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Abstract
Purpose The composites industry is constantly being formed by myriad forces—technologies, markets, people- all encour-
aging innovative ways to apply carbon, Kevlar®, and glass fiber composites to produce vital parts for a wide range of appli-
cations. The expanded demand for fiber-reinforced plastic (FRP) composites has prompted high manufacturing scrap and 
end-of-life waste volumes. Limited clearance on landfills and the high energy for virgin material production motivate the 
companies for practical composite recycling techniques. The work described in this study involves an array of experiments 
including acid treatment of outdated resin-impregnated composite fibers (prepreg) to study its effects and reclaiming the 
fibers for future sustainable manufacturing.
Method The experiments were carried out at two different temperatures: 25 °C and also 60 °C. Sulfuric acid, nitric acid, 
acetone, and distilled water were used in the process, with varying treatment times of 60, 120, 240, 360, and 420 s. The recov-
ered fibers were characterized by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR).
Result The optimum treatment time, and temperature were different for all three types of fibers. Initially, the glass fiber 
yielded promising results at room temperature and with a minimal 120-s processing time. Carbon fiber treatment was suc-
cessful at 60 °C with a 420-s treatment time. However, some surface damage was observed in the Kevlar® fiber at 60 °C.
Conclusion The chemical recycling process, is the most sustainable, energy- and cost-efficient approach compared to all 
other available recycling processes. Also, it is possible to recover much cleaner fibers with the weave intact with an acid 
treatment and solvent-based recovery.
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Statement of Novelty

Recycling expired prepregs reduces the waste in landfills; 
besides that, it also contributes to economic conservation for 
obtaining these resources. This work is focused on signifi-
cantly improving the factors involved in the process of recy-
cling expired Carbon, Kevlar®, and Glass fiber prepregs, 
expecting a widespread consideration of recycling them 

rather than tossing them in landfills. This study is novel as 
it is the first of this kind which achieved clean fiber with very 
less processing time (60–420 s), and comparatively very low 
use of thermal energy (60 °C) for composite recycling. Vari-
ous acid treatment experiments were carried out on expired 
prepregs under different temperatures. Acid treatment at 
60 °C produced very clean fibers with the weave intact and 
no surface etching.
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Introduction

The driving force behind the increasing demand for light-
weight materials is the extensive use of carbon, Kevlar®, 
and glass fibers in manufacturing composites, prepregs, 
and woven textiles, and because energy conservation is 
one of the most challenging issues throughout the world 
[1–3]. With each passing year, the demand for composites 
seems to be following a constantly escalating trend. This 
ever-increasing demand is generated by manufacturing 
industries such as aviation, military, and sporting goods, 
to name a few. Carbon fiber textiles can be used to improve 
heat transfer in latent heat thermal energy storage tanks, 
as suggested by Nakaso et al. [4]. Carbon fiber has been 
used among the industries, and the percentage share of 
different sectors consumption is as follows; wind turbine 
(38.6%), aerospace (17.4%), pressure vessels (9.10%), 
sporting goods (6.8%), automotive (5.0%), molding com-
pounds (4.8%), tooling (3.7%), civil (3.5%) and miscella-
neous (10%) [4]. With the expansion of these industries, 
the demand for carbon fiber is increasing. Carbon fiber 
is greatly used to amplify the mechanical properties of 
composite materials [5].

It is estimated that the global consumption of carbon 
fiber will reach 7.8 billion by 2029. The global consump-
tion of Kevlar® fiber is estimated to be at 6.06 billion by 
2022 [6]. The E-glass fiber market is estimated to grow 
from USD 7.5 billion to USD 12 billion by 2025 [7, 8]. A 
large share of composite consumption is for the manufac-
ture of different airliners such as the Boeing 787 Dream-
liner, Airbus A380, and Airbus A350.

