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Abstract 

Fiber-reinforced polymer composites provide high specific stiffness, strength, corrosion resistance, and 

design flexibility, but their growing use creates increasing concern regarding energy-intensive 

reinforcement production, manufacturing scrap, and end-of-life composite waste. Recycled fibers offer 

an important route toward more circular polymer composites by recovering carbon, glass, textile, 

cellulosic, or other reinforcing materials and introducing them into new thermoplastic or thermosetting 

matrices. Their sustainability and engineering performance, however, depend on more than recycled 

content alone. Fiber-length retention, orientation, surface chemistry, matrix compatibility, dispersion, 

contamination, recycling severity, and processing history can strongly influence mechanical behavior. 

Recycled carbon fibers recovered under controlled conditions have demonstrated substantial retention of 

tensile properties, while recycled glass-fiber composites can approach virgin-composite performance 

when fiber-length distributions and processing conditions are appropriately managed.  

This conceptual–methodological study develops a framework for evaluating recycled fiber 

reinforcement through four interconnected domains: retained mechanical performance, interfacial 

quality, processing compatibility, and circular-resource benefit. Carbon, glass, textile/cellulosic, and 

hybrid recycled-fiber pathways are compared using a transparent simulated suitability model. Because 

no original experimental dataset was supplied, all numerical results are explicitly illustrative and should 

not be interpreted as measured composite properties.  

The analysis indicates that sustainable composite design requires simultaneous optimization of 

fiber recovery, surface condition, fiber architecture, polymer compatibility, processing route, product 

performance, and end-of-life strategy. The study concludes that recycled fibers should be treated as 

engineered reinforcement streams rather than undifferentiated waste materials and that their strongest 

applications will emerge where recycled-fiber characteristics are deliberately matched with realistic 

structural requirements. 

 

Keywords: recycled fibers, polymer composites, recycled carbon fiber, recycled glass fiber, textile 

waste, sustainable composites, circular economy, fiber–matrix interface. 

 

1. Introduction 

Fiber-reinforced polymers have become important engineering materials because reinforcement enables 

polymer matrices to achieve mechanical properties that would be difficult to obtain from unfilled 

polymers alone. Carbon-fiber-reinforced polymers provide high specific stiffness and strength, whereas 
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glass fibers offer comparatively economical reinforcement for automotive, construction, consumer, 

electrical, and industrial applications. Natural and textile-derived fibers can provide additional pathways 

for lower-density or resource-efficient composite systems. The environmental challenge arises because 

composite systems are inherently heterogeneous: fibers, polymer matrices, sizing agents, fillers, 

coatings, and additives are integrated to achieve performance but can become difficult to separate at end 

of life. Pimenta and Pinho identified this difficulty in their review of carbon-fiber-reinforced polymer 

recycling, while Oliveux, Dandy, and Leeke later demonstrated that effective fiber recycling requires 

attention not only to material recovery but also to the properties and applications of the recovered 

reinforcement. 

Recycled fiber reinforcement addresses this problem by attempting to preserve part of the 

material and economic value embedded in existing composite products or manufacturing waste. 

Mechanical recycling can produce short fiber-rich fractions; thermal treatments such as pyrolysis can 

remove polymer matrices while retaining fibers; and chemical or solvolysis-based routes can separate 

matrices under controlled conditions. Gopalraj and Kärki's comprehensive review shows that different 

recovery techniques create different trade-offs in fiber quality, environmental burden, economic value, 

and scalability. Consequently, the phrase recycled fiber does not describe a single standardized material. 

Recovered reinforcement can vary substantially in length, cleanliness, surface functionality, residual 

sizing, contamination, strength, and processability. 

The engineering relevance of recycled fibers depends on how much useful reinforcement 

function survives the recycling cycle. Kim and colleagues recovered carbon fibers through a 

superheated-steam-assisted process and reported tensile strength retention close to that of virgin fibers 

while also achieving favorable interfacial behavior. Altay and colleagues demonstrated that recycled 

carbon fibers incorporated into polypropylene can substantially increase tensile and flexural stiffness, 

indicating that recycled fibers can provide meaningful reinforcement rather than merely acting as low-

value fillers. Such evidence challenges the assumption that recycled composite reinforcement is 

necessarily unsuitable for demanding applications, although performance must still be established for the 

intended material system. 

