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Carbon fiber-reinforced polymers (CFRPs) are widely applied due to their outstanding mechanical pro-
perties. However, the intrinsic difficulty in recycling their thermoset resin matrix has led to serious
environmental pollution and resource waste, becoming a major bottleneck hindering the sustainable
development of CFRPs. In this study, a green and efficient chemical recycling strategy was developed by
constructing a synergistic catalytic system composed of p-phenylethanol and 1,5,7-triazabicyclo[4.4.0]
dec-5-ene (TBD), enabling the rapid degradation of anhydride-cured epoxy-based CFRPs under mild
conditions (190 °C, atmospheric pressure). By optimizing the mass ratio of the catalyst to the composite
material [TBD : CFRP (wt:wt) = 1:3.27], nearly complete resin degradation (>99%) was achieved within
2 hours. The reclaimed carbon fibers retained up to 93.2% of their original single-fiber tensile strength.
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X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) analyses confirmed that no significant
deterioration occurred in the surface chemical functionalities or the degree of graphitization of the
reclaimed fibers compared to the pristine ones. This work offers a simple, efficient, and environmentally

rsc.li/greenchem friendly solution for the closed-loop recycling of thermoset-based CFRPs.

Green foundation

1. Our work provides a novel and efficient chemical recycling approach for anhydride-cured epoxy resin-based carbon fiber-reinforced polymers (CFRPs),
which are notoriously difficult to recycle due to their cross-linked thermoset matrix. By employing a synergistic catalytic system of p-phenylethanol and TBD
under mild conditions (190 °C, atmospheric pressure), we achieved rapid degradation of the resin without damaging the carbon fibers. This contributes to
the green chemistry field by promoting resource circularity, reducing hazardous waste, and replacing energy-intensive pyrolysis or harsh chemical treatments
with a safer, more environmentally friendly alternative.

2. Quantitatively, our method achieves >99% degradation efficiency of the epoxy matrix within 2 hours. The reclaimed carbon fibers retain up to 93.2% of
their original tensile strength, with negligible surface oxidation or structural damage, as confirmed by XPS and XRD analyses. Qualitatively, the process uses
non-toxic, readily available solvents and catalysts, operates at atmospheric pressure, and avoids secondary pollution. This represents a significant advance-
ment in the chemical recyclability of high-performance thermoset composites.

3. Future work could focus on developing fully bio-based or recyclable alternatives to f-phenylethanol and TBD to further reduce environmental impact.
Additionally, improving solvent recovery and reusability, scaling the process for industrial application, and integrating the recovered fibers into closed-loop
manufacturing systems will elevate the sustainability and commercial viability of the method. Life cycle assessment (LCA) could also provide a comprehensive
evaluation of the environmental benefits compared to conventional disposal methods.

Introduction

CFRPs are composed of a high-performance carbon fiber
reinforcement (carbon content >90%) embedded in an epoxy
resin matrix." Owing to their high strength, high stiffness, and
lightweight characteristics, CFRPs have been widely employed in
aerospace, automotive, and wind energy applications.> Global stat-
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istics indicate that the amount of CFRP waste surged from 27.2
kilotons in 2017 to 45 kilotons in 2022, and projections suggest
that the cumulative volume will reach 983 kilotons by 2050.>*
Approximately 40% of the total CFRP waste is attributed to manu-
facturing scrap.” The cured thermosetting epoxy resin forms a
highly cross-linked three-dimensional network, which significantly
hinders the direct recycling of CFRPs. As a result, current recycling
approaches primarily rely on incineration or landfilling, leading to
the waste of carbon fibers that still possess excellent mechanical
properties and causing severe environmental pollution.’

To address the pressing issues of resource scarcity and
environmental pollution, the development of efficient re-
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cycling technologies for CFRPs is urgently needed. Currently,
the primary recycling approaches include mechanical,
thermal, and chemical methods.® Mechanical recycling is suit-
able only for uncontaminated materials. The low-density fibers
obtained through crushing and separation processes often
suffer from degraded mechanical properties and are typically
reused only as fillers or reinforcement agents in other compo-
site matrices.””® Thermal recycling is currently the most widely
implemented method at the industrial scale, primarily invol-
ving pyrolysis (350-700 °C) and fluidized bed processes.’
Pyrolysis allows for the recovery of relatively clean carbon
fibers; however, it often results in fiber shortening and a
tensile strength retention of only 70-75%.'>"" The fluidized
bed process utilizes a heated silica sand bed and high-temp-
erature air to fluidize the composite and thermally decompose
the resin matrix."> Hot air fluidization enables rapid heating
of the composite material and promotes oxidative decompo-
sition of the epoxy resin, effectively liberating carbon fibers in
a fluffy state from the resin matrix."> Compared to pyrolysis,
fluidized bed processing causes more severe damage to carbon
fibers. In addition, thermal recycling methods face several
critical limitations, including incomplete fiber recovery, high
operational costs, substantial energy consumption, and the
emission of hazardous gases such as CO, NO,, SO,, and SOs3,
which pose significant risks to environmental and human
health.'***

Solvent-based recycling degrades the resin matrix via alco-
holysis, hydrolysis, or functional group substitution reactions
under controlled temperature (typically below 400 °C) and
pressure, offering notable advantages such as low energy con-
sumption and excellent retention of fiber integrity.'> However,
conventional solvent-based methods still face significant limit-
ations. The high consumption of solvents not only increases
economic costs but also poses risks of secondary environ-
mental pollution. In addition, these methods typically exhibit
low degradation efficiency, often requiring 12-24 hours to
achieve over 90% resin removal."® Furthermore, under high-
temperature conditions (>250 °C), severe oxidation occurs on
the surface of carbon fibers, leading to a tensile strength loss
of 15-30%, which greatly restricts the industrial applicability
of solvent-based recycling strategies.'”"*

