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METHODS FOR RECOVERING CARBON FIBER FROM CARBON-FIBER-
REINFORCED POLYMER (CFRP) COMPOSITES

BACKGROUND

Unless otherwise indicated herein, the materials described in this section are not prior
art to the claims in this application and are not admitted to be prior art by inclusion in this
section.

Composite materials are useful in many industrial fields, such as aeronautics,
automobile, and sports, and their usage is increasing. Composite waste has previously been
disposed of in landfills or by incineration. However, environmental concerns and potentially
new legislative changes on waste disposa motivate the research and development of
technologies aimed at recycling these composite materials. Only a few approaches to
recovering carbon fibers from carbon fiber reinforced plastics have been reported. Thereisa
need for simple and efficient methods capable of recovering carbon fibers from carbon fiber

reinforced plastics.

SUMMARY

In some embodiments, a method of recovering carbon fibers from fiber reinforced
composite may include providing a fiber reinforced composite that includes carbon fibers
and a thermosetting resin; contacting the composite with a first organic solvent to form
carbon fiber bundles; contacting the carbon fiber bundles with an acid solution to form acid-
treated carbon fibers; and contacting the acid-treated carbon fibers with a second organic
solvent.

In some embodiments, a method of recovering carbon fibers from fiber reinforced
composite may include providing a fiber reinforced composite that includes carbon fibers
and a thermosetting resin; contacting the composite with a first organic solvent to form
carbon fiber bundles;, combining the carbon fiber bundles with a second organic solvent to
form amixture; and heating the mixture under solvothermal conditions.

In some embodiments, a composition may include an organic solvent, recycled

carbon fibers dispersed in the organic solvent, and a thermosetting resin.
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The foregoing summary is illustrative only and is not intended to be in any way
limiting. In addition to the illustrative aspects, embodiments, and features described above,
further aspects, embodiments, and features will become apparent by reference to the

drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features of the present disclosure will become more fully
apparent from the following description and appended claims, taken in conjunction with the
accompanying drawings. Understanding that these drawings depict only severa
embodiments in accordance with the disclosure and are not to be considered limiting of its
scope, the disclosure will be described with additional specificity and detail through use of
the accompanying drawings.

FIGURE 1is aflow diagram illustrating one example of a method of recovering
carbon fibers in accordance with at least some examples of the present disclosure.

FIGURE 2isaflow diagram illustrating another example of a method of recovering
carbon fibers in accordance with at least some examples of the present disclosure.

FIGURES 3A-C show digital photo and scanning electron microscopy (SEM)
images of resulting recovered carbon fibers as prepared in Example 1.

FIGURES 4A-E show digital photos and SEM images of carbon fibers before
treatment and carbon fibers obtained by thermal trestment with benzyl alcohol aone at
150°C for 6 hours.

FIGURES 5A-I depict digital photos and SEM images of carbon fibers obtained
using nitric acid solutions at different concentrations and at different temperatures.

FIGURES 6A-F show digita photos and SEM images of carbon fibers before
treatment and carbon fibers obtained by supercritical recovery with n-propanol.

FIGURE 7 shows digital photos of carbon fibers at different treatment stages as
described in Example 2.

DETAILED DESCRIPTION

In the following detailed description, reference is made to the accompanying

drawings, which form a part hereof. In the drawings, similar symbols typicaly identify

similar components, unless context dictates otherwise. The illustrative embodiments
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described in the detailed description, drawings, and claims are not meant to be limiting.
Other embodiments may be used, and other changes may be made, without departing from
the spirit or scope of the subject matter presented here. It will be readily understood that the
aspects of the present disclosure, as generally described herein, and illustrated in the Figures,
can be arranged, substituted, combined, and designed in a wide variety of different
configurations, all of which are explicitly contemplated and make part of this disclosure.

The present disclosure generally describes methods related to recovering carbon
fibers from fiber-reinforced composites, for example fiber-reinforce composites comprising
carbon fibers and a thermosetting resin. The recovered carbon fibers can be isolated as
separable fibers and can be substantially free from thermosetting resin. The method, in some
embodiments, includes providing the fiber-reinforced composite; contacting the composite
with afirst organic solvent to form carbon fiber bundles; contacting the carbon fiber bundles
with an acid solution to form acid-treated carbon fibers; and contacting the acid-treated
carbon fibers with a second organic solvent. The method can also include: providing the
composite; contacting the composite with afirst organic solvent to form carbon fiber bundles;
combining the carbon fiber bundles with a second organic solvent to form a mixture; and
heating the mixture under solvothermal conditions. A composition comprising recycled
carbon fibers is also disclosed herein.

FIGURE 1isaflow diagram illustrating one example of method 100 of recovering
carbon fibers from fiber reinforced composites in accordance with at least some examples of
the present disclosure. As illustrated in FIGURE 1, method 100 can include one or more
functions, operations, or actions as illustrated by one or more of operations 110-140.

