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Abstract. Corrosion remains a critical challenge in oil and gas pipelines, due to its significant impact on 
operational safety, environmental sustainability, and economic viability. This review comprehensively 
reviews the evolution of corrosion protection strategies, from traditional practices to modern approaches, 
focusing on studies published between 2013 and 2024, particularly those concerned with the protection of 
low-carbon steel pipelines. The review systematically classifies various protection technologies, including 
polymeric coatings, nanocomposite coatings, surface modification techniques, inhibitors, and corrosion 
monitoring and prediction methods. It highlights emerging technologies such as nanotechnology-based 
coatings, plasma electrochemical oxidation (PEO), and smart coatings, as well as computational modeling 
methods that enhance corrosion resistance in harsh environments such as marine water, acidic 
environments, and particulate-filled (slurry) flow conditions. Advanced materials—such as polyurethanes, 
polyesters, epoxy, ZnO/NiO nanoparticles, ZIF-8(Zeolitic Imidazolate Framework-8)nanosheets, and 
plasma-applied coatings—show improved corrosion resistance. Comparative tables summarize the key 
findings, while schematic diagrams illustrate the different protection mechanisms. Current knowledge 
gaps indicate that future research should focus on integrating smart polymers with nanotechnology to 
develop multifunctional coating systems that offer high durability and long-lasting economic efficiency. In 
addition, recent advances in nanotechnology, including nano-engineered coatings, nanosensors for 
corrosion monitoring, and machine learning-assisted nanoscale modeling, provide new opportunities for 
improving prediction accuracy, coating performance, and long-term durability in harsh environments.

Keywords: low carbon steel, nano coating, Smart and Self-Healing Coatings, nanotechnology, 
nanocomposite coatings, nanosensors, nanoscale modeling.

1 Introduction 
Low-carbon steel remains a key material for piping 
systems used in many industrial sectors, including the 
oil and gas, water transportation, and infrastructure 
development industries. This position is attributed to its 
good mechanical properties, ease of welding, and 
economical cost, making it a preferred choice for a 
variety of applications [1]. However, its high 
susceptibility to corrosion, especially in harsh 
environments, poses a significant challenge to its long-
term performance and structural integrity. Protective 
coatings are playing an important role in defense 
against environmental degradation [2,3]. 
Coating technologies have evolved significantly in 
recent decades, from traditional systems to multilayer, 
nano-reinforced metallic, polymer, and composite 
coatings, with the goal of enhancing corrosion 
resistance, improving durability, and supporting 
sustainability while considering cost and application 
efficiency[4,5] 
This review reviews the latest developments in low-
carbon steel pipe coating technologies by studying 

traditional and emerging systems, evaluating their 
performance, and reviewing recent innovations aimed 
at enhancing protection and sustainability. It also 
discusses key challenges in this field, including 
environmental requirements, economic constraints, and 
the need to extend service life. Nanotechnology has 
emerged as a transformative approach in corrosion 
protection, enabling the design of coatings with 
enhanced barrier properties, self-healing capabilities, 
and improved adhesion at the nanoscale. The 
incorporation of nanoparticles and nanostructured 
layers significantly reduces coating porosity and limits 
the penetration of corrosive species such as chloride 
ions. Additionally, nanosensors and smart 
nanomaterials enable real-time corrosion monitoring, 
providing early detection and improved maintenance 
strategies.  
This review is based on a systematic analysis of 
published studies between 2013 and 2024 related to 
corrosion protection strategies for low-carbon steel 
pipelines. Relevant articles were collected from 
scientific databases, including Scopus, Web of Science, 
and ScienceDirect. The selected studies were 
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categorized based on coating type, material 
composition, and corrosion protection mechanism. 
Emphasis was placed on nanotechnology-based 
approaches, smart coatings, and advanced surface 
modification techniques. 

2 Historical Review of Oil Pipeline 
Coating (Ancient and Early 
Developments) 

2.1  Ancient Coatings 

As early as 3000 BC, varnishes and enamels based on 
beeswax, gelatin, and clay were used for protection. By 
1000 BC, pitch and balsam coated wooden boats, and 
by 1000 AD, the Chinese developed bamboo pipelines 
for brine and natural gas, using lime and tung oil as the 
first adhesive pipeline coatings. This system also 
included twine for mechanical protection, and some of 
these bamboo pipelines remained in use into the 1950s 
[6]. 

2.2 Early Modern Era (Late 19th to Mid-20th 
Century) 

2.2.1. First Oil Pipelines:  
The first major oil pipeline was built in 1879. By the 
late 1920s, welded steel pipes became standard, but 
corrosion of buried pipes became a significant issue 
[7]. 