To overcome the limitations of conventional recycling
methods, the introduction of the TBD catalytic system rep-
resents a significant advancement.'® As a bifunctional organo-
catalyst, TBD enables over 95% resin degradation under mild
conditions (180-200 °C) while preserving more than 90% of
the original fiber tensile strength. This is achieved through a
synergistic mechanism involving Brensted base-activated
hydroxyl groups and nucleophilic cleavage of ester bonds. For
example, Wu and co-workers reported a TBD/ethylene glycol
(EG) system that enabled complete carbon fiber recovery via
transesterification at 180 °C for 6 h, with a single-filament
strength retention of 93.2%.%° Similarly, Bruna et al. achieved
89% epoxy resin degradation in aerospace-grade CFRPs at just
95 °C by combining UVB pretreatment with nitric acid cataly-
sis, demonstrating the feasibility of low-temperature catalytic
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strategies.”’ Although elevated temperatures can accelerate
resin decomposition—as demonstrated by Chaabani et al,
who achieved 98.95% degradation at 280 °C for 30 min and
97.15% at 400 °C for 15 min using subcritical (280-350 °C)
and supercritical (400-600 °C) hydrothermal conditions at 25
MPa—higher temperatures also intensify graphitization
defects in carbon fibers, leading to a 12% reduction in
mechanical performance. This underscores the trade-off
between degradation efficiency and fiber integrity.** In con-
trast, mechanical recycling and pyrolysis introduce more exten-
sive structural damage. Mechanical treatments increase fiber
breakage rates by 20-50% and surface roughness by 150-300%
(Ra), while pyrolysis decreases graphitization and reduces inter-
facial bonding strength by 40-60%. These findings further
highlight the value of mild catalytic degradation approaches
for sustainable and high-performance CFRP recycling.”***

Inspired by the aforementioned advancements, this study
presents a simple yet efficient method for recycling carbon
fibers from anhydride-cured epoxy resin (DGEBA/MNA)-based
carbon fiber-reinforced polymers (CFRPs). The method utilizes
a pB-phenethyl alcohol/TBD system to achieve 100% carbon
fiber recovery at 190 °C, offering the dual benefits of high-
efficiency degradation and low-damage recovery. The recovered
fibers exhibit a high similarity in surface microstructure and
elemental composition compared to virgin fibers, providing an
eco-friendly and economically viable solution for closed-loop
CFRP recycling (Fig. 1).

Experimental
Materials

The pultruded carbon spar recovered from a decommissioned
wind turbine blade (composed of a carbon fibre panel based
on an anhydride-cured epoxy resin), as well as methyl nadic
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Fig. 1 Production and recycling pathways of carbon fiber reinforced
polymer (CFRP) composites.
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anhydride (MNA, curing agent), diglycidyl ether of bisphenol A
(DGEBA), and copper(u) N-methylpyrrolidone-2-carboxylate
(CMP) were supplied by Jiangsu Aosheng Composite Materials
Technology Co., Ltd. (China). p-Phenethyl alcohol (CgH,,0),
1,5,7-triazabicyclo[4.4.0]dec-5-ene  (TBD), ethylene glycol
(C,H0,), and sodium hydroxide were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (China)
and used as received without further purification (Fig. 2).

Sample preparation

To assess the practical applicability of the recycling method, the
self-developed protocol was applied to anhydride-cured carbon
fiber composite panels reclaimed from decommissioned wind
turbine blades. According to ISO 14127, the carbon fiber mass
fraction was determined to be 69%. Prior to recycling, the protec-
tive surface coating was mechanically removed, and the panels
were precision-cut into standard specimens (20 mm x 10 mm X
5 mm; average mass: 1.55 g) using a computer numerical control
(CNC) milling machine. The specimens were sequentially cleaned
by ultrasonic treatment in acetone and ethanol, rinsed with de-
ionized water until neutral, and dried at 60 °C for 24 h. The
surface morphology of the prepared samples is shown in Fig. 3.
To minimize the environmental influence on material properties,
all samples were sealed in polyethylene bags and stored at 25 +
2 °C.
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Fig. 2 Schematic illustration of the epoxy resin curing mechanism: (a)
molecular structure of diglycidyl ether of bisphenol A (DGEBA), (b) mole-
cular structure of Methyl nadic anhydride (MNA), and (c) proposed
molecular structure of the cured DGEBA-MNA network.

Fig. 3 Morphology of the experimental samples.
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Solvent-based recycling process

A schematic illustration of the recycling procedure is provided
in Fig. 4. Each experimental run processed a single CFRP
specimen. The composite, together with the solvent and cata-
lyst (formulations detailed in Table 1), was loaded into a three-
neck round-bottom flask. The reaction vessel was immersed in
an oil bath to maintain a constant temperature and was fitted
with a reflux condenser and circulating cooling water to
prevent solvent loss. The degradation reaction was conducted
for 1-2 h. After completion and cooling to ambient tempera-
ture, the recovered carbon fibers were separated, thoroughly
washed with acetone or ethanol, rinsed three times with de-
ionized water, and subsequently dried under vacuum at 80 °C
for 12 h.

