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Abstract

Soft ionisation mass spectrometry was used to investigate the oxidative decomposition of an epoxy resin/carbon fibre composite using thermo-
gravimetry (TG) coupled with mass spectrometry (MS). Through comparison between decomposition in air and in argon, it was recognized that
the first step of the oxidative decomposition of the epoxy resins was similar to the decomposition in argon. During the devolatilisation process,
the oxidative decomposition underwent a thermal decomposition leading to the formation of a large amount of volatile products which were
subsequently oxidized into water and carbon dioxide. The gas produced in the thermal decomposition was not oxidized completely leaving some
organic volatiles in the emissions. Using soft ionisation, the components of the evolved gases were identified by mass spectrometry.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon fibre/epoxy resin composites have been widely used
in aeronautical, automotive and sports goods industries. During
the manufacture of these thermoset composites, a high scrap rate
and significant amounts of off-cuts and rejects are generated, in
contrast to the manufacturing of thermoplastic composites [1].
Together with end-of life components, the amount of waste car-
bon fibre composites has reached a significant level. At present
time, the waste composites are mostly disposed of in landfill
because there is no economic means of recycling the materials.
This raises concerns regarding non-degradable wastes and also
the loss of high value carbon fibre. An effective recycling process
is therefore highly desirable in order to reclaim the high value
carbon fibre and reduce the amount of waste going to landfill.

Recycling the thermoset polymer composites has been exten-
sively studied, such as by pyrolysis (decomposition of the
polymer matrix in the absence of oxygen) [2,3], chemical
decomposition of the polymer matrix [4] and by using cata-
lysts to decompose the polymer matrix [5,6] to form a mixture
of organic chemicals. However, the above methods leave a layer
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of char or non-decomposed matrix on the fibres. A further pro-
cedure is often needed to remove the impurities by oxidation in
order to clean the recovered fibres [7]. Although these methods
can recycle a fraction of polymer matrix, the value of the com-
plex mixtures of organics produced from pyrolysis or catalytic
decomposition has not been assessed. Oxidative decomposition
of an epoxy resin matrix is an alternative method for recycling
thermoset carbon fibre composites [8,9]. The oxidative decom-
position is usually performed in a high temperature fluidised
bed. The bed is set at a constant temperature between 500 and
650 °C. Scrap composites are then fed into the rig to decompose
the polymer matrix at this temperature, and the fibres released
are elutriated from the bed. This method produces clean fibres,
which can be used without further treatment [9] and thermal
energy from the oxidation of the matrix can be recycled [10].
Understanding the oxidative decomposition is essential to
make use of the fluidised bed process to recycle carbon fibre.
Although extensive research has been performed on the pyrol-
ysis of epoxy resin in an inert gas atmosphere [11-13], the
literature on the oxidative decomposition is scarce. Bishop and
Smith [14] gave a review covering the literature up to 1966 for
oxidative degradation of epoxy resin focusing on its thermal sta-
bility and oxidation mechanism. Recently, some work has been
done on the kinetics of oxidative decomposition of epoxy resin
using thermogravimetric analysis (TGA). For example, Chen et
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al. [15] investigated the decomposition Kkinetics of a bisphenol
A type of epoxy resin in a nitrogen/oxygen atmosphere at var-
ious ratios. Regnier and Fontaine [16] investigated the features
of the decomposition activation energy of the composite of the
same type of epoxy resin reinforced with carbon fibre. In the
above research, no attempts were given to identify the oxidative
decomposition products.

For the high temperature fluidised bed process, it is important
to identify the oxidative decomposition products and to deter-
mine the proportion of volatile organic compounds (VOC) in the
emissions for the design of actual systems and for the control
of potential emission problems. In this work, TGA was used
to analyse the decomposition of epoxy resins at a fast heating
rate, simulating the heating conditions in the high temperature
fluidised bed. A mass spectrometer (MS) was coupled with
the TGA in order to analyse the evolved gases during oxida-
tive decomposition of the epoxy resin/carbon fibre composites.
When using MS, the excited electrons for electron ionisation
of the sample gas conventionally have energies of the order
of 70eV, which leads to extensive fragmentation of the ions
produced. However, this high energy results in difficulties in
identifying gas species generated in the decomposition of epoxy
resins since the evolved gas is a mixture of gaseous species. In
an attempt to overcome this problem, a soft ionisation tech-
nique was used to help identify the gas species, in which a much
lower electron energy is used to ionise gas samples, thus much
simplifying the identification work.

