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Ji-Hua Zhu, ©2 Pi-yu Chen,® Mei-ni Su, © 2" Chun Pei® and Feng Xing*?

The abundant end-of-service-life carbon fibre reinforced plastic (CFRP) composites have become an
increasingly significant environmental issue, making the key challenge to be how to increase the resource
efficiency by turning waste into reusable materials. Existing recycling technologies generally require com-
plicated processes, expensive facilities or toxic chemicals. Moreover, these demanding conditions limit
the size of CFRP waste, resulting in greatly reduced commercial value of recycled fibres and less cost-
effective applications. Here, we demonstrate a new recycling technology with the benefit of the electro-
chemical promotion of the catalysis effect, termed the electrically driven heterocatalytic decomposition
(EHD) method. Our results show that even by using simple equipment and conventional nontoxic electro-
lyte components, intact carbon fibres can be efficiently recycled under atmospheric pressure and at room
temperature. The residual strength of the reclaimed carbon fibres (rCFs) is close to that of the virgin
carbon fibres (VCFs), i.e., a 90% residual tensile strength and 121% residual interfacial shear strength com-
pared with the VCFs. More importantly, the simplicity of the procedure and the moderate requirements of
the processing facilities removal of the CFRP waste size limit, significantly improving the commercial
value of the recycled fibres and enabling large-scale implementation.

Introduction

CFRPs are composite engineered materials consisting of
carbon fibres (CFs) as reinforcements and an organic epoxy
resin as a matrix, a combination that renders the materials
extremely strong but also lightweight. These features, along
with their unique electrical conductivity, thermal stability,
good resistance to corrosion, and high rigidity," have led to
CFRPs being widely used in the aerospace, vehicle, wind power
generation, and construction industries** since the 1970s. In
2017, the worldwide demand for CFs was 82 400 tons, and this
demand is expected to reach 112 000 tons in 2020. Since the
service life of CFRPs is approximately 50 years, the extensive
use of CFRP is now starting to produce serious waste disposal
problems.

Although the CFRP materials reach the end of their service
life, the CFs themselves generally retain their properties;*
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therefore, the prospect of recycling CFRP composites without
damaging the mechanical properties and dimensions of CFs is
of great commercial interest. The recovery value of epoxy resin
is not comparable to that of CFs; thus, in recent years, a great
number of studies have been conducted on the reclamation of
CFs from composite wastes, including mechanical recycling
such as shredding and milling,>® pyrolysis at high tempera-
ture,”® chemical decomposition using solvents such as metha-
nol, ethanol, 1-propanol and acetone,”* chemical recycling
under sub-/supercritical conditions,"*™"® decomposition in
high-temperature fluidized bed processes'®™® and an electro-
chemical recycling method.' However, as shown in Table 1,
the existing techniques generally suffer from various draw-
backs such as requiring complicated processes and superior
facilities, pollution generation and damage to the CFRP waste.
Therefore, the remaining challenge is how to eliminate the
epoxy resin without damaging the dimensions and properties
of CFs in CFRPs through an environmentally friendly process.
In order to overcome the challenge and fully utilize the high
residual value of end-of-service-life CFRP composites, our
research team has made great efforts in the past few years to
investigate sustainable and affordable recycling technologies.
In the present study, two new reaction conditions — KOH cata-
lyst and temperatures - are considered to improve the recycling
efficiency and the quality of rCFs. In addition, other key pro-
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No limit

10-50 mm

NA 6-25 mm 5-10 mm 1 pm-50 mm

10-50 mm

Waste size limit
(length)

Performance

50-85% 10-75% 85-98% 85-98% 89.46%

NA

50-65%

Residual tensile

strength (vs. VCF)

120.74%

Unreported

Unreported

NA 80%

NA

Unreported

Shear strength (vs.

VCF)

Organic solvent, None

Organic solvent

Pollutant gas, high  Pollutant gas, organic

Pollutant gas, dust,
high energy use

Dust

Environmental issues

high energy use

solvent, high energy

use

energy use
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perties of the rCFs such as interfacial shear strength and
surface roughness are thoroughly studied to have a better
understanding of the feasibility for remanufacturing using
rCFs. Furthermore, a more detailed microstructure analysis is
carried out in the present study to analyse the degradation
mechanism of the epoxy resin: the cyano group of the cross-
linking agent dicyandiamide and the hydroxy group of the
bisphenol-A type epoxy resin form amido bond during the
curing process of the epoxy resin. Electrically driven hetero-
geneous catalytic reactions have been shown to enable the
breaking of the C-N bonds of the amido bonds, thus leading
to decomposition of the epoxy resin and reclamation of CFs
with the benefit of the electrochemical promotion of catalysis
(EPOC) effect.” Therefore, we reasoned that using a catalyst
under these conditions should enhance this decomposition
reaction, and we proposed the electrically driven heterocataly-
tic decomposition (EHD) method. In this study, CFRP compo-
sites were immersed in a NaCl electrolyte containing the KOH
catalyst in the presence of electrical currents, and the effect of
temperature was also investigated. With a view to optimize
the reaction conditions to maximize the quality of the rCFs
while minimizing the reaction time and energy input, we
examined the effects of varying the applied current density,
electrolyte concentration, catalyst concentration and tempera-
ture on the recycling of CFs. Mechanical tests and microstruc-
tural analyses are used to assess the mechanical properties
and microstructures of the recycled fibres and to reveal the
influences of the different reaction conditions. We found that
the use of the catalyst and a moderately increased tempera-
ture with otherwise mild reaction conditions were key to
obtaining high-performance CFs in an effective and efficient
procedure. Finally, an optimized recycling method is
suggested.

