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SUPPLEMENTARY DATA

Appendix A
The species of volatiles released from bitumen and bituminous mixtures obtained from FTIR test see Table A1.





Table A1 FTIR peak wavenumbers and corresponding gas species.
	FTIR peak wavenumbers (cm-1)
	Corresponding gas
	Causes
	Reference

	600−400
	H2O
	The decomposition reaction of Ca(OH)2 in hydrated lime modified binder
	(Zhu et al., 2018)

	615−737
	CO2
	The deformation vibration or the antisymmetric stretching of CO2
	(Shi et al., 2017a; Shi et al., 2017b; Xia et al., 2020, 2021a; Xu et al., 2018)

	770−630
	Aromatic compounds
	The separation of aromatic compounds
	(Zhu et al., 2018)

	790−630
	CO2
	The fracture and reforming of carboxyl (−COOH) and carbonyl groups (C=O)
	(Zhu et al., 2018)

	667
	CO2
	The asymmetrical stretching of CO2
	(Xu et al., 2013)

	669
	CO2
	The bending vibration absorption peak
	(Hao et al., 2017; Li et al., 2018; Xu and Huang, 2010a, b; Xu et al., 2014)

	730, 690
	Monosubstituted aromatic hydrocarbons
	
	(Hao et al., 2017)

	700−900
	
	The styrene part of the styrene–butadiene–styrene (SBS)
	(Xu and Huang, 2010a)

	900−700
	
	The out−of−phase bending vibration of the aromatic C−H
	(Hao et al., 2017)

	747
	CO2
	The breakage of both −OH bonds and side chains of aliphatic hydrocarbons
	(Yang et al., 2020)

	910, 911
	Unsaturated alkenes or aliphatic olefins (R−CH=CH2)
	
	(Hao et al., 2017; Xu et al., 2013)

	921
	
	The out−of−plane bending vibration of O−H
	(Xu et al., 2018)

	950
	Olefin, ethylene or alkenes and aromatic hydrocarbons
	C−H out−of−plane deformation vibration
	(Hao et al., 2017; Shi et al., 2017b; Xu et al., 2018)

	950−1150
	Aliphatic hydrocarbons
	
	(Qian et al., 2015)

	960−1085
	Methanol 
	The reforming of free hydroxyl groups and C−O groups
	(Pei et al., 2014; Xu and Huang, 2010a)

	990
	Unsaturated alkenes or R−CH=CH2
	
	(Hao et al., 2017; Xu et al., 2013)

	1032
	Sulfoxides
	The stretching of the sulfur=oxygen (S=O) bond
	(Hao et al., 2017)

	1061
	Ether
	The C−O−C stretching vibration of ether
	(Shi et al., 2017b)

	1074−1209
	Alcohols
	The stretching vibration of C−O
	(Hao et al., 2017)

	1107
	Alcohols
	
	(Shi et al., 2017b)

	1167
	Phenols
	
	(Shi et al., 2017a; Shi et al., 2017b)

	1173
	Formic acid
	The fragmentations of hydroxyl methylene groups
	(Xu et al., 2014)

	2100−1200
	H2O
	The decomposition reaction of Ca(OH)2 in hydrated lime modified binder
	(Zhu et al., 2018)

	1210
	Alcohols 
	The C−O stretching vibration peak
	(Shi et al., 2017b)

	1250−1500
	Aliphatic hydrocarbons
	
	(Qian et al., 2015)

	1251
	Ethers
	C−O stretching vibration
	(Yang et al., 2020)

	1267
	Hydrogen sulfide
	Thermal decomposition of thioethers
	(Hao et al., 2017)

	1270
	
	The C−O stretching vibration of ester
	(Shi et al., 2017b)

	1287
	Phenols and carboxylic acids or NO2
	
	(Shi et al., 2017a; Shi et al., 2017b)

	1290−1410
	SO2
	stretching vibration of S=O
	(Xia et al., 2020)

	1300−1400
	SO2
	the combustion of sulfur components in asphalt, the stretching vibration of S=O
	(Zhu et al., 2018)

	1300−1400
	Alcohols and phenols
	the vibration of O−H bond of alcohols and phenolic
	(Pei et al., 2014; Xu and Huang, 2010a; Xu et al., 2014)

	1450−1300
	Methyl (−CH3) and methylene (−CH2−)
	
	(Xu et al., 2018)

	1500−1300
	−CH3 and −CH2− or Hydrocarbons
	
	(Shi et al., 2017b; Yang et al., 2020)