 
2.2.2. Coal Tar and Asphalt  
From the 1930s to 1950s, the primary protective 
coatings for steel pipelines were hot-applied 
bituminous enamels (coal tar or asphalt), often 
reinforced with fiberglass or felt and finished with kraft 
paper. These coatings were applied in the field as the 
pipes were laid in the ditch, representing the original 
"barrier principle" for corrosion protection [8,9]. 

 
2.2.3. Coal Tar Epoxy 
In the 1950s, coal tar pitch was mixed with epoxy resin 
to create coal tar epoxy, which offered improved water 
resistance. Wax coatings and the first hot-applied tape 
systems also appeared during this period [9]. 

2.3 The Era of Polymer and Tape Coatings 
(1950–1970) 

2.3.1. Tape and Polyolefin Coatings  
The 1960s saw advances in tape technology, with 
polymers like vinyl and polyethylene becoming 
common. Two-layer extruded polyethylene systems 
and fusion-bonded epoxy (FBE) powder coatings were 
introduced, offering better adhesion and corrosion 
resistance [9 ,10]. 
 
2.3.2. Fusion-Bonded Epoxy (FBE)  
FBE became the preferred mainline coating in the 
1970s, replacing older technologies. FBE offered 
exceptional adhesion, flexibility, and corrosion 
protection, but single-layer FBE was limited to less 
aggressive environments [11]. 

 
2.3.3. Liquid Epoxies  
These began to be used primarily for field applications, 
especially for joints and repairs [12]. 

2.4  Multi-Layer and Advanced Systems 
(1980s–Present) 

2.4.1. Three-Layer Systems  
The 1980s marked the development of three-layer 
polyolefin systems (3LPE and 3LPP), consisting of a 
fusion-bonded epoxy primer, a copolymer adhesive, 
and a polyethylene or polypropylene topcoat. These 
systems provided superior mechanical protection, 
moisture resistance, and chemical resistance, making 
them suitable for harsh environments and challenging 
installations [9,11]. 

 
2.4.2. Field Joint Coatings  
Technologies for field joints evolved to be compatible 
with mainline coatings, focusing on ease of application 
and long-term performance [8]. 

 
2.4.3. Modern Coatings 
Recent decades have seen the adoption of liquid-
applied epoxies, polyurethanes, and other advanced 
materials for both internal and external pipeline 
protection. These coatings are designed to meet 
increasingly stringent performance, durability, and 
environmental standards [10,11]. Table 1 summarizes 
the above: 
. 

Table 1. Chronological development of ancient coatings. 

The era Principal Types of Coatings Important Resources Application 
Method Notable Developments 

Ancient–1000 
AD Varnish, pitch, lime/tung oil Beeswax, clay, 

pitch, balsam Manual, adhesive Bamboo pipelines, early 
adhesives 

1930s–1950s Coal tar, asphalt, bitumen Coal tar, asphalt, 
fiberglass Hot-applied, field Barrier principle, 

reinforcement 

1950s–1970s Coal tar epoxy, tapes, FBE Epoxy, vinyl, 
polyethylene 

Hot/cold-applied, 
powder 

Tape coatings, FBE 
introduction 

1980s–Present 3LPE/3LPP, liquid epoxies 
Polyethylene, 

polypropylene, 
epoxies 

Plant-applied, 
field 

Three-layer systems, 
advanced polymers 
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3 Classification of Corrosion 
Prevention Techniques 

3.1 Polymer-Based Coatings 

Polymeric coatings act as protective barriers, 
preventing moisture and corrosive agents from 
reaching metal surfaces. 

 • Polyurethane and Epoxy Coatings: 
 • Bagheri et al. (2013) studied polyurethane 

coatings as an effective corrosion protection method 
for oil and gas pipelines. Polyurethane offers excellent 
adhesion, flexibility, and resistance to moisture, 
chemicals, and microbial attack, making it suitable for 
harsh pipeline environments. It acts as a strong barrier 
against steam and acidic substances commonly found 
in sour gas pipelines. The research highlights that 
while additives can reduce costs, excessive fillers may 
weaken coating performance. Polyurethane coatings 
are widely used in combination with other layers (e.g., 
fusion bonded epoxy) to enhance pipeline durability. 
Additionally, advanced corrosion monitoring 
techniques like electrochemical impedance 
spectroscopy support the assessment of coating 
integrity. Overall, polyurethane coatings provide a 
durable, reliable solution to mitigate pipeline corrosion 
[14]. 

