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Abstract: Carbon dioxide (CO,) is the most significant greenhouse gas, accounting for 77% of global warming and is
produced by the combustion of fossil fuels in industries. Carbon capture, storage and utilization (CCUS) is a possible
pathway in achieving the emission reduction target set by the Canadian government in 2050. The transportation of the
captured CO, to storage is a critical factor in the CCUS process, which is frequently hindered by corrosion. The
impurities in CO; lead to corrosion risks, which are generally addressed using inhibitors, corrosion-resistant alloys, and
polymer coatings in the oil and gas sector. However, CO, corrosion is more complex than CO, sweet corrosion. It is
difficult to obtain a single inhibitor capable of mitigating CO, corrosion in pipelines, and corrosion-resistant alloys are too
expensive to be used throughout all sections of the pipeline. Polymers are employed as coatings. For gaseous and
supercritical CO,, which leads to defects in the coatings, such as blisters and porosity. As a result, researchers have
focused on using nanocomposite coatings to control CO, corrosion. This review paper focused on the interactions of CO,
with impurities on polymer and polymer nanocomposites. In particular, the most commonly used clay and graphene
polymer nanocomposites coatings and their interactions with CO, were discussed. Further, the transport properties of
CO; through polymers and polymer nanocomposites and the interaction mechanism were analyzed. The paper

concludes with the processing methods used for the polymer and polymer nanocomposite coatings.
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1. BACKGROUND

1.1. Carbon Capture, Utilization, and Storage

Climate change poses a significant global concern,
contributing to environmental disasters, such as
heatwaves, storms, and floods, which result in loss of
life and economic challenges globally [1]. The Paris
Agreement identified greenhouse gases (GHGs) as the
main drivers of climate change, with countries
committing to a 45% reduction in emissions by 2030.
Canada, in support of these global efforts, enacted the
Net-Zero Emissions Accountability Act, targeting net-
zero emissions by 2050. According to the
Intergovernmental Panel on Climate Change (IPCC),
atmospheric carbon dioxide (CO;) levels could reach
up to 570 parts per million (ppm) by 2100, potentially
increasing the average global temperature by 1.9 °C
and causing sea levels to rise by up to 38 meters [2-6].
To mitigate the catastrophic effects of global warming,
the IPCC emphasizes a 50- 80% reduction in global
GHG emissions by 2050 [7-10].

Carbon dioxide (CO,), the most significant GHG, is
a key target for mitigation strategies such as carbon
capture, utilization, and storage (CCUS). The CCUS
systems are generally categorized into two stages:
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1. Capture and separation of CO,
2. Transportation and storage of CO,

CO, capture technologies are classified into three
main types: [2]

1. Post-combustion capture
2. Pre-combustion capture
3. Oxy-fuel combustion capture

The captured CO, must be transported to storage
sites or utilized in various engineering applications,
making the design of reliable transportation and
storage systems essential. However, industrial CO,
streams often contain impurities due to fuel types,
oxidant excess, and the specific purification process
used [1].

Post-combustion capture extracts CO, after fuel
combustion. Nitrogen (N;) is typically the most
abundant impurity, resulting from excess combustion
air or nitrogen oxides (NOy) conversion. Other
impurities, including oxygen (O2) and argon (Ar), water
vapour (from solvent and combustion), carbon
monoxide (CO), sulphur oxides (SOy), if coal is used.
Pre-combustion capture generates CO, by reacting
fossil fuel with air to form syngas, which contains CO,
hydrogen (H,), and water (H,O). CO reacts with steam
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Table 1: Impurities Expected from Various CO; Capture Methods [3]
Impurities Post-combustion (%) Pre-Combustion (%) Oxy-fuel combustion (%)

CO; >99 >95.6 >90

Oxygen (O3) <0.1 trace <3

Water (H,0) 0.14 0.14 0.14
Hydrogen (H,) trace <3 trace
Hydrogen sulphide (H,S) trace <34 trace

Methane (CH.) <0.01 <0.035 -
Nitrogen (N2) <0.8 balance <1.4

to produce CO; and H,. Impurities such as hydrogen
sulphides (H,S), CO, H,O and N, can persist due to
fuel composition, partial oxidation and solvent
carryover. Oxy-fuel combustion capture uses pure
oxygen instead of air, producing a flue gas mostly
composed of CO, and water with impurities including
0O,, N2, and Ar due to excess oxygen or air ingress.
Table 1 outlines the typical impurity compositions
associated with each capture method.

