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Abstract 12 

Hazardous fumes can be generated during the high-temperature construction of asphalt 13 

pavement. Various fume suppressants have been developed, but many may compromise the 14 

performance of asphalt binder, which shortens the service life of asphalt pavement. This study 15 

aims to investigate the performance of a novel fume suppressant, namely oil-absorbing 16 

organogel polystyrene-stearyl methacrylate (P(S-SMA)), which can reduce the construction 17 
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fumes of asphalt binder while maintaining good rheological performance. The results of the 18 

Fourier Transform Infrared Spectroscopy (FT-IR), Fluorescence Microscopy (FM) and asphalt 19 

fume mass tests showed that adding P(S-SMA) can improve the aging resistance of asphalt 20 

binder and reduce the particles (≥1 μm) and volatile organic compounds (VOCs) released up to 21 

19.6 % and 30.4 % within 1 h, respectively. The rheological test results indicated that P(S-SMA) 22 

could effectively improve the viscoelastic properties, high-temperature performance and fatigue 23 

resistance of asphalt binder due to the combination of "supporting" and "hardening" effects after 24 

adding P(S-SMA). With 5% P(S-SMA) added, elastic and viscosity properties were increased by 25 

90.6 % and 25.3 % and fatigue life was increased by 38.9 % and 26.4 % at the strain levels of 26 

2.5% and 5%, respectively. This study proved the feasibility of using P(S-SMA) as a novel 27 

performance-enhancing fume suppressant of asphalt binder.  28 

Keywords: Oil-absorbing organogel; Asphalt fumes; Modified asphalt binder; Microscopic 29 

analysis; Rheological properties 30 

 31 

1. Introduction 32 

Modified asphalt binders are widely used in pavement construction as a high-performance 33 

binder. The commonly used modifiers can be divided into various groups, such as polymer, 34 

biomass, fiber, etc. However, the production and construction processes of asphalt binder can 35 

generate a substantial amount of fumes (mainly composed of carbon oxides, sulfur oxides, 36 

nitrogen oxides[1], particles [2] and volatile organic compounds, VOCs)[3] because of the 37 

volatilisation and chemical reaction of asphalt components[4, 5] leading to air pollution[1, 6] and 38 

health risks to workers[7, 8]. Therefore, the addition of fume suppressants with physical 39 

suppression (obstruction, isolation, gap adsorption, etc.) or chemical suppression (chemical 40 

http://dict.youdao.com/w/volatilization/#keyfrom=E2Ctranslation
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blocking and carrier gas suppression) function[9, 10] is currently the primary solution, such as 41 

expanded graphite[11], active carbon[12], melamine[13], nano calcium carbonate[14], flame 42 

retardants[15], layered silicates[16, 17], etc. However, most of the suppressants may compromise 43 

the performance of the asphalt binder due to changes in the asphalt components or poor 44 

compatibility with the binder and initial modifiers[11-14]. In addition, compounding the 45 

conventional asphalt modifiers with suppressants to produce the modified asphalt binder would 46 

lead to a more complex production process and higher costs compared with using single 47 

modifier. Therefore, developing high-performance and multi-functional asphalt modifiers may 48 

lead to significant environmental, engineering and economic benefits. 49 

As one kind of organogels, the oil-absorbing organogel has a three-dimensional network 50 

structure that allows it to absorb liquid organics, including esters, and expand its volume[18, 19]. 51 

Depending on the polarity of the constituent monomers, different oil-absorbing organogels can 52 

absorb the corresponding types of organic[19, 20]. Therefore, it has been applied to purify 53 

organic wastewater, crude oil spills, etc. In addition, the oil-absorbing organogel has a high 54 

chemical/thermal stability due to the high degree of cross-linking[19, 21], which are the desired 55 

characteristics of asphalt modifiers. However, the selection of monomers for the oil-absorbing 56 

organogel is critically important considering the complex chemical composition of asphalt[22]. 57 

In this study, to investigate the effect of oil-absorbing organogel as a fume suppressant on the 58 

asphalt binder performance, the polystyrene-stearyl methacrylate (P(S-SMA)) that can absorb 59 

asphalt components was synthesized. Then, it was used as a modifier to prepare the modified 60 

asphalt binder. Microscopic characterizations of P(S-SMA) were conducted by the Fourier 61 

Transform Infrared Spectroscopy (FT-IR), Thermogravimetric Analyzer (TGA) and swelling 62 

degree tests. Microscopic characteristics of P(S-SMA) modified asphalt binders were obtained 63 
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by the FT-IR, Fluorescence Microscopy (FM) and asphalt fume (fume particle and VOCs 64 

collection and Gas Chromatography-Mass Spectrometry, GC-MS) tests. The rheological 65 

performance of P(S-SMA) modified asphalt binders were determined by the dynamic shear 66 

rheological (DSR), performance grading (PG), multi-stress creep recovery (MSCR) and linear 67 

amplitude sweep (LAS) tests. 68 
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Fig. 1. Flowchart of research program 70 

 71 

2. Materials and Methods 72 

2.1 Testing materials 73 

To prepare the P(S-SMA), Styrene (AR), Stearyl Methacrylate (SMA, AR) and Ethylene Glycol 74 

Dimethacrylate (EGDMA, AR) were used as the monomers and cross-linker, respectively. Boron 75 

Peroxide (BPO, AR) was used as the initiator. Benzene (AR) was used as the solvent which can 76 

supply the liquid environment for the reaction. To prepare the P(S-SMA) modified asphalt 77 

binders, the AH-90# with a penetration grade of 80/90 was used as the base asphalt binder. 78 