 • Saliba et al. (2015) They developed fusion 
bonded epoxy (FBE) coatings with improved adhesion 
properties for application to chemically modified steel 
surfaces to enhance corrosion protection in deepwater 
oil exploration environments. The study used API 5L 
X42 steel as the substrate, which was surface modified 
with organosilanes, such as 3-
aminopropyltriethoxysilane (3-APTES), prior to FBE 
application. The results demonstrated that chemical 
surface modification with silanes improves adhesion 
between the coating and the metal substrate, resulting 
in superior corrosion resistance in harsh deep-sea 
environments [15]. SEM images of the interface 
formed by the cured FBE and cleaned steel substrate 
are shown in Fig. 1 

  

 
 

Fig. 1 SEM images of surface (a, ×1500) and interface 
FBE/epoxy (b, ×500) and (c, ×1000) after curing 
process [15]. 

3.2 Polyester-Based Composites 

hair et al. (2016) The study indicated that unsaturated 
polyester-based composite coatings enhanced with clay 

particles contribute to improved mechanical properties 
and increased corrosion resistance. The effectiveness 
of this type of coating in protecting carbon steel oil 
pipelines was emphasized, as the incorporation of clay 
nanoparticles clearly played a role in enhancing barrier 
properties, adhesion, and durability, thereby reducing 
the penetration of corrosive materials. The results 
demonstrated that the use of studied clay 
concentrations is a critical factor for achieving optimal 
coating performance. Electrochemical measurements, 
including electrochemical resistance testing (EIS) and 
Tafel polarization curves, also demonstrated a 
significant reduction in corrosion rate. However, 
further studies are needed to evaluate long-term 
durability and mechanical resilience under various 
operating conditions [16]. 
Overall, the study presents a promising and cost-
effective approach to pipeline protection but needs 
additional validation for real-world applications. 
• Modified Polymer Coatings: 
 • Mallick et al. (2023) examined polyolefin modified 
by Y₂O₃, showing enhanced protection in saline 
environments. explored the effectiveness of polyolefin 
coatings modified with Y₂O₃ (yttrium oxide) in 
protecting carbon steel from corrosion in a 3.5% NaCl 
solution. The study demonstrates that incorporating 
Y₂O₃ enhances the coating’s barrier properties, 
adhesion strength, and resistance to chloride ion 
penetration. Electrochemical analysis confirms a 
significant improvement in corrosion resistance 
compared to unmodified polyolefin coatings. The 
findings suggest that Y₂O₃-modified polyolefin 
coatings are a promising solution for extending the 
lifespan of carbon steel structures in marine and 
industrial environments [18]. 

3.3  Nanocomposite Coatings 

Nanomaterials enhance the protective properties of 
coatings by forming dense, impermeable layers. 
• Metal Oxide-Reinforced Coatings 
 • Abdel Halim et al. (2022) investigated the 
enhancement of surface and interface properties of low 
carbon steel through tin matrix nanocomposite coatings 
reinforced with zinc oxide (ZnO) and nickel oxide 
(NiO) nanoparticles. The materials used include low 
carbon steel substrates coated with tin, into which ZnO 
and NiO nanoparticles are incorporated, both 
individually and in combination. The research findings 
indicate that the inclusion of these nanoparticles 
significantly improves the coating thickness shown in 
figures (2)&(3), refines the intermetallic layer between 
the coating and substrate, and enhances the corrosion 
resistance of the low carbon steel. Notably, the hybrid 
incorporation of both ZnO and NiO nanoparticles 
yielded the most substantial improvements, suggesting 
their potential for developing advanced protective 
coatings for steel structure [19] 
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Fig. 2. Coating thicknesses of four different coating 
surfaces and interfacial layers of steel, (1)Pure Sn 
coating (S1), (2) Sn + ZnO O nanoparticles coating 
(S2),(3) Sn+ NiO nanoparticles coating (S3), (4) Sn + 
ZnO + NiO nanoparticles coating (S4) [19].  

 
Fig. 3. IMCs thicknesses of four different coating 
surfaces and interfacial layers of steel (1) Pure Sn 
coating (S1), (2) Sn+ZnO nanoparticles coating(S2), 
(3)Sn+NiO nano particles coating(S3), (4) Sn+ 
ZnO+NiO nanoparticles coating(S4) [19]. 
  
Zhang et al. (2022) developed ZIF-8 nanosheet 
coatings that significantly reduced corrosion in 
seawater. investigated the development of a metal–
organic framework (MOF) film composed of ZIF-8 
nanosheets to enhance the corrosion resistance of low 
carbon steel in seawater environments. The materials 
used include low carbon steel substrates and ZIF-8 
nanosheets, which are synthesized in situ to form a 
protective coating. The research demonstrates that this 
ZIF-8 coating significantly improves the corrosion 
resistance of the steel, as evidenced by electrochemical 
measurements showing a corrosion resistance of 4010 
Ω·cm−2 and a low corrosion current density of 23 
μA·cm−2 shown in the figure (4). Additionally, after 
prolonged immersion in seawater, the coating 
maintains its integrity without notable pitting 
corrosion, indicating its effectiveness as an anti-
corrosion measure[20]. 

