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Abstract
The growing use of carbon and glass fibres has increased awareness about their waste disposal methods. Tonnes of 
composite waste containing valuable carbon fibres and glass fibres have been cumulating every year from various 
applications. These composite wastes must be cost-effectively recycled without causing negative environmental impact. 
This review article presents an overview of the existing methods to recycle the cumulating composite wastes containing 
carbon fibre and glass fibre, with emphasis on fibre recovery and understanding their retained properties. Carbon and 
glass fibres are assessed via focused topics, each related to a specific treatment method: mechanical recycling; thermal 
recycling, including fluidised bed and pyrolysis; chemical recycling and solvolysis using critical conditions. Additionally, a 
brief analysis of their environmental and economic aspects are discussed, prioritising the methods based on sustainable 
values. Finally, research gaps are identified to highlight the factors of circular economy and its significant role in closing 
the life-cycle loop of these valuable fibres into re-manufactured composites.
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1 Introduction

The materials commonly used in well-established sec-
tors—such as aircraft, energy, sports, infrastructure, 
medical, defence, electronics, and automobile are fibre-
reinforced polymer composites (FRPC) [1–3]. Especially 
carbon fibre reinforced polymers (CFRP) [4] and glass fibre 
reinforced polymers (GFRP) [5] are incredibly applicable 
due to their outstanding material properties [6, 7]. So far, 
industries have been rapidly utilising these materials with-
out proper awareness about their disposal methods. For 
decades, landfill and incineration were the two popular 
disposal methods adopted by composite industries. These 
methods have led to increasing environmental awareness 
to identify a sustainable dispose method and provide a 
solution to prevent the cumulating wastes [8–14].

In recent decades, various studies have assessed mar-
ket requirements for new composites and the amount of 
cumulating wastes to avoid the inevitable negative con-
sequences. By 2020, The US market for fibre-reinforced 
composites (FRC) will reach an estimated value of $12 
billion, with an annual growth rate of 6.6% [15]. Similarly, 
by the same year, the annual global demand for carbon 
fibres (CF) is expected to increase from 72,000 tonnes to 
140,000 tonnes, and the CFRP global revenue expected to 
increase from $28.2 billion to $48.7 billion [16]. To keep up 
with such a drastic demand for virgin carbon fibre (vCF), 
the cumulating CFRP waste should be recycled efficiently 
to reduce environmental impacts and satisfy the need 
[17]. Indeed, recycling CFRP into a valuable resource is a 
challenging issue affecting the future of the fibre-based 
recycling industry [18].
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The cumulating composite wastes are more promi-
nent than the needed new composites. A staggering 
62,000 tonnes of unused end-of-life (EoL) and CFRP pro-
duction waste will be cumulating every year in spite of 
the existing demand for new fibre composite [16]. The 
aircraft [19] and wind energy [20] sectors contribute to 
a major share of this. In the aircraft sector, an estimated 
value of 23,360 t/y of EoL CFRP will be accumulated if left 
unrecycled by 2035. Also, due to developments in mod-
ern aviation, the cumulative amounts from the following 
world regions are estimated to be available for recycling 
by 2050: North America (162,083 t), Europe (144,724 t) and 
Asia (102,500 t) [19]. Similarly, the EoL wind turbines will 
be cumulating 483,000 tonnes of CFRP waste, consisting 
of North America (95,000 t), Europe (190,000 t) and Asia 
(146,000 t) by 2050 [20]. Additionally, by the same year, 
wind energy will be replacing traditional electricity pro-
duction and will account for 50% of the EU’s total electric-
ity consumption [21]. However, despite their green creden-
tials, wind turbine blades made from GFRP have a lifespan 
of approximately 20 years. This means that, by 2030, an 
estimated 100,000 tonnes/year of wind turbine blades will 
be cumulated. Plus, currently, only a few recycling tech-
niques are available to treat such an enormous quantity 
[21, 22]. After wind turbines, waste printed circuit boards 
(WPCBs) represents one of the fastest-growing global 
waste streams [23], contributing a significant share to 
overall electronic waste and consisting of 27.4–45.55 wt% 
glass fibres (GF) [24, 25]. Recycling WPCBs to recover GFs is 
a challenging process due to the presence of toxic heavy 
metals and organic compounds, along with the GFs them-
selves [26].

Current landfilling percentages recorded in the UK 
stand at 35% for CF and 67% for GF, with only 20% of CF 
and 13% of GF recycled and a small amount 2% CF and 6% 
GF—being reused [27]. Furthermore, 2000 t/y of CF waste 
(20% of the total CF made in the US), if rescued from land-
fills and properly recycled, can be worth up to €14.7 mil-
lion of recycled carbon fibre (rCF) considering €10/Kg as 
the rCF market price. This value can increase dramatically 
to over €50 million by 2020, arguably due to a stable 15% 
annual increase in vCF production worldwide [28]. To 
develop new markets, an economically sustainable recy-
cling model for CFRP and GFRP waste should be utilised 
[27, 29, 30], opening up both direct and indirect job oppor-
tunities and contributing to economic development [31].

In the current situation, a complete recovery of fibres 
(direct structural recycling approach) is considered to 
benefit the composite sector. The recycled fibres from 
this approach have an added market value because of the 
low usage of natural resources, energy, and labour-power, 
together with near-virgin fibre quality [1]. Numerous meth-
ods, especially mechanical, thermal and chemical-based 

recycling approaches, have been studied and established 
so far because method selection depends on the type of 
material to be recycled and the application in which it will 
be reused [2]. Also, identifying one standard recycling 
method among various methods is difficult.

In the research field, recycling CFRP and GFRP waste 
have progressively become an area of interest, as shown 
when assessing the overall literature studies of the past 
20 years—highlighted in Fig. 1. There has been a steady 
growth in the recycling of both types of fibres. However, 
after 2011, studies related to CF recycling show an expo-
nential growth without any deviation. Indeed, focusing on 
review articles, in particular, shows that previous studies 
have concentrated on either CF or GF or their Life-cycle 
analysis. But not all three factors combined into a single 
study. For the present scenario, such review articles are 
needed to compare various phenomena and to identify 
research gaps.

The method adopted in this study is a standard narra-
tive review structure proposed by Green et al. [32]. The 
challenging literature search was conducted primarily in 
the Scopus database, and three additional databases were 
used as secondary supporting platforms such as Web of 
Science, Science Direct and Research Gate. The search was 
limited to the last 20 years. During the search, keywords 
such as “carbon fibre”, “glass fibre”, “Kevlar”, “Twaron”, “waste 
carbon fibre”, “waste glass fibre”, “waste Kevlar”, “waste 
Twaron”, “recycling”, “recycle”, and “recycled” were used. In 
the end, relevant articles were carefully selected based on 
an analysis of the title, aim, and novel findings from the 
research. Considering the limited information available on 
the topic of recycling Kevlar and Twaron waste, both the 
fibres were eliminated from this study.

However, all the relevant articles under the recycling 
of CF waste (360 articles) and GF waste (85 articles) 
were reviewed and organised into a private database 
using Microsoft Excel. A further article selection was 
made based on the following criteria: a focus on recy-
cling methods; the mechanical properties of recycled 
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fibre; and the economic and environmental analysis of 
the recycling methods. Articles that deviated from the 
framed selection criteria were eliminated. Overall, this 
literature review is narrowed solely focusing on summa-
rising the significant techniques to recycle CF and GF 
waste. Based on the effective recycling circumstances to 
recover clean fibres, on the characteristics of the recov-
ered fibres, on the life-cycle analysis of the recycling pro-
cess. Finally, 153 articles were used in the reference list.

Overall, this review article will provide insights into 
the current status of recycling methods available to 
recover both the carbon fibre and glass fibre from their 
composite wastes. The study will also prioritise the avail-
able recycling methods based on the following factors—
such as environmental impact, commercial value, quality 
of the recovered fibre and recyclability on an industrial 
scale. Additionally, the study highlights the process con-
ditions associated and the characteristics of the resulting 
fibres to justify the necessity to replace virgin fibres with 
recycled fibres.

This paper is organised based on the available recy-
cling methods in three sections, as shown in Fig. 2. The 
traditionally used mechanical recycling techniques and 
their latest alternative approaches are presented in 
Sect. 2. Thermal recycling techniques, including the flu-
idised bed process and pyrolysis process, are presented 
in Sect. 3. The chemical recycling techniques and their 
latest alternative approaches, along with solvolysis, are 
discussed in Sect. 4. Subsequently, Life-cycle analysis 
comparing all the significant factors are discussed in 

Sect. 5. After a brief discussion in Sect. 6, the paper ends 
with the conclusions in Sect. 7.

