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A B S T R A C T   

The use of sulfur-based plastics has led to the accumulation of end-of-life sulfur-based plastic waste that should 
ideally be recycled. In this study, several technologies were applied to investigate the thermal-oxidative 
degradation property of sulfur-based plastics (polyphenylene sulfide (PPS), polyether sulfone (PES), and poly-
sulfone (PSU)). Thermogravimetric analysis (TGA) revealed that these plastics undergo major decomposition at 
450–650 ◦C under N2, whereas two-stage weight loss at 450–690 ◦C was observed in air. X-ray photoelectron 
spectroscopy (XPS) and in-situ radical monitoring by heated electron spin resonance (heated-ESR) spectroscopy 
revealed that the samples had altered their chemical structures, and that radicals are involved in samples treated 
at low temperature (≤ 400 ◦C). The thermo-oxidative products were analyzed by customized pyrolysis-gas 
chromatography/mass spectrometry (Py-GC/MS). PPS pyrolysis mainly produced sulfur-containing aromatic 
compounds, with H2O, CO2, and SO2 released during two-stage degradation in air, which suggests that pyrolysis 
and oxidation occur simultaneously during the first stage. PES pyrolysis generated various oxygen-containing 
products, whereas the oxidation of PES resulted in a great number of furans and dioxins at the expense of 
phenolics. Extensive evolution of SO2 was initially observed, irrespective of the degradation atmosphere. PSU 
pyrolysis produced various aromatics, phenolics, and esters, with SO2 formed as the major sulfur-containing 
compound, which was released at a lower temperature (~50 ◦C) in air compared to N2, confirming that PSU 
is less thermally stable than PPS and PES in air, as observed by TGA. The thermo-oxidative degradation behavior 
of sulfur-based plastics was comprehensively characterized by combining conventional techniques (TGA and 
XPS) with advanced analytical technologies (heated-ESR and customized Py-GC/MS).   

1. Introduction 

Owing to their diverse functionalities and remarkable properties, 
synthetic polymers play important roles in all aspects of human life. 
Incorporating sulfur atoms into polymers is known to enhance their 
mechanical, optical, and thermal properties; such sulfur-based polymers 
are used in a wide range of applications, including ion-exchange mem-
branes and engineering plastics, as well as high-refractive-index and 
biological materials [1,2]. For example, polyphenylene sulfide (PPS), a 
semi-crystalline high-performance thermoplastic with repeating 

thiophenyl units, is outstandingly thermally stable, very tough, excep-
tionally flame and chemical resistant, and exhibits good electrical 
properties; consequently, it has been widely used in photovoltaic cells, 
gas sensors, and supercapacitors [3]. Polyether sulfone (PES) is an 
amorphous high-performance thermoplastic for use in medical, 
gas-separation, and proton-exchange-membrane applications, owing to 
its oxidative resistance and stability at high temperatures [4]. Poly-
sulfone (PSU), which is highly thermomechanically and electrochemi-
cally stable, and resistant to both hydrolysis and oxidation, is widely 
used as an electrolyte membrane in fuel cell applications [5]. 
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Unfortunately, the widespread use of such plastics has led to the 
accumulation of end-of-life sulfur-based waste plastics. Given that the 
vast majority of synthetic polymers are derived from finite petroleum 
resources, discarded plastics waste resources and present serious envi-
ronmental issues. Particularly, the improper burning of sulfur-based 
waste plastics releases toxic SOx gas and polyaromatic hydrocarbon 
fumes. With this in mind, sulfur-based polymer recycling is appealing 
because it reduces solid waste and helps to achieve carbon-neutral goals 
by converting plastics into renewable resources. 

