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Abstract 

Carbon fiber composites are prohibitively expensive for a wide array of applications that would 

greatly benefit from their superior specific strength and specific stiffness. Replacing the market-

dominant carbon fiber precursor material, polyacrylonitrile, with a low-cost alternative would 

significantly reduce the cost of carbon fiber production. Commodity polymers may provide such 

an alternative thanks to their abundance and ease of production into fibers. This review presents 

state-of-the-art carbon fiber production from polyacrylonitrile, an overview of melt-spinnable 

alternative precursors broadly, and an in-depth review of the latest advances in the synthesis of 

carbon fibers from low-cost, commodity thermoplastics such as polyethylene, polyamide, 

polystyrene, polyester, and poly(vinyl chloride). 
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Abbreviations  

CFRP ............................................................... Carbon fiber reinforced polymers 

CPVC .............................................................. Chlorinated poly(vinyl chloride) 

EtOH ............................................................... Ethanol 

HDPE .............................................................. High-density polyethylene 

HRTEM........................................................... High resolution transmission electron microscopy 

LDPE............................................................... Low-density polyethylene 

LLDPE ............................................................ Linear low-density polyethylene 

PA 6 ................................................................ Polyamide 6 

PA 6,6 ............................................................. Polyamide 6,6 
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PAN................................................................. Polyacrylonitrile 

PBO ................................................................. Poly(p-phenylene-2,6-benzobisoxazole), Zylon 

PE .................................................................... Polyethylene 

PE-g-VTMS  ................................................... Polyethylene graft vinyl trimethoxysilane 

PET ................................................................. Polyethylene terephthalate 

PP .................................................................... Polypropylene 

PS .................................................................... Polystyrene 

PVC ................................................................. Poly(vinyl chloride) 

ReaxFF ............................................................ Reactive force field 

SEM ................................................................ Scanning electron microscopy 

TGA ................................................................ Thermogravimetric analysis 

UHMWPE ....................................................... Ultra-high molecular weight polyethylene 

1 Introduction 

Carbon fibers are thin filaments containing at least 92 wt% carbon atoms arranged in planar 

hexagonal networks [1]. Consequently, they possess high elastic modulus (up to 940 GPa for pitch-

derived carbon fibers) and strength (up to 5.7 GPa for polyacrylonitrile-derived carbon fibers) as 

well as low density due to their atomic composition [2]. Combining these fibers with a polymer 

resin matrix forms a composite material, called carbon fiber reinforced polymer (CFRP) 

composites, that can be formed into rigid components with tailored directional properties for great 

weight savings compared to conventional engineering metals [3]. These properties have been 

leveraged in cost insensitive applications, such as motorsports, aerospace, and high-end sporting 

equipment, for decades, but broader adoption has been limited by the high cost of carbon fiber 

production [4]. CFRP composites have the potential to greatly improve the energy efficiency of 

human mobility, the productivity of renewable power generation, and resilience of domestic 

infrastructure if they were less costly [5–7]. Accordingly, research and development has been 

focused on reducing the cost of CFRP composites by reducing the cost of producing carbon fibers. 

This would allow for broader application to address the most pressing socio-economic and 

environmental challenges worldwide [8]. 
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Generally, high-performance carbon fibers suitable for structural applications are produced by 

exposing organic fibers, called precursor fibers, to high temperatures to expel the fibers’ noncarbon 

atoms [9,10]. The chemical and microstructural properties of the precursor fibers greatly affect the 

properties of the resulting carbon fibers [11] and contribute more than half of the cost of a 

completed carbon fiber [12]. Therefore, material selection and precursor fiber spinning parameters 

must be carefully considered. Not all organic materials are suitable for this conversion procedure 

and of the materials that have been successfully converted into carbon fibers only two are of 

commercial significance today: polyacrylonitrile (PAN), and mesophase pitch. PAN precursors 

account for 90% of the carbon fiber market with the remainder derived from pitch [12]. Thus, 

reducing the cost of carbon fiber production begins with replacing PAN with a low-cost alternative 

precursor material. Two main factors affect the cost of the precursor: the feedstock materials and 

the fiber spinning method required. Many materials have been considered over the past several 

decades including textile-grade PAN, biopolymers such as lignin and cellulose, and pitch with 

limited success. Recently, commodity plastics have received growing attention as an alternative 

precursor because they are globally abundant and can be spun into fibers at much lower cost due 

to the simplicity of the fiber melt spinning process compared to the solution spinning process 

required for PAN precursors. 

In this review we will present the contemporary PAN-derived carbon fiber production process 

as a baseline, introduce the fiber melt spinning process as a framework for selecting a low-cost 

precursor, briefly discuss the broader families of melt spinnable precursors, and present recent 

progress towards converting common melt-processible commodity plastics into carbon fibers. 

1.1 Contemporary PAN-based Carbon Fibers 

Contemporary carbon fiber production from PAN requires solution spinning PAN into fibers, 

thermo-oxidatively stabilizing the fibers in air in the temperature range of 200-400°C, then 

carbonizing the fibers at high temperature in the range of 1000°C to 1700°C [2,9,13,14]. Ultra-

high performance carbon fibers can be created by graphitizing the fibers at temperatures ranging 

from 2500°C to 3000°C after carbonization [14,15], but this is an expensive procedure often 

reserved for special applications. PAN achieved dominance as a precursor due to its relatively high 

carbon yield, highly tunable processing parameters, and the superior properties of the carbon fibers 

it yields [16,17]. Although this precursor is referred to simply as PAN, it is most commonly a 

copolymer of PAN and another acrylic comonomer, such as acrylic acid, methacrylic acid, or 
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methacrylate amongst others, to improve drawability [18]. The critical advantage of PAN is that 

the material can be stabilized at temperatures below its melting point, thereby retaining the fibers’ 

morphology during subsequent thermo-oxidative stabilization. Strong interactions of highly polar 

nitrile groups allow for the cyclization of PAN molecules in the temperature range of 180-250°C 

whereas it melts at 317℃ [11,19,20]. However, producing PAN fibers is expensive; the precursor 

fibers account for 53% of the total cost of a carbon fiber [12].  Because PAN cyclizes and degrades 

before it melts, it must be dissolved in a highly polar solvent, such as dimethylformamide or 

dimethyl sulfoxide, to be spun into fibers [21]. This process is called solution spinning, which is 

subdivided into three types: wet spinning, dry-jet wet spinning, and dry spinning. Wet spinning is 

the most common method of solution spinning employed to form PAN fibers and involves the 

injection of a PAN/solvent solution from small orifices into a solvent/non-solvent coagulation bath 

to induce the precipitation of fibers, Fig. 1 [22]. Dry-jet wet spinning is a modification of wet 

spinning wherein an air gap of 10-200mm is established between the point of extrusion and the 

coagulation bath [11]. It can enable non-circular fiber cross sections and result in greater 

mechanical properties, faster spinning, and higher solid content [18]. However, it is limited to 

filament counts less than 12,000 whereas wet spinning can achieve filament counts greater than 

50,000 [11]. Both wet spinning processes involve a series of coagulation baths of different 

compositions and temperatures to achieve the desired fiber shape, dimensions, and properties by 

controlling the flux of solvent out of and water into the fiber [23,24]. The fibers are typically 

stretched after they are formed to improve molecular alignment, dried to remove water content, 

and relaxed to reduce internal stresses induced by the stretching process following their formation 

[11,25]. The wet spinning process is relatively slow because it is limited by the rate at which the 

fibers can form while achieving desired properties, and it is expensive because it requires constant 

maintenance, turnover, and disposal of the hazardous coagulation bath solution [12].  

Dry spun fibers are formed by extruding a polymer solution into a heated gas atmosphere where 

the solvent evaporates leaving a solidified fiber. A suitable solvent for this process must not only 

readily solvate PAN but must also have a low vapor pressure and high stability with PAN at its 

boiling point. Accordingly, dimethylformamide or dimethylacetamide are commonly used [26]. 

The dry spinning process enables the production of fibers with non-circular cross sections but 

requires careful control of the drying process so that enough solvent is retained as a plasticizer 

whilst capturing as much solvent as possible to be reused and prevent pollution. The complicated 



Page 5 of 52 

 

equipment required to achieve the desired fiber morphology and safely contain the vaporized 

volatile organic solvents makes this a costly process. The dry spinning of acrylic fibers was well-

reviewed by Imura et al. in 2014 including a schematic of a typical acrylic fiber dry spinning 

system, shown in Fig. 2 [27].  