Dichloromethane (HPLC) was used as the solvent in the GC-MS test to absorb the organic fumes 79 
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released from the asphalt binder. The above materials can be used directly without special 80 

treatment. 81 

2.2 Preparation of P(S-SMA)  82 

SMA (2.36 g), styrene (3.64 g), EGDMA (0.102 g), BPO (0.092 g) and benzene (3 g) were 83 

added to a 50 mL beaker. After that, nitrogen (N2) was introduced into the mixed solution for 10 84 

min to remove the excess air. The beaker was then sealed and placed in a 75 oC oven for 6 h to 85 

obtain P(S-SMA). Finally, the P(S-SMA) was placed in a rotary evaporator and dried at 5 kPa 86 

and 75 oC to remove the contained benzene. The dried P(S-SMA) was crushed into powders 87 

(diameter mainly from 20-50 um) by the pulverizer, which can be used as the modifier. 88 

During the reaction (Fig. 2), the monomers were dispersed in the benzene solvent. Styrene and 89 

SMA constituted the polymer molecular chains according to the addition reaction of carbon-90 

carbon double bonds (C=C). At the same time, the EGDMA linked different chains by the same 91 

reaction, thus forming the three-dimensional spatial structure with many voids. At the same time, 92 

the retractive octadecyl groups of SMA were locked in the voids and could extend or contract 93 

with the changing amount of solvent (benzene).  94 

 95 

Fig. 2. Structural changes of P(S-SMA) before and after drying 96 

2.3 Preparation of P(S-SMA) modified asphalt binder  97 
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The preparation process[23, 24] of P(S-SMA) modified asphalt binder is illustrated in Fig. 3. The 98 

base asphalt was heated in an oven at 130 oC for 2.5 h to remove the moisture. Afterwards, P(S-99 

SMA) powder was added to the asphalt with different percentages and sheared by a high-speed 100 

shear emulsifier (5,000 rpm) at 140 oC for 40 min. Finally, the asphalt was cured in an oven at 101 

135 oC for 1.5 h to obtain P(S-SMA) modified asphalt. To minimize the errors due to the 102 

preparation process, the control group (base asphalt binder) was also prepared in the same way 103 

except for adding P(S-SMA). The compositions and label names of the asphalts evaluated in this 104 

study are shown in Table 1. The lower temperature required for preparing P(S-SMA) modified 105 

asphalt than the traditional polymer modified asphalt (normally more than 160 oC)[23] also helps 106 

reduce the asphalt fumes and energy consumption during asphalt binder production. Considering 107 

the cost of P(S-SMA), the addition of it is up to the 5 % (less than 15% of the base binder cost). 108 

 109 

Fig. 3. Preparation process of P(S-SMA) modified asphalt binder 110 

Table 1. Compositions of different types of asphalt binder 111 

Number P(S-SMA) content (wt %) Type Simplified name 
1 0 Base asphalt binder Base 
2 1 1% P(S-SMA) modified binder 1% P(S-SMA) 
3 3 3% P(S-SMA) modified binder 3% P(S-SMA) 
4 5 5% P(S-SMA) modified binder 5% P(S-SMA) 

 112 
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2.4 Characterization and Performance analysis of P(S-SMA) and modified binders 113 

2.4.1 Microscope characterizations of P(S-SMA) 114 

Firstly, the FR-IR test (Perkin Elmer spectrum 100, PerkinElmer Co., Ltd.), which can analyze 115 

the chemical composition of materials, was used for both monomers and P(S-SMA) to verify the 116 

successful synthesis and analyze the chemical composition of P(S-SMA). After that, the TGA 117 

test (Mettler TGA/DSC3+, METTLER TOLEDO) that can evaluate the thermodynamic 118 

properties of materials was conducted on P(S-SMA) to analyze the thermal stability of it 119 

according to calculate the initial decomposition temperature of P(S-SMA). Moreover, the 120 

swelling test, which is a typical method to analyze the absorption ability of the absorptive 121 

material, was used to evaluate the properties of the P(S-SMA) according to the swelling degree 122 

Q (Eq. 1) [25]. Because of the complex chemical composition of asphalt binder, it can be 123 

typically divided into four fractions[26, 27], i.e. saturates (S), aromatics (Ar), resins (R) and 124 

asphaltene (As). In this study, a known mass of P(S-SMA) was added to each fraction and placed 125 

in an oven at 160 oC for 6 h. Afterwards, the P(S-SMA) was extracted, and its mass was 126 

measured after wiping off the asphalt component remaining on the surface. 127 

𝑄𝑄 = 𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤−𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
                                                        (1) 128 

where mwet represents the mass of P(S-SMA) after immersion and mdry represents the initial mass 129 

of P(S-SMA) before immersion. 130 

2.4.2 Microscope characterizations of P(S-SMA) modified binders 131 

Firstly, the FT-IR test (Perkin Elmer spectrum 100, PerkinElmer Co., Ltd.) was also conducted 132 

on the base and P(S-SMA) modified binders to analyze the chemical composition changes of 133 

modified binders before and after adding P(S-SMA) and in different ageing states. Moreover, the 134 

FT-IR test results were further used to evaluate the anti-aging properties of the modifed binder. 135 

https://www.astm.org/Standards/D4124.htm
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Previous studies indicated that in the infrared spectrum of asphalt binder, the band ranging from 136 