Fiber recovery alone is insufficient because composite properties are controlled by interactions 

between reinforcement and matrix. Recycled carbon fibers often become shorter and less aligned than 

virgin continuous fibers. Van de Werken and colleagues showed that alignment, aspect ratio, surface 

characteristics, and processing significantly influence the mechanical behavior of recycled carbon-fiber 

composites. Cai and colleagues similarly demonstrated that treatment of recycled carbon-fiber surfaces 

can modify interfacial adhesion with polypropylene. For glass-fiber systems, repeated processing can 

shorten fibers, yet research shows that controlling the resulting length distribution can recover much of 

the mechanical performance lost during recycling. Sustainable composite engineering therefore requires 

control of microstructure rather than simple maximization of recycled content. 

This study develops a conceptual framework for Recycled Fiber Reinforcement for Sustainable 

Polymer Composites. The framework recognizes recycled carbon fiber, glass fiber, textile/cellulosic 

fiber, and hybrid reinforcement as distinct material pathways with different opportunities and 

limitations. It evaluates these pathways through retained mechanical capability, fiber–matrix interface 

quality, processing compatibility, circular-resource contribution, and application matching. The paper 
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does not report fabricated specimens or experimentally measured tensile, flexural, impact, or 

interlaminar properties. Instead, published evidence is synthesized into a methodological structure, 

followed by a clearly identified simulated comparative analysis that can guide future experimental 

validation. 

 

2. Objectives of the Study 

2.1 To Develop a Recycled-Fiber Composite Selection Framework 

The first objective is to develop a structured framework for selecting recycled fibers according to 

engineering function rather than recycled content alone. Fiber type, length, orientation, surface 

condition, contamination, thermal history, and compatibility with the intended matrix are considered 

together. 

The framework distinguishes high-performance recycled carbon-fiber applications from cost-

oriented recycled glass-fiber systems and from textile or cellulosic reinforcement routes intended for 

semi-structural, interior, consumer, building-product, or other appropriate applications. This avoids 

unrealistic expectations that every recovered fiber stream should replace an equivalent virgin 

reinforcement in the same product. 

 

2.2 To Examine Property Retention and Fiber–Matrix Interface Requirements 

The second objective is to examine the mechanisms controlling property retention after recycling. 

Tensile properties of individual recovered fibers are important, but composite performance also depends 

on effective stress transfer through the interface. 

The study therefore gives specific attention to fiber surface chemistry, residual matrix 

contamination, sizing removal, oxidation, coupling treatments, fiber alignment, and matrix 

compatibility. The purpose is to demonstrate why apparently similar recovered fibers can produce 

different composite properties when their interfacial conditions differ. 

 

2.3 To Integrate Mechanical Performance with Circularity Assessment 

The third objective is to evaluate recycled-fiber composites using a balanced engineering–sustainability 

perspective. High recycled content may reduce demand for virgin reinforcement but cannot 

automatically establish environmental superiority if recycling processes are energy intensive, material 

losses are high, or the resulting composite has an unacceptably short service life. 

The proposed methodology therefore evaluates both technical performance and circular-resource 

contribution. A sustainable composite should retain sufficient functionality to avoid premature 

replacement while reducing demand for new reinforcement and creating a credible next use for 

recovered material. 

 

3. Review of Literature 

3.1 Recovery Routes and Retention of Reinforcement Properties 

Composite recycling technologies differ according to whether the objective is to recover an entire 

material fraction, remove the polymer matrix, or obtain fibers suitable for reincorporation into new 

composites. Mechanical recycling generally reduces composite waste through shredding, grinding, or 
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size-reduction operations. It can be comparatively simple but normally shortens fibers and produces 

heterogeneous fractions. Thermal processes remove organic matrices and can recover cleaner carbon 

fibers, while chemical processes attempt to depolymerize or dissolve matrix phases under controlled 

conditions. 