2  Mechanical recycling

In general, mechanical recycling is a technique used to 
reduce the size of scrap composites into smaller pieces 
known as recyclates. Normally, slow-speed cutting or 
crushing mills are used to reduce the material size to 
50–100 mm but, when the scrap composites are homo-
geneous without any metal components, high-speed mill-
ing will be adapted to reduce the size between 50 µm and 
10 mm [33]. The recyclates are classified based on coarse 
recyclates (higher fibre content) and fine recyclates (higher 
resin content) using cyclones and sieves. The effective 
reusing of recyclates is based on particle size [33, 34]. In 
the current situation, this has been used as a pre-recycling 
process for various methods [35, 36].

Even though the mechanical recycling process is capa-
ble of recycling both CFRP and GFRP, most of the research 
focuses on GFRP [2, 33, 37]. Discontinuous recyclates and 
their re-incorporation with low-value applications like 
fillers or reinforcements can provide the main reasons 
for such research variation [4]. Besides, CFs are expen-
sive compared to GF. Disrupting their physical integrity 
by mechanical recycling can lead to economic and fibre 
property loss. Since the early development of the pro-
cess, serious drawbacks have been involved, even though 
studies like Mou et al. [38] showed the improved flexural 
strength of concrete after the addition of GF recyclates as 

Fig. 2  The adopted recycling 
methods
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filler materials. Studies like Pickering [33], however, noted 
that the GF recyclates used as fillers are not commercially 
feasible due to the availability of alternative cheap virgin 
fillers such as calcium carbonate or silica.

To overcome the limitations, recent studies show 
acceptable improvements in the process; for example, 
studies like Meira Castro et  al. [39], which used com-
putational intelligence for optimisation. This involved 
waste GFRP recyclates being used as aggregate and filler 
replacement in a concrete-polymer composite to show-
case improvements in compressive and flexural strength. 
Moreover, this optimised process was cost-effective when 
compared to the thermal and chemical recycling process. 
Also, Shuaib and Mativenta [40] improved both the yield 
and quality of the GF recyclate by using low energy con-
sumption. Their study found that reducing the screen size 
to obtain a fine recyclate will result in increased energy 
consumption and processing time. To overcome such 
energy loss, the clearance gap between blades and screen 
was decreased. In comparison, further increasing the yield 
without any residue, Kočevar and Kržan [41] separated 
70% of the GF using a normal hammer mill. The remaining 
30% of waste was used as filler material for thermoplastics.

As mentioned previously, the limitations of recycling 
CFRP waste were challenging and even visible in the latest 
study by Li and Englund [42], where aerospace industry 
scrap was size-reduced using a hammer mill followed by 
shredding. The recyclates are compression moulded into 
flat pallets and subjected to mechanical testing, which 
showed a minimum 50–60% decrease in mechanical prop-
erties compared to the original composite. However, the 
study pointed out that, as the CF recyclate particle size 
decreases, the mechanical property increases.

2.1  Alternative approaches

Recent studies have focused on alternative size-reduction 
approaches using high voltages. One such method was 
electrodynamical fragmentation (EDF) in which a high 
voltage pulse between 50 and 200 kV was passed into 
ionised water to break down the CFRP waste into smaller 
pieces [43, 44]. Similarly, high voltage fragmentation (HVF) 
was carried out using a high voltage pulse of 160 kV to 
breakdown the GFRP waste. This method produces clean 
and long fibres. Moreover, HVF can be a promising alter-
native to mechanical recycling [45]. However, recently, 
Oshima et  al. [46] pointed out two drawbacks in this 
approach, using high voltage to remove resin from CFRP 
waste will result in a severe weight loss in the actual com-
posite and also decreases the rate of resin removal.

3  Thermal recycling

In a thermal recycling process, heat is used to break down 
the scrap composite. Due to a higher operating tempera-
ture (450–700 °C), the insignificant volatile materials are 
likely burnt, leaving the valuable fibres behind. Usually, 
the process temperature depends on the type of resin 
utilised in the scrap composite. Improper temperature 
can either leave char on the fibre surface (undercooked) 
or result in reducing the diameter of the recovered fibres 
(overcooked) [2, 47]. Thermal recycling can be classified 
into three types [33], as shown in Fig. 3.

The basic principle for decomposing the scrap compos-
ite using heat remains the same, though, the results are 
different for each process. Since polymeric compounds 
have certain calorific values, electricity can be produced 
by converting the waste composite into heat [1, 2]. How-
ever, a major drawback in the combustion (incineration) 
process is the ash by-product, which can only be landfilled 
as inert waste, e.g. 92 €/tonne in France. This complication 
harms the progress of a circular economy. Besides, it is only 
possible to achieve a 35% efficiency rate when convert-
ing the heat to electricity. Overall, coal in the furnace is a 
much better option than incinerating CFRP. Recent studies 
have focused on complete fibre recovery using thermal 
recycling processes like fluidised-bed process (FBP) and 
pyrolysis [48].

However, instead of completely combusting CFRP, con-
trolled resin decomposition at optimum temperature can 
result in CF recovery with negligible surface damage. In a 
study by Matielli Rodrigues et al. [47], the versatile com-
pounds (resins) were thermally disintegrated at 450 °C for 
2 h and CF recycled without damaging much of the sur-
face integrity. The decomposed epoxy resins are derived 
from the diglycidyl ether of bisphenol-A (DGEBA), which 
is difficult to recycle due to its cross-linked structure from 
resin curing. Therefore, recycling with minor surface dam-
age is a better option than landfilling completely.

Resin decomposing using optimal thermal conditions is 
not as efficient for GF as CF, but post-chemical treatments 
of recycled glass fibre (rGF) help to a certain extent in 
regaining their properties [49]. Unlike CF, the thermal recy-
cling of GF in high-heat operating conditions (300–600 °C) 

Thermal recycling

Combustion/ 
incineration

(energy recovery + ash) 

Fluidised bed process
(clean fibres/fillers + 

energy recovery)

Pyrolysis
(fibres/fillers + 

chemical products)

Fig. 3  Classification of thermal recycling



Vol.:(0123456789)

SN Applied Sciences (2020) 2:433 | https://doi.org/10.1007/s42452-020-2195-4 Review Paper

reduces the strength of the resulting GF up to 80% and 
is difficult to further reuse because of its low reinforce-
ment potential [50, 51]. To overcome such phenomena, 
Yang et al. [50] investigated two chemical treatments: 
chemical etching and post-silanisation to treat decom-
posed GF (80% decreased tensile strength) at 500 °C for 
30 min. The post-chemical treatment retained 30–70% of 
the lost mechanical properties in rGF. Thomason et al. [49] 
recovered 75% of the strength-loss by immersing the GF 
in 3 M NaOH solution for 10 min at 90 °C, followed by neu-
tralising with HLC. The treatment is known as short-hot 
sodium hydroxide solution treatment. Pender and Yang 
[52] introduced catalysts: CuO,  CeO2, and  Co3O4 to boost 
the resin decomposition. As a result, the processing time 
was reduced by 20 min, along with a 40% reduction in 
energy consumption. Among the three catalyses, CuO at 
375 °C had maximum efficiency in removing the resins, 
while CuO and  CeO2 increase 20% of GF’s strength reten-
tion capacity.

3.1  Fluidised bed process

In a typical fluidised bed process (FBP), a rapid stream of 
hot air is passed through a bed of silica sand to decom-
pose the chopped scrap composite at a low temperature. 
Usually, a fine silica sand of 0.85 mm particle size is used 
as a bed, which is then converted into a fluidised bed by 
passing air in the velocity range 0.4–1.0 m/s. The polymeric 
matrix scrap composites are chopped to 25 mm and fed 
separately into the fluidised bed. The operating tempera-
ture is between 450 and 550 °C. Inside a fluidised bed, the 
scrap composite separates into fibres and fillers (volatile 
compounds), which are carried out by the air stream as 
individual particles [33, 53].

Furthermore, suspending the individual particles in 
a high-temperature (1000  °C) secondary chamber will 
result in oxidising the volatile compounds, leaving the 
fibres alone [33, 53]. Figure 4 represents a diagram of the 
FBP. The process is capable of recovering both CF and GF 
[33] and is especially favourable for recycling EoL waste 
composites [2]. However, during the initial development 
of the process, limitations like fibre strength and length 
degradation became apparent. Also, the recovered fibres 
are fluffy [4].

The limitations are noticeable in Pickering et al. [53], 
as their research investigated the ability of FBP to recycle 
GF and was only able to achieve a 67% fibre yield. Fur-
thermore, the process retained only 50% of the tensile 
strength of the rGF compared to virgin GF (vGF). How-
ever, the study included a cost analysis for commercial-
ising the process and estimated that for 9000 tonnes/
year, the net annual profit would be 0.002$ million/year. 
Besides the limitations, the author’s contribution to the 
process has laid the foundations for modern-day FBP 
[4]. In contrast with Pickering et al. [53] results, Zheng 
et al. [55] claimed to have a novel FBP approach to recy-
cle WPCBs, achieving a 94.8 wt% GF recovery rate and 
a 95.4 wt% purity rate. The recycling approach seems 
to be almost similar, except for the WPCB were finely 
chopped than regular chopping size (25 mm) before 
feeding. However, the results were validated based on 
weight loss and SEM micrographic image observations. 
Plus, no information regarding the strength of the rGF’s 
was mentioned. To improve the yield of rGF, Pender and 
Yang [56] used CuO as a catalyst, with the results improv-
ing the yield from 59 to 70%.

