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ABSTRACT

Steel pipelines, the backbone of natural gas transportation, face a significant challenge: internal
corrosion. Internal corrosion is caused by gas impurities such as CO;, moisture, and H,S, leading to
material degradation. To combat this, the National Energy Technology Laboratory (NETL) developed a
novel hydrophobic coating to reduce surface hydrophobicity and enhance the corrosion resistance of
steel. NETL’s approach uses multi-layer hydrophobic coatings, a novel and promising coating that could
potentially revolutionize the industry's approach to internal corrosion mitigation. This work aims to
investigate the corrosion performance of the hydrophobic coating and determine the water uptake.
Electrochemical corrosion experiments were carried out on bare X65 carbon steel without and with
coating in 3.5 wt.% NaCl saturated with CO; at 20 °C to follow the water uptake as a function of exposure
time. Linear polarization resistance (LPR) was used to determine the corrosion rate for carbon steel
immersed in a NaCl electrolyte saturated with CO,. Electrochemical impedance spectroscopy (EIS) of
uncoated and coated bare carbon steel was investigated. The analyses of impedance models and water
uptake behaviors of hydrophobic coatings were studied for 200 hours during the corrosion process. The
water uptake was estimated using the Brasher and Kingsbury relation. The corrosion of the base metal
without coating (3.8 mm/y) was compared to coated carbon steel (0.02 mm/y). The results showed that
the superhydrophobic coating that was developed used innovative nano-based materials to act as
protection layers on the surface of metallic parts against mechanical aggressors, corrosion, and fouling
agents. These coatings have proven to be ideal candidates to protect steel pipelines.
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INTRODUCTION

Natural gas pipelines are subject to internal corrosion, which is enhanced by moisture and impurities
such as carbon dioxide (CO.), hydrogen sulfide (H»S), and oxygen (O). The National Association of
Corrosion Engineers (NACE) performed a cost study and found that the yearly corrosion costs in the olil
and gas industry are estimated to be approximately $1.372 billion*2. In addition to the economic costs,
internal corrosion can lead to structural failures of steel pipelines, which may cause dramatic
consequences for humans and the surrounding environment. According to a National Energy Technology
Laboratory (NETL) survey, 112 (12%) incidents reported in U.S. natural gas transmission lines were due
to internal corrosion®#. Proper design, operation, and prevention could avoid the yearly corrosion costs.
Several prevention methods have been suggested to mitigate internal corrosion, such as corrosion
inhibitors and internal coatings. Injection of corrosion inhibitors into gas streams in natural gas
transmission lines is challenging because of the non-homogeneous distribution of the inhibitors to all
areas of the pipe®®. Therefore, internal coatings are one of the most widely used solutions to reduce
internal corrosion. Adding a protective coating to the inner pipe surface can reduce corrosion, but
conventional polymer coatings (e.g., epoxy, polyethylene, polyurethane, etc.) are insufficient for long-
term corrosion resistance®0. These coatings allow corrosive species to permeate and accumulate on the
steel-coating interface. This will cause corrosion underneath the coating (i.e., under film corrosion),
eventually developing into surface blisters and localized pitting corrosion®?.

To enhance the long-term corrosion resistance of the internal coatings, several studies were performed
on reducing the permeability of the coating and reducing the contact area with corrosive species. Many
studies showed that adding graphene, clay, and Mxene nanosheets into a polymer matrix could help
reduce the permeability of the resultant composite coating by extending the permeation path for small
molecules, ultimately leading to lower corrosion rates. Chang et al.'? found that adding 0.5 wt.%
functionalized graphene into polyaniline can increase the protection efficiency to 53.49%. Chiong et al.*®
claimed that adding 0.4 wt.% graphene oxide to polyvinylidene fluoride effectively improves the corrosion
resistance of carbon steel in salt spray and acid immersion tests. Andsaler et al.}* added multilayer
graphene into epoxy, reducing the corrosion rate by three times. However, there are a few challenges
with nanosheets, especially graphene: (1) the nanosheets can be too expensive to be used on a large
scale. (2) None of the studies managed to align the nanosheets within the polymer matrix, which prevents
the barrier capabilities of nanosheets from being fully realized. To overcome these challenges,
superhydrophobic materials can be used to reduce the permeability of the coating and reduce the contact
area with corrosive species. Xiang et al.’® prepared a bimetallic Ni/Cr,O coating with a water contact
angle of 167.9 and achieved a corrosion current density of 2.52 x 10® A/cm?. Ye et al.'® developed a
superhydrophobic coating based on oligoaniline-modified silica nanoparticles, which improved corrosion
resistance in a 3.5 wt.% NacCl solution. Ma et al.’” created a biomimetic liquid-infused slipper surface on
carbon steel and observed improved anti-corrosion performance due to its anti-wetting capability. Despite
the progress made in developing a superhydrophobic coating for carbon steel, there is still plenty of room
for improvement. More superhydrophobic coatings have been designed to protect steel from marine
corrosion®. These coatings lessen the reaction between aqueous corrosive species and steel substrates
and reduce the water-solid contact area in the marine environment*®.To the best of our knowledge, there
is no field study of a superhydrophobic internal coating that can extend the service life of natural gas
pipelines.