 

 

 
 

Fig. 4. (a) Polarization curves. j denotes the current 
density. (b) The calculated polarization potential 
(Ecorr), corrosion current density (jcorr) and 
polarization resistance (Rp). (c) EIS spectra and the 
corresponding equivalent circuit. (d) Potentiostatic 
polarization curves for Zif-8 coating sample at open 
circuit potential. Note that the electrochemical tests 
were conducted in artificial seawater [20]. 

 
Nano-Coating Optimization: 
D. S. A. Al-Juboori and Alshamaileh (2021), 
investigated the effect of cobalt and zinc nanomaterial 
coatings on corrosion resistance and mechanical 
properties of carbon steel pipes. 
Using different coating thicknesses (300 nm to 10 μm), 
the research employed finite element analysis 
(ANSYS) to assess corrosion behavior and stress 
distribution under internal pressure. Results showed 
that cobalt coatings provided significantly better 
corrosion resistance and mechanical performance than 
zinc coatings, with up to a 66% improvement in 
corrosion resistance at 10 μm thickness. Increasing 
coating thickness reduced linear normal stresses and 
enhanced surface deformation resistance. 
The study concludes that nanomaterial coatings, 
especially cobalt-based, effectively improve both 
corrosion resistance and mechanical durability of 
carbon steel pipelines, making them promising for 
harsh oil and gas environments [21]. 
Abbas et al. (2023) optimized nanocoatings for low-
carbon steel, demonstrating improved protection in 
acidic and saline environments. explored enhancing 
low-carbon steel’s corrosion resistance using a silicon 
carbide (SiC) nanoparticle-reinforced electroless nickel 
(Ni) coating. The SiC nanoparticles improved 
microhardness and significantly enhanced corrosion 
resistance in acid and salt media. Optimized through 
the Taguchi method, the coating demonstrated 
durability in harsh environments. The study highlights 
that incorporating SiC nanoparticles into electroless Ni 
coatings effectively enhances the corrosion resistance 
and mechanical properties of low-carbon steel. This 
optimized coating provides a durable solution for 
protecting steel in harsh acidic and saline 
environments, offering potential for industrial 
applications [22]. 
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3.4 Surface Modification Techniques 

Modifying the surface of metals enhances their 
durability and resistance to corrosive environments. 
• Plasma and Electrolytic Processes 
Jumbad et al. (2020) reviewed electrolytic plasma 
processing, which forms protective oxide layers. The 
study provided a comprehensive review of the 
electrolytic plasma process for surface improvement of 
metals. The authors discuss the basic mechanisms of 
electrolytic plasma heat treatment and its industrial 
applications, highlighting its effectiveness in enhancing 
surface properties such as hardness, wear resistance, 
and corrosion resistance. The review emphasizes the 
growing popularity of this process in surface 
engineering and its potential for various metal 
substrates[23]. 
Zavareh et al. (2014) examined plasma thermal spray 
ceramic oxide coatings on carbon steel for oil and gas 
applications. The ceramic coatings significantly 
improved wear and corrosion resistance of the steel, 
providing a strong protective barrier against harsh 
chemical and mechanical conditions typical in the 
industry. This method shows promise for enhancing 
pipeline durability and extending service life in 
demanding environments [24]. 
• Nano-Material Surface Engineering 
Abdulrazzaq & Kadhim (2020) highlighted the 
effectiveness of coating processes for protecting low-
carbon steel. The study investigated the protection of 
low carbon steel from corrosion through a coating 
process. The materials used include AISI 1017 low 
carbon steel samples subjected to a shot peening 
process for 15 minutes. After cleaning, these samples 
were coated with a protective layer to enhance their 
resistance to corrosion. The research demonstrates that 
the coating process effectively improves the corrosion 
resistance of low carbon steel, making it more suitable 
for various applications [25]. 

 

 
Fig. 5. Bode plot of EIS scan for uncoated and coated 
samples with epoxy and alumina which have the better 
resistance in water sample from tharthar regulator [25]. 