1.2. Purification of CO,

The captured CO, is further purified before being
transported. In post-combustion capture, CO, is
purified using the absorption process, either with
physical solvents (e.g. selexol, rectisol) or with
chemical solvents (e.g. alkanolamines, amino acids,
and chilled ammonia) [4-5]. In pre-combustion, the
purification of CO; is achieved through chemisorption
(using metal oxides and salts) or cryogenic distillation.
Physisorption (e.g. with zeolites or activated carbon)

involves minimal changes to the adsorbent’s electronic
structure [6-8]. In oxy-fuel systems, purification typically
employs membrane separation or cryogenic distillation.
Membrane separation relies on size and affinity
differences between CO, and other molecules.
Cryogenic distillation uses low temperatures to
condense, separate, and purify CO, from flue gases.
Achieving high-purity CO, adds cost and energy
demand to the CCUS process. While co-transporting
CO, with impurities may reduce cost, safety regulations
limit allowable impurity concentrations due to potential
hazards from pipeline leaks [9]. Table 2 shows the
impurity limits defined by various transport operators
[10].

1.3. CO, Transportation

Captured CO, can be transported in four phases:
gaseous, liquid, dense-phase, and supercritical.
Supercritical CO; transport is generally favoured due to
its cost efficiency and stability, avoiding two-phase

Table 2: Captured CO; Gas Stream Composition after Purification [10]

Component Canyon Reef Pipeline Weyburn Pipeline Gullfaks Pipeline
CO, >95% 96% 99.50%
Carbon monoxide (CO) - 0.1% <10 ppm
Water (H,0) No free water <20 ppm Water vapor
Hydrogen sulphide (H,S) <1500 ppm 0.9% -
Sulphur Oxide (SO,) - - <10 ppm
Total Sulfur <1450 ppm - -
Nitrogen (N.) 4% < 300ppm <0.48%
Nitrogen Oxide (NOy) - - <50 ppm
Oxygen (O3) <10 ppm < 50ppm <10 ppm
Glycol 4x10°Lm*® - -
Methane (CHy) - 0.7% -
Hydrocarbon <5% - <10 Oppm
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Figure 1: The Phase diagram of CO; [12].

flows [11-12]. Impurities in CO, can shift the phase
boundaries, requiring higher pressure to maintain the
supercritical or dense phase, as can be seen in the
phase diagram (Figure 1). The triple point (0.52 MPa,
217.15 °K), where the solid, liquid, and gas phases
coexist. Above the critical point (7.38 MPa, 304.25 °K),
CO, enters supercritical regions. Supercritical CO,
behaves like both a liquid (high density) and a gas (low
viscosity) [13-14]. CO, is typically compressed into a
supercritical phase with a temperature above 31.10 °C
and a pressure greater than 7.38 MPa [15]. The CO,
transporting method includes pipelines (most
economical for distances up to 1000-15000 km), ships,
rail, and road tankers. By 2050, an estimated 2,000 km
of CO, pipelines will be needed to transport 10 billion
tons of CO, [16]. Though the pipeline requires a
significant one-time investment, and is considered
economical compared to other forms of transportation.

Pipelines are commonly constructed from carbon
steel due to its mechanical strength and low cost.
However, impurities, especially in the presence of
water, can lead to the formation of carbonic acid
(H2CO3), which is highly corrosive. This can result in
localized corrosion, hydrogen-induced cracking, and
stress corrosion cracking. Further, the threshold of
impurity tolerance without compromising transportation
system integrity is not fully understood. Therefore, it's
critical to find a suitable preventive mechanism which
could control the reaction between the impurities and
the carbon steel pipeline materials.

To mitigate corrosion, polymer coatings can be
applied as a protective barrier. However, polymers,
especially under exposure to gaseous or supercritical

CO,, may experience issues such as swelling and
plasticization, reduction in glass transition temperature
and crystallization [17]. These effects can lead to
blistering, porosity and delamination of coatings.
Therefore, a comprehensive review is necessary to
identify COq-resistant polymers. With advancements in
nanotechnology, polymer nanocomposites, i.e.
polymers reinforced with nanomaterials, offer
enhanced mechanical properties and corrosion
resistance. These composites are now being explored
for protective coatings in CO, pipeline systems.
Further, polymer nanocomposite (PNC) coatings are in
a developing stage; as such, a critical review of PNC
coatings for CO, corrosion control is important.

Therefore, the paper aims to review polymer and
polymer nanocomposite coatings for CO, transportation
systems. The paper begins by analyzing the
interactions of polymers with gaseous and supercritical
CO,, followed by an overview of transport properties.
The review then summarizes current polymer coating
materials, explores nanofillers that enhance polymer
performance, and discusses the transport properties.
The paper concludes by analyzing the manufacturing
techniques and characterization of transport properties
of polymer nanocomposite coatings used for CO,
pipelines.