NETL developed a novel hydrophobic coating to mitigate internal corrosion, reduce surface
hydrophobicity, and enhance steel's corrosion resistance. NETL’s approach uses multi-layer hydrophobic
coatings, a novel and promising coating that could potentially revolutionize the industry's approach to
internal corrosion mitigation. This work aims to investigate the corrosion performance of the hydrophobic
coating and determine the water uptake. Superhydrophobic coatings are based on hydrophobic materials
with microscopic surface roughness, which can trap air on the surface and thus increase the effective
contact angle.



EXPERIMENTAL PROCEDURE

MATERIALS AND CHEMICALS

Positively charged polymers (known as polycations) and negatively charged silica nanoparticles (known
as polyanions) were purchased from Sigma Aldrich and used as received. All components were dissolved
in methanol or water to prepare 0.1 wt.% dipping solutions. Specimens made of APl 5L X65 pipe grade
(0.075 in. thick, Nippon) were machined into rectangular pieces within 3.5 x 2.5 inches as substrates.

LAYER-BY-LAYER DEPOSITION

A layer-by-layer assembly technique was used to deposit multilayers on carbon steel substrates to form
superhydrophobic coatings. Before the deposition process, the steel substrates were polished using 400
and 600-grit sandpaper and then rinsed in acetone. A custom-built robotic dipping system, which was
similar to the device reported by Jang and Grunlan?® was used to prepare superhydrophobic coatings.
The carbon steel substrate was dipped in a 0.1 wt.% polycation solution for 5 minutes (Figure 1, Step 1)
and then rinsed with methanol for 10 seconds, three times, to eliminate loosely deposited polycations on
the steel surface (Figure 1, Step 2). This procedure allowed a layer of polycation molecules to adsorb on
the substrate through coordinate and/or ionic bonding. After that, carbon steel coated with the polycation
layer was dipped in a 0.1 wt.% polyanions solution for 5 minutes (Figure 1, Step 3) and rinsed with water
for 10 seconds, three times, to eliminate access or loosely deposited polyanions on the coated carbon
steel surface (Figure 1, Step 4). The combination of one polycations layer and one polyanions layer is
known as one bilayer. The surface charge of the substrate would be reversed after each deposition,
allowing oppositely charged components to deposit alternately. After this initial bilayer was deposited,
additional bilayers were added using similar dipping and rinsing procedures (Figure 1). One minute of
dipping was used. This procedure was repeated until a set number of bilayers were deposited. Once the
layer-by-layer assembly was completed, the coating was transformed from hydrophilic to
superhydrophobic by reacting with hydrophobic silane via chemical vapor deposition.
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Figure 1: lllustration of different steps for a layer-by-layer assembly technique.

ELECTROCHEMICAL MEASUREMENTS

A three-electrode flat glass cell setup (Figure 2), similar to one used in previous studies?!, was used to
perform conventional electrochemical measurements on uncoated and coated carbon steel in 3.5 wt.%
NaCl saturated with CO; at 20 °C. Uncoated and coated steel specimens with an exposed surface area
of 1 cm? were used as the working electrode. A saturated calomel reference electrode (SCE) was
connected externally to the cell via a Luggin capillary with a porous glass tip. The counter electrode was
made of a platinum mesh. Before the insertion of the specimens and to eliminate the dissolved oxygen
in the solution, the solution was purged with CO- gas for 2 to 3 hours to reach an equilibrium pH of 3.8
to 3.9. All the corrosion tests were conducted at ambient temperature (20 °C £0.1). Uncoated carbon
steel was used as a baseline. Before the test, the uncoated carbon steel specimen was ground using
silicon carbide paper (400 and 600 grit), rinsed with isopropanol in an ultrasonic cleaner for 2 to 3 minutes,