Thermal treatment is a promising method for reducing the volume of 
waste plastics and recovering polymers as fuels or chemical feedstocks; 
consequently, it has been widely applied to various waste plastics [6–9]. 
Various techniques have been developed for evaluating the 
thermal-degradation behavior of plastics. Thermogravimetric analysis 
(TGA) combined with mass spectrometry has been used to kinetically 
model and investigate the degradation properties of sulfur-based plastics 
during pyrolysis [10–13], whereas in-situ monitoring of volatiles in an 
oxidative atmosphere has scarcely been investigated. Pyrolysis–gas 
chromatography/mass spectrometry (Py-GC/MS) is a hyphenated 
technique for characterizing polymer structures [14,15], polymer ad-
ditives [16,17], and degradation characteristics, and is based on the 
real-time analysis of vaporized products formed through polymer 
decomposition [18]. In particular, understanding the evolution behavior 
of volatiles and the effects of the decomposition conditions on product 
distribution is vital for waste plastic feedstock recycling [18,19]. Mon-
taudo et al. [20,21] investigated the primary degradation of PPS and PES 
and directly monitored heavy volatiles by pyrolysis-MS at high tem-
peratures. Almén and Ericsson [22] investigated the flash pyrolysis of 
PES and PSU by Py-GC augmented with various detectors and reported 
SO2-formation kinetics during isothermal pyrolysis. Ohtani et al. [23] 
developed a thermally assisted hydrolysis and methylation gas chro-
matography (THM-GC) technique for determining the bisphenol A and 
bisphenol S units in PSU, which quantified the cleavage of ether linkages 
into dimethyl ether and obtained a high accurate quantification level (<
1% relative standard deviation). However, the lower sensitivity of the 
electron-ionization-mass-selective detector [24] and the lifetime of the 
detector filament [25] in an oxidative environment limits the use of 
Py-GC/MS when analyzing the decomposition products from polymers 
in oxidative atmospheres. In our previous work, we developed a 
Py-GC/MS system augmented with a novel gas-flow pathway for the 
in-situ monitoring of volatiles in air [26], and demonstrated that the 
customized Py-GC/MS system overcomes these obstacles when the 
oxidative carrier gas with reactants is diluted with helium, with repro-
ducible results obtained under oxidative conditions. 

TGA coupled with differential scanning calorimetry/differential 
thermal analysis (DSC/DTA), Fourier-transform infrared (FT-IR) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS) are commonly 
used to characterize the thermal properties and functional groups of 
polymers. However, analyzing variations in the chemical structures of 
polymers under various conditions is difficult in real time. A previous 
study reported that heated electron spin resonance (heated-ESR) spec-
troscopy is capable of in-situ monitoring radical behavior at various 
temperatures in liquid/solid phases during the low-temperature pyrol-
ysis (ambient to 400 ◦C) of biomass and plastics [27]. To date, the 
thermo-oxidative degradation of sulfur-based plastics has not been 
thoroughly investigated over a broad temperature range. Hence, a 
comprehensive approach for elucidating the thermo-oxidative degra-
dation behavior of sulfur-based plastics is required to understand their 
thermal and oxidative resistance at low temperatures. Meanwhile, the 
product distributions and characteristics need to be investigated when 
considering chemical-feedstock recovery or the thermal treatment of 
these materials at high temperatures. 

Herein, we used conventional characterization techniques (TGA and 
XPS) in combination with new analytical technologies (heated-ESR and 
customized Py-GC/MS) to characterize the thermo-oxidative degrada-
tion behavior of sulfur-based engineering plastics over a broad 

temperature range (Fig. 1). Thermogravimetry augmented with a 
charge-coupled-device (CCD) camera was used to simultaneously 
investigate weight-loss behavior and observe changes in the samples. 
The treated samples were characterized by elemental analysis and XPS 
at low temperatures under N2 and in air. The in-situ radical behavior of 
each sample during thermo-oxidation was examined using heated-ESR 
spectroscopy, while the customized Py-GC/MS technique was used to 
online-analyze volatile products derived from the decomposition of the 
sample under N2 and in air. 

