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A B S T R A C T

The rapid utilization of carbon fibre reinforced composite (CFRC) and glass fibre reinforced composite (GFRC) in

main sectors, such as automobile, aerospace, wind turbines, boats and sport parts, has gained much attention

because of its high strength, light weight and impressive mechanical properties. Currently, the increasing

amount and handling of composite waste at their end-of-life (EoL) has a negative impact on resources con-

servation and the environment. Pyrolysis, a two-step process, appeared as most viable process to recover not

only valuable materials but also produce fuel and chemicals. However, the testing facilities and optimized op-

eration of composite waste in pyrolysis processes to produce materials with low energy consumption and ac-

ceptable mechanical properties are still under development and discussion before commercialization. The aim of

this article is to review the studies on CFRC/GFRC recycling via pyrolysis processes and highlight their technical

challenges and re-use possibilities in high performance composites. The forthcoming commercialization chal-

lenges and respective market potential to recyclates using the pyrolysis process will be addressed. This study will

also introduce the strong connection between recycling and re-usability of fibres which would help to explain the

concept of circular economy and cradle-to-cradle approach. Finally, based on updated studies and critical

analysis, research gaps in the recycling treatments of fibrous composite waste using pyrolysis processes are

discussed with recommendations.

1. Introduction

1.1. Circular economy and global challenges

The developed industrial countries are generating a considerable

amount of polymeric waste (Bhadra et al., 2017; Yazdanbakhsh et al.,

2018; Holgersson et al., 2017; Das and Tiwari, 2018). The resources are

depleted through a conventional process of materials which results in

economic loss (Naqvi et al., 2018). The circular economy brought an

emerging concept which restores and regenerates the material by an

efficient design (Zhong and Pearce, 2018). This concept aims to protect

products and materials at their highest effective utility while mini-

mising negative impacts (Akanbi et al., 2018). In a sustainable society,

the recovery of materials and energy by following circular economy is a

challenging task (Kirchherr et al., 2017), (Hoogmartens et al., 2018).

Among polymeric wastes, fibre-reinforced composite (FRC) mate-

rials have huge world-wide production and consumption because of

their utilization in various fields such as construction, aeronautics,

aviation industry, oil and gas, sporting goods, wind industry (Lefeuvre

et al., 2017) and (Erden and Ho, 2017). FRC materials have a high

strength, a high durability, low weight and a high flexibility in shapes

making them interesting as alternative to steel and other materials. The

growth in the FRC industry not only increased its production and

consumption but will also lead to a high amount of end-of-life (EoL)

materials. The conservation and recycling of end-of-life scrap FRC has

become an important challenge for a sustainable circular economy.

Modern FRC materials originated in the early 1950s with the utili-

zation of carbon fibre, glass fibre which has polyester matrix resin as its

constituents. They are widely used in the manufacturing of boats, early

cars and water tanks. Following are the core examples of composite

application such as, wind energy (Fig. 1a), marine application (Fig. 1b),

automotive part (Fig. 1c), biomedical applications (Fig. 1d) (Erden and

Ho, 2017).

As an example, the forecast for the fibre reinforced composite ma-

terials market in the US for different application segments is depicted in

Fig. 2. The market grew by 6.3% to reach value of $ 8.2 billion in 2014

from the previous years. Economic indicators and market dynamics

suggested that composite material will grow much faster and
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dominating materials are carbon fibres, glass fibres in the reinforce-

ment segment and polyester resin in the resin segment. By 2020, this

composite materials market is expected to touch $ 12 billion with a

compound annual growth rate of 6.6% majorly in aerospace, trans-

portation, construction, wind energy and electrical & electronic in-

dustries.

However, currently the handling and recycling of the FRC materials

(carbon fibre reinforced composite, CFRC/glass fibre reinforced com-

posite, GFRC) by meeting environmental limitations, governmental

legislation, production cost, management of resources and economic

opportunity are vital global challenges. It is well understood that

turning these composite wastes into a valuable resource and closing the

Fig. 1. FRC composite application, (a) Wind turbine, (b) tidal energy sector, (c) coil spring manufactured by Audi, (d) wheelchair (Erden and Ho, 2017).

Fig. 2. US FRC market forecast by application segment.
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loop in the cradle-to-cradle approach is essential for the continuous use

of material in a circular economy. To address this issue, a technology

readiness level and waste management hierarchy based on review of

recycling strategies was presented (Rybicka et al., 2016). Another study

described the solution of composite recycling through engineering op-

timization techniques (Liu et al., 2017). These studies categorically

pointed out the impact of pyrolysis process as an emerging and viable

technique for composite recycling. Therefore, this study will contribute

in systematising the technological knowledge of CFRC/GFRC recycling

technique such as pyrolysis process.

