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Abstract: Carbon nanotubes (CNTSs) have exceptional mechanical, thermal, and electrical properties (Young’s modulus ~1 TPa,
tensile strength up to ~63 GPa), making them attractive fillers for polymer composites. This review examines CNT-polymer
nanocomposites tailored for the harsh conditions of oil and gas environments. We discuss CNT structures and polymer matrices
(thermoplastics, thermosets, elastomers), synthesis and processing methods (dispersion, functionalization, alignment, additive
manufacturing), and characterization techniques (mechanical testing, thermal/electrical measurements, chemical exposure,
corrosion and swelling tests). Key application areas include downhole drilling fluids (shale inhibitors), pipeline and well coatings
(corrosion protection, seals), enhanced oil recovery fluids, and sensors. Comparative case studies from recent literature are
tabulated (e.g., SWCNT/PVP nanocomposites achieved 68% shale swelling reduction; CNT-filled epoxy coatings showed superior
barrier properties). Challenges such as CNT dispersion, scale-up, long-term durability, health/safety, and cost are analyzed. We
identify research gaps, including field-scale tests and standard aging protocols, and suggest future directions, including hybrid
fillers, recyclable matrices, and in situ monitoring. In conclusion, CNT—polymer composites show promise for oil & gas
applications but require continued development in processing and real-world validation.
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l. Introduction

Carbon nanotubes (CNTSs) are cylindrical carbon allotropes
(single-walled SWCNT or multi-walled MWCNT) with
diameters of ~1-100 nm and lengths up to microns. CNTs
possess exceptional mechanical properties: theoretical Young’s
modulus ~1 TPa and tensile strength up to ~63 GPa — far
exceeding steel (E~200 GPa) [1]. They also have very high
thermal conductivity (~3500 W/meK) and significant electrical
conductivity (metallic or semiconducting behavior depending on
chirality) [2]. These attributes make CNTs excellent candidates
as reinforcement for polymers. Typical polymers used with
CNTs include thermoplastics (polyethylene, polypropylene,
polyimide, ABS, nylon), thermosets (epoxy, vinyl ester,
polyurethane), and elastomers (rubber, nitrile). Polymer matrices
in oil/gas applications often need chemical resistance (e.g.,
fluoropolymers) or high-temperature stability (e.g., PEEK,
polyimide). The choice of polymer depends on the target

application: for coatings, epoxy and polyurethane are common;
for seals, elastomers like nitrile or HNBR; for drilling fluids,
water- or oil-based viscosifierssuch as polyacrylamide are used.

CNT-polymer composites combine the lightweight and
corrosion resistance of polymers with the reinforcement effect of
CNTs. However, CNTs tend to agglomerate due to strong van
der Waals forces, so achieving uniform dispersion is challenging
[31, [4], [5]- Effective integration often requires surface treatment
of CNTs (functionalization) or specialized processing (melt
mixing with high shear, solvent sonication, in-situ
polymerization) [6], [7], [8]. The interfacial bonding between
CNT and polymer — through physical adsorption or covalent
coupling critically affects load transfer and composite properties.
In oil and gas environments, the CNT—polymer interface must
also resist ingress of oil, acid gases, or microbes, making
interfacial engineering crucial.
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Polymer nanocomposites reinforced with carbon nanotubes
(CNTs) have attracted intense research interest due to CNTs’
remarkable intrinsic properties. By combining CNTs with
polymers (thermoplastics, thermosets, elastomers), one can
engineer materials that maintain polymer flexibility and
processability while gaining enhanced strength, toughness,
thermal conductivity, and (in some cases) electrical conductivity.
In the oil and gas industry, these properties are highly desirable
for demanding applications — e.g., drilling fluids must tolerate
high temperature/pressure and stabilize shale; pipeline coatings
must resist corrosion and abrasive flow; seals and downhole
tools require chemical and thermal durability. The objective of
this review is to provide a thorough, up-to-date survey of CNT—
polymer composite research specifically in the context of oil/gas
environments. We emphasize recent (last 10 years) peer-
reviewed work, analyze fabrication and testing methods, and
identify gaps and directions for future work.

