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a b s t r a c t

Chemical decomposition of an epoxy system made of tetraglycidyl 4,40-diaminodiphenylmethane
(TGDDM) and 4,40-diaminodiphenylsulfone (DDS) in supercritical 1-propanol was investigated under
different reaction temperature and time. The GCeMS results suggested that the epoxy system was
decomposed to the products including aniline, N-propylbenzenamine, and 4,40-diaminodiphenylsulfone.
The change of the products’ yield with time was measured by GC. In addition, the formed chars were
characterized by SEM, elemental analysis, Raman and XRD. The results implied the presence of some
graphite microcrystals and disordered structure in the solid residue. Upon the addition of KOH, the
Guerbet reaction of 1-propanol was promoted to generate more hydrogen. A possible free-radical re-
action mechanismwas proposed for the depolymerization of TGDDM/DDS epoxy resin. Hydrogenation of
radicals had a promotion effect on thermolysis of TGDDM/DDS epoxy resin.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Tetraglycidyl 4,40-diaminodiphenylmethane (TGDDM) cured
with 4,40-diaminodiphenylsulfone (DDS) possesses a high glass-
transition temperature (Tg) and a high density cross-linked
network, and is extensively used as a binder for high-
performance and light-weight composites in the aviation in-
dustry [1,2]. However, the disposing of the epoxy resin becomes an
urgent issue when these products reach the ends of their service
lives. Both landfill and incineration disposal are not optimal, for
environmental regulations may eventually implement a ban on
them [3]. Epoxy resins are insoluble and infusible in any solvents
because of the cross-linked network structure, and remain as bar-
riers for efficient recycling. The recycling technologies for the
decomposition of epoxy resins mainly involve pyrolysis [4e10] and
solvolysis [11e16]. The pyrolysis of epoxy resin is usually performed
at high temperature, and inevitably generates greenhouse gases
(CH4 and CO2), toxic substances (CO, benzene and toluene) and
low-value by-products (char and tar). The solvolysis processes
either use harsh reagents such as nitric acid or are not convenient
to reach the conditions such as subcritical water. Therefore, the
recycling technologies for epoxy resin should be improved to
x: þ86 0351 4041153.
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reclaim useful degradation products in a sustainable manner that is
inherently non-toxic to live things and the environment.

Hydrogenolysis of epoxy resin offers a new attractive alternative
route for chemical decomposition of epoxy resin. Braun et al. [17]
used hydrogen donors such as tetralin and 9,10-
dihydroanthracene to cleave various thermosets including
anhydride-cured epoxy resin, phenolic resins, melamine resins and
unsaturated polyester. Sato et al. [18] used tetralin, decalin, and
cyclohexanol to reclaim amine-cured epoxy resin at 440 �C and
2.5 MPa. After 1 h of reaction, a conversion of 98%was achieved due
to the hydrogen-donating properties of these solvents. Supercritical
alcohol represents an alternative for the use of supercritical water
not only since the critical conditions are less extreme [19e22] but
also since the hydrogen are in situ produced from the alcohol sol-
vent [23,24]. Jiang et al. [22] monitored the decomposition process
of epoxy resin in supercritical isopropanol using the change of the
refractive index (RI) of the exit solution with time, identified the
Guerbet reaction of alcohol solvents, and concluded that thermol-
ysis played an important role in cleaving the chemical bonds of the
epoxy resin. However, the decomposition process of epoxy resin
and analysis of the degradation products deserved further
investigation.

The objective of this paper is to decompose TGDDM/DDS epoxy
resin using supercritical 1-propanol. The main products in
decomposition liquids were identified by GCeMS, and the
decomposition process of TGDDM/DDS epoxy resin was monitored
rights reserved.
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by the change of the products’ yield with time. Furthermore, the
formed chars were characterized by SEM, elemental analysis,
Raman and XRD, and the gaseous mixture products were measured
by GC. A possible mechanism for the decomposition of the resin in
supercritical 1-propanol was discussed.