Prepreg is the common term for reinforced fiber pre-
impregnated with resin. Carbon fiber prepregs are the most 
widely used component for manufacturing in these indus-
tries. They are stored in controlled temperatures and have 
a shelf life of anywhere from six months to a year. After 
reaching their shelf life, these prepregs expire and are 
then disposed of in a landfill, which often poses a broad 
range of threats to the environment because the resin might 
become toxic over time. In addition, the manufacturing 
processes involving these fibers and their prepregs result 
in large quantities of waste, from scrap and defective mate-
rial to expired fabrics. These expired prepregs, especially, 
are difficult to recycle once they are cured and expire due 
to the difficulty in separating their fibers because of the 
cross-linked polymer matrices. Traditional carbon fiber 
composites use thermoset resins to transfer stress among 
the carbon fiber and matrices [9]. Thus, their afterlife typ-
ically involves landfilling. According to Nilakantan and 
Nutt, in 2018 carbon fiber is the most costly manufacturing 
material, approximately $85/lb for aerospace-grade and 
$28 for a commercial-grade that is higher than titanium 

($25/lb), epoxy resin ($10/lb), steel ($2), and aluminum 
($2) [10]. Demand It is clear that recycling disposed 
prepregs to recover their carbon fibers can prove to be an 
alternate to their manufacture.

On average in the U.S., 13 million kilograms of uncured 
prepreg scrap carbon fiber is disposed of annually in land-
fills, despite its ever-increasing demand [10]. Wind turbines 
are the sector that generates the most significant amount 
of composite waste (glass fiber), after the carbon and Kev-
lar® fiber manufacturing industries. Another fast-growing 
global waste stream is the electronic industry. Glass fibers 
contribute 27–45.5% of waste in the electronics field. It is 
much more difficult to reclaim these fibers from electronic 
waste because of the presence of toxic chemicals in addition 
to the fibers. The past decade has shown the most interest 
in recycling high-performance composites to obtain fiber 
because they are the most expensive material available, so 
from an environmental perspective, recycling makes sense. 
To a great extent, metal, glass, thermoplastics, and many 
other engineering materials are being recycled. However, 
composites, a particular category of engineering materials, 
lack a good recycling industry [11]. The versatile usage and 
the relatively high cost of carbon fiber are likely to be the 
two strongest drivers for recycling carbon fiber-reinforced 
polymer (CFRP) waste, if an economical and environ-
mentally friendly technology can be developed to provide 
a potentially sustainable resource of reusable fibers [12]. 
Assuming that the reclaimed carbon fiber (rCF) is worth 
at least half the price of conventional virgin carbon fiber, 
with conventional fiber averaging 8 dollars per kilogram, 52 
million dollars’ worth of fiber could be recovered from recy-
cling. Environmental and economic factors have, yet again, 
led us to believe that recycling and reclaiming these fibers is 
the optimal solution, but the process for doing so is difficult.

Recycling composite prepregs can involve three pro-
cesses: mechanical, thermal, and chemical. Mechanical 
treatments involve chopping up the prepregs, which results 
in a drastic decrease in the strength of the fibers. Thermal 
recycling involves the application of considerable heat to 
release the fibers [13]. Chemical recycling, which involves 
the use of sub and supercritical solvents to break the resin 
and reclaim the carbon fibers, has been shown to be a rea-
sonable process [14]. Acid treatments are not uncommon 
in recycling, and production processes use a combination 
of sulfuric acid and thermal regeneration of spent pow-
dered activated carbon for glucosamine production [15]. 
In some circumstances, small amounts of heat are also 
applied to speed up the process. Currently, opportunities 
to use reclaimed carbon fiber exist in the manufacture of 
automotive components where rCF-based composites can 
be a competitive material for replacing conventional metal 
or virgin CFRPs [16–19].
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This study is novel because it offers new formulations of 
recycling prepreg composite materials for the sustainable 
composite manufacturing. In addition, it follows the specific 
experimental steps to obtain the desired quality recyclate 
material within minimal energy, time and labor.

Outline of Research

Before designing the experiments for this study, the most 
updated literature was compiled and may be found in Appen-
dix A [13, 20–33]. Apart from the current studies, there is 
a significant need for developing an effective solution to 
handle composite wastes. This study used a solvent treat-
ment method—acid digestion—by employing sulfuric acid, 
nitric acid, acetone, and deionized (DI) water to dissolve the 
matrix under different decomposition conditions. The effects 
of time and temperature were studied to determine the opti-
mum conditions for recycling. Scanning electron microscopy 
(SEM) and Fourier transform infrared spectroscopy (FTIR) 
were used to characterize the recycled fibers to show that 
chemical digestion is an effective recycling process for glass 
fiber-reinforced polymer (GFRP), carbon fiber-reinforced 
polymer, and Kevlar® fiber-reinforced polymer (KFRP), 
with emphasis on CFRP.

