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ABSTRACT:

A novel method is developed to reclaim carbon fibres from carbon fabric-reinforced cementitious
composites. The method takes advantage of an electrically driven chemical reaction in the presence of an
aqueous electrolyte solution and an electrical current. This paper presents an experimental programme to
investigate the effects of the applied current density, the sodium chloride and nitric acid concentrations in
the solution and the temperatures. Both tensile strengths and interfacial shear strengths of the reclaimed
carbon fibres were evaluated. Microstructural analyses on the morphologies of the reclaimed carbon
fibres were also performed. The proposed method is simple, environmentally friendly and efficient. This
method has no size limits on the recycled composites, which indicates the suitability of this approach for
large-scale industrial applications. The reclaimed carbon fibres are found to be intact and believed to
contain great commercial values since the recycling process did not damage their strengths or reduce their
dimensions.

Keywords: Carbon fabric, Composites; Characterization; Electrochemical recycling

1. Introduction

Carbon fibre (CF) is a new kind of inorganic material with a multitude of advantages, such as light weight,
high tensile strength, high stiffness, high corrosion resistance, and high temperature tolerance [1-4]. Since
the late 1980s, carbon fibre-reinforced polymer (CFRP) plates/sheets have been used with epoxy resin to
strengthen reinforced concrete structures in the construction industry in Europe, the US and Japan. Over

the last 30 years, epoxy resin has become a popular bonding material due to its excellent bonding strength
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[5-8]. However, the CFRP-epoxy resin strengthening system also has disadvantages, such as poor
resistances to ageing, corrosion, moisture, heat, peeling, cracking and impacts. Therefore, new inorganic
cementitious bonding materials (e.g., cement pastes and mortar) have begun to attract interest from
industry, especially in the last decade. The advantages of cementitious materials include excellent
corrosion resistances, outstanding mechanical properties, such as high strength and strong toughness, and
great bonding characteristics with civil engineering structural materials [9].

The wide application of carbon fabric-reinforced cementitious matrix (C-FRCM) composites
(i.e., CF cloths/plates/sheets/meshes embedded in a cementitious matrix) in the industry [10, 11] also
creates substantial waste disposal issues. Moreover, end-of-service-life (EOSL) C-FRCM composites still
contain CFs with high residual strengths and commercial values. Therefore, the recycling and reuse of
CFs from EOSL composites not only alleviates the pollution from wastes but also makes full use of the
CFs, which has an important economic value and social significance. However, it is difficult to
decompose a cementitious matrix and reclaim CFs from these composites. There are a number of studies
on recycling techniques for reclaiming CFs from CFRP-epoxy resin waste, including mechanical
recycling [12, 13], pyrolysis [14, 15], chemical solvent decomposition [16-19], sub/supercritical chemical
recycling [20-22], fluidized-bed processes [23-25] and electrochemical recycling [26, 27]. However, there
is no research on CF recovery from C-FRCM composites; this study is the first to propose a recycling
method to reclaim CFs from cementitious composites.

In this paper, a new recycling method based on an electrically driven chemical reaction is
developed to reclaim CFs from C-FRCM composites. The proposed recycling process occurs in an acidic
electrolyte solution with an applied current. During the electrochemical reaction, most of the calcium in
the cement paste is dissolved, while the majority of silicon remains in the form of SiO,-nH,0 gel, leaving
a porous corroded cement paste [28]. Finally, the cementitious material loses mechanical interlocking
with CFs; thus, the reclaimed CFs (rCFs) are obtained. This paper first presents an experimental
programme to investigate the effects of current density, sodium chloride (NaCl) concentration in the
electrolyte solution, nitric acid (HNOs) concentration and temperature on the recycling results. Second,
tensile tests and interfacial shear strength (IFSS) tests are performed to assess the qualities of the rCFs.
Third, microstructural analyses, including scanning electron microscopy (SEM), atomic force microscopy

(AFM) and X-ray photoelectron spectroscopy (XPS), are performed to help understand the
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electrochemical reaction mechanism and observe the surface morphologies of the rCFs. The recycling
method is optimized regarding the recovery rate and residual strengths of the rCFs based on the
experimental results and characterization techniques.