1.2. Carbon fibre and reinforced composite production

Carbon fibres (CF) are valuable and primarily used as reinforcing

agents in high performance composites with thermoset or thermoplastic

resins. CF manufacturing is energy intensive but it provides high

strength & stiffness to the composite material by maintain fibre align-

ment and structural loads (Oliveux et al., 2015). CF compete with glass

fibres (GF) in high-performance polymeric composite but are sig-

nificantly more expensive. Fig. 3 depicts the CF and CFRC value chain

in a crude oil into CF and CFRC pathway through major steps, inter-

mediate products and unit prices approximately (Das and Varughese,

2016). This figure illustrates the production of CF and CFRC from high

value PAN precursor to CF production and high capital investment

which raised the price of CF.

Forecast and demand of CF and CFRC for different regions are

presented by industrial expert in 2013 in Fig. 4a & b. Europe showed up

as the leading in demand of CF (37% of global total) and expected to

43% increase in 2020. CFRC demand follows a similar trend and re-

gional distribution as CF demand. CFRC demand in North America and

Europe have been estimated 40% and 36.8%, respectively.

Another important factor relating carbon fibre composite recycling

is the projection of market sizes of composites the waste estimation.

Pickering 2016 shows the graph of carbon fibre reinforced composite

demand mass (kilo tonnes) for various industries, where the black spots

indicate the projected composite waste (Pickering and Turner, 2014). A

production ramp rates for various segments of application was esti-

mated. In 2017, industrial production scrap and end-of-life (EoL) CFRC

scraps for short life application especially in wind energy is sharply

increased (Fig. 5).

1.3. Glass fibre and reinforced composite production

In contrast to CF, glass fibre (GF) composite production is forecasted

to reach 1.1 million tons in Europe by year 2016 (Erden and Ho, 2017).

According to a recent published report by German association AVK and

CCeV (AVK and CCeV 2015) composite market report in 2015, GFRC

generated in 1069 million tonnes and 34% of Europe’s production is

associated with wind power industry. GFRC identify as the primary

materials in wind turbine blades. Based on the installed capacity in year

2000, GFRC utilization was 50,000 tonnes. In 2010, it sharply increased

to 130,000 tonnes and the amount is progressively increasing. This

amount attained 12.5 GW (gigawatt) of energy in year 2016 Today, the

use of GFRC in wind power blades is around 150,000 tonnes.

2. Literature review

In the last ten years, several studies have reported different existing

recovery methodologies of carbon fibre/glass fibre thermoset composite

materials for potential applications (Oliveux et al., 2015). Mechanical,

thermal and chemical recycling technologies were summarized in de-

tails and the impact on economic and environmental aspects of the

recycling methods were presented. Pickering (2006), Pimenta and

Pinho (2011) and Oliveux et al. (2015) presented and discussed the

technical comparison and re-use applications of three recycling meth-

odologies extensively. Their findings agreed that the thermochemical

treatment is suitable for carbon fibre reinforced composite (CFRC) re-

cycling because of the high value of carbon fibre for its high grade

application such as aerospace and structural sectors. In the case of glass

fibre reinforced composite (GFRC), mechanical recycling was indicated

Fig. 3. CF and CFRC value chain.
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as a better recycling option considering the low price of virgin glass

fibre (Oliveux et al., 2015) and (Ribeiro et al., 2015). The energy

consumption comparison of mechanical, thermo-chemical (combustion

and pyrolysis) and chemical recycling methods were presented by

(Wong et al., 2017). According to this study the energy consumption of

the pyrolysis process (30MJ/kg) is moderate compared to others

widely adopted industrial processes. However, the reported methods

based on mechanical separation, combustion, gasification or slow pyr-

olysis in a kiln are either too expensive or produce low quality fibres.

Pyrolysis process appeared as the viable and promising method for not

only effective recovery but also produce good quality fibres. This study

highlights the key pyrolysis process parameters, their effect on fibre

properties and re-use of recycled fibre for a new composite. Gaps are

identified in current research and possible recommendation is pro-

posed.

Thermo-chemical recycling of fibres involves pyrolysis, low tem-

perature combustion, gasification processes. A low temperature

(450 °C) combustion process in a fluidized bed reactor has been de-

veloped at the University of Nottingham, UK, for the recycling of CFRCs

(Pickering, 2006) and GFRCs (Pickering et al., 2000) and (Zheng et al.,

2009). This process recovered fibres and produced clean fuel gas for

energy recovery. Fluidized-bed reactors have the capability to treat

mixed and contaminated materials. On the other hand, this process

required large volumes of high temperature air and resulted in a re-

duction of fibre properties (especially in case of GF) through

mechanical action in the bubbling sand bed. An important question

regarding this process is the value of recovered fibres. The intrinsic

value of fibre is due to their high cost as virgin material but excessive

levels of labour associated with recovery and potentially high level of

energy used to a great extent weaken the business case for recycling

activities using fluidized-bed low temperature combustion process. A

combined process of thermolysis and gasification process for recovery

of waste CFRC used in aeronautical industry (López et al., 2013).