2. POLYMERS USED FOR COATINGS

Polymers are macromolecules composed of long
chains of repeating monomer units primarily linked
through covalent bonds [18]. Based on their structure
and thermal behavior, polymers are generally classified
into three types: thermosets, thermoplastics and
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elastomers. Thermoset polymers such as epoxy,
polyurethane (PU), phenolic, and unsaturated polyester
form highly cross-linked, three-dimensional network
structures during curing. The high degree of cross-
linking significantly restricts molecular chains' mobility,
resulting in materials that are rigid, dimensionally
stable, and resistant to deformation under heat and
stress. Thermoplastic polymers, on the other hand,
consist of linear or branched polymer chains that are
physically entangled rather than chemically cross-
linked. In their molten state, these chains can flow and
be reshaped, allowing thermoplastics to be processed
using conventional techniques such as extrusion,
injection molding, and compression molding.

Thermoplastics are further classified into semi-
crystalline and amorphous types based on their degree
of structural order. Semicrystalline thermoplastics,
including polyethylene (PE), high-density polyethylene
(HDPE) and low-density polyethylene (LDPE),
polypropylene (PP), polyethylene terephthalate (PET),
polyamide (nylon), and polytetrafluoroethylene (PTFE
or Teflon), contain both ordered crystalline domains
and disordered amorphous domains. These materials
exhibit a defined melting temperature (T,,) above which
the crystalline regions transition to the molten state.
Amorphous thermoplastics cannot crystallize due to
irregular chain structures and instead are characterized
by a glass transition temperature (T,), the temperature
over which they transition from a hard, glassy state to a
soft, rubbery state. Representative examples include
polystyrene (PS), polyvinyl chloride (PVC), acrylonitrile
butadiene styrene (ABS), polycarbonate (PC), and
polymethyl methacrylate (PMMA).

Elastomers are lightly cross-linked polymers that
exhibit rubber-like elasticity. They can undergo large
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deformations under stress and return to their original
shape upon unloading. Their flexible molecular
structure and cross-linked network allow for excellent
elastic recovery. Common elastomers include natural
rubber (polyisoprene) and a wide range of synthetic
rubbers such as ethylene propylene diene monomer
(EPDM), styrene-butadiene rubber (SBR),
polybutadiene rubber (BR), polyisoprene rubber (IR),
chloroprene rubber  (Neoprene), polyurethane
elastomers (PU) and silicone rubber.

2.1. Interactions of CO, with Polymer Coatings and
their Effects

2.1.1. Absorption and Swelling

Amorphous thermoplastics and elastomers have a
notable capacity to absorb CO,, which leads to polymer
swelling. This phenomenon reduces polymer stiffness
(resistance to elastic deformation) while enhancing
toughness (resistance to crack propagation). The
extent of absorption and swelling is governed by the
solubility of CO; in the polymer matrix. Furthermore,
CO, absorption can induce crystallization in some
polymers, increasing their melting enthalpy and melting
temperature [19]. The complex relationship between
CO, absorption and polymer crystallinity is a critical
factor contributing to polymer degradation under high-
pressure CO, exposure [20]. Figure 2 shows the CO,
sorption at 6.5 MPa in various polymeric materials.

2.1.2. Plasticization and Crystallization Phenomena

Plasticization refers to the process by which low-
molecular-weight compounds, such as CO,, diffuse into
polymers, increasing chain mobility by disturbing
intermolecular forces. In structurally regular polymers,
this increased chain mobility can promote or enhance
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Figure 2: CO; sorption at 6.5 MPa in various polymeric materials [21].
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crystallization, particularly during depressurization or
outgassing phases [22-23]. Amorphous polymers
possess greater free volume compared to semi-
crystalline polymers, making them more susceptible to
plasticization [24-26].

The plasticization is typically characterized by a shift
in glass transition temperature, and an increase in
melting temperature (T,), melting enthalpy (AH) and
CO, permeability [27]. Shieh et al. [28] demonstrated
that the prolonged exposure of polyethylene
terephthalate (PET) to supercritical CO, resulted in
increased crystallinity as the plasticized regions
transformed into an ordered crystalline domain. Sawan
et al. [23] investigated amorphous polymers such as
polymethyl  methacrylate (PMMA), polyethylene
terephthalate glycol-modified (PETG), and polyethylene
terephthalate (PET), under supercritical CO, exposure.
Their results showed a reduction in glass transition
temperatures and an increase in T,, and AH, confirming
enhanced crystallinity due to the plasticizing effect of
CO, absorption.