2. Experimental program

2.1 Materials and specimens

The CFRP sheets were Hitex-C300 (12k one-way woven cloth with an areal density of 300 g/m?) from
the Nanjing Haituo Composite Material Co. LTD. The ordinary Portland cement was PO42.5R grade
purchased from China Resources Cement Holdings LTD. The chemical composition and physical
properties of cement were listed in Table SI. 1 The silicon powder was from Shanghai Xikeng, and the
redispersible powder was DY-5025 from Germany. The chopped CFs in the cementitious matrix were 3
mm long. NaCl and HNOs; were purchased from the Xilong Chemical Company. The composition of the
cementitious matrix is shown in Table 1.

The dimensions of the C-FRCM composite sample were 30 x 265 x 5 mm (width x length x
thickness), as shown in Fig. 1. The layers of the cementitious matrix were approximately 2 mm thick. The
specimen was divided into three regions: the test region to reclaim CFs, the protected region, which was
insulated and waterproof, and the electrical connection region, which was connected to the external power
supply. The manufacturing process for the C-FRCM composite specimens was conducted in accordance
with industry standards.

2.2 Experimental parameters

The variables considered in the electrochemical recycling method include the current density, the NaCl
concentration in the electrolyte, the HNO; concentration and the temperature. To study the effects of each
parameter, two series of experiments were designed in this study. The specimens were labelled according
to the reaction conditions. For example, the specimen label "120S2H3T40" comprises four parts: the first
part, "120", represents the applied current (20 mA, corresponding to 3.33 A/m?); the second part, "S2",
indicates the NaCl concentration in the electrolyte (2% of the weight of deionized water); the third part,
"H3", refers to the HNO3 concentration in the electrolyte (3 g/L); and the last part, "T40", indicates the
temperature (40<C) at which the recycling process was performed.

In the first series of tests (Table 2), two current densities (3.33 and 6.67 A/m?), two NaCl

concentrations (2% and 3%) and four (HNOs) concentrations (0, 1, 3 and 5 g/L) were considered. A total
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of 16 reaction conditions were included in the test programme, and three samples were used for each set
of reaction conditions. In the second series of tests in the experimental programme (Table 3), the effect of
temperature was considered. Two reaction conditions with the best performance were selected from the
first series of tests. Therefore, the variables considered in the second series of recycling conditions
include (1) two applied current densities (20 mA and 40 mA, which correspond to 3.33 A/m? and 6.67
A/m?, respectively), (2) one NaCl concentration (2%), (3) one HNO; concentration (3 g/L) and (4) three
temperatures (40C, 60<C and 75<C). A total of six reaction conditions were considered, and three
specimens were used for each set of reaction conditions.
2.3 Recycling process
The experimental device used for the CF recycling process is shown in Fig. 2. The recycling device
consists of four main parts: (1) a DC power supply, which provides current to the system; (2) a cathode
and an anode, wherein the specimen was connected to the positive pole of the power supply and a
stainless steel plate was connected to the negative pole of the power supply as the cathode with 50 mm
distance between the two electrodes is in the experimental programme; (3) an electrolyte, which consisted
of NaCl and HNOs; solution; and (4) a datalogger, which monitored the voltage changes in the system.
The first series of electrochemical reactions at room temperature lasted for 8 days, while the second series
of reactions at elevated temperatures lasted for 4 days. Afterwards, the specimens (Fig. 3(a)) were cleaned
by loosening the cementitious matrix by pressing holes on the surface of the cementitious matrix (Fig.
3(b)) and flushing with a water pressure of 0.5 MPa for 10 seconds (Fig. 3(c)). The cleaned rCFs are
shown in Fig. 3(d).
2.4 Mechanical tests of the rCFs
The properties of the rCFs were evaluated based on the voltage monitoring of the recovery process by a
datalogger (HIOKI-LR8400, Japanese Nikko electric corporation), the hardness tests of the composites
after the electrochemical reactions, the tensile tests of the rCF monofilaments, and the IFSS tests between
the rCFs and epoxy resin.