Replacing the solution spinning process with a more economical fiber spinning method may 

greatly reduce the cost of producing precursor fibers and thus carbon fibers. An attractive 

alternative to wet spinning is melt spinning, which is one of the most popular fiber spinning 

methods due to its simplicity, high throughput, and low cost. 

 

Fig. 1. Abbreviated schematic of a wet spinning line composed of 1) polymer solution reservoir, 2) metering pump, 

3) spinneret, 4) coagulation bath, 5) washing bath, 6) drawing bath, 7) secondary washing bath, 8) drying godet, and 

9) dry-heated stretching and takeup [22]. Wet spinning lines can feature several washing baths in series to achieve 

proper solvent exchange [24] 

 

Fig. 2. Schematic of a typical dry-spinning system for acrylic fibers [27]. 

1.2 About Melt Spinning 

Fiber melt spinning is used extensively to produce textile fibers for numerous applications. 

Melt spinning involves the extrusion of melted polymers through small orifices. The extruded 

material cools in air and solidifies in the form of fibers. The fibers are drawn down in diameter 

during the cooling process to improve molecular alignment. Additional drawing may be applied 
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to further reduce fiber diameter and increase mechanical properties [28], as shown in Fig. 3. The 

fiber formation process is highly controllable through many parameters and is very well 

understood because it has been practiced for hundreds of years. Consequently, many resources 

have been compiled that provide great depth on the topic of melt spinning. The authors refer the 

reader to the recent review by Hufenus et al. [29] for a broader and deeper technical discussion of 

the fiber melt-spinning process. Crucial to the reduction of carbon fiber production cost, the 

throughput of melt spinning far exceeds that of solution spinning and does not require the 

maintenance and disposal of large quantities of solvents. Many natural and synthetic materials can 

be melt spun, and many of these materials have been demonstrated as suitable carbon fiber 

precursors. Four main categories of melt-spinnable carbon fiber precursors have arisen: melt-

processible PAN [30–32], mesophase pitch [33–35], biomaterials such as lignin and cellulose 

[10,12], and synthetic polymers (Sections 3-7). In this review, we will acknowledge the first three 

with a brief review of their current state and challenges, which will motivate an in-depth discussion 

of the nascent field of commodity synthetic polymer conversion to carbon fiber. 

 

Fig. 3. Schematic of a generalized melt spinning line composed of 1) pelletized resin input hopper, 2) single screw 

extruder, 3) spin pack with orifices for fiber extrusion, 4) convective air-cooling region for fiber solidification, 5) 

initial collection rollers for internal stress relaxation, 6) heated drawing rollers for additional fiber diameter 

reduction and molecular alignment, and 7) exit to final takeup onto spools [29]. 

2 Melt-spinnable Alternatives to Wet-Spun PAN 

2.1 Melt-Processible PAN 

The benefits of melt spinning over wet spinning have prompted many attempts to develop a 

melt-spinnable formulation of PAN; it has been shown that melt processible PAN would be cost-

competitive with commodity fibers and could reduce the cost of PAN precursor fibers by more 

than 30% [30,31]. In general, melt-processible PAN is enabled by interrupting PAN’s strong 
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nitrile-nitrile bonds with the addition of a non-solvent plasticizer or other monomers to reduce its 

melting temperature below its decomposition temperature [32]. Water was discovered to be an 

effective plasticizer for PAN in 1948 [36] and has received great attention due to its benignity. In 

1988, Grove et al. [37] first demonstrated the synthesis of carbon fibers from water-plasticized 

PAN with a notable average tensile strength of 2.5 GPa and a tensile modulus of 174-214 GPa, but 

they also showed significant porosity and surface defects, which led to inconsistent and broken 

fibers. Despite these results, work on water-based plasticizers has continued; In 2019, Yu et al. 

[38] demonstrated the effect of water on the melting temperature and viscosity for PAN melt 

spinning, and Yu and Baird [39] showed that a mixture of water and ethanol (PAN/H2O/EtOH at 

70/15/15 wt%) could significantly reduce the size of voids in melt processed PAN fibers (Fig. 

4ab). However, the authors did not publish properties for carbon fibers derived from these 

precursors. 

Organic plasticizers, such as ethylene carbonate [40], propylene carbonate [40,41], gamma-

butyrolactone [42–45], N-acetyl morpholine [42,46], ethylene cyclic sulfite [43], dimethyl 

sulfoxide, succinonitrile, dimethyl sulfoxide dimethyl sulfoxone [47], various ethylene glycols 

[48,49], formamide, acetamide, ethyl cyanoacetate [48], acetonitrile [45,50], C1 to C2 nitroalkanes 

and C1 to C4 monohydroxy alkanol with methanol [51], and glycerol [49,52,53], alone or in some 

combination often including water, have also been used to make melt processible PAN. Although 

data on the mechanical properties of carbon fibers derived from melt-spun PAN fibers formulated 

with organic plasticizers is scant, recent studies have shown that stabilization of these fibers yields 

the same functional groups found in conventional PAN precursor fibers after stabilization, more 

stable release of volatiles [52], a higher degree of stabilization, reduced skin-core structure, and 

higher density [54] than conventional PAN precursor fibers. However, the evolution of these 

compounds must be carefully controlled to minimize the formation of deleterious voids in the 

precursor fibers during formation. This can require a complex spinning apparatus involving 

pressurized chambers, inert atmospheres, and series of fiber conditioning rolls (Fig. 4c) [50]. The 

formation of voids and the complex apparatus to minimize their formation have limited the 

commercial adoption of this method. 

Ionic liquids have received growing interest as a non-solvent PAN plasticizer because they are 

easy to handle, produce few volatile compounds unlike organic plasticizers, and can improve 

carbon yield by co-carbonizing with the precursor material [55–57]. 1-Butyl-3-methylimidazolium 
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chloride ionic salt is one such ionic liquid that has been extensively studied for melt spinning PAN 

precursor fibers. It has been shown to induce cyclization during twin-screw compounding [58] and  

fiber spinning [59,60] thereby reducing stabilization time. The effects of compounding extruder 

residence time, fiber spinning speed [61], melt temperature [62], and air circulation rate during 

stabilization [63] have all been explored. In 2020, Martin et al. [64] compared 1-butyl-3-

methylimidazolium chloride as a PAN plasticizer with other ionic salts: 1-Propyl-3- 

methylimidazolium bromide, 1-butyl-3-methylimidazolium bromide, 1-(3-cyanopropyl)-3-

methylimidazolium bromide, and 1-(3-cyanopropyl)-3-methylimidazolium chloride. Each ionic 

salt was shown to reduce the melting temperature of the PAN by 150℃ and imbued appropriate 

melt rheology for melt spinning of homogeneous fibers with smooth surfaces and dense cross 

sections. Washing the fibers after spinning significantly increased carbon yield in all cases. Fibers 

treated with an ionic liquid containing bromine exhibited a greater carbon yield than those 

containing chloride and greater precursor mechanical properties from single-filament tensile tests. 

Furthermore, reducing the spinneret die diameter from 3175 μm to 100 μm and increasing the mass 

throughput scale improved the precursor tensile strength from 100 MPa to 240 MPa. The authors 

did not publish any results of subsequent conversions of these precursor fibers into carbon fibers.  

As explained in section 1.1, solution spun PAN is rarely homopolymer PAN; instead, it is a 

copolymer consisting of small amounts of acrylic acid, methacrylic acid, methacrylate, or other 

comonomers that act as plasticizers to improve the drawability of the fibers after formation [18]. 

Similarly, comonomers can be used to reduce the melting temperature of PAN.  The comonomers 

displace portions of the PAN chain so that fewer nitrile groups can correspond spatially. This can 

be achieved by introducing comonomers without side groups or with small side groups. It can also 

be accomplished via comonomers with large side groups that induce steric hindrance sufficient to 

reduce the amount of nitrile groups that can interface [32]. Melt processible copolymers of 

acrylonitrile and many comonomers, such as methyl acrylate [65–70], methacrylic acid [71], 

itaconic acid [68,71–73], vinyl acetate [68,73], vinylimidizole [53], acrylic acid [53], styrene [74], 

and acryloyl benzophenone [75] alone or in partial combination, have been demonstrated and 

characterized extensively. However, properties of carbon fibers derived from these precursors are 

less reported. Carbon fibers derived from melt spun PAN copolymers underperform 

conventionally produced carbon fibers because the same nitrile-nitrile bond interruption that 

enables melt spinning also limits the cyclization of these same nitrile groups, which is critical to 
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proper stabilization and the development of mechanical properties in carbon fibers [9]. For 

example, in 2019, Lee et al. [76] demonstrated carbon fibers with densified cross sections from 

electron-beam irradiation stabilized, melt spun poly(acrylonitrile-co-methyl acrylate) precursors 

with a tensile strength of 1.37 GPa and a tensile modulus of 110 GPa. 