The primary aim of this research was to recover fibers 
from expired prepregs, especially focusing on the recov-
ery of carbon fiber. It also included the recycling of glass 
fiber and Kevlar® fiber for the purpose of comparison and 
analysis. The materials used in this research were prepregs 
manufactured in the last ten years. The maximum shelf life 
of prepregs ranges from six months to a year, so there was 
evidence that the prepregs had expired.

Factors such as very little processing time (60–420 s), 
very little use of thermal energy (60 °C), and obtaining clean 
fibers with no surface etching contributed to the novelty of 
this research, the aim of which was to recycle the carbon 
fiber from expired CFRP but retain its surface properties 
and tensile strength. This research addressed the following 
challenges: to retain the surface properties and diameter 
(prevent etching), minimize the cost of recycling, reduce 
the application of heat energy, recycle materials at room 
temperature, recover at atmospheric pressure, and lower the 
recycling time.

Experimental Methods

The prepregs and their specifications and sources are listed 
in Table 1. As discussed in the literature review section in 
Appendix A, the mechanical recycling method is not effec-
tive in retaining the length and physical properties of the 
fiber, and the thermal recycling process involves the applica-
tion of considerable heat energy and pressure. Of the three 

methods, chemical recycling is advantageous in terms of 
retaining the fiber’s length and physical properties, which 
is why that method was chosen for this investigation. Here, 
acid digestion was the approach used for recycling the three 
types of prepregs.

Chemicals such as nitric acid  (HNO3) and sulfuric acid 
 (H2SO4) were chosen because of their good resin-etching 
properties. Acetone was also selected because it is cheaper 
than dimethylformamide (DMF), which is presently being 
used for most fiber recycling purposes, and because it is 
easy to recover at lower temperatures through the solvent-
evaporation technique.

This research was carried out in two phases: at 25 °C 
and 60 °C. A total of 26 experiments were conducted using 
three different prepregs (i.e., glass, carbon, and Kevlar®), at 
different temperatures (25 °C and 60 °C) and various time 
sets (i.e., 120, 240, 360, and 420 s). A summary of these 
experiments is shown in Table 2.

Phase 1: Recycling at Room Temperature

When conducting the experiments at a room temperature 
(RT) of 25 °C, a hot plate is not required. The chemicals 
used were 50 ml of concentrated sulfuric acid, 50 ml of 
concentrated nitric acid, a 25 + 25 ml mixture of concen-
trated sulfuric and nitric acids, 50 ml of acetone, and DI 
water. Prepregs were submerged in these acids and closely 
observed using a timer. For each experiment, a new set of 
acids was used. These experiments were repeated for differ-
ent time sets.

Table 1  Types of prepregs used for recycling experiments

Fiber code Type of fiber Resin used Source Age (years)

NB 
321–7781

Glass Epoxy/280F Newport 
Adhesives 
& Com-
posites

10

CMAC008 Carbon Epoxy/350F Cytec 10
HCS2403-

015
Kevlar® Epoxy/250F Hexcel 10

Table 2  Experimental design

Exp. no Prepreg fiber Temp. (°C) Time (s)

1–4 Carbon 25 120, 240, 360, 420
5–8 Kevlar® 25 120, 240, 360, 420
9–13 Glass 25 60, 120, 240, 360, 420
14–18 Carbon 60 60, 120, 240, 360, 420
19–22 Kevlar® 60 120, 240, 360, 420
23–26 Glass 60 120, 240, 360, 420
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Phase 2: Recycling at 60 °C

The experiments in phase 2 were conducted at 60 °C fol-
lowed the same treatment steps as for the room temperature 
setup. These experiments were conducted on 1 × 1-in squares 
cut from carbon, glass, and Kevlar® prepregs, as shown in 
Fig. 1. The chemicals used were 50 ml of concentrated sul-
furic acid, 50 ml of concentrated nitric acid, a 25 + 25 ml 
mixture of concentrated sulfuric and nitric acids, 50 ml of 
acetone, and DI water.