Oliveux, Dandy, and Leeke provide a detailed review of these pathways and conclude that 

carbon- and glass-fiber recycling should be evaluated according to recovered-fiber properties and 

realistic reuse markets rather than by recovery rate alone. Gopalraj and Kärki similarly emphasize the 

relationship among recycling technology, retained fiber characteristics, lifecycle considerations, 

economic value, and industrial scalability. These studies demonstrate that recycling is not complete 

merely when the fiber has been physically separated from the waste stream; the recovered reinforcement 

must still possess sufficient quality for a meaningful second application. 

Carbon fiber provides a particularly strong incentive for recovery because virgin carbon-fiber 

manufacturing is technically demanding and energy intensive. Butenegro and colleagues' review notes 

that circular-economy interest in CFRP recycling is partly driven by the ability to recover fibers that can 

retain properties close to virgin reinforcement while avoiding part of the cost and energy associated with 

producing new carbon fiber. Kim and colleagues provide experimental evidence that carefully controlled 

superheated-steam treatment can recover carbon fibers with substantial tensile-strength retention and 

favorable interface characteristics. 

Glass-fiber recovery presents different economics because virgin glass fiber is less costly than 

carbon fiber. Oliveux and colleagues note that recovery routes demanding extensive thermal or chemical 

treatment may be difficult to justify economically for glass fiber unless the recycled material is 

introduced into appropriate applications. This reinforces the need for application-specific recycling 

routes rather than treating carbon- and glass-fiber systems identically. 

 

3.2 Fiber Length, Orientation, Surface Condition, and Composite Performance 

Composite reinforcement efficiency depends strongly on fiber geometry. Continuous aligned fibers can 

carry load efficiently along the reinforcement direction, whereas recycled fibers are often discontinuous 

and randomly arranged. Recovery, shredding, compounding, extrusion, and injection molding can 

further shorten fibers. The resulting composite therefore requires design methods appropriate to 

discontinuous reinforcement. 

Van de Werken and colleagues demonstrated that the mechanical properties of recycled carbon-

fiber composites depend strongly on fiber alignment, aspect ratio, and surface treatment. Their work is 

important because it shifts attention from the strength of an individual recycled fiber toward the 

architecture of the recycled reinforcement network. High-quality fibers dispersed randomly in short 

lengths may provide lower directional stiffness than a lower-volume fraction organized into more 

effective alignment. 

Altay and colleagues demonstrated this principle in polypropylene composites reinforced with 

recycled carbon fiber. Their experimental results showed that recycled carbon-fiber additions could 

increase tensile and flexural properties significantly, with reinforcement content influencing both 

strength and stiffness. The result demonstrates that recycled carbon fiber can create lightweight 
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thermoplastic composites suitable for applications substantially different from the original continuous-

fiber product from which the material may have been recovered. 

The interface creates a second critical control point. Cai and colleagues found that superheated-

steam treatment altered recycled carbon-fiber surface chemistry and improved interfacial adhesion with 

polypropylene. This finding is important because polymer matrices differ widely in polarity and 

chemical structure. A surface condition favorable for epoxy may not provide the same adhesion with 

polypropylene, polyamide, polyester, or another thermoplastic. Recycled-fiber qualification should 

therefore include interface-specific characterization rather than only single-fiber tensile testing. 

 

3.3 Recycled Glass, Textile, Natural, and Hybrid Reinforcement Pathways 

Sustainable composite design extends beyond recovered carbon fiber. Recycled glass-fiber-reinforced 

thermoplastics may offer attractive opportunities for automotive, appliances, transport interiors, 

industrial components, and durable goods where cost and high-volume processing are important. 

Research on recycled glass-fiber polypropylene demonstrates that mechanical deterioration is closely 

related to fiber-length changes and that appropriate blending of recycled short- and long-fiber materials 

can recover tensile, flexural, and impact performance close to virgin reference material. 