Our EHD method is the first green and cost-effective pro-
cedure for recycling high-strength CFs from commercial CFRP
with no size limit (see Fig. 1). The chemicals used in this
method are conventional, accessible and nontoxic. The easily
implemented machinery and mild reaction conditions require
low initial investments and energy consumption, which makes
the economic value of the recycled fibres far higher than that
of most existing recycled fibres. On top of the achieved merits,
the research presented in this paper exploited the full potential
of this new recycling technology and has a great potential for
large-scale implementation.

Experimental section
Materials

The dimensions of the CFRP samples were 30 mm x 245 mm X
2 mm (width x length x thickness) (see Fig. SI1T). Each CFRP
sample was divided length-wise into three regions: the test
region (100 mm), which contained the rCFs; the protection
region (80 mm), which insulated the test region; and the elec-
trically conductive region (65 mm), which was connected to
the power supply (see Fig. SI1T).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Photographs of CFRP. (a) Virgin CFRP plate and (b) rCFs.

CFRP was purchased from Carbon Composites Company
Limited (Hong Kong) with an epoxy resin content of 31.5%.
Each layer of CF cloth is made by orthogonal weaving of longi-
tudinal and transverse CFs. The CFs were T700-type produced
by Toray Corporation, Japan, and the epoxy resin was
LAM-125/226 type. The chemical composition of the epoxy
resin provided by the manufacturer is shown in Table SI 2.

Experimental setup

The recycling setup is shown in Fig. SI1(d). The system was
composed of four parts: (1) a DC power supply, providing uni-
directional currents for the system; (2) the electrodes - CFRP
served as the anode, which was connected to the positive elec-
trode of the power supply, while a stainless-steel strip served
as the cathode, which was connected to the negative electrode
of the power supply; (3) an electrolyte solution (9L); and (4) a
datalogger - HIOKI-LR8400 Datalog from HIOKI E.E. The data-
logger monitored and measured the voltage of the sample,
recording the data once per hour. The measured voltages can
assess CF degradation and energy consumption in different
recovery processes as explained in ESL.{ In all tests, the CFRP
sample (anode) was placed parallel to the stainless-steel strip
(cathode). System voltage and energy consumption are shown
in ESI (Fig. SI 27).

Recycling process

The DC power supply was turned on to start the recycling
process. The process was performed under laboratory con-
ditions, and the solution volume was maintained throughout
the experiment. At the end of the recycling process, the soft
CFs were gently removed from the test sample with forceps

This journal is © The Royal Society of Chemistry 2019
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and scissors. In order to reclaim 95% CFs from the composite
wastes, the recycling process lasted for 72 hours at room temp-
erature or 36 hours at elevated temperatures. The rCFs were
then cleaned with alcohol by using an ultrasonic cleaner and
rinsed three times (5 min each) with deionized water. The
clean rCFs (Fig. 1) were placed in a dry box for three days at
50 °C.

Experimental parameters

In this study, three series of experiments were designed to
investigate the effects of the reaction conditions — NaCl con-
centration, KOH concentration, current density, and tempera-
ture — on the rCFs. Detailed testing groups and experimental
parameters are shown in Table SI 3.7

The first series of experiments investigated the effects of
the current density and NaCl concentration. A total of 24 reac-
tion conditions were considered, including six different
current densities and four different NaCl concentrations. The
six constant currents were 20, 40, 62.5, 78.1, 104.2, and
156.3 mA with the corresponding current densities of 3.33,
6.67, 10.42, 13.02, 17.37, and 26.01 A m 2, respectively. The
NacCl solution was prepared using deionized water and sodium
chloride at concentrations of 0.5, 1.0, 2.0, and 3.0%. Note that
when the currents were 78.1, 104.2, and 156.3 mA, no intact
rCF could be obtained; therefore, characterization was not
carried out for specimens subjected to these reaction
conditions.

In the second series of experiments, which were based on
the optimized conditions from the first series of experiments,
the concentration of the catalyst (KOH) was varied. The
selected currents were 20 and 40 mA, corresponding to the

Green Chem., 2019, 21, 16351647 | 1637


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8gc03672a

Open Access Article. Published on 21 February 2019. Downloaded on 4/25/2026 3:23:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

current densities of 3.33 and 6.67 A m™>, respectively, and the
selected NaCl concentrations were 1, 2 and 3%. Three KOH
concentrations were tested: 0.5, 1, and 1.5 g L™". Thus, a total
of 18 reaction conditions were considered.

Similarly, in the third series of experiments, the optimized
mix proportions obtained from the second series of experi-
ments were used, that is, two currents (20 and 40 mA), one
NaCl concentration (2%) and one KOH concentration (1 g L™).
In addition, the recycling reactions were carried out at 40, 60
and 75 °C. Thus, a total of six reaction conditions were tested.