 
Polymer Effects on Corrosion 
 • Udoh (2024). The research studied the effect 
of xanthan gum, a polymer used in enhanced oil 
recovery, on the corrosion of mild steel pipelines in 

various saline solutions. Using the weight loss method 
over 432 hours, steel samples were exposed to different 
brine concentrations (0–100%) and xanthan gum levels 
(0.5–5%). Results showed that corrosion rates 
increased with exposure time but decreased with higher 
xanthan gum concentrations. Xanthan gum achieved 
over 70% corrosion inhibition in 10% brine, with 1% 
concentration identified as optimal. The study 
concludes that xanthan gum not only aids oil recovery 
but also effectively reduces pipeline corrosion in saline 
environments, offering dual benefits for enhanced oil 
recovery operations [26]. The corrosion rates were 
related to salinities of the saline environments and the 
varied concentrations of xanthan gum, and the results 
are presented in Fig. 6. 

 
 
Fig. 6. The comparison analysis of (a) the effect of 
varied saline environments on corrosion rates, (b) the 
effect of varied concentrations of xanthan gum on 
corrosion rates, and (c) the effect of varied saline 
environments on surface coverage of xanthan gum 
[26]. 

3.5 Smart and Self-Healing Coatings 

These coatings detect and repair damage 
autonomously. 
 • Al-Ani et al. (2024) reviewed intelligent coatings 
incorporating nanocapsules that release inhibitors upon 
mechanical damage. 
This study explored a new approach for corrosion 
protection of carbon steel, focusing on the application 
of polymeric coatings. Anticorrosive pigments were 
synthesized by loading 2-Mercaptobenzothiazole into 
zirconium oxide particles, and then an epoxy coating 
was applied on a steel substrate to analyze the 
corrosion inhibition activity. Analytical techniques like 
FTIR and XRD confirmed the successful loading of 
corrosion inhibitors onto zirconium dioxide 
nanoparticles (ZrO2), revealing changes in chemical 
bonding and structural patterns. Scanning electron 
microscopy (SEM) confirmed the spheroidal 
morphology of ZrO2 after inhibitor loading, while 
contact angle measurements showed improved 
hydrophobicity due to reduced porosity from the 
nanoparticles. Electrochemical impedance 
spectroscopy (EIS) in figures (7) & (8) showed 
enhanced corrosion resistance in the modified coatings 
compared to reference coatings, demonstrating stable 
impedance values and delayed electrolyte uptake. 
These findings suggest the potential of the developed 
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coating system in mitigating carbon steel corrosion, 
offering insights for its application across various 
industries [27]. 

 
Fig. 7. EIS of (a) Bode plot and (b) phase angle for 
reference coating. 

 

Fig. 8. EIS of (a) Bode plot and (b) phase angle for 
modified coating [27]. 

3.6 Erosion-Corrosion Interactions 

Mechanical wear often accelerates corrosion, requiring 
combined preventive strategies The study below shows 
this case. 

Zheng & Zheng (2016) This study examined the effect 
of erosion-corrosion on the corrosion rates of 304 
stainless steel and carbon steel under slurry 
impingement conditions in sodium chloride solution. 
The experiments involved samples of 304 stainless 
steel and carbon steel exposed to sodium chloride 
solutions at different flow velocities. The results 
showed that increasing the flow velocity led to changes 
in the open-circuit voltage of carbon steel, with the 
voltage increasing in sand-free solutions and 
decreasing in sand-containing solutions. For stainless 
steel, the negative current density under impingement 
remained close to its static value but increased by an 
order of magnitude when the flow velocity exceeded 
the critical velocity. These results reflect the complex 
interaction between mechanical wear and 
electrochemical corrosion in these materials under 
dynamic conditions, underscoring the importance of 
studying the effects of flow velocity and friction on the 
corrosion resistance of stainless steel and carbon steel 
in saline environments.[28]. The studies had been 
mentioned above can be summarized below in Table 2. 
 
 
 
 
 
 
 
 

Table 2. Review of literature studies. 

No. Authors 
types of 
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range of applications by improving 

catalyst preparation and reaction 
conditions. 

4 M. A. Zavareh Carbon steel  Plasma thermal  As the titanium dioxide level rose from 

6

EPJ Web of Conferences 374, 04007 (2026)	 https://doi.org/10.1051/epjconf/202637404007
ICEODIS 2026



coating system in mitigating carbon steel corrosion, 
offering insights for its application across various 
industries [27]. 

 
Fig. 7. EIS of (a) Bode plot and (b) phase angle for 
reference coating. 

 

Fig. 8. EIS of (a) Bode plot and (b) phase angle for 
modified coating [27]. 
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et al., 2014 
[24] 

ASTM A36 spray  
 
 
 

Experimental 
study 

13% to 40%, the results showed a 
notable improvement in corrosion 

resistance. Both AC and DC 
techniques, namely the open-circuit 

potential produced by potentiodynamic 
polarization and electrochemical 
impedance spectroscopy in a 3% 

sodium chloride solution for 20 days, 
were used to investigate corrosion on 

coated and uncoated samples. 