A similar study to Pickering et al. [53] but replacing 
GF with CF was carried out by Yip et al. [57]. The findings 
showed that recycling CF by using identical operating 
conditions was much more efficient compared to GF 
recycling. The rCF had fully retained Young’s modulus 
and 75% of tensile strength when compared to vCF. The 
study also mentioned that the rCF length depends on 
the initial length of the CF waste, and it was possible to 
recover a fibre length of 5.9–9.5 mm despite the non-
uniform orientation. In alignment with previous studies, 
Pickering et al. [54] systematised the idea of commercial-
scale FBP with its ability to recover CF and also designed 
a commercial scale FBP suitable for recycling mixed and 
contaminated CFRP waste. The rCF only had an 18.2% 
tensile strength decrease and no tensile modulus reduc-
tion. The study claimed that the design has the highest 
efficiency compared with any other rCF using FBP. Also, 
the energy consumption to recover CF via FBP is only 
5–10% of the total energy needed to manufacture vCF.

Fig. 4  Fluidised bed process 
(modified from Pickering et al. 
[53, 54])
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3.2  Pyrolysis process

The process is efficacious for recycling both CF and GF 
[15]. Unlike other thermal recycling processes, the scrap 
composites are heated in the absence of oxygen. Under 
this condition, the decomposing matrix produces oil and 
gas, along with fibres and fillers (solid products) [2, 33]. 
In a typical polymeric pyrolysis process, the operating 
temperature varies in the range of 400–700 °C depend-
ing on the nature of the scrap composite [1, 4]. The liquid 
produced from the process contains aromatic compounds 
and has a calorific value of 37 MJ/Kg, similar to fuel. The 
gas produced can be regenerated into the pyrolysis reac-
tor. Overall, the oil and gas products produced can prove 
a significant chemical feedstock for any other process. 
Nevertheless, in spite of all that is produced, the process 
is still capable of retaining fibres with higher mechanical 
properties [1, 4]. This clarity of effect makes pyrolysis the 
most studied thermal recycling process [2], Fig. 5 presents 
a flowchart of the process.

Like any other recycling process, pyrolysis also suffers 
from certain limitations, with the possibility of char for-
mation on the resulting fibre surface considered the most 
challenging of all [4]. A significant percentage decrease in 
the mechanical properties can be observed in the recov-
ered fibres due to the char. Methods such as chemical 
treatment [26, 58] and post-heating the fibres result in 
reducing the char formation, but only to a certain extent 
[1]. Recent studies have used carbon dioxide  (CO2) and 
water vapours to remove the char formation from CFRP 
[59]. Also, oxidising the fibre surface will result in the for-
mation of an oxygen-rich surface, improving the adhesive 
nature of the fibre with resins [60].

To completely avoid such char formation on the 
recovered CFs, a UK milled carbon group was success-
ful in designing and implementing a commercial-scale 
semi-open continuous belt furnace with a controlled 
atmosphere [4, 61]. Similarly, Germany’s CFK Valley Stade 
Recycling GmbH and Co. KG uses a continuous pyrolysis 
process. Both companies are capable of recycling vari-
ous types of CFRP waste. Moreover, the large furnace and 

continuous flow allow them to recover longer and cleaner 
CFs [4]. Evidence for such a phenomenon can be seen in 
an earlier study from Meyer et al. [62] on recycling aircraft 
manufacturing CFRP waste, in which low-efficiency lab-
scale pyrolysis was optimised to a semi-industrial scale 
with the help of the company ReFiber. The authors were 
able to synthesise semi-industrial plant operations using 
a larger oven, with rCF retaining 96% of its original ten-
sile strength. However, a secondary heating system was 
implemented to eliminate the residue char, though the 
rCF was effective enough to replace vCF. Overall, a con-
trolled atmosphere in the pyrolytic reactor can influence 
the process outcomes.

3.2.1  Pyrolysis: controlled atmospheres

The development of pyrolysis processes resulted in sophis-
ticated and controlled atmospheric conditions being 
added to separate fibres from the solid pyrolysis prod-
ucts. Various literature works published since 2010 include 
evidence of such an approach. The primary principle of 
pyrolysis is unaffected. However, the atmospheric condi-
tions inside the pyrolytic reactor have changed constantly, 
aiming for higher yields. Three commonly-used atmos-
pheric conditions during pyrolysis are vacuum, nitrogen 
and superheated steam.

3.2.1.1 Vacuum atmosphere Inside a vacuum pyrolytic 
reactor, the organic vapours’ residence time is shorter due 
to a low decomposition temperature, which is sufficient 
enough to recycle GF without disturbing surface integrity 
[63, 64]. In an early study focused on recycling WPCBs by 
Zhou and Qiu [63], vacuum pyrolysis (VP) was judged as 
an alternative approach to mechanical recycling. The liq-
uid and gas products (can be used as chemical feedstock) 
along with solid products (GF and metal components) 
were found to increase the interests of researchers when 
compared to mechanical recycling [24, 63, 64]. Their study 
consists of a two-step pyrolysis method, such as VP and 
vacuum centrifugal separation (VCS), to separate GF from 
WPCBs. Similarly, Long et al. [24] used VP, which involved 
the GF being separated from metal parts using gravity 
separation (GS) method and non-metal parts using a cal-
cination process. The studies focused on recycling WPCBs 
using a vacuum atmosphere did not include any inves-
tigation on the mechanical properties of rGF. However, 
the yields from the process are tabulated in Table 1. This 
process is limited to GF as no suitable study was found 
concerning CF.

3.2.1.2 Nitrogen atmosphere Unlike vacuum pyrolysis, 
pyrolysis under a nitrogen gas atmosphere is capable 
of recycling both CFRP and GFRP [61]. Pyrolysis under 

Scrap
feed

Pyrolysis 
reactor

Fibres, fillers 
and char

(solid products)

Condenser

Chemical 
feedstock

Regenerated 
combustible gas

to the reactor

Hot exhaust gas

Secondary 
combustion 

Energy 
recovery

Solid and liquid hydro 
carbon products

Clean fibres 

Fig. 5  Pyrolysis process (modified from Pickering et al. [33])
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nitrogen atmosphere (NA) was the popular pyrolysis 
process used to recycle WPCBs until Zhou et  al. [64] ’s 
study came in 2010. The study used vacuum pyrolysis 
to recycle WPCBs, achieving a maximum GF recovery. 
However, later analysing the advantages of pyrolysis 
under NA, in 2013, Onwudili et al. [65] further developed 
the process and successfully recycled CFRP waste—in 
which 98 wt% of the solid products (rCF) were recovered 
efficiently. The study stated that a reaction time increase 
could cause a decrease in the mechanical properties of 
the recycled CF. Also, insufficient reaction time could 
result in char formation on the fibres. The yield from the 
process is tabulated in Table 1.

In line with previous research, in 2016, Onwudili et al. 
[61] investigated the mechanical properties of both 
the recycled CFRP and GFRP waste using a nitrogen 
atmosphere in a semi-batch reactor. The study found 
that chemical modification on the surface of recycled 
CF and GF could improve fibre properties. Additionally, 
both studies [61, 65] used secondary combustion (SC) to 
oxidise minor resin impurities and char formation on the 
pyrolysed fibres. When comparing the results, oxidised 
fibres retained the most mechanical properties when 
compared to non-oxidised fibres.

3.2.1.3 Superheated steam atmosphere In general, 
superheated steam is produced as a result of heating 
saturated steam at constant pressure. During the transi-
tion phase, the steam is heated several times above its 
saturation point to achieve superheated levels. The use 
of superheated steam atmosphere in pyrolysis increases 
heat transfer, which results in heightening the thermal 
degradation and supporting an oxygen-free atmos-
phere inside the pyrolytic reactor [66]. Recycling CFRP 
using superheated steam results in a high retaining of 
the CF mechanical properties when compared to any 
other pyrolysis atmospheres [67, 68]. Also, a significant 

amount of the char formation on the resulting CF and 
GF can be reduced using chemical treatments [58].