The hardness of the composite plate was tested after the recycling process with a coated pencil
[29]. According to the specifications, the composite was kept dry, placed on a flat desk and pressed with
the pencil under a load of 7.5 N at a direction of 45< the loading rate was 0.5-1 mm/s. Pencils of

different grades from 9B (softest level) to 9H (hardest level) were pressed onto the composite surface.
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The hardness of the composite surface was measured starting from the softest pencil and determined
when a visible mark occurred.

The tensile strength of a CF monofilament was tested with a UTM-Bionix Standard Toecomp
Quasistatic test system. The loading rate in the tensile test was 0.2 pm/s, and the CF sample length was 6
mm. According to ISO 11566 [30], a total of 20 samples were tested for each reaction condition. Before
testing, the diameter of the CF monofilament was measured with a laser calliper (Changchun Industrial
Optoelectronic Technology Co. LTD).

The IFSS between a CF monofilament and epoxy resin was determined by the microdroplet test
using an HM410 composite interfacial evaluation device (Japanese Tongrong Corporation). Before testing,
the diameter of each resin microdroplet was measured by a high-resolution microscope built in the test
system. According to previous studies [31], the diameter of the resin microdroplet was 40-80 m. A total
of five parallel tests were conducted for each reaction condition. The loading rate for the IFSS test was
0.12 mm/min.

2.5 Instrumentation
The microstructures of the rCFs were analysed by means of SEM, AFM and XPS. The effects of the
reaction conditions on the mechanical properties of the rCFs were explained at a microscopic scale. A
Quanta TM 250 FEG scanning electron microscope (FEI company, USA) was used in this study. The
scanning environment was in high-vacuum mode, the working distance was approximately 10 mm, and
the test acceleration voltage was 20 kV. To improve the conductivity of the CF, the sample was first
prepared with a gold spray before testing. AFM technology (ICON-PT-PKG, Brooker company, USA)
was used to scan the surface topographies of the rCFs. The scanning range of the sample was 4 pmx 4
M, as suggested by Guo [32], and the scanning speed was 1.0 Hz. NanoScope Analysis 1.8 was used to
analyse the images and quantify the rCF surface roughness.

The XPS technology (ULVAC-PHI VPII photoelectron spectrometer) was used to analyse the type
and content of the elements and functional groups on the surfaces of the rCFs. Using the XPS Peak 4.1
software, the results were fitted with a Gaussian function and a Lorentz function to obtain the information
of the functional groups. The X-ray source of the monochromator was an Al target. The rCFs were
scanned in full spectrum before Cis was scanned in a high-resolution narrow spectrum. The incident angle

was 90<
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3. Results and discussion

In this part, the effects of the current density, NaCl concentration, HNOs concentration and temperature
on the CF recovery are discussed from the perspectives of system voltage, recycling amount, mechanical
properties and microstructures of the rCFs.

3.1 System voltage

During the electrochemical recycling process, the measured voltages under different reaction
environments were generally stable, as shown in Fig. 4(a). In general, the voltages of the recycling system
under a 40 mA current were larger than those under a 20 mA current. The voltages under an NaCl
concentration of 3% were larger than those under an NaCl concentration of 2%. The voltages of the
reaction condition without HNO3 were found to be higher than those under the reaction conditions with
HNOs. These phenomena can be explained by the slow degradation of the cementitious matrix in the
absence of HNO; and the high electrical resistance of the composite. The voltages under the reaction
conditions with a high HNOj3 concentration (5%) were also relatively high because both the cementitious
matrix and CF were damaged in this environment. The voltages under the reaction conditions where the
HNOs concentrations were either 1% or 3% were the lowest among all considered conditions. Under
elevated temperature conditions, the measured voltages of all specimens were generally stable during the
recycling process. The voltage differences of the specimens under different parameters and conditions
were very small, as shown in Fig. 4(b). The voltage fluctuations of the specimens in the 120 series were
less than 0.15 V, and those of the specimens in the 140 series were less than 0.10 V. The measured
voltages of the specimens at 60<C were the lowest, indicating the good electrical conductivity of the
system and low damage to the rCFs.