However, the gasification time was long which led to undesirable al-

terations in the fibre’s surface atomic composition. Pyrolysis processes

performed in an inert atmosphere, are the most studied thermal process

for recovery of carbon/glass fibres from scrap composite waste (Meyer

et al., 2009; Giorgini et al., 2014) (Onwudili et al., 2016). Pyrolysis

processes (slow, fast or flash) require optimized process parameters to

ensure efficient and maximum recovery of material and fuels & che-

mical production (Louwes et al., 2017; Abdou et al., 2016; Habib Al

Razi, 2016; Poulikakos et al., 2017). As per author information, there is

no comprehensive review of recovery of carbon/glass fibre using pyr-

olysis process reported yet. The current study not only summarizes the

key aspects of pyrolysis process but also highlights the impact of pro-

cess parameters on materials recovery and fuel production.

3. Recovery of CF/GF using pyrolysis technology

For recovery of CFRC/GFRC, the material is heated without the

Fig. 4. (a) CF and (b) CFRC demand (tonnes) by region.
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presence of oxygen/air, under the inert medium at the temperature

range of 350–700 °C (Meyer et al., 2009; Giorgini et al., 2015; Abdou

et al., 2016). The composite matrix decomposes and produces gas, bio-

oil and solids (fibres, fillers and char). The fibre surfaces are con-

taminated with solid char and a subsequent post-pyrolysis treatment

(oxidation using air) is required to burn the char to obtain clean fibres

and fillers. This chapter will comprehensive summarize and update the

published research articles related to recovery of CFRC and GFRC using

pyrolysis process.

3.1. CF recovery

Carbon fibre reinforced composite (CFRC) have been utilized in-

creasingly in the aerospace, automotive, wind turbine industry (Vieira

et al., 2017) and (Yu et al., 2016). This rapid use has elevated the en-

vironmental and economic concerns and raised awareness for recycling

the CFRC waste. However, a viable recycling process which could give

back fibres and re-manufactured the composite in combination with

recycled fibres looks demanding and attractive. Pyrolysis process ap-

peared as most reliable and efficient in terms of energy and material

recovery (Witik et al., 2013).

As per author information, Table 1 summarized the studies con-

ducted till now on recycling of CFRC using pyrolysis process. The re-

actor type, targeted industry, operational conditions of pyrolysis pro-

cess, post-pyrolysis treatment and pyrolysis product yields are listed

and discussed. To reveal the production of components from thermal

degradation of carbon reinforced composites, pyrolysis in combination

with gas chromatography/mass spectroscopy (Py-GC/MS) was utilized

(Bradna and Zima, 1992). However, the pyrolysis mechanism and

pyrolysis product yields were not evaluated. To understand the CFRC

thermal degradation mechanism in an inert atmosphere,

thermogravimetric analysis (TGA) was used to study the influence of

temperature on properties of recovered fibres (Meyer et al., 2009). The

controlled TGA condition for pyrolysis and post-pyrolysis is possible

without harming the fibre properties. To produce activated carbon fi-

bres, CF composite waste is pyrolysed in a fixed-bed reactor at tem-

peratures of 350–700 °C for 60min (Nahil and Williams, 2011). The

product yields were determined: solid (70–83.6 wt-%), oil (14–24.6 wt-

%) and gas (0.7–3.8 wt-%) as a function of temperature. The gas com-

position showed high concentrations of H2, CH4, CO and CO2 and oil

fractions of benzene, toluene, ethyl benzene and phenols. Thus, it can

be said that the gas and oil composition produced upon pyrolysis of

GFRC and CFRC are similar and displayed similar pattern. The activated

fibres upon char oxidation exhibited comparable mechanical properties

and could be a raw material for composite industry. Stoeffler et al.

(2013) used carbon fibres produced from a pyrolysis in a combination

with thermoplastic resin as a representative composite sample for

aerospace application. A cured & uncured carbon fibre/epoxy compo-

site was pyrolysed at 400 °C using a commercial patented pyrolysis

process. The recycled fibres were clean with an average length and

diameter of 5.6mm and 6.5 μm. The recovered fibres retained modulus

and tensile properties in comparison with the virgin carbon fibre. A new

combination of thermolysis (pyrolysis) and gasification (post-pyrolysis)

was introduced for recycling of carbon fibre by (López et al., 2013).