Using pyrolysis under superheated steam, Shi et al. 
[67] investigated the mechanical properties of rCF. They 
found that the recycled fibres had a substantial amount 
of char on the rCF surface, which prevented the fibres 
from being completely reusable. The study also stated 
that the lower the pyrolysis temperature, the higher the 
value of recycled CF. Furthering their previous studies, 
Shi et al. [58] extended their research to CFRP and GFRP, 
eliminating the char formation on both recycled CF 
and GF using chemicals such as detergent, acetone and 
N-methyl-2-pyrrolidinone (NMP). As a result, the bending 
strength of rCF increased from 49 to 78% after treatment 
with NMP, and the bending strength of rGF increased 
from 26 to 94% after treatment with acetone. Recently, 
Jeong et al. [69] recycled CF and showed 66% of tensile 
strength and 100% of tensile modulus retained from an 
original value using rapid pyrolysis.

In an attempt to retain maximum tensile strength in 
the recycled fibres, Ye et al. [70] developed an optimised 
steam thermolysis process combining vacuum pyrolysis 
and mild gasification to recycle waste CFRP. The process 
retained 90% of tensile strength in both laboratory and 
semi-industry scales. The study stated that a degradation 
increase in the polymer matrix resulted in a decrease 
of the fibres’ tensile strength. However, Kim et al. [68] 
retained 90.42% of tensile strength compared to the 
vCF by using a fixed bed reactor at 550 °C for 60 min. 
The study mentioned that increasing the steam pyroly-
sis conditions resulted in improving the removal of char 
deposited on the fibre surface. In a recent study by Kim 
et al. [71] superheated steam was used to remove minor 
resin residues after pyrolysis with carbon dioxide  (CO2) 
and recovered above 80% of the strength compared to 
vCF.

Table 1  Pyrolysis yields (wt%) from recycled CFRP and GFRP

References Material Solid yield Liquid yield Gas yield Process parameters

Zhou and Qiu [63] GF 75.7 20 4.3 a. VP: 600 °C for 30 min
b. VCS: 400 °C, 1200 rpm for 6–10 minZhou et al. [64] GF 72.2 21.45 6.35

Long et al. [24] GF 74.7 15 10.3 a. VP: 550 °C for 120 min
b. GS + calcination: 600 °C for 10 min

Onwudili et al. [65] CF 77 20.6 2.4 NA: 400–500 °C < 30 min + SC: 450 °C 
for 2 h. (35 MJ m−3 calorific value 
of gas)

Onwudili et al. [61] CF 73.1 23.8 2.3 NA: 500 °C for 45 min with 5 dm3/h 
nitrogen + SC: 500 °C for 30 min at 
20 °C min−1

GF 65.9 25.7 8.4
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3.2.2  Microwave pyrolysis

In microwave-assisted pyrolysis, the conventional heat-
ing source was replaced with microwave radiation. This 
change has increased the rate of thermal transfer with 
minimal energy consumption, without disturbing the 
primary principle of pyrolysis. The process is capable of 
recycling both CFRP and GFRP with fibres retaining higher 
mechanical properties [2]. In a recent study, Obunai et al. 
[72] achieved a 100% resin elimination ratio using a 700 W, 
2.45 GHz, argon atmosphere, and a 2.5 L/min flow rate 
after 300 s. The rCF had only a 0.7% decrease in tensile 
strength compared to vCF. Similarly, Jiang et al. [73] recy-
cled CFRP at 500 °C for 30 min with a 0.70 m3/min nitrogen 
flow. The rCF possess a clear fibre surface with mechanical 
properties like virgin fibres.

3.2.3  Pyrolysis on wind turbine application

Wind energy is a widely-used renewable energy source 
[74], for which GFs make an important material contri-
bution to wind turbine manufacturing [3, 5, 75]. In gen-
eral, the life cycle of an individual wind turbine only lasts 
from 20 to 25 years [76]. Studies focusing on GF recycling 
from wind turbine applications have frequently preferred 
pyrolysis [77]. Apart from the basic GF recycling, studies 
have focused on retaining their mechanical properties to 
complete the life-cycle loop by reusing them in various 
other applications [5].

Looking at early studies related to wind turbine recy-
cling after 2010, studies like Åkesson et al. [76, 77] were 
successful in retaining 75% of rGF tensile strength by 
using microwave pyrolysis in a nitrogen atmosphere. Their 
study proposed that a loss in tensile strength can be over-
come by reusing it as a hybrid composite, combining rGF 
with vGF. In line with the previous study, Åkesson et al. 
[78] further investigated improving the rGF properties 
by reinforcing them with polypropylene (PP). The study 
stated that the use of maleic anhydride grafted PP along 
with coupling agents improved the mechanical proper-
ties, including the flexural strength, tensile strength and 
Young’s modulus.

Studies like Pico et al. [75] and Beauson et al. [74] have 
highlighted the limitations and mentioned that rGF from 
wind turbine blades are short, fluffy and randomly ori-
ented. Also, the rGF tensile strength is lower when com-
pared to vGF. However, minor organic contents of the rGF 
surface are removed by oxidising. As a counter-statement, 
Jensen and Skelton [3] highlighted the circular economy 
as a promising way to reuse the recovered fibres in various 
applications. The study mentioned that, as an outcome 
of the GENVIND project (a 4-year project carried out by 
a Danish innovation consortium), a wind turbine will no 

longer only be renewable in terms of producing energy 
but also in material reuse. A collaboration between the 
material supplier, the wind industry and the EoL sector 
can make this happen easier. A recent study has estimated 
that, in the future, chemical recycling will be capable of 
recycling GF, hybrid and CF wind turbine blades with 
higher efficiency [9].

4  Chemical recycling

In a chemical recycling process, the polymeric matrix pre-
sent in the waste composite is disintegrated by dissolv-
ing it into any chemical solution, such as acids, bases and 
solvents. Normally, suitable chemicals and solvents are 
chosen based on the nature of the polymer substrate [4, 
79], while the solid composites are mechanically grounded 
before chemical recycling to increase the surface area. 
Once the polymer matrix is dissolved, the recycled fibres 
are washed to remove minor surface residue [1, 79]. Fibres 
recovered using chemical recycling have retained long 
fibres with maximum mechanical properties. Plus, the 
process has a higher resin decomposition ratio [4].

In modern chemical recycling, resin degradation is 
either achieved using solvents (solvolysis) or water (hydrol-
ysis). In solvolysis, solvents in different conditions (reaction 
time and concentration) are used to depolymerise or break 
the polymeric part of a composite. In hydrolysis, resin deg-
radation takes place because of water [1]. Generally, the 
use of hazardous and concentrated chemicals results in 
environmental impact [4], so the harmful chemicals are 
replaced with water and alcohol at supercritical conditions 
(SC). Besides, the drawback of improper fibre alignment in 
discontinuous rCF with a length of more than 5 mm can be 
suppressed using a centrifugal alignment rig concept [80] 
or by using calendaring through rollers with 0.10–0.15 mm 
gap at 110 °C [81].

4.1  Classification of chemical recycling

Classifying the chemical recycling process on the basis of 
previous studies depends on structuring significant fac-
tors according to its priorities. In early literature, Morin 
et al. [82] classified chemical recycling (solvolysis) based 
on temperature; solvolysis at low temperature using sol-
vents like acid solutions, alcohols, etc., at 90 °C and solvoly-
sis in SC of solvents like acids and water. However, recent 
research by Oliveux et al. [2] classified solvolysis based 
on higher temperature and pressure (HTP) with tempera-
ture > 200 °C and lower temperature and pressure (LTP) 
with temperature < 200 °C. In this study, chemical recycling 
is organised based on studies of nitric acid, together with 
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other chemicals in mild conditions (T < 100 °C), and others 
at higher conditions (T > 100 °C).

4.1.1  Recycling using nitric acid

Nitric acid is suitable for recycling both CFRP and GFRP. In 
the early-stage recycling of CFRP using acids, Liu et al. [83] 
found that nitric acid performed better in decomposing 
thermoset epoxy resin and recycled cleaner CFs compared 
to both sulfuric and hydrochloric acid. Also, orthogonal 
experimentation was used to prove the reusability of 
recycled CFs, while even stronger resins like amine cured 
epoxy were decomposed using nitric acid—for which Ma 
et al. [84] achieved a 99.18% resin decomposition ratio. The 
study resulted in an 85% CF cleanliness rate with minimal 
damage to the fibre surface. Similarly, Lee et al. [85, 86] 
recycled CFs with only a 2.91% tensile strength decrease 
compared to vCF. The detailed process conditions are 
mentioned in Table 2.

GFRP decomposition was also more efficient with nitric 
acid when compared to concentrated sulfuric acid [87]. 
In an early study, Yuyan et al. [87] achieved a 99% rate of 
resin decomposition. The rGF only has a 3.5–15.1% ten-
sile strength decrease and a 2.5% decrease in interlami-
nar shear strength (ILSS) compared to the original fibres. 
The study stated that an increase in temperature and acid 
concentration would increase the decomposition rate. 
Another study by Dang et al. [88] investigated the corro-
sion resistance of T-GF and E-GF and stated that T-GF has 
higher corrosion resistance in nitric acid solution com-
pared to E-GF.