2. Experimental

2.1. Materials

TGDDM and DDS were purchased from Shanghai Research
Institute of synthetic resins and Sinopharm Chemical Reagent Co.,
Ltd, respectively. The epoxy resin bar was prepared by dissolving
DDS in TGDDM with a stoichiometric equivalent ratio at 120 �C
until a homogeneous solution was obtained. The above blend was
poured into a polytetrafluoroethane (PTFE) mold
(50 mm� 10mm� 2mm), and heated at 130 �C for 1 h before they
were cured at 180 �C for 4 h. The chemical structures of epoxy resin,
curing agent and cured resin are shown in Fig. 1. The reaction
medium, 1-propanol, was obtained from Tianjin Dengfeng Chemi-
cal Reagent Corporation (China). The standard samples of aniline,
N-propylbenzenamine, diphenyl methane, all of them of 99.0 wt%
purity, were purchased from the Aladdin Industrial Corporation.

2.2. Degradation of epoxy resin

The degradation of TGDDM/DDS bar was conducted in a stain-
less steel autoclavewith a volume of 0.5 L. The internal temperature
of the autoclave was monitored by connecting to a PID controller,
and the pressure was detected by a pressure gauge with a safety
valve. A stainless steel pipe with a needle valve was connected with
the autoclave, and used as a sampling device. A water cooling
system was fixed around a section of the pipe which located be-
tween the autoclave and the needle valve.

Epoxy resin bars and 0.2 L of 1-propanol with or without po-
tassium hydroxide (1 wt%) were charged into the autoclave. The
internal temperature of the autoclave was raised and held at one of
a range of temperature from 280 to 340 �C with a regular interval of
10 �C. The degradation time of the epoxy resin in supercritical 1-
Fig. 1. Chemical structures of epoxy re
propanol varied from 1 h to 5 h. After the needle valve was
cautiously switched on, the sample extraction was performed by
collecting 1.5 mL of degradation solution in a sample bottle. Then,
the needle valve was switched off, and the degradation reaction
proceeded. After a regular period of time, the sample extraction
was repeated. When the degradation reaction of TGDDM/DDS was
finished, the autoclave was cooled to room temperature. The
decomposition liquid was collected for GCeMS analysis. The solid
residue was weighted and characterized after washing with fresh
1-propanol and drying in an oven at 110 �C for 24 h. A gas-sampling
bag was used for the capture of the gaseous mixture and subse-
quent injection of the gas sample into gas chromatography.
2.3. Characterization

Fourier transform infrared (FT-IR) spectra of the samples were
recorded on a Nicolet Magna- IR 750 spectrometer using the usual
KBr pellet method. The cross-linking degree of the cured epoxy
resin was determined by comparing the heat with a DSC 200 F3
Maia (Netzsch, Germany) (Equation (1)). Samples were heated from
40 �C to 300 �C at the heat speed of 5 �C min�1 under nitrogen
atmosphere.

Cross� linking degree ¼ ðDHuncured � DHcuredÞ=DHuncured

� 100%

(1)

DHuncured: Heat of the uncured resin
DHcured: Heat of the cured resin

The gaseous products were measured by two gas chromatog-
raphies (GC): Model SP-2305 (Beijing Beifenruili Analytic Instru-
ment (Group) Co.) with pure argon as carrier gas, a 5A molecular
sieve column and a TCD detector; Model GC-1790 (Agilent Tech-
nologies Shanghai Analytical Instrument Co. LTD), with pure ni-
trogen as carrier gas, a C18 column and an FID detector. The content
sin, curing agent and cured resin.



Fig. 2. FTIR spectra of: (a) curing agent (4,40-diaminodiphenylsulfone, DDS); (b) un-
cured epoxy resin (tetraglycidyl 4,40-diamino diphenyl methane, TGDDM); (c) TGDDM
resin cured with DDS.

Fig. 3. Temperature-dependent mass profile of TGDDM/DDS resin in supercritical 1-
propanol for 1 h.

