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Abstract 14 

Asphalt rubber (AR), a waste-based paving binder prepared with waste tyre rubber and asphalt 15 

binder, may contain hazardous components that pose environmental risks when applied to the 16 

road surface. This study aims to quantify this concern by characterizing the leaching process 17 

of AR using a multi-scale experimental method. The effects of various experimental variables 18 

on the leaching process were determined, and the leaching of metals and polycyclic aromatic 19 

hydrocarbons (PAHs) were characterized at three scales, i.e., binder, mortar, and mixture. The 20 

results suggested that AR presents no significant leaching concerns under most conditions, but 21 

the leaching of metals from AR might pose risks to the aquatic environments in the areas with 22 

acid rain. Furthermore, the leachability of metals increases with service time due to the aging 23 
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of asphalt binder. The findings of this study can contribute to a better understanding of the 24 

environmental performance of AR and help conduct AR construction and maintenance in a 25 

more sustainable manner.  26 

 27 
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1. Introduction 29 

The use of crumb rubber (CR) from waste tires in asphalt pavement production has received 30 

significant attention in recent decades as it provides an effective solution to the environmental 31 

problem caused by the disposal of end-of-life tires (Huang et al., 2007). Two methods, the wet 32 

and dry processes, have been employed to recycle waste tires in asphalt pavement (Zhou et al., 33 

2014). In the dry process, crumb rubber replaces the fine aggregate in the asphalt mixture, 34 

while in the wet process, crumb rubber is added as a modifier to the hot asphalt binder to 35 

produce the modified binder that is then blended with aggregates (Airey et al., 2003). The wet 36 

process has been more commonly adopted in field applications due to its ability to produce 37 

asphalt mixtures with superior performance as compared to the dry process (López-Moro et al., 38 

2013; Picado-Santos et al., 2020; Yu et al., 2018). The wet process can commonly lead to two 39 

types of modified binders: asphalt rubber (AR) and terminal blend (TB) binder. The AR binder 40 

contains relatively coarser rubber particles and higher rubber content (>15% by weight of 41 

virgin asphalt binder), while the TB binder uses fewer and finer rubber particles (typically 42 

<10% by weight of virgin asphalt binder). The AR binder is preferred in field applications due 43 

to its good rubber elasticity and proven resistance to rutting and cracking. However, the AR 44 

binder also has some limitations such as phase separation issues and relatively poor storage 45 

stability. In contrast, the TB binder has improved storage stability by using fewer and smaller 46 

rubber particles and increasing the mixing temperature and time of binder preparation, resulting 47 

in depolymerization and even dispersion of rubber particles within the binder. Nonetheless, the 48 

TB binder faces significant challenges before its widespread use, such as compromised 49 

deformation and fatigue resistance due to its lower viscosity and rubber elasticity (Han et al., 50 

2016).  51 

Despite the favorable rheological properties of AR, the recycled crumb rubber derived from 52 

waste tires contains impurities that pose a potential threat to the environment when AR is used 53 



as a paving material. A typical car tire consists of approximately 60% rubber, 30% carbon 54 

black, 6% extending oil, 3% zinc, 2% stearic acid, 1% sulfur, and a small amount of 55 

accelerators (Kunioka et al., 2014). Both natural rubber and synthetic rubber can be used in tire 56 

manufacturing, and the rubber formulation can differ depending on the source. Toxic pollutants 57 

that may be released from tire crumb rubber, including heavy metals such as zinc (Zn) and 58 

polycyclic aromatic hydrocarbons (PAHs), have the potential to leach from crumb rubber-59 

modified asphalt pavements, leading to environmental pollution (Fathollahi et al., 2022; 60 

Rhodes et al., 2012). Heavy metals are generally non-biodegradable. Therefore, they can 61 

bioaccumulate in organisms after being taken into animal bodies. Some heavy metals are toxic 62 

when they are present in large amounts, causing biological and physiological complications 63 

(Gautam et al., 2016; Tchounwou et al., 2012). Exposure to toxic heavy metals could negatively 64 

affect the function of cellular organelles and components, including the mitochondria, nuclei, 65 

lysosomes, cell membrane, and enzymes, causing cell damage and cellular function loss. In 66 

addition, heavy metals present neurotoxicity risks by interacting with neurons and causing 67 

neurotransmitter inhibition. Moreover, metal ions could lead to DNA damage and nuclear 68 

protein inactivation, resulting in cell cycle modulation, apoptosis, or carcinogenesis. (Engwa 69 

et al., 2019; Tchounwou et al., 2012; Valko et al., 2005). Exposure to PAHs can cause many 70 

adverse effects, which may occur via food and water ingestion or dermal contact (Abdel-Shafy 71 

and Mansour, 2016; Rengarajan et al., 2015). Some PAHs are ecotoxic and display mutagenic, 72 

carcinogenic, teratogenic, or immunotoxic effects on living organisms (Bolden et al., 2017; 73 

Burchiel and Gao, 2014). PAHs tend to bioaccumulate in adipose tissues due to their high 74 

lipophilicity. Long-term exposure to PAHs may lead to tumor formation in organs such as the 75 

bladder, breast, colon, esophagus, lung, pancreas, and skin (Lee, 2010; Rajpara et al., 2017; 76 

Yu, 2002). PAHs also have embryotoxicity and are related to reproductive system 77 



abnormalities by affecting sperm quality, testicular function, egg viability, and damage nucleic 78 

acid (Abdel-Shafy and Mansour, 2016; Bolden et al., 2017; Rengarajan et al., 2015).  79 

However, most of the previous studies have focused on improving the compatibility between 80 

crumb rubber and asphalt binder, as well as optimizing engineering performances of the 81 

produced AR (Leng et al., 2017; Li et al., 2021; Yu et al., 2017), while limited studies have 82 

been conducted to investigate the potential leaching properties of AR. The potential risks 83 

associated with the use of AR have not been adequately addressed, and the amount of chemical 84 

constituents that can leach out from AR remains unclear. Additionally, previous studies have 85 

not examined the influence of inevitable aging on the leaching properties of AR. Therefore, 86 

there is an urgent need for an in-depth investigation of the factors that influence the leaching 87 

of these chemicals and a fundamental understanding of the potential leaching risks of AR under 88 

real-world conditions. Currently, two laboratory test methods established by the United States 89 

Environmental Protection Agency (US EPA) are commonly used to investigate the leaching of 90 

contaminants from waste road materials, namely the toxicity characteristic leaching procedure 91 

(TCLP) and the synthetic precipitation leaching procedure (SPLP). However, these methods 92 

were primarily developed to assess the safety of potentially hazardous materials deposited in 93 

landfills and have been mainly applied to investigate the leaching risks from polluted soil and 94 

demolished concrete (Ai et al., 2019; Hu et al., 2020). To simulate an acidic environment at 95 

landfill sites, the pH value of the extraction solution is regulated at 4.2 by SPLP, and it can be 96 

as low as 2.88 if TCLP is adopted (US EPA, 1992; 1994). However, as asphalt pavement is 97 

rarely constructed in such low pH environments, it is crucial to determine the influence of 98 

experimental conditions on the leaching properties of asphalt mixtures to ensure an accurate 99 

interpretation of laboratory test results. 100 

Therefore, this study aims to quantitatively characterize the leaching process of AR through 101 

the experimental methods reasonably representing the field condition. The effects of various 102 



experimental variables on the leaching process of AR, including the pH value of the extraction 103 

solution, extraction duration, liquid-to-solid ratio, and particle size, were first investigated. 104 