2. Materials and methods 

2.1. Materials 

Reagent-grade PPS was purchased from Sumitomo Chemical Co., 
Ltd., while reagent-grade PES and PSU were obtained from Acros Or-
ganics. Each material was ground into particles (<1 mm) using an A11 
basic analytical mill (IKA Japan K.K.), and stored in a glass desiccator. 
The pulverized samples were dried in an oven at 105 ◦C overnight prior 
to any experiment or for characterization purposes. The carbon, 
hydrogen, nitrogen, and sulfur contents were determined using Micro 
Corder JM10 and Yanako MT-6 elemental analysis systems (J-Science 
Lab), with elemental compositions of the samples summarized in  
Table 1. 

2.2. Thermogravimetric analysis (TGA) 

The weight-loss behavior and changes in the appearance of the 
samples were examined using an STA7200RV TG analyzer (Hitachi 
High-Tech Science Corporation) equipped with a CCD camera. Each 
sample (10 mg) was loaded into a Pt pan and heated from 50 to 900 ◦C at 
10 ◦C/min. Flowing high-purity N2 or air was used as the carrier gas at 
200 mL/min, and sample images were captured every 5 min 

2.3. Characterizing treated samples at low temperatures 

Samples treated under N2 or in air from 50 to 200 or 400 ◦C, 
respectively, at 10 ◦C/min were characterized by XPS (Axis Ultra, Shi-
madzu Corporation) using the MgKα line and calibrated against the C 1 s 
binding energy of 284.6 eV. The elemental compositions of the treated 
samples were determined and are summarized in Table 1. 

2.4. Monitoring thermo-oxidative degradation by ESR spectroscopy 

Radical behavior during thermo-oxidative degradation in the 
50–400 ◦C temperature region was probed by in-situ heated-ESR 

Fig. 1. Suggested workflow for comprehensively characterizing the thermo- 
oxidative degradation behavior of polymers. 
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spectroscopy (Fig. 2(a)) (JES-X320/ES-13070VT400; JEOL RESO-
NANCE Inc.). Briefly, each sample (0.05 g) was placed in a quartz tube 
with an inner diameter of 4.0 mm. Argon or air was encapsulated in the 
sample tube, after which it was inserted into the ESR spectrometer and 
heated to the desired temperature using flowing heated air. The 
following experimental conditions were used: microwave frequency, 
9052 MHz; microwave power, 1 mW; magnetic field, 322.6 ± 5 mT; 
modulation width: 0.2 mT; sweep time, 1 min; and time constant, 0.03 s. 
MnO was used as the internal standard. Details have been reported 
previously [27]. 

The spin concentration of each sample (NSample, spins-T [spins g–1]) at 
each temperature was determined as follows: Coal with a known spin 
concentration (Ncoal, spins [spin]) and MnO (marker) were analyzed at 
293 K to determine the double-integrated areas of their respective peaks 
(Acoal-293 K and Amarker-293 K) as references. Each sample was subse-
quently analyzed in the presence of the same amount of MnO at various 
temperatures, and the double-integrated areas of the sample (Asample-T) 
and MnO (Amarker-T) peaks were calculated. Signal intensity was stan-
dardized by multiplying it by 293/T. Consequently, the spin concen-
tration was calculated using Eq. (1), and the carbon radical in the coal 
was used as a reference for determining the g-value. 

NSample,spins− T =

[

Ncoal,spins

×

(
Asample-T

Amarker-T

)/

(
Acoal-T

Amarker-T
)

/
(
293

/
Tsample

)
]/

WSample (1)  

2.5. Pyrolysis–gas chromatography/mass spectrometry (Py-GC/MS) and 
evolved gas analysis mass spectrometry (EGA-MS) 

2.5.1. Py-GC/MS 
A microfurnace pyrolyzer (EGA/Py-3030D, Frontier Laboratories 

Ltd.) was installed on an Agilent 6890 N/5975 GC/MS system, and an 
additional He gas port was introduced at the junction between the py-
rolyzer and GC interfaces (Fig. 2(b)), as described previously [26], 
which enabled additional He gas to flow and mix with the evolved gases 
from the pyrolyzer to reduce the concentration of nitrogen and oxygen 
in the carrier gas. He or air was introduced into the pyrolyzer at 
10 mL/min as the carrier gas for the thermo-oxidative degradation of 
the sample. He was introduced at 94 mL/min into the gases flowing at 
the bottom of the pyrolyzer through an additional gas port. The split 
ratio was set to 100:1. Therefore, mixed flow was divided into 90, 3, and 
1 mL/min for the split, septum purge, and column, respectively (Fig. 2 
(b)). An Ultra ALLOY® Capillary Column UA+-5 (30 m × 0.25 mm ×
0.25 µm; 95% polydimethylsiloxane and 5% 