The degradation rate (DR) of carbon fibers, along with the
results of the control group, was calculated using a predefined
equation to provide a preliminary assessment of the solvent’s
decomposition efficiency and the catalytic performance of the
system.

Wy

DR (%) = w, X 69%

x 100% (1)

where w,; is the mass of the recovered carbon fibers after
decomposition, washing, and drying, and w, is the mass of the
pristine resin in the composite material.

<+—— Water outlet

Straight condens

Water inlet ———
o
~———  Three-neck flask

2-Phenylethanol/TBD
CFRP

Oil bath

Fig. 4 Schematic diagram of the CFRP recycling process.

Table 1 Recycling conditions and the corresponding results for the
B-phenethyl alcohol/TBD system

No.  CgH;00:TBD (wt:wt)  Temperature/°C  Time/h  DR/%
(A)  20:1 150 2 61.65
(B) 30:1 150 2 68.56
() 50:1 150 2 35.45
(D)  20:1 180 2 76.39
(E) 30:1 180 2 86.77
(F)  50:1 180 2 62.44
(G)  20:1 190 2 87.18
(H) 30:1 190 2 100
M 50:1 190 2 74.87
M 30:1 200 2 100
Green Chem.
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After 48 h of standing, the recycling solution primarily con-
sisted of p-phenethyl alcohol and resin degradation products.
To elucidate the degradation mechanism of anhydride-cured
epoxy resin in the p-phenethyl alcohol/TBD system, samples of
the recycling solution were collected at various stages—before,
during, and after the reaction—and the colloidal residues
obtained via rotary evaporation were also analyzed. The results
of these characterization methods are presented and discussed
in the following sections.

Characterization

Thermogravimetric analysis (TGA) was conducted using a
Mettler Toledo TGA/DSC3+ analyzer (Switzerland) under a
nitrogen atmosphere with a heating rate of 10 °C min™" up to
700 °C.*® Field-emission scanning electron microscopy
(FE-SEM) images were acquired using a Hitachi SU8010 instru-
ment (Japan) to examine the surface morphology of carbon
fibers. X-ray photoelectron spectroscopy (XPS) was performed
on a Thermo Scientific K-Alpha system (USA) to determine the
surface elemental composition and C/O ratio, with the spectra
collected in constant analyzer energy mode (pass energy: 30 eV
for high-resolution scans).>® Fourier-transform infrared (FTIR)
spectroscopy was conducted using a Nicolet iS50 spectrometer
(Thermo Fisher Scientific, USA) at a resolution of 4 cm™" over
a range of 400-4000 cm™". Nuclear magnetic resonance (NMR)
spectroscopy was carried out using a Bruker Avance III
400 MHz spectrometer (Germany) with DMSO-ds as the
solvent.

X-ray diffraction (XRD) analysis was performed on a Bruker
D8 Advance diffractometer (Germany) equipped with Cu Ko
radiation (4 = 1.5405 A) to assess the structural characteristics
of the carbon fibers.>®*” The key structural parameters of the
recycled carbon fibers—including the interlayer spacing, crys-
tallite size, and degree of graphitization—were calculated from
the XRD patterns using Bragg’s law and the Debye-Scherrer
equation.

A
2 =5 5ing )
K2
D=— (3)
pcosf

where 1 represents the wavelength of Cu Koy radiation
(0.15405 nm), 6 is the Bragg diffraction angle, and $ denotes
the full width at half maximum (FWHM) of the (002) diffrac-
tion peak. A shape factor (K) of 0.89 was applied in the Debye-
Scherrer equation for crystallite size estimation.

Single-fiber tensile tests were performed in accordance with
the GB/T 31290-2022 standard using an Instron 5944 microtes-
ter (USA) equipped with a 10 N load cell. The gauge length was
set to 25 + 0.5 mm, and the crosshead speed was maintained
at 1 mm min . The fiber diameters (7.46 + 0.7 um) were deter-
mined using scanning electron microscopy (SEM) based on
measurements from 100 individual fibers to calculate the
cross-sectional area. For each sample, a minimum of 30 speci-
mens were tested. Carbon fibers were elongated to failure, and
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the corresponding  force-displacement curves  were
recorded.”®*® The tensile strength of each filament was calcu-
lated using the following equation:

4F
= 4
o =_7 (4)

where d represents the diameter of the fiber, o, denotes the
tensile strength of the sample, and F is the breaking load
recorded at failure.

The mechanical properties and elastic modulus of the
recycled carbon fiber composites were evaluated using a uni-
testing machine (ForceTek, Shanghai Scientific
Instrument Co., Ltd, China). Specimen preparation was carried
out in accordance with GB/T 3354-2014 and GB/T 30969-2014
standards. For each type of sample, at least five specimens
were tested, and the corresponding force-strain curves were
recorded. The tensile strength and shear strength of the resin-
based composites were calculated using the following
equations.

versal

o
2
%

Ftu —

(5)

(6)

where F represents the tensile strength (MPa), P™ is the
maximum tensile load, o; denotes the tensile stress at the i-th
data point (MPa), P; is the corresponding force at the i-th data
point (N), and A refers to the actual cross-sectional area of the
specimen measured prior to testing (mm?).

o; =

ST -IN

P,
P = 0.75 - 7
0.75 oh (7)
where F*™* is the short-beam strength (MPa), P, is the
maximum applied load (N), b is the width at the midspan of
the specimen measured prior to testing (mm), and % is the
thickness at the midspan measured prior to testing (mm).