600 to 1,300 cm-1, also known as the fingerprint region, is more complex, as the position, shape, 137 

and intensity of the absorption peaks mainly depend on the components of binder[28]. In 138 

contrast, the 1,300 to 4,000 cm-1 band, known as the functional group region, is more 139 

straightforward and stable[29]. By comparing the infrared spectra of the positions and intensities 140 

of the absorption peaks of common functional groups before and after ageing, the changes in the 141 

components of asphalt binder under different ageing conditions can be obtained[30]. Previous 142 

studies[31, 32] have shown that the oxygen-containing functional groups of the asphalt binder 143 

increase significantly after ageing, mainly the characteristic carbonyl (C=O) peak at 1,670 cm-1, 144 

generated by the reaction of C=C and oxygen with the temperature/light impact, and the 145 

characteristic sulfoxide (S=O) peak at 1,030 cm-1, caused by the reaction of polar molecules of 146 

the binder with sulfurized organics. The carbonyl index (CI) and the sulfoxide index (SI) [30] 147 

usually represent the content of characteristic functional groups, and the changing rate of CI and 148 

SI (RCI and RSI) can be used to express the changes in content of characteristic functional groups 149 

before and after ageing. The corresponding equations are shown in Eq. (2-5). 150 

𝐶𝐶𝐶𝐶 = 𝐴𝐴𝐶𝐶=𝑂𝑂
𝐴𝐴𝐶𝐶−𝐻𝐻

                                                             (2) 151 

𝑆𝑆𝑆𝑆 = 𝐴𝐴𝑆𝑆=𝑂𝑂
𝐴𝐴𝐶𝐶−𝐻𝐻

                                                             (3) 152 

𝑅𝑅𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃−𝐶𝐶𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃

× 100%                                  (4) 153 

𝑅𝑅𝑆𝑆𝑆𝑆 = 𝑆𝑆𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃−𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃
𝑆𝑆𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃

× 100%                                   (5) 154 

where AC=O represents the C=O absorption peak area, AS=O represents the S=O absorption peak 155 

area, AC-H represents the C-H absorption peak area, CIPre and CIPAV represent the original and 156 
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long-term aged states of CI, respectively, and the SIPre and SIPAV represent the original and long-157 

term aged states of SI, respectively. 158 

In addition, the FM test (IMAGER. Z2, Carl Zeiss AG) was used to observe the P(S-SMA) in 159 

asphalt binder at different ageing levels, which can analyze the Morphological changes of P(S-160 

SMA) during the production and aging processes of the modified binder.  161 

Finally, the asphalt fume test was used to analyze the fume-inhibiting effect of P(S-SMA) on 162 

particles and VOCs emission at a high temperature[33]. The binder (50 g, dried) was placed in a 163 

flask (100 ml) and then heated and stirred at 165 oC for 1h. Through an air pump, dry air with the 164 

same flow rate (2.5 L/min) was blown into the flask. After that, the released fume was filtered by 165 

the glass fibre film (Whatman GF/B, aperture size: 1μm) and then absorbed by the organic 166 

solvent (DCM, for collecting the VOCs, 60 ml). By comparing the film mass changes of 167 

different binders, the particle mass changes can be measured. According to the GC-MS test 168 

(Agilent 7890B GC/5977A MSD), the concentration of VOCs of different binders can be 169 

analyzed. The splitless mode was used for the separation by an Agilent J&W Scientific HP-5ms 170 

column (30 m × 0.25 mm i.d.,0.25-μm film thickness, (5%-phenyl)-methylpolysiloxane coated), 171 

the purge to split vent times were 0.75 min with a flow of 20 ml/min, and SCAN mode was used 172 

for the acquisition (50 to 550 AMU). Fig. 4 shows the set-up program of the GC-MS test. The 173 

initial temperature was 40 oC for 1 min, which was increased to 85 oC at 15 oC/min and held for 174 

3 mins, and then to 110 oC at 5 oC/min and held for 2 mins, and to 200 oC at 3 oC/min and then to 175 

300 oC at 10 oC/min and held for 8 mins. To improve the accuracy of GC-MS test results, the 176 

solvents were concentrated at 10 ml by nitrogen blowing and the injection volume was 1 μL. 177 
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Fig. 4. Set-up program of the GC-MS test 179 

2.4.3 Performance analysis of P(S-SMA) modified binders 180 

Firstly, the DSR test (DHR-2, TA Instrument) was conducted to analyze the effect of the P(S-181 

SMA) on the viscoelastic properties of the base asphalt binder. According to the American 182 

Association of State Highway and Transportation Officials (AASHTO) specification of DSR test 183 

(AASHTO T315)[34], various parameters related to asphalt rheological properties at different 184 

temperatures are obtained. The complex modulus (G*), storage modulus (G'), loss modulus (G'') 185 

and phase angle (δ) represents the asphalt binder properties of resisting deformation, elastic, 186 

viscous and the ratio between the viscous and elastic properties, respectively. The relationships 187 

among G*, G', G'' and δ are shown in Eq. 6 and 7[34]. The tests were conducted by frequency 188 

sweep using 25 mm standard plates (0.1-10 Hz) at different temperatures (46-76 oC) with a 189 

temperature-increasing interval of 6 oC.  190 

𝐺𝐺′ =∣ 𝐺𝐺∗ ∣ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛿𝛿                                                            (6) 191 

𝐺𝐺′′ =∣ 𝐺𝐺∗ ∣ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿                                                            (7) 192 

In addition, the PG test (DHR-2, TA Instrument) was conducted to analyze the effect of the 193 

P(S-SMA) on the high-temperature performance of the base asphalt binder. According to the 194 
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AASHTO specification of PG test (AASHTO M320)[35], all asphalt binders were graded by 195 

calculating the rutting factor (RF) at the original and short-term aged states as shown in Eq. 8, 196 

The G* and δ represent the complex modulus and phase angle of binder at the same frequency 197 

