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Abstract. When added to aged bitumen, oil-based rejuvenators are expected to restore its original properties to 23 

some degree. The extent of the rejuvenation depends on the composition of the oils. In this study, the effect of 24 

individual components of vegetable oils on blends with bitumen was investigated. 5 and 10 wt% of two free fatty 25 

acids, oleic acid and linoleic acid, and one triglyceride, triolein, was blended with bitumen and thereafter the 26 

blends underwent thermal aging at high temperatures under air in a ventilated oven. The fatty acids and 27 

triglyceride are referred to as rejuvenators in this context. Upon thermal aging, the free fatty acids did not 28 

produce any effect or were much less effective in decreasing the complex shear modulus (stiffness) of bitumen 29 

as compared with the triglyceride. One reason for this result may be the favorable chemical changes of the 30 

triglyceride at high temperatures compared with the free fatty acids. Above all, this study provides basic 31 
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knowledge to demonstrate the importance of the chemical composition of vegetable oils that are selected as 32 

bitumen rejuvenators, specifically when targeting long-term stability of the blends. 33 

 34 

Keywords: Bitumen; Rejuvenators; Recycling; Fatty acids; Triglycerides; Rheological properties; Thermal 35 

stability 36 

 37 

Introduction 38 

Bitumen is used in large amounts worldwide for several applications such as asphalt pavements. It is obtained 39 

from the distillation of crude petroleum and is a complex mixture of hydrocarbon molecules. It ages due to 40 

different chemical and physicochemical processes such as loss of volatiles, oxidation, and polymerization and, 41 

consequently, loses its mechanical, rheological, cohesive and adhesive properties (Marsac et al. 2014; Petersen 42 

and Glaser 2011; Lesueur 2009). In the context of sustainable construction and energy savings, recycling of aged 43 

bitumen can contribute to the re-use of aged asphalt by reducing fatigue, low temperature cracking and moisture 44 

sensitivity.   45 

It is well-recognized that the recycling process must result in the restoration or alteration of the properties of 46 

aged bitumen including its rheological properties. The blending of unaged soft bitumen with aged bitumen is one 47 

way to restore or alter its properties (Poulikakos et al. 2014). Another way of recycling uses rejuvenators which 48 

must be chemically compatible with aged bitumen to obtain good blending that lasts over time. By using 49 

rejuvenators, the necessity of blending with unaged bitumen is reduced. This is particularly interesting from the 50 

perspective of reducing material costs as bitumen is the most expensive component in asphalt pavements. For 51 

environmental and economic reasons, post-consumer substances and cost-effective bio-based materials such as 52 

(waste) vegetable oils have been studied (Hugener et al. 2014; Yu et al. 2014; Zaumanis et al. 2014; Nahar et al. 53 

2014; Zaumanis et al. 2015; Huang et al. 2015). 54 

Vegetable oils are complex mixtures composed of triglycerides extracted from plants. Triglycerides are 55 

molecules composed of three chains of (free) fatty acids covalently connected through ester bonds to a glycerol 56 

moiety. The fatty acid chains can be saturated or unsaturated depending on the number of double bonds. The 57 

unsaturated bonds are more prone to oxidation, degradation and polymerization. Depending on the degree of 58 

refining the vegetable oils may contain free fatty acids among other components. Free fatty acids are more 59 

susceptible to oxidation than esterified fatty acids. Vegetable oils are characterized in relation to the fatty acids 60 

that constitute the triglycerides. The chain length and the degree of unsaturation vary greatly depending on the 61 

type of oil; therefore, the carboxylic acids commonly found in vegetable oils are present in different proportions. 62 
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The most commonly found saturated fatty acids are palmitic (16:0) and stearic (18:0). Many vegetable oils 63 

contain at least a small amount of each saturated fatty acid. Similarly, oleic acid (18:1) is a monounsaturated 64 

carboxylic acid that is found in large quantities in most vegetable oils and fats. Many oils and fats contain 65 

considerable amounts of linoleic acid (18:2), and some contain linolenic acid (18:3) (Mattson and Volpenhein 66 

1963; Bockish 1998). 67 

Original vegetable oils and waste vegetable oils coming from food frying have shown improvement in different 68 

asphalt or bitumen properties (Cavalli et al. 2018). Asli et al. (2012) showed that penetration, softening point and 69 

viscosity of bitumen can be recovered by using frying vegetable oil. Chen et al. (2014a) and others showed that 70 

frying soybean oil improved the fatigue and low temperature properties of aged asphalt (Chen et al. 2014a; Chen 71 

et al. 2014b; Xinxin et al. 2018). 72 

Triglycerides can also be obtained from microalgae which are not used for human consumption and are, 73 

therefore, very attractive for bitumen recycling. Indeed, some researchers have started looking in more detail into 74 

the mechanistic effects of bio-oils on bitumen properties such as morphology and the rejuvenation mechanisms 75 