Table 1 
Chemical structures and elemental compositions of PPS, PES, and PSU.  

Sample  Elemental composition [wt%]  

C H N S Othera 

PPS  Untreated  65.7  3.8 –b  28.1  2.4 
200 ◦C-N2  66.0  3.8 –  28.1  2.2 
400 ◦C-N2  66.6  3.7 –  28.5  1.3 
200 ◦C-Air  66.0  3.7 –  27.7  2.6 
400 ◦C-Air  66.3  3.7 –  28.5  1.5 

PES  Untreated  61.3  3.6 –  13.6  21.5 
200 ◦C-N2  61.5  3.6 –  13.6  21.4 
400 ◦C-N2  61.9  3.6 –  13.4  21.2 
200 ◦C-Air  61.4  3.6 –  13.8  21.1 
400 ◦C-Air  60.4  3.5 –  13.1  23.0 

PSU  Untreated  72.9  5.0 –  7.3  14.8 
200 ◦C-N2  73.1  5.1 –  7.2  14.7 
400 ◦C-N2  73.0  5.0 –  7.2  14.8 
200 ◦C-Air  71.9  5.0 –  6.9  16.3 
400 ◦C-Air  71.2  4.8 –  6.9  17.1  

a By difference; 
b Not detected 

Fig. 2. (a) Side views of the heated-ESR spectrometer and (b) customized Py-GC/MS system.  
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polydiphenyldimethylsiloxane stationary phase, Frontier Laboratories 
Ltd.) was used. The pyrolyzer interface and GC inlet temperatures were 
set to 300 ◦C. Each sample (1 mg) was heated in the Py-furnace from 50 
to 900◦C at 10 ◦C/min under flowing He or air. Volatile products were 
trapped by a cryotrap (− 196 ◦C) until the reaction was complete, after 
which the cryotrap was removed and the GC oven was programmed to 
heat as follows: 50 ◦C (5 min) → 5 ◦C min–1 → 320 ◦C (10 min). MSD 
conditions: MS source, 230 ◦C; MS quadrupole, 150 ◦C; acquisition 
mode, scan; scanning range, m/z = 10–550. Volatile products were 
identified using the NIST17 library. 

2.5.2. EGA-MS 
EGA-MS was conducted in a manner similar to that described above. 

Specifically, a UADTM Ultra ALLOY® deactivated metal capillary tube 
(Frontier Laboratories Ltd.) was used, and the GC oven temperature was 
maintained at 300 ◦C. Volatile products were introduced directly into 
the mass spectrometer without a cryotrap. 

3. Results and discussion 

3.1. TGA and appearance 

TGA/DTG profiles of PPS, PES, and PSU under N2 and in air are 

Fig. 3. TGA/DTG curves and sample images obtained under N2 and in air: (a) PPS, (b) PES, and (c) PSU.  
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presented in Fig. 3 and summarized in Table 2. All polymers displayed 
major decompositions in the 450–650 ◦C temperature region. PPS, PES, 
and PSU initially decomposed (5 wt% weight-loss temperature, T0.05) at 
465, 501, and 503 ◦C under N2, respectively, with residues remaining at 
900 ◦C accounting for 43.0, 36.1, and 32.2 wt%, respectively. PSU 
exhibited a relatively narrow decomposition region and the highest 
maximum weight-loss rate of 19.5 %/min, whereas the lowest rate of 
7.1 %/min was observed for PPS over a broader region. PPS, PES, and 
PSU have been reported to exhibit similar decomposition behavior 
under N2 [28–30]. The PES and PSU samples were observed to have 
melted at 250 ◦C, while PPS melted at 300 ◦C under N2, in agreement 
with the DTA data (Fig. S1) that reveal that PPS melts at 281 ◦C, while 
PES and PSU exhibit glass-transition temperatures of 226 and 187 ◦C, 
respectively. 