Results and discussion
Formulation and process selection

A clear quantitative relationship between degradation
efficiency and reaction parameters was observed in the
CgH;,0O/TBD catalytic system. At a constant reaction time of
2 h, the degradation rate (DR) increased significantly with
temperature (150-200 °C). Complete degradation (DR = 100%)
was achieved at 190 °C with a mass ratio of CgH;,0:TBD =
30:1, and this efficiency was maintained at 200 °C. In con-
trast, the same ratio resulted in only 68.56% degradation at
150 °C, confirming temperature as a critical factor.

Catalyst ratio also had a pronounced effect on degradation.
At 190 °C, the 30:1 ratio resulted in complete degradation,
while 20:1 and 50:1 ratios resulted in DRs of 87.18% and
74.87%, respectively. The 30 : 1 ratio exhibited optimal catalytic
performance at 180 °C (DR = 86.77%), demonstrating a dis-
tinct structure-activity relationship. Temperature-gradient

This journal is © The Royal Society of Chemistry 2025
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experiments further revealed that the impact of catalyst ratio
became more pronounced at higher temperatures, with a 33%
variation in the DR at 150 °C and an expanded range of
25-40% above 180 °C.

Overall, complete degradation with high energy efficiency
was achieved at 190 °C and a mass ratio of CgH;,0:TBD =
30:1 (TBD was used at a concentration of 0.25 mol L™"). For
resource-constrained scenarios, operation at 180 °C under the
same ratio offers a more energy-efficient alternative, albeit
with a longer reaction time.

Table 2 compares the catalytic performance of the system in
this study with previously reported systems for resin degra-
dation. Most reported strategies utilize alkaline or Lewis acid
catalysts in polar solvents such as ethanol or ethylene glycol,
typically under elevated temperatures (180-220 °C) and pro-
longed reaction times (4-10 h), achieving degradation ratios
(DRs) ranging from 19.8% to 100%. Notably, KOH and ZnCl,
afford DRs above 89% under relatively harsh conditions
(200220 °C, 4-5 h). The introduction of TBD (1,5,7-triazabicy-
clo[4.4.0]dec-5-ene) as an organic superbase significantly
enhances the degradation efficiency, enabling complete degra-
dation (100% DR) within 5 h at 180 °C using 4 wt% TBD in
ethylene glycol.

In this study, p-phenylethanol is introduced for the first
time as a solvent for resin degradation. When combined with
3 wt% TBD, the system achieves 86.8% DR at 180 °C in just 2 h
and complete degradation at 190 °C within 2 h. This rep-
resents a substantial improvement in reaction efficiency and
time over conventional systems. Furthermore, in previously
reported systems using inorganic alkaline catalysts with
organic solvents, DMSO is often required to improve catalyst
solubility. However, the high toxicity and environmental per-
sistence of DMSO pose additional concerns. In contrast, the
system developed in this study eliminates the need for toxic
co-solvents and can be reused multiple times until
B-phenylethanol is exhausted.

Moreover, TBD and the resin degradation products can be
effectively recovered via rotary evaporation. These features
further enhance the sustainability of the process and are in
better alignment with the principles of green chemistry.”**°

To further clarify the advantages of the proposed recovery
system, comparative experiments were conducted using the
formulations of Experiments 5 and 6 from Table 2, under iden-
tical catalyst concentrations and a constant reaction time at
190 °C. The amounts of materials, experimental conditions,

Table 2 Comparison of this work with other reported systems

View Article Online

Paper

Table 3 Experimental conditions and results for the control
experiments

No.  CyHeO,:TBD (wt:wt)  Temperature/°C  Time/h  DR/%
(K)  32:1 190 5 95.6

No. C,HgO,:NaOH (wt:wt) Temperature/°C Time/h  DR/%
(L)  111.3:1 190 5 26.76

and degradation rate results are summarized in Table 3, while
other results are discussed in detail in the following sections.

For clarity and ease of reference, the experimental con-
ditions are denoted using abbreviated labels, as summarized
in Table 4.

Characterization of recycled carbon fibers

Surface morphology analysis by SEM. Before scanning elec-
tron microscopy (SEM) analysis, the virgin carbon fibers were
washed with ethanol to ensure complete removal of sizing
agents. As shown in Fig. 5(a-g), V-CF (Fig. 5a) exhibited a
smooth surface with no visible resin residue. In contrast,
150-RCF (Fig. 5b) and 180-RCF (Fig. 5c¢) showed substantial
particulate residues, indicating that the matrix resin was not
completely removed under lower temperature conditions. With
increasing treatment temperature, the fiber surfaces of
190-RCF (Fig. 5d) and 200-RCF (Fig. 5e) became significantly
cleaner, and their morphology approached that of V-CF.
However, the surface of 200-RCF exhibited pronounced
grooves. In comparison, 190-RCF-T (Fig. 5f) still showed slight
resin residue, while 190-RCF-N (Fig. 5g) displayed clear surface
grooves and damage, possibly due to prolonged dissolution
and chemical erosion. These results indicate that the treat-
ment temperature, duration, and solvent/catalyst combination
play critical roles in determining the surface integrity and
cleanliness of the recovered carbon fibers.

Surface morphology analysis by AFM. Surface structure ana-
lysis was conducted on the original carbon fibers and recycled
carbon fibers subjected to different treatment conditions
(Fig. 6). The surface of V-CF was relatively smooth with
minimal defects, and the surface roughness (R,) was only
80.7 nm. In contrast, recycled carbon fibers (RCFs) gradually
exhibited longitudinal grooves aligned parallel to the fiber
axis. With increasing degradation temperature and time, these
grooves became more pronounced—both deeper and wider—

No. Catalyst (wt%) Solvent Temperature/time DR/% Ref.