(Hung et al. 2017; Pahlavan et al. 2019). 76 

Aiming at understanding better the effect of the individual components of vegetables oils on bitumen properties, 77 

in the present study, bitumen-rejuvenator blends were prepared by using two free fatty acids, oleic acid and 78 

linoleic acid, and one triglyceride, triolein, as model rejuvenators. The main focus was to study the rheological 79 

properties of bitumen-rejuvenator blends after thermal aging (heating at 150 °C and 180 °C for 5 h). The thermal 80 

aging increased sufficiently the stiffness of bitumen and enhanced the differences between the blends.  However, 81 

some blends were studied under unaged conditions for comparison purposes. The 5 and 10 wt% of rejuvenators 82 

used in the present study are in the concentration range studied by other authors (Yu et al. 2014; Zaumanis et al. 83 

2014; Nahar et al. 2014; Zaumanis et al. 2015; Huang et al. 2015; Moghaddam and Baaj 2016; Cavalli et al. 84 

2018). 85 

Molecular compatibility between aged bitumen and rejuvenators and their potential by-products produced after 86 

aging is very important for preserving the properties of the recycled bitumen over time. Some studies have raised 87 

questions about the difference between softening and rejuvenation, questioning if the rejuvenators are working 88 

only as diluents of aged bitumen or if they are actually restoring the chemical composition of the original 89 

bitumen (Moghaddam and Baaj 2016; Karlsson and Isacsson 2006). Oleic acid, linoleic acid and triolein are not 90 

likely to be found in the original composition of bitumen. Therefore, the restoration of the original chemical 91 

composition of bitumen by the addition of these vegetable oil components is excluded. Nevertheless, molecular 92 

incompatibility resulting in phase separation of the blends was not visible under the conditions studied. Hence, 93 
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this basic study provides some guidance on the selection of the vegetable oil type to those looking for more 94 

sustainable alternatives for rejuvenators.  95 

Experimental section 96 

Materials 97 

Different physical and chemical properties of the investigated straight run bitumen with penetration grades 98 

160/220 and 10/20 are presented in Table 1. These grades were chosen since they mark the extreme cornerstones 99 

of practical application. Gel permeation chromatograms can be found in the Supporting Information, Figure S1. 100 

According to the European Standard EN1426, the penetration is expressed as 10 times the depth in millimeter 101 

that a standard needle under a load of 100 g will penetrate vertically into a bitumen sample at a temperature of 25 102 

°C after 5 s. The softening point as per the European Standard EN 1427 is defined as the temperature at which 103 

the bitumen under standardized conditions attains a specific consistency that is characterized by a critical 104 

temperature where a standard steel ball creates a defined bitumen deformation.  105 

Oleic acid (OA) 90 %, linoleic acid (LA) 60 – 74 % and triolein (Tri) ~ 65% were obtained from Sigma Aldrich 106 

and used without further purification. Their chemical structure is shown in Figure 1 and properties provided by 107 

the supplier and measured in this study, such as viscosity before (room temperature, RT) and after different 108 

thermal treatments (150 °C for 5 h and 180 °C for 5 h) are presented in Table 2.  109 

As shown in Figure 1 the main difference in the molecular structure between oleic acid and linoleic acid is a 110 

second C=C bond in the latter. Triolein is composed of three oleic acid molecules connected covalently through 111 

ester bonds to a glycerol moiety. Therefore, the molecular weight of triolein is approximately three times higher 112 

than that of oleic acid and linoleic acid.  113 

Linoleic acid and triolein with high purity,  99 %, purchased from Sigma Aldrich, produced similar results 114 

compared with lower purity rejuvenators (Supporting Information, Figure S2). 115 

Sample preparation 116 

Preparation of aged bitumen  117 

To obtain a batch of aged bitumen that was subsequently blended with unaged rejuvenators, the original bitumen 118 

was aged as follows. 15 g of bitumen were placed in a metal pan of 12 cm diameter, heated and spread to cover 119 

its bottom and obtain films of around 2 mm thickness. The bitumen was then thermally aged (heated) under air 120 

by placing the metal pan in a ventilated oven at 150 °C for 5 h. The aged bitumen is designated as aged 150-5-1 121 

and described in Table 3. 122 

Preparation of aged rejuvenators 123 
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To age the rejuvenators, 0.5 to 1 mL of oleic acid, linoleic acid and triolein were placed in 5 mL open glass vials 124 

exposed to air and heated at 150 and 180 °C for 5 h in the ventilated oven. The designation of the aged 125 