Characterization

Thermogravimetric analysis. Thermogravimetric analysis
was used to determine the residual mass of the epoxy resin in
the rCFs. An STA409PC model thermal analyser made by the
NETZSCH Group in Germany was used. The temperature was
increased by 10 °C min™" to an upper limit of 800 °C, and the
nitrogen flow rate was 100 cm® min~". Three analyses were per-
formed under each reaction condition, and the average results
are reported (see Table SI17).

Tensile tests on CFs. To evaluate the residual tensile
strength of the rCFs, tensile tests on CF monofilaments were
conducted according to the standard ISO 1156620.>" A Nano
UTM 150 Nano-stretcher (American Agilent Technologies Inc.)
was used with the test system UTM-Bionix Standard Toecomp
Quasistatic. The test parameters were set as follows: loading of
750 pN, tensile rate of 0.2 pm s, loading resolution of 50 nN,
displacement resolution of <0.1 nm, tensile resolution of
35 nm, and maximum displacement of the actuator of +1 mm.
The temperature was 20-30 °C, and the ambient relative
humidity was 40% during the test. A total of 20 replicate tests
have been conducted for each reaction condition (see
Table SI4f).

Diameter measurements on CF monofilaments. The dia-
meter of the CF monofilaments was measured by using a 250A
Helium-Neon laser gauge from Changchun New Industrial
Optoelectronics Technology Co., Ltd. The CF monofilament
was placed on the sample holder, and its diffractive dark-
fringe spacing was measured. The precise diameter of the
monofilament was then calculated according to the diffraction
principle. A total of 20 replicate tests have been conducted for
each reaction condition (see Table SI5t).

Interfacial shear strength (IFSS) tests on CF monofilaments.
The IFSS between the CFs and the epoxy resin could be
measured by using the microdroplet test.>> The CF monofila-
ment was straight fixed on the positioning hole of the concave
type paper. Paste glue was used to fix both ends of the fibre
and was air dried naturally for one day. Upon gelatinization, the
sample is placed in the foam-plate slot and solidified naturally
for 24 h. The HM410 composite material interface evaluation
device was manufactured by Japan Toei Co. Ltd. The test para-
meters were a loading speed of 0.12 mm min~" and a micro-
scope magnification of 2 times. Before testing, the diameter of
the resin droplet was measured by using a high-magnification
microscope. Five monofilaments from each reaction condition

1638 | Green Chem., 2019, 21, 1635-1647
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were tested, and the mean averages of the results were used for
the assessment (see Table SI6t).

Environmental scanning electron microscopy tests. To
observe the surface characteristics of the rCFs, samples were
imaged by using an environmental scanning electron
microscopy (Quanta TM 250 FEG model) from FEI Company,
USA. The scanning was conducted in a high-vacuum environ-
ment; the working distance was approximately 10 mm; and the
test acceleration voltage was 20 kV. The sample was coated
with a layer of gold before testing.

Atomic force microscopy tests. The ICON-PT-PKG scanning
probe microscope produced by Brooke Inc., USA, was used to
scan the micromorphology of the rCF surface; both 2D and 3D
images were obtained. In this study, the scanning area was
4 pm x 4 pm, and the scanning rate was set to 1.0 Hz. An illus-
tration of the test setup can be found in ref. 32. Before testing,
the glass slide was cleaned using alcohol on cotton, and then,
a double-sided adhesive was glued onto the glass slide before
carefully sticking the CF onto the adhesive. The CF was
>20 mm. The obtained images were analysed by using
NanoScope Analysis 1.8 with R, values to represent the surface
roughness. A total of 20 replicate tests have been conducted
for each reaction condition (see Table SI 7).

X-ray photoelectron spectroscopy. A photoelectron spectro-
meter (ULVAC-PHI VPII model) was used to determine the
elements and functional groups on the CF surfaces. With the
help of the XPS Peak 4.1 software, the functional group
content was derived by curve fitting based on Gaussian and
Lorentzian functions. The X-ray source of the monochromator
was the aluminium target. A full-spectrum scan on the rCFs
was first conducted, followed by narrow-band and high-resolu-
tion scans of C 1s at an incident angle of 90°. The elements
measured were C, Si, N, O, and Cl. A total of 10 replicate tests
have been conducted for each reaction condition.

Results and discussion
Degradation of epoxy resin

The key factors in recycling CFs from CFRP waste are the
degradation of the epoxy resin and the extent of its removal,
which was measured in this study by thermogravimetric ana-
lysis. A greater extent of epoxy resin removal results in cleaner
reclaimed fibres. Table 2 shows that with increasing NaCl con-
centration, the extent of epoxy resin removal first increased
and then decreased; the experiments performed with 2%
sodium chloride (NaCl) provided the greatest extent of epoxy
resin removal. At 40, 60 and 75 °C, CFs were obtained after
36 hours with 99.3%-99.9% of the epoxy resin removed (see
Table SI 1f). The results show that increasing the reaction
temperature can significantly increase the epoxy resin
decomposition efficiency. To reclaim 95% CFs from the com-
posite wastes, the reaction time needed for the high tempera-
ture condition is only half of that at room temperature.