Method 100 can begin a operation 110, "Providing a fiber-reinforced composite
comprising carbon fibers and a thermosetting resin." Operation 110 can be followed by
operation 120, "Contacting the composite with a first organic solvent to form carbon fiber
bundles." Operation 120 can be followed by operation 130, "Contacting the carbon fiber
bundles with an acid solution to form acid-treated carbon fibers." Operation 130 can be
followed by operation 140, "Contacting the acid-treated carbon fibers with a second organic
solvent.”

In FIGURE 1, operations 110-140 are illustrated as being performed sequentialy
with operation 110 first and operation 140 last. It will be appreciated however that these
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operations can be reordered, combined, and/or divided into additional or different operations
as appropriate to suit particular embodiments. For example, additional operations can be
added before, during or after one or more of operations 110-140. In some embodiments, one
or more of the operations can be performed at about the same time.

At operation 110, "Providing a fiber-reinforced composite comprising carbon fibers
and a thermosetting resin," the thermosetting resin can include an epoxy resin or a phenol
resin in accordance with some embodiments. In some embodiments, the fiber-reinforced
composite may be a carbon-fiber-reinforced composite.  In some embodiments, the
thermosetting resin may be an epoxy resin present in the fiber-reinforced composite as a
polymer matrix.

At operation 120, "Contacting the composite with a first organic solvent to form
carbon fiber bundles,” one or more various organic solvents can be used as the first organic
solvent. For example, the first organic solvent can be an alcohol. 1n some embodiments, the
first organic solvent may be benzyl alcohol. Operation 120 can include, for example,
maintaining the composite and the first organic solvent under conditions that are effective for
forming carbon fiber bundles from the fiber-reinforced composite. For example, the
composite and the first organic solvent can be maintained at a suitable temperature over a
time period sufficient to form the carbon fiber bundles and at which time the mass of the
composite no longer increases. In some embodiments, the composite can be heated to about
25°C to about 300°C or to about 50°C to about 200°C, while contacting the first organic
solvent. For example, the composite and the first organic solvent can be heated at about
25°C, about 50°C, about 75°C, about 100°C, about 125°C, about 150°C, about 25°C, about
175°C, about 200°C, about 225°C, about 250°C, about 275°C, about 300°C, or a range
between any two of these values (including endpoints). The time for which the composite
may be contacted with the first organic solvent can vary. For example, the composite can be
contacted with the first organic solvent for about 30 minutes, about 1 hour, about 2 hours,
about 4 hours, about 6 hours, about 8 hours, about 10 hours, about 12 hours, or arange
between any two of these values (including endpoints). In some embodiments, the composite
can be contacted with the first organic solvent for greater than 12 hours. In some
embodiments, the composite may be contacted with the first organic solvent for about 30

minutes to about 12 hours. In some embodiments, the composite may be contacted with the
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first organic solvent for at least about 1 hour. Although various non-limiting examples of
suitable conditions are described in the disclosed embodiments, the skilled artisan, guided by
the teachings of the disclosed embodiments, will appreciate that numerous other conditions
may be suitable depending upon various properties of the first organic solvent.

At operation 130, "Contacting the carbon fiber bundles with an acid solution to form
acid-treated carbon fibers," the acid solution can be an agueous acid solution. In some
embodiments, the acid solution can be nitric acid. In some embodiments, the concentration
of acid in the acid solution can be at least about 1 mol/L. In some embodiments, the
concentration of acid in the acid solution may be about 6 mol/L. Specific examples of acid
concentrations include about 1 mol/L, about 2 mol/L, about 3 mol/L, about 4 mol/L, about 5
mol/L, about 6 mol/L, and ranges between any two of these values (including endpoints).

Operation 130 can include, for example, maintaining the acid solution and the carbon
fiber bundles under conditions that are effective to form acid-treated carbon fibers. For
example, the carbon fiber bundles and the acid solution can be maintained at a suitable
temperature over a time period that is sufficient for formation of the acid-treated carbon
fibers. For example, the carbon fiber bundles can be contacted with the acid solution for
about 30 minutes, about 1 hour, about 2 hours, about 4 hours, about 6 hours, about 8 hours,
about 10 hours, about 12 hours, or arange between any two of these values (including
endpoints). In some embodiments, the carbon fiber bundles may be contacted with the acid
solution for about 30 minutes to about 12 hours. In some embodiments, the carbon fiber
bundles may be contacted with the acid solution for greater than 12 hours. In some
embodiments, the carbon fiber bundles may be contacted with the acid solution for about 100
minutes. The acid solution and the carbon fiber bundles can be heated to various
temperatures, such as about 30°C, about 40°C, about 50°C, about 60°C, about 70°C, about
80°C, about 90°C, about 100°C, or a range between any two of these values (including
endpoints). In some embodiments, the acid solution and the carbon fiber bundles can be
heated to about 30°C to about 100°C. In some embodiments, the acid solution and the
carbon fiber bundles can be heated to least about 40°C. In some embodiments, the acid
solution and carbon fiber bundles are heated to a temperature of about 70°C. Although
various non-limiting examples of suitable conditions are described in the disclosed

embodiments, the skilled artisan, guided by the teachings of the disclosed embodiments, will
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appreciate that numerous other conditions may be suitable depending upon various properties
of the acid solution.