3.2 Recycling amount

The weight of the virgin CF (vCF) sheet was 841 mg. In the absence of the HNO3 solute, no rCFs were
obtained since the composite was still hard and the cementitious matrix could not be removed. As shown
in Table 4, in the presence of the HNO; solute, the number of rCFs increased with increasing HNO3
concentration in the beginning and then decreased. When the HNO; concentration was 3 g/L, the greatest
number of rCFs was collected, and the current densities and NaCl concentrations had limited influences
on the results. The greatest number of rCFs was collected at a reaction temperature of 40T (91.8% of the

VCFs). Note that the length of the recycling process under a high temperature was only half of that at
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room temperature. Some researchers [20, 21, 33-35] also found similar conclusions, wherein reasonably
high temperatures had beneficial effects on the chemical reclamation of CFs. At the same temperature, a
greater number of rCFs was collected under a 20 mA current than under a 40 mA current.

3.3 Mechanical properties

The hardness values of the degraded C-FRCM composites after electrochemical recycling at either room
temperature or higher temperatures are shown in Table 4. The concentration of the HNO3 solute had the
most substantial influence on the hardness, wherein the higher the concentration is, the more extensive the
degradation and the lower the hardness value. Under the same concentration of the HNOj3 solute, a larger
NaCl concentration and current resulted in a softer specimen surface. In the absence of the HNOs solute,
the composite was only partly softened. The hardness of the treated composite directly affected the
number of rCFs because it was easier to clean and collect a greater number of rCFs in the softer
specimens. Temperature plays an important role in the degradation of the cementitious matrix. Similar to
the findings at room temperature, the lower hardness values resulted in a greater number of rCFs.

The diameters of both the vCF monofilament and rCF monofilament were measured to be 7 pm,
indicating that the rCFs had not been substantially degraded in the electrochemical recovery process. The
tensile strengths of the rCFs are shown in Table 5 (also refer to Fig. S12, SI3, Table S12, SI3 and Sl4). The
tensile strength of the vCF was 3.58 GPa. The residual tensile strengths of the rCFs decreased as the
HNOs concentration increased, indicating that the presence of HNOs; might cause unfavourable
degradation in the rCFs. The current density and NaCl concentration had limited effects on the tensile
strengths of the rCFs. The diameters of the rCF filaments were found to be 7 pm, which were the same as
those of the rCFs obtained at room temperature. The tensile strengths of the rCFs showed an increasing
trend with increasing temperature. Generally, the tensile strengths of the CFs reclaimed under the 20 mA
current condition were higher than those reclaimed under the 40 mA current condition. The highest
residual tensile strength of the rCF was found to be 3.21 GPa (specimen 120S2H3T75), which was
89.58% of tensile strength of the vCF. The roughness values of the rCFs measured by AFM and the IFSS
values between the rCFs and epoxy resin are shown in Table 5 and Fig. 8. When the temperature was
40<C, the rCFs were only slightly affected by the electrochemical reaction (Fig. 8(c)), and the roughness
of the rCF was 134 nm, which is similar to the roughness of the vCF (144 nm). Thus, the IFSS values of

the rCFs obtained at 40<C were relatively low. The greatest obtained IFSS value at 40<C was 28.45 MPa
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(105.02% of the IFSS of the vCF). As the temperature continued to increase to 60<C, the grooves on the
surfaces of the rCFs became deeper and more pronounced; in addition, both the amount and size of the
convex hills increased (Fig. 8(d)). The roughness of the rCF at 60<C was found to be 168 nm. The
changes in the topographies of the rCFs enhance the mechanical interlocking between the CFs and epoxy
resin. The specimen 120S2H3T60 had the greatest IFSS value at 60<C. When the temperature reached
75<C, the grooves widened (Fig. 8(e)), and the roughness increased to 184 nm. However, the IFSS
decreased under this condition. This decreasing phenomenon occurs due to the decreased mechanical
bonding resulting from significant changes in the surface topography and the degraded chemical bonding
resulting from fewer strong-hydrophilic group O-C=0 bonds. In the IFSS tests, the failure modes of all
specimens were debonding at the resin layer (DB) except specimen 140S2H3T60, whose failure mode
was debonding at the interface between the CFs and the matrix (CB).