(10 rad/s), respectively. The maximum temperature that corresponding RF of asphalt binder 198 

meets the demands (more than 1.0 kPa and 2.2 kPa at original and short-term aged states, 199 

respectively) is the performing grade of the binder. 200 

𝑅𝑅𝑅𝑅 = ∣𝐺𝐺∗∣
sinδ

                                                                 (8) 201 

After that, the MSCR test (DHR-2, TA Instrument) was conducted to analyze the effect of the 202 

P(S-SMA) on the rutting resistance of the base asphalt binder. Studies have proven that errors 203 

could occur when using RF to judge the rutting resistance of polymer-modified asphalt binder 204 

because the polymer modifiers (such as SBS, SBR, etc.) have good elastic properties[24]. Since 205 

P(S-SMA) is also a polymer material, the AASHTO specification of the MSCR test (AASHTO 206 

T350)[36] was chosen for a more accurate analysis of the rutting resistance of modified binders. 207 

The test temperature was 64 oC, and the stress were 0.1 kPa (20 loading cycles and the first 10 208 

cycles are for conditioning the specimen) and 3.2 kPa (10 loading cycles) with 25mm standard 209 

plates used, respectively. Based on the peak strain (γp), the residual strain (γnr) and the loading 210 

stress (τ) in each cycle of the MSCR test results, the recovery rate (R), representing the elastic 211 

resilience of the asphalt binder, and the creep compliance (Jnr), representing the unrecoverable 212 

deformation of asphalt binder accumulated by the external forces, can be calculated using Eq. 9 213 

and 10 [36], respectively.  214 

𝑅𝑅 = 𝛾𝛾𝑝𝑝−𝛾𝛾𝑛𝑛𝑛𝑛
𝛾𝛾𝑝𝑝−𝛾𝛾0

× 100%                                                      (9) 215 

𝐽𝐽𝑛𝑛𝑛𝑛 = 𝛾𝛾𝑝𝑝−𝛾𝛾𝑛𝑛𝑛𝑛
𝜏𝜏

                                                                (10) 216 
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Finally, the LAS test (DHR-2, TA Instrument) was used to analyze the effect of the P(S-SMA) 217 

on the fatigue resistance of the base asphalt binder. The AASHTO specification of LAS test 218 

(AASHTO T391) was conducted on long-term aged asphalt binder specimens[37]. The test 219 

temperature was 25 oC, and 8 mm standard plates were used. The viscoelastic continuum damage 220 

(VECD) curves were calculated based on the test results, and the theoretical fatigue life of 2.5% 221 

(Nf2.5) and 5% (Nf5) strain were calculated. 222 

 223 

3. Results and Discussion 224 

3.1 Microscopic characterization of P(S-SMA) 225 

3.1.1 FT-IR test 226 

Fig. 5 shows the FT-IR spectra of P(S-SMA), SMA, EGDMA, and styrene. It can be found that 227 

the styrene spectrum has three peaks at 1,493.11 cm-1, 1,601.10 cm-1 and 1,636.04 cm-1, 228 

representing the absorption peaks of the benzene ring skeleton[38], while 1,636.04 cm-1 also 229 

corresponds to the C=C stretching vibration absorption peak[23, 39]. The SMA and EGDMA 230 

spectra have peaks at 1,721.69 cm-1 and 1,164.32 cm-1, which are due to the C=O and C-O 231 

stretching vibrational absorptions[40, 41], respectively, and both have the C=C stretching 232 

vibrational absorption peak at 1,636.04 cm-1. Comparing the spectra of the P(S-SMA), SMA, 233 

EGDMA and styrene, it can be found that the disappearance of the C=C stretching vibration 234 

absorption peak at 1,636.04 cm-1 disappeared in the spectrum of P(S-SMA), which indicates that 235 

P(S-SMA) was synthesized due to the addition reaction between the C=C groups of SMA, 236 

EGDMA and styrene. The disappeared C=C absorption peak also proves a high degree of 237 

reaction, which ensures the high chemical stability of P(S-SMA). 238 
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Fig. 5. FT-IR spectra of P(S-SMA) and related monomers 240 

3.1.2 TGA test 241 

According to the standard specification of asphalt pavement construction[42], the temperature 242 

range of preparation and construction processes of the modified asphalt binder is typically 160 oC 243 

- 190 oC. The asphalt modifier with a lower decomposition temperature than the requirement can 244 

cause the decomposition of itself during the application. Fig. 6 shows the TGA curve of P(S-245 

SMA). It can be seen that the characteristic decomposition temperature of P(S-SMA) was 363.09 246 

oC, which indicates that P(S-SMA) has suitable thermal stability and can meet the requirements 247 

of modifiers in the production and construction processes of modified asphalt materials. 248 
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Fig. 6. TGA test result of P(S-SMA) 250 

3.1.3 Swelling degree test 251 

Fig. 7 and Table 2 show the swelling test results of P(S-SMA) in different asphalt fractions. It 252 

can be found that P(S-SMA) had different mass and volume changes after absorbing saturates, 253 

aromatics, resins, and asphaltene with swelling degrees of 0.345, 0.344, 0.712 and 0.026, 254 

respectively. P(S-SMA) had the highest absorption ability of resins, similar absorption abilities 255 

of saturates and aromatics, and a very low absorption ability of asphaltene.  256 

 257 
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 258 

Fig. 7. Volume changes of P(S-SMA) before and after immersion: (a) saturates; (b) aromatics; 259 

(c) resins; (d) asphaltene; (e-h) P(S-SMA) before immersion and (i-l) after immersion 260 

Table 2. Q of P(S-SMA) in different asphalt fractions 261 

Type mdry/ g mwet/ g Q 
S 0.2039 0.2742 0.345 
Ar 0.1691 0.2273 0.344 
R 0.1558 0.2666 0.712 
As 0.2056 0.2109 0.026 