4.1.2  Recycling using mild conditions

The chemical recycling of scrap composite using mild con-
ditions increases resin degradation [2]. Studies related to 
a lower temperature (T < 100 °C) and mild acids have also 
achieved relatively higher results. In Li et al. [89] study, a 
90 wt% epoxy decomposition ratio was achieved using 

a self-accelerating oxidative decomposition system (ace-
tone + peroxide hydrogen  [H2O2]). The authors mentioned 
that acetic acid is used to pre-treat the waste composite 
for expansion, producing a larger surface area. The rCF 
retained more than 90% of tensile strength compared to 
the original composite and showed that recycling under 
mild conditions is effective. The detailed process condi-
tions are mentioned in Table 2.

Similarly, Xu et al. [90] achieved a 90% epoxy decompo-
sition rate using N,N-dimethylformamide (DMF) and  H2O2 
mixed solution. The rCF only shows a 5% tensile strength 
decrease compared to the original composite. The single 
fibre tensile test only showed a 2% tensile strength loss 
compared to the vCF after a 10 °C process temperature 
increase. In a recent study, Das et al. [91] showed a 97% 
resin decomposition ratio from a single-stage oxidation 
process using an aqueous mixture (AM) of peracetic acids. 
The rCF retained 94% of its original strength. This process 
is limited to CF, and no proper study was found concerning 
GF. However, recent studies used solvents such as polyeth-
ylene glycol [92], dimethylformamide (DMF) [93] and water 
(1% NaOH) [94] to recycle WPCBs under mild conditions.

4.1.3  Recycling using higher conditions

Studies carried out since 2000 have adopted higher 
process parameters for recycling waste composites 
with higher resin decomposition, with chemical recy-
cling using super and sub-critical conditions (SCC) 
playing an essential role in this [2]. However, recycling 
using super and sub-critical fluids, especially water 
and alcohol, have been significantly narrowed down 
(summarised in a separate section). Based on the litera-
ture, studies since 2010 have focused more on improv-
ing the mechanical properties of recycled fibre. The 
process parameters, conditions and outcomes of the 
research are listed in Table 3, with the outcome being 

Table 2  Process conditions References Year Process conditions

Liu et al. [83] 2004 70–90 °C
Yuyan et al. [87] 2006 90 °C, 8 M nitric acid, 2 g/100 mL feedstock ratio and 5 h
Ma et al. [84] 2009 95 °C, 8 mol/L nitric acid and 23 h
Le et al. [85] 2010 90 °C, 6 g:100 mL (weight CFRP: nitric acid) for 5 h
Lee et al. [86] 2011 90 °C, a hexahedral circulating system at a 1 cm/s linear flow 

rate, 100 g:1.8 L (waste composite: 12 M aqueous nitric acid 
ratio)

Li et al. [89] 2012 60 °C for 30 min
Xu et al. [90] 2013 90 °C for 30 min, hermetic reactor
Das et al. [91] 2018 65 °C for 4 h. AM: 95 vol% 14 M acetic acid and 5 vol% 9 M  H2O2
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the retaining of maximum mechanical properties with 
maximum resin decomposition efficiency.

Besides the focus on property improvement, studies 
have also focused on comparing the recycling mecha-
nisms involved in the chemical recycling process. For 
example, Ma et al. [103] compared the depolymerisation 
and also the acid digestion of amine-cured epoxy resin, 
finding that the resin dissolution rate was influenced 
not only by the chemical reaction rate but also by the 
diffusion rate. Working from their previous research, Ma 
and Nutt [104] were able to implement their findings 
on both CF and GF to disintegrate amine-cured epoxy 
resin. The study showed that acid digestion with acetic 
acid/H2O2 at 110 °C was effective when compared to 
depolymerisation with benzyl alcohol/K3PO4 at 200 °C 
for highly crosslinked amine cured epoxy resin. Also, in 
the case of acid digestion, minor degradation was found 
on the rGF surface. Plus, exposing GFRP waste above 
the elevated temperature will result in rGF strength loss 
[105].

From an economic point of view, WPCBs can be recy-
cled cost-effectively using higher conditions (260 °C for 
10 min). Moreover, the ionic liquid ethyl-3-methylimi-
zadolium tetrafluoroborate  [EMIM+][BF4

−] used to dis-
solve the WPCB resin is capable of multiple regenera-
tions and reuse [106, 107]. Recently, cheaper solvents 
such as water and 1  M aqueous solution of sodium 
hydroxide (NaOH) have been used to separate WPCBs 
at higher conditions (280 °C for 15 min) [23].

4.2  Alternative approaches

As with every other process, novel chemical recycling 
approaches have been studied. By unaltering the over-
all principle involved in the process, studies have made 
minor changes for better results. As an early example, 
Kamimura et al. [108] used microwave-enhanced depol-
ymerisation and recycled 51 wt% of pure GF from FRP 
waste. In their study, N-Methyl-N-propylpiperidinium 
bis(trifluoromethylsulfonyl)imide was used as an ionic 
liquid at 340 °C for 2 min to achieve a maximum chemical 
yield of 80%. The author mentioned that using microwaves 
resulted in a high fibre yield in a short process time.

Among the recent studies, Sun et al. [109] investigated 
electrochemical recycling (ECR) using waste CFRP as an 
anode and a stainless–steel plate (SSP) as a cathode, with 
a NaCl solution as the electrolyte. A voltage of 2.6 V was 
passed across the electrodes for 21 days to soften the 
CF with a 3% concentration of NaCl. After softening, the 
fibres are washed under ultrasonic and dried for three 
days in a 50  °C environment. The authors highlighted 
that the energy consumption for recycling CF using the 
electrochemical process is 2–10 kWh/Kg, and the energy 
consumption to manufacture vCF is 55–165  kWh/Kg. 
Similarly, using ECR, Zhu et al. [110] and Chen et al. [111] 
both retained mechanical properties similar to vCF; this 
method is inexpensive and suitable for large-scale appli-
cation [111]. Recently, a mechanochemical process (MCP) 
similar to ECR has been tested [112], but limited informa-
tion is available regarding the rCF quality.

Table 3  Recycling using high conditions after 2010

References Year Recycled Solvents Parameter Outcome

Lee et al. [85] 2010 CF Organic: tetralin (T) and dieth-
ylene glycol monomethyl 
ether (DGME)

350 °C, 2 Mpa for 2 h
DGME, 193 °C, atm pressure 

(AP) for 10 h

3.67% decrease in tensile 
strength compared to vCF

Yang et al. [95] 2014 CF/GF Polyethylene glycol/NaOH 200 °C for 4 h with 0.1 g 
NaOH/g

84.1–93% decomposition 
efficiency

CF and GF 4–6% decrease in 
original tensile strength

Yamaguchi et al. [96] 2015 CF Hydrochloric acid (HCL) 130–150 °C, 2 h rCF like vCF
Nie et al. [97] 2015 CF Molten KOH 285–330 °C, AP Retained 95% tensile strength
Wang et al. [98] 2015 GF Aluminium chloride/acetic 

 AlCl3/CH3COOH
180 °C for 9 h Retained 96% of tensile strength

Wang et al. [99] 2015 CF Aluminium chloride/acetic 
 AlCl3/CH3COOH

180 °C, 15 wt % solvent for 6 h Retained 97.77% of tensile 
strength

Liu et al. [100] 2017 CF ZnCl2/ethanol catalyst system 190 °C Retained high mechanical 
property

Oliveux et al. [101] 2017 CF Water and acetone in 20:80 vol 
ratio

320 °C, 180 ± 10 bars in a 5 L 
batch reactor

rCF like vCF

Wu et al. [102] 2019 CF Molten  ZnCl2 360 °C, 80 min Retained 95% tensile strength
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Recent approaches also involve ultrasonics, Das and 
Varughese [113] investigated a sonochemical recycling 
process by reacting the CFRP waste with dilute nitric 
acid and  H2O2 under ultrasonics at 60  °C, achieving a 
95% decomposition ratio. The use of ultrasonic increased 
the decomposition ratio thrice when compared to the 
same process without ultrasonics. Similarly, Jiang et al. 
[114] used ultrasonics so that the waste CFRP could be 
pre-treatment with a nitric acid solution. The pre-treated 
CFRP was subjected to Macrogel 400 and a potassium 
hydroxide (KOH) system at 160 °C for 200 min. The resins 
are decomposed at a 95 wt% resin removal rate, and the 
rCF retained a 95% tensile strength compared to vCF. The 
authors highlighted that the process is highly efficient for 
recycling thermosetting composite materials.

4.3  Solvolysis using critical conditions

A fluid (solvent) adopts a high ability to diffuse a soluble 
substance when its critical temperature and pressure has 
been reached. It also performs new chemical reactions 
for decomposition and partial oxidation [115]. Solvoly-
sis using supercritical fluids (SCF) is an emerging waste 
composite recycling technology, with the recycling pro-
cess applying to both CFRP and GFRP. The two commonly 
used fluids in their subcritical and supercritical conditions 
are water and alcohol [82]. Solvolysis using alcohols is 
focused on recycling waste CFRP to dissolve the resin and 
to recover CF. However, there are fewer studies involving 
GFRP waste recycling.