2.1.3. Rapid Gas Decompression (RGD Damage)

Rapid gas decompression (RGD) is a significant
degradation mechanism in polymers exposed to high-
pressure gaseous CO,, followed by sudden
depressurization [29-30]. During decompression, the
dissolved gas rapidly expands within the polymer
matrix, leading to bubble nucleation, blistering, tearing,
or even rupture if the gas doesn’t diffuse out effectively
[31-35]. Elastomers are particularly vulnerable to RGD
due to their high free volume and inherent porosity from
manufacturing. Dubois et al. [33] utilized high-pressure
in-situ FTIR microscopy to study supercritical CO,
sorption and swelling of unfilled elastomers. Their
results showed that CO, uptake increases with
pressure and temperature, especially in elastomers
with polar functional groups such as carbonyl or
chlorinated segments, resulting in a swelling ratio that
exceeded the mass uptake.

2.1.4. Change in Mechanical Properties

CO2-induced plasticization and crystallization
directly influence the mechanical properties of
polymers. Shieh et al. [28] examined polymers such as
HDPE, LDPE, and polypropylene (PP) exhibited
decreased modulus of elasticity and yield strength due
to plasticization. Jimenez et al. [21] investigated the
compatibility of medical-grade polymers with dense and
liquid CO, in the presence of aqueous hydrogen
peroxide (H,0;), observing CO, uptake in amorphous

polymers, while semi-crystalline polymers exhibited
minimal change in tensile strength or weight. Kim et al.
[36] further examined how gas adsorption affects
mechanical behavior. Their results indicated that CO,
acts as a plasticizing agent, enhancing impact strength
at an adsorption level of 2.85%, with the peak energy
absorption of 68.8 J/m after 12 hours. However, a
consistent decline in tensile strength was observed with
increased CO, uptake and longer exposure times.

2.2. Polymer Coatings for CO, Corrosion Control
and Associated Challenges

While polymer coatings have been widely employed
for corrosion control in CO,-rich environments, they
present several limitations. The main issues include
blister formation, crystallization and porous structure,
all of which can degrade mechanical integrity.
Exposure to gaseous CO, or supercritical CO,
(SCCO,) can alter coating morphology, and thus, the
resilient coatings tend to develop blisters, whereas
brittle coatings form pores that lead to cracking and
delamination.

Effective polymer coatings should possess strong
adhesion to the metal substrates, high glass transition
temperatures, and resistance to SCCO, or gaseous
CO,. Bierwagen [37] investigated the performance of
several commercial coatings, including TZ™ 904,
Scotchkote ™ 345, DevChem™ 253, and Polyoil™ 130-
based systems under SCCO, exposure. The findings
revealed that resistance to SCCO; is closely linked to
the thermal stability of the polymer. Zarkaria et al. [38]
evaluated the performance of three epoxy-based
commercial coatings under high-pressure CO2
following the NACE TMO0185 standard. While all
coatings withstood physical deterioration, Rust-Oleum
Epoxyshield 7.1-L coating experienced a reduction in
pull-off adhesion at elevated temperatures, indicating
thermal degradation. Sauri et al. [39] assessed the
suitability of phenolic epoxy (PE), fusion bonded epoxy
(FBE), and fluoropolymer (FP) coatings under
simulated static operational conditions for both CO,
producer and injection wells. According to NACE
T0297 standard, PE demonstrated superior
performance, maintaining adhesion and hardness
across both conditions. Zhang et al. [40] examined the
corrosion behavior of S355 structural steel and 316L
stainless steel in gaseous CO, containing 3.5% sodium
chloride (NaCl) using three types of polymer coatings:
phenol epoxy and two-pack vinyl ester-based systems
reinfforced with glass flecks. Electrochemical
impedance spectroscopy (EIS) and ASTM D 4541-02
pull-off adhesion tests were conducted pre- and post-
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Table 3: Comprehensive Summary of Polymer Coating for CO; Pipeline
Coatings/thickness (um) Coating Exposure Coating Defects Impurities Ref
method condition
TZ™ 904 + Toluene Spray 32-40°C
adjusted/63- 335/ Method 1100 -1580 psi Blisters, porous structure, Low No Impurities [37]
DevChem™253 + xylenes for 24 - 48 hours adhesion, Thi.ckness increase and
adjusted/52 -165 low impedance.
Scotchkote™323 (S323)
S323 base and S323
hardener + xylenes
adjusted/ 35-172
Scotchkote™ 345 (S345) + Spray 32-40°C No change in the coating, thickness
Xylene adjusted/15 - 180 Method 1100 -1580 psi and weight remained constant,
Impedance remained the same
for 24 - 48 hours except for the thin film.
Polyoil™-130-based Spray 32-40°C Blisters appeared at the surface and
coatings/12-151 Method 1100 -1580 psi disappeared when the temperature of
the cure increased. The porous
for 24 - 48 hours structure of the two coating
formulations, thickness and weight
remained constant. Impedance
decreased when the exposure time
increased.
Finitec Solidex Water- - No impurities
Based Protective Floor 25-80 °C No defect [38]
Coating / not listed .
2175.57 psi
Rust-Oleum Epoxy Shield - For 28 days
Glossy Grey Water-Based
Garage Floor Coating
Rust-Oleum Epoxyshield - No impurities were [48]
7.1-L Glossy Grey Garage Reduction in adhesion strength present
Floor Coating Kit
Phenolic Epoxy Coating - H,S 200-400 ppm with [39]
(PE)/400 135 °C, 5000 psi No defect synthetic brine
Fusion Bonded Epoxy
coating (FBE)/350
Fluoropolymer coating
(FP)/60
Phenol epoxy/360 - 60 °C, 100 bar for Delamination due to blistering at the The flue gas was mixed | [40]
35 days coating/steel interface and voids. Low | in a single gas manifold
impedance — No impurities
Coating B+ 2 peck - 60 °C, 100 bar for No blisters and few voids [40]
Vinyl ester reinforced 35 days
with screen glass
flecks/1060
exposure. The corrosion rate for S355 steel was porosity necessitated the development of new