Pyrolysis was performed in a pilot scale thermolysis/gasification setup

at temperature of 500–700 °C with subsequent gasification at 550 °C in

the presence of air (12 l/h) for 30–180min. The produced gas contained

higher amounts of H2, N2, CH4, CO, CO2, and C2H6 as the temperature

in the thermolysis step increased. However, an optimum residence time

in thermoysis before gasification step should be investigated to observe

its influence on mechanical properties of the recovered fibres. Giorgini

et al. (2015) also used a batch pilot plant for the recovery of CFRC to

Fig. 5. CF demand in bar and waste in black dot for high value industry (Pickering and Turner, 2014).
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produce new materials with recovered fibres.

The visual inspection of recovered carbon fibres upon pyrolysis was

conducted using Scanning electron microscopy (SEM), is presented by

(Giorgini et al., 2014, Fig. 6). The author conducted pyrolysis process of

prepreg at different temperature (500, 550 and 600 °C) for carbon fibre

recovery. Virgin carbon fibres appeared as smooth and homogenous

(Giorgini et al., 2015). Carbon fibre obtained from prepreg pyrolysis at

various temperatures appear well separated and free from epoxy resin,

however, the fibre surface obtained at higher temperature covered with

thin layer of pyrolytic carbon. This thin layer consists of residues from

the degraded polymers in the case of non-oxidized atmosphere. This

residue layer became fragmented or broken in an oxidized atmosphere

This study presents the strong influence of the pyrolysis temperature

on products yields and on the surface properties of the composite with

recovered fibre. However, the performance of fibre reclaimed at opti-

mized parameters by pyrolysis was not assessed and their mechanical

properties in comparison with virgin and new composite was also

lacking.

3.2. GF recovery

Recycling of GF using a thermo-chemical treatment includes in-

cineration and pyrolysis. This has been subject of previous research

however, there is a research gap in understanding the optimal process

conditions to commercialize the pyrolysis technology. Pickering et al.

(2000) highlighted this issue and conducted research on recovery of

glass fibre from thermoset scrap composite materials using low a tem-

perature combustion process. This study revealed that combustion

might not be the appropriate technology as this process lost (−50%)

the tensile strength of fibre in comparison to virgin glass fibre which

resulted to be fluffy, discontinuous and short in length. On the other

hand, the pyrolysis process appeared as a very promising process for

composite recycling. Table 2 lists the updated research on recovery of

GFRC by showing operational parameters, mechanical properties using

pyrolysis process. This process allows the re-use of all waste compo-

nents and lead to recovery of valuable material and energy. Torres et al.

(2000) used the pyrolysis process for testing sheet moulding compound

of glass fibre and ortho-phthalic polyester in a lab scale fixed-bed re-

actor at 300–700 °C for 30min. A considerable amount of organic solid

material, gas and oil products were obtained from pyrolysis process. In

a post-pyrolysis process, the solid char was burnt in an oxidation step

and cleaned glass fibres were separated. The gas product mainly con-

sisted of CO and CO2 and showed rather low gross calorific values of

(13.9–16.4MJ/Nm3). The pyrolysis oils consisted mainly of majorly

oxygenated and aromatic compounds. Cunliffe and Williams (2003)

investigated the recycling of thermoset polyester/styrene copolymer

reinforced with glass fibre in a pyrolysis process at 450 °C. The main

gases comprised of H2, CH4, CO & CO2 and oil contained C2–C4 hy-

drocarbons in high concentrations. The recovered fibres were success-

fully re-used in DMC (dough moulding compound) plaques and have

mechanical properties comparable with virgin fibre. Another study by

(Cunliffe et al., 2003) evaluated the recovery of a variety of composite

wastes using a pyrolysis process in a bench scale reactor. The pyrolysis

temperature was 350–800 °C with a residence time of 60min and a gas

flow rate of 200 cm3/min. A thermogravimetric analysis was conducted

to study the Arrhensius kinetic parameters. However, the mechanical

properties of reclaimed fibre were not presented. López et al. (2012)

investigated recovery of GF and its re-utilization to synthesis glass-

ceramic material. Pyrolysis of polyester fibreglass was performed in a

9.6 dm3 thermolytic reactor at 550 °C for 3 h. The pyrolysis process

yielded an oil (24 wt%), gas (8 wt%) and solid residue of (68 wt%). The

long residence time in a slow pyrolysis may be responsible for the high

solid content. Similar oil contents and gas components from slow pyr-

olysis are mentioned by (Torres et al., 2000) and (Cunliffe and

Williams, 2003). The recovered glass fibre were processed to a vi-

trification process to prepare glass-ceramic tile. Recovery of GFRC usingT
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a pyrolysis process under non-isothermal and isothermal conditions