2. Experimental
2.1. Materials

The commercial composite was provided by Advanced Com-
posite Group Ltd. in a prepreg form, containing 58% (weight)
PAN based high strength carbon fibre Grafil 34-700 and 42%
(weight) Bisphenol A-epichlorohydrin (DGEBA) type epoxy
resin LTM26EL. The continuous carbon fibres in the composite
had a diameter of 7 um and were unidirectionally distributed
in the sample. The DGEBA type epoxy resins are most widely
used as the matrix of epoxy resin/carbon fibre composites. The
prepreg had a thickness of about 0.2mm. The sample size
for TGA test was about 15mg, which was cut into pieces of
2mm x 2mm. The sample was then put into an open platinum
sample pan of the TGA apparatus.

2.2. DTA-TG-MS analysis

The DTA-TG analysis was performed with a TA Q600
simultaneous differential thermal analyser coupled via a heated
capillary to a HidenAnalytic HPR20 mass spectrometer. The
ions were produced by an electron ionisation method, anal-
ysed using a quardrupole mass analyser and detected using a
secondary electron multiplier (SEM). The decomposition exper-
iments were conducted in an air or argon atmosphere at a flow
rate of 100 cm® min—1. Various heating rates were used to study
the decomposition features of the epoxy resin. For simulating
the heating conditions in a high temperature fluidised bed, the

Table 1
First ionisation energy for some species

Species First ionisation energy (eV)
N2 15.58
Oz 12.07
Hy 15.43
Ar 15.76
COz 13.77
co 14.01
CHgy 12.61
CoHy 10.51
CyHs 11.56

temperature was heated rapidly to 550 °C (300 °C min—1) and
then that temperature was maintained for 40 min.

2.3. Soft ionisation technique to identify gas components

For identifying the species evolved from the epoxy resin
decomposition using the mass spectrometer, an electron energy
of 15eV was used with an emission current of 100 wA. This
electron energy will not fragment organic species much and the
mlz peaks correspond to the parent ions since the first ionisation
energy of most organic species is around 9-15eV and those of
nitrogen and argon are higher than 15eV [17]. The first ionisa-
tion energies of most organic species are reproduced and shown
in Table 1. The first ionisation energy of oxygen is 12.6 eV, which
will appear in the mass spectrum.

2.4. Evolved gas profile

After identifying the species produced, the multiple ion detec-
tion (MID) mode was used to monitor the evolved gas profile
with time, using the MS to detect ions at particular m/z numbers.
At this stage, an electron energy of 70 eV was used in order to
have strong enough signals and to obtain fragmentation informa-
tion. From the evolved gas profiles, concentrations of the various
species were estimated.

3. Results and discussion

3.1. Characteristics of epoxy resin/carbon fibre composite
decomposition

Fig. 1 shows heat evolution, mass loss and derivative mass
loss (DTG) for the decomposition of an epoxy resin composite
in air and argon with a heating rate of 10°C min—1. From the
TG-DTG traces, it can be seen that the decomposition in argon
had only a devolatilisation stage, which started at 320°C and
ended at 460 °C, and resulted in a mass loss of 27%. Since car-
bon fibre content in the composite was 58% (wt), there was up to
35% of the resin left on the fibre surface, most likely in the form
of char. The decomposition in air underwent several stages. The
devolatilisation process started and ended at the same tempera-
tures as those in argon, and resulted in a comparable weight loss
of 27%. The devolatilisation stage had two steps, corresponding
to two peaks at 360 and 420 °C respectively as shown inthe DTG
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Fig. 1. TG and DTA traces for the decomposition of the epoxy resin/carbon fibre
composite in air and in argon, with a heating rate of 10 °C min~—1.

curve. Unlike the decomposition in argon, any char left on the
fibre surface will be oxidized. This started at 460 °C and ended
at 580 °C, resulting in a mass loss of 15%. This process is slower
compared with devolatilisation. The last stage was oxidation of
the carbon fibre, corresponding to the strong peak at 730°C in
the DTG curve. The weight loss for the last stage was 58% and
corresponded well with the carbon fibre weight fraction for the
composite.

