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Abstract: In this work, a composite prepared with a phenolic matrix and reinforced with carbon fibers was
subjected to degradation by phenol under subcritical conditions. Phenol was able to solubilize the resin matrix
under relatively mild conditions (T < 390 °C, P < 0.5 MPa) without altering the carbon fibers, as confirmed by
scanning electron microscopy and by mechanical characterization of the fibers recovered after heat treatment.
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I.  Introduction

The composites industry is growing in manufacture of 5.7% per year since 1994. In 2000, 7 million
tons were produced, more than 95% of which were composites of general circulation; and this production
reached 10 million tons in 2006 [1]. Today, this growth potential is likely to be hampered by environmental
regulation. Currently, over 90% of waste output in composite materials is dumped in landfill sites (a method
with increasing costs and a threat to be banned for waste considered as non-final). The increase in waste
production and an increasing global demand for composite materials are the true challenges that will determine
the major trends of the composites industry in the coming years.

Industrial waste valorization and recycling are a primordial necessity for environment protection. Such
is the case for most polymer-matrix composites (extensively used as structural substituting-steel materials).
These composite wastes are usually non-biodegradable. Their difficult valorization and recycling have been the
subject of many studies [2—6] that have shown that the development of efficient, low-cost recycling procedures
still requires a sustained research effort in order to bring pertinent answers to a variety of questions: (i) what
would be the impact of a given composite treatment with a suitable chemical reagent on the properties of the
extracted fibers [7,8] or, (ii) how to avoid fiber agglomeration by char when the extraction process is based on
combustion in a furnace [9]?

Consequently, the development of simple and innovative treatment processes would be highly useful.
For instance, a proper dissolving of the polymer matrices of commonly used composite materials would allow
the recycling of undamaged fibers.

Recently, several recycling technologies for carbon fibers-reinforced composites have been studied.
Nabhil et al. [10] investigated the recycling of carbon fiber-reinforced polymeric waste by pyrolysis at different
temperatures in a static bed reactor in order to recover high-value products including gas, condensable products
and carbon fibers. Earlier, Bai et al. [11] proposed a procedure based on oxygen in supercritical water (440 °C,
30 MPa) for recycling carbon/epoxy composites. The recovered carbon fibers kept original strength when the
decomposition rates were between 94 and 97 wt.%. More recently, Liu et al. [12] examined the chemical
recycling of carbon fiber-reinforced epoxy resin cured with 4,4' diamino-diphenylmethane in subcritical water.
They established a synergistic effect between potassium hydroxide and phenol on the decomposition of this kind
of epoxy resin.

The present work aimed to investigate the chemical recycling of carbon fibers from carbon fiber-
reinforced composites by phenol only in subcritical conditions.
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II.  Experimental
I1.1. Materials
Carbon/phenolic composites were prepared at LCTS with T300 carbon fibers (Torayca, specifications:
d =7 um; E = 230 GPa; [J = 3530 MPa) and Ablaphene RA 101-type resin (Rhodia). The mass fraction of
fibers in these samples was about 70 %. The composites were manufactured from prepregs (T300 woven /
phenolic resin). These prepregs were aligned in a mould and then hot-pressed at 160°C under a pressure of 5
MPa

I1.2. Degradation of the composite materials by phenol

Typically (cf. Table 1, run #2), a sample of composite (10 g) was introduced along with phenol (10 g)
into a 120 mL stainless steel autoclave equipped with a pressure gauge and a tubular furnace (Fig.1). The
autoclave was heated to 390 °C at a heating rate of 16 °C-min”'. The maximum pressure reached during this
treatment was < 0.5 MPa. The cooling process was uncontrolled and directed by the oven inertia. After
treatment, the recovered fibers were washed with chloroform, dried at 60 °C and stocked in a sealed plastic bag
(6.67 g).

Table 1: Degradation conditions of the composite materials

Run Composite Phenol Temperature Time Pressure Solubilization
@ (e (°C) (h) (MPa) of the phenolic resin
1 10 10 390 2 <0.5 Partial
2 10 10 390 4 <0.5 Total
3 10 10 350 6 <0.5 Partial
4 10 0 390 4 No

3—

- e

of the apparatus used for subcritical extraction: (1) reactor, (2) pressure
gauge, (3) furnace and (4) regulator

Figure 1: Photograph and diagra

I1.3. Removal of phenol from the recovered liquid residue

Removal of residual phenol in the recovered liquid residue was carried out in a separating funnel
according to the following procedure:

4 g of the liquid residue obtained after treatment in the autoclave was solubilized in cyclohexane and
placed in a separating funnel. Then, an aqueous solution of Na,CO; was added to convert phenol into water-
soluble phenolate. After stirring, the two phases separated by decantation. The organic phase was recovered and
the aqueous phase was extracted a second time with cyclohexane. The two organic fractions were collected,
washed three times with distilled water and dried over anhydrous Na,SO,. After filtration on Biichner,
cyclohexane was evaporated and the obtained, liquid residue free from phenol was dried at 40 ° C (0.73 g).