Then, based on a compressive analysis of these variables, a multi-scale experimental method 105 

was proposed to characterize the leaching behavior of the toxic metals and PAHs from AR at 106 

three scales, i.e., AR binder AR mortar, and compacted AR specimens. To better simulate the 107 

conditions of asphalt pavement in the field, AR samples were prepared through short-term and 108 

long-term aging processes. In addition, artificial acid rain and neutral water were employed as 109 

extraction solutions to investigate the leaching risk of AR under diverse climatic conditions. 110 

 111 

2. Methodology 112 

2.1. Test materials 113 

In the first part of the study, AR mixtures were prepared using CR modified asphalt binder, 114 

natural aggregate, and mineral filler. The modified asphalt binder was produced by integrating 115 

20% of CR (with a particle size of less than 0.25 mm) into a virgin asphalt binder with a 116 

penetration grade of 60/70. This mixture was then shear-mixed for one hour at 180 oC. 117 

Subsequently, the modified asphalt binder and aggregates were blended at the temperature of 118 

160-180 oC. The mixture design implemented in this study was a stone mastic asphalt with a 119 

nominal maximum aggregate size of 10 mm (SMA10), which has been widely used as the 120 

surface course material for carriageway pavements in Hong Kong since early 2012 (Highways 121 

Department, 2016). The binder content was 6.0 wt%. The local granite rocks were employed 122 

as coarse and fine aggregates, as well as mineral fillers. The gradation of SMA10 is presented 123 

in Fig. 1.  124 

In the second part of the study, the AR binder film was produced by subjecting CR modified 125 

binder to a heat treatment at 150 oC inside a rotating bottle for 30 minutes. The loose AR mortar 126 

was generated by blending CR modified binder with fine aggregates (d< 2.36mm) at the 127 



temperature of 160-180 oC. The compacted AR cylindrical specimens were prepared by mixing 128 

CR modified binder, coarse, and fine aggregates at the temperature of 160-180 oC. The 129 

mixtures were subsequently compacted using a gyratory compactor to obtain an average air 130 

void content of 4±0.5%, which is the designed target air void content of the SMA10 gradation.  131 

 132 

Fig. 1. The aggregate gradation curve of the SMA10 mixture 133 

2.2. Experimental methods 134 

2.2.1. Investigation of the effects of experimental variables 135 

The effects of leaching test variables, including extraction time, liquid-to-solid (L/S) ratio, and 136 

extraction solution pH, were investigated in this study. The extraction time primarily 137 

determines whether the solid-liquid system has achieved phase equilibrium. During leaching, 138 

it is assumed there is sufficient solvent present so that all the solutes in the entering solid can 139 

be dissolved into the contacting liquid, and the equilibrium can be attained once the solute is 140 
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dissolved. Therefore, it is imperative that the extraction time is sufficient to enable complete 141 

solute dissolution. The influence of L/S ratios is relatively straightforward, with higher metal 142 

concentrations found at lower L/S ratios. However, the L/S ratio should be high enough to 143 

ensure a sufficient bulk solution to stabilize the dissolved metals. The pH values of the 144 

extraction solution significantly impact the leaching process by altering the metal solubilities. 145 

To comprehend the influences of the experimental variables, the Taguchi method was applied 146 

(Rao et al., 2008). A subset of variable combinations was selected using the L16 orthogonal 147 

array from the Taguchi method. 148 

The experimental design used in this study is presented in Table 1, which includes the 149 

orthogonal array and the parameters used. The Taguchi method is employed to identify the 150 

optimal conditions of the designed variables. This is achieved by evaluating the signal-to-noise 151 

(S/N) ratios (Pignatiello Jr, 1988). The S/N ratio is calculated using Equation (1):  152 

𝑆𝑆
𝑁𝑁
�𝑥𝑥𝑗𝑗� = −10 log�
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𝑛𝑛
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where xj denotes the factor x at level j, yji represents the measured response of samples from 154 

the factor x at the j level, and n is the number of experimental runs.  155 

In the situations where the response variable is non-negative, larger values of the S/N ratio are 156 

more desirable, and the combination of factors with the highest S/N ratio is considered optimal. 157 

The delta values of the S/N ratios are used to determine the significance of each factor. Delta 158 

values represent the mathematical range of S/N ratios between all levels for a given factor, 159 

which is obtained by calculating the difference between the maximum and minimum S/N ratios 160 

for that particular factor. 161 

The extraction solution, which was designed to specific pH values, was prepared using acetic 162 

acid, sodium hydroxide, and deionized (DI) water. The test samples were weighed according 163 

to the predetermined L/S ratios and mixed with the extraction solution using an agitator at 30 164 



rpm for the designated extraction time. Extraction vessels made of borosilicate glass were used 165 

due to their higher thermal conductivity and absence of potential metal contaminants, in 166 

comparison to other types of vessels such as high-density polyethylene (HDPE) and stainless 167 

steel bottles. Asphalt binder, a temperature-sensitive material, exhibits a decrease in viscosity 168 

as temperature increases. Consequently, asphalt binder behaves more like a liquid at higher 169 

temperatures and more like a solid at lower temperatures. Wang et al. (2012) reported that a 170 

change in temperature of only 15-20 oC can double or halve the viscosity of asphalt binder. 171 

Therefore, HDPE bottles, commonly utilized in TCLP and SPLP tests, are not suitable for the 172 

leaching tests of AR. The use of HDPE bottles impedes the release of heat generated by friction, 173 

which leads to an increase in solution temperature and ultimately, the agglomeration of asphalt 174 

mixtures. As a result of agglomeration, the particle size of test samples increases significantly, 175 

which largely affects the leaching tests (Ahlberg et al., 2006; Nosrati et al., 2014; Yang et al., 176 

2018). 177 

Moreover, this study quantified the effects of particle size on the leaching of metals from AR. 178 

The effective contact surface area between the solid bodies and liquid solutions is dependent 179 

on the particle size. The leaching rate of metals from finer particles is expected to be higher 180 

due to the larger effective contact surface area with the extraction solution. The test samples 181 

used in the TCLP and SPLP are required to have a size of less than 9.5mm. However, AR is 182 

composed of a mixture of course aggregate, fine aggregate, mineral filler, and asphalt binder 183 

with desired grades and compaction. Therefore, crushing is necessary to reduce the size of AR 184 

specimens to regulated levels. However, this crushing process introduces uncertainties as the 185 

test samples inevitably have different size distributions. Consequently, it may not be 186 

appropriate for AR mixtures to adhere to the size regulations specified in TCLP or SPLP. To 187 

evaluate the influence of particle size on the leaching test results, the cylindrical specimens of 188 