approximately 0.02 mm/year at 100 bar and 60° C, and
0.3 mm/year at 1.65 bar and 65° C when exposed to
CO, derived from flue gas [40]. Table 3 summarises
the performance of various polymer coatings for CO,
pipeline applications. In summary, although polymer
coatings have demonstrated effectiveness in mitigating
corrosion in CO, transportation systems, several
inherent drawbacks such as blistering, plasticization-
induced property degradation, RGD damage, and

materials. To address these challenges, advanced
materials, particularly polymer nanocomposites, are
being explored for enhanced mechanical and chemical
stability under CO,-rich environments.

3. POLYMER NANOCOMPOSITE COATINGS

Recent advancements in nanomaterials have
enabled significant improvements in the performance of
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polymer coatings by incorporating impermeable
nanofillers with high aspect ratios. These fillers disrupt
the diffusion pathway of gas molecules, resulting in a
reduced diffusion rate and increased diffusion time [41,
42]. The inclusion of such nanofillers in polymer
matrices decreased the available diffusion areas and
enhanced the tortuosity of diffusion pathways.
Consequently, polymer nanocomposite (PNC) coatings

can mitigate blistering, control plasticization and
crystallization and reduce porosity under CO,
exposure. Functionalized nanomaterials can also

improve coating adhesion to substrates, thereby
minimizing the risk of delamination. Properly
engineered nanocomposite coatings can effectively act
as barriers, preventing CO, and its impurities from
reaching and corroding metallic surfaces.

Several factors influence the characteristics and
performance of polymer nanocomposite coatings [43]:

. Filler attributes: volume fraction, shape,
concentration, and aspect ratio
. Polymer characteristics: crystallinity,

permeability, and intrinsic barrier properties,

. Filler dispersion: orientation, agglomeration,
distribution, and interfacial interactions within the
matrix

3.1. Polymer Nanocomposites and their Interaction

Among the various nanofillers, clay minerals (e.g.,
kaolinite, bentonite, montmorillonite, cloisite,
vermiculite, mica, halloysite, and talc) [44-47], layered
silicate [48-49], graphene derivates [50], cellulose
nanocrystals [44-51], silica nanoparticles [52-53] have
demonstrated significant potential for enhancing
polymer barrier properties. Clays and graphene are
among the most widely studied due to their high aspect
ratio and compatibility with various polymers [54-57].
Therefore, this section focuses on polymer
nanocomposite coatings reinforced with clay and
graphene nanofillers under a CO; environment.

3.1.1. Nanoclay-Polymer Nanocomposite Coatings

Clay-reinforced polymer nanocomposites offer
excellent barrier properties by significantly reducing the
permeability of gases, water, and hydrocarbons [58-
59]. These improvements are strongly influenced by
the dispersion of nanoclay within the polymer matrix
and the strength of the polymerfiller interfacial

interactions [60-61]. However, the nanoclays are
hydrophilic and prone to agglomeration due to van der
Waals interactions, necessitating surface modification
to ensure uniform dispersion [62]. Common
modification techniques included hydrophobic
treatment [63], intercalation [64-66], and exfoliation
[65]. Manninen et al. [67] evaluated CO, sorption and
diffusion in polymethylmethacrylate (PMMA) reinforced
with organoclay (cloisite 20A-(C20A)). Their result
indicated that organoclay did not alter CO, solubility,
but increased diffusion coefficients due to poor
dispersion and clay agglomeration. Similarly, Guo et al.
[68] demonstrated that C20A dispersion significantly
influences CO, permeability in polystyrene-based
nanocomposites. Hu et al. [69] investigated the gas
transport properties of isotactic polypropylene
(IPP)/nano  montmorillonite  (MMT)  composites.
Increased MMT loading led to lower swelling ratios and
reduced CO, diffusion coefficients due to the hindrance
of chain mobility and free volume by crystalline regions.