Textile waste represents another potential reinforcement stream. Patti, Cicala, and Acierno 

review the use of recovered textile fibers in composite applications and identify composite 

manufacturing as one possible route for increasing the value of textile waste while contributing to 

circular material flows. End-of-life cellulose-containing textiles have also been investigated as 

reinforcement in all-cellulose composite structures, demonstrating that textile waste can become a 

functional composite feedstock rather than remaining solely a low-grade recycling stream. 

Residual polymers reinforced with natural or cellulosic fibers introduce further opportunities for 

lower-density sustainable materials. Fuentes Molina, Fragozo Brito, and Polo Benavides emphasize that 

natural-fiber reinforcement can improve properties of residual polymers, but matrix interaction, fiber 

treatment, processing, and durability remain critical. These systems should not be assumed to provide 

the same structural properties as recycled carbon composites. Instead, they expand the range of 

applications in which recycled polymer matrices and reclaimed or renewable reinforcement can replace 

more resource-intensive material systems. 

 

4. Research Methodology 

4.1 Research Design 

The study follows a conceptual–methodological design based on a structured synthesis of peer-reviewed 

research concerning carbon-fiber recycling, glass-fiber recycling, textile-fiber recovery, natural-fiber 

reinforcement, fiber–matrix adhesion, and recycled composite processing. No original laboratory 

specimens were manufactured. 

The analytical unit is the recycled-fiber reinforcement pathway, defined as a combination of fiber 

source, recovery method, recovered morphology, matrix system, interface condition, processing method, 

and intended application. 
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4.2 Recycled Fiber Qualification Framework 

Four primary performance domains were established: retained mechanical capability, interfacial quality, 

processing compatibility, and circularity contribution. 

 

Table 1: Qualification Framework for Recycled Fiber Reinforcement 

Assessment 

Domain 
Key Variable Engineering Question 

Recommended 

Evaluation 

Fiber 

integrity 

Fiber length, strength, 

diameter, damage 

Has sufficient 

reinforcement capability 

survived recovery? 

Single-fiber testing, 

microscopy, fiber-

length analysis 

Fiber–matrix 

interface 

Surface chemistry, 

sizing, contamination, 

wettability 

Can load be transferred 

effectively between matrix 

and recycled fiber? 

IFSS testing, 

microscopy, surface 

characterization 

Processing 

compatibility 

Dispersion, orientation, 

viscosity, thermal 

stability 

Can the fiber be 

incorporated without 

excessive breakage or 

defects? 

Compounding trials, 

rheology, process 

monitoring 

Composite 

performance 

Tensile, flexural, impact, 

fatigue or fracture 

behavior 

Does the final composite 

satisfy application 

requirements? 

Standardized 

mechanical testing 

Circularity 

contribution 

Virgin-fiber 

displacement, recovery 

yield, processing burden 

Does recycling retain 

useful material value? 

Material-flow and 

lifecycle assessment 

End-of-life 

compatibility 

Future recyclability of 

matrix and reinforcement 

Does the new composite 

create another difficult 

waste stream? 

Design-for-recycling 

review 

 

4.3 Analytical Model and Simulated Suitability Index 

The maximum conceptual score is 100. This index is not a standardized engineering test and is not 

intended to replace actual mechanical or lifecycle assessment. It simply provides a transparent structure 

for comparing alternative recycled-fiber pathways during early-stage material screening. 

Four conceptual pathways were evaluated: recycled carbon fiber, recycled glass fiber, recycled 

textile/cellulosic fiber, and hybrid recycled-fiber reinforcement. Scores were generated solely for 

illustrative comparison. 
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5. Analysis 

5.1 Recycled Fiber Performance Depends on Retained Architecture 

The analysis indicates that the principal challenge in recycled-fiber composites is not necessarily 

catastrophic loss of intrinsic fiber properties. Carbon fibers can retain substantial strength after 

controlled recovery, as demonstrated experimentally by Kim and colleagues. A greater challenge often 

lies in transforming recovered short, tangled, or discontinuous reinforcement into an architecture capable 

of exploiting that retained strength. 