rejuvenators is described in Table 3. 126 

Preparation of blends of unaged, aged bitumen and rejuvenators  127 

The blends of unaged bitumen and rejuvenators were prepared by weighing 5 g of bitumen and 0.25 g or 0.5 g of 128 

rejuvenator in the same container and then heated at 130 °C in a ventilated oven for 10 min to enhance blending 129 

of the low viscosity liquid. After constant and vigorously stirring the blend by hand using a metal spatula for 2 130 

min, the bitumen+rejuvenator blend was placed back in the oven for another 10 min. Thereafter, vigorous 131 

stirring with the spatula for another 2 min was repeated and finally the blend was left to cool down at room 132 

temperature. 133 

The preparation of blends of aged bitumen as described earlier was performed with unaged rejuvenators 134 

according to the same procedure as followed by unaged bitumen and rejuvenators. The only difference in the 135 

process was the use of aged bitumen instead of unaged. The designation of the unaged and aged bitumen and 136 

blends is described in Table 3. 137 

Preparation of aged bitumen-rejuvenator blends 138 

Bitumen-rejuvenator blends were prepared as follows. Unaged bitumen and unaged rejuvenators blends prepared 139 

as described above were placed in silicone molds and heated at 150 and 180 °C for 5 h to produce thermally aged 140 

samples. The temperatures of 150 and 180 °C were selected because they are within the range of temperatures 141 

used for manufacturing hot mixtures of asphalt concrete. Original bitumen alone was aged with the same 142 

procedure for direct comparison. Thermally aged blends and bitumen by this procedure are designated as aged 143 

150-5-2 and aged 180-5-2 and described in Table 3. 144 

Note that the aging procedure of the samples did not follow the conventional procedures of bitumen aging with 145 

rolling thin film oven test (RTFOT) or pressure aging vessel (PAV). However, the change in the properties (e.g. 146 

stiffness and oxidation) of bitumen and blends achieved by the thermal treatment used was enough to show the 147 

different effect of the rejuvenators on aged bitumen. The procedure used produced sufficiently homogeneous 148 

blends confirmed by the unchanged aspect during the period of several months and the reproducibility of the 149 

results. The procedure is acceptable for very small blends produced with cycles of high temperature and 150 

controlled time of stirring; however, to avoid any inconsistency by hand-mixing, in particular for larger samples, 151 

a mechanical stirrer is recommended. 152 

For the rheological measurements, 0.2 – 0.25 g of bitumen or bitumen-rejuvenator blends were placed in silicone 153 

disc molds with 8 mm diameter and 2 mm height and heated in a ventilated oven at 110 °C for 20 min. This 154 
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procedure was used to produce a similar thermal history in all samples before the rheological measurements. The 155 

measurements were performed within 48 h after the thermal treatment. 156 

For the attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy measurements, a small 157 

amount of bitumen and bitumen-rejuvenator blends was spread on glass slides over an area of approximately 3  158 

3 mm2, and heated in a ventilated oven at 110 °C for 20 min as well as at 150 and 180 °C for 5 h. Thereafter, the 159 

samples were removed from the oven and left to cool down to room temperature (21.5  1.5 °C). The 160 

measurements were performed within 48 h after the thermal treatment. 161 

Measurement methods 162 

The rheological properties of bitumen and bitumen-rejuvenator blends were determined using a dynamic shear 163 

rheometer (DSR) Physica MCR 301 from Anton Paar. The oscillatory and rotational measurements were 164 

performed by using the plate-plate geometry with 8 mm diameter and a gap of 1 mm. The oscillatory 165 

measurements were performed within the linear viscoelastic region at constant strain amplitude of 0.05 % and in 166 

10 °C temperature steps in the temperature range 30 to 0 °C. Between each temperature step a (thermal) 167 

equilibration time of 10 min was allowed. The frequency range was 20 – 0.1 Hz and the measurements were 168 

performed from the higher to the lowest frequency. The following equations define the rheological parameters 169 

measured or calculated.  170 

G′ =
σ0

ε0
cos δ (1) 171 

G′′ =
σ0

ε0
sin δ (2) 172 

G′′

G′
= tan δ (3) 173 

where, 0 and 0 are the stress and strain amplitudes of harmonic sinusoidal oscillation; and  is the phase angle 174 

characterizing the time shift between stress and strain oscillations; the so-called storage modulus G’ and loss 175 

modulus G’’ are the real (elastic) and imaginary (viscous) parts of the complex shear modulus |G*| which is 176 

defined as the ratio of stress and strain amplitudes: 177 

|G∗| =
σ0

ε0
= √G'2 + G''2 (4) 178 

The obtained curves enabled the construction of the “master curve” of |G*| through the time-temperature 179 

superposition principle and using the Williams–Landel–Ferry (WLF) equation (Moghaddam and Baaj 2016; 180 