At operation 140, "Contacting the acid-treated carbon fibers with a second organic
solvent,” one or more various organic solvents can be used as the second organic solvent.
For example, the second organic solvent can be an alcohol. In some embodiments, the
second organic solvent can be benzyl alcohol. Operation 140 can include, for example,
maintaining the acid-treated carbon fibers and the second organic solvent at a suitable
temperature over atime period sufficient for obtaining recovered carbon fibers. For example,
the acid-treated carbon fibers and the second organic solvent can be heated to about 25°C,
about 50°C, about 75°C, about 100°C, about 125°C, about 150°C, about 25°C, about 175°C,
about 200°C, about 225°C, about 250°C, about 275°C, about 300°C, or arange between any
two of these values (including endpoints). As an example, the acid-treated carbon fibers and
the second organic solvent can be heated to about 25°C to about 300°C, or to about 50°C to
about 200°C. The time for which the acid-treated carbon fibers are contacted with the
second organic solvent can also vary. For example, the acid-treated carbon fibers can be
contacted with the second organic solvent for about 30 minutes, about 1 hour, about 2 hours,
about 4 hours, about 6 hours, about 8 hours, about 10 hours, about 12 hours, or arange
between any two of these values (including endpoints). As one example, the acid-treated
carbon fibers can be contacted with the second organic solvent over atime period of about 1
minute to about 12 hours. In some embodiments, the acid-treated carbon fibers can be
contacted with the second organic solvent for greater than 12 hours. In some embodiments,
the acid-treated carbon fibers can be contacted with the second organic solvent for at least
about 5 minutes. Although various non-limiting examples of suitable conditions are
described in the disclosed embodiments, the skilled artisan, guided by the teachings of the
disclosed embodiments, will appreciate that numerous other conditions may be suitable
depending upon various properties of the second organic solvent.

The carbon fibers can be optionally isolated from the second organic solvent (e.g.,
after completing operation 140 as depicted in FIGURE 1). The disclosed embodiments are
not limited to any particular technique for isolating the composite. Non-limiting examples of
suitable techniques include filtration, centrifugation, and sedimentation. Two or more

isolation techniques may be optionaly combined. In some embodiments, the isolated carbon
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fibers can be separable after isolation from the second organic solvent. In some
embodiments, the isolated carbon fibers may be substantialy free of the thermosetting resin
after isolation from the second organic solvent.

Some embodiments disclosed herein include alternative methods of recovering
carbon fiber from fiber-reinforced composites. FIGURE 2 is aflow diagram illustrating one
example of method 200 of recovering carbon fibers from fiber-reinforced composite in
accordance with at least some examples of the present disclosure. Asillustrated in FIGURE
2, method 200 can include one or more functions, operations, or actions asillustrated by one
or more of operations 210-240.

Method 200 can begin a operation 210, "Providing a fiber-reinforced composite
comprising carbon fibers and a thermosetting resin." Operation 210 can be followed by
operation 220, "Contacting the composite with a first organic solvent to form carbon fiber
bundles.” Operation 220 can be followed by operation 230, "Combining the carbon fiber
bundles with a second organic solvent to form amixture." Operation 230 can be followed by
operation 240, "Heating the mixture under solvothermal conditions.”

In FIGURE 2, operations 210-240 are illustrated as being performed sequentially
with operation 210 first and operation 240 last. It will be appreciated however that these
operations may be reordered, combined, and/or divided into additional or different operations
as appropriate to suit particular embodiments. For example, additional operations can be
added before, during or after one or more of operations 210-240. In some embodiments, one
or more of the operations can be performed at about the same time.

At operation 210, "Providing a fiber-reinforced composite comprising carbon fibers
and a thermosetting resin,” the thermosetting resin can include an epoxy resin or a phenol
resin in some embodiments. In some embodiments, the fiber-reinforced composite is a
carbon-fiber-reinforced composite. 1n some embodiments, the thermosetting resin may be an
epoxy resin present in the fiber-reinforced composite as a polymer matrix.