It is easy to achieve a supercritical state with alcohols 
as opposed to water [116]. Supercritical alcohols possess 
good recycling capabilities when used with waste polymer 
composites. Among all the supercritical alcohols, propanol 
is better than ethanol and methanol. When comparing 

methanol, ethanol, acetone, and 1-propanol, research 
showed that methanol has a low mass-transfer rate under 
subcritical conditions. On the other hand, 1-propanols 
three atoms of carbon and high solvation capacity per-
forms better than methanol and ethanol [115, 117].

4.3.1  Alcohol at critical condition

In an early study of CF recycling, Piñero-Hernanz, García-
Serna et al. [117] investigated the resin elimination per-
centage of four alcohols: methanol, ethanol, 1-propanol, 
and acetone. The study resulted in 95% resin degrada-
tion under 15 min, with the rCF retaining 85–99% of its 
tensile strength. Among the four alcohols used, acetone 
performed better at a lower temperature. At higher tem-
perature (450 °C), ethanol, 1-propanol and acetone had 
a maximum resin elimination of 78.8 wt%, and methanol 
had only 60.2 wt%. However, a later study conducted by 
Okajima et al. [118] showed that supercritical methanol 
performed much better when compared to previous stud-
ies. The recycled CF using methanol had a crack-free sur-
face with only a 9% decrease in tensile strength and a 20% 
decrease in interfacial strength when compared to vCF. 
The solvent and process conditions involved in recycling 
CF are tabulated in Table 4.

In line with their previous research, Okajima et al. [119] 
studied the effect of eight supercritical solvents—metha-
nol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, tert-
butanol, acetone, and methyl ethyl ketone—on dissolving 
the resin (amine-cured thermosetting epoxy) and recycle 
CF. Among the eight supercritical solvents, acetone had 
a higher resin elimination. Moreover, rGF using super-
critical acetone obtained 95–99% resin degradation and 
retained 89% of its strength compared to vGF [120]. The 
resin decomposition efficiency improved with increasing 

Table 4  Alcohols at critical conditions (CC)

References Year Solvent Conditions

Piñero-Hernanz et al. [117] 2008 Methanol, ethanol, 
1-propanol, and 
acetone

250–400 °C, solvent flow rate of 1.1–2.5 kg-alcohol/kg-fibre/min and 0.016–
0.50 M alkali catalyst (NaOH, KOH, and CsOH), 15 min

Okajima et al. [118] 2014 Methanol Thermosetting: 270 °C in a batch reactor 8 Mpa for 90 min
Thermoplastic: 285 °C in a semi-flow type reactor 8 Mpa for 80 min

Okajima et al. [119] 2017 Acetone 320 °C with molar density 3.64 mol/L after 20 min
Sokoli et al. [120] 2017 Acetone 260–280 °C, 55–60 bar, 1.24–2.1 g/mL of composite/solvent ratio
Okajima and Sako [121] 2019 Acetone 350 °C, 14 Mpa, 60 min, 4.35 mol/L density of acetone
Jiang et al. [115] 2007 Propanol 300 °C, 50 bars and 10 min
Marsh [116] 2009 Propanol Semi-continuous flow system at 350 °C, KOH catalyst flow of 1.1 kg of alcohol per 

1 kg of fibre/min
Jiang et al. [123] 2009 n-Propanol Semi-continuous flow reactor at 310 °C, 5.2 Mpa
Yan et al. [124] 2014 1-Propanol 320 °C, feedstock ratio 2 g epoxy resin for 0.2 L 1-propanol, 60 min
Yan et al. [125] 2016 1-Propanol 320 °C, 90 min, no catalysist
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reaction pressure and acetone density [121]. Similar to 
Okajima et al. [119], Cheng et al. [122] analysed the degra-
dation capability of different supercritical fluids. The study 
showed that supercritical n-butanol had the highest resin 
degradation and retained 98% of tensile strength com-
pared to the original CF. Supercritical acetone holds the 
second position for resin degradation followed by ethanol 
and n-propanol. However, at a temperature range between 
340 and 360 °C, n-propanol showed a greater capability 
for resin degradation compared to ethanol. Overall, both 
supercritical methanol and isopropanol performed poorly 
in resin degradation.

Among all the alcohols, propanol is a short chain and 
affordable. CF recycled using propanol achieves a 98% 
resin removal rate [116]. The rCF have only a 1% decrease 
in interfacial shear strength and a 5.43% decrease in ten-
sile property compared to vCF [115]. Plus, the rCF offers 
properties equal to vCF and can be used as its replacement 
[116]. Like propanol, both n-propanol and 1-propanol also 
showed promising results. The rCF using n-propanol only 
shows a 0.3–2% decrease in tensile strength compared to 
the initial material used [123], whereas the rCF using 1-pro-
panol had the same tensile strength compared to the CF 
prior to recycling. Also, adding 1 wt% of KOH, along with 
1-propanol, enhances the decomposition ratio of the resin 
and improves the mechanical stability of rCF [124]. Adding 
catalysis is not necessary, as the rCF using 1-propanol as 
a solvent retained 90–95% tensile strength compared to 
CF before recycling without any catalyst addition [125].

4.3.2  Water at critical condition

Unlike solvolysis using alcohols, waste CFRP and GFRP are 
both capable of recycling using water at CC. Moreover, 
considering the number of studies, this section is divided 
into two to separate those based on CF and those based 
on GF. Recycling waste CFRP and GFRP using water at CC 
has resulted in a higher resin decomposition rate along 
with higher mechanical properties.

4.3.2.1 Based on  carbon fibre Following their CF recy-
cling studies using alcohols at CC [117], in the same year 
(2008), Piñero-Hernanz et al. [126] recycled CF using water 
at its supercritical condition. The study resulted in a resin 
removal efficiency of 95.4  wt% with only a 2–10% ten-
sile strength decrease of rCF compared to vCF. The addi-
tion of alkali catalyst (NaOH) increases the resin removal 
efficiency [126, 127]. In 2012, when repeating the same 
approach without any change in the process parameters, 
Knight et al. [128] achieved a resin decomposition rate of 
95.9–99.2 wt% and recycled woven based CF using super-
critical water (deionised water). The rCF shows no tensile 
strength decrease compared to the original composite. 

However, in studies focused on maximum resin decom-
position efficiency, Yuyan et al. [129] achieved the highest 
resin decomposition rate of 100 wt% by reducing water 
from a supercritical state to its subcritical state. The rCF 
only show a 1.8% tensile strength decrease compared to 
vCF. Similarly, Kim et al. [130] were able to achieve a 99.5% 
resin removal efficiency.

Contradicting the studies with higher resin decompo-
sition ratio, Bai et al. [131] research concluded that the 
decomposition ratio increase above 96.5 wt% in recycling 
CF would decrease the recycled fibre strength, indicat-
ing the damage to the fibre surface after complete resin 
removal. In that study, the authors managed to obtain an 
85 wt% decomposition ratio by using supercritical water 
and adding oxygen as a catalyst. In recycling CF using 
water at CC, catalysts play an important role in boost-
ing the resin decomposition ratio [126]. To analyse, this 
phenomenon, Okajima et al. [132] investigated the resin 
degradation with a catalyst (2.5 wt% potassium carbon-
ate) and without a catalyst using subcritical water as a sol-
vent. The catalyst process had a better outcome with only 
a 15% tensile strength decrease of rCF compared to vCF. 
However, recent studies have avoided the use of a catalyst, 
increasing temperature and pressure to maintain higher 
process efficiency instead [130, 133]. The studies based on 
the catalyst are summarised in Table 5.

The process development after achieving a higher 
decomposition ratio resulted in studies comparing various 
solvents with water, in which Yildirir et al. [134] compared 
ethylene glycol (EG)/water mixture to EG at its near-critical 
condition. The resin removal was 97.6% with EG/water and 
92.1% with EG. The rCF had tensile strength similar to vCF. 
Similarly, Ibarra et al. [135] studied the resin degradation 
system to compare water and benzyl alcohol at SC and 
SCC. The authors observed an initial delamination in the 
system with thin layers of resin-binding the fibres together 
and stated that the increased reaction resulted in the com-
plete degradation of these thin resin layers to recycle CF. 
The decomposition ratio achieved was 90% from benzyl 
alcohol and 80% from water. In the recent scenario, a mix-
ture of acetone/water at CC is used as a solvent, with the 
results showing a maximum resin elimination of 95% and 
successfully closing the rCF life-cycle loop [133, 136, 137].