Fig. 4. Total ion chromatograms of the degradation products of TGDDM/DDS resin in supercr
340 �C; (b) 320 �C.
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of CO2 was determined using an alkali adsorption method. The
contents of SO2 and H2S were evaluated by a GC with a JD 301
column and a TCD detector.

The degradation solution was analyzed by an Agilent Model
7890 gas chromatograph that was coupled with an Agilent Model
5975 quadrupole mass spectrometer. The analytical column was a
HP-5MS 5% phenyl methyl silox capillary column (30 m � 0.25 mm
inner diameter (ID), 0.25 mm film thickness). The gas chromato-
graph was operated in a temperature-programming mode. The
column temperature started at 50 �C for 2 min followed by a ramp
at 8 �C min�1 to 230 �C. The temperature was maintained at 230 �C
for 5 min before it was raised to 280 �C at a rate of 10 �C min�1. The
temperature was held at the upper temperature for 10 min. The
flow rate of the carrier gas (helium) was held at 1.0 mL min�1. All
MS analyses were carried out in scan mode (mass range of 40e
450 amu) with electron impact ionization (EI) of 70 eV. An auto-
sampler was used to inject samples of 1.0 mL into the gas chro-
matograph. The identification of the degradation products was
based on library data.

A Shimadzu GC-2010 with an FID detector was used to quanti-
tatively analyze degradation liquids. The carrier gas was nitrogen at
a flow rate of 1.21 mL min�1. The column was a Restek Rtx-1 type
capillary column (30 m � 0.25 mm inner diameter (ID), 0.25 mm
film thickness). The injector and the detector temperature were set
to 270 �C and the injector split ratio was 1:30. The column tem-
perature started at 50 �C followed by a ramp at 8 �Cmin�1 to 250 �C.

Scanning electron image (SEM) was taken using a LEO 1530VP
microscope with an accelerating voltage of 6 KeV. TG-MS experi-
ments (a heating rate of 5 �C min�1 under flow of nitrogen gas)
were performed using a STA409PC/MS instrument. Elemental
analysis was carried out using a Vario EL CUBE elemental analyzer.
Ramanmicroprobe examinationwas performed with a LabRAMHR
UV-NIR Raman microspectrometer at an excitation wavelength of
488 nm. X-ray diffraction (XRD) was recorded on a Bruker D8
Advance powder diffractometer.
3. Results and discussion

By means of the calculation in equation (1), the level of cross-
linking in the cured epoxy resin was found to be 98.2% complete.
In addition, disappearance of the epoxide functions (973, 906 cm�1)
and appearance of the hydroxyl functions (3408 cm�1) in FTIR
itical 1-propanol. The degradation was conducted in the batch reactor for 60 min at (a)



Table 1
Main degradation products of TGDDM/DDS in supercritical 1-propanol at 320 and 340 �C.

Peak label Ret. time (min) Compounds Molecular structure Molar mass (g mol�1)

1 4.92 2,4-Dimethylthiophene 112

2 5.53 1,10-[Ethylidenebis(oxy)]-
bispropane

146

3 5.97 Methyl propyl disulfide 122

4 6.89 Aniline 93

5 7.11 1,1-Dipropoxypropane 160

6 7.97 Propyl 2-methylvalerate 158

7 8.66 N-methylaniline 107

8 9.44 Dipropyldisulfide 150

9 9.91 N-ethylbenzenamine 121

10 10.52 N,4-dimethylbenzenamine 121

11 11.20 Tripropyl orthoformate 190

12 11.64 N-propylbenzenamine 135

13 11.97 Quinoline 129

14 12.88 Indole 117

15 13.32 N-methyl- N-n-propyl
benzenamine

149

16 13.96 6-Methylquinoline 143

17 14.45 3-Methyl-1H-indole 131

18 16.10 1,3-Dimethyl-1H-indole 145
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Table 1 (continued )