were investigated by (Yun et al., 2014) and (Yun et al., 2015). In the

first study, pyrolysis behaviour of composite scrap were determined

under non-isothermal conditions at various heating rates and tem-

peratures using a thermogravimetric analysis (TGA) and batch-type

pyrolyzer. The kinetics of GFRC is calculated by following Arrhenius

equation, ranging 41.4 kJ/mol to 78 kJ/mol. The structure of GFRC is

different in nature than biomass and cannot retain the structure under

high temperature degradation. FT-IR and SEM analysis of GFRC char

revealed that the structure is more stable at higher temperature and ash

components tend to break on further heating. On the other hand, GFRC

pyrolysis characteristics were evaluated at a temperature range of

500–1000 °C under isothermal conditions. At higher temperatures, the

kinetic study showed a lower activation energy of 28.1 kJ/mol, pre-

exponential factor 2.12 s−1 at the reaction order of 0.48–0.8 in the

thermos-balance reactor. This study also concluded that by increasing

temperature and residence time, a polymer scission and re-poly-

merization phenomenon was observed. GFRC polyester resin laminates

were pyrolysed in a batch pilot plant to investigate the effect of tem-

perature on yields and chemical-physical properties of pyrolysis pro-

ducts (Giorgini et al., 2016). The products yield were: solid (40–45wt-

%), gas (15–20 wt-%) and oil (35–40wt-%) as a function of the pyr-

olysis temperature. To remove the carbonaceous residue and clean the

fibre surface, post-pyrolysis experiments were conducted in a muffle

furnace at 500 or 600 °C and kept isothermally at various residence

times (10–60min). This study also confirmed the presence of CH4, H2,

CO and CO2 in high concentrations as the pyrolysis temperature in-

creased. In pyrolysis oil, BTEX (benzene, toluene, ethylbenzene) is

produced in large amounts at higher temperatures. A SEM analysis

revealed that the thickness of the carbonaceous layer is reduced as the

pyrolysis temperature increased. Raman spectroscopy results showed

that by oxidation of char at 600 °C, only 20min is needed to completely

remove the carbonaceous layer. In a recent study, recovery of glass fibre

from thermoset composite is done by batch pyrolysis at 500 °C and

45min residence time (Onwudili et al., 2016). The aim of this study was

to exploit the impact of pyrolysis plus post-pyrolysis at a particular

condition on recovery of material and compare the mechanical prop-

erties with virgin fibre and re-manufactured low density polyethylene

composite (LDPEC). According to this study, better properties could be

achieved not only through oxidation (post-pyrolysis) but also by che-

mical modification of fibre surface.

3.3. Role of post-pyrolysis treatment in recovery

As mentioned in the previous section, the pyrolysis process produces

solid (char+ fibre), gas and pyrolysis oil. The contaminated fibre sur-

face with solid char is a problem for re-utilization. Low temperature

combustion and gasification processes used large amount of hot air to

remove the carbonaceous layer for separation of fibre. Post-pyrolysis

treatment is mandatory to clean the fibre surface before re-combining

the reclaimed fibre with thermoset or thermoplastic composites to

synthesis new composite. This post treatment is done by an oxidation

process in a controlled temperature and residence time. The optimiza-

tion of process variables (temperature and residence time) is a key

challenge in the post-pyrolysis process. The surface characteristics of

recovered fibre was measured using X-ray photoelectron spectroscopy

(XPS) (Jiang et al., 2008). The incorporation of carbonyl and carboxylic

groups at the surface of the fibres might be due to the heat effect in the

presence of air. Ultimately, surface properties may impact the inter-

facial bonding performance. A recent study investigated the structure-

property relationship of recycled fibres from the pyrolysis process

(Jiang and Pickering, 2016). The oxidative effect (in air) and thermal

effect (in nitrogen) were important parameters on influencing the sur-

face properties. Surface defects were observed in an oxidative en-

vironment and caused reduction in tensile strength and crystallite size.

Therefore, a controlled and optimized temperature and residence time

in post-pyrolysis is beneficial for a viable recycling process.

3.4. Gas and oil products

Recycling of CFRC/GFRC using a pyrolysis process is promising as it

can not only recover the valuable fibre material but also generate

gaseous and oil products. The gas mixture by pyrolysis process could be

measured using a gas analyser. According to the literature mentioned in

the Tables 1 and 2, the major gas components are H2, CH4, CO and CO2

because of high secondary cracking. The amount of these gases mainly

depends on the mode of pyrolysis (slow or fast), pyrolysis temperature

and residence time. Furthermore, it is noticed that fraction of carbon

oxides generated in larger concentration at higher temperature from the

breakdown of oxygen-rich components presence in the resin formula-

tion. The pyrolysis oil obtained from the pyrolysis of composite waste

show a mainly aromatic nature. Benzene, toluene, ethyl benzene p-

Xylene and styrene were identified through gas chromatography mass

spectroscopy (GC–MS) as main components in the organic fraction.

Besides aromatics, oxygenated species are also present in the pyrolysis

oil. Fig. 7 summarizes the main gaseous and oil fractions.