Note that the maximum reaction temperature in this study
was 75 °C, which is far lower than the temperature required

This journal is © The Royal Society of Chemistry 2019
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Table 2 The mechanical properties of the rCFs
Test Extent of epoxy Tensile Residual Diameter IFSS Residual Failure R,
unit Specimens  resin removal (%) strength (GPa)  strength (%) (um) (MPa) strength (%) modes (nm)
VCF — 4.641 100.00 7.00 31.00 100 DB 201
1 120S0.5 68.3 2.634 56.76 6.97 — — — —
12081 89.6 3.472 74.81 6.95 — — — —
12052 95.8 3.768 81.19 6.96 — — — —
120S3 90.4 3.488 75.16 6.96 — — — —
140S0.5 67.1 2.583 55.66 6.96 — — — —
14081 89.3 3.417 73.63 6.95 — — — —
14052 93.7 3.693 79.57 6.95 — — — —
140S3 89.8 3.458 74.51 6.95 — — — —
162.550.5 63.3 2.386 51.41 7.12 — — — —
162.551 65.5 2.471 53.24 6.97 — — — —
162.552 68.5 2.562 55.20 6.92 — — — —
162.5S3 66.1 2.509 54.06 6.94 — — — —
2 120S1KO0.5 99.7 3.399 73.24 6.93 29.69 95.77 CB 195
120S1K1 99.6 3.165 68.20 6.91 33.48 108.00 DB 214
120S1K1.5 100.0 2.952 63.61 6.85 32.76 105.68 DB 205
120S2K0.5 99.8 3.426 73.82 6.94 29.50 95.16 CB 196
120S2K1 99.7 3.310 71.32 6.90 37.43 120.74 DB 219
120S2K1.5 99.5 3.021 65.09 6.87 33.06 106.65 DB 213
120S3K0.5 99.9 3.413 73.54 6.93 28.83 93.00 CB 193
120S3K1 99.7 3.198 68.91 6.92 34.06 109.87 DB 209
120S3K1.5 99.6 2.966 63.91 6.86 33.65 108.55 DB 203
140S1KO0.5 99.7 3.357 72.33 6.87 — — — —
2 140S1K1 99.6 2.980 64.21 6.85 — — — —
140S1K1.5 99.6 2.666 57.44 6.81 — — — —
140S2K0.5 99.4 3.365 72.51 6.88 27.00 87.11 CB 185
140S2K1 99.8 2.776 59.81 6.84 28.08 90.57 DB 199
140S2K1.5 99.6 2.735 58.93 6.82 24.70 79.69 CB 175
140S3KO0.5 99.5 3.348 72.14 6.87 26.53 85.58 CB 189
140S3K1 99.8 2.910 62.70 6.85 28.33 91.39 DB 197
140S3K1.5 99.3 2.660 57.32 6.82 25.20 81.29 CB 178
3 120S2K1T40 99.5 3.759 81.00 6.99 25.42 82.00 CB 190
120S2K1T60  99.9 4.045 87.16 7.00 33.59 108.35 DB 203
120S2K1T75 99.8 4.083 87.98 6.99 33.72 108.77 DB 208
140S2K1T40 99.3 3.758 80.76 7.00 24.61 79.39 CB 195
140S2K1T60 99.4 4.126 88.90 6.98 29.84 96.26 DB 199
140S2K1T75 99.7 4.152 89.46 6.99 35.79 115.45 DB 211

I = current; 120 = 20 mA; S = salt; K = KOH; K0.5 = 0.5 g L' KOH; T = temperature; T40 = 40 °C; DB = debonding failure within the epoxy resin;

CB = debonding failure at the interface of the CFs and the epoxy resin.

for thermal decomposition of the epoxy resin (i.e., in the range
of approximately 300 to 600 °C under nitrogen or air atmo-
sphere). Therefore, the enhanced extent of epoxy resin removal
is not due to thermal decomposition of the epoxy resin.
Rather, it is related to the mutual synergy between the high
temperature and the catalyst (KOH). Further increasing the
temperature will likely lead to a continuous increase in the
extent of epoxy resin removal. However, higher temperatures
might increase the requirement of the machinery, resulting in
a greater initial investment. Therefore, the upper limit of temp-
erature considered in this study is 75 °C.

The diameters of the rCFs are presented in Table 2. The
results show that the diameter of the rCFs only slightly
decreased compared to that of the new fibres prior to incorpor-
ation into a composite material VCF with a diameter of 7 pm,
which shows intact CFs without damage to dimensions could

This journal is © The Royal Society of Chemistry 2019

be reclaimed from the proposed recycling technology. Under
the same current density, when the catalyst (KOH) concen-
tration was 1.5 g L™, the diameter of the rCF was the smallest.
The diameters of the rCF obtained at high temperatures (40,
60 and 75 °C) were generally the same.

Mechanical properties of rCF

Residual tensile strengths of rCF. Table 2 and Fig. 2 show
the residual tensile strength of rCF monofilaments under
different reaction conditions. Compared to that of the VCF
(tensile strength of 4641 MPa), the residual tensile strength of
the rCFs from the optimized conditions slightly decreased.