One of the most common applications of rCFs is for remanufacturing CFRPs with epoxy resins.
Therefore, the IFSS between rCF and epoxy resin is one of the assessment criteria used for rCFs. Table 5
shows the IFSS between rCF and epoxy resin, and Fig. 7 shows the failure modes, which were observed
via SEM. The IFSS between the vCF and epoxy resin was found to be 27.09 MPa, and the failure mode
was DB (Fig. 7(a)). Generally, the IFSS values between the rCFs and epoxy resin decreased with
increasing HNO3 concentration. In the presence of a low concentration of HNO3 (i.e., 1 g/L and 3 g/L),
the IFSS between the rCF and epoxy resin was greater than that between the vCF and epoxy resin. When
the HNOs3 concentration was 1 g/L and 3 g/L, smaller current densities and lower NaCl concentrations
had positive effects on the rCFs. When the concentration of HNO3 was 1 g/L, the failure mode of the rCF
was similar to that of the vCF, which was a DB failure with a thin layer of epoxy resin on the surface of
the rCF. The results indicate that the interface between the CF and epoxy resin was stronger than that
between the epoxy resin layer. When the concentration of HNO3; became 3 g/L, a CB failure was observed
(Fig. 7(b)), showing that the weakest part of the specimen was the interface between the CF and epoxy
resin. However, the IFSS values of the H3 series of specimens were still higher than that of the vCF,
which might be attributed to the needle-like resin structures on the fracture surfaces. The needle-like
structures could increase the contact area and roughness of the interfacial region between the CF and

epoxy resin [36], thus leading to a greater IFSS.
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3.4 Microstructures

SEM scanning was performed on a cementitious matrix to explore the degradation mechanism of the
cementitious matrix during the electrochemical reaction. Fig. 5(a) shows the interface between
cementitious materials and CF in the virgin specimen. The ribbed groove structures with regular shapes
and some interpenetrating networks formed by the cement slurry and polymer throughout the structures
were observed, which are similar to those found in the literature [37, 38]. These structures formed strong
mechanical interlocking with CFs. The interface of the cementitious matrix and CF was changed after the
electrochemical reaction (Fig. 5(b)). The diamond shape groove structure was cut off by large vertical and
horizontal cracks into small broken units, and the porosity of the material was increased dramatically.
Therefore, the interfacial mechanical interlocking between the cementitious matrix and CF was weakened.
Some white colour products formed at the interface, which was speculated to be SiO» gel degraded from
C-S-H gel [28, 39]. The mechanism can be explained by the leaching of Ca?*ions in the cement matrix
during electrochemical reaction, leading to the dissolution of Ca(OH), and calcium sulphoaluminates.
Porous structure formed after the decalcification of C-S-H in cement paste [28]. The CF was thus isolated
from the cement matrix. A typical SEM image of rCFs reclaimed at high temperature condition is
presented in Fig. 6(c) (Fig. S16). The surface of rCFs reclaimed at high temperature was rather clean
without visible cement gel particles and defects, which were different from rCFs reclaimed under room
temperature (Fig. 6(b)). The reason may be that the recycling process under the high temperatures was
shortened, which effectively reduced the degradation (oxidation and acidification, etc.) of rCFs.

