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I. INTRODUCTION 
 

Carbon nanotubes (CNTs) have attracted significant 

scientific interest due to their exceptional 

mechanical, electrical, and thermal properties. When 

incorporated into polymer matrices, they have the 

potential to revolutionize composite materials. 

However, the practical realization of CNT-reinforced 

polymers depends heavily on achieving good 

dispersion, interfacial adhesion, and retention of 

CNT properties. This review discusses fundamental 

concepts, experimental and theoretical studies, 

functionalization strategies, processing methods, 

applications, toxicity considerations, and future 

directions in CNT–polymer composites.  

 

II. TYPES AND PROPERTIES OF CARBON 

NANOTUBES 

 
Figure 1: Types of CNTs 

 

 

 

Carbon nanotubes are classified into single-walled 

(SWCNTs) and multi-walled (MWCNTs) forms. Their 

mechanical strength, electrical conductivity, and 

thermal properties vary depending on chirality, 

defects, and wall number.  

 

Table: 1 Comparison Between SWCNTs and 

MWCNTs 

Property SWCNTs MWCNTs 

Number of 

walls 

Single Multiple 

Diameter ~1 nm 2–100 nm 

Electrical 

conductivity 

High Lower than 

SWCNTs 

Mechanical 

strength 

Higher Good but lower 

than SWCNTs 

Ease of 

synthesis 

Difficult Easier 

Cost Expensive More cost-

effective 

 

III. CNT–POLYMER INTERACTIONS 

 
Interactions are categorized as non-covalent (van 

der Waals, π–π stacking, hydrogen bonding) or 

covalent (chemical bonding). Non-covalent methods 

preserve CNT structure, while covalent interactions 

enhance load transfer at the cost of possible 

structural disruption.  
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Figure 2: Covalent vs Non-Covalent Interaction 

Mechanisms 

 

IV. FUNCTIONALIZATION OF CNTS 
 

Functionalization techniques, such as oxidation, 

amidation, and polymer wrapping, aim to improve 

CNT dispersion and compatibility with polymers. 

Covalent functionalization modifies the CNT surface 

chemically, whereas non-covalent methods preserve 

intrinsic properties.  

 

Feature Covalent 

Functionalization 

Non-Covalent 

Functionalization 

Mechanism Chemical 

bonding 

Physical 

interactions (π–π, 

Van der Waals) 

Effect on 

CNT 

structure 

Alters π-electron 

system 

Preserves π-

electron system 

Dispersion 

efficiency 

High Moderate 

Effect on 

conductivity 

Reduced Maintained 

Common 

techniques 

Oxidation, 

amidation 

Polymer wrapping, 

surfactant 

adsorption 

Application 

suitability 

Mechanical 

reinforcement 

Electrical/biological 

applications 

Table: 2 Covalent vs Non-Covalent Functionalization 

 

V. PROCESSING TECHNIQUES 

 
Processing methods like solution mixing, melt 

mixing, in situ polymerization, electrospinning, and 

layer-by-layer assembly are used to fabricate CNT–

polymer composites. Each technique impacts 

dispersion quality, scalability, and interfacial 

strength.  

 

Technique Key Features Advantag

es 

Limitatio

ns 

Solution 

Mixing 

CNTs 

dispersed in 

solvent + 

polymer 

Simple, 

scalable 

CNT 

bundling, 

solvent 

removal 

Melt Mixing Direct 

mixing of 

CNTs in 

polymer 

melt 

Industriall

y viable 

High 

viscosity 

affects 

dispersio

n 

In Situ 

Polymerizati

on 

Polymerizati

on around 

CNTs 

Strong 

bonding 

Complex 

process 

Electrospinni

ng 

Produces 

nanofibers 

Good 

dispersio

n 

Limited 

to certain 

polymers 

Layer-by-

Layer 

Thin film 

assembly 

Precise 

control 

Time-

consumi

ng 

 

Table: 3 Summary of Processing Techniques for 

CNT–Polymer Composites 

 

 

 
Figure 2: Processing Techniques 

 

VI. MECHANICAL, ELECTRICAL, AND 

THERMAL PROPERTIES 

 
Well-dispersed CNTs significantly enhance tensile 

strength, Young’s modulus, electrical conductivity, 

and thermal conductivity. However, poor dispersion 

can cause agglomeration, reducing performance. 
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Figure 4: Property Enhancement in Polymers with 

CNTs 

 

VII. APPLICATIONS 

 
Applications range from aerospace and automotive 

parts to sensors, flexible electronics, biomedical 

scaffolds, and water purification systems.  

 

VIII. TOXICITY AND ENVIRONMENTAL 

IMPACT 

 
Toxicity concerns include respiratory risks and 

environmental persistence. Surface functionalization 

can mitigate toxicity, and sustainable processing 

methods are increasingly important.  

 

IX. FUTURE DIRECTIONS AND 

CHALLENGES 
Aspect Covalent  Non 

covalent  

Impact on 

properties  

Bond type  Chemical 

(strong)  

Physical 

(weak and 

moderate)  

Strong 

bonding vs 

preserved 

conductivity  

Effect on 

CNTs  

Disrupt π 

system  

Preserve 

structure  

Trade of 

between 

strength and 

conductivity  

Strength of 

attachmen

t  

Strong and 

stable  

Moderate 

and 

reversible  

Durability vs 

flexibility  

Applicatio

ns  

Mechanica

l 

reinforcem

ent  

Electrical 

sensing, 

biomedical  

Targeted by 

application 

needs  

Table: 4 Comparison of Covalent and Non-Covalent 

CNT–Polymer Interactions Based on Future 

Application Relevance 

 

Efforts focus on smart composites, sustainable 

production, scalability, and safer-by-design 

approaches. Integration with AI and advanced 

manufacturing will drive future developments. 

 

X. CONCLUSION 

 
Carbon nanotube–polymer composites represent a 

pivotal advancement in materials science, blending 

the extraordinary properties of CNTs with the 

versatility of polymers. This review highlighted the 

critical role of interfacial interactions, 

functionalization strategies, processing methods, 

and environmental considerations. Future research 

must focus on smarter designs, sustainable practices, 

and scalable production to fully harness the 

potential of CNT–polymer composites in next-

generation technologies.  

 

 
Figure 5: Conceptual Flow of CNT–Polymer 

Composite Development: From Nanotube Selection 

to Application 
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