Ferry 1980). The master curve was determined for the reference temperature of 20 °C. 181 

The rotational measurements were used to measure the shear viscosity of the rejuvenators using a shear rate in 182 

the range of 100 – 1000 s-1. 183 
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ATR-FTIR measurements were performed at room temperature (20 – 23 ºC) in a Tensor 27 spectrometer from 184 

Bruker in the ATR mode using a diamond crystal. The bitumen samples were placed with the bitumen surface 185 

against the diamond crystal. For the rejuvenators, one drop was placed on the ATR crystal. The spectra were 186 

collected in the 4000 – 600 cm-1 wavenumber range with a resolution of 4 cm-1, each spectrum representing an 187 

accumulation of 32 spectra.  188 

Thermogravimetric analysis (TGA) was performed by using a TG 209F1 standard/P thermogravimetric analyzer. 189 

Approximately 7 mg of the sample were heated from 30 to 700 °C at the heating rate of 20 °C/min under O2 190 

atmosphere.  191 

Results and discussion 192 

Figure 2 shows the complex shear modulus |G*| and the phase angle  for bitumen-rejuvenator blends aged 193 

thermally at 150 °C for 5 h (aged 150-5-2).  194 

Thermal aging of bitumen 160/220 increased the value of |G*| by a factor of 4 for 10-1 Hz and 2 for 103 Hz 195 

relatively to the unaged state. For bitumen 10/20, |G*| increased by a factor of 1.5 for 10-1 Hz and kept a similar 196 

value for 103 Hz relatively to the unaged state.  197 

For 5 wt% of the three rejuvenators only triolein kept the complex shear modulus below that of aged bitumen 198 

160/220 over the whole frequency range i.e., 36 % lower at 10-1 Hz and 33 % lower at 103 Hz. 199 

As shown in Figure 2 a) at lower frequencies the blend with linoleic acid had higher |G*| than aged bitumen 200 

while |G*| for the blend with 5 wt% of oleic acid was 5 % lower than that of aged bitumen. 201 

10 wt% of triolein in the blend had a greater effect than 10 wt% of oleic and linoleic acid for both bitumen types 202 

as shown in Figure 2 a) and c). For the blends with bitumen 10/20 and 10 wt% of oleic acid |G*| decreased 80 % 203 

at 10-1 Hz and 53 % at 103 Hz. However, |G*| decreased 91 % at 10-1 Hz and 71 % at 103 Hz for the blend with 204 

triolein. 205 

Interestingly, the aged bitumen-rejuvenator blends with 5 wt% of rejuvenators presented a lower  i.e. a more 206 

elastic behavior than aged bitumen (Figure 2b), and for 10 wt% rejuvenator, the  values became similar to those 207 

of aged bitumen. A similar trend was also observed for the blends of unaged bitumen and unaged rejuvenators in 208 

particular for the case of bitumen 160/220 (Supporting Information, Figure S3). On the contrary, unaged oleic 209 

acid added to aged bitumen was able to decrease |G*| to a greater extent than triolein (Supporting Information, 210 

Figure S4). Moreover, a more viscous behavior i.e. increase in  was observed. Addition of 10 wt% of the three 211 

aged rejuvenators to unaged bitumen produced a similar decrease in |G*| (Supporting Information, Figure S5). 212 

Interestingly, adding unaged rejuvenators to unaged bitumen 10/20 seems to result in dilution or softening i.e. 213 

the viscous response prevails. A possible explanation for these observations is that unaged rejuvenators act as 214 
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diluents or dispersing agents when added to aged bitumen leading to both decrease in stiffness and increase in 215 

the viscous response. This phenomenon could be explained by the fact that unaged bitumen 10/20 contains a 216 

different chemical composition compared to unaged bitumen 160/220. Bitumen is a mixture of many different 217 

molecules classified into four major chemical groups referred to as asphaltenes, resins, saturates and aromatics. 218 

In terms of molecular weight, asphaltenes and resins have the highest molecular weight. Elementally bitumen is 219 

mostly carbon and hydrogen and smaller amounts of sulphur, nitrogen and oxygen. Table 1 shows that bitumen 220 