The step-by-step procedure used was as follows; (1) dip 
the prepreg in 50 ml of concentrated nitric acid for 60 s, (2) 
follow this by dipping the prepeg in 50 ml of concentrated 
sulfuric acid for 60 s, (3) then dip the prepreg in the mixture 
of concentrated nitric and sulfuric acids (25 + 25 ml) for 
60 s, (4) subsequently dip the sample in 50 ml of acetone 
for 60 s, and (5) finally, wash the sample in DI water to 
eliminate any remaining residue. This same procedure was 
followed with various dipping times of 60, 120, 240, 360, 
and 420 s.

A change in color was observed in the acids and acetone 
when the prepregs were dipped in the solvents at 25 °C and 
60 °C. With carbon fiber, the resultant acids and acetone 
were orange-brown in color at room temperature as well as 
at 60 °C (Figs. 2 and 3). This is because of the possible reac-
tion that occurred between the substrate and acids. However, 
the reaction product was not as colorful for the Kevlar® and 

glass fibers, which may be attributed to the lack of surface 
interaction.

Results and Discussion

A total of nine experiments on glass and carbon fibers and 
eight for Kevlar® fibers were conducted for this study. The 
experimental design is shown in Table 1. In this study, 
two characterization techniques—SEM and FTIR—were 
employed to observe the quality of the recycled fiber. The 
following section discusses the various characterizations 
conducted in order to validate the recycled fibers collected 
from different experiments.

SEM Observations

A scanning electron microscope (model JEOL JSM-6460LV) 
was used to obtain SEM images of any etching and residue 
on the fiber surface. In this method, an electron gun shoots a 
highly concentrated electron beam towards the specimen in 
a vacuum chamber to avoid any obstruction. The specimen 
emits X-rays and three kinds of electrons: primary backscat-
tered electrons, secondary electrons, and Auger electrons. 
After being struck by the electron beam, rebounding primary 
backscatter electrons and secondary electrons are picked up 
by an electron recorder and translated onto a screen in three 

Fig. 1.  1 × 1-in prepreg fiber 
squares: (a) carbon, (b) glass, 
and (c) Kevlar®

Fig. 2  Change in color of acids and acetone after treating carbon fiber 
prepregs at 25 °C

Fig. 3  Change in solution color after treating carbon fiber prepregs at 
60 °C: (a) acids, and (b) acetone
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dimensions. A secondary electron imaging (SEI) detector 
with a high vacuum was used to detect carbon fiber, whereas 
a backscattered electron (BSE) detector with a low vacuum 
was used to scan the Kevlar® and glass fibers. The images 
were compared with virgin fiber images.

Glass Fiber

SEM Images of  Glass Fiber at  Room Temperature A low-
vacuum mode with a BSE detector was used to scan the 
glass fibers because they are not coated with a conductive 
material. Figure 4a shows an SEM image of the virgin glass 
fibers at room temperature (25  °C). Figure  4b exhibits a 
large piece of resin on the surface after 60 s of treatment, 
indicating that the prepreg needs more reaction time in the 
acid bed. In Fig. 4c, the treatment time was 120 s, and this 
image shows that chunks of resin have broken down into a 
small amount of residue on the surface of the fibers. Fig-
ure 4d–f show very little to no traces of resin on the fiber 
surface, making 240, 360, and 420 s the optimum times for 
treatment of the glass fiber prepreg at room temperature. No 

surface etching at all was observed. Figure 4f shows residue 
on the fiber surface, similar to the SEM image of recycled 
glass fiber in the research of Palmer et al. [13].

SEM Images of  Glass Fiber at  60  °C A low-vacuum mode 
with a BSE detector was used to scan the glass fibers treated 
at 60 °C. Figure 5a shows the virgin glass fibers. Figure 5b 
(treatment time 60 s) shows very little residue on the sur-
face. Figure 5c–f (various treatment times) look very similar 
to the base fiber, thereby concluding that any time from 120 
to 420 s can be used as an optimum treatment time. No sur-
face etching at all was observed.