 262 

When added in asphalt binder, a certain amount of binder factions could be stored in the voids of 263 

P(S-SMA). At the same time, the contracted octadecyl groups of SMA in the voids are infiltrated 264 

and gradually expanded in the absorbed factions, thus causing the swell of the voids volume, as 265 

Fig. 8 illustrates. This change also leads to a gradual decrease in the P(S-SMA) network density, 266 

so that its mechanical strength gradually decreases and is prone to deform. However, because of 267 

the 3D structure and the filling of the absorbing materials, the swelled P(S-SMA) can occur 268 

elastic deformation (within the damage limits)[43]. 269 
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 270 

Fig. 8. Structural changes of P(S-SMA) before and after swelling in lighter components of 271 

asphalt binder 272 

 273 

3.2 Microscopic characterization of P(S-SMA) modified asphalt binder 274 

3.2.1 FT-IR test 275 

Fig. 9 shows the FT-IR spectra of different asphalt binders before and after aging. It can be 276 

found that the FT-IR spectra of 5% P(S-SMA) modified asphalt binder did not show any new 277 

absorption peaks compared with the base asphalt binder, indicating that no new chemical 278 

reaction had occurred after the addition of P(S-SMA), i.e., the modification of P(S-SMA) to 279 

asphalt binder should be physical. It can also be noticed that no new absorption peaks appeared, 280 

except for changes in the area of some of the absorption peaks, after aging for both binders, 281 

indicating that P(S-SMA) does not react with the components of the binder after ageing. These 282 

FT-IR test results suggest that P(S-SMA) has good chemical stability, which is consistent with 283 

the findings of the FT-IR tests of P(S-SMA). 284 
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Fig. 9. FT-IR spectra of different asphalt binders in original and long-ageing states  286 

Based on the test results in Fig. 9, the CI and SI were calculated for the two asphalt binder 287 

samples in their original and long-term aged state. The calculations are shown in Table 3, which 288 

can be found that CI and SI of both asphalt binders increased after ageing. Base asphalt binder 289 

has more increase in CI and SI, with RCI and RSI reaching 148.7 % and 67.2 %, respectively, 290 

while the RCI and RSI of 5% P(S-SMA) modified asphalt binder were 71.9 % and 46.0 %, 291 

respectively, which were 51.6 % and 31.6 % less than those of base asphalt binder, respectively. 292 

Meanwhile, the values of CI and SI for the 5% P(S-SMA) modified asphalt binder were smaller 293 

than the base asphalt binder in both the original and long-term aged states. These test results 294 

indicated that the addition of P(S-SMA) could reduce the content of C=O and S=O, i.e., slow 295 

down the oxidation reaction rate between O2 and C=C and S, thus improving the aging resistance 296 

(thermal and oxygen) of the asphalt binder. In addition, the effect of P(S-SMA) on C=C is more 297 

pronounced, since P(S-SMA) absorbs more components of asphalt that are susceptible to 298 

oxidation (especially those containing C=C), thus inhibiting the oxidation of these components 299 

during the ageing process. 300 

 301 
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Table 3. CI and SI of different asphalt binders 302 

Type AC-H AC=O AS=O CI RCI/ % SI RSI/ % 
Base 3525.311 41.835 49.096 0.01187 148.7 0.01393 67.2 PAV-base 2685.431 79.263 62.537 0.02952 0.02329 

5% P(S-SMA) 4151.237 43.854 40.643 0.01056 71.9 0.00979 46.0 PAV-5% P(S-SMA) 4073.522 73.991 58.221 0.01816 0.01429 
 303 

3.2.2 FM test 304 

Fig. 10 shows the FM images of different asphalt binders in the original states with X100 and 305 

X400 magnifications. As can be found in Fig. 10(a), the surface of the base asphalt binder was 306 

smooth, and no material with fluorescent phenomena appeared. After adding P(S-SMA), shown 307 

in Fig. 10(b-d), some powder with green fluorescence was evenly dispersed and continued to 308 

increase in the asphalt binder.  309 

 310 

Fig. 10. FM test results for different original asphalt binders with various addition of P(S-SMA): 311 

(a) base, (b) 1% P(S-SMA), (c) 3% P(S-SMA) and (d) 5% P(S-SMA)  312 

Fig. 11 shows the FM images of the modified asphalt binders in the original and long-term aged 313 

states. From Fig. 11(a and b), it can be found that the P(S-SMA) continued to be present in the 314 

modified asphalt binder after ageing treatments. At the same time, there is no significant change 315 
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in the distribution density of P(S-SMA) between the pristine and long-term aged states. In 316 

addition, the volume of P(S-SMA) in the long-term aged state modified asphalt binder increased 317 

compared with the original state. The same phenomenon can also be observed in the images of 318 

the 3% and 5% P(S-SMA) modified binders (Fig. 11(c-f)), which are consistent with the findings 319 

of the swelling degree tests. These test results indicate that P(S-SMA) cannot decompose in the 320 

binder during the preparation and ageing process, which means that the material has sufficient 321 

thermal stability in asphalt materials during practical applications. In addition, the swelling of 322 

P(S-SMA) could be attributed to the absorption of light components of binder during the 323 

preparation and ageing process. 324 

 325 

Fig. 11. FM test results for different asphalt binders in different states: (a) 1% P(S-SMA), (c) 3% 326 

P(S-SMA) and (e) 5% P(S-SMA) were at the original state and (b) 1% P(S-SMA), (d) 3% P(S-327 