5 
P. A. Saliba et 
al., 2015 

[15] 

API-5L X-type 
steel 

Fusion-bonded 
epoxy (FBE) 

 

 
 
 
 
 
 

Experimental 
study 

Highly efficient homogeneous 
functional steel was produced using the 

organic modifiers 3-GPTMS and 3-
APTES, and the modification 

effectiveness was confirmed by contact 
angle measurements and Fourier 

transform infrared (FTIR) techniques. 
The enhanced adhesion of the epoxy 
layer to the steel surface resulted in a 

transition from an interface tea    r 
mode to a cohesive (interface-bond) 

mode, due to the formation of covalent 
bonds at the interface. 

6 
S. Paul, 2015 

[31] 
Carbon steel 

(UNS G10200) 
Thermal spray 
alloy coating 

 
 
 

Experimental 
study 

The results showed that intact coatings 
provide an effective barrier against 

corrosion, while the presence of 
damage or porosity may contribute to 

accelerated corrosion of the underlying 
steel due to galvanic effects. These 

coatings represent a promising 
economic option for protecting 
infrastructure exposed to harsh 

environments containing carbon 
dioxide. 

7 

L. Thair et 
al.,2016 

[16] 
 

API 5L Carbon 
steel 

Composite 
coating 

 
 
 
 

Experimental 
study 

XRD analysis of the 
clay/polyester coatings revealed a 
semicrystalline structure indicative of a 
mixture of crystalline and amorphous 
phases. Electrochemical measurements 
demonstrated stable passive behavior 
over a wide voltage range without 
active corrosion. EIS tests also 
demonstrated improved impedance and 
corrosion resistance, particularly for 
the pure polyes 

ter sample. 
 

8 

A. K. 
Mahmood et 
al., 2016 

[32] 

ASTM A36, 
SAE 1010, and 
SAE 1008 low 

carbon steel 

Manual Brush 
Application 

 
 
 

Experimental 
+ Numerical 

study 

examined the corrosion and erosion 
behavior of low-carbon steel in a saline 

aqueous environment, both in the 
presence and absence of slurry. Kinetic 
and mathematical models were used to 

explain the accelerated deterioration 
rate resulting from the interaction of 

mechanical and chemical factors. 

9 
X. Wang et 
al.,2019 

[33] 

AISI1018/ASTM 
A36 low carbon 

steel 

Hand spray 
coating 

technique 

 
 

Experimental 
study 

addressed enhancing corrosion 
resistance in oil and gas pipelines 

using coatings reinforced with C60 
fullerene nanoparticles. The results 
showed improved barrier properties 

and durability in harsh environments. 

10 
C. Ma et al., 
2020 

Q235 
low‑carbon steel 

Plasma 
electrolytic 

 
 

presented the development of an 
amorphous anti-corrosion coating for 
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[34] oxidation (PEO) Experimental 
study 

low-carbon steel pipes, prepared using 
plasma electrolytic oxidation (PEO) 
technology. It significantly enhanced 

corrosion resistance by forming a 
dense, uniform, and durable oxide 

layer, suitable for marine environments 

11 

M. A. 
Abdulrazzaq& 
Z. D. Kadhim, 
2020 

[25] 

AISI 1017 
low‑carbon steel 

Epoxy-Based 
Composite 

Coating applied 
manually (by 

brush or roller) 

 
 

Experimental 
study 

examined the effectiveness of 
protective coatings in improving the 
corrosion resistance of low-carbon 

steel. The results showed that applying 
composite coatings significantly 
reduces the corrosion rate and 

contributes to extending service life in 
aggressive environments 

12 
V. R. Jumbad 
et al., 2020 

[23] 

low-carbon 
steels (AISI 

1020), medium-
carbon steels, 

tool steels (4140)  

Electrolytic 
plasma process 

(EPP) 

 
 

Review 

explored the applications of the 
electrolytic plasma process in 

improving the properties of metal 
surfaces, highlighting its role in 
enhancing corrosion resistance, 

hardness, and surface performance, 
confirming its feasibility as a versatile 

engineering solution in various 
industries.. 

13 

S. A. Al-
Juboori & D. 
Alshamaileh, 
2021 

[21] 

AISI 1018 / 
ASTM A36 

Dip coating or 
physical 

deposition of 
nanoparticles on 

a surface 

 
Experimental 

study 

reviewed the effect of nano-coatings 
on improving the corrosion resistance 
and durability of carbon steel pipes in 

aggressive environments. 