The same principle applies to repeated thermoplastic recycling. Glass fibers undergo breakage 

during processing, which can reduce aspect ratio and reinforcement efficiency. Research demonstrating 

near-virgin mechanical performance after controlling glass-fiber length distribution shows that 

processing strategy can compensate for some of this degradation. 

Recycled-fiber engineering should therefore focus on property retention at composite level, not 

merely recovery yield. Fiber orientation technologies, nonwoven production, aligned discontinuous-fiber 

processing, controlled compounding, and hybridization can substantially influence whether recovered 

fibers perform as structural reinforcement or merely as short particulate filler. 

 

5.2 Simulated Technical–Circularity Comparison 

 

Table 2: Simulated Balanced Suitability of Recycled Fiber Pathways 

Recycled 

Reinforcement 

Pathway 

Mechanical 

Performance 

Interfacial 

Quality 

Processing 

Compatibility 

Circularity 

Benefit 
Total 

Recycled 

carbon fiber 
23 20 18 24 85 

Recycled glass 

fiber 
19 18 21 21 79 

Recycled 

textile/cellulosic 

fiber 

16 17 20 23 76 

Hybrid 

recycled-fiber 

system 

21 20 20 24 85 

 

The simulated comparison assigns recycled carbon fiber the highest mechanical-performance 

contribution because of its high retained specific stiffness and strength potential. Its processing score is 

lower because recovered carbon fibers frequently require additional control of length, orientation, and 

handling. Recycled glass fiber receives a stronger processing score because chopped-fiber thermoplastic 
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processing is comparatively established, although its circular-resource economics can be less favorable 

than carbon-fiber recovery. 

The textile/cellulosic pathway obtains a lower structural-performance score but a strong 

circularity score because it can redirect textile waste toward value-added composite products. Hybrid 

recycled-fiber reinforcement obtains a high total score by combining different fiber attributes and 

reducing dependence on a single recovered material stream. 

 

Graph 1: Technical–Circularity Balance of Recycled Fiber Reinforcement Pathways 

 
Key Finding: The graph illustrates that no recycled-fiber pathway dominates every performance 

dimension. Recycled carbon fiber provides the strongest simulated mechanical contribution, whereas 

other reinforcement streams can offer better processing simplicity, cost accessibility, or waste-utilization 

opportunities. 

 

5.3 Application Matching Is More Important Than Universal Virgin-Fiber Replacement 

The analysis further indicates that recycled fibers should not automatically be required to reproduce the 

highest-performance virgin composite from which they originated. Pimenta and Pinho recognized early 

that recycled carbon fibers can create competitive structural materials even when the new product differs 

from the original aerospace or high-performance application. Oliveux and colleagues similarly 

emphasize the need to develop appropriate markets and applications for recovered reinforcement. 

A recovered carbon-fiber stream consisting of discontinuous fibers may be highly suitable for 

injection-molded structural brackets, automotive components, housings, tooling, electrically functional 

composites, or compression-molded parts even when it cannot replace continuous aerospace laminate 

reinforcement directly. Recycled glass fiber can similarly serve durable semi-structural thermoplastic 
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products, while textile or cellulosic fibers may be better suited to interiors, panels, consumer goods, 

acoustic components, packaging systems, or building products. 

Application matching converts recycling from a process of attempting to restore an original 

material into a strategy of preserving the highest practical value of the recovered reinforcement. 

 

6. Discussion 

6.1 Recycled Content Is Not an Adequate Measure of Composite Sustainability 

A major implication of the study is that recycled content alone cannot establish whether a composite is 

sustainable. A composite containing a high percentage of recovered fiber may have poor durability, 

inefficient processing, inadequate mechanical properties, or a matrix that prevents future recycling. 

Gopalraj and Kärki emphasize that recycling technologies should be compared according to 

environmental effects, recovered-fiber quality, commercial value, and scalability. Scaffaro, Di Bartolo, 

and Dintcheva similarly argue that a genuinely circular approach should consider recovery or reuse of 

both the reinforcement and polymer matrix where technically feasible, rather than focusing only on fiber 

recovery. 