AR were crushed into loose particles after cooling down to room temperature. The resulting 189 



particles were then sieved into four groups based on their sizes: <2.36mm, 2.36-5mm, 5-10mm, 190 

and >10mm. The four groups of AR samples were subsequently subjected to a leaching test, 191 

using the optimal conditions obtained from the Taguchi analysis. 192 

Table 1 Experimental design: orthogonal array and test parameters 193 

Experiment 
Parameters 

Sample code 
Extraction time Solution pH# L/S ratio 

1 12h 12.5 10 S-1 

2 12h 9.0 20 S-2 

3 12h 5.5 30 S-3 

4 12h 2.0 40 S-4 

5 24h 12.5 20 S-5 

6 24h 9.0 10 S-6 

7 24h 5.5 40 S-7 

8 24h 2.0 30 S-8 

9 48h 12.5 30 S-9 

10 48h 9.0 40 S-10 

11 48h 5.5 10 S-11 

12 48h 2.0 20 S-12 

13 96h 12.5 40 S-13 

14 96h 9.0 30 S-14 

15 96h 5.5 20 S-15 

16 96h 2.0 10 S-16 

 194 

2.2.2. Characterization of the leaching behaviors of AR 195 

In the binder and mortar scale tests, 20 g of AR binder or loose AR mortar was added to the 196 

extraction vessel containing 200 ml of extraction solution. The extraction vessel was then 197 

agitated at a rate of 30 rpm for 24 hours. For the mixture scale test, a compacted AR cylindrical 198 



specimen (diameter = 100 mm, height = 40 mm) weighing 700 g was placed on support inside 199 

the extraction vessel, and a total of eight leaching cycles were performed. The duration of the 200 

extraction period was up to 64 days (NEN 7345, 1995). To investigate the leaching properties 201 

of asphalt mixtures under normal conditions and occasional acid rain events, both neutral and 202 

acidic water were used as extraction solutions. The neutral extraction solution was prepared 203 

using DI water with a pH of 6.5-7. On the other hand, the acidic solution was made by adding 204 

a mixture of sulfuric acid and nitric acid (60/40 wt%) to DI water until the pH reached 4.00 ± 205 

0.05. This pH value is representative of the typical acidity of acid rain (Likens and Bormann, 206 

1974). The use of sulfuric and nitric acids was based on their essential role as components of 207 

acid rain. Sulfur dioxide (SO2) and nitrogen oxides (NOx) released into the atmosphere react 208 

with water, oxygen, and other chemicals to form acid rain (Likens et al., 1972). To simulate 209 

real-world conditions, AR samples at the three testing scales were prepared using the short-210 

term and long-term aged binder, representing freshly constructed asphalt pavement and aged 211 

asphalt pavement with a service time of 5-10 years (AASHTO, 2013a; 2013b). 212 

2.3. Analytical methods 213 

In this study, the leachates obtained from the leaching tests were subjected to various analytical 214 

procedures to determine the concentrations of toxic metals and organic contaminants. The 215 

leachates were filtered using syringe filters with a pore size of 0.45 μm, and the resulting filtrate 216 

was analyzed using inductively coupled plasma-atomic emission spectrometry (ICP-AES, 217 

Spectro Arcos) to measure the concentrations of As, Cd, Cr, Cu, Ni, Pb, Se, and Zn. In addition, 218 

the concentrations of PAHs were also determined using gas chromatography-mass 219 

spectrometry (GC-MS, Agilent) after liquid-liquid extractions of the leachates. The PAHs were 220 

extracted from the leachate solutions using dichloromethane (DCM) through a three-step 221 

liquid-liquid extraction procedure at water/DCM ratios of 1:1, 2:1, and 4:1, respectively. The 222 

first extraction involved adding 10 ml of leachate solution to a borosilicate glass tube 223 



containing 10 ml of DCM, which was then vigorously stirred on a test tube shaker for 90 224 

seconds. The mixture was left to settle for 24 hours, after which the DCM phase was collected, 225 

and the extraction process was repeated twice using 5 ml and 2.5 ml of DCM with a rest time 226 

of 6h and 3h, respectively. The collected DCM phases were combined, dried with magnesium 227 

sulfate (anhydrous granulated for organic trace analysis), and then evaporated under a gentle 228 

flow of N2. The extract was dissolved in 1 ml of fresh DCM and was then analyzed 229 

immediately. An Agilent J&W Scientific HP-5ms column (5%-phenyl-methylpolysiloxane 230 

phase, 30 m × 0.25 mm i.d., 0.25-μm film thickness) with a very low bleed characteristic was 231 

used for PAH measurements. The chromatographic conditions for the analysis of PAHs were 232 

as follows: the test samples were introduced using a 1.0 µL splitless injection, a heater 233 

temperature of 260 oC, and the solvent delay was 6.5 min. Helium was used as the carrier in a 234 

constant flow of 1 ml/min. The oven was initialized at a temperature of 60 oC for 10 min, then 235 

increased to 120 oC at a rate of 5 oC /min and further increased to 300 oC at a rate of 3 oC /min. 236 

The detection was made by mass selective detector source at 300 oC, quadrupole at 180 oC, and 237 

transfer line at 280 oC, respectively. Synchronous SIM-SCAN mode (scan range 50 to 550 238 

atomic mass unit) was applied as the acquisition type. All test samples were prepared in 239 

triplicates, and the blank samples were used as control groups. 240 

 241 

3. Results and Discussion 242 

3.1. Effects of experimental variables 243 

Experimental designs using the Taguchi method were conducted to determine the effects of 244 

various experimental variables and obtain the optimal parameters. Sixteen experimental runs 245 

were conducted to quantify the concentrations of contaminants in the leachate of AR mixtures. 246 

Available metal contents of toxic effects (AMTE), which reflects the leachability of toxic 247 

metals/ metalloids, including arsenic, cadmium, chromium, copper, lead, nickel, selenium, and 248 



zinc (US EPA, 2005), were selected as the response for analyzing the experimental results. 249 

AMTE is defined by Equation (2): 250 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �
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 2 251 

where C is the concentration of metals in the leachate (μg/L), Ls is the volume of the extraction 252 

solution (ml), and Ms is the dry mass of the sample (g). 253 

The responses of the test samples to different test conditions are illustrated in Fig. 2. The 254 

measured AMTE values of the AR mixtures varied in the range of 7-34 mg/kg, depending on 255 

the test conditions. The results of S/N ratios are presented in Table 2. A higher value of the 256 

S/N ratio corresponds to a better test condition. The best conditions were found at an extraction 257 

duration of 24 h, an extraction solution with a pH of 2, and an L/S ratio of 10. The significance 258 

of each factor can be measured using the delta values of the S/N ratios. It can be observed that 259 

the effect of the extraction solution pH on the response of the concentrations of the leached 260 

metals was more significant, while the L/S ratio had fewer influences compared to the other 261 

two factors. Fig. 3 illustrates the responses of the AMTE values in terms of the extraction 262 

durations and the pH values of the extraction solution. It can be observed that significantly 263 

more metals were leached from the AR mixtures when the pH of the extraction solution was 264 

lower. This finding suggests that the leaching test results of asphalt mixtures are greatly 265 

affected by the acidity of the extraction solution, as the mobility of metals varies a lot at 266 

different pH values. The previous leaching studies conducted on concrete materials using the 267 

extraction solutions with different pH values led to similar findings. It was found that most 268 

metals (e.g., Cd, Pb, Zn) in recycled concrete aggregates have a significantly higher leachability 269 

at lower pH values (Ai et al., 2019). It can also be observed that the measured AMTE values 270 

were first increased with longer extraction time and then decreased, where the peak values were 271 

found at the extraction duration of 24 hours, which indicates that the leaching equilibrium of 272 

asphalt mixtures can be achieved within 24 hours in the accelerated laboratory leaching test. 273 