Two weight loss stages were observed in each DTG curve in air, with 
PPS, PES, and PSU exhibiting T0.05 values of 487, 513, and 495 ◦C, 
respectively, which are higher than those obtained under N2. PPS 
exhibited two-stage weight loss that overlaps with its initial decompo-
sition stage under N2, with a smaller maximum weight-loss rate of 4.9%/ 
min observed during the first stage, which means that PPS is oxidized 
during first-stage pyrolysis in air. On the other hand, PES and PSU 
exhibited first weight-loss stages in air that almost completely overlap 
their entire decomposition stages under N2, which indicates that the 
second weight-loss stages associated with PES and PSU are mainly 
attributable to the oxidation of decomposed residues derived from the 
first stage. Meanwhile, the DTA curves (Fig. S1) show that the initial 
exothermic reactions of PPS and PES occur at ~500 ◦C, whereas that of 
PSU occurs at ~450 ◦C, suggesting that PSU oxidizes ahead of PPS and 
PES. The images of both PPS and PES in air 400 ◦C appear to resemble 
those obtained under N2. Melted PSU was yellow at 400 ◦C in air, 
compared to its colorless appearance under N2. Bubbles formed in all 
samples above 500 ◦C, but no visible char was observed at 900 ◦C. 

3.2. Characterizing treated samples 

We characterized samples treated at 200 and 400 ◦C under N2 and in 
air, with elemental compositions and XPS spectra presented in Table 1 
and Fig. 4, respectively. The C 1s and S 2p XPS spectra of the original 
PPS present peaks for C-C/C-H, C-S-C, and C-S-S-C moieties that are 
typical of the thiophenyl units of PPS. Slightly different C species were 
observed after heat treatment under N2; the C-S-C peak was relative 
more intense at 200 ◦C but significantly less so at 400 ◦C. On the other 
hand, the C-S-S-C peak exhibited the opposite trend. Although negligible 
weight losses were observed by TGA at 200 or 400 ◦C under N2 or in air 
(Fig. 3), thermal treatment clearly affected the structural properties of 
each sample. In particular, the C-S-S-C peak was much more intense 
following treatment in air, while peaks corresponding to new C and S 
species (C-O and S––O) were observed at 400 ◦C, which indicates that 
PPS is oxidized at 400 ◦C. Table 1 reveals that other elements are slightly 
more abundant in the PPS sample treated in air (1.5 wt%) than under N2 
(1.3 wt%). 

In-situ radical monitoring by heated-ESR spectroscopy revealed that 
the spin concentration in PPS (Fig. 5(a)) was significantly higher above 

200 ◦C (1.8 ×1015 spin/g-sample at 150 ◦C vs. 4.4 ×1016 spin/g-sample 
at 400 ◦C under N2), which indicates that thermal treatment at higher 
temperatures (over 200 ◦C) leads to the formation of pyrolytic radicals 
in the PPS sample. A higher spin concentration (5.5 ×1016 spin/g- 
sample) was observed at 400 ◦C in air, suggesting that the introduc-
tion of O2 favors the formation of radicals. The g-value of ~2.005 (Fig. 5 
(b)) at 200 ◦C corresponds to sulfur-containing radical species [31], and 
the lower g-value observed above 200 ◦C suggests the presence of 
sulfur-containing radical species and carbon-centered radical species 
derived from the decomposition of PPS. The g-value of the PPS treated in 
air is slightly higher than that of the sample treated under N2, which 
indicates that oxygen-containing radical species are involved. It should 
be noted that several radical species are formed during the decomposi-
tion of PPS; therefore, the obtained g-values are apparent values of 
radical mixtures. 