The tensile strengths of the rCF decreased with the increas-
ing current density — a slight decrease from 20 mA to 40 mA
and a profound decrease from 40 mA to 62.5 mA (see Table 2).
The long-term action of a high current density may damage

Green Chem., 2019, 21, 1635-1647 | 1639
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Fig. 2 The tensile strength values of the rCFs. For an explanation of the
sample numbers, see Table 2. (a) Effect of NaCl concentration; (b) effect
of KOH concentration; (c) effect of temperature.

the bulk structure of the CFs. When the current densities were
3.33 Am™ and 6.67 A m~? (120 and 140 series), the tensile
strengths of the rCF were much better than those of the other
series (Fig. 2a). As shown in Fig. 2a, as the NaCl concentration
increased from 0.5% through to 3%, the tensile strengths of
the rCF first increased, reaching a maximum residual tensile
strength of 81.19% at 2.0% NacCl (with a current of 20 mA) and
then decreased. Fig. 2b shows that the residual tensile strength
of the rCF does not improve with an increase in the KOH con-
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centration. It is indicated that the high KOH concentration
might exacerbate the oxidation of CFs and cause them
mechanical damage. Conversely, KOH can significantly
improve the extent of epoxy resin removal and increase the
interfacial shear strength, which is discussed below. The
results show that the residual tensile strength of the rCF
increased with temperature (Fig. 2c). The increase was most
significant from 25 to 40 °C and less significant in the range
of 40 to 60 °C, whereas there was almost no change from 60 to
75 °C. The residual tensile strengths of the rCF treated at
75 °C with currents of 20 and 40 mA (specimens 120S2K1T75
and I140S2K1T75) reached 4.083 GPa and 4.152 GPa, respect-
ively, which were 87.85% and 89.83% relative to VCF strength.

The matrix of the CF in the mechanical process of recycling
has suffered severe damage, and long clean recycled fibres
cannot be obtained. The residual strength of the rCF is 50 to
65% of that of VCFs.>® Although the mechanical process can
result in cleaner, shorter lengths of CFs through thermal
decomposition, due to the high temperature and surface oxi-
dation, the mechanical properties of the CF are reduced to
50%-85%.”® Taking advantage of the dissolvability of super-/
subcritical fluid to the polymer materials, clean CF can be
obtained with the maximum retention (85%-98%) of the
original mechanical properties of the CF via the solvolysis
method.""* However, the demanding reaction conditions
increase the requirements on the facilities and restrain the
size of the rCF. The residual strength of the rCF obtained
using the EHD method is far higher than that obtained using
mechanical recycling and thermal decomposition, but slightly
lower than that obtained by solvolysis.

Shear strengths of the rCF. The interfacial shear strength
(IFSS) between the rCF and epoxy resin is also one of the key
mechanical properties, which was measured by the microdro-
plet test. The test has two failure modes: debonding failure
within the epoxy resin (DB) and debonding failure at the inter-
face of the CFs and the epoxy resin (CB). The measured IFSS of
the VCFs was 31 MPa with the DB failure mode. At the point of
failure, the CFs and epoxy resin are still strongly bonded
without cracks on the surface, and the epoxy resin becomes
the weak part. The IFSS is only measured for the rCF of 120
and 140 series due to the unfavourable properties of the rCF
reclaimed from other current density conditions. Results are
presented in Table 2 and Fig. 3, and the failure modes are
shown in Fig. 4.

Higher current densities led to lower IFSS values of the rCF.
When the NaCl concentration was increased from 1 to 3%, the
IFSS of the rCF first increased, reaching a maximum value at
2% NaCl, and then decreased again. The IFSS of all samples of
the rCF increased when the KOH concentration increased from
0.5 to 1.0 g L™" but declined as the KOH concentration contin-
ued to increase from 1.0 to 1.5 g L™" (Fig. 3a). In the 120 series,
the lowest IFSS of the rCF was obtained when the KOH concen-
tration was 0.5 g L™", which was 4.23 to 7.0% lower than that
of the VCFs. However, at KOH concentrations of 1.0 and 1.5 g
L7, the IFSS values for the rCF were higher than that of the
VCFs. The IFSS of the rCF from specimen 120S2K1 was the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Shear strengths of the rCFs. For an explanation of the sample
numbers, see Table 2. (a) Effect of KOH concentration; (b) effect of
temperature.

highest (37.43 MPa), which was 20.74% higher than that of the
VCFs. In the 140 series, on the other hand, the IFSS values for
all rCF were lower than that of the VCFs. When the KOH con-
centration was >1.0 g L™, the DB failure mode occurred. The
relationship between the IFSS of the rCF and temperature is
presented in Fig. 3b. When the temperature increased from 25
to 40 °C, the IFSS of the recycled 120 and 140 CFs dropped
from 37.43 and 28.08 MPa to 25.42 and 24.61 MPa, respect-
ively. For both samples of CF recycled at 40 °C, the failure
mode was CB, the epoxy resin and CFs completely debonding,
leaving barely a trace of the epoxy resin residue on the CF
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surface. As the temperature was increased to 60 °C, the IFSS
also increased. The IFSS values of the recycled 120 and 140 CFs
were 33.59 and 29.84 MPa, respectively, which are 108.35 and
96.26% of that of the VCFs. The failure mode was DB for both
samples. When the temperature reached 75 °C, the IFSS values
of the recycled 120 and 140 CFs were 33.72 and 35.79 MPa,
respectively, which are 108.77 and 115.45% of that of the VCF;
similarly, the failure mode was DB. The surface of the epoxy
resin at the point of failure displayed prisms and asperities,
which increased the area of the failure surface. In particular,
the rCF from the 140 condition exhibited vigorous debonding
and internal fracture of the droplets due to the strong force at
failure. The above results show that decreasing the recycling
period will reduce oxidative etching on rCF, whereas increas-
ing the temperature will increase the surface roughness and
impregnation.