Operation 220, "Contacting the composite with afirst organic solvent to form carbon
fiber bundles,” can include, for example, maintaining the composite and the first organic
solvent at a suitable temperature over a time period sufficient for forming carbon fiber
bundles. For example, the composite can contact the first organic solvent for a time period
of about 1 minute to about 48 hours, of about 10 hours to about 48 hours, or of about 4 hours
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to about 24 hours. In some embodiments, the composite can contact the first organic solvent,
for example, at least about 30 minutes; at least about 1 hour; at least about 4 hours; at least
about 12 hours; at least about 24 hours, or at least about 48 hours. In some embodiments, the
composite can contact the first organic solvent, for greater than 48 hours. The composite can
contact the first organic solvent for atime period of, for example, less than or equal to about
100 hours; less than or equal to about 48 hours; less than or equal to about 24 hours; or less
than or equal to about 12 hours. In some embodiments, the composite can be heated with the
first organic solvent, for example, to about 15°C, at about 20°C, to about 25°C, about 30°C,
about 40°C, about 50°C, about 60°C, about 70°C, or arange between any two of these values
(including endpoints).

The first organic solvent can generaly include any at least one organic solvent that
can adequately form carbon fiber bundles from the composite. In some embodiments, the
first organic solvent can be chloroform, dichloromethane, tetrahydrofuran, meta-xylene,
N,N-dimethylformamide, carbon tetrachloride, benzene, toluene, or a mixture thereof. In
some embodiments, the first organic solvent may be chloroform. In some embodiments, the
first organic solvent may be dichloromethane. In some embodiments, the first organic
solvent may be tetrahydrofuran.  Although various non-limiting examples of suitable
conditions are described in the disclosed embodiments, the skilled artisan, guided by the
teachings of the disclosed embodiments, will appreciate that numerous other conditions may
be suitable depending upon various properties of the first organic solvent.

At operation 230, "Combining the carbon fiber bundles with a second organic solvent
to form a mixture,” a solution containing the carbon fiber bundles and the second organic
solvent can be prepared for forming recovered carbon fibers. The second organic solvent can
generally include any at least one solvent that can adequately be used under solvothermal
conditions. In some embodiments, the second organic solvent can be an alcohol, chloroform,
dichloromethane,  tetrahydrofuran, = meta-xylene, N ,N-dimethylformamide,  carbon
tetrachloride, benzene, propanol, toluene, or a mixture thereof. In some embodiments, the
second organic solvent may be benzyl alcohol. In some embodiments, the second organic
solvent may be propanol. The amount of carbon fiber bundles in the second organic solvent
can be, for example, at least about 0.01 mg/mL, at least about 0.1 mg/niL, at least about 0.5

mg/mL, or at least about 1 mg/mL. The amount of carbon fiber bundles in the second organic
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solvent can be, for example, less than or equal to about 10 g/mL, less than or equal to about 5
g/mL, or less than or equal to 1 g/mL. In some embodiments, the amount of carbon fiber
bundles in the second organic solvent isin afirst range of about 1 g/mL to about 0.01 g/mL
or in a second range of about 0.5 g/mL to about 0.01 g/mL.

At operation 240, "Heating the mixture under solvothermal conditions in the second
organic solvent,” the mixture can be heated under conditions that are effective to obtain
recovered carbon fibers. Generally, the process can include heating the second organic
solvent to above a nominal boiling point to obtain a high temperature and a high pressure
(e.g., more than about 1 atm) to facilitate the forming of recovered carbon fibers.

Asused herein, "nominal boiling point" generaly refers to the temperature at which a
liquid medium exhibits a phase change to agas at 1 atm pressure. For example, the nominal
boiling point of water is about 100°C.

The mixture can be heated in a sealed chamber at a temperature that is effective to
form recovered carbon fibers. The mixture can be heated in the sealed chamber at, for
example, at least about 100°C; at least about 125°C; at least about 150°C; at least about
200°C; at least about 225°C ; at least about 250°C; at least about 300°C; or at least about
350°C.

The mixture can be heated in the sealed chamber at a temperature of, for example,
less than or equal to about 400°C; less than or equal to about 300°C; less than or equal to
about 250° C; or less than or equal to about 200° C. In some embodiments, the mixture can
be heated in the sealed chamber to a temperature in a first range of about 100°C to about
350°C, in a second range of about 150°C to 250°C, or in athird range of about 100°C to
200°C. In some embodiments, the mixture may be heated to about 240°C, at about 200°C, or
at about 150°C.The mixture can also be heated for atime period that is effective to form the
recovered carbon fibers. The mixture can be heated for atime period of, for example, at least
about 30 minutes; at least about 1 hour; at least about 4 hours; at least about 12 hours; at least
about 24 hours, or at least about 48 hours. The mixture can be heated for atime period of, for
example, less than or equal to about 100 hours; less than or equal to about 48 hours; less than
or equal to about 24 hours; or less than or equal to about 12 hours. In some embodiments, the
mixture can be heated for atime period in afirst range of about 30 minutes to about 100

hours, in a second range of about 12 hours to about 48 hours, or in athird range of about 1
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hour to about 24 hours. In some embodiments, the mixture is heated for about 36 hours,
about 24 hours, or about 12 hours. In some embodiments, the mixture is heated for at least
about 1hour or at least 48 hours.