The S 2p spectrum of the original PES (Fig. 4(b2)) mainly contains 
peaks corresponding to S––O and O––S––O units. The intensity of the 
O––S––O peak was observed to decrease with increasing temperature, 
while the C-S and C-O peaks became less intense when treated under N2 
(Fig. 4(b1)). In contrast, the O––S––O peak was more intense when 
treated at 200 ◦C in air, which indicates that the relative concentration 
of the O––S––O functional group on the treated PES surface had 
increased. On the other hand, the S-species peak was observed to be 
relatively less intense after treatment at 400 ◦C. With the exception of 
the sample treated at 400 ◦C in air, this tendency is consistent with the 
elemental analysis data (Table 1). The other-element content (mainly 
oxygen) increased from 21.5 wt% (without treatment) to 23.0 wt% 
when treated at 400 ◦C in air, consistent with PES oxidation. In-situ 
radical monitoring detected radicals above 350 ◦C, and higher spin 
concentrations were observed in air than under N2. Meanwhile, the spin 
concentration at 400 ◦C was found to be much lower than that of the PPS 
treated under the same conditions. The comparatively higher g-value 
observed for PES compared to PPS above 350 ◦C is likely to be due to the 
greater involvement of oxygen-containing radical species on PES. 

The XPS spectra of PSU show peaks that correspond to similar C and 
S species to those observed for PES, with fewer C-S and O––S––O bonds 
only obvious at 400 ◦C (Fig. 4(c1) and (c2)). The elemental analysis data 
reveal that the other-element content increases with increasing tem-
perature in air (from 14.8 to 17.1 wt%), which is the largest increase 
observed among the three polymers and is in agreement with the TGA 
results that reveal that PSU is oxidized ahead of PPS and PES with 
increasing temperature. Radicals were detected above 250 ◦C, with spin 
concentrations and g-values comparable to those determined for PES 
above 350 ◦C. 

3.3. Py-GC/MS and EGA-MS 

Volatiles produced from each sample under He or in air during 
programmed heating (from 50 to 900◦C at 10 ◦C/min) were monitored 
by customized Py-GC/MS, with total-ion chromatograms and identified 
compounds shown in Fig. 6; the major fragment ions of the identified 
compounds are summarized in Tables S1–S3. The total EGA and selected 
molecular-ion curves (Tables S1–S3) are shown in Fig. 7. When pyro-
lyzed, PPS mainly produced sulfur-containing aromatic compounds, 
including thiophenol (8), 1,4-benzenedithiol (12), diphenyl sulfide (15), 
dibenzothiophene (16), diphenyl disulfide (18), thianthrene (19), and 
1,4-bis(phenylthiol)benzene (22) (Fig. 6(a)). These compounds, which 
were produced at ~550 ◦C (Fig. 7(a1)), are possibly derived by the 
cleavage of the PPS main chain and the subsequent recombination of -S 
radical species [10]. New oxygen-containing compounds and thio-
phenes (25–32) were formed in air, and very intense CO2 (24) and SO2 
(3) signals were observed (Fig. 6(a)). EGA-MS revealed that H2O, CO2, 
and SO2 were formed in two temperature regions above 450 ◦C (Fig. 7 
(a2)). The first main gas peak was observed at around 450–550 ◦C, along 
with the formation of major sulfur-containing aromatic compounds, 
which suggests that pyrolysis and oxidation progress simultaneously in 

Table 2 
Weight loss characteristics of PPS, PES, and PSU under N2 and in air.  