Two typical pictures of the vCFs and rCFs (from specimen 140S2H3) are presented in Fig. 6. The
surfaces of the vCFs were rather smooth without visible defects (Fig. 6(a)). The surfaces of the rCFs had
some cement gel particles and clear longitudinal and horizontal cracks (Fig. 6(b)). The SEM images show
the degradation of the rCFs, which explains the decrease in the residual tensile strength. In addition, the
rCFs obtained under 20 mA current conditions had fewer defects compared to those obtained under 40
mA current conditions, indicating that the degradation of the CFs was caused by large currents.

Fig. 8 shows two typical AFM images of the vCFs and rCFs. The surfaces of the vCF were
smooth and neat (Fig. 8(a)), whose roughness was found to be 144 nm. Due to oxidation etching during
the electrochemical reaction, longitudinal grooves and convex hills along the fibre were formed on the

surfaces of the rCFs (Fig. 8(b)). These changes to the fibre geometries significantly enhanced the
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mechanical interlocking between the rCFs and epoxy resin, which are similar to the ribs in steel
reinforcements used to improve the bonding between reinforcement and concrete. Moreover, the
increasing roughness enhanced the bonding between the rCFs and epoxy resin. The relationship between
the roughness and IFSS is shown in Fig. 9, wherein the IFSS generally increases as the rCF surface
roughness increases. Therefore, rCFs could reach higher IFSS values than vCFs. In summary, when the
HNO; concentration was low, mild oxidation etching during electrochemical recovery had a positive
influence on the IFSS; when the HNO3 concentration increased to a certain extent, excessive oxidation
etching reduced the IFSS.

The full spectrum of the XPS scan and the high-resolution narrow spectrum of Cis of the rCFs
are shown in Fig. 10. There were five peaks observed in the full spectrum of scanning: the two main
peaks were carbon(C) (284.6 eV) and oxygen(O) (532.0 eV), and the three secondary peaks were silicon
(Si) (99.5 eV), chlorine (CI) (199.8 eV) and calcium (Ca) (347 eV). The basic elements on the surfaces of
the rCFs were C and O, and small amounts of Si, Cl and Ca were introduced during the recycling process.
The elemental contents on the surfaces of vVCF and rCF (120S2 series) are shown in Table 6. The carbon
and oxygen contents on the surface of the vCF were 79.3% and 20.7%, respectively. The carbon content
on the rCF surface was approximately 10% less than that on the vCF surface, while the oxygen content
was higher on the rCF surface. When the HNO; concentration was 3 g/L, the oxygen/carbon (O/C) ratio
was found to be highest, indicating that in this reaction condition, the most oxygen had been introduced to
the surface of the rCF, which led to greater surface activity and enhanced the chemical bonding between
the rCF and epoxy resin [40, 41].

The XPS Peak 4.1 programme was used to classify the Cis high-resolution narrow spectrum
according to the binding energy into the following six bond peaks for Gaussian-Lorentz fitting: graphite
state C-C (284.4 eV), amorphous state C-C (284.8 eV), C=0 (285.5 eV), C-O (286.2 eV), C-Cl (287.2 eV)
and O-C=0 (288.4 eV) [33, 42-44]. The fitting of the Cas split peaks is shown in Fig. 10, and the specific
contents of the functional groups on the surface of the rCF are shown in Table 6. The results revealed that
there were more carbon and oxygen-containing functional groups on the surface of the rCF than on the
surface of the vCF. Studies have shown that in electrochemical anodization [34], the activated carbon and
oxygen-containing functional groups on the surface of a CF can be gradually oxidized by oxygen atoms

or ions: from C-O to C=0 to O-C=0. The CFs reclaimed in this study were oxidized during the recovery
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process, and the surface oxygen content increased, which enabled the surface to be more active. Moreover,
the occurrence of hydrophilic O-C=0 groups also greatly improved the chemical bonding between the
rCFs and epoxy resin. The contents of the elements on the surfaces of the rCFs are shown in Table 6.
Compared to the vCF, the content of carbon (C) decreased, and the oxygen (O) content substantially
increased. The oxygen/carbon (O/C) ratio was found to be 0.2610 for the vCF and 0.407-0.429 for the
rCFs. A large amount of active oxygen was incorporated onto the surfaces of the rCFs during the
electrochemical process at high temperatures, which led to more oxygen-containing groups on the
surfaces of the rCFs and a greater degree of oxidation.