Heating the mixture in the sealed chamber can also produce an increased pressure.
The pressure in the sealed chamber while heating the mixture may reach, for example, more
than 1 atm, at least about 5 atm, at least about 10 atm, or at least about 20 atm.

The sealed chamber is not particularly limited and may generaly be any inert
container that can withstand the temperatures and pressures applied during the process. As a
non-limiting example, the sealed chamber may be an autoclave that is heated in afurnace or
oven. The volume of the sealed chamber filled with the mixture may also vary. For example,
the sealed chamber may be half-filled with the mixture. The amount of the mixture in the
sealed chamber by volume relative to a total volume of the sealed chamber can be, for
example, at least about 10%, at least about 20%, at least about 40%, at least about 50%, or at
least about 60%.

Although various non-limiting examples of suitable conditions are described in the
disclosed embodiments, the skilled artisan, guided by the teachings of the disclosed
embodiments, will appreciate that numerous other conditions may be suitable depending
upon various properties of the second organic solvent in the mixture.

The carbon fibers can be optionally isolated from the mixture (e.g., after completing
operation 240 as depicted in FIGURE 2). The present disclosure is not limited to any
particular technique for isolating the carbon fibers. Non-limiting examples of suitable
techniques include filtration, centrifugation, and sedimentation. Two or more isolation
techniques may be optionally combined. In some embodiments, the isolated carbon fibers
can be separable after isolation from the mixture. In some embodiments, the isolated carbon
fibers may be substantially free of the thermosetting resin after isolation from the mixture.

Some embodiments disclosed herein include a composition having an organic solvent,
recycled carbon fibers dispersed in the organic solvent, and a thermosetting resin. The
composition can be formed, in some embodiments, using the methods described in the
disclosed embodiments. For example, the composite can be formed by the method depicted
in FIGURE 1. The composite can aso be formed by the method depicted in FIGURE 2. In

some embodiments, the recycled carbon fibers, after isolation from the composition, may be

10
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separable.  The organic solvent can be typical organic solvents, such as, for example,
chloroform, dichloromethane, tetrahydrofuran, meta-xylene, N,N-dimethylformamide,
carbon tetrachloride, benzene, and toluene. In some embodiments, the thermosetting resin
can include an epoxy resin or aphenol resin.

The methods for recovering carbon fibers from a fiber-reinforced composite, in
accordance with the disclosed embodiments, can be efficient and rapid. For example, the
carbon fibers can be recovered from the composite in no more than about 10 hours, no more
than about 9 hours, no more than about 8 hours, no more than about 7 hours, no more than
about 6 hours, no more than about 5 hours, no more than about 4 hours, no more than about 3
hours, no more than about 2 hours, no more than about 1 hour, or no more than about 30
minutes.

The carbon fibers that are recovered can be clean and substantially undamaged as the
methods in accordance with the disclosed embodiments do not involve harsh reagents and
high operating temperatures.

The methods as disclosed in the embodiments herein can aso be simple to implement,
and do not require complex equipment setups. For example, abasic container and a heating
device may be applicable, or at most, where solvothermal conditions are required, a

hydrothermal reactor may be applicable.

EXAMPLES
Additional embodiments are disclosed in further detail in the following examples,
which are not in any way intended to limit the scope of the claims.

Example 1
Recovery of carbon fibers using alcohol and nitric acid

1.0 g of carbon fiber reinforced composite was cut into small pieces and added into
10 ml of benzyl alcohol. The mixture was heated in a container open to air and placed in an
o11 bath at 150°C for 6 hours. The softened carbon fiber reinforced composite was removed
from the benzyl acohol and divided into thin strips. The strips were placed into a 6 mol/L
solution of nitric acid and heated in a water bath at a temperature of 70°C for 100 minutes.
The acidic solution was filtered, and the resultant carbon fiber bundles were added to benzyl
alcohol, which was then heated a 150°C for 1 hour. The mixture was filtered, and the

11
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carbon fibers were washed with absolute ethanol, vyielding recovered carbon fibers.
FIGURES 3A-C show a digital photo, a scanning electron microscopy (SEM) image (of
3000x magnification), and another SEM image (of 10000x magnification), respectively,
taken of the resulting recovered carbon fibers. The images show recovered carbon fibers that
are not damaged, as can be observed from the smooth surfaces of the fibers, and the lack of
defects such as cracks, pits, indentations and scratches in the surfaces of the fibers.

For comparison, FIGURES 4A-E depict carbon fibers recovered from carbon fiber
reinforced composites using other treatment methods.