From the DTA traces in Fig. 1, it can be seen that the
decomposition in air was an exothermic process, while the
decomposition in argon was endothermic. The peaks from the
DTA and TG-DTG traces are listed in Table 2. For the decom-
position in argon, the endothermic peak in DTA occurred at the
same position as in DTG. For the oxidation in air, all the peaks
corresponding to the decomposition of epoxy resin occurred ear-
lier in DTG than in DTA. This suggests that oxidation of the
evolved gases occurred later than they were released. Since the
sample had a thickness of 0.2 mm, the oxidation of evolved gases
on the surface heated the sample locally. This may be responsi-
ble for the appearance of two peaks during the devolatilisation
in air.

Figs. 2 and 3 show the gas evolution profiles in the above
experiment for the decomposition in air and in argon respec-
tively. The evolution of four species appearing in the gas evolved
was analysed. m/z = 18 and 44 were assigned to water and CO»,
respectively, and m/z=2 and 26 were from organic volatiles,
the assignments of which were given in detail in the following
sections. A lot less CO2 were produced for the decomposition

Table 2

The peaks for the decomposition of an epoxy/carbon fibre composite in argon
and air

In argon In air
DTG DTA DTG DTA
Devolatilisation 420 420 360 410
- - 420 440
Char oxidation - - 510 520
Carbon fibre oxidation - - 730 730
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Fig. 2. MS evolved gas profiles for oxidative decomposition of the epoxy
resin/carbon fibre composite with a heating rate of 10 °C min~1.

in argon comparing with the decomposition in air. In Fig. 2,
the strong CO, peak at 730 °C corresponded to the oxidation of
carbon fibre. There were no peaks for m/z=2, 18 or 26 during
carbon fibre oxidation.

For the decomposition in air, the patterns of all the four gas
evolution profiles were similar except that CO, profile had a
strong peak corresponding to carbon fibre oxidation. However,
the peaks corresponding to the organic volatiles were 10 °C to
the left of those for water and CO» at both positions for the
devolatilisation stage, which indicates that they were released
earlier than water and COa. In contrast, for the decomposi-
tion in argon as shown in Fig. 3, the positions of all the peaks
were within 1°C, indicating that they were produced simulta-
neously.

To simulate the heating conditions in a high temperature flu-
idised bed, heating rates up to 300°C min—1 were used to in
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Fig. 3. MS evolved gas profiles for decomposition of the epoxy resin/carbon
fibre composite in argon with a heating rate of 10°C min—1.
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Fig. 4. TGA traces of the epoxy resin/carbon fibre decomposition in argon and
in air with a heating rate of 300°C min—1.

the thermogravimetric analysis. The earlier occurrence of the
organic volatiles was more clearly shown when a fast heating
rate was used. Fig. 4 shows the mass loss curve of the decom-
positions at 560 °C in air and in argon with an initial heating
rate of 300°Cmin—1. The corresponding evolved gas profiles
are shown in Figs. 5 and 6. For the decomposition in air, there
were still two processes (devolatilisation and char oxidation),
but these two processes were not separated clearly with the char
oxidation starting before devolatilisation has finished during the
rapid temperature ramp. After 6 min, all of the char was oxi-
dized and the carbon fibre started to be oxidized. Due to the
fast heating rate, gases were produced in a short time interval.
Thus, they are less diluted in the carrier gas, resulting in stronger
peaks than those at a heating rate of 10°C min—1. Therefore,
more species were detected. For the oxidative decomposition, it
is clearly shown in Fig. 5 that the organic species were released
0.5 min earlier, while all of the organic volatiles were released
simultaneously for the decomposition in argon as shown in
Fig. 6.
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Fig. 5. MS evolved gas profiles for the oxidative decomposition of epoxy

resin/carbon fibre composite with a heating rate of 300°C min—1. An electron
energy of 70 eV was used for the detection.
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Fig. 6. MS evolved gas profiles for the decomposition of epoxy resin/carbon
fibre composite in argon with a heating rate of 300 °C min—1. An electron energy
of 70eV was used for the detection.