The contents of the functional groups of C on the surfaces of the rCFs are shown in Table 6. The
number of strong-hydrophilic group O-C=0 bonds decreased at high temperatures because C tends to
generate carbon dioxide and water at high temperatures [35]. This might explain the lower IFSS values of
the rCFs at 75<C. The experimental results in this study indicated that increasing the temperature could
increase the oxidation degree on the surfaces of the rCFs; however, if the temperature exceeds a certain
threshold, over-oxidation would lead to a lower amount of rCFs and weaken the chemical bonding
between the CF and cement matrix. In addition, the percentage of C-Cl bonds on the surface of specimen
120S2H3T40 was 8.2% (Table 6), showing that the rCFs obtained from this reaction condition were
chlorinated, which resulted in decreased tensile strengths. However, it should be noted that the chlorine
on the surfaces of the rCFs from specimens 120S2H3T60 and 120S2H3T75 were not in the chemical
bonds (Table 6) but exists only in the adsorption state.

4. Conclusions

A new electrochemical method for recycling CFs from C-FRCM composites was developed in this study.
This new method takes advantage of an electrically driven chemical reaction in the presence of an
aqueous electrolyte solution and an electrical current. Furthermore, this recycling method used affordable
and non-toxic chemicals, small currents and easily implemented facilities to reclaim intact CFs. Tensile
tests and IFSS tests were conducted to characterize the rCFs. Microstructural analysis technologies were
adopted to understand the mechanisms of the behaviours of the rCFs. The effects of different parameters
were investigated by an experimental programme to optimize the recycling process. Experimental results
showed that a low current density (3.33 A/m?) and a low NaCl concentration (2%) could improve the

electrochemical corrosion of the cement matrix and the tensile strengths of the rCFs. Adding an
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appropriate amount of nitric acid (3 g/L) can enhance the recycling efficiency and the IFSS values
between the rCFs and epoxy resin. Compared to normal temperature conditions, higher temperatures can
further improve the recycling efficiency and the tensile strengths of the rCFs. The rCFs and vCFs
exhibited similar properties: the residual tensile strengths of the rCFs were approximately 90% of that of
the vCFs, the IFSS values of the rCFs were 117% of that of the vCFs, and the recovery of the rCFs was
92%. This new recycling method is expected to solve EOSL composite waste problems and fully utilize
the residual values of disposed CFs. Because of the high-quality of the rCFs, they can also be used in
various applications, ranging from aerospace to ground transportation, construction industries to sporting
goods. Compared with traditional recycling methods, this new method is efficient, sustainable,
inexpensive, and easily implemented, and the new method has no size limits on the recycled composites.
Thus, this new recycling method is suitable for large-scale applications in industry.
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Table 1. (Unit: %)

Cement sglvi:é); Higg;)rlr;/?:]eecrular chopped CFs De;‘g:m;ng Superplasticizer ~ Water
51.49 5.72 11.44 5.15 0.28 0.17 25.75
Table 2.

Specimens Current (mA) NaCl (%) HNO3 (g/L)
120S2H0 20 2 0
120S2H1 20 2 1
120S2H3 20 2 3
120S2H5 20 2 5
120S3H0 20 3 0
120S3H1 20 3 1
120S3H3 20 3 3
120S3H5 20 3 5
140S2HO0 40 2 0
140S2H1 40 2 1
140S2H3 40 2 3
140S2H5 40 2 5
140S3HO 40 3 0
140S3H1 40 3 1
140S3H3 40 3 3
140S3H5 40 3 5
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Table 3.
Specimens Current (mA) NaCl (%) HNO; (g/L) Temperature (C)
120S2H3T40 20 2 3 40
120S2H3T60 20 2 3 60
120S2H3T75 20 2 3 75
140S2H3T40 40 2 3 40
140S2H3T60 40 2 3 60
140S2H3T75 40 2 3 75