Peak label Ret. time (min) Compounds Molecular structure Molar mass (g mol�1)

19 16.65 2-Ethyl-4-methylquinoline 171

20 17.12 1-Isopropyl-1H-indole 159

21 17.57 2,3,5-Trimethyl-1H-indole 159

22 18.37 2,5-Dimethyl-1H-indole 145

23 18.87 Benzidine 184

24 19.59 1,2-Dihydro-2,2,4-trimethyl
quinoline

173

25 20.73 3-(N-methylamino)-9-
methylcarbazole

210

26 22.22 2,4,6-Trimethyl-N-(2,4,6-trimethylphenyl)benzenamine 253

27 23.94 3-Formyl-10-methylphenothiazine 241

28 26.80 1,3-Diphenyl-1H-pyrazole 220

29 28.91 4-Aminodiphenylsulfone 233

30 36.31 4,40-Diaminodiphenylsulfone 248

31 37.74 4-Amino-N-(2-methylphenyl)- benzenesulfonamide 262
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(Fig. 2) also verified the complete cross-linking [13]. Many other
peaks were identical to those from the uncured epoxy resin.

The effect of reaction temperature on chemical depolymeriza-
tion of the epoxy resin was evaluated under the following
conditions: a reaction time of 60 min, a feedstock ratio of 2 g epoxy
resin/200 mL 1-propanol, and a range of temperature from 280 to
340 �C. Fig. 3 shows temperature-dependent mass profile of
TGDDM/DDS resin in supercritical 1-propanol. The epoxy resin bars



Fig. 5. Yields of the main degradation products versus the reaction time at 320 �C. The
yields were determined by GC using diphenyl methane as internal standard.

Fig. 6. SEM image of the solid residue after chemical degradation of TGDDM/DDS resin
at 320 �C.

Fig. 7. Yield of the solid residue versus the reaction time at 320 �C.

Table 2
Elemental analysis of the cured epoxy resin and the solid residue obtained in su-
percritical 1-propanol for different degradation time at 320 �C.

Sample C (wt%) H (wt%) O (wt%) N (wt%) S (wt%)

TGDDM/DDSa 66.75 6.35 14.41 8.18 4.30
TGDDM/DDSb 64.58 6.43 17.01 7.92 4.06
SR1 82.90 4.89 4.37 6.95 0.89
SR2 83.30 4.93 3.81 7.05 0.91
SR3 82.07 5.18 4.87 7.04 0.84
SR4 81.64 5.36 5.15 7.10 0.75
SR5 81.79 5.36 5.07 7.04 0.74

SR1¼ the solid residue obtained after 1 h, SR2¼ the solid residue obtained after 2 h,
and so on.

a TGDDM/DDS ¼ the theoretical values of the cured epoxy resin.
b TGDDM/DDS ¼ the experimental values of the cured epoxy resin.
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remained in the original shape, and retained 97.3 to 95.6 wt% of
mass in the temperature range 280e310 �C. However, the epoxy
resin bars collapsed, and 26.2 to 21.8 wt% of mass remained in the
temperature range 320e340 �C. The colors of the degradation liq-
uids darkened from clear, light brown to deep brown with the
temperature rise. Therefore, thermolysis played a key role in
decomposing the chemical bonds of the epoxy resin, and an initial
decomposition temperature was about 320 �C for the epoxy resin
used in this study under the conditions mentioned above.

Fig. 4 shows the total ion chromatograph (TIC) of the decom-
position products of TGDDM/DDS resin in 1-propanol solution at
320 and 340 �C. As shown in Fig. 4, the decomposition products of
the epoxy resin in supercritical 1-propanol at 340 �Cwere similar to
that obtained at 320 �C. The assignment of the main degradation
products is summarized in Table 1. The decomposition products
contained aniline, N-propylbenzenamine, and their complex
Fig. 8. TGeMS analysis of TGDDM/DDS resin at (a) m/e 18; (b) m/e 64.