FIGURES 4A-E depict carbon fibers obtained by thermal treatment with benzyl
alcohol alone at 150°C for 6 hours. FIGURE 4A shows adigital photo of the carbon fibers
after the carbon fibers are cut into pieces; the digital photo also shows as an inset a sample
obtained after the treatment. FIGURES 4B-E show SEM pictures of the carbon fibers at 20x
magnification, 200x magnification, 3000x magnification, and 10000x magnification,
respectively. As can be observed from FIGURES 4A-E, the surface of the carbon fibers are
damaged with defects such as cracks, pits, indentations and scratches. The carbon fibers, as
can be seen in FIGURE 4A do not appear separable as compared to FIGURE 3A.

FIGURES 5A-l1 depict digital photos and SEM images of carbon fibers obtained by
using nitric acid alone at different concentrations and at different temperatures. FIGURES
5A-F depict digital photos of carbon fibers obtained by using 6 mol/L nitric acid at 70°C, 8
mol/L nitric acid at 70°C, 6 mol/L nitric acid at 80°C, 8 mol/L nitric acid at 80°C, 6 mol/L
nitric acid at 90°C, 8 mol/L nitric acid at 90°C, respectively. FIGURES 5G-1 depict adigital
photo, an SEM image (of 3000x magnification), and another SEM image (of 10000x
magnification), respectively, of carbon fibers obtained by using 8 mol/L nitric acid at 80°C.
As can be seen from FIGURES b5A-G, the carbon fibers obtained from treatment with nitric
acid alone do not appear separable. FIGURES 5B and C also show defects such as cracks,
pits, indentations and scratches on the surface of the fibers.

FIGURES 6A-F show adigital photo of a carbon fiber reinforced composite before
treatment and digital photos and SEM images of carbon fibers obtained by supercritical
recovery with n-propanol at atemperature range of about 258.9°C to about 274°C, and at a
pressure of about 5.7-6.9 MPa, for 4 hours. FIGURES 6A-B depict a digital photo of a
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carbon fiber reinforced composite before treatment and a digital photo of carbon fibers
obtained after the treatment, respectively. It can be observed that the carbon fibers obtained
after the treatments are in thick bundles and not in the form of separated strands of fibers like
in FIGURE 3A. FIGURES 6C-F depict SEM images of the carbon fibers after the treatment
at 20x magnification, 200x magnification, 3000x magnification, and 10000x magnification,
respectively. Defects such as cracks, pits, indentations and scratches can be observed on the

surface of the carbon fibers.

Example 2
Recovery of carbon fibers using an organic solvent under solvothermal conditions

1.0 g of carbon fiber reinforced composite was cut into small pieces and immersed in
5 ml of chloroform for 19 hours, to yield carbon fiber bundles. The carbon fiber bundles
were added to propanol, and the mixture was transferred to an inner tank of a hydrothermal
reactor such that a ratio of the volume of the mixture to the total volume of the sealed
chamber was no more than 2:3. The inner tank was covered and sealed, and was positioned
in a stainless steel outer jacket. The mixture was heated to a temperature of 240°C and
maintained at the temperature for 24 hours, resulting in fully isolated carbon fibers.

FIGURE 7A-C show digita photos of carbon fibers at different treatment stages of
this example. FIGURE 7A depicts the carbon fiber before treatment, FIGURE 7B depicts
the carbon fiber after being immersed in chloroform for 19 hours, and FIGURE 7C depicts
fully isolated carbon fiber after immersion in chloroform for 19 hours and solvothermal
treatment with propanol at 240°C for 24 hours. As can be seen from FIGURE 7C, the

recovered carbon fibers appear as separated thin strands of fibers.

Example 3
Recovery of carbon fibers using an organic solvent and alcohol under solvothermal

conditions
1.0 g of carbon fiber reinforced composite was cut into small pieces and immersed in
5 ml of dichloromethane for 42 hours, to yield carbon fiber bundles. The carbon fiber
bundles were placed into 10 ml of benzyl acohol, and the mixture was transferred into an

inner tank of ahydrothermal reactor such that aratio of the volume of the mixture to the total
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volume of the sealed chamber is no more than 2:3. The inner tank was covered and sealed,
and was positioned in a stainless steel outer jacket. The mixture was heated to a temperature
of 240°C and maintained at the temperature for 24 hours, resulting in fully isolated carbon

fibers.

With respect to the use of substantially any plural and/or singular terms herein, those
having skill in the art can trandlate from the plural to the singular and/or from the singular to
volume of wastewater can be received in the plural as is appropriate to the context and/or
application. The various singular/plural permutations may be expressy set forth herein for
sake of clarity.