4.3.2.2 Based on  glass fibre In the recycling of GF using 
water at CC as a solvent, the solvents degree of fractiona-
tion increased whenever there was a substantial increase in 
any of the following three conditions: catalyst/solvent ratio, 
solvent/FRP ratio, and reaction temperature [138]. Similarly, 
the increase in reaction time resulted in a decrease in the 
mechanical property of the recovered GF. At-lower reaction 
temperature, the strength loss in rGF is lower and gradu-
ally raised with an increase in reaction temperature. A final 
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wash to the recycled GF with organic solvents is required 
to improve the feasibility of the process [139], as well as to 
increase the delaminating mechanism in recycling WPCBs 
to allow for GF recycling. A minor per cent (7 vol%) of water 
below its critical point can result in higher resin decomposi-
tion efficiency [140].

Like any other recycling process for GF, this process also 
suffered from char formation on the surface of the fibre, 
due to the gas condensation during hydrolysis. However, 
initial physicochemical mechanisms such as osmotic crack-
ing, swelling and delaminating can be used to overcome 
the limitation [141]. In addition to the limitation, the resin 
structure of the waste GFRP is capable of influencing the 
rate of hydrolysis, and the hydrolysis mechanism tends to 
become unstable with varying results [142]. To control the 
hydrolysis mechanism, Liu et al. [25] used  H2O2 (9.04 mL)/
NaOH (0.21 g) along with supercritical water. The process 
resulted in 95.14% resin decomposition efficiency with sta-
ble hydrolysis throughout the process.

A recent study by Sokoli et al. [120] showed a contradic-
tory use of water as a solvent for recycling GF below its criti-
cal point. The author explains that water reacts with alkali 
oxides on the GF surface and produces micro-cracks. The 
rGF had a 50–65% strength loss compared to vGF. Findings 
also showed that supercritical acetone is capable of com-
pletely degrading resins at 260 °C with 60 bar and c/s ratio 
up to 2.1 g/mL. The rGF retained 89% of its tensile strength 
in comparison to vGF.

5  Life‑cycle analysis

Compared to CF, GF has contributed to the most global 
fibre production, which means the percentage of GFRP 
waste for recycling is higher compared to the percentage 
of CFRP waste. Surprisingly, studies have focused more 
on recycling CFRP waste due to its expensive price range 
and ability to retain maximum mechanical properties 
after recycling [7, 143]. A recent study by Hermansson 
et al. [144] suggested that, in the future, replacing poly-
acrylonitrile (PAN) with lignin as a raw material for CF 
will result in lowering the energy use and environmental 
impact at the time of recycling the waste CFRP.

However, looking at the existing CFRP waste recycling 
methods, the approaches can be divided into two major 
techniques. A cheap option; namely landfilling and incin-
eration (approach 1), in which the fibres are not recov-
ered and cause a high negative impact on the environ-
ment, including an economic loss in neglecting to reuse 
the valuable fibres. The second type (approach 2) is a 
profitable and fibre recovery method such as mechani-
cal, chemical and thermal recycling [4, 48]. Even though 
the second approach needs capital investment and 
specific technologies to preserve sustainability, it has a 
lower environmental impact with a maximum recovery 
rate of fibres from waste composite. The studies related 
to the second approach can also be implemented to 
recycle GFRP waste, as both forms of waste (CFRP and 
GFRP) involve similar polymer structures [48].

Table 5  The catalyst used to recycle CF

References Year Catalyst Condition

Piñero-Hernanz et al. [126] 2008 KOH (alkali catalyst) 400 °C, 28 Mpa, 0.5 M of KOH
Knight et al. [128] 2012 KOH (alkali catalyst) 410 °C, 28 Mpa for 120 min and 0.5 M KOH catalyst
Yuyan et al. [129] 2009 Sulfuric acid 260 °C, 1 M sulfuric acid, solvent feedstock ratio of 1:5 g/

mL for 105 min
Kim et al. [130] 2019 No catalyst 400 °C, 280 Mpa reactor pressure
Bai et al. [131] 2010 Oxygen 440 °C, 30 Mpa for 30 min
Okajima et al. [132] 2011 Potassium carbonate 400 °C, 20 Mpa, 2.5 wt% potassium carbonate for 45 min
Yildirir et al. [134] 2014 Water 400 °C ethylene glycol (EG) near-critical condition gly-

col/water ratio (mL/mL) of 5
Keith et al. [133] 2019 No catalyst 320–380 °C, 20–30 Mpa for 120–150 min
Keith et al. [136] 2019 0.05 M  ZnCl2 and 

 MgCl2/0.005 M  AlCl3
300 °C for 45 min
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LCA studies have emerged from comparing various 
recycling methods. Among all the LCA indicators, three 
examples, namely global warming potential (GWP), human 
toxicity (USETox) and acidification (AE), are identified as 
essential [145]. However, a GWP indicator is directly asso-
ciated with environmental change. It was also noted that 
the cost of recycling and GWP impacts are inversely pro-
portional to each other. When the GWP decreased, so did 
the cost [146]. In an attempt to analyse the relationship 
between GWP and cost, Dong et al. [48] studied the waste 
management of CFRP concerning economic and environ-
mental aspects. The study highlighted that none of the 
recycling techniques were able to reduce both the recy-
cling cost and GWP impacts simultaneously.

5.1  Alternative to landfilling and incineration

Industrial-scale recycling highlights that the energy 
(0.27–2.03  MJ/kg) required to recycle CF by mechani-
cal recycling is lower compared to the energy required 
(183–286 MJ/kg) to manufacture vCF. Also, mechanical 
recycling via the milling process has a low environmental 
impact compared to vCF manufacturing [147]. In addition 
to this, when comparing landfilling and incineration with 
mechanical recycling methods, landfilling suffers from sev-
eral taxations and incineration has a high environmental 
impact due to its massive carbon emissions. The carbon 
footprint in mechanical recycling is low compared to 
landfilling and incineration and, even though mechanical 
recycling involves high recycling cost with low revenue, 
targeting a higher rCF market can improve its revenue [11]. 
Moreover, to have an immediate rGF solution from wind 
turbine blades [9] and EoL WPCBs [8] mechanical recycling 
can be adapted, which will reduce 90% of the landfilling 
net impact [9].

Recent studies have attempted to compare pyrolysis 
[10, 14], chemical recycling [12], water at CC [10, 13] and 
EDF [10] with landfilling and incineration. These studies 
have chiefly focused on showcasing the environmental 
and economic values of using recycling methods involv-
ing fibre recovery. The LCA indicators strongly support 
pyrolysis over landfilling and incineration. In particular, the 
low environmental impact and low energy consumption 
to rCF, which even supports rCF over vCF [10, 14]. Results 
from the ReCiPe midpoint method supports chemical recy-
cling over landfilling, with an average of 80% in all possible 
LCA indicators [12]. Results from CML-IA baseline and ILCD 
2011 midpoint LCA methods show that recycling CFRP 
under landfilling and incineration possesses a 25–30% 
environmental impact and 25% additional energy con-
sumption compared to recycling using water at CC [13].

5.2  Pyrolysis and chemical recycling process

Further recycling process development focusing on fibre 
recovery leads to comparisons of environmental and eco-
nomic aspects within the approach to identify various 
recycling methods that support sustainability. In 2010, 
to replace train car bodies in South Korea with CFRP, Lee 
et al. [85] investigated the identification of environmen-
tally-friendly recycling methods and compared chemical 
recycling with pyrolysis. The study concluded that the 
energy footprints of chemical recycling (7.62 MJ-eq) are 
six times less compared to pyrolysis (47.88 MJ-eq), and the 
greenhouse gas (GHG) emissions of chemical recycling 
(1196.22 g  CO2-eq) was five times less (5916.08 g  CO2-eq). 
Overall, these findings support chemical recycling over 
pyrolysis.

Similarly, results from an LCA study of La Rosa et al. 
[148] was favourable for recycling CF using chemical 
recycling, which involved less energy consumption and 
lowered environmental impacts compared to manufac-
turing vCF. The study stated that reducing material and 
energy consumption during product manufacturing can 
be a game changer for environmental benefits. The EoL 
wind turbine blades are also favourable for the chemical 
recycling process. However, if the recyclate value drops to 
47% or processing energy increases above 35 MJ/kg, then 
using chemical recycling is worthless [9].

5.3  Pyrolysis and solvolysis using SCF

In contrast to Lee et al. [85], a Khalil [149] 2018 study 
used GaBi LCA software and showed opposite results, in 
which conventional thermolysis via pyrolysis and solvoly-
sis using supercritical water (SCW) was compared. The 
study showed that the solvolysis process had a 78 times 
greater human health impact, 76 times greater ecotoxic-
ity, 17 times greater carbon footprint (global warming) 
and 3 times greater ozone depletion when compared to 
pyrolysis. Also, the quantitative evidence proves that CFRP 
recycling via pyrolysis had the advantage of positive envi-
ronmental and human health value compared to solvolysis 
using SCW.

