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Summary

Plastics’ long degradation time and the continuous accumulation of plastic waste in oceans contribute to a
growing environmental crisis. Similarly, the disposal of wind turbine blade (WTB) waste has emerged as a
pressing challenge due to its complex composition and substantial volume. Current disposal methods, such as
landfilling, are unsustainable and necessitate the development of innovative recycling solutions. This submission
presents an advanced approach to repurposing WTB waste by mechanically recycling glass fibers (GF) extracted
from decommissioned turbine blades. The proposed recycling solution enhances environmental sustainability by
diverting WTB waste from landfills and repurposing it into high-performance materials, thereby reducing pol-
lution and ecological impact. This method also supports the principles of a circular economy by promoting the
reuse of valuable materials rather than relying on virgin resources. Additionally, the process reduces greenhouse
gas emissions associated with traditional disposal methods such as incineration and landfilling, making it an
environmentally responsible approach to waste management.

Beyond its environmental benefits, the proposed recycling process is economically viable. The scalable dry-jet
wet spinning and forced assembly techniques enable cost-effective production, making it attractive for indus-
tries seeking sustainable yet financially feasible material solutions. By establishing a supply chain for recycled
GF-based composites, industries can lower raw material costs while maintaining high-performance standards.
Furthermore, large-scale implementation of this recycling strategy can contribute to economic growth by creating
job opportunities in recycling, advanced manufacturing, and composite material production. This shift not only
benefits manufacturers but also aligns with corporate sustainability goals, increasing market competitiveness
and consumer appeal.

The adoption of this recycling approach is further supported by its strong alignment with regulatory
frameworks and policy incentives aimed at reducing industrial waste and promoting sustainable manufacturing.
Governments and environmental organizations can provide financial incentives, research grants, and regulatory
support to encourage widespread adoption. With growing public awareness and industrial commitment to
sustainability, this method holds significant potential for integration into global waste management strategies,
fostering long-term ecological and economic benefits.



1 Industry overview

Freshwater and marine ecosystems are seriously threatened by plastic garbage worldwide. An estimated 19 to
23 million metric tons of plastic, or 11% of the world’s plastic garbage, entered aquatic habitats in 2016. By
2030, these figures are anticipated to rise sharply, possibly to 53 million metric tons annually.[1] Since the world
consumes more than 380 million metric tons of plastic each year, inappropriate disposal of plastic waste poses
serious environmental problems.[2] When plastic garbage is improperly disposed of, particularly in landfills, it
can seriously contaminate soil and water, endangering ecosystems and public health.[3] Recycling plays a crucial
role in reducing energy consumption and mitigating environmental impacts.[4] However, landfill disposal, while
preferable to incineration, is increasingly restricted by legislation prioritizing recycling and the reuse of waste as
a valuable resource.[5][6] Transforming solid waste into high-value carbon materials is essential for advancing a
circular economy, promoting sustainable resource utilization, and minimizing environmental harm.[7][8][9][10]

The installed wind turbine blade (WTB) capacity in the worldwide wind energy sector is an astounding 540
GW. WTBs are getting bigger, heavier, and stronger as energy needs rise. The growing need for these blades
is a result of the wind power industry’s explosive growth.[11] Addressing the climate issue and lessening the
environmental impact of the rise of renewable energy depend on creating effective strategies for managing WTBs
after the end of their 20-25 year lifetime..[12] However, effectively recycling WTBs remains a major challenge
for environmental sustainability. [13][14] As a result, most WTBs are discarded in landfills, where they persist
for decades, contributing to soil and water contamination and exacerbating environmental degradation.[15][16]
However, this strategy is not environmentally sound, which is why several nations have outlawed the disposal of
composite garbage in landfills. It is technically difficult to recycle materials like glass fiber-reinforced polymers
(GFRP), which are used in WTBs, and turn them into useful new goods. Creating efficient WTB recycling
systems is essential to addressing this environmental problem.[14][17] This problem is especially urgent as the
installation of wind turbines throughout the world is growing and generates thousands of tons of end-of-life
WTB waste every year. By 2035, it is predicted that around 8,000 tons of blade mass would need to be disposed
of in places like Maine alone.[18][19] Since the early 1990s, mechanical recycling has been thoroughly studied
and shown to be a successful technique for recycling GFRP. GFRP recycling methods may be divided into three
groups: chemical, thermal, and mechanical procedures.[20][21] Among these, mechanical recycling is the most
widely used and efficient approach for reinforced composites. It involves breaking down the composite material
and reducing particle size through shredding, crushing, milling, and sieving.[22] Because to its low energy
consumption, this technique is exceptionally effective in recovering glass fibers (GF) imbedded in the polymer
matrix without the use of dangerous solvents. It is possible to include recycled GFRP waste into polymer
applications as filler substitutes or to partially reinforce composite polymers in the form of powder and fibers
with different size gradings. This method offers GFRP material reuse in a sustainable way.[23] The inclusion
of recycled solid waste (such as GF) as filler reinforcement is significantly limited in composite manufacturing
scalability, typically restricted to less than 10%.[24]

Particle-filled polymer composites offer lightweight, cost-effective, and durable properties. Homogeneous mix-
ing ensures isotropic characteristics, while combining particle fillers with polymer matrices enhances hybrid
properties, improving composite performance and structural integrity.[25] Polyacrylonitrile (PAN) is the leading
precursor for manufacturing high-performance carbon fibers due to its high carbon yield and ability to produce
fibers with exceptional properties.[26] Compared to other precursors like pitch and cellulose, PAN-based carbon
fibers excel in mechanical strength,[27] flame retardancy,[28] thermal stability,[29] and resistance to chemical
and environmental degradation,[30] making them the preferred choice for advanced applications.