	1500−1300
	Alkanes 
	The symmetric and anti−symmetric stretching vibration of −CH2−
	(Shi et al., 2017a)

	1300−1500
	Phenols, alcohols, etc.
	The stretching and bending modes of saturated aliphatic hydrocarbons
	(Pei et al., 2014; Xia et al., 2021a; Xu and Huang, 2010a)

	1303
	Methane (CH4)
	
	(Hao et al., 2017)

	1339
	SO2
	The stretching vibration of S=O
	(Xia et al., 2021a)

	1360
	H2O
	
	(Shi et al., 2017b)

	1475−1360
	Hydrocarbons
	
	(Shi et al., 2017a)

	1548−1370
	Hydrocarbons
	
	(Xu et al., 2014)

	1374
	SO2
	The stretching vibration of S=O bond
	(Pei et al., 2014; Xu and Huang, 2010a, b; Xu et al., 2013)

	1375
	NO2
	
	(Xu et al., 2014)

	1376
	SO2
	S=O bond stretching vibration
	(Hao et al., 2017; Yang et al., 2020)

	1376, 1457
	Aliphatic hydrocarbons
	
	(Hao et al., 2017)

	1377
	
	The bending vibration of −CH2− and −CH3
	(Hao et al., 2017)

	1388
	NO2
	
	(Xu et al., 2014)

	1450
	SO2
	
	(Shi et al., 2017b; Xu et al., 2018)

	1458
	Aromatic compounds
	The bending vibration of −CH2− and −CH3
	(Hao et al., 2017; Xu et al., 2014)

	1460
	
	The asymmetric deformation vibration of the C−H bond in −CH3
	(Pei et al., 2014; Xu et al., 2014)

	1462
	Hydrocarbon chain fragments
	
	(Xu et al., 2013)

	1465
	C−CH3 bands
	The small aromatic ring clusters with alkyl tails in aromatic substitution
	(Xu and Huang, 2010a)

	1475
	SO2
	The absorption peak of stretching vibration of S=O
	(Shi et al., 2017b)

	1600−1500
	Benzene rings or NO2
	The stretching vibrations of aromatic ring skeletons
	(Shi et al., 2017b; Xu et al., 2018)

	1507
	Hydrocarbon fragments
	
	(Xia et al., 2021a)

	1508
	Aromatic compounds
	The important source of smoke toxicity
	(Xu and Huang, 2010a, b; Xu et al., 2013)

	1511
	NO2
	
	(Xu et al., 2014)

	1795−1524
	Aromatic C=C
	
	(Hao et al., 2017)

	1541
	SO2
	The S=O bond stretching vibration
	(Xu et al., 2014)

	1545
	SO2
	The S=O bond stretching vibration
	(Shi et al., 2017a; Shi et al., 2017b)

	1550
	Aromatic hydrocarbons
	The stretching vibration of aromatic ring
	(Shi et al., 2017b)

	1630−1550
	NO2
	The combustion reaction temperature is relatively low
	(Zhu et al., 2018)

	1600
	Olefin or aromatic compounds
	The stretching of aromatic C−C bond and the substitution for the aromatic rings
	(Shi et al., 2017b; Xu and Huang, 2010a; Xu et al., 2014)

	1601
	
	The stretching vibration of the aromatic C=C
	(Hao et al., 2017)

	1604, 1606
	Aromatic ring skeleton
	The stretching vibration of the C=C bond 
	(Hao et al., 2017)

	1620
	
	The stretching vibration of the aromatic C=C
	(Hao et al., 2017)

	1642
	Unsaturated alkenes
	
	(Xu et al., 2014; Xu et al., 2013)

	1647
	R−CH=CH2
	
	(Hao et al., 2017)

	1800−1650
	−
	The stretching vibrations of C=O bonds
	(Shi et al., 2017b)

	1680−1720
	Oxygen−type compounds
	
	(Xu and Huang, 2010a)

	1700−1850
	CO2
	
	(Qian et al., 2015)

	1708
	
	The stretching vibration of the C=O groups
	(Hao et al., 2017)

	1716
	
	The transmittance of stretching vibration of C−O in hydroxy methylene groups
	(Xu and Huang, 2010a, b)

	1720
	Acetaldehyde, and other aldehydes
	The vibration of C=O
	(Zhu et al., 2018)

	1740−1720
	Oxygen−containing compounds
	The stretching vibration of C=O
	(Xu et al., 2018)

	1729
	Hydroxyl methylene groups
	The stretching vibration peak of C=O
	(Shi et al., 2017a; Shi et al., 2017b)

	1735
	−
	The stretching vibrations of C=O bonds
	(Xu et al., 2018)