The determined equilibrium time is consistent with the recommended extraction durations by 274 

TCLP and SPLP (e.g., 18 hours or 24 hours). It can be concluded that the pH values of the 275 

extraction solutions are the most significant factors in the leaching test results of asphalt 276 

mixtures. The influences of the extraction time and L/S ratio are less important, and an 277 

extraction duration of 24 hours and an L/S ratio of 10 were found to be suitable for the leaching 278 

test of asphalt mixtures. 279 

 280 

Fig. 2. Responses of the test samples to various test conditions 281 

Table 2 S/N ratio for the response of leaching tests 282 

Extraction time (h) pH of the extraction solution (-) L/S ratio (-) 

Level  S/N ratio Level  S/N ratio Level  S/N ratio 

j=1 12 21.4 j=1 12.5 14.9 j=1 10 16.9 

j=2 24 25.3 j=2 9.0 14.2 j=2 20 16.0 
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j=3 48 21.0 j=3 5.5 17.5 j=3 30 16.3 

j=4 96 22.5 j=4 2.0 21.8 j=4 40 15.9 

Delta  4.3 Delta  7.6 Delta  1.0 

 283 

 284 

Fig. 3. Responses of the AMTE values in terms of the extraction time and the pH values of 285 

the extraction solutions 286 

The influences of particle size on the measured metal concentrations are shown in Fig. 4. It can 287 

be observed that particle size greatly influences the leaching test results. Finer particles present 288 

significantly higher leachabilities than larger particles. The TCLP and SPLP methods that have 289 

been principally applied only recommended sample particle sizes of < 9.5 mm. However, the 290 

random particle size distribution after crushing and sieving processes will introduce huge 291 

uncertainties to the leaching test results. Moreover, the crushing process may introduce 292 

impurities to the samples and result in incorrect measurements.  293 



 294 

Fig. 4. Measured metal concentrations affected by different particle sizes 295 

To address these issues, a multi-scale experimental method was proposed to achieve a 296 

comprehensive and representative evaluation of pollutant leaching from asphalt pavements by 297 

incorporating realistic gradations. This method involves utilizing the test samples at three 298 

scales: asphalt binder, loose asphalt mortar, and compacted asphalt mixture. Asphalt binder, 299 

which is a critical component of the asphalt mixture, is used to create film samples with fixed 300 

thickness in the batch leaching test. Asphalt mortar, also known as the fine aggregate matrix 301 

(FAM), plays a crucial role in bonding the aggregates together to form the asphalt mixture. It 302 

is a composite material consisting of asphalt binder, filler, and fine aggregates with a maximum 303 

nominal size of <2.36mm. The small particle size distribution of asphalt mortar makes it 304 

suitable for accelerated batch leaching tests. It is also free from contamination that may occur 305 

during the crushing and sieving processes. Moreover, asphalt mortar is easy to prepare in a 306 
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laboratory setting and has been widely used in mechanical property testing, allowing for easy 307 

comparison of leaching test results. Compacted asphalt specimens, representative of actual 308 

field conditions, were employed in the proposed method to evaluate the long-term leaching 309 

properties of asphalt pavements using tank leaching tests. This approach facilitates the 310 

examination of both surface wash-off-driven and diffusion-driven leaching processes, while 311 

taking into account the realistic gradation and compaction properties of asphalt pavements. The 312 

proposed multi-scale experimental method has the potential to provide a more comprehensive 313 

and accurate evaluation of pollutant leaching from asphalt pavements. 314 

3.2. Leaching behaviors of AR 315 

3.2.1. Leaching of toxic metals/ metalloids 316 

Fig. 5 shows the overall leaching test results of the AR binder, mortar, and mixture. ST and LT 317 

represent short-term and long-term aged samples, while -N and -A indicate whether the 318 

extraction solution is neutral or acidic. It can be observed that remarkably more toxic metals 319 

were found in the leachates using acidic extraction solutions despite the scales of test samples. 320 

It is expected since the majority of metals have higher solubilities in a more acidic environment, 321 

and the objective of this investigation is to verify whether the release of toxic metals from AR 322 

will be a concern to the local water environment when the pavement is exposed to acid rain. 323 

The detailed concentrations of toxic metals in the leachates of AR binder, mortar, and mixture 324 

are presented in Table 3. Only trace amounts of toxic metals were detected in the leachates 325 

when AR samples were exposed to neutral water. Among all the toxic metals, Zn shows the 326 

highest concentrations as zinc oxide (ZnO) was used as an activator for the vulcanization of 327 

rubber, and it represents approximately 1−2% of tire rubbers by weight (Degaffe and Turner, 328 

2011; Taheri et al., 2011). 329 

Nonetheless, AR materials present little leaching risk to the environment under neutral 330 

conditions, as the measured concentrations of toxic metals in the leachates were well below the 331 



regulated levels. However, when artificial acid rain was used as the extraction solution, 332 

elevated concentrations of toxic metals were found in the leachate. Elevated levels of metals 333 

were found in the leachates due to increased mineral dissolutions under acidic environments. 334 

Although most of the toxic metals were measured in values below the regulated levels, AR 335 

materials present certain risks of leaching Cd and Zn to the aquatic environment with higher 336 

concentrations compared to the maximum allowed values in the standard. The results suggest 337 

that AR is generally safe to use as a paving material without bringing concerns to the 338 

environment under normal circumstances. However, the leachability of toxic metals from AR 339 

can be dramatically escalated with the increased acidity of rains, which may lead to the leaching 340 

of toxic metals into the runoff that would eventually harm the aquatic environment. 341 

342 

Fig. 5. Measured AMTE values of the leachates from AR binder (24h), mortar (24h), and 343 

mixture (64d) 344 
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Table 3 Concentrations of toxic metals (μg/L) in the leachates of AR samples 345 

Constituents 

(μg/L) 

Binder Mortar Mixture 
GCTLs 

pH=7 pH=4 pH=7 pH=4 pH=7 pH=4 

As - 0.5-1.5 - 0.8-1.6 - 1.7-1.8 10 

Cd 0.7-1.3 0.7-1.2 0.6-0.8 2.6-3.0 0.7-1.6 5.9-7.0 5 

Cr 0.5-1.3 4.7-7.4 - 6.2-6.7 - 7.1-16.2 100 

Cu 5.6-6.4 8.7-14.1 4.4-4.7 7.8-9.7 4.9-7.0 21.5-28.5 1000 

Ni 0.1-0.2 6.1-6.5 0.5-0.6 4.3-5.3 0.8-0.9 15.2-17.3 100 

Pb 0.9-1.5 10.6-11.1 1.1-1.8 3.2-3.7 0.3-0.4 6.0-10.4 15 

Se - 2.1-5.5 - 5.7-12.2 - 13.6-17.7 50 

Zn 6.6-7.6 
145.8-

204.0 
13.4-28.4 

987.0-

1170.2 
55.0-71.8 

5274.1-

5834.1 
5000 

Note: Shaded values indicate exceedances in regulation levels; GCTLs: groundwater and 346 

surface water cleanup target levels (DEP, 2005); - : Not detected (detection limit = 0.1 μg/L). 347 