I1.4. Analyses

The morphological properties of non-treated and recovered fiber samples were studied by high-
resolution scanning electron microscopy (SEM) with a JEOL JSM 840A LGS microscope.

Infrared (IR) spectra were recorded between 400 and 4000 cm ™' with a Nicolet 205 FT-IR spectrometer
by summing 32 scans at 2 cm ' resolution. Pellets were prepared by dispersing 2 mg of sample into198 mg of
KBr.

'H and "C nuclear magnetic resonance (NMR) spectra were recorded at 250 and 63 MHz respectively
on a Bruker AC 250 spectrometer. The samples were placed in 5 mm-ID tubes with CDCl; as solvent. The
chemical shifts are given in ppm relative to 5TMS = 0 ppm.
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Measurement of the fibers diameter was performed by laser interferometry according to ISO
11567:1995 standard. This technique is of prime interest because of its simple implementation and fast
measurement. It allows assessing, not only the diameter variation, but also the filament cylindricity by its simple
rotation along the fiber axis. The wavelength of a He-Ne laser (A= 0.6328 um) was used to determine the
average fiber diameter. This measurement is based on the Fraunhofer diffraction principle. The fiber edges act
as diffraction slits. The diameter f was calculated as follows:

o 2Ad
i

where A is the wavelength of the laser beam, d the distance from the fiber to the screen, and i the distance

between two consecutive interference rings. A correction of the measurement was made by the relation [13]:

_(r-0.22)
Jo= 1.0365

The resolution increased as the fiber diameter decreased, the accuracy of the measure being about 0.05
pum for a fiber diameter of about 5 um.

Mechanical measurements (Young modulus and tensile strength) were performed on 20 fibers of each
sample using a laboratory-made tensile testing machine, according to European standards BS EN 1007-4:2004
(speed of constant deformation: v = 1% of the length of the gauge by minute). The supported load by fibers was
measured using a force sensor connected to the fixed bit. The mobile bit displacement was assessed with a
micrometric table controlled by a tracer table and with computerized data acquisition. The fibers were taken up
on a paper frame and the used gauge length was 25 mm.

The load cell was a homemade sensor with a maximal load of 150 g. The accuracy was less than 0.1 g
on the total range. The measured displacement was corrected taking into account the deformation of the load
cell and the small displacement of the fiber inside the glue for each given load applied to the fiber.

III.  Results And Discussion

In preliminary experiments, partial solubilization of the organic matrix was noticed when sample of
composite was treated by phenol in the autoclave. These results encouraged further investigation into optimizing
the degradation conditions. Therefore, the temperature and the treatment time were varied. Table 1 presents the
data of the composite degradation. A temperature of 390 °C and a length of 4 h were determined as the optimal
conditions for extracting almost completely the phenolic resin from the composite (Table 1, entry #2). Under
these conditions, 6.67 g of carbon fibers, representing 95% of the initial amount, and 11.24 g of liquid residue
soluble in chloroform were recovered. At lower temperature or shorter reaction time, only partial solubilization
was observed (Table 1, entries #1 & 3). At 390 °C in the absence of phenol (Table 1, entry #4), there was no
solubilization of the phenolic resin. During all these attempts, the maximal pressure measured was always < 0.5
MPa, under the critical point of phenol (T = 419 °C, P = 6.1 MPa) [14,15]. The Fig.2 presents the starting
composite sample (Fig.2a) and the recovered fibers after treatment by phenol at 390 °C (Fig.2b).

The solubilization of the resin can be explained by the reactivity of phenol. Phenols are thermally
stable molecules associated by intermolecular hydrogen bonds. Moreover, the O-H group is able to react with
most organic functions, which would cause the decomposition of large molecules, and consequently would lead
to soluble fragments of smaller size. This assumption agrees with the transalkylation reactions between 350 and
550 °C reported by Leach [16]. Moreover, the reactivity of phenol, with respect to other organic functions, was
already noticed in the degradation of oil shale kerogens [17,18].

Figure 2: (a) Carbon/phenolic sample composite materials (b) Recovered fibers
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II1.1. Characterization of recovered carbon fibers

Virgin and recovered carbon fibers were analyzed by SEM in order to check their surface quality
(Fig.3). Indeed, the SEM micrographs of the recovered fibers (Fig.3b) show that they kept their form. The
appearance of the recovered fibers surface in Fig.3b is probably due to some matrix residues adhering, which
seems coherent with their diameter slightly larger than that of the virgin fibers (Table 2: 6.98 vs. 6.80 um).
Furthermore, the Fig.3b suggests that the recovered fibers might not be perfectly loose, a feature that would be
coherent with the presence of some residual matrix adherent to the fibers.

The mechanical properties of the virgin and recovered fibers were also measured. The results are given
in Table 2. The median values of the diameter, the tensile failure stresses, and the Young moduli are close for
both samples, suggesting that the fibers were not much altered during the reaction. The strength of the recovered
fibers seems slightly lower than that of the virgin fibers (3494 vs. 3688 MPa). This difference might be within
the uncertainty of the measurements. Another explanation could be found in the fact that the diameter of the
recovered fibers is slightly higher (matrix residue on fiber surface) yielding a lower failure stress (F/S).