Table 3
Composition of the gas mixture collected from the batch reactor after the degra-
dation of TGDDM/DDS resin in supercritical 1-propanol.

Component General (%) Without O2 and N2 (%)

H2 22.57 55.05
O2 6.19 e

N2 52.81 e

CH4 1.37 3.35
CO 2.46 6.00
CO2 2.88 7.03
C2H4 0.09 0.22
C2H6 1.34 3.26
C3H6 1.18 2.88
C3H8 1.22 2.97
H2S 5.10 12.43
SO2 2.80 6.80

Fig. 9. Raman spectrum of the solid residue acquired at 320 �C in supercritical 1-
propanol for different degradation time: (a) 2 h, (b) 3 h, (c) 5 h.
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derivatives. In addition, sulfur containing compounds such as 2,4-
dimethylthiophene, methyl propyl disulfide, dipropyldisulfide,
and 4,40-diaminodiphenylsulfone were also present in the 1-
propanol solution.

The quantitative analysis of the main decomposition products
such as aniline, N-propylbenzenamine, 4,40-diaminodipheny
lsulfone, and 4-amino-N-(2-methylphenyl)benzenesulfonamide
Fig. 10. X-ray diffraction profiles of TGDDM/DDS cured with a molar ratio of 1:1 (a)
and after chemical treatment at 320 �C for different degradation time: (b) 2 h, (c) 3 h,
(d) 5 h.
was carried out by taking samples regularly from the reactor for
gas chromatography. At 320 �C, the yield of 4,40-dia-
minodiphenylsulfone was higher than that of aniline and N-
propylbenzenamine (Fig. 5). The yield of 4,40-dia-
minodiphenylsulfone increased to its maximum of 5.71 wt% after
200 min, and its decomposition became importance when the
reaction time was extended from 200 to 300 min. The yields of
N-propylbenzenamine and 4-amino-N-(2-methylphenyl)benze-
nesulfonamide increased gradually during the reaction time of
300 min, and reached the maximum of 2.47 and 4.58 wt%,
respectively. Furthermore, the yield of aniline rose to 1.37 wt%
after the reaction time of 150 min, and remained the constant
amount from 150 to 300 min.

The decomposition of epoxy resin consisted of a series of
consecutive reactions. Some degradation products were interme-
diate products, and others were end products. The yield profiles of
the intermediate products were affected by competition between
the formation process and the degradation process or the second-
ary reaction. The typical characteristic of consecutive reaction was
that the yield of an intermediate product had a maximum value
during the whole process. The yield of an end product monoto-
nously increased. In the decomposition of TGDDM/DDS, 4,40-dia-
minodiphenylsulfone and aniline were intermediate products, but
4-amino-N-(2-methylphenyl)benzenesulfonamide and N-pro-
pylbenzenamine were end products. 4,40-Diaminodiphenylsulfone
was not only generated from the cured resin, but also degraded to
aniline and SO2. Aniline was not only produced from 4,40-
Fig. 11. Total ion chromatogram of the degradation products of 4,40-dia-
minodiphenylsulfone in supercritical 1-propanol at 320 �C for 3 h.



Scheme 1. Elimination of water from the secondary alcohol group of TGDDM cured with DDS.
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diaminodiphenylsulfone, but also reacted with 1-propanol to form
N-propylbenzenamine. Therefore, the yield of 4,40-dia-
minodiphenylsulfone or aniline had a maximum value, while the
yields of 4-amino-N-(2-methylphenyl)benzenesulfonamide and N-
propylbenzenamine monotonously increased.

In addition to organic molecules in 1-propanol solution, some
black solid residue formed during the chemical degradation of the
epoxy resin. Fig. 6 presents typical morphology of the undesired
solid residue. The diameter of the particles was in the micron order.
The yield of the solid residue (Fig. 7) reduced to 20 wt% after a
reaction time of 2 h, and remained 18 wt% from 3 to 5 h. The
Scheme 2. Scission of diaminodipheny
experiments proved that the solid residue inevitably remained in
supercritical 1-propanol even if the reaction temperature was
increased or the reaction time was extended.