4. Characterization of recovered fibre using pyrolysis process

To better understand the recycling process, characterization of the

feedstock and recycled products provide key information about the

thermo-chemical process. The details of these characterizations are not

discussed here but their importance and impacts are highlighted. For

thermal decomposition behaviour estimation, thermogravimetric ana-

lysis (TGA) was widely adopted (Bücheler et al., 2016). The curves of

TG and DTG showed the mass loss of the resin with respect to tem-

perature and the decomposition temperature of the resin and oxidation

temperatures of the fibres. This would help to optimize the pyrolysis

and post-pyrolysis process by avoiding the oxidation and degradation of

the recovered fibres. According to published literature, in the case of

GRFC, the decomposition temperature of the resin completed between

450–500 °C (Yun et al., 2014) and (Giorgini et al., 2016). On the other

Fig. 6. SEM images of carbon fibres recovered from pyrolysis at (a) 500 °C, (b) 550 °C and (c) 600 °C (Giorgini et al., 2014).
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hand, CFRC showed decomposition range of 450–600 °C depending on

the cured & uncured samples (Giorgini et al., 2015) and (Kim et al.,

2017) for pyrolysis process. For post-pyrolysis in presence of air,

500–600 °C was identified as the appropriate temperature range for

oxidation of pyrolytic char and clean the fibre surface (López et al.,

2013) and (Kim et al., 2017). Attenuated total reflection coupled with

Fourier-transform infrared spectroscopy (ATR-FTIR) showed up as a

reliable tool for identification of functional groups present on recovered

fibres in comparison to virgin material (Das and Varughese, 2016). The

mechanical properties such as tensile strength (MPa), young modulus

(MPa), flexural properties, elongation at break (mm) along with dia-

meter (μm) and initial fibre length (mm) were determined to exploit the

effect of recycling process (Yildirir et al., 2015) and (Song et al., 2017).

Morphological analyses of the recovered fibre were performed using

SEM, Raman and XPS analysis. For other analyses such as length dis-

tribution and interfacial adhesion determination, image analysis for

fibre length (Yang et al., 2012) and micro-bond test for interfacial ad-

hesion between varying pyrolysis conditions for recovered fibre and

polymer (Kim et al., 2017). Table 3 shows an overview of character-

ization techniques employed for investigation of fibre thermal, me-

chanical and morphological analyses.

The measurement of mechanical properties of recovered fibres (CF/

GF) heavily depends on the recycling options. Reclaimed fibres are

fluffy in nature, non-aligned and discontinuous. Keeping in mind that

scrap and recycled composites must have acceptable mechanical

properties for the high value applications as well as for present ap-

proach. The mechanical properties are affected by poor adhesion of

recycled fibre and epoxy resin. Pimenta and Pinho (2011), Asmatulu

et al. (2014) and Oliveux et al. (2015) identified in their studies that

pyrolysis is the only process who produces the better mechanical

properties recycled fibres and has commercial-scale implementation in

composite structures. To address the issues regarding mechanical

properties, pyrolysis recycling option should be monitored through

controlled temperature with fast heating rates, appropriate residence

time and suitable length of raw material (Table 4).

In the light of literature, recovered GF does not allow a re-use for

high value application because of the low market potential. Recovered

CF which are intermingled like a tuft or hair, showed 5–10% loss in

tensile strength using pyrolysis process as compared to combustion

(18%). However, more research work is required to understand the

mechanisms involved.

In order to assess the opportunities to use recovered carbon fibres as

a structural reinforcement in a circular economy, the source of material,

cost savings lightweight material preparation with recovered fibres and

large scale operation for high value applications for recovered carbon

fibres in comparison to the virgin fibres are necessary to exploit. The

recycled fibres produced at lower cost in comparison to virgin fibres but

the nature of recycled fibres are inevitably different from virgin and this

factor has limited the penetration/re-use of recovered fibre into virgin

fibre market. Therefore, the challenge is to change the material in the

form which replaces the virgin fibre with recycled fibre on the basis of

cost and performance.

Carbon fibre composite materials upon pyrolysis can produce short,

discontinuous and short in length fibres (Longana et al., 2016). How-

ever, these fibres possessed unique features such as cost effective light-

weighting, 3D complex structure, panel shape through compression

moulding and secondary structure for aircraft interior (Oliveux et al.,

2015). In terms of properties, recycled fibres showed promising me-

chanical properties in comparison with virgin fibres using the ther-

mochemical conversion process. Using pyrolysis process, fibres strength

slightly reduced (∼10%), in comparison to combustion process which

showed more loss in strength (∼50%) (Wong et al., 2017). Recycled

fibre upon pyrolysis showed similar electrical conductivity to that of

virgin fibre (Overcash et al., 2018). In terms of structure-property re-

lation after recovery using pyrolysis process, oxygenated species are

still active on the surface and fibres have been found bond well to epoxy

resin (Jiang and Pickering, 2016).