Sample Temperature (◦C) dm/dt 
(%/min) 

Residual mass 
(wt%) 

T0.05 T0.95 Tmax1 Tmax2 Tmax1 Tmax2 Tmax1 Tmax2 

PPS-N2  465  873  548    7.1    63.2   
PPS-Air  487  652  524  605  4.9  9.4  81.6  36.2 
PES-N2  501  685  563    9.2    64.1   
PES-Air  513  674  577  650  11.7  7.5  68.3  40.7 
PSU-N2  503  604  531    19.5    62.5   
PSU-Air  495  657  539  645  17.2  6.7  50.5  9.6  

S. Kumagai et al.                                                                                                                                                                                                                                



Journal of Analytical and Applied Pyrolysis 168 (2022) 105754

6

this temperature range. The second peak at 550–650 ◦C (Fig. 7(a2)) is 
attributable to the oxidation of residues formed in the first stage. 

A plethora of oxygen-containing products were formed during the 
pyrolysis of PES, including phenol (7), diphenyl ether (10), 

dibenzofuran (13), 4-phenoxy-1,1′-biphenyl (31) (Fig. 6(b)). Only small 
amounts of thiophenol (6), diphenyl sulfide (16), dibenzothiophene 
(22), and diphenyl sulfone (25) were observed, whereas the peak cor-
responding to SO2 was highly intense. Aromatic compounds, such as 

Fig. 4. XPS profiles of samples treated under different conditions: (a) PPS, (b) PES, and (c) PSU.  
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benzene, toluene, naphthalene, and biphenyl, were formed by the py-
rolysis of PES. Compared to the active -S radicals produced during the 
pyrolysis of PPS, the O––S––O functional groups in PES are more stable 
(as confirmed by XPS), and main-chain cleavage mainly occurred at the 
C-S and C-O bonds, resulting in various oxygen-containing products and 
high SO2 and H2O contents. As indicated, extensive loss of SO2 may 
initially occur to form diphenyl ether units during the degradation of 
PES, with the latter undergoing thermal cleavage and rearrangement to 
form various oxygen-containing products [21]. However, with the 
exception of gaseous SO2, H2O, and CO2, many furans and dioxins were 
produced during the oxidation of PES in air, including dibenzofuran 
(13), benzofuran (42), and dibenzo-p-dioxin (43). The specific molec-
ular ions produced during the degradation of PES under N2 and in air are 
shown in Fig. 7(b). Highly intense peaks corresponding to H2O and CO2 
were observed in air at 550–650 ◦C. Meanwhile, the release of SO2 is 
delayed compared to that observed under N2, in agreement with the 
TGA results, in which PES was found to degrade at slightly higher 
temperature in air. p-Benzoquinone (m/z = 108), benzofuran 
(m/z = 118), and dibenzofuran (m/z = 168) (Table S2) are mainly 
formed from oxygen-containing compounds, such as phenolics, that act 
as precursors for hydrogen abstraction by phenoxyl radicals. Corre-
spondingly, the peak ascribable to phenol (m/z = 94) was significantly 
less intense in air. 

The pyrolysis of PSU produced various aromatics (benzene (5), 
toluene (6), and xylenes (9)), phenolics (phenol (13), cresols (14, 15), 
and p-isopropylyphenol (19)), and ethers (diphenyl ether (21), 4-meth-
yldiphenyl ether (24), 4-ethyldiphenyl ether (26), and 4-isopropenyldi-
phenyl ether (31)), with SO2 (3) produced as the main sulfur-containing 
compound along with a small amount of thiophenol (11). Apart from 
aromatic, phenolic and ester compounds, new oxygen-containing com-
pounds, such as maleic anhydride (36), p-benzoquinone (37), benzal-
dehyde (38), dibenzo-p-dioxin (43), and xanthone (50) were produced 
from PSU in air, which is similar to that observed during the oxidation of 
PPS and PES, where oxidation and hydrogen abstraction by phenoxyl 
radicals are promoted in air. As indicated previously [32], the methyl 
group in p-cresol can be displaced by an OH radical to yield hydroqui-
none, after which dissociation of the phenolic OH bond or hydrogen 
abstraction by OH radicals leads to the formation of p-benzoquinone. 
Fig. 6(c) reveals significantly less relatively intense phenol (13) and 
cresol (15) peaks. EGA revealed that PSU also released vapored products 
in a two-stage process in air (Fig. 7(c)). The first peak corresponds 
mainly to the formation of various aromatic, phenolic, and ester com-
pounds, whereas the second peak is mainly attributable to the release of 
CO2 and H2O. Notably, the release of SO2 is significantly advanced (to 
~450 ◦C) in air (Fig. 7(c)) compared to the initial release observed at 
~500 ◦C under N2. This observation further confirmed that PSU is less 