Regarding the influence of aging, the results suggest that aging appears to exert divergent 348 

effects on the measured metal concentrations across samples of varying scales (Fig. 5). This 349 

observation is primarily drawn from the test results conducted under acidic conditions 350 

(represented by ST-A and LT-A), given that metal leaching from AR consistently remained at 351 

remarkably low levels (i.e., less than 1 ppm) under neutral environments, rendering them 352 

inconsequential. It is noteworthy that the long-term aged samples exhibited reduced metal 353 

leaching in the binder-scale test while manifesting increased metal leaching in the mortar and 354 

mixture-scale tests. During the aging process, oxidative reactions occurred, leading to the 355 

transformation of light hydrocarbons in the asphalt binder into heavier compounds. This 356 

transformation resulted in an increase in the viscosity and stiffness of the aged asphalt binder. 357 

As the leaching of metals from AR binder is essentially a diffusion-controlled process, the 358 

long-term aged AR binder became much more rigid, which impedes the diffusion of metals 359 



from the asphalt binder to the extraction solution. However, unlike the binder scale leaching 360 

test, mortar and mixture scale leaching tests are influenced by both diffusion and advection 361 

effects. The advective leaching process occurs as a liquid physically flows through the sample. 362 

It is impossible to happen in the binder scale test as asphalt binder is highly viscous and 363 

considered impermeable to water. However, the advection effect plays a crucial role in mortar 364 

and mixture scale tests. The advective leaching dominates the leaching process in the mortar 365 

scale test since the water rinses through loose AR mortar without restrictions. Because the long-366 

term aged AR binder is more rigid and brittle, the coating between binder and aggregate became 367 

inferior, leading to lower resistance to water flush. The flush strips the AR mortar, generating 368 

more finer particles and even stronger advection effects. Therefore, although the diffusion of 369 

toxic metals from long-term aged AR binders was slow, more metals were transported and 370 

leached out from the AR mortar by the advection effect. In the mixture scale test, the 371 

compaction process was expected to stabilize the AR mixture and restrict the migration of 372 

contaminants by decreasing the effective surface area and permeability of toxic metals. As a 373 

result, the leaching speed was much lower in compacted AR mixtures, and the measured 374 

leaching concentrations of toxic metals from the compacted AR mixtures through a 64-day test 375 

duration was comparably higher than that of the AR mortar, which had a test duration of only 376 

24 hours. The aging process caused the loss of bonding strength and weakened coating in long-377 

term aged AR mixtures, which deteriorates the stabilization effect and makes the material more 378 

vulnerable to water penetration. Therefore, long-term aged AR mixtures also presented a higher 379 

leachability than short-term aged AR mixtures. These findings suggest that the leachability of 380 

toxic metals from AR mixtures is likely to increase with longer service life due to the inevitable 381 

aging of asphalt binder, generating more environmental concerns. 382 

3.2.2. Leaching of PAHs 383 



The concentrations of 16 US EPA priority pollutant PAHs that are potential human carcinogens 384 

were measured in this study (NTP, 2005), namely acenaphthene (Ace), acenaphthylene (Acy), 385 

anthracene (Ant), fluoranthene (Flt), fluorene (Flu), naphthalene (Nap), phenanthrene (Phe), 386 

pyrene (Pyr), benz[a]anthracene (BaA), benzo[b] fluoranthene (BbF), benzo[k]fluoranthene 387 

(BkF), benzo[ghi]perylene (BghiP), benzo[a]pyrene (Bap), chrysene (Chr), 388 

dibenz[a,h]anthracene (Dba), and indeno[1,2,3-cd]pyrene (Ip). Only eight lightweight PAHs 389 

were detected at measurable concentrations in the leachates of AR materials, including Ace, 390 

Acy, Ant, Flt, Flu, Nap, Phe, and Pyr. Fig. 6 illustrates the overall PAH leaching results. It was 391 

found that concentrations of light molecular weight PAHs (e.g., Nap, Acy, Ace, and Flu) are 392 

higher than those with relatively heavier molecular weights (e.g., Phe, Ant, Flt, and Pyr). It was 393 

attributed to the low solubilities of PAHs in water, while the lower molecular weight PAHs 394 

have relatively higher solubilities than those with increased molecular weights. A slight 395 

increase in PAH concentrations was found when acidic water was used. Similar findings were 396 

reported in a previous study which suggested that lightweight PAHs were more soluble in 397 

acidic water (Batchamen Mougnol et al., 2022). 398 

A possible explanation for this phenomenon is the cation− π interaction between lightweight 399 

PAHs and protons in acidic water, which is a stabilizing electrostatic interaction between the 400 

polarizable pi electron cloud of an aromatic ring and a cation. The delocalized conjugated π 401 

system in benzene rings generates polarity, which is more condensed in lightweight PAHs, 402 

providing them slight solubilities in a polar liquid such as water. Also, this electron-rich π 403 

system can have a noncovalent molecular interaction with an adjacent cation (i.g., H+), which 404 

is abundant in acidic water, to form a stable binding that is much stronger than hydrogen bonds 405 



(Frontera et al., 2011; Hunter and Sanders, 1990; Mahadevi and Sastry, 2013). As a result, 406 

lightweight PAHs form more stable structures and present higher solubilities in acidic water. 407 

 408 

Fig. 6. The overall PAH concentrations in AR leachate and the regulatory maximum levels 409 

(DEP, 2005) 410 

The measured concentrations of PAHs in the leachates of AR are presented in Table 4. The 411 

influence of aging on the leaching of PAHs was insignificant, although long-term aged samples 412 

showed marginally decreased concentrations of PAHs than that of short-term aged samples. It 413 

was mostly due to the evaporation of low molecular weight PAHs during the laboratory aging 414 

process, especially naphthalene, as it has the highest volatility. The test results indicated that 415 

only lighter molecular weight PAHs (i.e., less than five hydrocarbon rings) could be found in 416 

the leachates of AR, and their concentrations were very low. The impact of PAHs on health 417 

can be evaluated by the toxic equivalency factor (TEF), based on the BaP equivalent 418 
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concentration (BaPeq) that assumes that all carcinogenic PAHs are as potent as BaP (Nisbet and 419 

Lagoy, 1992). The BaPeq-TEF values were calculated by Equation (3): 420 

�𝐵𝐵𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒 − 𝑇𝑇𝑇𝑇𝑇𝑇�
𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴

= 
[𝑁𝑁𝑁𝑁𝑁𝑁] ×  0.001 +  [𝐴𝐴𝐴𝐴𝐴𝐴] ×  0.001 +  [𝐴𝐴𝐴𝐴𝐴𝐴] ×  0.001 +  [𝐹𝐹𝐹𝐹𝐹𝐹] ×  0.001 + 
[𝑃𝑃ℎ𝑒𝑒] ×  0.001 +  [𝐴𝐴𝐴𝐴𝐴𝐴] ×  0.01 +  [𝐹𝐹𝐹𝐹𝐹𝐹] ×  0.001 +  [𝑃𝑃𝑃𝑃𝑃𝑃] ×  0.001 + 