Microstructural characterization of rCF

Surface morphology. The morphology of CF surfaces can be
visualized by scanning electron microscopy (SEM). Since the
surface morphology can reveal the degree of damage suffered
in the recycling process and this can be related to the observed
residual tensile strength of the rCF, we used SEM to analyse
the surfaces of the rCF.

The SEM images of the rCF from the 120 and I40 series with
the presence of KOH (where the current was set to 20 and
40 mA, respectively) show that all the resin was completely
removed (Fig. 5), indicating that KOH can effectively decom-
pose the epoxy resin. Very few defects were observed on the
surface of the rCF obtained at a low current density and at
both low and high NaCl concentrations. In the presence of
high current densities or low NaCl concentrations, more
oxygen is generated on the CFRP surface, and CFs are strongly
oxidized and etched. In these cases, the SEM images (Fig. 5¢
and h) show that the surface layer of the rCF is degraded, and
the decreased residual tensile strength can be attributed to the
defects.

The concentration of KOH catalyst is very important in this
EHD process. Cl, was generated at the anode region during
electrolysis in the presence of CI~ (eqn (1)). Part of the gas
reacted with water to form more oxidizing HCIO (eqn (2)).
ClO™ would oxidize the epoxy resin by breaking down the C-N
bond.">**** 1t is critical to adjust the concentration of the KOH

Fig. 4

This journal is © The Royal Society of Chemistry 2019

Interface failure modes between the rCF and epoxy resin. (a) DB mode; (b) CB mode.
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Fig. 5 SEM images of the 120 and 140 series. For an explanation of the sample numbers, see Table 2. (a) Specimen 120S2K0.5; (b) specimen
140S2K0.5; (c) specimen 120S2K1; (d) specimen 140S2K1; (e) specimen 120S2K1.5; (f) specimen [40S2K1.5; (g) etchings and longitudinal grooves on
specimen 120S2K1; (h) etchings and longitudinal grooves on specimen [20S2K1.5.

catalyst in order to optimize the performance of the recycling
method because of the following two reasons. First, when KOH
was added as a catalyst, H" would react with OH™ to form H,0,
pushing the second reaction to the right side. Therefore, more
ClO™ would be formed, leading to the increased degradation
efficiency of the epoxy resin. Due to the ionic intercalation in
the electrochemical process, OH™ ions would be inserted into
the fibre surface and graphite layer, leading to carbon fibre
cortex inflation. This phenomenon also increased the degra-

1642 | Green Chem., 2019, 21, 1635-1647

dation of the epoxy resin and the recovery of the carbon fibres.
Second, in the presence of excess OH™, the OH™ would attach
to the carbon atom surface. The adjacent carbon atoms and
the adhered OH™ would react to form oxygen, resulting in the
oxidation etching effect on the carbon fibre surface. The reac-
tion process is given in eqn (3) and (4):.

2CI~ — Cl, +2e~ 1)

This journal is © The Royal Society of Chemistry 2019
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Cl, + H,0 — HCIO + H + CI~ (2)
Cs + OH™ — C4OHaggorb + €~ (3)
4C4OHaqsory — 2H,0 + O, + 4C (4)

When the KOH concentration is 0.5 g L™" (Fig. 5a and b),
the surface of the CFs is relatively smooth and the curvature is
unchanged, and there are no visible longitudinal grooves. This
indicates that the CFs are not damaged, which explains why
the tensile strength of these CFs was only slightly lower than
those obtained using reaction conditions without KOH. With
an increase in the KOH concentration, the oxidation-induced
etching on the CFs and intercalation of OH™ ions become pro-
nounced. Therefore, longitudinal grooves can be observed on
the CF surface, as shown in Fig. 5c-f. This degradation was
more severe in the 140 series. Cracks can even be seen on the
CF surfaces of specimens 140S2K1 (59.81% of that of the VCF)
and 140S2K1.5 (58.93% of that of the VCF). For more detailed
observations, these two specimens were scanned at a higher
magnification of 20 000. Fig. 5g shows a small etched part of
the rCFs with a reduced cross-sectional area and clear longi-
tudinal groove structures. In Fig. 5h, the surface of the CFs has
deteriorated due to oxidation and exhibits pits and crack
defects."™">"* When the tensile test is conducted on a single
fibre, this part becomes the critical section, and the stress con-
centration occurs near this section. Finally, fracture failure
occurs in this section.

Similarly, at elevated temperatures, the rCFs were generally
found to be clean. At 40 °C, although several tiny epoxy par-
ticles could be seen on the CF surface, the CFs were otherwise
clean, with no physical defects such as cracks or pits. When
the temperature was increased to 60 and 75 °C, the epoxy resin
was not visible at all on the CF surface; similarly, there were
no visible physical defects, and furthermore, the CFs from
specimen I40S2K1T75 had the highest residual tensile
strength.

Note that CFs can be recycled within 36 hours at high temp-
erature, which is only half of the time required at ambient
temperature. Thus, at high temperature, CFs are exposed to
the electrolyte for a shorter duration, which means that
damage to the rCF due to electrochemical oxidation etching,
OH™ ion intercalation reactions and alkali corrosion will be
less than at ambient temperature. This is the reason for the
higher residual tensile strength of the CFs recycled at elevated
temperatures.