thermally stable than PPS and PES in air. 
The combination of customized Py-GC/MS and EGA-MS enabled the 

thermo-oxidative degradation of sulfur-based plastics to be investigated 
in-depth and effectively compensated for the deficiencies associated 
with conventional TGA. Overall, our novel combined approach that 
employs conventional characterization techniques (TGA and XPS) and 
the new analytical technologies (heated-ESR and customized Py-GC/ 
MS) enabled the thermo-oxidative degradation behavior of sulfur- 
based plastics to be comprehensively characterized. 

4. Conclusions 

In this study, we extensively investigated the thermo-oxidative 
degradation of sulfur-based plastics (PPS, PES, and PSU) using con-
ventional characterization techniques (TGA and XPS) and new analyt-
ical technologies (heated-ESR and customized Py-GC/MS). TGA 
revealed that the sulfur-based plastics undergo major decompositions in 
the 450–650 ◦C temperature region under N2, while two weight-loss 
stages were observed in air. In particular, PSU exhibited advanced 
oxidation during the first weight-loss stage compared to PPS and PES. 
Although no sample weight losses were observed by TGA at tempera-
tures below 400 ◦C, XPS and in-situ radical monitoring by heated-ESR 
spectroscopy showed that the chemical structures of the samples 
changed during low-temperature treatment. Excited radicals were 
detected above 250 ◦C, and sulfur- and oxygen-containing radical spe-
cies were involved at higher temperatures, especially in the case of PPS. 

The Py-GC/MS and EGA results showed that PPS pyrolysis mainly 
produced sulfur-containing aromatic compounds owing to cleavage of 
the PPS main chain and subsequent recombination of -S radical species. 
The degradation of PPS in air involved two stages: the release of main 
gases (H2O, CO2 and SO2) at around 450–550 ◦C, along with the for-
mation of major sulfur-containing aromatic compounds during the first 
stage, with the oxidation of residues resulting in major gas release 
observed during the second stage at 550–650 ◦C. These results suggest 
that pyrolysis and oxidation occur simultaneously during the first stage. 
PES pyrolysis generated numerous oxygen-containing products along 
with SO2 as the major sulfur-containing compound. The initial extensive 
loss of SO2 was ascribable to the degradation of PES, irrespective of the 
degradation atmosphere. With the exception of the major SO2, H2O, and 
CO2 gases, the oxidation of PES resulted in the formation of many furans 
and dioxins at the expense of phenolic compounds. PSU pyrolysis pro-
duced various aromatics, phenolics, and esters, with SO2 as the major 
sulfur-containing compound, and new oxygen-containing compounds 
were formed in air. As was observed for the oxidation of PPS and PES, 
the phenoxyl radicals produced from the samples underwent oxidation 
and hydrogen-abstraction reactions in air, resulting in the formation of 

Fig. 5. (a) Spin concentrations and (b) g-values obtained by in-situ heated-ESR spectroscopy.  
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various toxic oxygen-containing compounds. EGA-MS confirmed that 
PSU is less thermally stable than PPS and PES in air, as evidenced by the 
advanced release of SO2 in air (i.e., at a temperature ~50 ◦C lower than 
that observed under N2). 

The novel combined approach that uses conventional characteriza-
tion techniques (TGA and XPS) and new analytical technologies (heated- 
ESR and customized Py-GC/MS) enabled the thermo-oxidative degra-
dation behavior of sulfur-based plastics to be comprehensively 

characterized. Meanwhile, this approach is potentially applicable to a 
variety of polymers and provides theoretical guidance for the thermal 
recycling of waste plastics, especially high-performance engineering 
plastics. 
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