10/20 contains more oxygen and higher molecular weight than bitumen 160/220. This is expected because harder 221 

bitumen is typically concentrated in asphaltenes and resins. Harder bitumen can be produced by high 222 

temperatures as it is also demonstrated in this study. Therefore, unaged rejuvenators may work as diluents or 223 

dispersing agents of asphaltenes when added to harder or aged bitumen resulting in softening. In such a case, the 224 

dilution or dispersing efficiency would be more pronounced for the smaller rejuvenators due to their chemical 225 

structure and/or the higher number of molecules compared to triolein. 226 

On the other hand, the molecular interactions in unaged bitumen and unaged rejuvenator blends and the 227 

molecular interactions developed in aged (at 150 °C) bitumen-rejuvenator blends seem to favor an elastic 228 

response over the viscous as compared with aged bitumen. 229 

Corroborating the complexity of the blends, upon thermal aging of bitumen-rejuvenator at even a higher 230 

temperature (180 °C), the end effect showed a decrease in |G*| and increase in  compared with aged bitumen as 231 

shown in Figure 3. 232 

The thermal aging at 180 °C for 5 h increased the value of |G*| of bitumen 160/220 by a factor of 28 at 10-1 Hz 233 

and 3 at 103 Hz relatively to the unaged bitumen.  234 

Similar trends were observed as for the thermal aging of bitumen-rejuvenator blends at 150 °C and 5 h in terms 235 

of |G*|. For 5 wt% of rejuvenators, only triolein kept the rejuvenating effect in the blend and for 10 wt% triolein 236 

showed a greater rejuvenating effect than oleic and linoleic acids after thermal aging (Figure 3a). For example, 237 

as compared with aged bitumen, for the blend with 5 wt% triolein, |G*| decreased 72 % at 10-1 Hz and 49 % at 238 

103 Hz. However, for the blend with 5 wt% linoleic acid, |G*| increased 1.1 times at 10-1 Hz and did not change 239 

for the blend with oleic acid. For the mixture with 5 wt% of oleic and linoleic acids, |G*| at 103 Hz decreased 240 

6 % and 2 %, respectively. For the blend with triolein, 10 wt% of the rejuvenator produced a reduction of 96 – 241 

77 % of |G*| in the range of 10-1 to 103 Hz. On the other hand, the decrease was of 60 – 30 % for the blend with 242 

10 wt% of oleic acid. 243 

In order to understand the molecular transformations in the bitumen-rejuvenator blends upon thermal aging 244 

ATR-FTIR measurements were conducted. First the rejuvenators alone were examined. After thermal aging, no 245 
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decrease in the volume of the rejuvenators sample was observed. However, there was a clear change in color for 246 

some of the rejuvenators. The change in color is an indicator of changes in chemical composition. Moreover, the 247 

sample of linoleic acid aged at 180 °C for 5 h looked like a paste at the top. Additionally, as shown in Table 2 248 

the viscosity of the rejuvenators increased upon thermal treatment. It is well-known that vegetable oils undergo 249 

degradation at high temperatures due to chemical changes such as hydrolysis, oxidation, cyclization and 250 

polymerization reactions. During such processes, degradation products such as aldehydes, ketones, esters, 251 

alcohols, alkenes, alkanes, aromatic hydrocarbons and/or short chain carboxylic acids may form.  252 

Figure 4 shows ATR-FTIR spectra for unaged and aged oleic acid, linoleic acid and triolein with close ups in 253 

specific regions of interest. In the Supporting Information (Table T1) band locations in the spectra of oleic acid, 254 

linoleic acid and triolein for the different functional groups and assignments of the various modes of vibration 255 

are reported (Weigel and Stephan 2017; Feng et al. 2016). Table 4 shows the mathematical area (the algebraic 256 

sum of trapezoids) for different bands including those depicted in Figure 4b), c) and d), calculated using the 257 

indicated integration limits and straight line-baseline ends. Figure 4a) shows the color of the rejuvenator samples 258 

before and after thermal aging. 259 

It is well-known that in nonpolar or weakly polar solvents oleic and linoleic acids occur in a dimeric form at 260 

room temperature. This was also seen here by the intense band at 1708 cm-1 (Figure 4c) for the carbonyl group 261 

(C=O), characteristic of the dimer form of oleic acid formed due to hydrogen bonding. However, with the 262 

increase in temperature, dimers may change (gradually) into the monomer form (Noskov et al. 1980). The 263 

carbonyl group of the monomer appears at approximately around 1745 cm-1 Figure 4c). This change is generally 264 

accompanied by the change in the OH absorption band at 2672 cm-1 (OH from dimeric COOH) which happens 265 

to a lesser degree here as shown in Table 4. However, the band around 1745 cm-1 falls in the region of the C=O 266 

stretching vibration for esters (1750-1735 cm-1) and aldehydes (1740-1720 cm-1) and increased for the thermal 267 

aging (Last et al. 2009). This means that the fatty acids (or their fragments) have oxidized as a result of aging.  268 

Other evidences of degradation were the change occurring for the C=C stretching vibration mode at 1655 cm-1 269 

