NATIONAL
TECHNOLOGY

Multilayer Coating with a Superhydrophobic Porous

Top Layer for Carbon Steel Corrosion Protection LABORATORY

Fangming Xiang
Materials Engineering Researcher

Oct0-12. 2022




Disclaimer N = [NATIONAL
TL TECHNOLOGY
LABORATORY

This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
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any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by frade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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A Vast and Aging Natural Gas Pipeline Network N=|NinoNAL
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MILES AND MILES

The expansion of America’s gas network, by total milage: 1984-2012
2500000 [

2012
2.46

million
miles of
2000000 pipelines
1 SUMUQ 1 | L | 1 1 | | | L 1 1 l | | | 1 1 1 | | L 1 1 1 1 | 1 L
1984 1988 1992 1996 2000 2004 2008 202

Source Pipeline & Hazardous Materials Safety Administration:
combined gas gathering, transmission and distribution data.
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AN AGING NETWORK
44 years

The average age of a leaky pipe across America in 2013

50

AVERAGE AGE OF LEAKY PIPES (YEARS)

20

10 1 1 1 1 [l 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

Source Pipeline & Hazardous Materials Safety Administration:
combined gas gathering, transmission and distribution incident data,
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Natural Gas Leaks are Common N = |NATIONAL
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There are more leaks caused by Ay
internal corrosion than external
corrosion. . Numberof NG
y ©  transmission plpellne
incidents by cause
(2010-2018)

Other Outside

Natural gas leaks can be
reduced by preventing the
internal corrosion of natural gas
pipelines.
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Product of the National Energy Technology Laboratory (NETL), Research and
Innovation Center (RIC), Geo Analysis & Field Monitoring Team
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There are three major cormrosive species in natural gas pipelines: H,O, CO,, and NaCl

To the best of our knowledge, no existing material can handle all three corrosive species at once, e.g.:

« Corrosion inhibitors cannot - Metallic coating can be * Polymer coatings are prone
cover 100% of the surface. eroded over time. fo under-film corrosion.
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Why Superhydrophobic Surfaces? N=|NTNAL
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hydrophilic © < 90° hydrophobic 8 > 90°  superhydrophobic 6 > 150°

CO, and NaCl exist as hydrated ions in an aqueous solution.
Reducing the contact area with the aqueous solution can help reduce corrosion cause by CO, and NaCl.

silica-based titania-based polymer-based

Wenzel model

Cassie-Baxter model

L. Wu, et. al. Corrosion Science, 2014, 85, T. T. Isimjan, et. al. Chemical Engineering 1. 1. Luo, et. al. Advanced Materials, 2008,
482-487 Journal, 2012, 210, 182-187 20, 970-974

In order to be superhydrophobic, the material needs to be: (1) infrinsically hydrophobic, and
(2) porous on its surface and able to trap air in pockets under the liquid.
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Despite its potential, the anti-corrosion property of hydrophobic coatings was not well quantified in
prior studies.

« Substrates are different
Mg, Al, stainless steel, carbon steel
« Corrosive environment varies
acid, base, salt, CO,
« Corrosion rate not calculated
impedance, corrosion current, corrosion potential were used instead

. . L. Wu, et. al. Corrosion
One comparable study reduced the corrosion rate to 0.45 mm/year in salt water. science, 2014, 85, 482-487

Assuming the wall thickness is 44 mm (a generous assumption), the pipe would be rusted through in
less than 10 years under the most severe case.

In this study, combine silica nanoparticles were combined with polymers to produce an anti-
corrosion coating that can reduce the corrosion rate to < 0.1 mm/year in the presence of CO,, NaCl,
and H,O. This could extend the service life to ~ 50 years.
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Typical Layer-by-Layer (LblL) Assembly N=|Naronal
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Typically, positively charged components and negatively charged components are altemately deposited one layer af a fime.

Process
B B B B
polycation DI water polyanions DI water R e
+ Hagen D. A. RSC Advances
<€ 2014, 4, 18354.
Corresponding siructure

1 bilayer (BL)

«  Thin and light

Reduce material cost

« Customizable

Avoid using toxic component
»  Siructural conirol

Fine tuning at nanoscale
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Polymer/Silica Nanoparticles (SiNPs) Bilayers N=
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The coating produced using LbL assembly packs SiNPs too well to generate a rough surface.
Contact angle <150° after fluorination using (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane.
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Effective Contact Angle and Surface Roughness N=[NATIONAL
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Unlike contact angle, effective contact angle is related to surface roughness.

Hydrophilic cone: surface roughness reduces effective contact angle (e.g., from 40°-0°).

Time >

Hydrophobic cone: surface roughness increases effective contact angle (e.g., from 120°-1809°).

J T Simpson, et.al. (2015). Superhydrophobic
materials and coatings: a review. Reports on
Progress in Physics, 78(8), 086501.
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Mixing and Matching Silica Nanoparticles (SiNPs) N = |NATIONAL
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Mixing and matching SiNPs of different sizes creates a porous and rough surface.

top view cross-sectional view
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Superhydrophobic Anti-Corrosion Coatings N=|NATIONAL
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with mix and match
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Soaked in
CO,+3.5wt%NaCl
+H,0O for 24 hours
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The Influence of the Boitom Primer Layer

top superhydrophobic coating

No primer 1st gen primer
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The bottom primer layer also plays a critical role.

soaking in CO,-saturated salt water for 24 hours

2"d gen primer




Different Layers Serve Different Purposes N= [NATONAL
TL TECHNOLOGY
LABORATORY

¥
ST ZN)

’J

522205
&2222)0

(top) superhydrophobic coating blocks CO, and/or NaCl »
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(bottom) primer layer blocks water vapor
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Superhydrophobic Top Layer N=|NATONAL
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The superhydrophobic top layer contains two portions.

Why do we want to mix and match SiNPs?
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I(upper portion) contains small and large SiNPs, and polymer

(lower portion) contains small SiNPs and polymer
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Note: Polymer is much smaller than SiNPs, and thus, omitted in the schematic to improve clarity.
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Further Optimize Top Hydrophobic Coating N=[NATONAL
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Adding a base layer of smaller silica nanoparticles below the rough upper portion (small and large
SiNPs) helps improve corrosion resistance.

0 bilayer 1 bilayer 4 bilayers

# of polymer/small SiNPs
bilayers

soaking in CO,-saturated
salt water for 24 hours
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The corrosion rate was first analyzed using linear polarization resistance.

Short-term test Long-term test
] uncoated carbon
100] =-=-agteras—s——n-n-n-r—s 10°
] stabilized at ~ 0.8 mm/year mm/yr
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Electrochemical tests performed by Zineb Belarbi. Testing temperature=20 °C; 3.5wt%
NaCl; CO, bubbling.
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Mechanical Test N
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Durability of coating was tested according to ASTM D3359 (scratch and then peel with adhesive tape).

The coating remained superhydrophobic

before after
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Conclusions
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stabilized at ~ 0.025 mm/year

Corrosion rate (mm/year)

Time (hour)
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