[𝐵𝐵𝐵𝐵𝐵𝐵] ×  0.1 +  [𝐶𝐶ℎ𝑟𝑟] ×  0.01 +  [𝐵𝐵𝐵𝐵𝐵𝐵] ×  0.1 +  [𝐵𝐵𝐵𝐵𝐵𝐵] ×  0.1 +
 [𝐵𝐵𝐵𝐵𝐵𝐵] ×  1 +  [𝐼𝐼𝐼𝐼] ×  0.1 +  [𝐷𝐷𝐷𝐷𝐷𝐷] ×  1 +  [𝐵𝐵𝐵𝐵ℎ𝑖𝑖𝑖𝑖] ×  0.01 (3)

 421 

Table 4 Concentrations of PAHs (μg/L) in the leachates of AR samples 422 

Constituents (μg/L) 
Binder Mortar Mixture 

GCTLs 
ST LT ST LT ST LT 

Acenaphthene 
0.233-

0.254 

0.139-

0.183 

0.093-

0.134 

0.083-

0.120 

0.082-

0.122 

0.054-

0.101 
20 

Acenaphthylene 
0.165-

0.190 

0.121-

0.167 

0.050-

0.149 

0.047-

0.096 

0.049-

0.056 

0.013-

0.024 
210 

Anthracene 
0.008-

0.009 

0.008-

0.010 

0.013-

0.016 

0.009-

0.018 

0.013-

0.017 

0.014-

0.015 
2100 

Benzo(a)anthracene - - - - - - 0.05 

Benzo(a)pyrene - - - - - - 0.05 

Benzo(b)fluoranthene - - - - - - 0.5 

Benzo(g,h,i)perylene - - - - - - 0.2 

Benzo(k)fluoranthene - - - - - - 210 

Chrysene - - - - - - 4.8 

Dibenzo(a,h)anthracene - - - - - - 0.005 

Fluoranthene 
0.016-

0.018 

0.135-

0.209 

0.015-

0.035 

0.016-

0.045 

0.008-

0.019 

0.009-

0.030 
280 

Fluorene 
0.164-

0.279 

0.135-

0.209 

0.057-

0.140 

0.054-

0.119 

0.015-

0.024 

0.018-

0.023 
280 

Indeno(1,2,3-cd)pyrene - - - - - - 0.05 

Naphthalene 
0.135-

0.195 

0.097-

0.105 

0.026-

0.177 

0.021-

0.107 

0.036-

0.038 

0.025-

0.033 
14 



Phenanthrene 
0.028-

0.051 

0.026-

0.037 

0.008-

0.051 

0.005-

0.031 

0.002-

0.004 

0.001-

0.004 
210 

Pyrene 
0.012-

0.020 

0.012-

0.016 

0.009-

0.024 

0.011-

0.021 

0.005-

0.010 

0.005-

0.007 
210 

Note: GCTLs: groundwater and surface water cleanup target levels (DEP, 2005); - : Not 423 

detected (detection limit = 0.1 μg/L). 424 

The mean values of the BaPeq-TEF results of AR are illustrated in Fig. 7. It can be observed 425 

that the AR binder has the highest BaPeq-TEF values, followed by AR mortar and mixture. This 426 

is because PAHs are a class of chemicals that occur naturally in crude oil and are believed to 427 

be presented in asphalt binder, although the concentrations of PAHs in asphalt binder are often 428 

very low (i.e., ppm levels). Therefore, the potential leaching of PAHs from AR is attributed to 429 

the asphalt binder content, which was approximately 80% in the AR binder, 20% in the AR 430 

mortar, and 5% in the AR mixture, respectively. Also, the calculated BaPeq-TEF results were 431 

found at low levels (i.e., less than 0.01 μg/L), which indicated that the leachates of asphalt 432 

paving materials were at little or no risk for harmful health effects (Chepelev et al., 2015; 433 

Moffat et al., 2015). It was mainly because PAHs are found less frequently in water due to their 434 

low solubilities compared to air and soil. Exposure to PAHs can potentially increase the risk of 435 

certain types of cancer. However, the primary exposure route is through the diet (food/ drinking 436 

water exposures), which further reduces the cancer risks through dermal exposure to the 437 

leachate of AR. It should be noticed that the BaPeq-TEF results in this study only demonstrated 438 

that the leachates of AR have few harmful health effects on humans. However, there are still 439 

health risks in contact with asphalt pavement as the PAHs can be emitted from asphalt mixtures 440 

into the air, especially during the construction of asphalt mixtures at high temperatures. A 441 

complete investigation of PAH exposure from contact with asphalt pavement is beyond the 442 

scope of this study. More details can be found in previous studies on asphalt emissions 443 

(Autelitano et al., 2017; Cui et al., 2020; Khare et al., 2020). 444 



 445 

Fig. 7. The BaPeq-TEF results of AR 446 

4. Conclusions 447 

This study was conducted to comprehensively evaluate the leaching properties of AR, a widely 448 

used waste-recycled asphalt paving material in field applications. The first part of the study 449 

focused on the investigation of the effects of experimental variables on the leaching process of 450 

AR, including the pH of the extraction solution, sample particle size, extraction duration, and 451 

L/S ratio. Following this, a novel method was developed and employed to comprehensively 452 

investigate the leaching behaviors of AR at three scales: binder, mortar, and mixture. Based on 453 

the experimental findings, the following conclusions can be drawn: 454 

• The particle size of samples and the pH of the leachant are the predominant factors in 455 

the leaching test of AR. An L/S ratio of 10 and a test duration of 24 h are generally 456 
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suitable for batch leaching tests, whereas longer durations are required for evaluating 457 

the long-term leaching property using tank leaching tests.  458 

• The proposed multi-scale leaching method can generate a more comprehensive and 459 

accurate evaluation of pollutant leaching from AR. Test results exhibited good 460 

repeatability, and the proposed method facilitated easy comparison of results. The 461 

findings reveal that the leachability rank follows the order of binder < mortar < mixture 462 

across three scales. 463 

• In order to reflect the true conditions of asphalt pavements in the field, it is important 464 

to use a leachant that simulates rainfall. The use of neutral and acidic leachant in this 465 

study has provided insights into the behavior of pollutant leaching under different 466 

conditions. 467 

• The test results revealed that asphalt binder is the dominant source of PAHs in asphalt 468 

pavements. The leaching of PAHs generally displays low environmental risks due to 469 

their low solubility in water. Only eight lightweight molecular PAHs (i.e., Ace, Acy, 470 

Ant, Flt, Flu, Nap, Phe, and Pyr) were detected at measurable levels. 471 

• AR is generally safe as a recycled waste material for surface pavement, but under 472 

certain conditions such as exposure to acidic runoff or stormwater, the leaching of toxic 473 

metals from AR can exceed water regulation limits and pose a risk to the environment. 474 