 

Fig. 4. a) Scanning electron microscopy (SEM) image of large pores present in water-plasticized PAN fibers [39], b) 

SEM image showing significantly reduced porosity, in both size and count, in water/ethanol-plasticized PAN fibers 

[39], c) a schematic of a water- and acetonitrile-plasticized PAN fiber melt spinning system showing the great 

complexity required [50]. 

2.2 Mesophase Pitch 

Pitch is a tar-like material derived from the pyrolysis of natural carbonaceous materials, such 

as fuel oil, biomass-derived tar [12], coal tar [77], or catalytic slurry oil [78]. Synthetic pitch can 

also be produced via polymerization of highly aromatic compounds such as naphthalene to produce 

a more idealized material [79]. In raw form it is highly heterogeneous, composed mostly of 

aromatic groups with some methyl side groups, and with proper distillment the material can be 

used as a precursor for melt-spinnable fibers. Post distillment, pitch is said to be an isotropic 

material which can be converted to anisotropic, called mesophase, following further refinement. 

Both can yield carbon fibers with functional properties, but carbon fibers derived from mesophase 

pitch possess greater mechanical properties [11]. Pitch-based carbon fibers are often characterized 

by a much higher tensile modulus, but lower tensile strength than PAN-based carbon fibers. The 

low strength prevents them from being used in high strength applications, but the high modulus 
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makes them superior for vibration-damping applications. Therefore, they are used in applications 

such as in robot arms and machining tools to reduce takt time and increase positional accuracy; 

and in the sports/leisure industry to enhance response of equipment [80]. More than the high 

modulus, pitch fibers have excellent thermal and electrical conductivities, and negative thermal 

expansion coefficient which can be manipulated to produce materials with zero thermal expansion 

coefficients. Due to these properties, mesophase pitch carbon fibers serve many different 

applications including: (i) high temperature components –  aircraft/formula racing brakes [81]; (ii) 

electromagnetic and strain-sensing – electromagnetic shielding for aircraft and infrastructure 

[82,83]; and (iii) negative thermal expansion coefficient applications – satellites’ antenna 

reflectors and solar arrays [84]. 

Broader adoption of pitch-based carbon fibers is hampered by their mechanical characteristics 

and the challenges of purifying and spinning the precursor. Melt spinning pitch fibers is 

notoriously challenging because the material properties are highly sensitive to its processing 

conditions. The melt must be maintained in an inert atmosphere to prevent oxidation and 

crosslinking, and small variations in the spinning temperature, capillary design, and die geometry 

can induce vastly different and heterogeneous microstructures with significant effect on the fibers’ 

properties [22,85–88], Fig. 5. The production of pitch-based carbon fibers is well reviewed in 

literature as recently as 2021 [33–35,77], and the readers are referred to such publications for more 

in-depth discussion of this precursor. 

 

Fig. 5. Various cross-sectional microstructures that can occur in mesophase pitch fibers depending on the fiber 

spinning conditions [22]. 



Page 11 of 52 

 

2.3 Lignin and Cellulose 

Biologically derived precursors have received great attention due to their potential to replace 

precursors derived from fossil fuels with a renewable material. The two most common bio-based 

precursors are lignin and cellulose. Lignin is a naturally occurring biopolymer composed of 

randomly distributed aromatic subunits called phenylpropanoids [89]. Industrially, lignin has long 

been a waste byproduct of the paper production process that had only found re-use as a low-level 

fuel source via incineration. However, its abundance, low-cost, high carbon content, aromatic 

structure, and thermoplastic-like rheology make it an attractive opportunity for an alternative 

carbon fiber precursor material. Not all lignins can be melt spun; some require plasticizers or 

thermal treatments to imbue the characteristics required for successful melt spinning [11]. 

Alternatively, the organosolv process can produce high purity lignin with a low glass transition 

temperature and stable melt viscosity suitable for melt spinning without additives [90].  Despite 

strenuous efforts, the mechanical properties of carbon fibers derived from melt spun lignin 

precursors have fallen short of the level required for structural applications [91]. Lignin as a carbon 

fiber precursor was well reviewed by Ogale et al. [10] in 2016, wherein the authors noted two main 

technical challenges hindering the progress of lignin as a precursor: 1) the glass transition 

temperature must be sufficiently low to enable stable melt spinning, but sufficiently high to enable 

rapid stabilization, and 2) the fibers must be sufficiently chemically stable to prevent crosslinking 

at melt spinning temperatures but not so stable that crosslinking is not possible at stabilization 

temperatures. Despite the enticing abundance, low-cost, and high carbon content, the inferior 

tensile strength makes commercial production of lignin-derived carbon fiber impractical currently. 

Cellulose is another common biopolymer that finds widespread industrial use in the packaging 

industry [92]. Like lignin, its natural origin, low cost, and abundance make it an attractive 

candidate as a carbon fiber precursor. Unlike lignin, carbon fibers derived from cellulose have 

shown mechanical properties tantamount to mesophase pitch- and PAN- derived carbon fibers with 

tensile strength and Young’s modulus as high as 2.52 and 517.0 GPa, respectively [93]. However, 

solution spinning is required to form conventional cellulose fibers because its melting temperature 

is greater than its decomposition temperature [94]. Furthermore, the low carbon content present in 

cellulose, approximately 44 wt%, yields a carbon conversion percentage in the range of 10-30% 

after carbonization [95]. Several methods of modifying cellulose to achieve melt-processability 
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have been demonstrated [96–99], but this low carbon conversion percentage makes producing 

cellulose derived carbon fibers on an industrial scale unrealistic and economically unsustainable.  

2.4 Commodity Synthetic Plastics 

Synthetic plastics have replaced natural and metallic materials in many applications since their 

invention in the 1930’s due to their highly tunable and desirable mechanical and chemical 

properties. This flexibility led to the domination of PAN-based carbon fibers and offers 

opportunities to supplant PAN with a low-cost alternative. For instance, high-performance poly(p-

phenylene-2,6-benzobisoxazole) (PBO, tradename Zylon) fibers can be converted into carbon 

fibers without the thermo-oxidative stabilization required for PAN-based carbon fibers [100–102]. 

However, the fibers are expensive to produce; The polymerization of PBO is complex and the 

material cannot be melted, so it must be dry-jet wet spun [103–105]. Additionally, the resulting 

carbon fibers have only attained modest mechanical properties to date [100]. Thus, research 

attention has turned to the conversion of melt-spinnable, commodity thermoplastics to replace 

PAN.  

Commodity thermoplastics are those that are made in the greatest volume worldwide and are 

thus common and inexpensive. This classification typically includes polyolefins, poly(vinyl 

chloride), polystyrene, polyesters, and polyamides [106,107]. Unlike pitch and bio-precursors, 

synthetic plastic fibers can be produced with high molecular and microstructural homogeneity, and 

unlike melt-spinnable PAN, the process can achieve fibers without voids at ambient environmental 

conditions with simple equipment. The major challenge to the use of commodity melt spinnable 

synthetic polymers as carbon fiber precursors is that their chemical structure is typically 

insufficiently stable for the thermal processes required for conversion to carbon fibers. Researchers 

have made great progress developing methods of overcoming this challenge, and in the following 

sections we will present an in-depth discussion of the current state of development of polyolefin-, 

polyamide-, polystyrene-, polyester-, and poly(vinyl chloride)-derived carbon fibers. 

3 Polyolefins  

Polyolefins encompass all synthetic plastics that share a common class of monomers, called 

alkenes. Polyethylenes (PEs) and polypropylene (PP) are the most economically significant 

polyolefins. The family of PEs combined are the most produced plastics in the world, and PP is 

the most commonly produced individual plastic [107,108]. This economy of scale poses a 

significant opportunity to shift carbon fiber production from PAN to polyolefins. Furthermore, the 
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empirical composition of polyolefins is [-CH2]n, so a carbon yield of approximately 85.7% is 

theoretically possible. This would enable greater carbon fiber production than is currently possible 

with PAN, which achieves a carbon yield of approximately 67.9% [109]. Accordingly, great 

research and development effort has been expended over the past fifty years towards this goal. 