It can be seen that all of the gases were produced simulta-
neously for the decomposition in argon. However, water and
CO, were released later than organic volatiles when oxygen
was present. This indicates that the first step of the oxidative
devolatilisation was the same as the decomposition in argon,
which may be termed as ‘thermal decomposition’. In the ther-
mal decomposition, a large amount of organic volatiles were
produced. When oxygen was present, some of the organic
volatiles were oxidized subsequently reducing the fraction of
emissions. This was also indicated by the later occurrence of
the exothermic peaks than the weight loss peaks as shown in
Table 2.

The amount of epoxy resin transformed into CO, can be
calculated using the area for the CO; peak corresponding to
carbon fibre oxidation at around 700 °C as the amount of carbon
fibre in the sample was known. The amount of carbon in the
epoxy resin that was transformed into CO, can be calculated
from the total area of the first three peaks (350 °C, 430°C and
500 °C) at the trace of m/z =44 as shown in Fig. 2. The amount
of carbon that was transformed into organic volatiles will be the
difference between the total carbon in the epoxy resin and the
carbon oxidized. The organic volatiles based on the epoxy resin
can then be calculated using Eq. (1).

x=1——— @

where x is the percentage of epoxy resin converted to organic
volatiles, A the area of the peak carbon fibre oxidation (700 °C),
A2 the total area of the peaks at 350, 430 and 500 °C, ¢ the carbon
content of the epoxy resin (obtained using elemental analysis),
and m;y is the mass of carbon fibre in the sample, and my is
the mass of epoxy resin in the sample. Since the overlapping
part between the peaks at 500 and 700 °C were much smaller
compared with A; and A,, complex peak splitting technique
were not adopted. The lowest point between the two peaks was
used as the end point for calculation of the areas, which led to
less than 1% error.
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Fig. 7. The amount of volatile organics in emission based on epoxy resin vs.
heating rate for oxidative decomposition of the epoxy resin/carbon fibre com-
posite.

In order to estimate the volatiles produced with a very fast
heating rate, as in a fluidised bed, various heating rates were used
to decompose the composite. The amount of organic volatiles
based on the epoxy resin was calculated using the above method.
Fig. 7 shows the amount of organic volatiles against heating rate.
For a heating rate of 2°Cmin—1, the epoxy resin transformed
into volatiles was 1.8%. With the increase of the heating rate,
the amount of volatiles also increased. However, the volatiles
produced levelled off at around 3% for higher heating rates. At
a fast heating rate, the amount of organic volatiles was produced
in a shorter time interval, but oxygen supply was not increased.
Hence oxygen may be in a state of deficiency. It can thus be
inferred that the amount of epoxy resin transformed into volatiles
is around 3% for a very fast heating rate such as in a fluidised
bed.

3.2. Identification of evolved gas species using soft
ionisation

As is well known, electron impact ionisation in mass spec-
trometry can produce extensive fragmentation of molecules,
giving a large number of positive ions of various masses that are
less than that of the parent ions. This is clearly shown in Fig. 8,
showing the mass spectra for the decomposition of the epoxy
resin/carbon fibre composite under an atmosphere of argon,
which were detected using ionisation energies of 25 and 70 eV
respectively. When the ionisation energy was 25 eV, the peaks at
low m/z values were very strong, but the peaks at high m/z values
were very weak. When the ionisation energy was increased to
70 eV, the peaks at m/z’s greater than 78 were not detectable. This
constitutes a problem for analysing gas mixtures in the epoxy
resin decomposition. In order to analyse the evolved gases, a
lower ionisation energy should therefore be used. Table 1 lists
the first ionisation energies of some species [17]. As can be seen,
nitrogen and argon have ionisation energies higher than 15eV.
However, most of the organic species have ionisation energies
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Fig. 8. Mass spectra of the decomposition of the epoxy resin/carbon fibre com-
posite in argon detected using higher ionisation energy. The peaks for argon
have been subtracted.

lower that 15 eV. Therefore, an ionisation energy of 15eV was
used to avoid extensive fragmentation.