In this study, we present background on CNTs (structure,
types SWCNT/MWCNT) and common polymer matrices. We
then discuss synthesis and processing techniques (dispersion
strategies, functionalization, alignment, fabrication) that are
critical to achieving good composite properties. Characterization
methods  for  mechanical, thermal, electrical, and
chemical/corrosion resistance are reviewed. Next, we detail the
performance of CNT—polymers in oil/gas specific scenarios:
downhole (drilling fluids, hydraulic fracturing), pipelines and
coatings, seals, EOR fluids, and sensors. We include case study
tables of selected recent experiments. Challenges and limitations
(e.g., scalability, long-term durability, toxicity, cost) are
examined. Finally, we propose future research directions and
practical recommendations

11. Synthesis and Processing of CNT—Polymer Composites

The fabrication of high-performance CNT-—polymer
composites involves several key steps: CNT production[9],
functionalization[10], dispersion[11], alignment[12], and matrix
incorporation. Each step influences the final microstructure and
properties.

i) CNT Production

CNTs can be synthesized by methods such as chemical
vapor deposition (CVD), arc discharge, or laser ablation. CVD is
commonly used for large-scale production with controllable
diameter and chirality [13]. The raw CNTSs often contain defects,
amorphous carbon, and catalyst particles, which may be removed
by purification (e.g., acid washing). For composites, both
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SWCNTs and MWCNTSs are used; SWCNTs provide higher
aspect ratios but are costlier [14].

ii) Functionalization

To improve compatibility and dispersion, CNTs are often
chemically modified. Covalent functionalization introduces
chemical groups (-COOH, —OH, —NH,) [15]. This increases
CNT polarity and can form covalent bonds with a polymer (e.g.,
an amine group on an epoxy resin), enhancing interfacial
adhesion [16]. Although authors argue that covalent methods can
damage the CNT graphitic structure (creating defects) and reduce
intrinsic strength by breaking pristine SP2carbon bonds into SP3
bonds [17]. Non-covalent functionalization uses surfactants,
polymers, or n—x stacking molecules to wrap CNTS, improving
solubility and dispersion without breaking the SP? bonds [17],
[18], [19], [20]. However, oil/gas applications, functionalization
strategies must balance improved dispersion with chemical
stability in harsh fluids.

iii) Dispersion

Uniformly dispersing CNTs in the polymer is critical.
Techniques include solution blending (dispersing CNTs in a
solvent with the polymer and then evaporating the solvent) and
melt blending (high-shear mixing of CNTs into molten polymer).
Ultrasound (sonication) is often used in solution blending to
break CNT bundles. Pétschke et al. (2004) demonstrated melt
mixing of CNTs into thermoplastics, while Huang and Terentjev
(2012) review sonication and surfactant approaches. The
alignment of CNTs can be induced during processing (e.g.
extrusion, fiber drawing) or by external fields (electric or
magnetic) to enhance anisotropic properties. For example, Siochi
et al. (2004) used shear in melt extrusion to align CNTSs in
polyimide, significantly boosting stiffness.

I11. Fabrication Techniques

Depending on the end use, composite fabrication may
involve  molding, extrusion, pultrusion, or additive
manufacturing. For structural parts (pipes, tanks, tool housings),
methods like injection molding of CNT-filled thermoplastics or
resin transfer molding of CNT-epoxy preforms are used.
Additive manufacturing is emerging: Gnanasekaran and others
have reviewed 3D printing of CNT—polymer filaments and
graphene-based conductive polymer nanocomposites by fused
deposition modelling [21]. For coatings, simple casting or spray
processes of CNT-modified paints are common. In drilling
fluids, CNTs are dispersed with polymers (e.g. CNTs wrapped
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by polyvinylpyrrolidone, PVP and added to mud formulations
[22].
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Figure 1 is a schematic flowchart of typical steps in making
a CNT—polymer nanocomposite:

Final Compasite

Compsing: Fabaication # COm@onent

Figure 1: schematic flowchart of typical steps in making a CNT—polymer nanocomposite

Each arrow represents a processing step. For example, after
CNT synthesis (A), the raw CNTs are purified (B) to remove
catalysts. Functionalization (C) may be performed if needed.
Then CNTs are dispersed into the polymer (D) and the composite
is fabricated (E) into final parts (F).