1 KOH (30%) Ethanol 200°C,4h 89.3 29

2 Nitric acid (65%) H,0 80°C,10 h 100 29

3 ZnCl, (20%) Ethanol 220°C,5h 89.9 29

4 MgCl, (30%) Ethanol 220°C, 5 h 52.1 29

5 NaOH (1.25%) Ethylene glycol 180°C,5h 19.8 30

6 TBD (4%) Ethylene glycol 180°C, 5 h 93.6 30

7 TBD (3%) B-Phenethyl alcohol 180°C,2 h 86.8 This work
8 TBD (3%) B-Phenethyl alcohol 190 °C,2 h 100 This work
This journal is © The Royal Society of Chemistry 2025 Green Chem.
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Table 4 Summary of the experimental conditions and abbreviated labels
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Code Explanation

V-CF Virgin carbon fiber

150-RCF Recovered carbon fiber obtained at 150 °C with 0.25 mol L™" TBD in B-phenylethanol for 2 h
180-RCF Recovered carbon fiber obtained at 180 °C with 0.25 mol L™ TBD in f-phenylethanol for 2 h
190-RCF Recovered carbon fiber obtained at 190 °C with 0.25 mol L™" TBD in p-phenylethanol for 2 h
200-RCF Recovered carbon fiber obtained at 200 °C with 0.25 mol L' TBD in #-phenylethanol for 2 h
190-RCF-T Recovered carbon fiber obtained at 190 °C with 0.25 mol L™ TBD in ethylene glycol for 5 h
190-RCF-N Recovered carbon fiber obtained at 190 °C with 0.25 mol L™ NaOH in ethylene glycol for 5 h

10pm

10pm

Fig. 5 Scanning electron micrographs of carbon fibers: (a) V-CF, (b)
150-RCF, (c) 180-RCF, (d) 190-RCF, (e) 200-RCF, (f) 190-RCF-T, and (g)
190-RCF-N.

(a) V-CF (c) 180-RCF

(d) 190-RCF

Fig. 6 Topographical AFM images of carbon fibers: (a) V-CF, (b)
150-RCEF, (c) 180-RCF, (d) 190-RCF, (e) 200-RCF, (f) 190-RCF-T, and (g)
190-RCF-N.

Green Chem.

resulting in a significant increase in surface roughness.
Although the roughened surface of RCFs may compromise the
mechanical performance of the individual fibers, it can simul-
taneously enhance the interfacial adhesion between carbon
fibers and the epoxy matrix, owing to improved mechanical
interlocking and wettability.>"**> Notably, for the 190-RCF-N
sample, in addition to the thermal degradation factors, the
etching effect of NaOH on the fiber surface further intensified
the roughness, elevating R, to 139 nm, which may also contrib-
ute to potential performance trade-offs (Table 5).

Thermogravimetric analysis of recycled carbon fibers

The thermal stability of virgin carbon fibers (V-CFs) and regen-
erated carbon fibers (RCFs) recovered through different pro-
cesses was evaluated by thermogravimetric analysis (TGA). As
shown in Fig. 7, all samples exhibited a single-stage thermal
decomposition behavior, which is primarily attributed to the
degradation of surface residues or functional groups intro-
duced during the recycling process. The V-CF displayed the
highest thermal stability, retaining approximately 97.83% of
its initial mass at 700 °C. In contrast, the residual mass of the
RCFs decreased progressively with increasing recovery temp-
erature, indicating that the carbon framework was subject to
varying degrees of degradation or incorporation of thermally
labile groups.

Specifically, the residual mass decreased from 96.63%
(150-RCF) to 91.57% (200-RCF), highlighting the detrimental
effect of elevated temperature on the structural stability of the
carbon fibers. Notably, samples 190-RCF-T and 190-RCF-N
showed further reductions in residual mass to 85.75% and
83.56%, respectively, suggesting that prolonged treatment time
further compromised the structural integrity of the regenerated
fibers. These findings demonstrate that although increasing the
processing temperature facilitates the removal of the resin

Table 5 Summary of the R, values of the carbon fibers before and after
degradation

Samples Surface roughness (nm)
V-CF 80.70
150-RCF 107.21
180-RCF 128.92
190-RCF 130.02
200-RCF 135.24
190-RCF-T 134.52
190-RCF-N 139.71

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 TGA of virgin carbon fibres and recycled carbon fibres.

matrix, excessively high temperatures or extended reaction times
may lead to the disruption of the carbon skeleton or oxidation
of surface functional groups, ultimately reducing the thermal
stability and mechanical performance of the regenerated carbon
fibers. The underlying mechanisms will be further discussed
based on subsequent characterization results.