It will be understood by those within the art that, in general, terms used herein, and
especially in the appended claims (e.g., bodies of the appended claims) are generaly
intended as "open” terms (e.g., the term "including” should be interpreted as "including but
not limited to,” the term "having" should be interpreted as "having at least,” the term
"includes’ should be interpreted as "includes but is not limited to," etc.). It will be further
understood by those within the art that if a specific number of an introduced claim recitation
isintended, such an intent will be explicitly recited in the claim, and in the absence of such
recitation no such intent is present. For example, as an aid to understanding, the following
appended claims may contain usage of the introductory phrases "at least one" and "one or
more" to introduce claim recitations. However, the use of such phrases should not be
construed to imply that the introduction of a claim recitation by the indefinite articles "a" or
"an" limits any particular claim containing such introduced claim recitation to embodiments
containing only one such recitation, even when the same clam includes the introductory
phrases "one or more" or "at least one" and indefinite articles such as "a" or "an" (e.g., "a"
and/or "an" should be interpreted to mean "at least one" or "one or more"); the same holds
true for the use of definite articles used to introduce claim recitations. In addition, even if a
specific number of an introduced claim recitation is explicitly recited, those skilled in the art
will recognize that such recitation should be interpreted to mean at least the recited number
(e.g., the bare recitation of "two recitations,” without other modifiers, means at least two
recitations, or two or more recitations). Furthermore, in those instances where a convention

analogous to "at least one of A, B, and C, etc." is used, in general such a construction is
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intended in the sense one having skill in the art would understand the convention (e.g., " a
system having at least one of A, B, and C" would include but not be limited to systems that
have A alone, B alone, C aone, A and B together, A and C together, B and C together,
and/or A, B, and C together, etc.). In those instances where a convention analogous to "at
least one of A, B, or C, etc." isused, in general such a construction is intended in the sense
one having skill in the art would understand the convention (e.g., " a system having at least
one of A, B, or C" would include but not be limited to systems that have A alone, B alone, C
alone, A and B together, A and C together, B and C together, and/or A, B, and C together,
etc.). It will be further understood by those within the art that virtually any digunctive word
and/or phrase presenting two or more aternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possibilities of including one of the terms,
either of the terms, or both terms. For example, the phrase "A or B" will be understood to
include the possibilities of "A" or "B" or "A and B."

In addition, where features or aspects of the disclosure are described in terms of
Markush groups, those skilled in the art will recognize that the disclosure is also thereby
described in terms of any individual member or subgroup of members of the Markush group.

As will be understood by one skilled in the art, for any and al purposes, such asin
terms of providing a written description, al ranges disclosed herein also encompass any and
all possible sub-ranges and combinations of sub-ranges thereof. Any listed range can be
easily recognized as sufficiently describing and enabling the same range being broken down
into at least equal halves, thirds, quarters, fifths, tenths, etc. Asanon-limiting example, each
range discussed herein can be readily broken down into alower third, middle third and upper
third, etc. Aswill also be understood by one skilled in the art all language such as "up to,"
"at least,” "greater than,” "less than," and the like include the number recited and refer to
ranges which can be subsequently broken down into sub-ranges as discussed above. Finadly,
as will be understood by one skilled in the art, a range includes each individual member.
Thus, for example, a group having 1-3 articles refers to groups having 1, 2, or 3 articles.
Similarly, a group having 1-5 articles refers to groups having 1, 2, 3, 4, or 5 articles, and so
forth.

While various aspects and embodiments have been disclosed herein, other aspects

and embodiments will be apparent to those skilled in the art. The various aspects and
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embodiments disclosed herein are for purposes of illustration and are not intended to be
limiting, with the true scope and spirit being indicated by the following claims.

One skilled in the art will appreciate that, for this and other processes and methods
disclosed herein, the functions performed in the processes and methods may be implemented
in differing order. Furthermore, the outlined steps and operations are only provided as
examples, and some of the steps and operations may be optional, combined into fewer steps
and operations, or expanded into additional steps and operations without detracting from the
essence of the disclosed embodiments.

One skilled in the art will appreciate that, for this and other processes and methods
disclosed herein, the functions performed in the processes and methods may be implemented
in differing order. Furthermore, the outlined steps and operations are only provided as
examples, and some of the steps and operations may be optional, combined into fewer steps
and operations, or expanded into additional steps and operations without detracting from the

essence of the disclosed embodiments.
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WHAT ISCLAIMED IS
1. A method of recovering carbon fibers from fiber reinforced composite, the
method comprising:

providing a fiber-reinforced composite comprising carbon fibers and a
thermosetting resin;

contacting the composite with a first organic solvent to form carbon fiber
bundles;

contacting the carbon fiber bundles with an acid solution to form acid-treated
carbon fibers; and

contacting the acid-treated carbon fibers with a second organic solvent.

2. The method of Claim 1, wherein the thermosetting resin comprises an epoxy resin
or aphenol resin.

3. The method of any one of Claims 1-2, wherein the first organic solvent is an
acohal.

4. The method of Claim 3, wherein the first organic solvent isbenzyl alcohol.

5. The method of any one of Claims 1-4, wherein the second organic solvent is an
acohal.

6. The method of Claim 5, wherein the second organic solvent is benzyl acohol.

7. The method of any one of Claims 1-6, wherein contacting the composite with the
first organic solvent comprises heating the composite and the first organic solvent to a
temperature of about 50°C to about 200°C.