Fig. 9 shows the mass spectra of the decomposition of the
epoxy resin/carbon fibre composite in argon and air with an ion-
isation energy of 15eV. It can be seen that m/z values greater
than 78 were detected, and most of the ions can be considered as
parent ions due to lower fragmentation. The spectrum of the gas
evolved under an atmosphere of argon was much more complex
than that under an atmosphere of air. For the decomposition in
air, all the m/z peaks appeared in the mass spectrum for decom-
position under argon but the intensities are different. This further
justifies that the first step of the oxidative decomposition is the
same as the decomposition in argon. Some of the volatiles pro-
duced in the thermal decomposition were oxidized into water
and CO».

Since hydrogen has a first ionisation of 15.43 eV, it was not
detected. Due to the low sensitivity of CO», the intensity was
very low. However, a peak at m/z = 2 appeared when an ionisation
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Fig. 9. Mass spectra of the evolved gas of the oxidative decomposition of epoxy
resin/carbon fibre composite detected using an electron energy of 15eV.
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Fig. 10. The structure of uncured epoxy resin (DGEBA).

energy of 70 eV was used as shown in Fig. 8, and this peak was
very strong compared with the peaks at other positions except
for water and CO». The peak at m/z=2 was thus attributed to
hydrogen.

Lee [11] and Bishop and Smith [12] have studied in detail
the decomposition of DGEBA type epoxy resin under an atmo-
sphere of nitrogen. The structure of the uncured resin is shown
in Fig. 10. They identified the organics with molecular weight
less than 100. Their assignments are reproduced in Table 3, in
which the species with a molecular weight greater than 100
were deduced by the aid of the molecular structure of the
epoxy resin in this work and the work of Pielichowski and
Njuguna [18]. In their work, the possible degradation routes
of epoxy resin were summarised, i.e. homolytic cleavage of
bisphenol-A unit, heterolytic cleavage of the bisphenol A unit
and cyclisation product of the glycidyl ether side chains to yield
CgH5—0-C3Hj3 or CgH4—0O-C3Hg. As has been discussed pre-
viously, the first step of the oxidative decomposition was the
same as the decomposition under argon. The decomposition
products were subsequently oxidized leaving some traces of
organic species. Therefore, the peaks in the mass spectrum for
the oxidative decomposition were assigned to the same species
as those corresponding to the decomposition under argon, which
are given in Table 4. It can be seen that the organic volatiles
from the emissions of oxidative decomposition contained vari-
ous compounds. With the help of the identification of the organic
volatiles and their proportions in the emissions, a post oxidation

Table 3
Assignments of each m/z for the decomposition of epoxy resin/carbon fibre
composite under an atmosphere of argon

mlz Possible molecules
18 Water
26 Ethyne
28 Ethylene
30 Ethane
40 Allene
42 Propylene
44 Carbon dioxide
54 Unknown
66 Cyclopentadiene
78 Benzene
92 Toluene
94 Phenol
104 Styrene
106 Ethylbenzene
116 3-Propynylbenzene
118 Allylbenzene
128 Ethynlstyrene
132 CgH40C3H4
142 Isopropylstyrene
144 Isopropylethylbenzene
154 Biphenyl

Table 4
The assignments of the peaks in the mass spectrum for oxidative decomposition
of the epoxy resin

mlz Possible molecules
2 Hydrogen
18 Water
26 Ethyne
28 Carbon monoxide and ethylene
30 Ethane
44 Carbon dioxide
66 Ethyl chloride
78 Benzene
92 Toluene
104 Styrene
118 Allylbenzene

process may be designed to reduce hazardous gases to the envi-
ronment during recycling carbon fibre from epoxy composites
using oxidative decomposition process.