Significant success in converting various PEs and some limited progress in converting 

polypropylenes into carbon fibers has been demonstrated [110,111]. 

3.1 Polyethylenes 

PE describes a class of polymers that are composed of ethylene monomers and are classified 

by their density and degree of branching into the several categories including the four most 

common types: linear low-density polyethylene (LLDPE), low-density polyethylene (LDPE), 

high-density polyethylene (HDPE), and ultra-high molecular weight polyethylene (UHMWPE) 

[112]. Fig. 6 schematically illustrates the differences in molecular structure of these PEs [113]. 

LDPE exhibits extensive long-chain branching and thus the lowest density of all PEs. The highly 

branched structure also yields the lowest melting temperature of all PEs of 80-110°C [113]. 

LLDPE, is a copolymer of ethylene with a few percent of an α-olefin comonomer that exhibits 

short-chain branching, which results in slightly higher tensile strength, impact resistance, melting 

temperature (115-125°C) and density compared to LDPE [113]. HDPE has a melting temperature 

of approximately 120-140°C and exhibits limited short-chain branching [112]. UHMWPE exhibits 

branching similar to HDPE, but the major difference between HDPE and UHMWPE is that the 

molecular chain length of UHMWPE is about 10 times higher than the molecular chain length in  

HDPE, yielding a polymer with the highest tensile strength and impact resistance of all PEs 

[112,114].  
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Fig. 6. Schematic representation of polymer chain crosslinking in a) LDPE, b) LLDPE, and c) HDPE [113]. 

The combined production of all classifications of PE accounts for approximately 30% of global 

plastic production making it one of the most widely available commodity plastics on the market. 

Accordingly, PE has received great attention from the academic and commercial realms as a 

potential alternative carbon fiber precursor. In 1978, Shozo Horikiri [110] published the first patent 

to manufacture PE-derived carbon fibers using the sulfonation method most commonly used today. 

Since then, many grades of PE have been successfully converted into carbon fibers including 

LLDPE [115–117], LDPE [118], HDPE [119,120], and UHMWPE [121,122]. This attention is 

well warranted; in 2019, Choi et al. [12] estimated that PE-derived carbon fibers could cost 38% 

less than PAN-derived carbon fibers due to the low cost of PE and the melt spinning process. 

LLDPE, LDPE, and HDPE are readily and commonly melt spun into fibers appropriate for carbon 

fiber production, whereas UHMWPE is most commonly gel spun because the long molecular 

chains make the rheological properties of the material unsuitable for melt spinning. The toxic and 

costly solvents required to gel spin UHMWPE preclude it from consideration in the scope of the 

commodity thermoplastic precursors in this review, but recent progress toward melt-spinnable 

UHMWPE by blending with lower molecular weight PEs [123,124] may provide new 

opportunities for low-cost UHMWPE-derived carbon fibers in the future. The methods of 

converting PE to carbon fibers have been reviewed as recently as 2020 by Aldosari et al. [125], 

and we will build on their work in this section.  
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PEs do not inherently possess the thermal stability required for successful carbon fiber 

conversion, so a method of crosslinking the polymer chains of the precursor fibers is required. 

Many methods of crosslinking PEs have been developed for many purposes and a subset of those 

have been applied to carbon fiber synthesis. Sulfonation has emerged as the leading stabilization 

method for PE-derived carbon fiber synthesis, which will be reviewed in the following section, 

and several promising alternatives that have arisen recently will be discussed afterwards. 

3.1.1 Carbon Fibers Derived from Sulfonation Stabilized Polyethylenes 

Sulfonation is the process of exposing PE fibers to high-concentration sulfuric acid at elevated 

temperatures. Sufficiently sulfonated PE fibers can proceed directly to carbonization without 

further thermos-oxidative stabilization. The 1978 patent by Horikiri et al. [110] is credited as the 

first demonstration of this process, and the mechanical properties they reported, up to 147 GPa 

elastic modulus and 2.53 GPa tensile strength, initiated decades of subsequent investigation. 

Pioneering academic studies conducted in the 1990s shed some light on the chemical, mechanical, 

and microstructural evolution of sulfonated PE into carbon fibers. Postema et al. [117] melt spun 

LLDPE fibers and stabilized the fibers via exposure to chlorosulfonic acid at room temperature. 

Infrared spectroscopy revealed the formation of sulfonic-group bridges, which indicated that 

treatment with sulfuric acid could achieve the same crosslinking effect. The fibers were then 

carbonized at 900℃ for 5 min under constant tension, and the final fibers exhibited a tensile 

strength of 1.15 GPa and Young’s modulus of 60 GPa. The chlorosulfonation process induced 

axial and radial cracks on the surface of the stabilized fibers, and the carbonized fibers exhibited 

an amorphous microstructure with significant surface defects. In a series of publications from 1993 

to 1996, Zhang [122] with Bhat [121] and later with Sun [126] demonstrated the production of 

carbon fibers from sulfonation stabilized PE and explored the effects of fiber molecular weight 

and order and sulfonation conditions and duration on resulting carbon fiber properties. In 1993, 

Zhang [122] showed that UHMWPE could be converted to carbon fibers via sulfonation at 130-

160℃ for at least 75 min. The resulting carbon fibers exhibited a tensile strength of 2.1 GPa and 

Young’s modulus of 210 GPa with densified cross sections. Zhang and Sun [126] showed that 

high temperature sulfonation is required for full stabilization, and that improper sulfonation would 

yield a hollow core where the polymer had been insufficiently stabilized. In this study it was also 

shown that the molecular order of the precursor affects the required time for complete sulfonation; 

the less-ordered, highly drawn PE precursor fiber could be sulfonated in as little as 45 minutes 
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compared with the 75 min minimum found for UHMWPE precursor fibers in Zhang’s earlier 

study. The mechanical properties of carbon fibers were also shown to be directly related to 

sulfonation temperature; increasing the sulfonation temperature from 130℃ to 180℃ yielded 

greater mechanical properties [126]. The mechanism underlying sulfonation-induced crosslinking 

was proposed in 2013 by Younker et al. [127] and demonstrated in 2015 by Barton et al. [128]. 

Younker et al. [127] proposed a radical chain reaction wherein sulfonic groups on the polymer 

chain, introduced by the sulfuric acid, decompose into a hydroxyl radical and hydroxysulfonyl 

radical. The former abstracts hydrogen from the polymer while the latter further decomposes into 

another hydroxyl radical, which removes more hydrogen and sulfur dioxide to complete the cycle. 

The resulting aromatic structure is then sufficiently stable to conduct carbonization, which drives 

off the remaining noncarbon elements. This process is shown in Fig. 7. Barton et al. [128] 

confirmed this mechanism by identifying sulfonic groups on PE fibers sulfonated with sulfuric 

acid via Fourier transform infrared spectroscopy, the evolution of sulfur dioxide and water vapor 

during carbonization via evolved gas analysis-gas chromatography, and a decrease in S=O bonds 

via attenuated total reflectance infrared spectroscopy. 

 

Fig. 7. Schematic of the transformation of PE into carbon as demonstrated by Barton et al. [128] 

After settling the mechanism of sulfonation, Barton joined Behr et al. [129] in establishing a 

structure-property model for PE-derived carbon fibers in 2016. The authors conducted a series of 

experiments synthesizing carbon fibers from HDPE at carbonization temperatures ranging from 

900℃ to 2400℃. Single-fiber tensile tests were used to determine the mechanical properties of 
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the carbon fibers. Wide-angle X-ray diffraction was used to assess the orientation of graphitic 

layers. These results were used to apply Northolt et al.’s [130] uniform stress structure-property 

model for PAN-derived carbon fibers. The authors were able to show that the relationship between 

microstructure orientation and tensile modulus is different from each PAN- and pitch-derived 

carbon fibers and the shear modulus between graphitic layers of PE-derived carbon fibers was 

lower than both. This insight implies that the crosslink density in PE-derived carbon fibers is lower, 

which could indicate a greater propensity for orientation during graphitization and thus greater 

mechanical properties. This relationship can be used to estimate the level of orientation required 

to achieve high properties or predict properties based on an observed level of orientation. 

Critically, their experimental results can be extrapolated to show that highly oriented PE-derived 

carbon fibers could achieve tensile properties that meet or exceed PAN-derived carbon fibers, Fig. 