Surface roughness. We analysed the surface structure of the
rCFs by atomic force microscopy (AFM), from which the
surface roughness value, R,, can be obtained. The surface
roughness of rCFs is an important factor influencing mechani-
cal interlocking and impregnation. AFM images show that
when the KOH concentration was 0.5 g L™", the degradation of
the epoxy resin was mild and the CF surface was smooth (see
Fig. 6¢c and d). The calculated roughness (R, = 195 nm) was
slightly lower than that of the VCFs (R, = 201 nm), causing a
slight decrease in the IFSS of the CFs. When the KOH concen-

This journal is © The Royal Society of Chemistry 2019
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tration was increased to 1.0 g L™, the degradation of the epoxy
resin was accelerated, and the relatively severe electrochemical
oxidation caused a narrow longitudinal groove structure and a
high roughness value (R, = 219 nm) (see Fig. 6e and f). These
trenches with a small width not only increase the mechanical
interlocking between the CFs and epoxy resin, but also signifi-
cantly increase the specific surface area and improve the epoxy
resin impregnation. As the KOH concentration was further
increased to 1.5 g L™, the intercalation of OH™ ions increased,
and the corresponding R, value was calculated as 213 nm (see
Fig. 6g and h). Therefore, the strength was higher than that of
the VCFs. The R, values increased, and the adhesiveness also
increased, leading to an increase in the IFSS because more
intercalation reactions occur at higher temperatures, resulting
in a larger specific surface area, increased roughness and a
better impregnation of CFs. The mechanical interlocking
effect at the interface was enhanced, which creates an anchor-
ing effect and increases the IFSS.

Surface chemical composition. X-ray photoelectron spec-
troscopy (XPS) was used to determine the elements and func-
tional groups on the CF surfaces. We scanned the full spec-
trum (Fig. 7a, ¢, e and g) and C 1s spectrum (Fig. 7b, d, f and
h) of VCF and rCFs. After peak fitting, five peaks could be
identified: two main peaks, C (284.6 eV) and O (532.0 eV),
and three minor peaks, Si (99.5 eV), Cl (199.8 eV), and N
(399.5 eV). The detailed element contents are shown in
Table 3. The surface carbon and oxygen contents of the VCFs
were 75.2 and 18.3%, respectively, and the O/C ratio was
0.2434. The surface oxygen content of the CFs increased
through the electrochemical recycling process. The increased
oxygen content implies an enhancement in the surface
defects and surface activities of the CFs, thereby decreasing
the tensile strength and increasing the IFSS. The experi-
mental results show a proportional relationship between the
O/C ratio of the CFs and the IFSS, which is consistent with
the results reported by Jin et al.®>® and Zhu et al.>® Minimal
oxidation of CFs occurs at a NaCl concentration of 2.0%,
leading to the highest residual tensile strength among all the
reaction conditions tested. The oxygen content increased by
more than 20% compared with that of the VCFs with an
increase in the KOH concentration. In the presence of KOH,
oxidative etching on CF surfaces is exacerbated, which
decreases the tensile strength but increases the IFSS. At elev-
ated temperatures, the rCFs had a slightly lower content of
carbon on their surface than the VCFs according to XPS
results. Oxidation might have caused a small number of
carbon particles to be removed from the CF surface. However,
the oxygen content and ratio of oxygen to carbon increased,
which indicates that the CFs underwent oxidation during re-
cycling and their surface activity increased.?’

The C 1s high-resolution narrow spectrum can be divided
into six chemical bond regions by peak-fitting: graphene C-C
(284.4 eV), amorphous C-C (284.8 eV), C=0 (285.5 eV), C-O
(286.2 eV), C-Cl (287.2) and O-C=0 (288.5 eV).>**® The VCFs
have relatively few oxygen-containing functional groups on
their surface (the total content of C-C bonds in graphite and

Green Chem., 2019, 21, 1635-1647 | 1643
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Fig. 6 AFM images of VCF and rCFs. For an explanation of the sample numbers, see Table 2. (a) 2D image of VCF; (b) 3D image of VCF; (c) 2D image
of 120S2K0.5; (d) 3D image of 120S2K0.5; (e) 2D image of 120S2K1; (f) 3D image of 120S2K1; (g) 2D image of 120S2K1.5; (h) 3D image of 120S2K1.5.

amorphous states is 69.3%, whereas the content of various C-
O bonds is 30.7%). Consequently, they are relatively surface-
inactive and water repellent. More C-O functional groups
would increase their hydrophilicity and their propensity to
impregnate polymer matrices such as epoxy resins.”® In
addition, oxygen-containing reactive functional groups such as
—-COOR can increase the reaction between the CFs and epoxy
resin, generating strong covalent bonds and improving inter-
facial bonding.”*?® A larger number of oxygen-containing

1644 | Green Chem., 2019, 21, 1635-1647

functional groups might be expected to increase the chemical
interactions between the CFs and epoxy resin, which might be
the reason for the increased interfacial shear stress, which is
consistent with the findings of other studies.*** Increasing
the concentration of NaCl in the electrolyte solution (from
1.0% to 2.0%, i.e. specimen 120S1K1 and 120S2K1) led to an
increase in the number of C-C bonds, as observed by the XPS
scan, but the number of bonds decreases if the concentration
of NaCl is decreased from 2 to 3.0% (i.e. specimen 120S2K1