Figures 4 and 5 can be compared to the research work 
of Oliveux et al. on recycling glass fibers using hydrolysis 
[28]. As that team of researchers showed, the SEM images 
of recycled glass fibers show considerable resin residue on 
their surfaces, which was removed by performing second 
hydrolysis and rigorous washing with water. However, some 
breakage can be seen in the cleanest form of their fibers. On 
the other hand, Figs. 4 and 5 show no breakage, but a little 
resin residue can be seen in Fig. 4f.

Fig. 4  SEM image comparison (1000 × magnification) of virgin glass fibers and recycled glass fibers treated at room temperatur for various treat-
ment times: (a) virgin glass fibers, (b) 60 s, (c) 120 s, (d) 240 s, (e) 360 s, and (f) 420 s
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Carbon Fiber

SEM Images of Carbon Fiber at Room Temperature A high-
vacuum mode with an SEI detector was used to scan the 
carbon fibers at room temperature. Samples from the 60 s 
treatment time were eliminated from the images because 
the treatment time of 120 s showed a significant amount of 
residue on the fiber surface. Little traces of residue can be 
seen on all the fiber surfaces for all the treatment times, as 
shown in Fig. 6.

SEM Images of Carbon Fiber at 60 °C A high-vacuum mode 
with an SEI detector was used to scan the carbon fibers at 
60 °C. A substantial amount of resin on the fiber surfaces 
can be seen in Fig. 7b and c. However, Fig. 7d shows a lesser 
amount of resin on the surface, and Fig. 7e shows very clean 
fiber. No surface etching at all was observed.

Figure 7 is similar to the SEM images produced by 
Keith et al. Small resin residue particles can be seen on 
those images produced after treating with acetone and a 

water solvent [32]. However, after washing the fibers with 
water, a comparatively clean surface can be observed. As 
can be seen in Fig. 7, the resin residue particles might be 
completely removed by washing it with water for longer 
times, the conclusion by Keith et al. Figure 7b–d shown 
resin particles, which may be removed by washing the fib-
ers for a longer period of time. However, Fig. 7e looks 
very clean with no resin residue. Figure 7e offers compa-
rable results with previous studies [27] [33].

Kevlar® Fiber

SEM Images of Kevlar® Fiber at Room Temperature A low-
vacuum mode with a BSE detector was used to scan Kev-
lar® fiber at room temperature. As Fig. 8b–d suggest, a sub-
stantial amount of resin was observed on the fiber surfaces. 
However, the fibers in Fig. 8e appear to be comparatively 
clean. No surface etching at all was observed.

Fig. 5  SEM image comparison (1000 × magnification) of virgin glass fibers and recycled glass fibers treated at 60 °C for various treatment times: 
(a) virgin glass fibers, (b) 60 s, (c) 120 s, (d) 240 s, (e) 360 s, and (f) 420 s
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SEM Images of Kevlar® Fiber a  60 °C A low-vacuum mode 
was used to scan Kevlar® fiber at 60 °C. Much residue can 
be seen on the fiber surfaces shown in Fig. 9b–c. The fiber 
surfaces shown in Fig. 9d and e appear to be comparatively 
clean, but treating the prepreg for 420 s led to breakage in 
the fibers, as can be seen in Fig. 9e.

Little recycling research has been done on KFRP, but 
based on these SEM images, it can be concluded that with 
less treatment time, a considerable amount of resin is depos-
ited on the fiber surfaces at both room temperature and 
60 °C. Increased treatment time or washing time may give 
better results.

FTIR Observations

Thermo Scientific’s Nicolet iS50 FTIR spectrometer was 
employed to analyze the percentage of transmittance of vir-
gin fiber and recycled fiber. FTIR is a technology where 
the testing material is exposed to an infrared light source 
to measure absorption or transmittance. Then, the FTIR 
computer takes the absorption or transmittance data and 
performs Fourier transformation to generate a readable 

spectrum (absorption or transmittance), which can be com-
pared to the database to find a match. In this case, the char-
acterization was aimed to determine the wavenumber in 
order to confirm the presence of functional groups: C≡N 
for carbon fiber, Si–O for glass fiber, and N–H for Kevlar® 
fiber.

Depending on the experimental design shown in Table 2, 
the following section will provide FTIR spectra of the vir-
gin and recycled prepreg fibers (carbon, glass, and Kev-
lar®) treated at different timing (e.g., 60, 120, 240, 360, 
420) and temperatures (25 °C and 60 °C) to give reasonable 
comparisons.