8 [129]. Expanding on their previous work, Barton and Behr [131] recently utilized a graphitization 

process with the addition of boron to yield LLDPE-derived carbon fibers with a tensile modulus 

greater than 400 GPa when graphitized at 2400 ℃. The boron additive was shown to reduce the 

necessary temperature for graphitization and produces fibers with superior modulus at lower 

temperatures. 

 

Fig. 8. Compliance (1/E) vs. orientation parameter for PE- (green squares), PAN- (red circles), and pitch- (blue 

triangles) derived carbon fiber. Shear moduli calculated from the data for each type are included. Note that the 

tensile moduli for the PE-derived carbon fiber are corrected for porosity, and the error bars were estimated from 

replicated measurements of the same fiber [129]. 

Many aspects of the precursor fibers and the processing conditions affect the properties of the 

PE-derived carbon fibers. Sufficient sulfonation is the most important factor in synthesizing carbon 

fibers from precursors, and it has been shown that the diameter of the precursor fiber, fiber 

crystallinity, and the sulfonation temperature are inversely proportional to the required sulfonation 
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time [116,119]. Recent advances in the sulfonation process, such as applying hydrostatic pressure, 

up to 5 bar, have been used to increase the rate of sulfuric acid penetration into the precursor fibers, 

accelerate the sulfonation process, and overcome limitations induced by the crystallinity of the 

precursor fibers [132]. Reducing precursor fiber diameter also results in increased carbon fiber 

mechanical properties [115], as does careful control of tension applied to the fibers during 

sulfonation and carbonization [116]. Applying tension during conversion processing increases the 

degree of alignment in the carbon chains that make-up the backbone of carbon fiber, which has a 

direct correlation to increased mechanical properties and the anisotropic microstructure of the 

carbonized fiber. 

Although sulfonation stabilized-PE derived carbon fibers show great promise, it must be 

acknowledged that the sulfonation process is costly and ecologically unfriendly because the best 

results require the use of high- or fuming-concentration sulfuric acid at high temperature. 

Accordingly, recent research has focused on the application of electron beam irradiation to lower 

the requirements for successful stabilization via sulfonation. In 2019, Choi et al. [133] were the 

first to demonstrate the production of carbon fibers from PE precursors that were pretreated with 

electron beam irradiation prior to sulfonation. In their work, the LLDPE precursor fibers were 

exposed to 500-1500 kGy prior to sulfonation in 98% sulfuric acid at 95℃ followed by 

carbonization. The resultant carbon fibers exhibited functional mechanical properties of 1.3 GPa 

tensile strength, 89.9 GPa tensile modulus, and 1.5% elongation at break as well as a carbon yield 

of 44.6% for fibers pretreated with 1500 kGy irradiation. In addition to greatly reducing the 

sulfuric acid concentration and temperature (from 120% to 98% and 140℃ to 95℃ respectively), 

the authors were also able to achieve these results in one less hour of sulfonation duration [133]. 

In 2021, Kang et al. [134] performed a similar procedure with HDPE precursor fibers and achieved 

a carbonization yield of 40% with consistent, densified cross-section fibers, but did not publish 

mechanical properties for the carbon fibers. 

3.1.2 Alternative PE Stabilization Methods 

Despite the promising results of sulfonated-PE-derived carbon fibers, the challenges of the 

sulfonation process, well exemplified by the complex multiphase reactor developed by Hukkanen 

et al. in 2018 [135], Fig. 9, have led researchers to explore alternative PE stabilization pathways. 

Some well documented methods, such as peroxide crosslinking, silane crosslinking, and irradiative 
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methods without sulfonation, yield crosslinking densities too low for carbonization [136], whereas 

others, such as halogenation, ammoxidation, and sulfurization have shown potential. 

 

Fig. 9. Example of a continuous fiber sulfonation reactor system for sulfonating tows of polyethylene fibers for 

carbon fiber production [135]. 

The highly reactive nature of halogen elements creates an attractive opportunity to strip the 

hydrogen from polymer chains to form carbon fibers. Generally, the halogen attaches to the 

hydrogen atoms of the polymer to form hydrohalogens, and a succeeding dehydrohalogenation 

process removes these molecules to reveal a carbon-only structure. A pathway to converting 

chlorine-saturated PE into carbon fiber was introduced as early as 1972. Saglio et al. [137] 

demonstrated that LDPE saturated to 73.7 wt% chlorine could be wet spun and converted into 

carbon fibers through a thermal dehydrochlorination process followed by carbonization. The 

resulting carbon fibers displayed turbostratic carbon regions after a carbonization stage conducted 

at 800℃ and graphitization was possible at much higher temperatures. This conversion method 

leaves much to be desired due to the wet spinning fiber formation method, the substantial 

consumption of chlorine, and significant generation of HCl gas, and was thus abandoned in favor 

of sulfonation. 

Halogenation was revisited recently by Laycock et al. in 2020, [138] who demonstrated the 

pyrolysis of brominated PE fibers and proposed a possible conversion mechanism, shown in Fig. 

10. The authors brominated melt spun PE fibers, and blends of PE with other materials such as 

kraft lignin, under ultraviolet irradiation and converted the brominated precursors into carbon 

fibers through a two-stage process involving a dehydrobromination at 180℃ followed by 

carbonization at ≥ 800℃. Dow ASPUN LLDPE, metallocene LLDPE, HDPE, and LDPE were all 

used in this study. Carbon yields greater than 90% were achieved, but the fiber morphology could 

not be retained due to its solubility with liquid bromine. Such a high carbon yield is attractive and 
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the ability to recover and reuse bromine from the process makes this method promising, so the 

authors acknowledge that future work will involve the exploration of gas-phase bromination to 

maintain fiber morphology for carbon fiber production. 

 

Fig. 10. Proposed mechanism for the conversion of PE into carbon fibers via bromination [138]. 

In pursuit of an air-oxidation method, Barton et al. [139] discovered in 2018 that ammoxidized 

silane grafted-PE could be converted to carbon fibers with a carbon yield up to 70%. The authors 

formed crosslinked PE film and fibers by immersing LLDPE graft vinyl trimethoxysilane (PE-g-

VTMS) in a sulfonic acid catalyst and then heating in air at 100% humidity. The initial intent was 

to demonstrate an air oxidation method of the crosslinked PE-g-VTMS, but lackluster results 

prompted the exploration of ammoxidation as an alternative. Samples that were immersed in air-

sparged 5M anhydrous ammonia prior to oxidation demonstrated aromatic structures and high 

mass retention after oxidation and carbon yields up to 70% after carbonization. The resulting 

carbonaceous material was largely amorphous but graphitic regions were evident via high 

resolution transmission electron microscopy (HRTEM), Fig. 11a. Although the precursor 

morphology was identifiable after pyrolysis, the fibers were fused together after oxidation, Fig. 
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11b. Therefore, this method requires more development to realize its potential as an alternative to 

high temperature sulfonation. 

 

Fig. 11. a) HRTEM image of an ammoxidation-stabilized carbon fiber exhibiting graphitic regions including 

extended stacking of lattice fringes in the encircled region, and b) SEM image of the cross section of fused, 

carbonized PE fibers [139]. 

The latest development in alternative stabilization methods for PE involves elemental sulfur 

rather than sulfuric or sulfonic acid. In 2021, Frank et al. [140] irradiated various grades of PE 

(low, middle, and high molecular weight HDPE, and low-density PE all derived from sugar cane 

plants) fiber with an electron beam and then sulfurized the fibers in molten elemental sulfur. The 

irradiation step provides sufficient initial crosslinking for immersion in the molten sulfur at 

temperatures greater than 240℃. Sulfurization was first shown to convert PE into a semi-

aromatized material containing poly(thienothiophene) and poly(naphthothienothiophene) blocks 

by Trofimov et al. in 2000 [141]. Frank et al. [140] applied this chemistry to their precursor PE 

fibers and then successfully carbonized the resulting fibers. The authors achieved carbon yields up 

to 76% and the synthesized carbon fibers showed dense cross sections with few voids, Fig. 12. 

The carbon content of the resulting fibers was measured to be 98.7%, thus the input sulfur could 

be considered entirely removed. The authors noted that sulfur-capture technology has long been 

matured due to extensive use of the vulcanization process at industrial scale, so input sulfur can 

readily be captured and re-used. The authors did not publish mechanical results and cited a need 

for production scale-up of the process to truly demonstrate the mechanical characteristics of carbon 

fibers produced in this method. 
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Fig. 12. SEM images of carbon fibers derived from sulfurized HDPE (left column) and sulfurized LDPE (right 

column) showing the resultant morphology including smooth exterior surfaces and minor voids and inclusions [140]. 