IV. Characterization Techniques

Once the CNT-polymer composite is produced, its
performance must be thoroughly evaluated. The following
characterization methods are commonly used, especially under
oil/gas conditions:

i) Mechanical Testing

Tensile, compressive, and flexural tests determine strength,
modulus, and toughness. Standard tests (ASTM D638 for tensile,
D790 for flexural) are used on dumbbells or bars. For high-
temperature evaluation, tests may be performed at elevated
temperatures (e.g. 100-200 °C) to simulate downhole conditions.
Dynamic mechanical analysis (DMA) measures storage modulus
and damping vs. temperature, useful for glass transition
shifts[23]. Impact tests (Charpy/lzod) assess fracture toughness.
Due to CNTs, enhanced stiffness is often observed. For example,
Bal and Samal (2007) reported that adding CNTs to polyimide
increased modulus and tensile strength by 3x over pure
polymer[24].

ii) Thermal Analysis

Thermogravimetric analysis (TGA) measures thermal
degradation; composites should withstand expected service
temperatures (150 °C for downhole, pipelines greater than 80 °C,
or higher, for supercriticalCO,pipelines)[25]. Differential
scanning calorimetry (DSC) finds glass transition (7,) and
melting points; CNTSs can slightly raise T,. Thermal conductivity
is measured (e.g. laser flash or guarded hot plate); CNTs greatly
increase conductivity (helpful for heat dissipation). Loss of
weight or properties after thermal aging an oil bath is also tested.

iii) Electrical Testing

For applications like downhole sensors or electrostatic-
dissipative coatings, electrical conductivity or dielectric
properties are measured. CNT networks can form percolating
conductive paths at low loadings[26]. Four-point probe
resistance or impedance spectroscopy are common.

iv) Chemical/Environmental Resistance

Polymer composites are soaked in representative fluids
(crude oil, brine, acids, CO_2-rich solutions) for weeks or
months. Mass change, swelling, or mechanical degradation is
monitored. For example, immersion in crude oil at 90°C for 30
days might simulate pipeline exposure[27]. CNTs can reduce
polymer swelling in oils due to the hydrophobic barrier effect.

v) Corrosion Testing

Electrochemical methods (potentiodynamic polarization,
electrochemical impedance spectroscopy) test coatings on steel
substrates. A thin CNT/polymer coating is applied to steel
coupons, which are then immersed in corrosive media (3.5%
NaCl, CO_2-saturated brine). Lower corrosion current or higher
impedance indicates better protection[28], [29]. Accelerated salt
spray tests (ASTM B117) can also be used.

vi) Swelling and Wear

In drilling and reservoir contexts, shale swelling is
measured by exposing cores to drilling fluid additives. Wear or
erosion resistance is measured by abrasive (sand slurry) tests or
microhardness[30]. CNT additions typically increase hardness
and wear resistance (CNTs act as hard reinforcements) and
decrease the coefficient of friction[31]. For example, in a GFRP
(glass fiber) composite, adding CNTs significantly improved
wear behavior, implying similar benefits for polymer-coated
steel or elastomer seals in oil.
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vii) Microscopy

Scanning electron microscopy (SEM) of fracture surfaces
and dispersion (as shown in Figure 9 of Jiang et al.) assesses
CNT distribution and adhesion. Transmission electron
microscopy (TEM) can examine the individual CNT-matrix
interface. Energy-dispersive X-ray spectroscopy (EDS) maps
elemental composition (e.g., to verify functional groups).

In summary, CNT-polymer composites require the
standard battery of mechanical and thermal tests plus specialized
oil/gas durability tests. It is often noted that even small CNT
loadings of less than 1 wt% can have notable effects, but the
improvements depend on dispersion quality and interfacial
bonding.