In terms of performance, re-manufacturing of composite structures

strongly depend on fibre reclamation process. Through direct or injec-

tion moulding technique, mixture of resin and recovered fibre (short,

discontinuous, chopped and milled) is pre-compounded into pellets.

ELG Carbon fibre, UK used produce milled fibre to produce nonwoven

mats for lightweight composite production (Holmes, 2017). In auto-

motive application, recycled carbon fibres products offer lighter and

stiffer parts at high volume manufacturing rates and significant cost

savings (Meng et al., 2018). For complex shape parts and panel shapes,

discontinuous and shorter length fibres seem to product high quality 3D

complex and lightweight structure. Recently, GE introduced jet engine

bracket challenge to optimize highly efficient bracket structure. The

recycled 3D random, disoriented fibres have potential to be part of

optimized lightweight bracket design (Gebisa and Lemu, 2017). There

are many other potential applications for recycled fibres to be used as

structural reinforcement composites with wide range of properties.

Below are several approaches for re-use;

1 Competition with virgin materials (composite/metallic)

2 Low mechanical performance may be offset by low cost

3 The scale should be identified for comparison of recycled material to

other material such as tow, mat or compound

4 Penetration into new markets

5 Appropriate use of recycled fibres to form new materials

6 Replacement of glass fibre as well as virgin carbon fibres with re-

cycled carbon fibres.

7 Enlarge functionality

8 Exploiting the utilization of recycled fibres in applications where

vital properties is of least importance

9 3D orientation, discontinuous and uniform fibre may be used in

applications to give enhanced drape properties for automated

forming

10 Down-cycling of carbon fibre, where might be it is preferred for

least demand application.

Currently many routes for market development are under

Fig. 7. Major Gas and oil components upon pyrolysis of CFRC/GFRC.

Table 3

Overview of characterization techniques involved in the FRC recycling processes.

Thermal & functional group Analysis Mechanical Testing Morphological Testing Others

TGA (N2)-PyrolysisTGA (Air)-Post-

pyrolysis

Tensile Properties -tensile strength (MPa), -Young modulus

(MPa), -Elongation at break (%)

SEM, AFM Adhesion analysis -Micro bond test,

-fibre pull out

ATR-FTIR XPS & Raman for surface

analysis

Image analysis for fibre length

distribution
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consideration and the outlook is debatable. Recycled carbon fibre

nonwoven mats, recycled carbon fibres comingled with thermoplastic

fibres, chopped, tow and milled fibre are potential avenues. In a circular

economy, carbon fibres resources are kept in use for as long as possible

with maximum recovery, re-use for new composites and promising

material for viable applications at the end of service life.

5. Re-use of fibre

The key driving force for recycled fibres in a circular system would

be fibre reclaiming process who can provide good quality fibre to

prepare new composite for an end user application or intermediate

product manufacturer. A high value end user application empower a

viable supply chain for recovered fibre than a low value. Nonwoven

mats with 3D complex shape and discontinuous fibre permit remarkable

mechanical properties to be achieved through high fibre volume frac-

tion in composite limited fibre breakage during moulding. Recycled

carbons fibres might cannot compete with virgin carbon fibres in terms

of performance but it would be viable in terms of weight-savings, cost,

synthesis of complex shape which is acceptable for specific automotive

and parts industries in a circular system. The effective recovery method

which can produce good quality fibres at mild conditions and their re-

use for new composite is still a part of on-going research. Pyrolysis

process produce short, discontinuous, fluffy fibres which went through

various process. These re-manufacturing processes are introduced by

(Pimenta and Pinho, 2011). Their study explained re-manufacturing

processes: such as direct moulding, compression moulding of non-

woven and aligned mats and impregnation of woven mats techniques

by showing advantages, disadvantages and implementation. This re-use

mainly depends on the physical structure and mechanical properties of

the recycled fibres. Further technical advancement in terms of fibre

alignment, increasing fibre content and reduction in fibre breakage

during processing are still needed. A suitable, effective and low cost

fibre recovery process in combination with suitable re-manufacturing

process should be developed to reach the properties and performance of

virgin fibres. This recycled discontinuous, 3D oriented fibre have ability

to manufacture few structure components as technology demonstrators:

secondary components for the automotive industry, interior compo-

nents of the aircraft and tooling. In general, recovered fibres after re-

moval of residual char clean, showed acceptable mechanical properties

in comparison to virgin material, especially in case of recovered CF

(Giorgini et al., 2015).

An example of CFRC recovery using pyrolysis process following a re-

formulation of new composite in combination with reclaimed fibres is

depicted in Fig. 8. However, further technical developments in re-

manufacturing processes are needed, especially in fibre alignment, fibre

content in new composite and low fibre damage during synthesis pro-

cess. In a nutshell, an efficient recycling process is heavily influenced by

the mechanical properties of recovered fibres which will be re-pro-

cessed with the polymer to prepare a suitable composite with properties

comparable to virgin CFRC.