3.1.2. Graphene-Polymer Nanocomposite Coatings

Graphene, with its two-dimensional hexagonal
carbon lattice, exhibits exceptional impermeability to
gases, along with superior mechanical, thermal and
electrical properties. When uniformly dispersed in
polymers, graphene enhances gas barrier performance
more effectively than clay layers [70]. Ouyang et al.
[71] demonstrated that graphene oxide (GO) -
graphene sandwich nanopaper could completely block
CO, permeation through 12 pm thick-films. Roilo [72]
investigated epoxy nanocomposites containing few-
layer graphene (FLG) and found that increasing FLG
content reduced free volume and gas permeability,
without affecting solubility. These findings highlighted
the critical role of filler content and dispersion in
achieving effective CO, barriers.

3.2. Permeation Properties of CO, through Polymer
Coatings

Characterization of the permeation properties will
assist in selecting suitable coating materials.

3.2.1. Permeation

Gas permeation in dense, nonporous films follows a
solution-diffusion mechanism, governed by Henry's law
and Fick's law. Permeation is influenced by polymer
type, crystallinity, thermal history and testing
temperature [73-74]. Flaconneche et al. [75] studied
the permeation of various gases (helium, argon,
nitrogen, methane, and CO;) through polyethylene
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(PE), polyamide Il (PA11), and polyvinylidene fluoride
(PVF2), finding that CO, permeability was highest in
PE and increased with temperature due to enhanced
chain mobility.

3.2.2. Solubility

Gas solubility refers to the equilibrium concentration
of gas in a polymer under specific conditions. It is
quantified by the solubility coefficients (S), which vary
with temperature and polymer structure. Ansaloni ef al.
[19] investigated the liquid CO, affinity in thermoplastic
polymers (e.g., polytetrafluoroethylene (PTFE) and
high-density polyethylene) and elastomers. Their
results identified that elastomers experienced higher
CO, uptake, resulting in significant volumetric swelling.
Shieh et al. [28] found that polymer chemical structure
strongly affects CO, solubility. Polyvinylidene fluoride
(PVDF) and nylon 66 exhibited CO, uptake due to
fluorine and amide group interactions, respectively.
Flaconneche et al. [75] further confirmed that solubility
is also influenced by polymer crystallinity and thermal
history. Figure 3 shows the solubility of liquid CO; in
different polymers.

3.2.3. Diffusivity

Gas diffusivity depends on the concentration
gradients and is influenced by free volume (Figure 4),
molecular structure, penetrant size and temperature.
According to Arrhenius' law, the diffusivity is defined as

Flaconneche et al. [75] reported that higher CO,
diffusion in plasticized PA 11 is due to increased chain
mobility. They also identified that diffusion coefficients
increased with temperature and gas molecule sizes.

3.3. Permeation Properties

The relationship between permeability (P), diffusivity
(D), and solubility (S) can be defined as given below
[74-76].

The flux, J, of the gas in a polymer matrix can be

defined as

_Q
= ()

Further, the flux, J is directly proportional to the
gradient of the gas concentration, C and is defined as

J=-DVC (3)

The change of flux per film’s thickness is equal to

the rate of change of concentration and is given as
dJ dC

~Se S (4)
dx dt

Fick's second law can be obtained by combining
Equations. [3-4] with constant D in the coatings

d d’c
=D ©
_E dt dx
D=D0exp( DJ (1)
RT For a coating thickness of /, the flux can be obtained
by integrating the flux equation (Eq. 3).
co,
HDPE %
PTFE [/
EPDM C?
FEPM /) |
S 7 7
M 77 77
HNBR /%%222 7
NBR,4Z%22 %
T v < T < & . 1
10 20 30

Typical solubility parameter ranges (MPa

1/2
)

Figure 3: Solubility characteristics of polymers and liquid CO» at room temperature [19].
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polymer chains

Figure 4: Free volume in polymer [72].
! C,
J[ de==D [ dC ®)

J=D1 2 @)

Cs and C, are the gas concentrations in the
coatings close to the sample's face. The concentration,
C, is linked to the partial pressure (p) and solubility (S)
by Henry's law [77 - 84] and is given by

C=5Sp (8)
This results in the flux, J,

_DS(p -p)
)

J ©)

Permeability P= DS (10)

Using the time lag method and based on the
pressure gradient at the permeation side under steady
state conditions, the diffusion coefficient is given as.