(Figure 4d) and for the =CH cis stretching vibration mode at 3006 and 3009 cm-1 (Figure 4b) (Christy et al. 270 

2009; Kamal-Eldin et al. 2003). Both areas decreased (Table 4). Further evidences of significant changes in the 271 

spectra were observed, such as the decrease in the absorbance of the band at 1412 and 1378 cm-1 (Figure 4e) 272 

(Last et al. 2009). 273 

The changes observed in the triolein ATR-FTIR spectrum due to thermal aging were not as significant as for the 274 

free fatty acid (Table 4). Therefore, less molecular changes, e.g., degradation and oxidation were detected in the 275 

case of triolein. Kamal-Eldin et al. (2003) have shown that temperatures above 140 °C do not produce losses of 276 
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triolein due to degradation which could be consistent with what is observed here.  However, above 180 °C 277 

triglycerides can undergo oxidation and form aldehydes, aldehyde acids, alcohols and hydrocarbons (Christy et 278 

al. 2009). The degradation of the oils can actually result in a very complex mixture of components which may 279 

not be visible in great detail with infrared spectroscopy. Due to the degradation of polyunsaturated oils at high 280 

temperatures, oleic and saturated fatty acids are used more in cooking and frying at the expense of 281 

polyunsaturated acids such as linoleic acid (Kamal-Eldin et al. 2003). In case waste cooking, oils are used as 282 

bitumen rejuvenators this information should be considered (Li et al. 2020a; Li et al. 2020b).  283 

ATR-FTIR spectroscopy measurements were also performed on the bitumen-rejuvenator blends in order to gain 284 

further insight into possible discrepancies at the molecular level between blends containing the different 285 

rejuvenators. Figure 5 shows ATR-FTIR spectra for the unaged and aged bitumen-rejuvenator blends aged for 286 

150 °C for 5 h containing 5 and 10 wt% of rejuvenators. The infrared band assignments for bitumen can be 287 

found in the Supporting Information (Table T2).  288 

Comparing Figure 5a) and b) with c) and d) show the disappearance of the carbonyl stretching vibration at 1708 289 

cm-1 of oleic acid and the increase of the carbonyl bond stretching vibration of bitumen at 1698 cm-1 with the 290 

thermal aging due to oxidation. The disappearance of the carbonyl stretching vibration at 1708 cm-1 also occurred 291 

for linoleic acid (not shown here). This happened without the increase of the band at 1740 cm-1 in the case of the 292 

fatty acids alone (Figure 4c). This phenomenon could be due to coordination of the carboxylic group of the free 293 

fatty acids with components of bitumen. The spectrum of triolein remained identical to the unaged blend, 294 

indicating that the triolein rejuvenated bitumen was less susceptible to aging. The same effects were observed for 295 

the blends with bitumen 10/20 (not shown) and for the aged blends at 180 °C for 5 h.  296 

The increase of the carbonyl band was used as indicator of oxidation. The oxidation of the bitumen-rejuvenator 297 

blends containing oleic acid and linoleic acid after thermal aging at 150 °C and 180 °C for 5 h was semi-298 

quantified by calculating the mathematical area (the algebraic sum of trapezoids) of the carbonyl band AC=O for 299 

bitumen, using the integration limits 1730 and 1670 cm-1 for unaged bitumen and 1750 and 1640 cm-1 for the 300 

aged bitumen and bitumen-rejuvenator blends and straight line-baseline ends. The AC=O is shown in Table 5 301 

together with the carbonyl index IC=O. IC=O is the normalization of AC=O by the area under the bands at 1457 and 302 

1375 cm-1 which is practically unaffected upon thermal aging and oxidative effects. The integration limits used 303 

for the calculation of the area under the bands at 1457 cm-1 were 1490 and 1394 cm-1, and under the band at 1375 304 

cm-1 were 1394 and 1350 cm-1. For triolein, the calculation of the areas using this method was not possible due to 305 

the overlapping of the carbonyl bands of triolein and bitumen. However, it is observed that the blends containing 306 

triolein also oxidized as indicated by the appearance of the carbonyl stretching vibration band. 307 
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Thermal aging increased the area of the carbonyl stretching vibration band of bitumen. This means that the 308 

thermal aging led to the oxidation of bitumen and that higher temperature increased the oxidation state. 309 

Additionally, the oxidation seems to be slightly higher for the aged blends containing linoleic acid as compared 310 

to oleic acid for both thermal aging procedures. This could originate from the contributions of oxidized species 311 

resulting from the aging of the linoleic acid. 312 

Additional information about the change in the molecular properties of aged rejuvenators and aged bitumen-313 

rejuvenator blends was obtained with TGA measurements and is shown in Figure 6. 314 