2 Design, Functionality and Durability

2.1 Materials

The PAN copolymer, which was obtained from Goodfellow Cambridge Limited in Huntingdon, England, was
composed of 99.5% acrylonitrile and 0.5% methacrylate. It had a molecular weight of 230,000 g/mol and an aver-
age particle size of 50 pm. By breaking down the composite material and reducing particle size through processes
like shredding, crushing, milling, grinding, and sieving (through mesh 40), the solid waste of WTBs—which
included wood, adhesives, coatings, and GF—was processed to produce fine particles with an 82 weight percent
GF concentration. The average particle size of treated GFRP was estimated using ImageJ software and found
to be 38 microns in length and 4 microns in diameter. N-dimethylformamide (DMF) (ACS reagent, >99.8%)
was one of the solvents used to dissolve PAN and disseminate GF, and methanol (ACS reagent, >99.8%) as a
coagulant, both obtained from Sigma-Aldrich, USA. All materials were purchased and used as received, without
further modifications.

2.2 Dry-jet wet spinning of PAN-GF Dbers

The fiber-spinner feedstock was prepared by dissolving PAN in DMF to create the solution. Initially, glass fibers
(GF) were incorporated into the PAN solution in DMF, resulting in a suspension that was subjected to tip
sonication for 30 minutes at 60% amplitude (Q500, Fisher Scientific, US). The mixture was then mechanically
stirred at 130°C for 45 minutes until a clear solution was formed. To remove air bubbles, the solution was placed
in a vacuum oven (Lindberg Blue M, Thermo Scientific, US) at 50°C for 30 minutes. After deaeration, the
solution was transferred to a metal syringe connected to a pump, where it was injected at a controlled rate of
2 mL/min to facilitate fiber extrusion and formation. The spinneret, designed specifically for this process, was
manufactured using a Concept Laser 2 metal 3D printer with Inconel material, allowing for intricate designs.

Fiber spinning: (Figure 1) The solution was injected into an air gap of 1.5-2.0 cm before entering the
coagulation bath. In the dry-jet wet spinning process, the air gap enabled fiber extension, which helped reduce
defect density and enhance molecular alignment.[31] Two simultaneous diffusion processes were started by
immersion in the coagulation bath: the solvent-rich phase (DMF) was replaced by the non-solvent (methanol),
which produced a gel-like fiber structure, and the polymer-rich phase condensed into the fiber. To finish the
coagulation process, the as-spun fibers were submerged in methanol for half an hour. A high coagulation rate was
required to reduce gradient variations between the fiber’s surface and core, preserving a circular cross-section
and guaranteeing uniform coagulation and preventing core deformation. A polymer distribution gradient might
result from mismatched diffusion rates between the layers, giving rise to irregular morphologies. The size of the
fiber and the alignment of the polymer chains were mostly determined by the flow and injection rates.[32][33]
Reduced fiber diameter and increased defect density were the outcomes of greater flow rates through the coagu-
lation bath and lower injection rates for the spinning solution. Stretching and recoiling effects, however, meant
that a higher draw ratio during coagulation did not necessarily translate into improved polymer chain alignment.
For instance, molecular recoil may result from severe stretching caused by high flow rates, which would prevent
further polymer chain alignment.[34] Therefore, the injection rates was optimized at 2 mL/min for collection
onto the winders.

Fiber Drawing:Fibers were stretched to their maximum draw ratios without breaking while being hot drawn
through baths of water and silicone oil. The macromolecules were oriented parallel to the fiber axis by high
shear stresses.[35] To eliminate the DMF solvent and aid in polymer chain alignment, the fibers were first drawn
through a water bath set at 85 °C. To improve the coagulation and reduce the amount of DMF in the gel fibers,
they were then immersed in methanol for a whole day. To eliminate moisture and compress voids, the wet PAN
fibers were vacuum-dried for 30 minutes at 50 °C. To get the highest draw ratio fibers, the fibers were then
pulled in an oil bath at 145 °C. By applying a protective coating to the fibers, this high-temperature drawing
optimized molecular extension.[36] The GF was able to overcome its spinning momentum with the aid of the
rising bath temperatures. Additionally, stretching at higher temperatures produced dense structures with better
mechanical qualities and improved PAN fiber molecular orientation.[37]

Fiber Annealing: Usually, dry-jet spinning of polymer fibers is used to create PAN-based carbon fibers. This
is followed by thermal procedures such stabilization, carbonization, and graphitization.[38][39] Temperature is
a critical factor in influencing the quality of carbonized fibers during the heat-treatment process of PAN-based
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