12

=% (11)

The permeability P is defined using a time lag
approach

M VI dp.
P=——— (12)
pi’prTA dt
Where

. D is the diffusivity given by cm?/s

. S is the solubility given by the ratio of the gas
concentration in the polymer to the pressure in
cm’*(STP)/cm®

. P is the permeability given by cm?’(STP)/cm3

MPa
. pr is the feed pressure (cmHg)
. Vis the volume on the permeate side (cm®)
. A is the area of the film (sz)
. tis the time (sec)
. Q s the volume flux (cm®/s)

. R is the constant (cm3.

cmHg/gmol.K)

universal gas

. T is the temperature (K)

. M, is the molecular weight of the penetrant
(g/mol)

. p is the density of the penetrant (g/cm3)

. lis the thickness of the film (cm)

. dpi/dt is the pressure gradient (cmHg/s)

The solubility coefficient, S, can be calculated using
the diffusion and permeability coefficients. [85-86].

3.4. Transport
Nanocomposites

Properties of Polymer

Similar to polymer, PNCs follow the solution-
diffusion model due to the pressure gradient across the
nanocomposite coatings [87]. Gas permeability can be
measured using the time lag or constant-volume
methods.

3.4.1. Solubility and Diffusion Coefficient

Picard et al. [88] presented the penetrant solubility
for nanocomposite (S;) as:
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S.=810-9) (13)

The diffusion coefficient of the nanocomposite (D.)
can be obtained by

D

- (14)

The permeability coefficient for the nanocomposite
(P¢) can be written as:

P.-DS(1-¢)f (19)
Where,
. @ is the volume fraction of the nanofiller-

reinforced polymer matrix.
. fis the tortuosity factor

3.4.2. Tortuosity Factor

The Maxwell model predicted the tortuosity factor
for a nanocomposite coating reinforced with a periodic
array of impermeable spheres [89].

f=1+ -

(16)

The model prediction is good for a 10% volume of
spherical particles. The model was further improved by
adding a periodic array of infinite cylinders embedded
with parallel nanofillers [90] and given by

f=1+w

tortuosity factor was calculated using Nielsen's model
[91] and given as:

!
f=1+¢5 (18)

P

Cussler et al. [92] assumed that Nielson’s model
was inadequate for a low filler volume fraction with
overlap and introduced a model for nanoplatelets
aligned perpendicular to the diffusion path as given
below:

an)Z

f=1+ (19)
4(1-9¢)

2, . Lo d

. @ is the aspect ratio, which is given as —
a

. d is the distance of the nanoplatelets to the next.
i a is the thickness of the nanoplatelets.

Figure 5 illustrates the CO; diffusion directly through
the polymer matrix and through a tortuous path created
by nanoplatelets in a polymer matrix [93].

3.5. Fabrication Techniques for
Polymer Nanocomposite Coatings

Polymer and

Coatings applied to CO, pipeline materials are
primarily categorized as metallic, inorganic, or organic
[94], with this review focusing on organic coatings,
including polymer and polymer nanocomposite
coatings For effective application, substrate surface
preparation is essential, as surface contaminants and
roughness influence the coating adhesion. The primary
fabrication techniques for polymer and nanocomposite

(17)
(I1-9)
For a nanocomposite film with nanoparticles coatings include the following:
oriented perpendicular to the diffusion path, the
(a)  Gasmolecules I(b) Gas molecules
} '
|

Figure 5: Schematic diagram of a gas molecule diffuses (a) perpendicularly through (b) a tortuous pathway created by

nanoplatelets in a polymer matrix [93].
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Figure 6: Sol-gel coating process [96].

3.5.1. Sol-Gel Technique

The sol-gel process, in conjunction with physical
deposition methods, enables the formation of a uniform
coating with micron-level thickness [95]. Typically, a sol
is prepared by dissolving a precursor (e.g., calcium
phosphate) in a mixture of methanol and distilled water.
Heating facilitates gelation by increasing viscosity.
Coatings are then applied by dip-coating, exhibiting
excellent adhesion, compositional tunability, and
compatibility with complex geometries. However,
limitations include long processing times, sensitivity to
layer thickness (risk of cracking), and potential phase
separation during thermal curing. Figure 6 shows the
sol-gel coating process.

Facio et al. [97] produced superhydrophobic surface
coatings via the sol-gel process wusing silica
nanoparticles and silanol-based precursors. The
densely packed coating traps air and prevents water
droplets from penetrating. Hybrid approaches, such as
electrochemical codeposition combined with sol-gel,

Drving |

Gel

| ecmmemme
i — et
— e 1

Electrodeposition

Coating

have enabled the incorporation of nanoparticles like
gold [98].