The solid residue was characterized by elemental analysis and
compared with the cured epoxy resin. Table 2 presents the weight
percentages of C, H, O, N, and S. The agreement between the
experimental and theoretical values of the cured epoxy resin was
excellent. After a degradation time of 1 h, the contents of O and S
decreased significantly. Sulfur content of solid residue reduced
from 4.06% to 0.89% due to the release of sulfur containing com-
pounds and an evolution of SO2 [25]. A dehydration reaction
lsulfone units in the epoxy resin.



Scheme 3. Possible degradation mechanism of allylic bonds of the epoxy resin.

Fig. 12. Total ion chromatogram of the degradation products of TGDDM/DDS resin in
supercritical 1-propanol with 1 wt% KOH.

Table 4
Main degradation products of TGDDM/DDS in supercritical 1-propanol under the promot
KOH.

Peak label Ret. time (min) Compounds

1 4.66 (E)-2-methyl-2-penten-1-ol

2 4.92 3,4-Dimethylthiophene

3 5.96 4-Methyl-3-heptanone

4 6.58 3-Hydroxy-3,5-dimethyl-2-hexanone

5 6.70 1,3,5-Trimethyl-benzene

6 6.88 Aniline

7 7.97 Propyl 2-methylvalerate

8 8.50 2-Methylpentyl propionate

9 8.62 Nona-3,5-dien-2-ol
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proceeded with elimination of hydroxyl functions, and hydrogen
content subsequently decreased from 6.43% to 4.89%. Both the
evolution of SO2 and the dehydration contributed to the oxygen
content reduction from 17.01% to 4.67%. The dehydration and the
evolution of SO2 were also confirmed by thermogravimetryemass
spectrometry (TGeMS) of the cured resin. The MS analysis proved
ion of KOH at 320 �C and comparison with those obtained without the promotion of

Molecular structure Molar mass (g mol�1) Without KOH

100 O

112 O

128 e

144 e

120 e

93 O

158 O

158 e

140 e

(continued on next page)



Table 4 (continued )

Peak label Ret. time (min) Compounds Molecular structure Molar mass (g mol�1) Without KOH

10 8.70 2,3,4-Trimethyl-hex-3-enal 140 e

11 8.80 3-Ethyl-4-octene 140 e

12 8.95 2,4-Dimethyl-1-heptanol 144 e

13 9.44 Dipropyldisulfide 150 O

14 9.70 2,3,4,5-Tetramethyl-2-cyclopenten-1-one 138 e

15 10.01 1-[(1-Methylethyl)thio]hexane 160 e

16 10.28 4,7-Dimethyl-decan-2,4,8-triene 164 e

17 11.27 2,4,6-Trimethylaniline 135 e

18 11.65 N-propylbenzenamine 135 O

19 11.91 Quinoline 129 O

20 12.49 2,3,4-Trimethyl-hex-3-enal 140 e

21 12.82 5,9-Dimethyl-4,8-decadienal 180 e

22 13.32 N-phenylformamide 121 e

23 13.90 6-Methylquinoline 143 O

24 14.46 5-Methyl-1H-indole 131 O

25 14.98 2,5-Dimethyl-1-phenyl-1H-pyrrole 171 e
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that H2O (m/e ¼ 18) and SO2 (m/e ¼ 64) were the major
decomposition species in the temperature range 320e400 �C
(Fig. 8). The weight percentage of N reduced slightly from 7.92% to
6.95% within 1 h due to the degradability difference between
TGDDM and DDS. After thorough theoretical calculation, the
weight percentages of N were 6.64, 11.30 and 8.18% for TGDDM,
DDS and TGDDM/DDS, respectively. The GCeMS results proved
that the degradability of DDS was stronger than that of TGDDM,
and the decomposition products of DDS dissolved in 1-propanol.
Therefore, the reduction of the DDS content in the solid residue
would lead to the minor variation of the weight percentage of N
from 8.18 to 6.64%. These agreed well with the actual reduction



Table 5
Composition of the gas mixture sampled from the batch reactor after the decom-
position of TGDDM/DDS resin in supercritical 1-propanol with 1 wt% KOH.