Mechanical properties from single-fiber tensile testing

As shown in Fig. 8, compared with virgin carbon fiber (V-CF,
3254.99 MPa), the recovered carbon fibers treated at 150 °C
and 180 °C retained approximately 96.6% and 95.3% of their
original tensile strength, respectively. Even after treatment at
190 °C, a high strength retention of 94.9% was observed, while
further increasing the temperature to 200 °C still resulted in a
tensile strength retention of 92.9% (3025.76 MPa). These
results indicate that thermal treatment below 200 °C effectively
removes the matrix resin while largely preserving the mechani-
cal integrity of the carbon fibers. In contrast, the tensile
strength of sample 190-RCF-T decreased to 2827.33 MPa,
corresponding to a retention of 86.9%, and that of 190-RCF-N
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Fig. 8 Tensile strength of monofilaments of virgin and recycled carbon
fibers.
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dropped most significantly, with only 77.0% of the original
strength maintained (2507.56 MPa). This trend is consistent
with the SEM observations. Nevertheless, the reduction in
tensile strength of the recovered carbon fibers remains non-
negligible. In addition to surface degradation, internal crystal-
lographic damage of the carbon fibers may also contribute to
the mechanical deterioration. Therefore, the following sections
will further investigate the evolution of the crystallographic
structure and surface functional groups to elucidate the degra-
dation mechanisms.

X-ray diffraction analysis

As illustrated in Fig. 9, all samples exhibit a distinct (002) diffr-
action peak, indicating that the recycled carbon fibers (RCFs)
retain a well-defined graphitic structure. The interlayer spacing
(dooz) of 190-RCF is 0.3473 nm, which is very close to that of
virgin carbon fibers (V-CFs, 0.3466 nm), suggesting minimal
disruption of the graphitic layers during the recycling process.
In addition, 190-RCF shows a crystallite size (D) of 1.4350 nm
and a D/dyy, ratio of 4.1319, comparable to that of V-CF
(3.9423), indicating that the crystalline order is well preserved
under the optimized recycling conditions.

It is worth noting that the 200-RCF sample presents the
smallest interlayer spacing (0.3448 nm), likely due to lattice
contraction at elevated temperatures. Nevertheless, its D/dyg,
ratio (4.1099) remains close to that of 190-RCF, implying that
the crystallite aspect ratio is not significantly affected. In con-
trast, the 180-RCF sample exhibits the largest crystallite size
(1.5567 nm) and the highest D/d, ratio (4.4679), reflecting an
enhancement in structural ordering, despite a slightly
increased interlayer spacing (0.3484 nm).

In addition, the 190-RCF-T sample demonstrates a well-
maintained degree of graphitization and structural integrity.
By contrast, the 190-RCF-N sample shows a relatively larger
interlayer spacing (0.3495 nm) and the lowest D/dyy, ratio
(3.6861), suggesting a slight decline in graphitic ordering,
which may be attributed to the introduction of sodium hydrox-
ide or suboptimal reaction conditions.

Taken together, these results indicate that optimized re-
cycling conditions effectively preserve the dimensional stability
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Fig. 9 XRD patterns of virgin and recycled carbon fibers.
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and high degree of graphitization of carbon fibers. In combi-
nation with SEM observations and single-fiber tensile testing,
the 190-RCF sample exhibits the most favorable overall per-
formance among all recycled variants (Table 6).

X-ray photoelectron spectroscopy analysis

Fig. 10a presents the X-ray photoelectron spectroscopy (XPS)
full spectrum, where three characteristic peaks are clearly
observed, corresponding to C 1s (284.6 eV), O 1s (532.5 eV),
and N 1s (400.5 eV). Table 7 summarizes the surface elemental
composition of the original carbon fiber and the regenerated
carbon fibers recovered under different conditions.
Deconvolution of the C 1s spectra revealed the presence of
oxygen-containing functional groups. The peak at 284.6 eV was
attributed to the C-C/C-H bonds, while peaks at 286.1 eV and
287.6 eV were assigned to the hydroxyl (C-O) and carbonyl
(C=0) groups, respectively (Fig. 10b-h). The 180-RCF sample
showed C-C and C-O contents similar to those of V-CF, with a
slight decrease in the C=O content to 3.52%, indicating

Table 6 Crystallographic parameters of virgin and recycled carbon
fibers

Parameters
Samples 20 dooz (Nm) D (nm) Dldyoy
V-CF 25.680 0.3466 1.3663 3.9423
150-RCF 25.202 0.3531 1.3547 3.8366
180-RCF 25.546 0.3484 1.5567 4.4679
190-RCF 25.629 0.3473 1.4350 4.1319
200-RCF 25.819 0.3448 1.4171 4.1099
190-RCF-N 25.722 0.3495 1.2886 3.6861
190-RCF-T 25.458 0.3460 1.3760 3.9764
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Fig. 10 XPS spectra of virgin and recycled carbon fibers: (a) survey
spectra of all samples, (b) V-CF, (c) 150-RCF, (d) 180-RCF, (e) 190-RCF,
(f) 200-RCF, (g) 190-RCF-T, and (h) 190-RCF-N.
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Table 7 Surface elemental composition and relative content of

oxygen-containing functional groups on virgin and recycled carbon
fibers

Surface elemental

composition (%) Oxygenated groups (%)

Samples C N o C-C C-O0 C=0
V-CF 82.13 0.96 16.91 60.06 36.23 3.71
150-RCF 81.53 1.42 17.05 68.45 27.10 4.44
180-RCF 81.04 0.28 18.68 59.78 36.70 3.52
190-RCF 80.65 0.26 19.09 70.22 26.84 2.94
200-RCF 79.67 0.87 19.46 66.20 28.16 5.64
190-RCF-T 76.20 0.30 23.50 49.40 42.35 8.25

190-RCF-N 71.34 1.80 26.86 38.97 42.36 18.66

limited surface oxidation. When the regeneration temperature
was increased to 190 °C (190-RCF), the C=O content further
decreased to 2.94%, while the total oxygen content increased
to 19.09%, suggesting that surface oxidation intensified with
concurrent degradation of some carbonyl groups. Upon
further heating to 200 °C (200-RCF), the C=0 and O contents
increased to 5.64% and 19.46%, respectively, likely due to
surface reoxidation under high-temperature treatment.
Notably, under the same 190 °C treatment, the surface oxi-
dation of the 190-RCF-T sample was significantly enhanced,
showing higher C-O (42.35%) and C=O (8.25%) contents,
with the oxygen content rising to 23.50%. In contrast, the
190-RCF-N sample showed a dramatic increase in the C=0O
content to 18.66%, the oxygen content increased to 26.86%,
while the C-C content significantly decreased to 38.97%.