3.5.2. Electrostatic Powder Coating

This solvent-free method utilizes an electrostatic
spray to deposit dry powders onto a grounded
substrate, followed by curing in an oven at elevated
temperature to form a continuous film [99, 100].
Applicable to both thermoplastic (e.g., PE, PP, PVC),
thermoset (e.g., epoxy, polyester) polymers and hybrid
(e.g., combination of epoxy and polyester) polymers.
Powder coatings offer environmental advantages such
as the absence of volatile organic compounds, reduced
waste and minimal toxicity. Limitations include defects
like wrinkling or pinholes and challenges in coating
complex geometries [99]. Figure 7 shows the
electrostatic powder coating process.

3.5.3. Physical and Chemical Vapor Deposition

Physical vapor deposition (PVD) involves vapor-
phase transport of atoms or molecules that condense

Coating powder spraying

Electrostatic spray gun

High voltage generator

® Coating particles

Oven curing

® Negatively charged coating particles

Figure 7: Electrostatic powder coating [100].
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Figure 8: Thermal spray coating layout [109].

on a substrate to form coatings. PVD is suitable for
depositing inorganic matrices or nanocomposite films
[94]. Chemical vapor deposition (CVD) entails gas-
phase chemical reactions on a heated substrate,
forming solid coatings [101]. CVD supports high
deposition rates and can achieve thick coatings without
high vacuum systems. However, high temperatures (up
to 600 °C) may Ilimit substrate options, and the
precursors involved can be hazardous. Plasma-
enhanced CVD mitigated some of these drawbacks.

3.5.4. In-Situ Polymerization

This method synthesizes polymer coatings directly
on substrates using monomers and initiators [101-103].
Common fillers include metal or metal oxide
nanoparticles. Polymerization can be initiated via
electrodeposition [104], oxidative agents [105], or
photoinitiation [106-108]. This versatile technique
allows for the formation of uniform nanocomposite
layers.

3.5.5. Thermal Spray Coating

Thermal spray processes involve heating polymer
or polymer-nanoparticle mixtures to a molten or semi-
molten state and propelling them onto a substrate
using high-velocity gas streams [109]. Common
techniques include plasma arc, electric arc and high-
velocity oxy-fuel (HVOF) spraying. The deposited
splats solidify upon impact, creating thick coatings (25
pum to 2.5 mm). Advantages include wide material
compatibility and recoatability. However, coating
intricate geometries remains challenging [110]. Figure
8 shows the thermal spray coating process.

3.5.6. Flow Coating

Flow coating offers precise control of submicron
polymer film thickness. It employs a fixed blade above
a mobile stage with a defined gap [111]. Polymer or
nanocomposite solutions are dragged across the

substrate via capillary forces and friction between the
blade and the moving platform. This method ensures
uniform coating layers and is suitable for laboratory-
scale applications.

4. CONCLUSION AND RECOMMENDATIONS

This review summarizes the use of polymer and
polymer nanocomposite coatings for CO, pipeline
applications, especially in carbon capture and
transportation systems where CO, may exist with
impurities (e.g., H.O, HyS, NOx). While many studies
focus on coatings under supercritical CO;, or in the
presence of specific impurities, broader
characterization under realistic multi-component
streams is still lacking. Nanofiller incorporation can
enhance coatings performance, but filler selection and
dispersion are critical. Elastomers, despite high
crosslink density, can suffer damage under rapid gas
decomposition. In contrast, PEEK and PTFE remain
stable, and HDPE and PTFE demonstrate low CO,
solubility and minimal mechanical degradation.
Polymer thickness impacts diffusion time but not the
solubility levels. Solubility in nanocomposites is
generally governed by the base polymer, as fillers have
negligible influence. Further, the size of gas molecules
determines the diffusion coefficient. Gravimetric or
pressure-based measurement techniques are used to
measure the gas permeation characteristics.
Graphene, graphene oxide, and clay with proper
functionalization should be used to improve the barrier
properties of polymer nanocomposites. All the empirical
models used in determining the transport properties
have certain limitations. Electrostatic coating has less
environmental and climatic pollution during production.

RECOMMENDATIONS

1. Employ the flow stream method combined with
mass spectrometry or gas chromatography to
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evaluate the permeation behavior of CO, and
impurity mixtures.

Use functionalized hybrid (e.g., clay-graphene
combinations) with CO,-resistant polymers (e.g.,
HDPE, PTFE, and PP) to enhance barrier
properties.

Conduct electrochemical and structural analysis
under supercritical CO, and impurity mixtures to
understand synergistic effects.

Design coatings to mitigate  corrosion
mechanisms such as pitting, hydrogen
embrittlement, and stress corrosion cracking.

Extend the duration of characterization tests and
maintain constant impurity replenishment to
simulate feed conditions.

Further  investigate polymer  absorption,
plasticization, and crystallization phenomena to
inform coating design.

These strategies will support the development of

robust coatings tailored for long-term protection of CO2

pipeline

infrastructure under complex operational

environments.
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