3.2 Polypropylene 

The second most abundant polyolefin, polypropylene (PP), is used for industrial applications 

in carpets, geotextiles, ropes and reinforcing fibers and is the fourth most produced artificial fiber 

after polyesters, polyamides, and acrylics [142]. Furthermore, the cost of PP resin is lower than 

that of LDPE, LLDPE, HDPE and UHMWPE [143]. PP is a thermoplastic polymer composed of 

a repeating methylene-unit backbone, like PE, with methyl side groups. These side groups stiffen 

the polymer chain resulting in a higher melt temperature, 160-176℃, compared to PE [109,144]. 

The stereoregularity (tacticity) of these side groups can be controlled by applying different 

polymerization techniques, which affects the crystallinity and thus properties of the resulting 

polymer [144]. 

In 2001, Leon y Leon et al. [109] demonstrated that carbon fibers can be derived from PP by 

following a similar process to that of PE. PP fiber tows are immersed in a sulfonation agent to 

induce the crosslinking required for the precursor to undergo carbonization. Immersion in 

chlorosulfonic acid and sulfuric acid can both be used to induce crosslinking in PP fibers, but 

sulfuric acid is approximately 10 times cheaper than chlorosulfonic acid and yields more control 

of dissipated heat during sulfonation, so it was deemed superior for the sulfonation process. Leon 

y Leon et al. proceeded to immerse the PP precursors in a sulfuric acid bath at 140°C for two 

separate durations of time, 1.9 and 3.3 hours. After carbonization in a nitrogen rich environment 
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at 1,000°C, thermogravimetric analysis (TGA) was used to measure the resulting carbon yield 

from the two batches and it was observed that the carbon fibers sulfonated for 3.3 hours, and 1.9 

hours yielded carbon contents of 54% and 9% respectively. These results suggest that carbon 

content post-carbonization is strongly correlated with the time of sulfonation and the degree of 

crosslinking in the precursor. Finally, the mechanical properties of the PP-derived carbon fibers 

were measured and the tensile strength and Young’s modulus was determined to be 0.20 GPa and 

26 GPa respectively. Ten years later, Karacan et al. [111] further studied the effect of sulfonation 

treatment on isotactic PP fibers prior to carbonization and discovered the harsh conditions during 

sulfonation resulted in surface irregularities at low sulfonation times and fiber fractures and 

reduced crystallinity at high sulfonation times which significantly reduced mechanical properties 

of the precursor fiber. Fig. 13, from Karacan et al. [111], illustrates fiber damage from the harsh 

conditions during sulfonation. 

 

Fig. 13. SEM images of isotactic polypropylene fiber sulfonated at (a) 120°C for 30 minutes; (b) 120°C for 4h [111]. 
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4 Polyamides 

Polyamides are commonly categorized by their molecular structure into two groups, aliphatic 

polyamides, or aromatic polyamides (aramids). Aromatic polyamides (such as Kevlar) cannot be 

melt spun because its melt temperature exceeds its degradation temperature and therefore is 

typically solution spun. The resulting fibers are characterized by excellent mechanical, thermal, 

and chemical properties due to their conjugated ring structure. The properties of these fibers enable 

direct carbonization into carbon fibers. The resulting carbon fibers have a carbon yield that ranges 

from 39-65% and fiber diameters that range from 5-30 μm [101,145–147]. No mechanical 

properties have been presented in available literature. The largest drawback to the Kevlar fibers is 

the cost of producing the fibers, which has stymied the advancement of these fibers as precursors 

to commercial scale. Aliphatic polyamides, commonly referred to as nylons, are much easier and 

cheaper to mass produce and possess mechanical and chemical properties well suited for use in a 

broad range of consumer products. It is estimated that 5.5 million tons of polyamide fiber were 

produced in 2016 [148], indicating a wide availability for use as feedstock for carbon fiber 

production. Researchers have taken notice of this opportunity and recent efforts have delivered 

promising results. 

A method of converting aliphatic polyamide to graphite fibers was first patented in the United 

States in 1970 by Joseph G. Santangelo, wherein high thermal stability polyamides, such as nylon 

6T, were thermally treated in air between 200°C and 350°C and then graphitized at 3000°C [149]. 

However, aliphatic polyamides generally do not possess the thermal stability to undergo this 

oxidation and carbonization routine, so much research focus has been devoted to imbuing 

commodity polyamides, such as polyamide 6 (PA 6), with the thermal stability required for 

conversion. A promising method is the inclusion of metal salts, which have been used for decades 

to reduce the oxidative degradation of polyamides [150–154]. Specifically, they have been shown 

to form complexes with the amide groups of the polymer resulting in greater thermo-oxidative 

stability [155,156]. Cerruti et al. [157] showed that copper salts were most efficient stabilizing 

species, and Karacan and Baysal [158] demonstrated the potential of cupric chloride-treated PA 6 

fibers as carbon fiber precursors shortly after. It is hypothesized that cupric ion-amide bonds 

replace hydrogen bonds and encourage coordination of chains into a ladder structure capable of 

withstanding carbonization. In their work, they demonstrated that increased duration of 

stabilization in air at 180°C increased char yield via thermogravimetric analysis. In 2018, Karacan 
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and Meşeli [159] demonstrated the synthesis of amorphous carbon fibers from PA 6 treated with 

cupric chloride via immersion in a heated solution for one hour. In this work, the researchers found 

that a two-stage stabilization procedure, 12 h stabilization in air at 180°C followed by 0-4 h in 

nitrogen at 250°C, Fig. 14a, was required to adequately stabilize the precursor for carbonization. 

Infrared spectroscopy showed the evolution of chemical bonds and molecular phases throughout 

the process and confirmed the elimination of oxygen and hydrogen containing groups by the 

conclusion of the carbonization. Elemental analysis showed a notable carbon yield of 43.1% for 

samples carbonized at 1000°C, and X-ray diffractometry showed that the fibers achieved a 

turbostratic carbon structure. 

In 2021, Erzurumluoglu et al. [160] continued Karacan and Meşeli’s 2018 work by studying 

the conversion of polyamide 6,6 (PA 6,6) into carbon fibers and publishing the first mechanical 

properties of PA 6,6-derived carbon fibers. The authors pretreated PA 6,6 fibers in a yarn using a 

1% (w/v) cupric chloride-ethanol solution, applied a single, continuous thermo-oxidative 

stabilization with two temperature stages with individual ramp rates and varied dwell times, then 

carbonized the fibers ramping to between 500℃ and 1100℃ in 100℃ increments without any 

dwell time. In so doing, the authors showed that the inert-atmosphere pre-carbonization described 

by Karacan and Meşeli [159] was not necessary to achieve carbonized fibers and that the 

stabilization step could be reduced from 880 to 370 minutes for a total process time reduction of 

48.6% after pretreatment, Fig. 14b. A range of stabilization and carbonization temperatures as well 

as temperature ramp rates were investigated. The greatest mechanical properties were achieved 

from fibers that underwent stabilization with a 1°C/min ramp up to 190°C then 0.3°C/min ramp 

up to 250°C with no dwell time at either temperature followed by carbonization with a ramp up to 

1100°C. The resulting fibers exhibited amorphous structure with cross sectional and surface voids 

amounting to 12.81% porosity. The tensile properties of the fibers, 80.55 ± 5.75 GPa tensile 

modulus and 194 ± 17 MPa tensile strength, fall well below those of commercial wet spun-PAN 

derived fibers [2], but the significant reduction in processing time shows that there is potential for 

significant development with continued research. 
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Fig. 14. a) Timeline for the conversion of PA 6 fibers as described by Karacan and Meşeli [159] in 2018, b) a much 

shorter timeline for converting PA 6,6 into carbon fibers as described by Erzurumluoglu et al. [160] in 2021, and c) 

an SEM image of the carbon fibers derived from cupric chloride-treated PA 6,6 showing agglomerations, roughness, 

and voids on the surface of the fiber [160]. 

5 Polystyrene 

Polystyrene (PS) is a polymer of styrene monomers, which are most commonly produced via 

catalytic dehydrogenation of ethylbenzene [161]. Several types of PS with a wide range of 

properties due to differences in tacticity can be produced depending on what polymerization 

method, radical, anionic, cationic, or coordination polymerization, is employed [162]. PS finds 

widespread use in food and consumer good packaging but is notoriously difficult to recycle [163], 

so upcycling PS into carbon fibers presents a unique opportunity to tackle two challenges at once. 

