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Pyrolysis Characteristics and Prediction Models of Various

Thermosetting Composite Wastes

NING Jing, ZHU Nanwen, HU Jinwen"

(School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)
Abstract: With the continuous development of industries such as integrated circuits, wind power, and
nuclear energy, the accumulation of spent thermosetting resin-based composites has emerged as an
increasingly pressing environmental issue. Pyrolysis represents a promising technology for the resource
recovery and value-added utilization of these wastes. To elucidate the pyrolysis characteristics of such
wastes, spent ion-exchange resins based on a styrene-divinylbenzene backbone functionalized with
sodium sulfonate groups were selected in order to systematically investigate their thermal
decomposition behavior. In addition, artificial intelligence models were developed to predict key
pyrolysis parameters across different types of thermosetting resin-based composite wastes. The mass-
loss behavior and heat flow evolution during pyrolysis were analyzed using thermogravimetry-
differential scanning calorimetry (TG-DSC). The composition and distribution of gaseous and liquid
products were further characterized by thermogravimetry-mass spectrometry (TG-MS) and pyrolysis-
gas chromatography/mass spectrometry (Py-GC/MS). The results indicate that the cleavage of the
styrene-divinylbenzene crosslinked backbone occurred predominantly within 415-505 °C. During this
stage, the major pyrolysis products were styrene, ethylbenzene, and toluene—high-value chemicals that

accounted for approximately 77% of the detected products at 455 °C. At temperatures above 581 C,
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CH,, H,, and CO, became the dominant gaseous products, forming combustible gases with potential for
energy recovery, while a char yield of approximately 45% was observed. An increase in heating rate led
to a higher temperature corresponding to the maximum mass-loss rate, a broader temperature range for
backbone cleavage, and a higher overall mass-loss rate. These changes collectively influenced the
temperature window and yield of volatile products as well as the amount of residual char. Therefore, the
heating rate is a key process parameter for the efficient recovery of gas, liquid, and char products from
spent ion-exchange resins. Furthermore, regression models and artificial neural network (ANN) models
were developed by integrating experimental results from this study with literature data on various
thermosetting resin-based wastes. Based on feature importance analysis using the F-test, these models
were trained using the industrial and elemental composition of spent resins to predict their pyrolysis
parameters, including onset temperature, temperature of maximum mass-loss rate, termination
temperature, and overall weight loss. Among all modeling approaches, the ANN trained using the
Levenberg-Marquardt algorithm exhibited the best predictive performance, achieving a coefficient of
determination (Rz) of 0.992 7 and a mean squared error of 0.000 7. In future research, emphasis should
be placed on improving the purity of gaseous and liquid products, enhancing the performance of char
materials, expanding the experimental database, and employing more advanced machine learning
techniques. These efforts will further improve the generalization and predictive accuracy of models,
thereby providing more reliable guidance for optimizing pyrolysis processes toward the efficient
synergistic recovery of gas-liquid-char products from thermosetting resin-based composite wastes.
Keywords: Spent thermosetting resin; Pyrolysis characteristics; High-value recovery; Artificial
neural network (ANN); Prediction models
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Table 1 Basic properties of spent ion-exchange resins

TAbsr
M,o/% 7.30+0.15
Ay % 33.54£0.99
Vil % 44.99 £0.18
FC,y/% 1417+ 1.14
HHLITTE T

W(Co)/% 4438 +0.18
W(H,q)/% 433 +0.04

W(N,o)/% 0
W(S.0)/% 13.42+0.13
W(0,0)/% 32.09 +0.25
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Fig.1 TG, DTG, and DSC curves of spent ion-exchange

resins at different heating rates
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Table 2 Pyrolysis characteristic parameters of spent ion-exchange resins at different heating rates (10, 15, and 20 °C/min)
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Fig. 2 Ion current intensities of pyrolysis products of spent ion-exchange resins versus temperature based on TG-MS
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Table 3 Descriptive statistical analysis of the dataset

S8 F¥E brifE 2 f/MAE Q Q, Q, IPNE]
FHELE/(°C-min ) 15.83 9.67 5.00 10.00 12.50 20.00 40.00
PRI/ C 833.33 111.40 600.00 800.00 800.00 900.00 1 000.00
Al% 46.59 2227 0.07 40.66 4828 60.46 77.19
FCl% 7.63 10.27 0.08 1.99 6.15 8.50 43.08
M/% 1.97 3.26 0 0.23 0.76 1.85 14.05
LIPS €/ V1% 44.64 16.22 21.56 32.29 41.87 55.10 96.67
w(C)/% 32.84 13.92 13.87 25.49 26.73 42.08 69.47
w(H)/% 3.47 1.68 1.19 236 2.60 4.41 8.43
w(0)/% 15.38 12.01 1.96 7.54 11.31 2255 65.49
w(N)/% 2.55 6.55 0.02 0.66 0.88 1.59 32.09
w(S)/% 1.74 4.83 0 0.05 0.19 0.37 17.51
BRI/ C 254.40 70.24 98.40 207.40 253.00 300.00 418.65
il R SR H AR L/ C 363.40 51.66 297.10 319.30 344.00 400.00 469.00
i
" Z kR 476.86 100.53 304.00 383.00 477.29 530.00 702.06
R/ % 31.46 15.74 9.71 22.15 25.76 39.68 91.65
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