retarded in inhibited conditions, which could be
because this thick PE-C14 layer blocked active sites or acted as a mass transfer barrier for hydrogen
ions. Besides, the stable CRs at surface saturation concentrations at 55°C and 80°C (ca. 0.002 mm/year)
are much lower than that at 25°C (ca. 0.06 to 0.02 mm/year) (thus higher IEs at 55°C and 80°C), which
could be due to the presence of this thick and adherent PE-C14 layer as well. It is noteworthy that no
decomposition of the PE-C14 was observed.

The cloudiness after PE-C14 was injected into solutions can be related to its low solubility in water,
especially at high temperatures. Many studies'>'S have reported the “cloud point” of nonionic surfactants
in aqueous solutions. The solubility of nonionic surfactants in water mainly result from the formation of
hydrogen bonding with water molecules'. As temperature increases, hydrogen bonds break, thus, the
surfactant solubility decreases. At a certain temperature, known as the “cloud point”, the surfactant
molecules separate out of solution and cloudiness develops.'> '* As a nonionic surfactant in acidic
solution, the solubility of PE-C14 decreases as temperature increases. From the experimental
observation, the “cloud point” of PE-C14 used in the current work should be lower than 55°C, since the
cloudiness occurs at 55°C even with a very low concentration. At 25°C, the cloudiness tends to occur
with high PE-C14 concentrations, due to exceeding the solubility of PE-C14. Even though the cloudiness
occurs at three different temperatures, the layers formed on RCE specimen surfaces during experiments
were totally different between low temperature (25°C) and the studied elevated temperatures (55°C and
80°C). This implies that the temperature affected the PE-C14 inhibition performance likely through playing
a role in adsorption processes and layer formation, which will not be further discussed here. The
mechanism behind the temperature effects is the subject of ongoing work.

CONCLUSIONS

Temperature plays a significant role in layer formation for an in-house synthesized tetradecyl phosphate
ester (PE-C14) in the studied simulated refinery environment. Consequently, PE-C14 presented different
inhibition performances at different temperatures. At low temperature (25°C), a gelatinous film formed on
the RCE surface could affect the limiting current and the poorly adherent PE-C14 is undetectable on the
RCE surface after rinsing. At higher temperatures (55°C and 80°C), a thick and adherent PE-C14 layer
can form on the RCE surface to achieve much lower corrosion rates (higher inhibition efficiency) with
surface saturation concentrations. The reason behind the effect of temperature on PE-C14 layer
formation is currently under investigation.
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