	1737
	Aldehyde compounds
	
	(Li et al., 2018)

	1745
	Formic acid
	The fragmentations of hydroxyl methylene groups
	(Xu and Huang, 2010a; Xu et al., 2014)

	1950−1750
	NO
	The combustion reaction temperature is relatively low
	(Zhu et al., 2018)

	1751
	Carboxyl (esters)
	C=O bond stretching vibration
	(Yang et al., 2020)

	1950−1800
	NO
	
	(Shi et al., 2017b)

	2108
	CO
	The bond breakage of C=O and C−O−C
	(Shi et al., 2017b)

	2109
	CO
	
	(Li et al., 2018)

	2164
	CO
	The break of C−O−C and C=O
	(Xu and Huang, 2010b; Xu et al., 2013)

	2170
	CO
	
	(Xu et al., 2014)

	2172, 2117
	CO
	
	(Hao et al., 2017)

	2181
	CO
	The bond breakage between C=O and C−O−C
	(Shi et al., 2017a; Shi et al., 2017b)

	2200−2050
	CO
	
	(Zhu et al., 2018)

	2060−2240
	CO
	The bond breakage of C=O and C–O–C
	(Pei et al., 2014; Xia et al., 2020, 2021a; Xu and Huang, 2010a)

	2200−2100
	CO
	The bond breakage of C=O and C−O−C
	(Xu et al., 2018)

	2400−2230
	CO2
	The fracture and reforming of −COOH and C=O groups
	(Zhu et al., 2018)

	2240−2400
	CO2
	The cracking and reforming of carbonyl and carboxyl groups
	(Shi et al., 2017a; Shi et al., 2017b; Xia et al., 2020, 2021a; Xu and Huang, 2010a; Xu et al., 2014; Xu et al., 2018)

	2250−2300
	CO
	
	(Qian et al., 2015)

	2251
	CO
	The breaking of C—O—C and C=O bonds
	(Yang et al., 2020)

	2300−2400
	CO2
	
	(Qian et al., 2015)

	2357
	CO2
	The asymmetrical stretching vibration absorption peak
	(Li et al., 2018)

	2359
	CO2
	The decarboxylation reaction
	(Hao et al., 2017)

	2360
	CO2
	The cracking and restructuring of carbonyl and carboxyl
	(Pei et al., 2014; Xu and Huang, 2010a, b; Xu et al., 2013)

	2361
	CO2
	The deacidification reaction of the −COOH functional groups
	(Yang et al., 2020)

	2675−3115
	
	The stretching and flexural vibrations of saturated aliphatic hydrocarbon
	(Pei et al., 2014; Xu and Huang, 2010a)

	3000−2700
	Aldehydes
	
	(Shi et al., 2017b; Xu et al., 2018)

	2710−3140
	Methanol or low molecular weight chain−alkanes
	The recombination of the free hydroxyl and C−O bond
	(Pei et al., 2014; Xu and Huang, 2010a; Xu et al., 2014; Xu et al., 2013)

	2726
	Aldehydes
	Two C−H stretching vibration peaks
	(Shi et al., 2017b)

	2750
	Aldehydes
	The stretching vibration of C–H
	(Yang et al., 2020)

	3000−2800
	Methane or alkanes
	The symmetric and antisymmetric stretching vibration of −CH3 and −CH2−
	(Shi et al., 2017a; Shi et al., 2017b; Xu et al., 2018)

	3050−2800
	Aliphatic and aromatic compounds
	The pyrolysis of the light oil components (saturates, aromatics and resin)
	(Zhu et al., 2018)

	2800−3150
	Aliphatic hydrocarbons
	
	(Qian et al., 2015)

	3211−2802
	Hydrocarbons
	
	(Xu et al., 2014)

	2820
	Formaldehyde and other aldehydes
	The vibration of C–H
	(Zhu et al., 2018)

	2853
	Hydrocarbon chain fragments
	The symmetrical stretching of −CH2−
	(Hao et al., 2017; Xu et al., 2014; Xu et al., 2013)

	2860
	
	The symmetric stretching vibration of −CH3
	(Li et al., 2018)

	2900
	Benzene or phenol compounds with hydrocarbons 
	The stretching vibration of C–H in CH2 or CH3
	(Zhu et al., 2018)

	2926
	Hydrocarbon chain fragments
	The asymmetric stretching vibration of C−H in −CH2−
	(Hao et al., 2017; Pei et al., 2014; Xu and Huang, 2010a, b; Xu et al., 2014; Xu et al., 2013)