• The aging of asphalt pavements may lead to increased leachability of toxic metals, 475 

while reduced releases of PAHs are expected.  476 

In future studies, the effects of other types of aging (e.g., thermo-oxidative aging, photo-477 

oxidative aging, and water aging) on the leaching behaviors of AR will be investigated in 478 

addition to oxidative aging, as they may also affect leaching test results. Moreover, the 479 

ecotoxicological effects of these pollutants on aquatic organisms should be studied in the future 480 

to better understand the influences of leachates from AR on the aquatic environment. 481 



 482 

Acknowledgments  483 

The authors would like to acknowledge the financial support from the Germany/Hong Kong 484 

Joint Research Scheme sponsored by the Research Grants Council of Hong Kong and the 485 

German Academic Exchange Service of Germany (Ref. No. G-PolyU505/21). 486 

 487 

References 488 

Abdel-Shafy, H. I. and Mansour, M. S., 2016. A review on polycyclic aromatic hydrocarbons: 489 

source, environmental impact, effect on human health and remediation. Egyptian 490 

journal of petroleum, 25, 107-123. 491 

AASHTO, 2013a. R28-12: Accelerated Aging of Asphalt Binder Using a Pressurized Aging 492 

Vessel (PAV). American Association of State Highway and Transportation Officials, 493 

Washington, D.C., United States. 494 

AASHTO, 2013b. T240-13: Standard Method of Test for effect of heat and air on a moving 495 

film of asphalt binder (rolling thin-film oven test). American Association of State 496 

Highway and Transportation Officials, Washington, D.C., United States. 497 

Ahlberg, G., Gustafsson, O. and Wedel, P., 2006. Leaching of metals from sewage sludge 498 

during one year and their relationship to particle size. Environmental pollution, 144, 499 

545-553. 500 

Ai, H., Clavier, K. A., Watts, B. E., Gale, S. A. and Townsend, T. G., 2019. The efficacy of 501 

pH-dependent leaching tests to provide a reasonable estimate of post-carbonation 502 

leaching. Journal of hazardous materials, 373, 204-211. 503 

Airey, G. D., Rahman, M. M. and Collop, A. C., 2003. Absorption of bitumen into crumb 504 

rubber using the basket drainage method. International Journal of Pavement 505 

Engineering, 4, 105-119. 506 



Autelitano, F., Bianchi, F. and Giuliani, F., 2017. Airborne emissions of asphalt/wax blends 507 

for warm mix asphalt production. Journal of Cleaner Production, 164, 749-756. 508 

Batchamen Mougnol, J. B., Waanders, F., Fosso-Kankeu, E. and Al Alili, A. R., 2022. 509 

Leaching of Polycyclic Aromatic Hydrocarbons from the Coal Tar in Sewage 510 

Wastewater, Acidic and Alkaline Mine Drainage. International Journal of 511 

Environmental Research and Public Health, 19, 4791. 512 

Bolden, A. L., Rochester, J. R., Schultz, K. and Kwiatkowski, C. F., 2017. Polycyclic aromatic 513 

hydrocarbons and female reproductive health: a scoping review. Reproductive 514 

toxicology, 73, 61-74. 515 

Burchiel, S. and Gao, J., 2014. Polycyclic aromatic hydrocarbons and the immune system. 516 

Encyclopedia Immunotoxicology. 517 

Chepelev, N. L., Moffat, I. D., Labib, S., Bourdon-Lacombe, J., Kuo, B., Buick, J. K., Lemieux, 518 

F., Malik, A. I., Halappanavar, S. and Williams, A., 2015. Integrating toxicogenomics 519 

into human health risk assessment: lessons learned from the benzo [a] pyrene case 520 

study. Critical reviews in toxicology, 45, 44-52. 521 

Cui, P., Schito, G. and Cui, Q., 2020. VOC emissions from asphalt pavement and health risks 522 

to construction workers. Journal of Cleaner Production, 244, 118757. 523 

Degaffe, F. S. and Turner, A., 2011. Leaching of zinc from tire wear particles under simulated 524 

estuarine conditions. Chemosphere, 85, 738-743. 525 

DEP, 2005. Groundwater and Surface Water Cleanup Target Levels. Florida Department of 526 

Environmental Protection (DEP), retrieved from https://floridadep.gov/waste/district-527 

business-support/documents/table-i-groundwater-and-surface-water-cleanup-target 528 

in December 2022. 529 

https://floridadep.gov/waste/district-business-support/documents/table-i-groundwater-and-surface-water-cleanup-target
https://floridadep.gov/waste/district-business-support/documents/table-i-groundwater-and-surface-water-cleanup-target


Engwa, G. A., Ferdinand, P. U., Nwalo, F. N. and Unachukwu, M. N., 2019. Mechanism and 530 

health effects of heavy metal toxicity in humans. Poisoning in the modern world-new 531 

tricks for an old dog, 10, 70-90. 532 

Fathollahi, A., Makoundou, C., Coupe, S. J. and Sangiorgi, C., 2022. Leaching of PAHs from 533 

rubber modified asphalt pavements. Science of the Total Environment, 826, 153983. 534 

Frontera, A., Quiñonero, D. and Deyà, P. M., 2011. Cation–π and anion–π interactions. Wiley 535 

Interdisciplinary Reviews: Computational Molecular Science, 1, 440-459. 536 

Gautam, P. K., Gautam, R. K., Banerjee, S., Chattopadhyaya, M. and Pandey, J., 2016. Heavy 537 

metals in the environment: fate, transport, toxicity and remediation technologies. Nova 538 

Sci Publishers, 60, 101-130. 539 

Han, L., Zheng, M. and Wang, C., 2016. Current status and development of terminal blend tyre 540 

rubber modified asphalt. Construction and Building Materials, 128, 399-409. 541 

Highways Department, 2016. Guidance notes application of polymer modified stone mastic 542 

asphalt. Research & Development Division, RD/GN/038a. 543 

Hu, R., Xie, J., Wu, S., Yang, C. and Yang, D., 2020. Study of toxicity assessment of heavy 544 

metals from steel slag and its asphalt mixture. Materials, 13, 2768. 545 

Huang, Y., Bird, R. N. and Heidrich, O., 2007. A review of the use of recycled solid waste 546 

materials in asphalt pavements. Resources, conservation and recycling, 52, 58-73. 547 

Hunter, C. A. and Sanders, J. K., 1990. The nature of. pi.-. pi. interactions. Journal of the 548 

American Chemical Society, 112, 5525-5534. 549 

Khare, P., Machesky, J., Soto, R., He, M., Presto, A. A. and Gentner, D. R., 2020. Asphalt-550 

related emissions are a major missing nontraditional source of secondary organic 551 

aerosol precursors. Science advances, 6, eabb9785. 552 



Kunioka, M., Taguchi, K., Ninomiya, F., Nakajima, M., Saito, A. and Araki, S., 2014. Biobased 553 

contents of natural rubber model compound and its separated constituents. Polymers, 554 

6, 423-442. 555 

Lee, B.-K. 2010. Sources, distribution and toxicity of polyaromatic hydrocarbons (PAHs) in 556 

particulate matter. Air pollution. IntechOpen. 557 

Leng, Z., Yu, H., Zhang, Z. and Tan, Z., 2017. Optimizing the mixing procedure of warm 558 

asphalt rubber with wax-based additives through mechanism investigation and 559 

performance characterization. Construction and Building Materials, 144, 291-299. 560 