Carbonization of PS yields very little carbon material because the monomers easily split into 

gaseous hydrocarbons and small molecules [164,165], but studies have demonstrated several 

methods of modifying PS to generate carbonaceous materials [166–169]. In 2010, Jung et al. [170] 

demonstrated a two-step chemical treatment for PS that enabled the synthesis of carbon fibers. The 

authors synthesized polystyrene with a molecular weight of 160,000 and polydispersity index of 

2.7 via solution polymerization. The synthesized PS was modified by a mixture of nitric acid and 

sulfuric acid, which nitrate the PS. The resulting material was then washed with distilled water to 

halt the reaction. The modified PS was then combined with a solution of tin (II) chloride and 

hydrochloric acid and allowed to stabilize for 24 hours. Afterwards, the modified PS was dissolved 

in a solution of tetrahydrofuran and N,N-dimethylformamide and electrospun into fibers with an 



Page 27 of 52 

 

average diameter of 1.8 µm, Fig. 15a. TGA showed that the modified PS achieved a carbon yield 

of 36.3% at 800°C, Fig. 15b. The authors did not comment on the stereochemistry of the PS that 

was used. Syndiotactic PS can be melt spun into fine fibers [171], but the crystallinity and melt 

rheology of the modified PS was not explored in the study so the ability to reduce the cost of this 

precursor via melt spinning has yet to be evaluated. Alternatively, PS has been successfully 

combined with other precursor materials to create carbon fibers, such as pitch [172,173] and PAN 

[174]. 

 

Fig. 15. a) SEM image of electrospun modified PS fibers, and b) TGA curves of raw PS and modified, “aminated”, 

PS showing a significant increase in carbon yield at carbonization temperatures,  [170]. 

6 Polyesters  

Polyethylene terephthalate (PET) is a polyester typically produced from esterification of 

monoethylene glycol and purified terephthalic acid, or transesterification of dimethyl terephthalate 

with purified terephthalic acid, followed by polycondensation of the esterification or 

transesterification product [175]. PET features high specific strength, low CO2 permeability, high 

light transmittance, biological non-reactivity, and high formability, and thus has found use in many 

applications, including textile fibers, food and beverage containers, and medical instruments 

[106,175,176]. The melt spinning of PET is well studied and easily accomplished at very high 

throughput [177]. Furthermore, it presents an opportunity to upcycle a common waste plastic into 

a value-added material; the majority of the recycled PET is turned into fibers [178–181], so a 

feedstock is readily available. This abundance has encouraged the conversion of PET or recycled 

PET into several carbonaceous forms [182], such as graphite and graphene [183], carbon spherules 

[184], carbon nanotubes [185,186], two- and three-dimensional nanoporous carbon [187–191], and 
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mesoporous activated carbon [192,193]. However, no method of converting PET fibers into carbon 

fibers has yet been published, which may be due to its relatively low carbon content (58 wt%), 

compared to 92 wt% for pitch, 85 wt% for polyethylene, and 68 wt% for PAN [194]. 

Nevertheless, PET is not absent from alternative precursor research; PET has received attention 

as a constituent in blended precursor materials like lignin [195]. In 2005, Kubo and Kadla [196] 

showed that PET with viscosity-average molecular weight of 18,000 is miscible in lignin and that 

blended lignin/PET precursor fibers can be successfully converted into carbon fibers. Several 

different PET/lignin ratios were melt spun together, thermally stabilized, and carbonized. Thermo-

oxidative stabilization was carried out at a range of ramp rates up to 250℃ with a 1-hour dwell 

time at that temperature. The stabilized fibers were carbonized with a 180 ℃/hour ramp up 

1000℃. The mechanical testing results were comparable to the tensile properties of commercial 

isotropic pitch-derived carbon fibers, and blends containing 25% or less PET exhibited carbon 

yields greater than that of tar-based pitch, Fig. 16. More recent work from Svinterikos and 

Zuburtikudis [197] focused on forming carbon nanofibers from precursor fibers composed of kraft 

lignin and PET from waste water bottles. The two materials were solution blended in 

trifluoroacetic acid and it was determined that the two constituents were miscible via differential 

scanning calorimetry. The lignin mass ratio in the polymer blend was varied from 20% to 50%. 

The dope was electrospun into fibers, which were subsequently thermos-oxidatively stabilized at 

a heating rate of 120℃/h up to 260℃ with a 1 h dwell at the target temperature. The stabilized 

fibers were then carbonized with a heating rate of 180℃/h up to 1000℃ with no dwell time. The 

resulting carbon nanofiber mats showed wrinkled and fused morphology. A subsequent study 

published in 2019 by Svinterikos et al. [198] explored the size effect of fiber diameter on fiber 

decomposition and morphology and showed that fibers with diameters greater than 387 nm 

exhibited less deleterious effect on the fiber morphology than smaller fibers, which may indicate 

opportunities for creating micron-scale carbon fibers from this combination.  In 2020, Qu and Bai 

[199], blended PET with a molecular weight of 25,000 Da into pyrolytic lignin at 5 wt% and 20 

wt% PET via melt-phase mixing. Fibers were melt spun onto a take-up winder operating at 100 

m/min. Compared to their control sample of pure pyrolytic lignin, the blended precursors exhibited 

better processability and improved molecular orientation. The precursor fibers were then converted 

to carbon fibers by applying a thermo-oxidative stabilization at 260℃ and carbonization at 

1000℃, and the resulting fibers exhibited densified cross sections and smooth outer surfaces with 
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minor pitting, Fig. 17. Samples of the 5 wt% PET blend held in tension during the conversion 

process showed the best mechanical properties: 925 ± 141 MPa elastic modulus and 98.0 ± 11.8 

MPa tensile strength. 

 

Fig. 16. Carbon yield as a function of polymer content for blends of lignin and PP and lignin and PET [196]. 

 

Fig. 17. SEM images of carbon fibers derived from pyrolytic lignin (PL-0PET) and blends of pyrolytic lignin and 

PET at 5 wt% PET (PL-5PET) and 20 wt% PET (PL-20PET). Included is an image of the PL-5PET carbon fibers as 

produced with tension applied during the conversion steps [199]. 

7 Poly(vinyl chloride)  

Perhaps most commonly known for its application as fluid transfer piping, poly(vinyl chloride) 

(PVC), often referred to simply as vinyl, finds many applications due to its processibility and 

properties. PVC can be formulated to be flexible or rigid with or without the addition of 

plasticizers, and the chlorine atom included in the backbone makes PVC flame retardant. It can be 

extruded, injection molded, calendared, and blow molded just to name a few suitable processing 
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methods [200]. It was the fifth most produced plastic in the world in 2015 when as much as 38 

million tons were produced [107]. 

In a way, PVC was used as a carbon fiber precursor as early as 1965. Sugio Ōtani [201] 

demonstrated that the pyrolysis product of PVC could be melt-spun into pitch fibers and converted 

into carbon fibers with appreciable mechanical properties (tensile strength up to 1.57 GPa and 

tensile modulus up to approximately 53.9 GPa). This method has returned to relevance due to 

increasing interest in valorizing waste plastic; in 2007, Qiao et al. [202] demonstrated the 

production of carbon fibers from pitch derived from waste PVC. Recently, PVC fibers have been 

successfully used as a carbon fiber precursor. Kim et al. [203] demonstrated the conversion of 

chlorinated PVC (CPVC) into carbon fibers. CPVC is a derivative of PVC wherein the chlorine 

content of PVC is increased from 56% to 65%. The authors wet spun CPVC into fibers and then 

elongated the fibers at a series of rates at elevated temperature to explore the effect. The CPVC 

fibers could be carbonized directly, which provides a cost advantage over precursors that require 

an oxidation stage, and full carbonization was complete at 900°C. The stretched precursors 

exhibited increases in crystallinity and tensile strength with increasing elongation. The resulting 

carbon fibers were densified, pore-free, and achieved a final diameter as small as 6.7 µm from the 

precursors elongated by 125%. These fibers also achieved a tensile strength up to 1.83 GPa and 

tensile modulus up to 172 GPa at an elongation at break of 1%, and the authors claim that it could 

be produced for as little as $6/kg [204]. The inclusion of chlorine in the backbone of the polymer 

chain makes this precursor attractive compared to polyethylene or polyamide, which require 

treatment with heteroatoms such as sulfur or halogens to affect successful abstraction of the 

noncarbon atoms during conversion. Although CPVC does not have favorable rheology for melt 

spinning, blends of CPVC with poly(methyl methacrylate) have been shown to be melt processible 

[205]. 