	2930
	Low−molecular−weight alkanes
	The asymmetric stretching vibration absorption of −CH2−
	(Li et al., 2018; Yang et al., 2020)

	2933
	Low molecular weights chain−alkanes
	The asymmetric stretching of −CH2−
	(Xia et al., 2021a)

	2958, 2957
	Aliphatic hydrocarbons
	
	(Hao et al., 2017)

	2967
	CH4
	The asymmetric stretching vibration absorption of −CH3
	(Li et al., 2018; Xu and Huang, 2010a)

	2968
	CH4
	The cracking of methoxyl (−O−CH3) and the breaking of −CH2−
	(Xu et al., 2014)

	2990
	Tetrahydrofuran
	C−H stretching in CH2 or CH3
	(Xu and Huang, 2010a)

	3000
	−CH3
	The decomposition of aliphatic hydrocarbon and aromatic alkyl side chain
	(Zhu et al., 2018)

	3100−3000
	Olefin or short−chain alkanes
	C−H stretching vibration of unsaturated hydrocarbons
	(Shi et al., 2017b; Xu et al., 2018)

	3014
	CH4
	The cracking of −O−CH3 and the breaking of −CH2−
	(Hao et al., 2017; Pei et al., 2014; Xu and Huang, 2010b; Xu et al., 2013)

	3015
	CH4
	
	(Li et al., 2018; Xu et al., 2018)

	3017
	CH4
	The breakage of −CH2− and −O−CH3
	(Shi et al., 2017b; Xia et al., 2020, 2021a; Xu et al., 2018)

	3030
	Unsaturated polycyclic aromatic hydrocarbons 
	The stretching vibration of C–H in unsaturated polycyclic aromatic hydrocarbons
	(Zhu et al., 2018)

	3034
	Aromatic ring
	The stretching vibration of the C−H bond
	(Hao et al., 2017)

	3050
	Aromatic compounds
	The important source of toxicity
	(Xu et al., 2014)

	3058
	
	The stretching vibration of aromatic C−H
	(Hao et al., 2017)

	3063
	Aromatic ring
	The stretching vibration of the C−H bond
	(Hao et al., 2017)

	3078
	Aromatic compounds
	The important source of smoke toxicity
	(Xu and Huang, 2010a, b; Xu et al., 2013)

	3080
	Unsaturated alkenes
	
	(Xu et al., 2014; Xu et al., 2013)

	3081
	R−CH=CH2
	
	(Hao et al., 2017)

	3211
	Aromatics 
	
	(Xu et al., 2014)

	3400
	
	The stretching vibration of –OH in alcohols, phenols and carboxylic acids
	(Shi et al., 2017b)

	3400−4000
	H2O
	The stretching vibration of O−H bond
	(Qian et al., 2015; Xu et al., 2014; Xu et al., 2013; Zhu et al., 2018)

	3443
	
	The stretching vibration of O−H
	(Hao et al., 2017)

	3500
	
	The stretching vibration of the O−H bond
	(Pei et al., 2014)

	3500−3775
	H2O
	The stretching vibration of the O−H bond
	(Li et al., 2018)

	3500−4000
	H2O
	The dehydration reaction of hydroxyl functional groups
	(Pei et al., 2014; Shi et al., 2017a; Shi et al., 2017b; Xia et al., 2020, 2021a; Xu and Huang, 2010a; Xu et al., 2018)

	3594, 3735
	H2O
	The stretching of O–H bond
	(Xu and Huang, 2010b)

	3741, 3750
	H2O
	The bending vibration of O–H bonds
	(Yang et al., 2020)



The main identified volatile constituents of different bitumen under the combustion conditions see Table A2.
[bookmark: _Hlk84454177]Table A2 Main identified volatile constituents during the combustion of different bitumen.
	Reference
	Sample
	Volatile constituents

	Xia et al. (2021a)
	Bitumen
	H2O (18), H2S (34), C3H6 (42), C2H2O (42), CH2N2 (42), CO2 (44), C2H4O (44), C3H8(44), N2O (44), CH2O2 (46), NO2 (46), CH4S (48), C4H2 (50), C3H8O (60), C2H8N2 (60), C2H4O2 (60), C2H4S (60), SO2 (64), C6H6 (78), C4H2N2 (78), C2H6OS (78) and CH6N2O2 (78)

	
	CFR bitumen
	H2O (18), C2H3N (41), C3H6 (42), C2H2O (42), CH2O2 (46), NO2 (46), CH4S (48), C4H4 (52), C4H10 (58), C2H2O2 (58) and SO2 (64)

	Shi et al. (2017b)
	Saturates at 349 ℃
	CO2, H2O, low−molecular weight hydrocarbons, CO, alcohol, a small number of aldehydes and ethers, a trace number of olefins, esters, ketones, etc.