4. Conclusions

In this work, the decomposition products of a DGEBA type
epoxy resin/carbon fibre composite was analysed using DTA-
TG-MS. By comparison with the decomposition under an inert
gas atmosphere, it is found that the first step of the oxidative
decomposition is similar to that for the decomposition under
an inert atmosphere. A number of organic species are produced
by thermal decomposition and these species are subsequently
oxidized into water and CO,. However, the oxidation is not com-
plete, leaving some 3% of the resin as organic volatiles in the
emissions. Therefore, the emissions from oxidative decomposi-
tion of epoxy resin/carbon fibre composites should be controlled
carefully. Soft ionisation provides a mass spectrum, in which
most of the peaks in the spectrum are molecular ions. This is
useful for the recognition of the organic species with the aid of
recognition work under nitrogen since the first steps for the two
decompositions are similar.

Acknowledgements

The authors are grateful to the following organisations
for the funding of this research: Engineering and Physical
Sciences Research Council (EPSRC) with a grant number
GR/R80605/01, Aston Martin Lagonda, BAE Systems pic,
Cleanaway Ltd. and The Advanced Composites Group.

References

[1] J. Schiers, Polymer Recycling, John Wiley and Sons, 1998.
[2] P.T. Williams, E.A. Williams, J. Anal. Appl. Pyrolysis 51 (1999) 107-126.
[3] P.T. Williams, A.M. Cunliffe, N. Jones, J. Inst. Energ. 78 (2005) 51-61.



G. Jiang et al. / Thermochimica Acta 454 (2007) 109-115 115

[4] W. Dang, M. Kubouchi, T. Maruyama, H. Sembokuya, K. Tsuda, Prog.
Rubber Plast. Recycl. Technol. 18 (2002) 49-67.

[5] R.E. Allred, Recycling process for scrap composites and prepregs, in: 41st
International SAMPE Symposium, 1996.

[6] R.E. Allred, J.M. Gosau, J.M. Shoemaker, Recycling process for car-
bon/epoxy composites, in: 46th International SAMPE Symposium, 2001.

[7] G. Hobbs, S. Halliwell, Polym. Recycl. 5 (2000) 23-29.

[8] S.J. Pickering, H. Yip, J.R. Kennerley, R. Kelly, C.D. Rudd, The recycling
of carbon fiber composites using a fluidised bed process, in: Proceedings of
the International Conference on Fibre Reinforced Composites, September
13-15, 2000, Newcastle upon tyne, UK, 2000.

[9] H.L.H. Yip, S.J. Pickering, C.D. Rudd, Plast. Rubber Compos. 31 (2002)
278-282.

[10] S.J.Pickering, R. Kelly, J.R. Kennerley, C.D. Rudd, N.J. Fenwick, Compos.
Sci. Technol. 60 (2000) 509-523.

[11] L.H. Lee, J. Polym. Sci. Part A. 3 (1965) 859-882.

[12] D.P. Bishop, D.A. Smith, J. Appl. Polym. Sci. 14 (1970) 205-223.

[13] K.S. Chen, R.Z. Yeh, J. Hazard. Mater. 49 (1996) 105-113.

[14] D.P. Bishop, D.A. Smith, Ind. Eng. Chem. 59 (1967) 32-39.

[15] K.S. Chen, R.Z. Yeh, C.H. Wu, J. Environ. Eng. 10 (1997) 1041-
1046.

[16] N. Regnier, S. Fontaine, J. Therm. Anal. Calorim. 64 (2001) 789-799.

[17] D.R. Lide, CRC Handbook of Chemistry and Physics, 85th ed., CRC Press,
London, 2004.

[18] K. Pielichowski, J. Njuguna, Thermal Degradation of Polymeric Materials,
Rapra Technology Limited, Shrewsbury, UK, 2005, pp. 206-207.



	Soft ionisation analysis of evolved gas for oxidative decomposition of an epoxy resin/carbon fibre composite
	Introduction
	Experimental
	Materials
	DTA-TG-MS analysis
	Soft ionisation technique to identify gas components
	Evolved gas profile

	Results and discussion
	Characteristics of epoxy resin/carbon fibre composite decomposition
	Identification of evolved gas species using soft ionisation

	Conclusions
	Acknowledgements
	References