These results clearly demonstrate the occurrence of surface
oxidation during the recovery process, with the oxidation
degree increasing with higher temperatures. This temperature-
induced surface modification may introduce structural defects,
leading to partial reduction in the tensile strength of the
regenerated carbon fibers. Furthermore, different catalysts and
treatment times play a key role in regulating the surface oxi-
dation degree and the types of functional groups on carbon
fibers.>"*?

Based on the above test results, f-phenethyl alcohol demon-
strates superior degradation selectivity and milder reaction
conditions compared to traditional ethylene glycol-based alco-
holysis systems. p-Phenethyl alcohol not only efficiently cleaves
the ester bonds in the anhydride-cured epoxy resin network
but also significantly reduces damage to the carbon fiber
surface. In contrast, ethylene glycol often leads to surface
roughening, microcrack formation, and deterioration of
mechanical properties. Although f-phenethyl alcohol is
slightly more expensive, it offers a higher boiling point, lower
vapor pressure, and lower corrosivity, resulting in safer oper-
ation, easier post-treatment, and stronger resin dissolution
capability. By comparison, ethylene glycol, despite its low cost,
requires a longer degradation time, causes more severe fiber
damage, generates more toxic byproducts, and involves more
complex downstream separation processes.

This journal is © The Royal Society of Chemistry 2025
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FTIR and NMR characterization of the recovered solution and
degradation products

Fig. 11b-e and 12 comprehensively illustrate the structural
evolution of the anhydride-cured epoxy resin (DGEBA/MNA)
during thermal degradation in a f-phenylethanol/TBD system
at 190 °C over a period of 0-2 h. As shown in the FTIR spectra
(Fig. 11b), the broad absorption band at 3200-3500 cm™*,
attributed to O-H stretching vibrations, gradually diminished
over time, indicating nucleophilic substitution between
hydroxyl groups and ester bonds in the resin matrix.
Characteristic C-H stretching bands at 3027, 2943, and
2869 cm™ " correspond to aromatic, -CH,—, and ~CH; moieties,
respectively. Aromatic skeletal vibrations at 1603 and
1496 cm™', along with fingerprint peaks at 854, 746, and
698 cm™", further confirm the presence of substituted phenyl
rings. Notably, the peaks at 1045 and 1020 cm™", associated
with C-O-C and C-O stretching, indicate that ether bonds
underwent both cleavage and reformation, suggesting a
dynamic depolymerization process.**

(a)
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1500 1180

3500 3000 2500 2000 1500 1000
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hif (ppm)

Fig. 11 FTIR and NMR characterization of the recovered solution and
degradation products: (a) photographs of the recycling solutions at
different degradation stages; (b) FTIR spectra of the recycling solutions
at various degradation times, (c) comparison of the FTIR spectra
between the cured DGEBA/MNA resin and its degradation products, (d)
3C NMR spectrum of the recycling solution, and (e) *H NMR spectrum
of the recycling solution.

160

1. 92.063g/mol 5.122.073g/mol

120
2.104.063g/mol [ |

6. 208.089g/mol
80 ®

3.106.042g/mol [ T 5 278 290g/mol

N
S

4.120.058g/mol

lntensity(xlﬂr‘ a.u.)

L 7
l A._d—.a‘—l)
20 30 40
Retention time (min)

1 \3
) &A
3 10

Fig. 12 GC-MS chromatogram of the degradation solution.
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Comparison with the FTIR spectrum of the cured resin
(Fig. 11c) shows dominant ester carbonyl stretching at
1725-1740 cm™!, aromatic C=C vibrations around
1600-1500 cm™', and ester/ether C-O stretching in the
1260-1020 cm ™" region. The absence of a distinct O-H peak
near 3460 cm™ ' suggests the formation of a highly crosslinked
ester-aromatic network. After 2 h of degradation, a new O-H
absorption band appeared, accompanied by enhanced ali-
phatic -CH;/-CH, signals and weakened aromatic and ether-
related vibrations, indicating ester and ether bond cleavage
and the formation of hydroxyl-containing low-molecular-
weight compounds.*

3C NMR analysis (Fig. 11d) revealed resonance signals at &
= 140.0, 128.6, and 126.3 ppm, corresponding to aromatic
carbons, as well as signals at § = 62.7 ppm (p-phenylethanol
-CH,-OH) and 39.9 ppm (DGEBA tertiary carbon). The
absence of carbon signals in the 150-180 ppm range suggests
complete decarboxylation of the anhydride moieties under the
catalytic action of TBD.?* The 'H NMR spectrum (Fig. 11e) dis-
played aromatic proton signals (§ = 7.0-7.3 ppm), -CH,-OH (6
= 3.6 ppm), benzylic -CH,- (6 = 2.7 ppm), and a broad O-H
signal (6 = 4.7 ppm), confirming the retention of the aromatic
backbone and the formation of hydroxyl-terminated degra-
dation fragments.>®%”

The GC-MS chromatogram (Fig. 12) further supports these
findings. Seven major degradation products were identified:
toluene, styrene, ethylbenzene, and benzaldehyde (peaks 1-4),
resulting from backbone scission; benzyl alcohol (peak 5) and
phthalic acid (peak 6), likely from B-phenylethanol oxidation
and MNA ring-opening, respectively; and a bisphenol A-like
compound (peak 7), indicating partial retention of the DGEBA
framework. The abundant aromatic and hydroxyl-containing
products observed are in strong agreement with the FTIR and
NMR results, collectively confirming a degradation mechanism
involving ester/ether bond cleavage, aromatic network break-
down, and incorporation of alcohol-derived functionalities
under base-catalyzed conditions.