SMA) and (f) 5% P(S-SMA) were at the long-term aged state  328 

3.2.3 Asphalt fume test 329 
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Table 4 shows the particle mass of different binders during the testing process. It can be found 330 

that the base binder has the largest particle mass, indicating the largest particle released during 331 

the heating process. Compared to the base binder, the particle mass of P(S-SMA) modified 332 

binder continued to decrease with the increasing amount of P(S-SMA), which reached 19.6 % 333 

decrease with 5% P(S-SMA) added. These results indicate that the P(S-SMA) can reduce particle 334 

release of asphalt binder.  335 

Table 4. Particle mass of different binders 336 

Binder type Particle mass/ g Changing rate/ % 
Base 0.0542 -- 

1% P(S-SMA) 0.0517 4.6 
3% P(S-SMA) 0.0483 10.9 
5% P(S-SMA) 0.0436 19.6 

 337 

Fig. 12, Table 5 and Table S1 (appendix) show the VOCs concentration of different binders, 338 

which can be dividied into chain hydrocarbons (Alkane, alkene, cycloalkanes, etc.), hydrocarbon 339 

derivatives (naphthene, aldehyde, etc.) and aromatic compounds (benzene, phenol, naphthalene, 340 

Indan, etc.). The chemicals represented by each peak were identified by MS library[44] 341 

(NIST14, match degree ≥70). The concentration of each chemical was represented by the 342 

corresponding peak abundance. It can be found in Fig. 12 and Table S1 and Table 5 that the base 343 

binder (Fig. 12(a)) has the highest peak abundance, which means the highest VOCs 344 

concentration. After adding the P(S-SMA), the peak abundance decreased, indicating a lower 345 

VOCs concentration. Among them, the 5% P(S-SMA) binder got the lowest total peak 346 

abundance by 30.4 % decrease. These results indicate the P(S-SMA) can reduce the VOCs 347 

released from asphalt binder. Moreover, the peak abundances of chain hydrocarbons and 348 

aromatic compounds have the biggest changes, indicating that the P(S-SMA) has the highest 349 

absorbing ability for them.  350 
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In summary, the reduced particle and VOCs mass indicate that P(S-SMA) can effectively 351 

reduce air pollution caused by the fume from heating asphalt materials. This effect can be 352 

enhanced by increasing the amount of P(S-SMA) added.  353 
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Fig. 12. GC-MS test results of different binders 355 

Table 5. VOCs concentration of four asphalt binders  356 

Chemical 
type 

Base 1% P(S-SMA) 3% P(S-SMA) 5% P(S-SMA) 
Relative 

abundance/ 
105 

Relative 
abundance/ 

105 

Changing 
rate/ % 

Relative 
abundance/ 

105 

Changing 
rate/ % 

Relative 
abundance/ 

105 

Changing 
rate/ % 

Chain 
hydrocarbons 1448.2 1305.58 -9.85 1202.58 -16.96 1095.88 -24.33 

Hydrocarbon 
derivatives 99.56 93.7 -5.89 87.78 -11.83 85.1 -14.52 

Aromatic 
compounds 5574.26 4846.62 -13.05 4399.82 -21.07 3776.56 -32.25 

Total 7122.03 6245.90 -12.3 5690.18 -20.1 4957.54 -30.4 
 357 

3.3 Rheological performance tests of P(S-SMA) modified asphalt binder 358 

3.3.1 DSR test 359 
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Fig. 13 shows the effect of the P(S-SMA) and the various amounts added on the G' of the base 360 

asphalt binder. A larger value of G' means a higher elastic property of asphalt binder. From Fig. 361 

13(a), it can be found that G' of all four asphalt binders were increased with increasing loading 362 

frequency at the same temperature (46 oC). Among them, the G' of the base asphalt binder was 363 

the smallest. When the P(S-SMA) was added, the G' of the asphalt binder was increased and 364 

achieved the maximum with 90.6 % improvement when 5% P(S-SMA) was added. From Fig. 365 

13(b), it can be found that at the same frequency (10 Hz), G' of all four asphalts were decreased 366 

with increasing temperature. Among them, the G' of the base asphalt was also the smallest, and it 367 

kept increasing with the increasing percentage of P(S-SMA). These results indicated that the 368 

addition of P(S-SMA) can effectively improve the elastic properties of asphalt binder. 369 
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Fig. 13. Effect of the P(S-SMA) and the various amounts added on the G' of asphalt binders: (a) 370 

different test frequencies (0.1-10 Hz) at a constant temperature (46 oC) and (b) different test 371 

temperatures (46-76 oC) at a constant frequency (10 Hz) 372 

Fig. 14 shows the effect of the P(S-SMA) and the various amounts added on the G'' of base 373 

asphalt binder, similar to the relationship of G' between different asphalt binders. A larger value 374 

of G'' indicates higher viscous properties of asphalt binder. From Fig. 14(a), it can be found that 375 
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G'' of all asphalt binders also increased with the increasing loading frequency at the same test 376 

temperature (46 oC). The G'' of base asphalt binder was again the smallest in the full range and 377 

improved when P(S-SMA) was added. The maximum increase of 25.3 % was achieved at 10 Hz 378 

when 5% P(S-SMA) was added. From Fig. 14(b), it can be found that at the same test frequency 379 

(10 Hz), G'' of all asphalt binders decreased with the increasing temperature. The G'' of base 380 

asphalt binder was also the smallest and improved when P(S-SMA) was added. These results 381 

indicate that the viscous properties of asphalt binder can be enhanced with the addition of P(S-382 

SMA) 383 
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Fig. 14. Effect of the P(S-SMA) and the various amounts added on the G'' of asphalt binders: (a) 384 

different test frequencies (0.1-10Hz) at constant temperature (46 oC) and (b) different test 385 

temperatures (46-76 oC) at a constant frequency (10 Hz) 386 

Fig. 15 shows the effect of the P(S-SMA) on the δ of base asphalt binder. A larger value of δ 387 

represents a smaller proportion of elasticity in the asphalt binder compared to the viscosity. From 388 