Component General (%) Without O2 and N2 (%)

H2 88.41 91.28
O2 0 e

N2 3.14 e

CH4 0.88 0.91
CO 1.15 1.19
CO2 2.02 2.08
C2H4 0.31 0.32
C2H6 1.71 1.76
C3H6 0.95 0.99
C3H8 0.86 0.88
H2S 0.36 0.37
SO2 0.20 0.21

H. Yan et al. / Polymer Degradation and Stability 98 (2013) 2571e2582 2581
from 7.92% to 6.95% within 1 h. The weight percentages of C, H, O,
N, and S changed slightly when the degradation time varied from
1 to 5 h.

Raman microspectroscopy was applied in the investigation of
the solid residue. The Raman spectrum (Fig. 9) showed two broad
bands around 1582 and 1358 cm�1, which were generally assigned
to carbonaceous materials [26]. The diffuse band at 1582 cm�1

clearly reflected the E2g vibrational mode (CeC vibration in the
aromatic layers of highly ordered graphite). The band at 1350 cm�1

was assigned to Alg vibrational mode of the aromatic layers, and
implied the presence of some graphite microcrystals and disor-
dered structure in the solid residue.

X-ray diffractionwas also utilized to determine the nature of the
solid residue. Fig. 10 represents diffraction spectra of samples ob-
tained at 320 �C after different reaction time. The initial resin had a
broad band at 0e9� that suggested a low order in the network. This
order was partially maintained after a treatment at 320 �C, but a
new broad band appeared at around 12� which was attributed to
(002) scatterings of turbostratic carbons [4]. This structure included
polyaromatic species which developed by arranging in parallel
layers.

The above analysis could be used to explain the formation
processes of the undesired solid residue under the reaction tem-
perature and the reaction time. First of all, thermolysis played a key
role in decomposing the chemical bonds of the epoxy resin, but also
generated aromatic radicals with intensive distribution in the resin.
When these adjacent radicals could not be completely terminated
to generate organic molecules, their condensation process would
induce the polycyclic aromatic hydrocarbons formation [27,28].
Once the polyaromatic structures such as graphite microcrystals
formed in the solid residue, they displayed stable chemical prop-
erties in supercritical 1-propanol under the reaction temperature.

Table 3 shows the composition and content of the gaseous
mixture sampled from the reactor in which TGDDM/DDS was
decomposed in supercritical 1-propanol. H2, CO, CH4 and C2eC3
hydrocarbons were present in the gaseous mixture, and a control
reaction without epoxy resin also generated these gas composi-
tions. The H2 content was remarkably high and its formation was
due to 1-propanol dehydrogenation. The contents of SO2 and H2S
were 6.80 and 12.43 wt%, respectively. The results confirmed the
sulfur and oxygen content reduction of the solid residue. The
evolution of SO2 and H2S were further proved when DDS was held
under the similar supercritical conditions, which would be dis-
cussed next.

To determine which chemical bonds within TGDDM/DDS resin
were broken during the degradation processes, three model com-
pounds were used to conduct tests under the same supercritical
conditions. It was found that the concentrations of N,N-
diethylbenzenamine and diphenyl methane remained constant
during the whole reaction time of 3 h at 340 �C, and the concen-
tration of DDS decreased gradually at 320 �C. Fig. 11 shows the total
ion chromatograph (TIC) of the decomposition products of DDS in
1-propanol solution at 320 �C. Aniline was generated by the ho-
molysis of PhdSO2Ph bond and subsequent hydrogenation. The
alkylation of aniline with 1-propanol yielded N-propylbenzen-
amine [29]. The hydrogenation of SO2 and further reaction with 1-
propanol produced dipropyldisulfide [30]. Meanwhile, the Guerbet
reaction of 1-propanol formed 2-methyl-2-penten-1-ol [31,32].
Therefore, the weakest chemical bonds within the epoxy resin was
PheSO2Ph.