	
	Saturates at 539 ℃
	CO2, H2O, a small number of short alkanes, alcohol, CO, esters, ketones, etc.

	
	Aromatics at 400 ℃
	CO2, H2O, short alkanes, CO, a small number of alkenes, aromatic hydrocarbons, alcohols, aldehydes and phenols. It may also contain ether, esters, ketones, etc.

	
	Aromatics at 600 ℃
	CO2, H2O, a small number of CO, NO, NO2, nitro compounds, SO2, phenols, etc.

	
	Resins at 457 ℃
	CO2, H2O, short alkanes, methane, CO, NO, NO2, nitro compounds, alkenes, aromatic hydrocarbons, aldehydes and phenols.

	
	Resins at 590 ℃
	CO2, H2O, CO, NO, NO2, SO2, nitro compounds, phenols, carboxylic acid and so on.

	
	Asphaltenes at 451 ℃
	CO2, H2O, CO, NO, NO2, nitro compounds, short alkanes, CH4, alkenes, aromatic hydrocarbons, aldehydes and phenols.

	
	Asphaltenes at 563 ℃
	CO2, H2O, CO, NO, NO2, SO2, nitro compounds, phenols, carboxylic acid and so on.

	[bookmark: _Hlk97583971]Xia et al. (2019a)
	Saturates
	Stage 1
	H2O (18), CO (28), C2H4 (28), C2H6 (30), CH2O (30), C3H6 (42), C2H2O (42), CO2 (44), C2H4O (44), C3H8 (44), C4H2 (50), C4H8 (56), C3H4O (56), C3H6O (58), C4H10 (58), C2H2O2 (58), C3H8O (60), and C2H4O2 (60)

	
	
	Stage 2
	CO2 (44), C2H4O (44), C3H8 (44), C3H8O (60), and C2H4O2 (60)

	
	Aromatics
	Stage 1
	CH4(16), H2O (18), CO (28), C2H4 (28), CH4O (32), H2O2 (34), C3H4 (40), CO2 (44), C2H4O (44), C3H8 (44), C3H8O (60), C2H4O2 (60), C2H6O2 (62)

	
	
	Stage 2
	CO2 (44), C2H4O (44), C3H8 (44), C3H8O (60), C2H4O2 (60), C2H6O2 (62)

	
	Resins
	Stage 1
	H2O (18), CO (28), C2H4 (28), CH4O (32), N2H4 (32), H2S (34), C3H4 (40), C3H8 (44), N2O (44), CO2 (44), and C2H4O (44), S2 (64), and SO2 (64)

	
	
	Stage 2
	H2O (18), CO2 (44), CH2O2 (44), C2H4O (44), C3H8 (44), C2H6O (46), CH2O2 (46), NO2 (46), SO2 (64), S2 (64), C5H3NO (93), and C6H7N (93)

	
	Asphaltenes
	Stage 1
	H2O (18), CO (28), C2H4 (28), C2H6 (30), CH2O (30), NO (30), CH4O (32), N2H4 (32), CH3CN (41), C3H8 (44), CO2 (44), C2H4O (44), C2H6O (46), CH2O2 (46), NO2 (46), CH4S (48), SO (48), S2 (64), SO2 (64), C4H4O (68), C4H8O (71), and C6H6 (78)

	
	
	Stage 2
	H2O (18), CO2 (44), C2H4O (44), C3H8 (44), CH4S (48), SO (48), SO2 (64), S2 (64), and C10H8 (128)

	Zhao et al. (2015)
	Saturates
	Peak 1
	H2O, CO2, C, alcohol, ethers alkene, acetone, butane

	
	
	Peak 2
	CO2, C, alcohol

	
	Aromatics
	Peak 1
	H2O, CO2, C, SO2, C3H5, methanol, ethers, alkenes, acetone

	
	
	Peak 2
	CO2, C, SO2, methanol, C5H6, diacetylene

	
	Resins
	Peak 1
	H2O, CO2, C, SO2, C3H5, methanol, ethers, alkenes, acetone

	
	
	Peak 2
	CO2, C, SO2, methanol, C5H6, diacetylene

	
	Asphaltenes
	Peak 1
	H2O, CO2, C, C3H5, C3H6

	
	
	Peak 2
	CO2, C, SO2, methanol, C5H6, formic acid