Glass Fiber

FTIR Analysis of Glass Fiber at Room Temperature Figure 10 
provides a comparison of the percent transmittance of virgin 
glass fiber and recycled glass fiber treated at room tempera-
ture for different times (60, 120, 360, and 420 s). As shown, 
the peak curve of virgin glass fiber is at 889.35/cm. The 
band between 800 and 1200  cm−1 is assigned to the oxygen-
silicon bond in the Si-O-Si functional group of glass fiber. 

Fig. 6  SEM image comparison (1000 × magnification) of virgin carbon fibers and recycled carbon fibers treated at room temperature for various 
treatment times: (a) virgin carbon fiber, (b) 120 s, (c) 240 s, (d) 360 s, and (e) 420 s
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Significant peaks can be seen at treatment times of 60, 120, 
360, and 420 s between wavelengths of 816 and 909  cm−1, 
thus indicating the presence of the Si-O-Si functional group, 
according to Appendix B.

FTIR Analysis of Glass Fiber at 60 °C Figure 11 shows a com-
parison of the percent transmittance of virgin glass fiber 
and recycled glass fiber treated at 60 °C for different times. 
As shown, the peak curve of virgin glass fibers is 868.86/
cm. The band between 800 and 1200/cm is assigned to the 
oxygen-silicon bond in the Si-O-Si functional group of glass 
fiber. Significant peaks can be seen at treatment times of 60, 
120, 240, 360, and 420 s between wavelengths of 868 and 
918  cm−1, thus indicating the presence of the Si-O-Si func-
tional group, according to Appendix B.

Carbon Fiber

Experiments similar to those for glass fibers were conducted 
on carbon fibers at different temperature levels. The recy-
clate carbon fibers were analyzed using FTIR; the results of 
this analysis are discussed below.

FTIR Analysis of Carbon Fiber at Room Temperature Fig-
ure 12 shows the FTIR analysis of the percent transmit-
tance curves of virgin carbon fiber and recycled carbon 
fiber at room temperature. The typical line for carbon fiber 
behavior, which is the C≡N functional group, lies in the 
wave number range of 2240–2260. Peaks can be seen at 
treatment times 60, 120, 240, and 420  s, between wave 
numbers 2100 and 2300, thus indicating the presence of 
the C≡N functional group, according to Appendix C.

FTIR Analysis of Carbon Fiber at 60 °C Figure 13 shows the 
FTIR analysis of percent transmittance curves of virgin 
carbon fiber and recycled carbon fiber at 60 °C. The typi-
cal line for carbon fiber behavior, which is the C≡N func-
tional group, lies in the wave number range of 2240–2260/
cm. Peaks can be seen at treatment times of 60, 120, and 
360  s, between wave numbers 2100 and 2300/cm, thus 
indicating the presence of the C≡N functional group, 
according to Appendix C.

Fig. 7  SEM image comparison (1000 × magnification) of virgin carbon fibers and recycled carbon fibers treated at 60 °C for various treatment 
times: (a) virgin carbon fiber, (b) 120 s, (c) 240 s, (d) 360 s, and (e) 420 s
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Kevlar® Fiber

Similar experiments as those for glass fiber and carbon fiber 
were conducted on Kevlar® fibers at different temperature 
levels. The recyclate Kevlar® fibers were analyzed using 
SEM and FTIR. Results from these two analyses are dis-
cussed below.

FTIR Analysis of  Kevlar® Fiber at  Room Temperature Fig-
ure  14 shows the FTIR analysis of percent transmittance 
curves of virgin Kevlar® fiber and recycled Kevlar® fiber at 
room temperature. The typical line for Kevlar® fiber behav-
ior, which is the N–H and C–H functional groups, lies in 
the wave number range of 3300–3500/cm and 3000–3100/
cm, respectively. In Fig. 14, peaks can be seen at treatment 
times of 60, 120, 240, 360, and 420 s as well as virgin fiber 
between wave numbers 2919 and 3289/cm, thus indicat-
ing the presence of the N–H functional group, according to 
Appendix C.