and air-dried. To maintain the saturation level of CO; in the solution and avoid oxygen ingress, the
solution was continuously sparged with CO; during the entire test. The open-circuit potential (OCP) was
recorded for 60 minutes to ensure a stable signal before all the electrochemical measurements.
Potentiodynamic polarization (PDP) measurements were recorded from -0.33 V vs. OCP to +0.66 V vs.
OCP at a scan rate of 1 mV/s. The Tafel values (B2 and ) for these experiments were determined by
Tafel's extrapolation method applied to PDP curves. The corrosion behavior of uncoated and coated
carbon steel was monitored every hour during a total exposure time of 24 hours by measuring the
resistance of polarization R, using linear polarization resistance (LPR) and electrochemical impedance
spectroscopy (EIS). The polarization resistance of R, was measured using LPR by polarizing the working
electrode from -5 mV to +5 mV vs. OCP, using a scan rate of 0.125 mV/s. A long-term corrosion test was
performed to investigate the corrosion performance of the superhydrophobic coating. The corrosion
current leor Was calculated considering the Stern-Geary assumption (Equation 1)%2,

_ 1 Ba*Bc
leorr = Ry 2.303+(Ba+fc) M

The corrosion rate was calculated using the following Equation??:

CR =K *M 2)
p+A

Where CR is corrosion rate in mm/y; K: conversion factor (3,270 mm.g/A.cm. y); EW: equivalent weight
(27.92 g/equivalent); A: area in cm?; p: density of substrate (7.87 g/cm?3) lcor: cOrrosion current in A. EIS
measurements were carried out over 100 kHz to 10 mHz using an AC amplitude of 10 mV (RMS) to
identify water uptake by superhydrophobic coating. The water uptake is the amount of water/solution in
the superhydrophobic coating, which is essential to assessing the anticorrosive protection of the coating.
The most used model for estimating water uptake by a film is based on Brasher and Kingsbury’s

Equation?:
Cril
log < It m/(:o)

= (3
d)water logewater)

Where Csnm: capacitance of the film with time; Co: capacitance of the film coating at t=0; ewaer: dielectric
constant of water = 80, ®waer: Water content; a volume fraction of water at the time t. Electrochemical
measurements were carried out using a Gamry Reference 600+* potentiostat/galvanostat. To verify the
reproducibility of the results, all the electrochemical tests were repeated two to three times. The test
matrix is shown in Table 1.
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Figure 2: Flat electrochemical cell with three electrodes configuration.

Table 1: Experimental Matrix for Electrochemical Tests

Total pressure (bar) 1
pCOs; (bar) 0.97
Solution temperature (°C) 20+£0.1
Solution 0.25 L of 3.5 wt.% NaCl
pH 3.88
Tested steels X65 carbon steel
Coated X65 carbon steel
Duration (days) 8
RESULTS

CORROSION TESTS: POTENTIODYNAMIC POLARIZATION CURVE

Figure 3 shows a PDP diagram for uncoated and coated carbon steel in 3.5 wt.% NaCl saturated with
CO; at ambient temperature (20 °C). As shown in Figure 3, uncoated steel shows a typical anodic
polarization behavior above the OCP of carbon steel in NaCl solution, consisting of active dissolution
(iron dissolution, Equation 4), passivity, and a rapid increase in the current density due to pitting. Below
the OCP is the cathodic region where the hydrogen evolution via the reduction of H* (Equation 5) and
water molecule) are taking place. The source of H* comes from the dissociation of carbonic acid, which
was formed from dissolved CO. in water (Equations 6 to 8). Iron ions react with carbonate ions to form a
corrosion product if saturation is reached (Equation 9).

Fe & Fe?* +2 @)
2 H+2 e H, (5)
CO; +H,0& H,COs 6)
HCOs & HCOs+ H* (7)
HCOs & CO2+H* 8)

1
COz*+ Fe?* © FeCOs 9)



The superhydrophobic coating shifted the corrosion potential to a more anodic potential, decreasing the
current density (Table 2), which reduced the corrosion rate. The superhydrophobic coating formed a
physical barrier for water and corrosive species to diffuse towards the metal surface®'®, The corrosion
kinetic parameters Ecor, icor, and CR for uncoated and coated carbon steel with Zn cold spray coatings
are shown in Table 2.
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Figure 3: PDP curves of uncoated and coated steel with ZnNb in conditions with and without flow. This
graph shows Potential (V vs. SCE) vs. Current Density (A/cm?).