628 Table 4.

Specimens Mass of rCFs (mg) Compared to vCFs (%) Hardness
vCF 841
120S2H0 0 0 HB
120S2H1 233 27.71 5B
120S2H3 598 71.11 9B
120S2H5 516 61.36 << 9B
120S3HO 0 0 2B
120S3H1 512 60.88 7B
120S3H3 591 70.27 9B
120S3H5 494 58.74 << 9B
140S2HO0 0 0 2B
140S2H1 286 34.01 9B
140S2H3 574 68.25 9B
140S2H5 496 58.98 << 9B
140S3H0 0 0 5B
140S3H1 483 57.43 9B
140S3H3 565 67.18 9B
140S3H5 485 57.67 << 9B
120S2H3T40 772 91.80 <<9B
120S2H3T60 688 81.81 <<9B
120S2H3T75 665 79.07 <<9B
120S2H3T40 841 77.65 <<9B
120S2H3T60 653 75.03 <<9B
120S2H3T75 631 72.89 <<9B

629 Note: The hardness levels of the pencil hardness tester (from low to high) are as follows: 9B-8B-7B-6B-
630  5B-4B-3B-2B-1B-HB-F-H-2H-3H-4H-5H-6H-7H-8H-9H

631



632 Table 5.
_ Tensile Compared IFSS Compared Failure Droplet Average
Specimens strength to vCF (MPa) to vCF modes diameter roughness
(MPa) (%) (%) (Hm) (Ra)/nm

vCF 3588 - 27.09 100 DB 46.12-51.35 144
120S2H1 3072 85.62 31.58 116.57 DB 44.68-50.32 180
120S2H3 2974 82.89 29.37 108.42 CB 42.26-51.09 208
120S2H5 2391 66.64 25.46 93.98 CcB 43.68-51.03 104
120S3H1 3001 83.64 28.44 104.98 DB 46.12-50.85 193
120S3H3 2898 80.76 30.22 111.55 CB 46.95-50.85 196
120S3H5 2301 64.13 25.90 95.61 CB 42.34-50.54 110
140S2H1 3049 84.98 28.24 104.25 DB 43.81-50.73 178
140S2H3 2953 82.30 26.12 96.42 CB 42.57-47.30 162
140S2H5 2260 62.99 25.87 95.50 CcB 43.34-50.85 121
140S3H1 2987 83.25 28.93 106.79 DB 48.49-51.81 172
140S3H3 2944 82.05 27.18 100.33 CB 42.57-49.67 159
140S3H5 2162 60.26 25.79 95.20 CB 42.57-44.94 129
120H3S2T40 2965 82.64 22.78 84.09 DB 42.64-47.32 134
120H3S2T60 3118 86.90 28.45 105.02 DB 42.57-49.67 168
120H3S2T75 3214 89.58 25.11 92.69 DB 45.68-50.86 184
140H3S2T40 2881 80.30 2351 86.78 DB 41.39-49.67 149
140H3S2T60 2949 82.19 26.75 98.74 CB 44.94-52.03 169
140H3S2T75 2960 82.50 24.29 89.66 DB 43.76-48.49 192
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637

Table 6. (Unit: %)

Specimens C 0 Cl N Si  Ca o/C cct cct c=0 cOo cl 0-C=0
VvCF 793 207 O 0 0 0 0.261 27.3 23.8 199 29 0 0
120S2H1 682 252 14 0 34 18 0370 344 184 158 1838 0 12.6
120S2H3 69.7 269 25 O 0 09 0.386 32.7 16.7 175 165 0 16.6
120S2H5 69.1 259 24 O 0 26 0375 32.3 16.1 188 17.2 0 15.6
120S2H3T40 66.8 284 48 O 0 0 0.425 28.3 166 168 125 8.2 17.7
120S2H3T60 646 277 24 28 18 06 0429 22.9 220 206 183 0 16.2
120S2H3T75 637 259 19 52 26 0.7 0407 29.9 215 197 136 0 15.3
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