Table 2: Mechanical characteristics of the carbon fibers

Virgin fibers Recovered fibers

Diameter f, (um) 6.80 6.98

Tensile strength [ (MPa) 3683 3463

Young modulus E (GPa) 225 212

m 3.46 4.55

b -28.807 -37.49

Inlys 8.221 8915

Los (MPa) 3688 3494

To take into account the statistical aspect of the rupture of the fibers, we plotted the Weibull diagram
(Fig.4) for each sample, in order to determine the median of the distribution of the stress (c0.5) and the Weibull
modulus (m). The values of 60.5 for the two samples (Table 2) do not vary significantly, which confirms that
the treatment of the composite by phenol did not degrade the fibers. Similar results were reported by Pifiero-
Hernanz et al. [19] during the chemical recycling of carbon fibers-reinforced composites in near-critical and
supercritical water.

www.iosrjournals.org 56 | Page



Chemical recycling of carbon fibers-reinforced Phenolic resin composites by phenol in ....

15 2
y=346x%- 28807
] A 15 y=4,551x- 37 487
05 1 1A "
0 ~ 05 A
5 sl go | | & 0 .
£ SR 85 88
E/ '1 7 E/ 1 _
i I
15 4 15
7 9
25 1 225
* +
3 3
Ln (Tensile strength) Ln (Tensile strength)

Figure 4: Weibull diagram of carbon fibers: (a) Virgin fibers; (b) Recovered fibers

II1.2. Characterization of recovered liquid residue after removal of phenol

4 g of liquid residue coming out of the autoclave yielded 0.73 g of degraded resin without phenol, from
which an amount of 2 g of recovered product, i.e. almost 60 % of the starting compound, can be extrapolated.
Therefore, we performed rapid analyses to check whether this material could be of some interest.

The IR spectrum of the recovered liquid residue (after removal of phenol) is shown in Fig.5 and can be
compared to that of the virgin phenolic resin (Fig.6). First, in Fig.5 bands characteristic of phenol (3045, 1500,
1473, 886 and 630 cm ') are not observed. Both spectra present bands at 3450 cm ™' (O—H stretching), 3014
ecm ' (aromatic C—H stretching), and in the region 2800-2960 cm ' (C—H stretching, very intense). Bands at
1530-1600 cm ™' are assigned to aromatic C=C, those in the region 10001250 cm™ could correspond to C—O
vibrations, whereas very intense bands in the region 750-860 cm ' are due to aromatic C—H deformations. An
increase in the intensity of aromatic carbons bands in the spectrum of the recovered residue was also noticed.
This suggests that some phenol was inserted in the structure of the phenolic resin. In their work on chemical
recycling of carbon fiber-reinforced epoxy resin in subcritical water by combination of phenol and potassium
hydroxide, Liu et al. [12] proposed a possible free-radical mechanism for the decomposition of epoxy resin.
They also suggested that phenol might incorporate into the network of epoxy resin. However, they operated
under different reaction conditions, in particular a higher phenol/composite ratio.
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Figure 5: IR spectrum of the recovered residue (after removal of phenol)

www.iosrjournals.org 57 | Page



Chemical recycling of carbon fibers-reinforced Phenolic resin composites by phenol in ....

7

B1

51

4

3

21

AR

Ty T T T T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 200

Figure 6: IR spectrum of the virgin phenolic resin

'H (Fig.7 and 8) and "*C (Fig.9 and 10) NMR spectra of the recovered liquid residue and the virgin
phenolic resin were also compared. The NMR spectra of the liquid residue are different from those of the virgin
resin. The spectra of the virgin resin (Figures 8 and 10) contain peaks not observed in the spectra of the
recovered resin (Figures 7 and 9). These peaks can be attributed to carbonyl ("H NMR: 2 ppm; *C NMR: ~200
ppm) and phenol (‘"H NMR: 5 ppm; >C NMR: 150—160 ppm) functions present in the virgin (uncured) resin.
Furthermore, the NMR spectra confirm the attributions of the IR bands. Qualitatively, the °C NMR spectrum of
the degraded resin contains more aromatic carbons (Figure 9, located between 110 and 140 ppm), compared
with that of the virgin resin, which agrees with a possible insertion of phenol into the structure of the phenolic
resin.
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Figure 7: "H NMR spectrum de of the recovered residue (after removal of phenol)
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Figure 8: '"H NMR spectrum of the virgin phenolic resin
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Figure 10: °C NMR spectrum of the virgin phenolic resin

IV.  Conclusion

In this work, carbon fibers-reinforced phenolic resin composites were subjected to degradation by
phenol under relatively mild conditions. The results obtained showed that a temperature of 390 °C for 4 h was
satisfactory to extract almost completely the organic matrix from the composite, while 95% of the fibers are
recovered. Analysis of the surface with scanning electron microscopy and mechanical characterization of the
recovered fibers confirmed that phenol was able to solubilize the matrix of composite materials without altering
the carbon fibers. In addition, a rapid examination of the liquid residue showed that the degraded matrix was
also potentially recoverable.
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