Fig. 15(a), it can be found that at the same test temperature (46 oC), the δ of all asphalt binders 389 

decreased with the increasing loading frequency and the base asphalt binder had the largest δ. 390 

After P(S-SMA) added, the δ reduced and got the minimum value with 5% P(S-SMA) added. 391 
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From Fig. 15(b), it can be found that at the same test frequency (10 Hz), the δ of all four asphalt 392 

binders increased with the increasing temperature. Among different binders, the larger 393 

percentage of P(S-SMA), the smaller δ, indicating that P(S-SMA) can increase the proportion of 394 

elasticity of asphalt binder. 395 
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Fig. 15. Effect of the P(S-SMA) and the various amounts added on the tanδ of asphalt binders: 396 

(a) different test frequencies (0.1-10 Hz) at a constant temperature (46 oC) and (b) different test 397 

temperatures (46-76 oC) at a constant frequency (10 Hz) 398 

In summary, P(S-SMA) has a significant effect on the viscoelastic properties of asphalt binder 399 

and a more significant effect on the elastic properties than the viscous properties. In addition, this 400 

effect could be enhanced by increasing the addition of P(S-SMA) (within the experimental 401 

range). This phenomenon would be caused by the interaction between the P(S-SMA) and asphalt 402 

components. Fig. 16 illustrates the relationship between the working mechanism of P(S-SMA) in 403 

asphalt binder. During the preparation process of modified asphalt binder, the P(S-SMA) can 404 

absorb the lighter components (saturates, aromatics and resins) of asphalt binder and swell. 405 

Meanwhile, the absorbed light components lead to an increased percentage of the heavy 406 

components in the asphalt binder. As a result, the flowability of the binder is reduced, which 407 
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could be reflected in the rheological tests as an increase in viscous properties. Thus, the 408 

combined "supporting" effect of the P(S-SMA) due to the filling in binder and "hardening" effect 409 

of the binder due to the change in composition contribute to the improved viscoelastic properties 410 

of the asphalt binder. In addition, the increase in the proportion of elastic properties of P(S-411 

SMA) modified asphalt binder indicates that the "supporting" effect of P(S-SMA) is more 412 

pronounced. As a result of these changes, the P(S-SMA) modified asphalt realizes the process of 413 

"strengthening elasticity" and "strengthening viscosity", which leads to the effective 414 

improvement of asphalt performance. 415 

 416 

Fig. 16. Modification mechanism of P(S-SMA) in base asphalt binder 417 

3.3.2 High-temperature PG test 418 

Table 6 shows the RF of various asphalt binders in different ageing states. It can be found that 419 

the RF of the base asphalt binder gradually decreased as the temperature increased. In addition, 420 

the RF of the short-term aged sample was significantly greater than that of the original specimen 421 

at the same temperature, and the base asphalt binder met the requirements of PG 64. With the 422 

addition of P(S-SMA), the RF of the modified asphalt binder in both ageing states increased 423 

significantly. Also, with the amount of P(S-SMA) added increased, RF was increased and 424 

achieved the maximum with 5% P(S-SMA) added, which met the requirements of PG 70. These 425 
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test results indicate that the addition of P(S-SMA) can improve the high-temperature 426 

performance of the asphalt binder, and this effect can be enhanced with increasing amounts of 427 

P(S-SMA). These phenomena are also due to the combined "supporting" and "hardening" effects 428 

of P(S-SMA). 429 

Table 6. RF of various asphalt binders in different ageing states 430 

Temperature/ oC Base 1% P(S-SMA) 3% P(S-SMA) 5% P(S-SMA) 
RF/ kPa RF/ kPa RF/ kPa RF/ kPa 

58 3.125 3.863 4.729 5.517 
64 1.356 1.714 2.150 2.534 
70 0.629 0.802 1.014 1.207 
76 0.317 0.399 0.629 0.599 

RTFOT 
58 7.144 8.279 9.450 10.931 
64 3.052 3.646 4.226 4.998 
70 1.377 1.676 1.960 2.327 
76 0.652 0.808 0.959 1.134 
PG 64 64 64 70 

 431 

3.3.3 MSCR test 432 

Fig. 17 shows the MSCR test results of various binders at different stresses. It can be observed 433 

from Fig. 17(a) that the four asphalt binders showed a stepwise increase in strain with increasing 434 

loading cycles at the loading stress of 0.1 kPa, which is similar to the vehicle travel condition 435 

(intermittent loading) of the actual pavement. Among them, the total strain of the base asphalt 436 

binder was the largest. With the addition of P(S-SMA), the total strain was decreased, caused by 437 

the reduction in the residual strain at each testing cycle. As the amount of P(S-SMA) added 438 

increased, the residual and total strain continued to decrease at each loading step. Compared with 439 

the base asphalt binder, the total strain decreased 52.0 % when 5% P(S-SMA) was added. When 440 

the stress increased to 3.2 kPa, as shown in Fig. 17(b), the total strain for all four asphalt binders 441 

increased, caused by the increase in residual strain per cycle due to the loading stress increasing. 442 