8 Challenges and Opportunities 

Commodity synthetic plastics offer a potential pathway to produce low-cost carbon fiber, but 

challenges remain. Common to the commodity plastic precursors presented in this review is the 

insufficient thermal stability of the virgin polymers for successful carbonization. The process of 

modifying the fibers to achieve thermal stabilization, such as the immersion of polyethylene fibers 

in high concentration sulfuric acid at high temperature, adds cost and complexity that limits or 

erases the advantages gained from feedstock abundance and melt spinning throughput. 
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Additionally, regardless of cost, the mechanical properties of carbon fibers derived from 

commodity plastic precursors have yet to reach those of PAN-based fibers (see Fig. 18 and Table 

1). Although mechanisms have been proposed for the stabilization and conversion of these 

materials into carbon fibers, much remains to be learned about the conversion process at a 

molecular level. Furthermore, the evolution of graphitic structures from the precursor polymer 

molecular structure is largely unknown or unreported. Gaining a fundamental understanding of 

these processes will enable optimization for increased mechanical properties and reduced cost. To 

that end, modern computational methods are enabling new explorations into the molecular 

interactions of these plastics as they undergo conversion to carbon fibers. For example, atomistic 

ReaxFF simulations have been used to probe the formation of graphitic carbon during the 

conversion of PAN/PBO blends to observe the activity of nitrogen and oxygen containing groups 

and their effect on the formation of carbon rings during carbonization [206]. This has a great effect 

on the mechanical properties of the resulting carbon fibers. Such results demonstrate the promise 

of discovering cost-saving and performance-enhancing process optimizations driven by first 

principles. 

 

Fig. 18. Mechanical properties of carbon fibers derived from different precursors (data derived from [2,37,211–

218,76,95,126,129,207–210]). 

Recent advances in nanoparticle and polymer nanocomposite synthesis present an additional 

opportunity to raise the performance threshold for carbon fiber derived from commodity synthetic 
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plastics [219–223]. It has been demonstrated that the inclusion of graphene, a two-dimensional 

allotrope of carbon, in PAN spinning solution reduced the porosity of wet spun PAN fibers, 

increased molecular alignment, and improved the mechanical properties of the resulting fibers. 

Molecular dynamics simulations showed that the graphene particles encouraged molecular 

alignment at and beyond the nanoparticle [219]. The graphene content required to achieve this 

improvement was a miniscule 0.075 wt%, so the added cost would be small. Similarly, graphene 

oxide nanoparticles were used to greatly reinforce and increase the crystallinity of PAN precursor 

fibers [220]. This effect may thus be extended to commodity plastic precursors to improve 

mechanical properties and increase the value of the resulting carbon fibers. Nanoparticles may also 

play a role in the chemical evolution of the materials. It has been shown that functionalized carbon 

nanotubes can greatly reduce the activation energy of PAN by initiating cyclization and generating 

free radicals. The lower activation energy enabled stabilization at a lower temperature resulting in 

greater mechanical properties attributed to reduced thermal damage to the surface of the fibers 

[221]. Using nanoparticles as a vector for radical generation may accelerate or improve the 

stabilization of commodity plastic precursors. 

Commodity synthetic plastics also offer opportunities to reduce the cost of carbon fiber 

production through combination with other alternative precursors. Precursor blending with 

commodity plastics has been recognized as a potential pathway to overcoming the processing and 

performance issues associated with pitch and lignin precursors. It is surmised that combining pitch 

and PE may improve the spinnability of pitch precursor fibers and the ductility of pitch-based 

carbon fibers [125]. Indeed, researchers demonstrated in 2019 that PE-co-pitch precursors can be 

melt spun and can yield carbon fibers with over 70% carbon yield from a single-step carbonization 

process [224]. Lignin has long been attractive as a filler to displace more expensive primary 

constituents because it is an inexpensive byproduct. Today, it can be found in plastics and 

elastomers for cost reduction and property modification purposes [225,226]. This same principle 

is applied to alternative carbon fiber precursors; Lignin has been blended with PAN [211,227–

232] and commodity plastics such as PP and PET [196]. The former of these pairings outperforms 

the latter and has received commensurate attention, but the combination of commodity synthetic 

plastics with a bio-based and inexpensive material poses a great opportunity for very low-cost 

precursors. The benefits may be extended even further in the case of recycled synthetic commodity 
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plastics blended with lignin, but this presents even greater challenges due to contemporary 

constraints in recycled plastic quality. 
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Table 1. Conversion parameters and resultant carbon fiber properties for the major conventional carbon fiber precursors, wet-spun PAN and mesophase pitch, 

compared with low-cost commodity plastic alternative precursors and lignin. 

Precursor Stabilization Carbonization Graphitization 

Carbon Yield (%) 

/ 

Fiber Diameter (μm) 

Tensile Strength (MPa) 

/  

Modulus (GPa) 

Ref. 

PAN 

(wet spun) 
180-300°C 3-20 hr in Air 1100-1500°C in N2 ≥2500°C 

~50/ 

6-10 

1720-5700/ 

220-530 
[2] 

PAN 

(melt spun) 
220-280°C 2-4 hr in Air 1200°C in N2 - -/- 

2000-2300/ 

156-202 
[37] 

Pitch 

(mesophase) 
250-400°C 4-24hr in Air 1100-1500°C in N2 1800-2800°C 

60-88/ 

10-12 

1400-3900/ 

140-940 
[2] 

Lignin 250-280°C 1-5hr in Air 1000°C in N2 - 
25-65/ 

5-90 

290-1070/ 

30-180 
[90,93] 

UHMWPE 

Sulfonation 130-140°C 

45-120 min 

0-1 bar pressure 

1100-1200°C in N2 - 
50-80/ 

- 

700-2100/ 

100-210 
[121,122] 

HDPE 

Sulfonation 180-200°C 

60-150 min 

0-5 bar pressure 

1000-1200°C in N2 - 
70-76/ 

10-15 

2000-2300/ 

140-150 

[110,120,132

] 

LLDPE 

Various Sulfonation treatments: 

(i) Sulfonation 95-160°C 

1-4 hours, 0-5 bar pressure 

(ii) Fuming Sulfuric Acid 23-120°C 

0.5-24 hours 

(iii) Boric Acid 50-140°C 

120min, 1bar pressure 

900-1000°C in N2 1800-2400°C 
12-75/ 

6-40 

630-2400/ 

28-200 

[12,116,131–

133] 

PP Sulfonation 90-120°C 1-3 hrs 1000°C in N2 - 
50-65/ 

10-15 

200/ 

26 
[109,158] 

Kevlar 

(Aramid) 
- 800-1000°C in N2 - 

38-65/ 

5-30 
-/- 

[101,145–

147] 

PA 6 

(Aliphatic) 

Metal salt impregnation, 

two-staged ramped oxidation in air 
500-1100°C in N2 - 

44-60/ 

6-12 

194/ 

81 
[160] 

PET/Lignin Auto-oxidation during carbonization 1000°C in N2 - 
23-45/ 

31-45 

669-703/ 

84-94 
[196] 

PS 
Chemical treatment with various 

acids and metal salts 
800°C in N2 - 36/- -/- [170] 

CPVC - 900°C in N2 - 
29/ 

6.7 

1830/ 

172 
[204] 
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9 Summary 

The high cost of carbon fiber production is limiting the proliferation of CFRP composites that 

could greatly improve vehicle energy efficiency, expand renewable energy production, and 

reinforce domestic infrastructure. Commodity plastics have the potential to greatly reduce the cost 

of carbon fibers by replacing costly PAN, and its slow and expensive solution spinning process, 

as a precursor to carbon fibers. They are mass-produced globally at low cost due to their melt 

processibility, and oftentimes broadly available as a recycled feedstock for further cost savings. 

The state of the art of carbon fiber synthesis from commodity plastic precursors has been presented 

in this review, and their conversion methods and the resulting carbon fiber properties are 

summarized in Table 1. Polyethylene has received the greatest attention and achieved the highest 

mechanical properties of the precursors presented in this review, but much remains to be learned 

and explored about the more nascent options like polyamides, polystyrene, polyesters, and 

poly(vinyl chloride). Despite the challenges facing the commercialization of these precursors and 

their production methods, advances in computational methods and polymer nanocomposites are 

creating new opportunities to push the boundaries of commodity plastic-derived, low-cost carbon 

fibers. 
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