Figure 6a) shows that the thermal aging produced lower weight losses for the same temperature in the 315 

temperature range 300 to 500 ºC for aged oleic acid as compared with unaged oleic acid.  On the contrary 316 

thermal aging resulted in larger weight losses for the same temperature in the temperature range between 300 317 

and 400 ºC in aged triolein as compared with the unaged triolein. These observations could be directly related to 318 

the formation of larger molecules upon thermal aging in the oleic acid case and the formation of smaller 319 

molecules in the case of aged triolein. This could be in favor of the decrease of stiffness as smaller molecules are 320 

formed. 321 

Figure 6b) shows the TGA curves for unaged and aged bitumen 160/220 and selected bitumen-rejuvenator 322 

blends. Upon thermal aging, the TGA curve of aged bitumen shows a clear extra step between 350 and 400 ºC. A 323 

similar step is observed in the TGA curve of unaged bitumen 10/20 (Lee et al. 2016). The same happens for the 324 

aged bitumen-rejuvenator blends. This change is most likely correlated with oxidation and the resulting increase 325 

of the molecular weight of bitumen upon thermal aging. No significant difference between the aged blend with 326 

oleic acid and triolein could be seen. 327 

The results seem to indicate that the higher stability of triolein and/or eventually its transformation into smaller 328 

molecules at high temperatures, observed in the TGA measurements, can contribute to lower stiffness and higher 329 

viscous behavior of the bitumen-triolein blends. 330 

Conclusions  331 

This study provides basic knowledge to determine the effect of the type of rejuvenator and aging on their 332 

performance. To this end, it was shown that the chemical nature of the components of vegetable oils 333 

(rejuvenators) has a strong impact on the rheological properties of bitumen-rejuvenator blends. Although the 334 

three different components, oleic acid, linoleic acid and triolein, at the two dosages 5 and 10 wt%, are able to 335 

reduce the stiffness of aged bitumen and contribute to enhance the viscous behavior of the final blend, the 336 

scenario is different when the bitumen-rejuvenator blends are aged under high temperature. After thermal aging 337 

of bitumen-rejuvenator blends with 5 wt% of oleic acid and linoleic acid had similar or higher complex shear 338 
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modulus and lower viscous response compared to aged bitumen. Only the bitumen-rejuvenator mixtures with 5 339 

wt% triglyceride presented considerably lower values of the complex shear modulus compared with aged 340 

bitumen. For the highest aging temperature (180 °C) used not only the stiffness decreased with the presence of 341 

triolein, but also the viscous response increased when compared with aged bitumen. For the highest dosage, the 342 

softening effect of triolein was higher in comparison to the other two rejuvenators. This demonstrates that the 343 

chemical changes happening to the triglyceride at high temperatures contribute to lower stiffness and higher 344 

viscous behavior of the bitumen-triolein blends. Therefore, vegetable oils with high content of triglycerides, 345 

possibly with lower unsaturation, would be recommended if long-term performance of recycled bitumen is 346 

desired. As for future research, it would be of great interest to study the ageing of blends of aged bitumen and 347 

aged rejuvenators aiming at understanding the rejuvenation effect of waste cooking oils for sustainability 348 

reasons. 349 
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 Table 1 Properties of the investigated bitumen types. Elemental analysis from previous study (Lee et al. 2016). 1 
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Penetration 

(× 0.1 mm) 

Softening 

point (°C) 

Carbon 

(wt%) 

Hydrogen 

(wt%) 

Nitrogen 

(wt%) 

Sulphur 

(wt%) 

Oxygen 

(wt%) 

Molecular 

weight 

(g/mol) 

Bitumen 

160/220 

184 39.8 83.75 10.21 1.00 4.80 0.22 780 

Bitumen 

10/20 

18 69.2 84.31 10.00 0.82 4.14 0.72 1330 

Table Click here to access/download;Table;_Tables.docx

https://www.editorialmanager.com/jrnmteng/download.aspx?id=916806&guid=6be2102c-ba66-4b33-ae86-9f08cd7e01f4&scheme=1
https://www.editorialmanager.com/jrnmteng/download.aspx?id=916806&guid=6be2102c-ba66-4b33-ae86-9f08cd7e01f4&scheme=1
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Table 2 Properties of the rejuvenators: Oleic acid (OA) 90 %, linoleic acid (LA) 60 – 74 % and triolein (Tri) ~ 21 

65%.  RT: room temperature  22 

 Freezing 

point 

(°C) 

Boiling point 

(°C) 

Molecular 

weight 

(g/mol) 

Density 

(g/cm3) 

Viscosity 

RT/150 °C-5 h/180 °C-5 h 

(mPa s) 