8. The method of any one of Claims 1-7, wherein contacting the composite with the
first organic solvent comprises contacting the composite with the first organic solvent for at
least about 1 hour.

9. The method of any one of Claims 1-8, wherein contacting the acid-treated carbon
fibers with the second organic solvent comprises heating the acid-treated carbon fibers and
the second organic solvent to atemperature of about 50°C to about 200°C.

10. The method of any one of Claims 1-9, wherein contacting the acid-treated carbon
fibers with the second organic solvent comprises contacting the acid-treated carbon fibers

with the second organic solvent for at least about 5 minutes.
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11. The method of any one of Claims 1-10, wherein the acid solution is an agueous
acid solution.

12. The method of any one of Claims 1-11, wherein the acid solution comprises nitric
acid.

13. The method of any one of Claims 1-12, wherein the acid solution has an acid
concentration of at least about 1 mol/L.

14. The method of Claim 12, wherein the acid solution has an acid concentration of
about 6 mol/L.

15. The method of any one of Claims 1-14, wherein contacting the carbon fiber
bundles with the acid solution comprises heating the carbon fiber bundles and the acid
solution to atemperature of at least about 40°C.

16. The method of Claim 15, wherein contacting the carbon fiber bundles with the
acid solution comprises heating the carbon fiber bundles and the acid solution to a
temperature of about 70°C.

17. The method of any one of Claims 1-16, wherein contacting the carbon fiber
bundles with the acid solution comprises contacting the carbon fiber bundles with the acid
solution for at least about 10 minutes.

18. The method of any one of Claims 1-17, further comprising isolating carbon fibers
from the second organic solvent.

19. The method of Claim 18, wherein the carbon fibers, after isolating from the
second organic solvent, are separable.

20. The method of Claim 18, wherein the carbon fibers, after isolating from the
second organic solvent, are substantially free of the thermosetting resin.

21. A method of recovering carbon fibers from fiber reinforced composite, the
method comprising:

providing a fiber-reinforced composite comprising carbon fibers and a
thermosetting resin;

contacting the composite with a first organic solvent to form carbon fiber
bundles;

combining the carbon fiber bundles with a second organic solvent to form a

mixture; and
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heating the mixture under solvothermal conditions.

22. The method of Claim 21, wherein the thermosetting resin comprises an epoxy
resin or aphenol resin.

23. The method of any one of Claims 21-22, wherein contacting the composite with
the first organic solvent comprises contacting the composite and the first organic solvent for
at least about 1 hour.

24. The method of any one of Claims 21-23, wherein the first organic solvent
comprises one or more of chloroform, dichloromethane, tetrahydrofuran, meta-xylene, N,N-
dimethylformamide, carbon tetrachloride, benzene, and toluene.

25. The method of Claim 24, wherein the first organic solvent is chloroform.

26. The method of Claim 24, wherein the first organic solvent is dichloromethane.

27. The method of Claim 24, wherein the first organic solvent is tetrahydrofuran.

28. The method of any one of Claims 21-27, wherein the second organic solvent
comprises one or more of an acohol, chloroform, dichloromethane, tetrahydrofuran, meta-
xylene, N,N-dimethylformamide, carbon tetrachloride, benzene, and toluene.

29. The method of Claim 28, wherein the second organic solvent isbenzyl acohol.

30. The method of Claim 28, wherein the second organic solvent is propanol.

31. The method of any one of Claims 21-30, wherein heating the mixture under
solvothermal conditions occurs in asealed chamber.

32. The method of any one of Claims 21-31, wherein heating the mixture comprises
heating the mixture for at least about 1 hour.

33. The method of Claim 32, wherein heating the mixture comprises heating the
mixture for about 24 hours.

34. The method of any one of Claims 21-33, wherein heating the mixture comprises
heating the mixture to atemperature of about 150°C to 250°C.

35. The method of Claim 34, wherein heating the mixture comprises heating the
mixture to about 240°C.

36. The method of Claim 34, wherein heating the mixture comprises heating the
mixture to no more than about 200°C.

37. The method of any one of Claims 21-36, further comprising isolating carbon

fibers from the mixture.
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38. The method of Claim 37, wherein the carbon fibers, after isolating from the
mixture, are separable.
39. The method of Claim 37, wherein the carbon fibers, after isolating from the
mixture, are substantially free of the thermosetting resin.
5 40. A composition comprising:
an organic solvent;
recycled carbon fibers dispersed in the organic solvent; and
athermosetting resin.
41. The composition of Claim 40, wherein the organic solvent comprises one or more
10 of an acohol, chloroform, dichloromethane, tetrahydrofuran, meta-xylene, N,N-
dimethylformamide, carbon tetrachloride, benzene, and toluene.
42. The composition of any one of Claims 40-41, wherein the thermosetting resin

comprises an epoxy resin or aphenol resin.
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