Based on FTIR, NMR, and GC-MS analyses, the degradation
mechanism of anhydride-cured epoxy resin in the
f-phenylethanol/TBD system and potential low-molecular-
weight products were proposed (Table 8). The degradation
pathway of the anhydride-cured epoxy resin in this system is
illustrated in Fig. 13.

Reutilization potential of recycled carbon fibers

Based on the characterization results of the recycled carbon
fibers, an optimized degradation process was developed using
a p-phenylethanol/TBD mass ratio of 30:1 at 190 °C for 2 h.
Under these conditions, the intrinsic structure of the fibers
was well preserved. However, the recovered carbon fibers were
all in the form of short, chopped fibers, which significantly
limits their subsequent application potential.*®>°

To enhance the value-added utilization of recycled carbon
fibers, a composite treatment strategy is proposed in this
study. This approach integrates conventional sizing modifi-
cation techniques with modern textile processing, enabling
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Table 8 Molecular structures of potential degradation products generated during the resin degradation process

No. M (g mol™) Molecular structure No. M (g mol™) Molecular structure
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Fig. 13 Schematic diagram of the degradation mechanism.

the direct spinning of chopped fibers into yarns or the fabrica-
tion of continuous yarns through hybridization with other
high-performance fibers. This strategy offers two major advan-
tages: multiscale fiber hybridization effectively compensates
for the mechanical limitations of short fibers and the con-
trolled spinning process ensures excellent fiber alignment and

Green Chem.

structural stability in the final products, as illustrated in
Fig. 14(b).*°

The tensile and short-beam shear test results shown in
Fig. 15(a-d) demonstrate that the composite laminates
reinforced with recycled carbon fiber textile yarns retained
65.67% of the tensile strength and 57.76% of the shear
strength of laminates made with virgin carbon fibers, whereas
composites reinforced with randomly oriented recycled
chopped fibers retained only 28.85% of the tensile strength
and 31.35% of the shear strength. This significant disparity
highlights the severe limitations imposed by insufficient fiber
length and disordered dispersion on the mechanical perform-
ance of recycled carbon fibers. These findings further confirm
the effectiveness of textile processing techniques and hybrid
reinforcement strategies in overcoming these limitations.

The fracture surface morphologies shown in Fig. 15(e) and
(f) further support these conclusions. The results indicate that
recycled carbon fibers processed by textile technology not only
maintained good orientation but also exhibited significantly
enhanced interfacial bonding with the
Additionally, this processing method effectively reduced the

resin matrix.

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Schematic illustrations of recycled carbon fiber-reinforced
composite panels: (a) randomly oriented recycled short fiber composite
panel, (b) textile-reinforced recycled carbon fiber composite panel, (c)
tensile test samples, and (d) the short beam shear test specimen.
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Fig. 15 Comparison of tensile test results: (a) tensile stress—strain
curves, (b) shear stress—displacement curves, (c) average tensile failure
load, (d) average shear failure load, (e) SEM image of the fracture surface
of the laminate reinforced with randomly oriented recycled short fibers,
and (f) SEM image of the fracture surface of the laminate reinforced
with recycled carbon fiber textile yarns.

mechanical performance degradation caused by pore defects
during composite preparation. These findings suggest that opti-
mizing textile processing parameters and designing novel hybrid
reinforcement systems could enable customized, high-value
reuse of recycled carbon fiber products. This strategy not only
improves the mechanical properties of the materials but also
expands their application potential in structural engineering.'®*!
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Conclusions

This study investigated the degradation behavior of anhydride-
cured epoxy-based carbon fiber reinforced polymers (CFRPs)
in B-phenethyl alcohol/TBD solutions. The experimental
results demonstrated efficient CFRP decomposition under
atmospheric pressure at 150-200 °C, with resin degradation
rates rapidly increasing and stabilizing within 2 h. Although
elevated temperatures intensified oxidation on the fiber
surface, introducing some defects and partial structural weak-
ening, the recycled fibers retained more than 93% of their
original tensile strength, indicating excellent preservation of
mechanical properties.

The alcohol solvent selectively cleaved the ester bonds in
the resin’s three-dimensional network, enabling efficient
degradation of anhydride-cured epoxy composites, including
thermoplastics, paints, sealants, and glass fibers. This method
shows exceptional potential for the low-damage recovery of
high-value materials, offering new possibilities for recycling
contaminated CFRP waste. However, scaling this technology
requires further research on TBD catalyst separation and reuse
and solvent recycling, which are critical steps toward practical
implementation in processing multi-contaminant CFRP waste
and advancing sustainable composite recycling. The recovery
of TBD may be achieved by synthesizing supported TBD cata-
lysts, which can be reclaimed via filtration after resin degra-
dation.”” This approach will be further explored in future
studies.
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