Table 2: Corrosion Kinetic Parameters Ecor, icorr, and CR for Uncoated and Coated Carbon Steel
Immersed in a 3.5 wt.% NaCl Solution Saturated with CO, at 20 °C

All Ecorr icorr Ba Bc CR

oys (Vvs. SCE) | (Alcm?) | (Videcade) |(V/decade)| (mmly)
Uncoated carbon steel -0.85 5.35x 10° 0.530 0.496 0.62
Coated carbon steel -0.71 1.3x10% 0.462 0.975 0.15

LINEAR POLARIZATION RESISTANCE

The OCP was monitored for 1 hour pre-corrosion before the first LPR curves were recorded. Figure 4
shows the variation of corrosion rate and OCP of uncoated and coated carbon steel immersed in 3.5
wt.% NaCl saturated with CO, over time. The average corrosion rate (Figure 4a) for uncoated and coated
carbon steel is approximately 3.8 mm/y and 0.02 mm/y, respectively. Figure 4b shows that the steady-
state potential for uncoated carbon steel is -0. 75 V. However, the initial potential for coated carbon steel
was -0.60 V and then dropped to a negative value of -0.68 V after 24 hours of exposure. This effect was
due to superhydrophobic coating, which lessens the reaction between agueous corrosive species and
carbon steel substrate and reduces the water-solid contact area. Coated carbon steel's average corrosion
rate increased to a steady state value of 0.1 mm/y after 100 hours of exposure (Figure 5a). The OCP
continued to shift to a more negative value until it reached a steady-state value of -0.71 V after 100 hours
of exposure (Figure 5b). The increase in corrosion rate is due to diffusion of the water through the
superhydrophobic coating, which causes the active dissolution of iron (Equation 4), which increases the
pH (accelerates the cathodic reaction, Equation 5) at the interface surface/electrolyte. Once the water
uptake by the coating reached a saturated value, the corrosion rate stabilized.
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Figure 4: Average corrosion rate (a) and open circuit potential (b) of uncoated and coated carbon steel
immersed in 3.5 wt.% NacCl solution saturated with CO; at 20 °C as a function of time.
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Figure 5: Average corrosion rate (a) and open circuit potential (b) of coated carbon steel immersed in
3.5 wt.% NaCl solution saturated with CO; at 20 °C as a function of time.

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

EIS measurements were performed to complement the LPR results. Figure 6 shows the Nyquist plots
and Bode diagram of uncoated carbon steel as a function of immersion time in 3.5 wt.% NacCl solution
saturated CO,. The Nyquist diagram (Figure 6a) exhibits one high-frequency capacitive and low-
frequency inductive loop. The high-frequency semicircle is associated with the time constant of the
charge transfer process and the double-layer capacitance (Cgq). The inductive loop may be attributed to
the relaxation process obtained by adsorbed species such as Cl~and H* on the electrode surface. The
EIS diagram (Figure 6) showed similar characteristics to the known corrosion behavior of bare steel in
the CO, environment*®2!, The low-frequency limit of the impedance (Figure 6a and 6b) increased with
time; this could be due to the corrosion product layer formed on the steel surface, which slowed down
the dissolution of iron. Figure 7 presents the impedance diagrams plotted at OCP for coated carbon steel
after immersion in a 3.5 wt.% NaCl solution saturated with CO.. The low-frequency limit of the impedance
loop increased for coated carbon steel (Figure 7a, Figure 7b) compared to uncoated carbon steel (Figure
6), indicating an increase in polarization resistance and a decrease in corrosion rate, as shown in Figure
4. This result confirms that the superhydrophobic coating is effective in a COz-aqueous environment. In
addition, the impedance modulus value of coated carbon steel was 200 times higher than that of uncoated
steel (Figure 7c), and a shift and decrease in the phase (Figure 7c) were also observed. The low-
frequency response differs from uncoated carbon steel. In addition to the time constant of the charge
transfer process (R;) and double layer capacitance (Ca), a second-time constant was observed in the
low-frequency domain, which can be attributed to the corrosive species diffusing through the
superhydrophobic coating. Figure 8 presents the Nyquist diagrams and bode plots of coated carbon steel
obtained in a 3.5 wt.% NaCl solution after different immersion times. The low-frequency limit of the