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 XPS spectra of VCF and rCFs. For an explanation of the sample numbers, see Table 2. (a) Full spectrum of VCF; (b) C 1s spectrum of VCF; (c)
full spectrum of 120S2K0.5; (d) C 1s spectrum of 120S2K0.5; (e) full spectrum of 120S2K1; (f) C 1s spectrum of 120S2K1; (g) full spectrum of
120S2K1.5; (h) C 1s spectrum of 120S2K1.5.

and 120S3K1). Additionally,

the O/C ratios of CFs recycled at

higher temperatures (36 hours) were lower than those obtained

at room temperature (72 hours) due to a shorter oxidation
period. The fitting results show that the C-Cl bond content of
both the higher-temperature rCF and VCF was 0, which indi-
cates that those rCFs are not substantially corroded by chlor-

ine. Compared to the VCFs,

the total content of graphene and

This journal is © The Royal Society of Chemistry 2019

amorphous C-C bonds on the surface of the rCF decreased.
Additionally, both the C=0O bond and C-O bond contents
increased slightly; the O-C=O0 bond content was two to three
times more than that of the VCFs.

Thus, the surface chemical components are an important
factor influencing the mechanical properties of rCFs. The
CFs recycled from specimens 140S2K1T75 and 120S2K1 had

Green Chem., 2019, 21, 1635-1647 | 1645
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Table 3 Element and functional group content of the surfaces of VCFs and recycled carbon fibres (%)

Specimen no. C (@) cl N Si 0O/C C-C (graphene) C-C (amorphous) C= Cc-0O C-Cl 0-C=0
VCF 75.2 18.3 0.9 3.1 2.5 0.2434 54.9 14.4 14.6 15.5 0.0 4.0
120S2K0.5 74.2 19.7 2.2 3.1 0.8 0.2655 48.4 19.3 12.0 10.1 6.3 8.4
120S2K1 73.1 23.3 1.3 0.0 1.3 0.3187 64.8 5.9 12.0 12.9 0.0 10.1
120S2K1.5 73.0 23.3 1.5 0.0 2.2 0.3192 47.6 10.3 15.1 15.4 6.0 10.3
120S1K1 74.8 20.8 1.9 2.3 0.2 0.2781 49.7 11.1 18.2 12.5 0.0 13.4
120S3K1 72.7 20.4 4.3 0.8 1.8 0.2806 56.2 6.6 15.4 15.3 1.9 9.7
140S2K1 72.6 20.8 3.7 2.9 0.0 0.2865 36.9 16.4 19.0 15.6 6.8 10.1
120S2 K1T40 74.3 22.0 1.6 0.9 1.2 0.2961 35.6 20.9 18.0 18.1 0.0 12.0
12052 K1T60 74.4 21.5 1.1 0.6 2.4 0.2890 49.7 11.8 17.2 15.0 0.0 11.1
120S2 K1T75 72.8 21.1 3.7 0.9 1.5 0.2898 52.8 10.1 14.6 16.7 0.0 10.7

the greatest residual tensile strength and
respectively.

highest IFSS,

Discussion

During the recycling process, the C-N bonds of the amido
bonds ruptured, followed by the cleavage of ether, benzyl and
secondary and tertiary amine groups. Afterwards, the epoxy
matrix on the CFRP surface was degraded gradually and
subsequently the CFs were exposed to the electrolyte.
Electrochemical oxidation and etching cause damage to the
CFs. The rCFs suffer oxidation and OH™ ion intercalation,
resulting in swelling of the outermost layer and increasing the
surface roughness, and thus lower residual tensile strengths
but higher interfacial shear strengths.

Conclusions

In this study, we investigated the recycling of a CFRP compo-
site by using an aqueous electrolyte solution in the presence of
electrical currents. The C-N bonds of the epoxy resin can be
broken in an electrically driven heterogeneous catalytic reac-
tion, leading to the decomposition of the resin component
and recovery of CFs via the benefit of the EPOC effect. The pro-
perties of the rCFs are depended on the combined effect of all
the variables. By optimizing the working conditions, depoly-
merization of the epoxy resin and reclamation of the CFs are
found to be efficient even under ambient temperature and
pressure using conventional and nontoxic chemicals. This
method achieves a high (nearly 100%) extent of epoxy resin
removal. The average residual tensile strength and IFSS are
approximately 90% and 120%, respectively, of those of VCFs.
Compared with existing recycling methods, this new method is
simple and green (see Table 1). The commercial value of the
recycled fibres based on the proposed technology is expected
to dramatically increase, since (1) the simplicity of the pro-
cedure and low facility demand will remove the size restraint
on the composite waste and (2) the dimensions and strength
of CFs can be maintained in the recycling procedure. In
addition, this technology can be implemented in an overall
cost-effective manner on a large scale and will profoundly
impact the management of CFRP composites and possibly

1646 | Green Chem., 2019, 21, 1635-1647

other thermoset waste materials. This study is part of a realis-
tic development process towards the longer-term goal of indus-
trial-scale CFRP processing.
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