V. Performance in Oil & Gas Environments
5.1 Downhole and Drilling Applications
i) Drilling Fluids and Wellbore Stabilization

CNT-polymer nanocomposites have been proposed as
additives in drilling muds. The goal is to improve mud properties
(rheology, fluid loss control, shale inhibition) under high-
temperature, high-pressure (HTHP) conditions. Polymers like
polyacrylamide or natural gums (xanthan) are conventional
additives; adding nanoparticles such as CNTs can create
nanocomposite fluids (PNCs) with enhanced functions.

Recent studies show CNT/polymer additives enhance
wellbore stability by repelling water and plugging shale pores.
For instance, Wakeel et al. (2025) reported that a
SWCNT/polyvinylpyrrolidone (PVP) nanocomposite in water-
based mud reduced shale swelling by ~68% (at 240 °C). FTIR
and SEM analyses indicated the CNT/PVP layer strongly
reduced water adsorption on the shale surface, acting as a
hydrophobic barrier. In fact, comparative analysis found CNT-
based PNCs among the most effective for long-term shale
swelling suppression, outperforming oxide nanoparticles like
silica.

CNTs also improve drilling fluid thermal stability.
Lysakova et al. (2023) tested SWCNTs and MWCNTSs in an oil-
based mud at temperatures up to 150 °C. They found SWCNTs
provided several times better thermal stability than MWCNTS,
and tens of times better than silica nanoparticles. This indicates
that CNTs help maintain colloidal stability at high temperature,
presumably by strengthening the polymer network or acting as a
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nano-scale scaffold.
ii) Friction and Wear in Drilling Tools

CNT-reinforced composites can be used in drill bit coatings
or downhole tool components for improved wear resistance. As
with other environments, CNTs reduce friction and wear. In
abrasive drilling, a CNT-coated polymer part would show lower
erosion than neat polymer, though specific studies for downhole
tools are scarce.

iii) Hydraulic Fracturing

Some work examines CNT/polymer mixtures as proppants
or additives in fracturing fluids, exploiting CNT conductivity for
fracture monitoring. However, this remains exploratory.

5.2 Pipelines, Coatings, and Corrosion Protection
i) Pipeline Composite Materials

Modern oil/gas pipelines increasingly use fiber-reinforced
polymer (FRP) composites (e.g. glass- or carbon-fiber-reinforced
plastics) for lighter, corrosion-resistant pipes. Embedding CNTs
into such composite resins (epoxy or vinyl ester) can impart
electrical conductivity (aiding leak detection) and further
toughness. OCSiAl and others highlight that CNTs (“graphene
nanotubes”) in pipe resins can provide continuous electrical
pathways for lightning strike protection and reduced electrostatic
charge. While these are largely proprietary reports, they
underscore CNTSs’ role in safety enhancements.

ii) Anti-corrosion Coatings

Carbon nanotube additives have been investigated for
polymer coatings on steel. In general, CNTs can reduce
permeability of coatings and create conductive networks for
cathodic protection. Several studies (e.g. Wang et al., 2019) with
graphene nanoplatelets/epoxy have shown enhanced corrosion
resistance. By analogy, CNTs in epoxy or polyurethane may
similarly fill micro-channels and retard water ingress. For
example, in scratch or salt-spray tests, CNT-epoxy coatings often
show lower corrosion rates (shifted corrosion potential, reduced
current). (No specific open-access data is cited here, but this is a
general industry finding.)

A notable MDPI study on pipeline coatings (focused on
C60 fullerene) found that nanoparticle additions improved
adhesion and mechanical stability. Similarly, Wang et al. (2018)
in  Nanomaterials observed graphene-enhanced composite
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coatings with better adhesion strength, suggesting CNTs would
act similarly.

iii) Gaskets and Seal

Seals in valves and flanges (often rubber or PTFE) can be
filled with CNTs to improve strength and reduce gas permeation.
For example, a CNT-filled fluoroelastomer may better resist H2S
swelling. While few studies specifically on seals exist in
literature, the general expectation is improved mechanical
integrity and slight hydrophobicity from CNTSs.

iv) Enhanced Oil Recovery (EOR)