14 
Z. Li et al., 
2022 

[35] 

AISI 1018 and 
ASTM A36 low 

carbon steel 
Electrodeposition 

 
 

Experimental 
study 

A TiO₂/Au/CdS nanocoating was 
developed to enhance the 

photocathodic protection of carbon 
steel, and it showed high corrosion 

resistance under visible light, 
improving corrosion resistance by 
enhancing electron transport and 
reducing charge recombination. 

15 

K. S. Abdel 
Halim et al., 
2022 

[19] 

AISI 1018 low 
carbon steel 

direct tinning 
process, also 
known as hot 

tinning 

Experimental 
study 

investigated tin coating enhanced with 
ZnO and NiO nanoparticles to improve 
wear resistance, hardness and adhesion 

on low carbon steel. 

16 
Z. Zhang et 
al., 2022 

[20] 

ASTM A106, 
API 5L Low 
carbon steel 

Nanocoating 
(situ growth of 

ZIF-8 nanosheets 
directly on the 
carbon steel 

surface) 

 
 

Experimental 
study 

presented a simplified in situ growth 
method for ZIF-8 nanosheets as a 

protective layer on carbon steel. This 
layer enhances corrosion resistance in 

seawater by forming a stable and 
uniform barrier that prevents the 

infiltration of corrosive ions. 

17 
S. K. Fayyadh 
et al., 2023 

[36] 

ASTM A36 
Low-carbon steel 

Chemical vapor 
deposition 

(CVD) 

 
 

Experimental 
study 

Studied the effect of gas phase coating 
in enhancing the corrosion resistance 

of low carbon steel. The results 
showed the formation of a cohesive 

barrier layer that significantly 
improves surface protection which 

reached 99.11%. 

18 
M. H. BinSabt 
et al., 2023 

[37] 

AISI 1018 Low 
carbon steel 

Dip coating (also 
called immersion 

coating) 

 
 
 

Experimental 
study 

evaluated an environmentally friendly 
silane-based coating to improve the 

corrosion resistance of carbon steel in 
marine environments. The coating 

demonstrated effectiveness in forming 
a stable protective barrier, making it a 
sustainable alternative to conventional 

systems.. 
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direct tinning 
process, also 
known as hot 

tinning 

Experimental 
study 

investigated tin coating enhanced with 
ZnO and NiO nanoparticles to improve 
wear resistance, hardness and adhesion 

on low carbon steel. 

16 
Z. Zhang et 
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[20] 

ASTM A106, 
API 5L Low 
carbon steel 

Nanocoating 
(situ growth of 

ZIF-8 nanosheets 
directly on the 
carbon steel 

surface) 

 
 

Experimental 
study 

presented a simplified in situ growth 
method for ZIF-8 nanosheets as a 

protective layer on carbon steel. This 
layer enhances corrosion resistance in 

seawater by forming a stable and 
uniform barrier that prevents the 

infiltration of corrosive ions. 

17 
S. K. Fayyadh 
et al., 2023 

[36] 

ASTM A36 
Low-carbon steel 

Chemical vapor 
deposition 

(CVD) 

 
 

Experimental 
study 

Studied the effect of gas phase coating 
in enhancing the corrosion resistance 

of low carbon steel. The results 
showed the formation of a cohesive 

barrier layer that significantly 
improves surface protection which 

reached 99.11%. 

18 
M. H. BinSabt 
et al., 2023 

[37] 

AISI 1018 Low 
carbon steel 

Dip coating (also 
called immersion 

coating) 

 
 
 

Experimental 
study 

evaluated an environmentally friendly 
silane-based coating to improve the 

corrosion resistance of carbon steel in 
marine environments. The coating 

demonstrated effectiveness in forming 
a stable protective barrier, making it a 
sustainable alternative to conventional 

systems.. 

19 
W. Yan et al., 

2023[38] 
Q235B steel 

Electroless alloy 
coating 

(electroless 
deposition) 

 
 

Experimental 
study 

investigated the electroless deposition 
of NiMoP coating on steel to enhance 

its corrosion resistance in concrete 
pore solutions. The coating 

demonstrated the formation of a 
cohesive barrier layer and improved 

protective performance. 

20 
S. Mallick et 
al., 2023 

[18] 

ASTM A36 Low 
carbon steel 

dip-coating 
technique, in 

which the 
polyolefin-based 

coating 

 
 
 

Experimental 
study 

evaluated the effectiveness of 
polyolefin coatings modified with 
nanoparticles of Y₂O₃ in protecting 

carbon steel in a 3.5% NaCl medium. 
The results showed a significant 

improvement in corrosion resistance 
by 90% due to the formation of a 
stable and effective barrier layer. 