Among them, similar to Fig. 17(a), the total strain of the base asphalt binder remained the largest 443 
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and decreased with P(S-SMA) added, which achieved the minimum with 45.7 % reduced after 444 

adding 5% P(S-SMA). These results indicate that the addition of P(S-SMA) can improve the 445 

resistance of the asphalt binder to deformation, and this effect can be enhanced with the 446 

increasing P(S-SMA) content.  447 
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Fig. 17. Effect of the P(S-SMA) and various amounts added on the strain-time relations of 448 

different asphalt binders (64 oC): (a) 0.1 kPa and (b) 3.2 kPa 449 

According to the test results in Fig. 17, the R and Jnr of various binders were calculated, as 450 

shown in Table 7. As can be found from Table 7, the R0.1 of the base asphalt binder was the 451 

smallest at the test stress of 0.1 kPa. With the addition of P(S-SMA), the R0.1 of asphalt binder 452 

was increased and continued increasing as more P(S-SMA) was added. The R0.1 of the asphalt 453 

binder reached the maximum when 5% P(S-SMA) was added, which is a rise of 427.5 % 454 

compared to the base asphalt binder. After raising the stress to 3.2 kPa, the R of all four asphalt 455 

binders decreased, and alsothe base asphalt binder got the smallest value. When P(S-SMA) was 456 

added, the R3.2 of asphalt binder was increased, which achieved the maximum with 785.0 % 457 

increase as 5% P(S-SMA) was added. These results indicate that adding P(S-SMA) can enhance 458 
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the elastic recovery properties (delayed elastic recovery) of the base asphalt binder. Furthermore, 459 

this effect can be improved by increasing the amount of P(S-SMA) added. 460 

The Jnr of the base asphalt binder was the largest among the four binders at both stress levels, 461 

and adding P(S-SMA) reduced Jnr. These results indicated that P(S-SMA) can enhance the 462 

resistance to permanent deformation of the base asphalt binder, and this effect can be enhanced 463 

by increasing the P(S-SMA) content. 464 

Table 7. R and Jnr of different asphalts at 0.1 kPa and 3.2 kPa (64oC) 465 

Type/ Unit Base 1% P(S-SMA) 3% P(S-SMA) 5% P(S-SMA) 
R0.1/ % 1.657 3.805 5.651 8.741 
R3.2/ % 0.366 1.485 2.259 3.239 

Jnr0.1/ kPa-1 3.072 1.920 1.707 1.444 
Jnr3.2/ kPa-1 3.238 2.083 1.892 1.681 

 466 

In summary, the addition of P(S-SMA) can effectively improve the rutting resistance of the base 467 

asphalt binder, and this effect could continue to be increased as the amount of P(S-SMA) added 468 

increases. asphalt binder. The "hardening" effect of P(S-SMA) could help prevent asphalt binder 469 

from deforming when subjected to external forces, and the "supporting" effect could help the 470 

binder quickly recover from the deformation. 471 

3.3.4 LAS test 472 

Fig. 18 and Table 8 show the LAS test and corresponding VECD results of various asphalt 473 

binders, respectively. As can be seen from Table 8, adding P(S-SMA) could increase the fatigue 474 

lives of the base asphalt binder at both strain levels. When 5% P(S-SMA) was added, Nf2.5 and 475 

Nf5 were increased by 38.9 % and 26.4 %, respectively. These test results indicated that adding 476 

P(S-SMA) can improve the fatigue resistance of asphalt binder, and this effect can be enhanced 477 

with the amount of P(S-SMA) added increases, which was also due to the combined "hardening" 478 

and "supporting" effects of P(S-SMA). 479 
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Fig. 16. Results of (a) LAS tests and corresponding (b) VECD curves for different asphalt 480 

binders 481 

Table 8. Theoretical fatigue life (Nf) of four asphalt binders under different strains  482 

Strain/ % Base 1% P(S-SMA) 3% P(S-SMA) 5% P(S-SMA) 

2.5 25180 28443 31993 34969 

5 3540 3966 4289 4474 

 483 

4. Conclusions 484 

This study investigated the effect of a novel fume suppressant, the oil-absorbing gel P(S-SMA), 485 

on the rheological properties and fume release of asphalt binder. The following findings can be 486 

obtained based on the outcome of this study: 487 

1. Micro- and macro-characterization analyses of P(S-SMA) proved that P(S-SMA) with 488 

better chemical and thermal stabilities can absorb the asphalt light components (saturates, 489 

aromatics and resins).  490 

2. Micro-characterization analyses of modified asphalt binder proved that using P(S-SMA) 491 

as a modifier can enhance the aging resistance of asphalt binder and reduce particle mass and 492 
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VOCs emission of asphalt fume by 19.6 % and 30.4 %, respectively, at high temperatures with 493 

5% addition. 494 

3. The rheological test results showed that adding P(S-SMA) can improve the elastic and 495 

viscosity properties up to 90.6 % and 25.3 %, respectively, extend the fatigue life up to 38.9 % 496 

(2.5% strain) and 26.4 % (5% strain) and enhance the rutting resistance of asphalt binder, which 497 

are advantages compared to other fume suppressants. In addition, these effects can be 498 

strengthened with the increasing amount of P(S-SMA). 499 

P(S-SMA) showed the above positive effects, because it can absorb the lighter components of 500 

asphalt, thus swelling and acting as a "supporting" effect in the asphalt. In addition, the reduction 501 

of the lighter components of the asphalt leads to an increase in the percentage of the heavier 502 

components and causes the "hardening" effect of asphalt. As a result of these changes, the P(S-503 

SMA) modified asphalt has "strengthened elasticity" and "strengthened viscosity", leading to 504 

improved performance. 505 

In summary, as a novel asphalt fume suppressant, P(S-SMA) showed positive modification 506 

effects on asphalt binder, providing advantages in environmental protection and pavement 507 

durability. However, the relationship between the oil-absorbing organogel properties and the 508 

asphalt binder performance needs more systematic research. In addition, the optimum P(S-SMA) 509 

content in asphalt mixture should be determined based on the trade-off of the production cost and 510 

performance of the modified asphalt binder. 511 
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