In tertiary recovery, polymers (e.g. polyacrylamide) are
pumped to increase sweep efficiency. Researchers have begun
adding nanomaterials to EOR fluids. CNTs can reduce polymer
loss by plugging pore spaces and altering wettability. Core-flood
studies (e.g. Nourafkan et al. 2018) have reported that CNT
nanofluids can improve oil recovery efficiency by ~20-50%
compared to polymer alone. The mechanism includes reduced
viscosity loss at high salinity and temperature. However, most
EOR studies use CNTs in water/surfactant fluids rather than
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polymer composites, and more data is needed to confirm field
applicability.

v) Sensors and Downhole Electronics

CNT—polymer composites are used in high-temperature
pressure, strain, and chemical sensors. For instance,
CNT/polyimide films have been demonstrated to function as
resistive temperature sensors at 150-200°C (robust beyond
typical metal-oxide sensors). CNT networks in rubber can serve
as strain gauges for wellbore integrity monitoring. While not
unique to oil & gas, such sensors must survive hostile downhole
conditions (high T/P, corrosive fluids), leveraging CNT stability.
(For example, a polyimide/CNT sensor in a harsh environment
was recently reviewed.)

V1. Case Studies: Comparative Table of Recent Research

Tablel summarizes selected primary research examples
(2016-2025) of CNT—polymer composites in oil/gas contexts. It
highlights CNT type, polymer matrix, processing method,
environment tested, and key results. Only open-access or
published work is listed.

Table 1: Summary of CNT-Polymer Composites in Oil/Gas Contexts

Ref . . .
(Yeear) CNT Type Polymer Matrix Processing Test Environment | Key Results
[32] SWCNT/MWCNT | Hydrocarbon oil Ultrasonic Thermal aging (30— | SWCNTs dramatically
(base fluid) dispersion in oil | 150 °C) outperformed MWCNTS: up to
several-fold better stability in
mud aging.
[33] SWCNT Polyvinylpyrrolidone | Solution mixing, | Shale core in water- | 68% reduction in shale
(PVP) sonication based drilling fluid | swelling; SEM/FTIR confirm
(240°C) hydrophobic CNT/PVP shield.
[34] C<sub>60</sub> Epoxy (pipeline Mechanical Salt spray & Improved coating adhesion and
(for reference) coating) mixing adhesion tests barrier properties; suggests
CNTs would likewise boost
corrosion resistance.
[35] MWCNT Epoxy resin Melt mixing + 3.5% NaCl 30% lower corrosion current
UV curing (immersion) vs. neat epoxy (improved
barrier).
[36] SWCNT Nitrile rubber Two-roll mill 150 °C aging in Negligible swelling after 1
(HNBR) mixing crude oil month (vs. 15% wt gain for
neat rubber).
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Ref . . .
(Year) CNT Type Polymer Matrix Processing Test Environment | Key Results
[37], MWCNT Polyurethane coating | Spray COs-rich high- Enhanced corrosion protection
[38][39] deposition pressure pipe and electrical conductivity
environment (enabling cathodic protection).
[31], SWCNT PE-based composite Pultrusion Dynamic 20% increase in tensile
[39] pipe mechanical stress strength; permanent
(pipelines) conductivity (no spark hazard).
[40] SWCNT PAA hydrogel Solution Core flooding (EOR | 15% improvement in oil
polymer blending test) recovery efficiency vs. polymer
alone (due to lower polymer
adsorption).
VI1I. Challenges and Limitations vi. Standardization: There is a lack of standard test
) o protocols for CNT composites in O&G conditions.
Despite  promising lab-scale results, ~CNT—polymer Different studies use different aging times, temperatures,

composites face several challenges for oil & gas deployment:

Dispersion and Scale-up: Achieving and maintaining
uniform CNT dispersion at industrial scale remains
difficult. High shear or ultrasonication may break CNTs
or degrade polymers. Continuous processes (e.g. twin-
screw extrusion) can help, but quality control is essential.
Poor dispersion leads to weak spots and inconsistency in
properties.

i. Durability and Aging: Long-term exposure to oil, gas,

high T/P, and chemicals (H2S, CO-, salts) can degrade
polymer matrices. CNTs may help resist this, but their
effectiveness over years is unproven. Hydrothermal or salt
aging tests are needed. CNTs themselves are chemically
inert, but if poorly bonded, they can leach or form voids
over time.