Furthermore, Khalil [150] analysed different solvoly-
sis methods using GaBi LCA software. The study covered 
supercritical fluids such as water, methanol, ethanol, 
1-butanol, 1-propanol, acetone, ethylene glycol and 
binary mixtures of solvents and water. The results showed 
that binary mixtures of solvent and water were capable 
of recycling quality CF and had lower production costs, 
environmental and human health impacts compared to 
the use of pure solvents at CC. Plus, this could be a promis-
ing method for closing the life-cycle loop of CFRP waste.
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5.4  Fluidised bed process

Several LCA studies on FBP by Meng et al. [16, 151–153], in 
2017 and 2018, resulted in a better understanding of the 
process. The studies showed that replacing vCF with rCF 
can reduce global warming potential (GWP) by 33–51% 
and primary energy demand (PED) by 32–50% [153]. Simi-
larly, replacing traditional materials (steel and aluminium) 
with rCF in the automotive (components) application 
showed potential improvement and environmental ben-
efits [152]. As well as the environmental benefits, a hypo-
thetical commercial-scale FBP design with conditions: 
100–6000 t/y plant capacity and 3–12 kg/h m2 feed rate 
can recover CFs at a rate of 5 USD/Kg, which means the 
recycling costs of CF are 15% of the overall vCF manufac-
turing cost. Therefore, it is clear that reusing has a positive 
environmental outcome along with economic profit [151]. 
Finally, when comparing the FBP to pyrolysis and chemical 
recycling using LCA indicators, FBP has a lower PED, GWP 
and power consumption. Overall, a significant amount 
of environmental and cost-benefits can be achieved by 
adapting FBP [16].

6  Discussion

In the current scenario, waste has become a valuable raw 
material. Based on the literature analysis of rCF and rGF, 
the scientific community and composite industries are 
highly focused on recycling techniques to recover fibres 
completely. Government policies play a significant role 
in such a drastic change. Strategies such as implement-
ing a hefty tax on composite industries for environmental 
degradation, the EU policy towards commercial EoL com-
ponents, economic-based calculations over composite 
waste and quantity-based estimations over composite 
waste from the US and the UK, are guiding the composite 
market to close the life-cycle loop of waste fibres through 
sustainable recycling. Additionally, EoL composite waste 
based on applications of the aeronautical/-aerospace 
sector, the renewable energy sector, and the automotive 
sector is enormous in volume. These cumulating wastes 
should be recycled in an industrial-scale.

There is a considerable need to determine such an 
industrial-scale process and further develop it into a sus-
tainable method to achieve a higher yield in fibre recov-
ery. This can be gradually achieved by briefly analysing 
the previous studies. In which, economic-based literature 
proposes that the energy consumption in fibre recycling 
using any recycling technique is lower when compared 
to the energy required to manufacture virgin fibres. The 
profitable selling price for both the recycled CF and GF 
with only a minor compromise in the quality of the fibres 

can compete with the expensive virgin fibres available in 
the market. Supporting this statement, Recycling-based 
literature proposes that replacing virgin fibres with recy-
cled fibres is highly possible in various applications. On the 
other hand, environmental-based literature takes a contro-
versial approach in stating that environmental values are 
inversely proportional to recycling industry profit margins. 
Overall, considering recycled fibres as an alternative to vir-
gin fibres is a sustainable way to manage the cumulating 
CFRP and GFRP waste.

When considering the reusability of recycled fibres in 
various applications, the recycled fibres are either used 
directly or reinforced with a minimal percentage of vir-
gin fibres (hybrid composite) to negotiate minor strength 
loss. These scenarios are entirely dependent on the end 
application and the commercial possibilities of a compos-
ite market. Recent studies focus on applications that func-
tion based on a complete replacement of virgin fibres by 
recycled fibres. The outcomings will benefit the growth of 
the recycling market and reduce the exponential growth 
in tonnes of EoL waste.

Overall, specific research gaps have been identified as 
a result of this study.

1. Alternative approaches mentioned in mechanical recy-
cling and chemical recycling, such as recycling using 
high voltage and electricity. Further research in these 
studies can lead to cost-effective recycling processes 
in short time intervals, along with a low environmental 
impact. It can also be used as a pre-recycling process 
for initial separation during commercial-scale recy-
cling.

2. In the thermal-based recycling process, using micro-
waves as an alternative source of heat reduces both 
the energy consumption and the recycling time in half 
compared to traditional heat sources available. Further 
research in the field can avoid unwanted heat-loss in 
industrial-scale recycling, considering huge structures 
to be recycled such as aeroplane and windmill parts.

3. Extensive researches are needed to transforming labo-
ratory-scale solvolysis using water at CC (solvent) and 
binary solvent mixture (water + solvent) at CC into a 
fully functional commercial scale. This will benefit the 
recycling industries.

4. LCA studies contribute to major factors in under-
standing the pros and cons of the various recycling 
process, further studies to support the circular econ-
omy to show re-manufacturing as a significant player 
in closing the life-cycle loop of the recycled fibres 
are required. After all, reusing the recovered fibres in 
actual applications is the only possible way to sup-
press the need to manufacture virgin fibres.
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7  Conclusion

The main goal of the current study is to determine various 
recycling techniques for CFRP and GFRP waste and priori-
tise the sustainably identified recycling methods based on 
economic and environmental values. A critical comparison 
was carried out based on factors such as process condi-
tions, process outcomes, mechanical properties, ease 
of reuse, environmental impact and cost-effectiveness. 
However, the research has been narrowed down further 
to focus on completely recovering the valuable fibres by 
adapting recycling techniques such as mechanical recy-
cling, thermal recycling, and chemical recycling. Plus their 
advantages and disadvantages were discussed briefly. Fur-
thermore, to support the credibility of these techniques, 
LCA studies were included in comparing the environmen-
tal and economic aspects of the recycling techniques. 
Overall, this study promotes a circular economic approach 
to close the life-cycle loop of both CF and GF composite 
wastes into re-manufactured composites.

Currently, the fate of scarp and EoL CFRP and GFRP is 
mostly to become landfill or to be sent for incineration, 
being the methods adopted by conventional waste dis-
posal industries. However, taking on board factors such as 
climate change, global warming, and a sustainable alterna-
tive and circular economy, waste disposal industries have 
recently shifted to complete fibre recovery methods. This 
change is occurring due to the immense contribution of 
studies focusing on recycling CFRP and GFRP waste. These 
studies are briefly discussed in this review article, and the 
outcomes are summarised below.

1. Landfilling and incineration methods of disposing of 
CFRP and GFRP waste are not sustainable approaches 
anymore and have to be completely shut-down with-
out any further analysis.

2. Mechanical recycling techniques have reached their 
maximum exploration, losing status as a primary recy-
cling method and becoming a pre-recycling process 
for other techniques such as thermal and chemical 
recycling. Also, alternative approaches to breaking 
down the waste composite using high voltage are 
becoming more attractive than traditional mechani-
cal recycling.

3. Commercial-scale FBP is capable of recycling clean 
and high-quality fibres with a fraction of the energy 
consumption needed to manufacture virgin fibres. 
Also, the process has a low environmental impact and 
a decent commercial-scale profit margin. However, the 
fibres are fluffy and discontinuous, limiting attitudes 
toward ease of reuse.

4. Commercial-scale pyrolysis has been successfully 
adopted in Germany and the UK. The process imple-
ments green values by recycling fibres along with 
products such as gas and liquid, which can be further 
used as feedstocks. However, char formation in rGFs 
and retaining the complete mechanical properties of 
both CF and GF are challenging. Besides, the recycled 
fibres need a secondary heat/chemical treatment to 
eliminate minor resin impurities.

5. Traditional chemical recycling using strong acids or 
solvents at various conditions has severe environ-
mental impacts. Even though the process is capable 
of recycling high quality and clean fibres with a crack-
free surface and low energy usage, the disposal of such 
strong solvents is challenging. However, alternative 
approaches such as electrochemical recycling look 
promising but are still at the laboratory stage.

6. A chemical recycling process using solvents such as 
water at CC and a binary fraction of mild solvents with 
water at CC is considered to be the future of recy-
cling both CFRP and GFRP waste. The maximum resin 
elimination ratio, the higher retention of mechanical 
properties in recycled fibres and the use of cheap and 
sustainable solvents make the process distinct from 
any other recycling process. However, the process is 
not yet commercialised, and critical operating condi-
tions tend to consume additional energy.

The future aims of our research team are to study 
both recycled CFRP and GFRP from industrial waste. The 
research will be focused on analysing the recyclability of 
the recovered fibre, on the mechanical properties after 
reuse, on the possible applications to implement the re-
manufactured composite and, finally, on an analysis of 
how to close its life-cycle loop. The composite wastes 
will be recycled by thermolysis in a pyrolytic reactor. 
Also, compression moulding method will be adopted to 
re-manufacture the covered fibres with polymers.
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