6. Gaps in research and development and recommendations

In this section, the research gaps are discussed by summarizing and

presenting the present research work on recycling of CFRC/GFRC using

the promising route, pyrolysis, for a sustainable circular economy. The

pyrolysis process is identified as the most viable and sustainable process

to conserve the resources and to provide efficient recycling by the fol-

lowing cradle-to-cradle approach. Based on the literature, the produc-

tion of composite scrap, technical aspects of pyrolysis process and its

effect on recovered material properties, pyrolysis products and re-use of

reclaimed fibre in a closed life cycle are summarized and described.

However, a number of research questions can be derived from the

present study. Further developments in pyrolysis process for recovery of

CF/GF can be planned and solved through the following identified re-

search gaps and further prospects:

1 CFRC scrap is available in cured and uncured thermoset matrices

form in an industrial scale. There is still much work needed by

evaluating the effect of the stepwise pyrolysis process. Such an

evaluation should reveal the relationship between the parameters of

the pyrolysis process of cured and uncured CFRC and the properties

of the recovered fibres and produced chemicals & fuels.

2 What is the performance of a pyrolysis process for mixed and con-

taminated wastes in a suitable experimental facility? Most of the

work presented in literature is performed on a muffle furnace or a

fixed-bed reactor. A fluidized-bed reactor or spouted bed reactor or

any other reactor with the ability to process mixed and con-

taminated wastes are not addressed yet.

3 To better understand the impact of the pyrolysis recycling process,

the optimized process parameters for both the pyrolysis and post-

pyrolysis are required. A single set of conditions were used by re-

searchers. Research on the optimized process parameters for pyr-

olysis recycling process is also crucial for further improvement of

the quality of the recovered fibres.

4 An economic and energy analysis of CFRC recycling using a low

temperature fluidized bed combustion process by using Fluidized-

bed process is recently reported (Meng et al., 2017). However, a

detailed investigation of an economic and energy analysis of pyr-

olysis process is missing in literature. This information will de-

monstrate the environmental benefits of recycled fibres, especially

in case of CFRC, against end-of-life landfilling. A mathematical

model available could be developed to illustrate the influence of

pyrolysis and post-pyrolysis processing variations and other re-

levant factors on cost and environmental impact.

5 The effect of fibre reclamation on composite performance in com-

parison to virgin and recycled composite with identical structures

are not clear.

6 How can the initial fibre length and strength be retained after re-

covery via pyrolysis. The longer the initial fibre length, the longer

the recovered fibre length but the understanding of thermal and

oxidation treatment impact is required for further quality im-

provement and cost reduction of the products.

Table 4

Mechanical properties of single recovered fibre from pyrolysis of CFRC/GFRC.

Properties of single recovered fibre from pyrolysis process

References Output Tensile strength (MPa) Stiffness & purity Young modulus (MPa) Elongation at break, (%) Diameter Fibre length (mm)

Nahil and Williams (2011) CF 2340–3270 – 230– 233 2.34– 3.27 – –

910–1250 – 182– 233 0.91– 1.25 – –

Greco et al. (2013) CF 14% reduction 8% reduction – 6.2

Stoeffler et al. (2013) CF 680–720% increase 680% increase 20–35% increase 6.5 5.6

López et al. (2013) CF 2537–2544 – 210–220 – 6.70–7.00 –

Giorgini et al. (2016) GF 14 – 530 – – –

Onwudili et al. (2016) GF 11 – 428 – – –
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7 According to literature, the mechanical properties of recovered fi-

bres via pyrolysis showed a better performance as compared to

combustion and gasification treatment, mechanical and chemical

methods. However, these properties are negatively influenced by

an-appropriate set of conditions of the pyrolysis process (e.g. low

heating rates and long residence time). To re-use the recovered fi-

bres for a high-grade composite application, this compromise will

not be tolerated.

8 Commercially, no products are made from discontinuous, fluffy and

non-aligned recovered fibres via pyrolysis are available yet. More

research application of recovered fibres is required.

9 Another important issue for research is the absence of sizing on the

recycled fibre surface. This may lead to poor adhesion between the

polymer resin and recovered fibres, which will result in poor me-

chanical properties. A specific re-sizing of reclaimed fibres via

pyrolysis would show significant improvement in mechanical

properties.

10 There is no information regarding fibre grading and fractioning in

literature to eliminate the short fibres and maintain high purity &

strength with no loss of fibre volume fraction in the recycled com-

posite via pyrolysis.

11 Hybridization or replacement of recovered glass fibre (rGF)/ virgin

carbon fibre (vCF) with recovered carbon fibre (rCF) from the

pyrolysis process for new composites is not suggested before. This

replenish will develop new high quality materials.
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