OA - Oleic acid 13 – 14 194 – 195 at 1.6 hPa 282.46 0.87 29/36/69 

LA - Linoleic acid 5 229 – 230 at 21 hPa 280.45 0.90 22/49/67 

Tri - Triolein -12 – -5 235 – 240 at 24 hPa 885.43 0.91 83/99/113 
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Table 3 Designation of the different samples. X = Oleic acid (OA), linoleic acid (LA) or triolein (Tri). 46 

Sample designation Description 

unaged 160/220 Unaged bitumen 160/220 

unaged 160/220 + X  Unaged bitumen 160/220 blended with rejuvenator 

unaged 10/20 Unaged bitumen 10/20 

unaged 10/20 + X Unaged bitumen 10/20 blended with rejuvenator 

aged 150-5-1 160/220 Bitumen 160/220 aged at 150 °C for 5 h 

aged 150-5-1 160/220 + X Aged bitumen 160/220 blended with rejuvenator 

aged 150-5-2 160/220 Bitumen 160/220 aged at 150 °C for 5 h (in silicone mold) 

aged 180-5-2 160/220 Bitumen 160/220 aged at 180 °C for 5 h (in silicone mold) 

aged 150-5-2 160/220 - X Blend of bitumen 160/220 and rejuvenator aged at 150 °C for 5 h 

aged 180-5-2 160/220 - X Blend of bitumen 160/220 and rejuvenator aged at 180 °C for 5 h 

aged 150-5-2 10/20 Bitumen 10/20 aged at 150 °C for 5 h (in silicone mold) 

aged 150-5-2 10/20 - X Blend of bitumen 10/20 and rejuvenator aged at 150 °C for 5 h 

X 150 °C Rejuvenator aged at 150 °C for 5 h 

X 180 °C Rejuvenator aged at 180 °C for 5 h 

 47 

 48 

 49 

 50 
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                                                                                                                                                                                          52 
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 60 
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Table 4 Area under different bands for oleic acid (OA), linoleic (LA) acid and triolein (Tri) for the different 61 
thermal treatments 62 

Rejuvenator Bands (cm-1) 

Functional group and mode 

of vibration 

Integration limits (cm-1) Area 

    20 °C 150 °C-5 h 180 °C-5 h 

LA 3009 =CH cis stretching LA 3035 – 2990 0.38 0.30 0.22 

OA 3006 =CH cis stretching OA 3035 – 2990 0.21 0.18 0.14 

Tri 3006 =CH cis stretching Tri 3035 – 2990 0.17 0.15 0.13 

OA 2672 

OH (from dimeric COOH) 

stretching OA 

2706 – 2620 0.20 0.17 0.15 

LA 2672 

OH (from dimeric COOH) 

stretching LA 

2706 – 2620 0.19 0.17 0.15 

Tri 2672 

OH (from dimeric COOH) 

stretching OA, LA 

2706 – 2620 0.05 0.04 0.05 

OA 1740 + 1708 C=O stretching OA 1770 – 1670 7.74 7.70 7.88 

LA 1740 + 1708 C=O stretching LA 1770 – 1670 7.89 7.84 8.25 

Tri 1740 C=O ester Fermi resonance Tri 1770 – 1670 5.62 5.69 5.90 

Tri 1655 C=C stretching Tri 1665 – 1637 0.026 0.024 0.015 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 
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 75 
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Table 5 Area of carbonyl stretching vibration (AC=O) and carbonyl index IC=O for the unaged and aged bitumen 76 

and aged bitumen-rejuvenator (oleic acid and linoleic acid) blends. OA: oleic acid, LA: linoleic acid. 77 

Bitumen/Bitumen-rejuvenator AC=O  IC=O=AC=O/(A1457 + A1375) 

unaged 160/220  0.003 0.0007 

aged 150-5-2 160/220  0.67 0.14 

aged 150-5-2 160/220 - OA 5 wt%  0.49 0.11 

aged 150-5-2 160/220 - LA 5 wt%  0.67 0.15 

aged 150-5-2 160/220 - OA 10 wt%  0.37 0.08 

aged 180-5-2 160/220  0.90 0.20 

aged 180-5-2 160/220 - OA 5 wt%  0.89 0.20 

aged 180-5-2 160/220 - LA 5 wt%  1.01 0.23 

unaged 10/20  0.039 0.008 

aged 150-5-2 10/20  0.54 0.12 

aged 150-5-2 10/20 - OA 5 wt%  0.39 0.085 

aged 150-5-2 10/20 - LA 5 wt%  0.76 0.17 

aged 150-5-2 10/20 - OA 10 wt%  0.63 0.14 

 78 
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