impedance decreased (Figure 8a, Figure 8b) after two days of exposure, and insignificant changes in the
impedance were observed after seven days of exposure. An increase and no shift in the phase diagram
(Figure 8 c) were observed after two days of exposure to a corrosive environment.
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Figure 6: Nyquist diagrams (a) and Bode diagrams (b) (modulus (m @ 4 ), phase angle (O O A) of
uncoated carbon steel immersed for 24 hours in a 3.5 wt.% NacCl solution saturated with CO; at 20 °C.
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coated carbon steel immersed for 24 hours in a 3.5 wt.% NacCl solution saturated with CO; at 20 °C.
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Figure 9 shows the electrical equivalent circuit used to fit the EIS experimental data in Figure 7 and Figure
8. To calculate the double-layer capacitance (Cgq) and film capacitance of the superhydrophobic coating
(Crim), Brug’'s formula?* (Equation 10) and HHu and Mansfeld's formula® (Equation 11) were used,
respectively. Where R; is the charge transfer resistance, Rsm is the film resistance, Rsis the electrolyte
resistance, Qu and a are double-layer CPEq coefficients. Qmm and as are film capacitance (CPEfim)
coefficients.

Figure 9: Equivalent circuit used for the regression calculation of experimental data presented in Figure



The estimated value of solution resistance Rs in all cases was approximately 28 Q-cm?. The values of R
measured with EIS were used to calculate the corrosion rate using Equations (1) and (2). The results are
shown in Figure 10. The corrosion rates measured using EIS are comparable to those measured by LPR,
confirming the corrosion resistance of the superhydrophobic coating. Figure 11 shows the variation of
Cua, Riim, Ciim, and water uptake (¢) with immersion time. Figure 1la presents the evolution of Cqy with
time. After one hour of immersion, the value of Cq was between 0.02 pF/cm? and 0.09 puF/cm?. After 48
hours (two days) of immersion, the Cq increased to 4.5 uF/cm?. The Cq of bare or uncoated carbon steel
usually is between 10 pF/cm? and 50 pF/cm? 4, The Cq measured on coated carbon steel was smaller
than those on uncoated carbon steel; this could be due to superhydrophobic coating which reduces the
diffusion of corrosion species and water to the steel surface and protects the metal from corrosion. The
extracted value for the film capacitance (Figure 11b) increased from 0.0028 to 0.005 puF/cm? due to the
superhydrophobic coating's physical and electrical properties (Figure 11c), which is dependent on the
water uptake (¢) by the coating. Figure 11d depicts values estimated for the water uptake of the
superhydrophobic coating using Brasher and Kingsbury’s equation (Equation 3). Before exposure to the
electrolyte, the superhydrophobic coating is dry; the water uptake is 0%. After 1 hour of exposure to the
electrolyte, the water uptake increased to 8%. After 48 hours, the water uptake reached a stable value of
20%. This could be due to diffusion of water and corrosive species through the coatings, which cause an
increase in corrosion rates (Figure 10). Overall, the low water uptake of the superhydrophobic coating
demonstrated its corrosion resistance. As the literature describes, other multiple empirical models can
be used to estimate the water uptake of organic coatings. However, estimated water uptake using the
Brasher and Kingsbury model (Equation 3) better agrees with gravimetry than other empirical
models'®2627 Nguyen et al.?® found that the estimated water uptake by the Brasher and Kingsbury formula
yielded water uptake values much higher than those measured directly by gravimetry.
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solution saturated with CO, at 20 °C as a function of time.
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Figure 11: Cq (@), Cnim (b), Rsim, (€), and ¢ (d) of coated carbon steel immersed in 3.5 wt.% NaCl solution
saturated with CO; at 20 °C as a function of time.

CONCLUSIONS

The corrosion performance of the hydrophobic coating was investigated in 3.5 wt.% NacCl saturated with
CO; at 20 °C. The water uptake was estimated using the Brasher and Kingsbury relation. The corrosion
of the base metal without coating (3.8 mm/y) was compared to coated carbon steel (0.02 mm/y). The
superhydrophobic coating exhibited good behavior against CO; corrosion. The low water uptake of the
superhydrophobic coating demonstrated its corrosion resistance. The results showed that the
superhydrophobic coating was developed using innovative nano-based materials to act as protection
layers on the surface of metallic parts against mechanical aggressors, corrosion, and fouling agents.
These coatings have proven to be ideal candidates to protect steel pipelines.
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