A meaningful sustainability assessment should therefore include virgin-material displacement, 

recycling energy, recovery yield, service life, mechanical performance, production scrap, transport, 

maintenance, and the end-of-life pathway of the new composite. Recycling should preserve 

functionality, not merely mass. 

 

6.2 Interface Engineering Is Central to High-Value Fiber Reuse 

The second major implication concerns fiber–matrix adhesion. Composite reinforcement can carry 

significant tensile load only when stress is transferred effectively across the interface. Surface 

degradation, residual matrix, removal of original sizing, oxidation, or unsuitable chemistry can therefore 

reduce the value of otherwise strong recycled fibers. 

Cai and colleagues' work shows that recycled carbon-fiber surface treatment can improve 

adhesion with polypropylene by modifying surface functional groups. Van de Werken and colleagues 

also demonstrate that fiber treatment must be considered together with fiber alignment and aspect ratio 

when designing recycled carbon composites. 

Future recycled-fiber manufacturing should consequently develop matrix-specific sizing or 

coupling strategies. A recycled fiber should not be considered a universal reinforcement feedstock until 

its surface condition has been characterized relative to the intended polymer. 

 

6.3 Hybridization Can Convert Recycled-Fiber Variability into a Design Opportunity 

A third implication is that variability need not always be treated solely as a defect. Recovered fibers may 

differ in length, stiffness, surface condition, cost, and availability. Hybrid composite design can 

potentially combine these characteristics rather than requiring one recovered stream to satisfy every 

requirement. 

For example, recycled carbon fiber can provide stiffness while lower-cost recycled glass fiber 

improves economic accessibility. Recycled textile or cellulosic fibers can contribute lower density, 
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waste diversion, acoustic performance, or nonstructural functionality. Virgin reinforcement may also be 

used selectively in highly loaded zones while recycled fibers occupy lower-stress regions. 

Hybridization should nevertheless be based on explicit structural design and lifecycle reasoning. 

Adding multiple fiber types without considering separation and future recycling may create a more 

complex end-of-life problem. The circular benefit therefore depends on whether hybridization increases 

useful service life and material utilization sufficiently to justify its added material complexity. 

 

7. Conclusion 

Recycled fiber reinforcement provides an important pathway toward more resource-efficient polymer 

composites by retaining useful properties from carbon fiber, glass fiber, textile waste, and other 

reinforcement streams that might otherwise enter low-value recovery or disposal routes. Existing 

research demonstrates that appropriately recovered carbon fibers can retain a substantial proportion of 

their original mechanical capability and that recycled fiber thermoplastic composites can achieve useful 

structural performance. 

The principal engineering challenge lies in controlling the transition from recovered fiber to new 

composite. Fiber-length retention, orientation, dispersion, surface chemistry, matrix compatibility, 

processing severity, and interface quality determine whether recovered reinforcement retains high 

functional value. The paper therefore proposes that recycled fibers should be qualified as engineered raw 

materials with defined structural and processing characteristics rather than treated as homogeneous 

recycled waste. 

The simulated analysis illustrates a balanced assessment in which recycled carbon, glass, 

textile/cellulosic, and hybrid fiber systems possess different combinations of mechanical performance, 

interface quality, processing compatibility, and circularity potential. The numerical scores are not 

empirical findings. Future research should fabricate representative composites and measure tensile 

strength, modulus, flexural behavior, impact resistance, fatigue, fracture characteristics, interfacial shear 

strength, fiber-length distributions, processing energy, and lifecycle impacts under controlled conditions. 

The broader conclusion is that sustainable polymer composites will require a shift from 

maximizing either mechanical performance or recycled content independently toward preserving the 

greatest feasible material value over multiple product cycles. Recycled fiber reinforcement is most 

credible when the recovered material is matched with a technically appropriate matrix and application, 

delivers sufficient service performance, reduces demand for virgin reinforcement, and is incorporated 

into a design that anticipates its own subsequent recovery or reuse. 
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