FTIR Analysis of Kevlar® Fiber at 60 °C Figure 15 shows the 
FTIR analysis of percent transmittance curves of virgin 
Kevlar® fiber and recycled Kevlar® fiber at 60  °C. The 

typical line for Kevlar® fiber behavior, which is the N–H 
and C-H functional groups, lies in the wave number range 
of 3300–3500/cm. and 3000–3100/cm, respectively. Peaks 
can be seen between wave numbers 2291 and 3245/cm, 
thus indicating the presence of the N–H functional group, 
according to Appendix C.

As can be seen in FTIR results, nitric acid oxidizes the 
surface of fibers, so there is a possibility to see carbox-
ylic acid and other carbonyls and oxygenated groups and 
compounds. The carbonyl stretching frequencies are: C-O 
appears in the region 1320–1210  cm−1 and O–H appears 
to be in the region 950–910  cm−1. However, many groups 
can overlap in the peak region of 1500–800  cm−1. This 
makes it difficult to get a clear interpretation of carbon 
fibers after oxidation and alterations. The strength of the 
carbonyl peak also depends on the peak regions and inter-
actions. Electron withdrawing groups attached to carbonyl 
will increase the frequency or vice-versa. Also, carbon 
usually absorbs across most frequencies, making it even 
harder to get a good IR interpretation in this condition.

Fig. 8  SEM image comparison (1000 × magnification) of virgin Kevlar® fibers and recycled Kevlar® fibers treated at room temperature for vari-
ous treatment times: (a) virgin Kevlar® fiber, (b) 120 s, (c) 240 s, (d) 360 s, and (e) 420 s



Waste and Biomass Valorization 

1 3

Final Remarks

As is proposed by Palmer et al. [13], mechanical recycling 
is the easiest recycling process where the prepreg/composite 
is shredded into 2–10 mm, and the shortest shred is used as 
filler material, whereas the longest shred is used in matrices 
for composites. One of the downsides of this process might 
be the difference in adhesion of virgin fibers used in the 
composite and the filler/reincorporated material for obvious 
reasons of difference in the chemical composition of the 
resin of recyclate and the resin used for binding purposes. 
Another bottleneck would be the significant reduction in the 
strength of fibers and the lower aspect ratio of length and 
width of fibers. The lower the aspect ratio, the lower the load 
transfer capability is. Supercritical fluids and solvent-based 
recycling techniques have become more popular because of 
their strength and length retention ability.

In the hydrolysis process proposed by Oliveux et al. 
[27], where water at elevated temperatures is used as a 
solvent, the researchers did not specify about the sizing 
of the material to be recycled. Assuming the material was 
not sized down, it would be hard to maintain such high 
water temperatures over a vast area. Also, the thickness of 
material would be a contributing factor for deciding the 
time of treatment. Supercritical fluids and solvent-based 

processes, proposed by by the authors [25, 34] can often 
handle a large variety of composites and materials without 
much difficulty. However, these processes are executed by 
maintaining high temperatures and pressure, which con-
sumes a lot of energy. Another difficulty in the process 
can be the uniformity of the heat and pressure applied. 
The outcome of these processes is usually tangled fibers, 
making separation difficult, creating an additional process 
to the recyclers, which is undesired.

Pyrolysis, as proposed by Cunliffe et al. [23] is another 
most commonly used process where the resin is decomposed 
at elevated temperatures in the absence of oxygen (Nitrogen-
rich environment or vacuum perefered). Thermal degrada-
tion can have multiple effects on the physical and chemical 
properties of the fiber. Although there is an easy availability 
of equipment for pyrolysis in the market, it is difficult to 
maintain high temperature and inert environment as little 
amounts of oxygen are possibly released into the inert envi-
ronment by the decomposition of polymer matrix. There are 
also chances of over-oxidizing or under oxidizing of fibers 
not giving uniform results. Thickness of the recyclate can 
also be an obstruction for uniform heating. Fluidized bed 
process proposed by Pickering [22] is similar to pyrolysis 
but results in more uniform distribution of heat throughout 
the recyclate.