Li, D., Leng, Z., Zou, F. and Yu, H., 2021. Effects of rubber absorption on the aging resistance 561 

of hot and warm asphalt rubber binders prepared with waste tire rubber. Journal of 562 

Cleaner Production, 303, 127082. 563 

Likens, G. E. and Bormann, F. H., 1974. Acid rain: a serious regional environmental problem. 564 

Science, 184, 1176-1179. 565 

Likens, G. E., Bormann, F. H. and Johnson, N. M., 1972. Acid rain. Environment: Science and 566 

Policy for Sustainable Development, 14, 33-40. 567 

López-Moro, F. J., Moro, M. C., Hernández-Olivares, F., Witoszek-Schultz, B. and Alonso-568 

Fernández, M., 2013. Microscopic analysis of the interaction between crumb rubber 569 

and bitumen in asphalt mixtures using the dry process. Construction and Building 570 

Materials, 48, 691-699. 571 

Mahadevi, A. S. and Sastry, G. N., 2013. Cation− π interaction: Its role and relevance in 572 

chemistry, biology, and material science. Chemical reviews, 113, 2100-2138. 573 

Moffat, I., Chepelev, N. L., Labib, S., Bourdon-Lacombe, J., Kuo, B., Buick, J. K., Lemieux, 574 

F., Williams, A., Halappanavar, S. and Malik, A. I., 2015. Comparison of 575 

toxicogenomics and traditional approaches to inform mode of action and points of 576 



departure in human health risk assessment of benzo [a] pyrene in drinking water. 577 

Critical reviews in toxicology, 45, 1-43. 578 

Nen 7345, 1995. Leaching characteristics of solid earthy and stony building and waste 579 

materials - Leaching tests - Determination of the leaching of inorganic components 580 

from buildings and monolitic waste materials with the diffusion test. Nederlands 581 

Normalisatie Instituut, Delft, Netherlands. 582 

Nisbet, I. C. and Lagoy, P. K., 1992. Toxic equivalency factors (TEFs) for polycyclic aromatic 583 

hydrocarbons (PAHs). Regulatory toxicology and pharmacology, 16, 290-300. 584 

Nosrati, A., Quast, K., Xu, D., Skinner, W., Robinson, D. J. and Addai-Mensah, J., 2014. 585 

Agglomeration and column leaching behaviour of nickel laterite ores: effect of ore 586 

mineralogy and particle size distribution. Hydrometallurgy, 146, 29-39. 587 

NTP, 2005. Report on Carcinogens, eleventh ed, National Toxicology Program. Public Health 588 

Service, US Department of Health and Human Services, Washington, DC., United 589 

States. 590 

Picado-Santos, L. G., Capitão, S. D. and Neves, J. M., 2020. Crumb rubber asphalt mixtures: 591 

A literature review. Construction and Building Materials, 247, 118577. 592 

Pignatiello Jr, J. J., 1988. An overview of the strategy and tactics of Taguchi. IIE transactions, 593 

20, 247-254. 594 

Rajpara, R. K., Dudhagara, D. R., Bhatt, J. K., Gosai, H. B. and Dave, B. P., 2017. Polycyclic 595 

aromatic hydrocarbons (PAHs) at the Gulf of Kutch, Gujarat, India: Occurrence, source 596 

apportionment, and toxicity of PAHs as an emerging issue. Marine pollution bulletin, 597 

119, 231-238. 598 

Rao, R. S., Kumar, C. G., Prakasham, R. S. and Hobbs, P. J., 2008. The Taguchi methodology 599 

as a statistical tool for biotechnological applications: a critical appraisal. Biotechnology 600 

Journal: Healthcare Nutrition Technology, 3, 510-523. 601 



Rengarajan, T., Rajendran, P., Nandakumar, N., Lokeshkumar, B., Rajendran, P. and 602 

Nishigaki, I., 2015. Exposure to polycyclic aromatic hydrocarbons with special focus 603 

on cancer. Asian Pacific Journal of Tropical Biomedicine, 5, 182-189. 604 

Rhodes, E. P., Ren, Z. and Mays, D. C., 2012. Zinc leaching from tire crumb rubber. 605 

Environmental science & technology, 46, 12856-12863. 606 

Taheri, S., Khoshgoftarmanesh, A. H., Shariatmadari, H. and Chaney, R. L., 2011. Kinetics of 607 

zinc release from ground tire rubber and rubber ash in a calcareous soil as alternatives 608 

to Zn fertilizers. Plant and soil, 341, 89-97. 609 

Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K. and Sutton, D. J., 2012. Heavy metal toxicity 610 

and the environment. Molecular, clinical and environmental toxicology: volume 3: 611 

environmental toxicology, 133-164. 612 

US EPA, 1992. Methods 1311: toxicity characteristic leaching procedure. U.S. Environmental 613 

Protection Agency, Office of Research and Development, Washington DC. 614 

US EPA, 1994. Methods 1312: synthetic precipitation leaching procedure. U.S. Environmental 615 

Protection Agency, Office of Research and Development, Washington DC. 616 

US EPA, 2005. Methods/indicators for determining when metals are the cause of biological 617 

impairments of rivers and streams: species sensitivity distributions and chronic 618 

exposure-response relationships from laboratory data. U.S. Environmental Protection 619 

Agency, Office of Research and Development, Washington DC. 620 

Valko, M., Morris, H. and Cronin, M., 2005. Metals, toxicity and oxidative stress. Current 621 

medicinal chemistry, 12, 1161-1208. 622 

Wang, H., You, Z., Mills-Beale, J. and Hao, P., 2012. Laboratory evaluation on high 623 

temperature viscosity and low temperature stiffness of asphalt binder with high percent 624 

scrap tire rubber. Construction and building Materials, 26, 583-590. 625 



Yang, Z., Li, Y., Ning, Y., Yang, S., Tang, Y., Zhang, Y. and Wang, X., 2018. Effects of 626 

oxidant and particle size on uranium leaching from coal ash. Journal of Radioanalytical 627 

and Nuclear Chemistry, 317, 801-810. 628 

Yu, H., Leng, Z., Dong, Z., Tan, Z., Guo, F. and Yan, J., 2018. Workability and mechanical 629 

property characterization of asphalt rubber mixtures modified with various warm mix 630 

asphalt additives. Construction and Building Materials, 175, 392-401. 631 

Yu, H., 2002. Environmental carcinogenic polycyclic aromatic hydrocarbons: photochemistry 632 

and phototoxicity. Journal of Environmental Science and Health, Part C, 20, 149-183. 633 

Yu, H., Leng, Z., Zhou, Z., Shih, K., Xiao, F. and Gao, Z., 2017. Optimization of preparation 634 

procedure of liquid warm mix additive modified asphalt rubber. Journal of cleaner 635 

production, 141, 336-345. 636 

Zhou, H., Holikatti, S. and Vacura, P., 2014. Caltrans use of scrap tires in asphalt rubber 637 

products: a comprehensive review. Journal of Traffic and Transportation Engineering 638 

(English Edition), 1, 39-48. 639 

 640 


	References