On the above basis, a free-radical reaction mechanism was
proposed for the depolymerization of TGDDM/DDS resin in super-
critical 1-propanol. The elimination of water from the secondary
alcohol group was the first reaction when the epoxy resin was
heated (Scheme 1). The resulting allylic bonds and PheSO2Ph bond
likely experienced homolysis, and the free radicals were saturated
by hydrogen transfer from 1-propanol to yield SO2, aniline, and
4,40-diaminodiphenylsulfone. The alkylation of aniline with 1-
propanol yielded N-propylbenzenamine. The hydrogenation of
SO2 and secondary reactions with propylene produced various
sulfur containing compounds such as 2,4-dimethylthiophene,
methyl propyl disulfide, dipropyldisulfide (Scheme 2). A possible
degradation mechanism for the incorporated dia-
minodiphenylsulfone units is shown in Scheme 3. These reactions
proceeded with homolysis, hydrogenation, as well as cyclization,
and yielded aniline, indole, quinoline and their complex de-
rivatives. The evolution of SO2 and the scission of allylic bonds
might correspond to the development of a condensation process
which would induce the formation of graphite microcrystals.

The effect of KOH additive on chemical depolymerization of the
epoxy resin was also investigated. Fig. 12 shows the total ion
chromatograph (TIC) of the decomposition products of epoxy resin
in 1-propanol solution obtained at 320 �C. The assignment of the
main degradation products and the results of the comparison are
summarized in Table 4. It was found that aniline and N-pro-
pylbenzenamine were invariably present with or without KOH.
However, N-phenylformamide and 2,4,6-Trimethylaniline were
generated only with KOH. These suggested that the amidation re-
action and the FriedeleCrafts reaction of aniline took place in the
presence of KOH. In addition, the promotion effect of KOH on the
Guerbet reactionwas proved by the formation of alcohols with 3 or
4 times more C atoms than that of original alcohol. Table 5 shows
the contents of the gaseous mixture after the decomposition of the
epoxy resin in supercritical 1-propanol with KOH. Due to the gas
formation, the reactor was pressurized even at room temperature.
GC analysis showed the gas to be appropriately 88% H2 and the
remainder to be CO2. Instead of black chars, a white solid was
formed. The white solid was apparently potassium carbonate
because of good solubility in water and the release of gas upon
acidification [24].

Therefore, the outstanding effect of KOH on the decomposition
of TGDDM/DDS resin could be explained by a promotion effect of
hydrogenation on thermolysis. Upon the addition of KOH, the
Guerbet reaction of 1-propanol was promoted to generate more
hydrogen. After the thermolysis of chemical bonds in the network
of the epoxy resin, the hydrogen scavenged the radicals and pre-
vented the condensation process from producing chars. The
hydrogen transfer from supercritical 1-propanol to the resin played
an important role in the decomposition reaction.

4. Conclusions

In summary, TGDDM/DDS epoxy resin was successfully
decomposed in supercritical 1-propanol. An initial decomposition
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temperature was about 320 �C for the epoxy resin. The thermolysis
of the epoxy resin generated some black solid residue and DDS as
well as its fragments including aniline and SO2. The solid residues
contained some graphite microcrystals and disordered structure.
The addition of KOH promoted the Guerbet reaction of 1-propanol
and more hydrogen was generated. As a result, aniline, N-pro-
pylbenzenamine, and their complex derivatives formed. The hy-
drogenation prevented the formation of the chars. The promotion
effect of hydrogenation on thermolysis resulted in the chemical
degradation of TGDDM/DDS in supercritical 1-propanol. The
application of supercritical 1-propanol in recycling other type of
thermosets will be investigated in future work.
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