Fig. 9  SEM image comparison (1000 × magnification) of virgin Kevlar® fibers and recycled Kevlar® fibers treated at 60 °C for various treat-
ment times: (a) virgin Kevlar® fiber, (b) 120 s, (c) 240 s, (d) 360 s, and (e) 420 s
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Das and Varughese [35] proposed a sonochemical process 
where the prepreg is treated with nitric acid and hydrogen 
peroxide followed by ultrasonic waves. The thickness of the 
recyclate can be an important factor for uniform recycling 
and time consumed. The recycling method proposed in this 
paper keeps the length of fiber intact, lowering the risk of 
strength reduction. The temperature applied is significantly 
lower (60 °C), which makes it easier to maintain consistent 
temperature throughout the process over extended areas. The 
treatment time is much lower than any other treatment time. 
The chemicals used for recycling are less expensive than 
those currently being used for recycling.

The wastes generated in this study were acids, solvents, 
and some process water mixed with decomposed resin, 
which contains a trace of short fibers and some other resi-
dues. The usual industrial practice includes similar types of 
waste treatments within the closed-loop systems [36–38] to 
take care of the recycling byproducts, making the recycling 
system environmentally friendly. A possible filtration unit 
could recover the waste mixture into individual components 
(e.g., acids, solvents, water, fibers, and resin) for further use. 
For example, the recovered solvent and acids can be reused 
in the composite recycling system [37], where the resin can 
be converted into fuel or asphalt supports [39, 40], and then 

Fig. 10  FTIR analysis of glass fiber at room temperature for various treatment times
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the small fibers can be used as a filler material [28]. Quality 
and the purity of the recovered components could identify 
the area of the future use.

Conclusions and Future Work

An investigation was conducted to recycle the GFRP, CFRP, 
and KFRP from expired prepregs. For recycling, specimens 
of expired prepregs were exposed to concentrated nitric acid, 
sulfuric acid, a 50–50 solution of sulfuric acid and nitric 
acid, and acetone for different times and temperatures, and 
then washed with DI water. The surface of the recovered 

fibers was analyzed for any etching using SEM. From SEM 
results, it was concluded that there was no surface etching on 
fibers. However, with lower treatment times, a resin residue 
was found on the surface of the recycled fibers. It is safe to 
say that the higher the treatment time, the less amount of 
residue is found on the surface of the recycled fiber. There-
fore, R α 1/T, where R is resin, and T is treatment time.

Recycled fibers were chemically characterized using 
FTIR to detect the presence of functional groups of glass, 
carbon, and Kevlar® fibers recycled at room temperature 
(25 °C) and 60 °C. In conclusion, after intensive study 
and various experiments, it is safe to say that the chemical 
recycling process is the most sustainable, and energy- and 

Fig. 11  FTIR analysis of glass fiber at 60 °C for various treatment times
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cost-efficient process compared to all other available recy-
cling processes. Also, it is possible to recover much cleaner 
fibers with the weave intact, extensively minimizing the time 
and cost of recycling using this proposed approach of acid 
treatment and solvent-based recovery. Furthermore, this pro-
cess can be validated by conducting tensile testing on recov-
ered fibers and determining its usage in suitable applications 
like sports equipment manufacturing, composite manufac-
turing, etc. Analysis of the leftover liquid residue could be 
done, and efforts to recover the polymer could be made. A 
variety of alternative acids and solvents to replace sulfuric 
acid, nitric acid, and acetone in order to make the job much 
easier could also be investigated.

One of the most analytical aspects of composite materials is 
its behavior and susceptibility towards impact loading. Proper 

strength tests will ensure the suitable application of recycled 
fibers. There are many bottlenecks in the recycling market, one 
of them being able to find a use for the recyclate. Although a 
considerable amount of recycling can be done, at the end of the 
day, if the recyclate is not used for any type of manufacturing, 
then it is considered waste. Currently, the recycling market is 
dominated by iron, steel, and paper because of the low cost of 
investment for recycling these items. Further research could be 
done to optimize the fiber-recycling process in order to reduce 
the cost of investment to recycle, and regulations for reusing 
and recycling fibers, if implemented by the U.S. Environmen-
tal Protection Agency, could contribute towards the growth of 
composite-recycling industries. Working towards making the 
process large-scale, industry-friendly would be a significant 
improvement in this area of investigation.

Fig. 12  FTIR analysis of carbon fiber at room temperature
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Fig. 13  FTIR analysis of carbon fiber at 60 °C
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Fig. 14  FTIR analysis of recycled Kevlar® fiber at room temperature
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