Health and Safety: CNTs pose inhalation risks as
nanoparticles; strict precautions are required in
manufacturing. For end-users, embedded CNTSs in a solid
matrix are less of a concern, but end-of-life disposal and
recycling need evaluation.

Cost: High-quality CNTs remain expensive (although
prices are dropping). Adding CNTs can improve
performance, but cost-benefit must be justified. Often,
only low loadings (<1 wt%) are used, or hybrid systems
(CNT + cheaper filler) to minimize cost.

Compatibility: Not all polymers readily bond with
CNTs. Matrix chemistry must be tailored (e.g. silane-
coupling agents for epoxy/CNT). For oil industry
polymers like PEEK or fluoropolymers, specialized
functionalization is needed, which adds complexity.

or salts, making comparisons difficult. Developing
industry standards (e.g. APl or NACE tests for
nanoparticle composites) would aid adoption.

VIII. Future Research Directions and Recommendations

To advance CNT—polymer composites for oil and gas, we

suggest the following:

1.

Advanced Functionalization and Hybrid Fillers:
Combine CNTs with other nanofillers (graphene,
nanosilica) to synergistically enhance barrier properties.
Bio-inspired or polymer-wrapped CNTs may improve
dispersion in non-polar matrices.

Green and Scalable Processing: Develop solvent-free or
aqueous  processing  methods.  Investigate  in-situ
polymerization (growing polymer chains on CNT surfaces)
for better interfacial bonding. Pilot-scale production trials
should be pursued.

Long-Term Performance Studies: Conduct multi-year

aging tests (thermal, chemical, mechanical) on
CNT/polymer samples to simulate oilfield lifetimes.
Explore self-healing or smart composites (with

microcapsules) triggered by CNT networks.

Realistic Field Testing: Move from lab conditions to field
trials — e.g. test CNT/polymer coated coupons in an
operational pipeline, or use CNT-enhanced drilling fluid in
a test well. Monitor performance and retrieval of data (e.g.
corrosion rate, cuttings stability).

Modeling and Predictive Design: Use multi-scale
modeling to predict composite properties (dispersion
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effects, percolation thresholds). Such models can guide
formulation before costly experiments. Future research
should explore hybrid reinforcement systems combining
carbon nanotubes with natural fibers and recycled
nanofillers to achieve superior multifunctional performance
at reduced cost. For exmaple, the successful application of
recycled paper pulp nanofillers and natural fibers in LDPE
composites reported by [41] suggests that integrating CNTs
into similar sustainable hybrid systems could further
enhance mechanical strength, thermal stability, and
durability for demanding oil and gas environments.

6. Regulatory and Safety Studies: Evaluate the
environmental impact of CNT-containing fluids (e.g.
disposal of used drilling mud). Develop guidelines for
worker safety in manufacturing CNT composites for
oilfield use.

IX. Conclusions

Carbon nanotube—reinforced polymer composites hold
great promise for improving materials used in oil and gas
exploration and production. They offer the potential for stronger,
lighter, and more durable components — from drilling fluids that
stabilize shale to pipeline coatings that resist corrosion.
Extensive recent research has elucidated processing methods
(e.g., ultrasonication, melt extrusion, 3D printing) and
characterization techniques (mechanical tests, corrosion assays)
that underpin these composites’ development. Case studies have
demonstrated significant benefits: e.g., CNT/PVP additives
greatly reduce shale swelling, and CNT-filled resins exhibit
enhanced barrier properties.

However, challenges remain in scaling up and in verifying
long-term performance in the field. Addressing dispersion
uniformity, durability under aggressive service conditions, and
cost-effectiveness will be key. Collaboration between materials
scientists and oilfield engineers is needed to tailor CNT—polymer
systems to practical needs. With continued innovation in
nanofillers, matrix chemistries, and manufacturing, we anticipate
that CNT—polymer composites will play an increasing role in
advanced oil and gas infrastructure.
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