21 
A. A Altalhi, 
2023 

[39] 

API X65 Low 
carbon steel 

chemical 
inhibition 

through addition 
of diazene-based 

Experimental 
+ 

Computation-
al study 
(hybrid 
study) 

evaluated diazine-Schiff derivatives as 
environmentally friendly corrosion 

inhibitors for API X65 steel, 
demonstrating their effectiveness in 

reducing corrosion via the formation of 
protective films in an acidic 

environment 

22 
A. S. Abbas et 
al., 2023 

[22] 

AISI 1010 Low 
carbon steel  

electroless nickel 
plating 

incorporating 
nano-SiC 
particles. 

 
 
 

Experimental 
study 

addressed improving the 
corrosion resistance t 

he corrosion rate was significantly 
reduced from 6.16 mils/year in the 

uncoated steel to 0.000283 mils/year in 
the coated samples, reflecting an 

improvement in corrosion resistance of 
over 98% thanks to the nano-coating 

layer 

23 
B. B. Mandal 
et al., 2024 

[40] 

API X60 low 
carbon steel 

electroless Ni–
WP–nanoTiO₂ 

composite 
coatings 

Experimental 
+ Numerical 
study (hybrid 

study) 

Showed that the composite coating 
improves corrosion resistance and 

surface properties thanks to uniform 
deposition and reinforcement of 

nanoparticles. 

24 
M. A. Al-Ani 
et al., 2024 

[27] 

API X60 Low 
carbon steel 

Epoxy-based 
smart coating (a 

polymeric 
coating 

technique) 

 
 

Experimental 
study 

explored smart coatings for carbon 
steel that rely on environmental 

response mechanisms such as inhibitor 
release or self-healing, enhancing 
corrosion resistance and extending 

service life over 90%  

25 
K. Kombayev 
et al.,2024 

[41] 

AISI 5120 Low 
carbon steel 

Plasma 
Electrolytic 

Oxidation (PEO) 

 
 

Experimental 
+ Numerical 
study (hybrid 

study) 

demonstrated the experimental 
optimization of PEO parameter 

modeling for the transformation of the 
ferritic-pearlite structure of 20Ch steel 
to hydrated martensite, enhancing the 
surface hardness and wear resistance 

with energy and time efficiency. 

3.7 Classification of Corrosion Prevention 
Techniques 

Table 3 presents a comparison between conventional 
and nanotechnology-enhanced corrosion protection 
systems, demonstrating improved durability, reduced 
porosity, and enhanced monitoring capabilities in 
nano-based coatings [42-50]. 

 
 
 
 

 
Table 3: Electroplating conditions for Ni coating on 
low carbon steel, including temperature, pH, bath size, 
current density, voltage, and plating time. 
 

Parameter Conventional 
Coatings 

Nano-Enhanced 
Coatings 

Porosity Higher Reduced 
Adhesion Moderate High 
Corrosion 
Resistance 

High Very High 

Durability Moderate Enhanced 
Monitoring 
Capability 

Limited Real-time 
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Figure 9 presents the mechanisms of nanotechnology-
enhanced coatings, including nanoparticle 
reinforcement, barrier protection, and self-healing 
behavior [51-63]. 

 
Fig. 9. Schematic representation of nanotechnology-
enhanced corrosion protection mechanisms in pipeline 
coatings 

4 Conclusion 
Recent advances in coating technologies, cathodic 
protection, inhibitors, and monitoring systems have 
significantly enhanced the corrosion protection of oil 
and gas pipelines. Continued research and the 
application of integrated management strategies are 
essential to address the growing technical and 
environmental challenges and ensure the safe and 
sustainable operation of these critical infrastructures. 
This review also highlights advances in corrosion 
protection technologies using polymers, 
nanocomposites, and surface modification solutions. 
Polymeric coatings provide effective barriers against 
corrosive agents, while nanocomposite coatings 
enhance structural durability and improve protection 
properties. Surface modification technologies 
contribute to improved adhesion and corrosion 
resistance, and smart coatings offer self-healing 
properties and immediate response to environmental 
changes. Based on the review, it is recommended that 
future research focus on developing multifunctional 
smart coatings that combine nanotechnology and 
responsive polymers, with the goal of achieving more 
effective and reliable protection systems in harsh 
environments. The integration of nanotechnology into 
corrosion protection strategies represents a significant 
advancement in pipeline engineering. Nanocomposite 
coatings, nanosensors, and smart nanomaterials offer 
enhanced durability, improved corrosion resistance, 
and real-time monitoring capabilities. Future research 
should focus on developing multifunctional 
nanostructured systems that combine protection, 
sensing, and self-healing properties to ensure long-term 
performance in harsh environments. 
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