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Investigating the use of recycled and reclaimed 
plastic in safe, sustainable future road 
infrastructure  

This report forms one element of a multi-stage research project undertaken as a joint initiative between the 
Western Australian Road Research and Innovation Program (WARRIP) and the National Asset Centre of 
Excellence (NACOE).  

Stage 1 (2020–21) aimed to: 

 review local and international projects that used recycled waste plastic in road and transport 
infrastructure 

 identify the potential uses for recycled plastics in road construction and the relative quantities of materials 
that could be realistically used by each application 

 review plastic waste streams in Queensland and Western Australia to understand market trends and 
capacity 

 investigate workplace health and safety (WHS) requirements and environmental considerations 
associated with the use of waste plastics in road construction. 

 

The publications completed under Stage 1 include: 

 Task 2–4: Investigating the use of recycled plastic in road infrastructure 

– 2: Literature review 

– 3: Plastic waste management (industry survey) 

– 4: Workplace, health and safety, and environmental implications 

 

Stage 2 (2021–23) aimed to: 

 explore safe and sustainable ways to expand the potential uses of waste plastics in transport 
infrastructure 

 understand the health, safety and environmental impacts of using waste plastics in asphalt and bitumen, 
including microplastics, leaching, fuming and emissions.  

 

The publications completed under Stage 2 include: 

 Task 5: Recycled plastics in infrastructure (Factsheet) 

 Task 6: Health and environmental effects of incorporating plastics in binders and asphalt   

– 6A: Laboratory fuming and emissions 

– 6B: Microplastics and leaching 

 Task 7: Potential use of recycled waste plastics in geosynthetics 

 Task 8: Potential use of recycled waste plastics in temporary traffic management devices 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt iii 
TC-710-4-4-1d 

Summary 

Recycled plastics are becoming one of the most talked about environmental issue 

in the world (Kumar & Singh 2019). There are plastics import bans enforced in the 

last few years from China and South-East Asian countries (Ellis-Petersen 2019), 

and national export bans are also now in place for some waste plastics (CSIRO 

2021). Therefore, Australia has reached a precipice where there is a drive to 

internally spark change and promote circular economy principles and practices in 

order to manage the increasingly problematic issues of plastic stockpiles and 

divert them from landfill (CSIRO 2021). 

The recycling of consumer waste plastics in roads as an additive or partial 

aggregate replacement has the potential to not only divert waste from landfill but 

also improve the properties of asphalt when compared to asphalt otherwise 

manufactured with unmodified bitumen. Currently, where asphalt pavements 

experience higher traffic loadings, specially produced polymers, such as styrene-

butadiene-styrene (SBS) and ethylene-vinyl acetate (EVA), and repurposed crumb 

rubber, most commonly from truck tyres, are being used as additives successfully. For asphalt with lower 

traffic loading requirements, unmodified bitumen binders may be used. Questions about the impacts of using 

recycled waste plastics in bituminous binders and asphalt on the safety of people and the environment, 

however, have been raised. 

Scope and Objectives 

This project focused on assessing how the addition of selected consumer waste plastics may impact the 

fumes and emissions, microplastics and leachability of binders and asphalt. The fumes and emissions 

released during the preparation of binders and asphalt mixes containing recycled plastics as performed in 

the Australian Road Research Board (ARRB)/National Transport Research Organisation (NTRO) laboratory 

were examined and compared with those released during the processing of materials commonly accepted by 

the industry (unmodified bitumen, EVA-modified bitumen, and SBS-modified bitumen) and Safe Work 

Australia allowable exposure limits. For an accurate comparative study to be performed, fumes and 

emissions were measured during the blending of unmodified bitumen, conventional polymer-modified 

bitumen (SBS and EVA) and recycled-plastics-modified bitumen as well as during the preparation of their 

respective asphalt mixes. In all cases the specimens were manufactured and tested in a laboratory. The 

leachability of these binder blends and loose asphalt mixes (crushed and sieved) was also analysed and 

compared. A novel test methodology to measure the release of microplastics deriving from the 

corresponding asphalt mixtures to the environment was also developed and assessed. 

The post-consumer recycled plastics used included a pelletised low density polyethylene (LDPE) from 

Western Australia, and a comingled high density polyethylene (HDPE) and polypropylene (PP) from 

Queensland. These plastics were readily available and represent common plastic types that derive as waste 

from consumer activities. The following materials were assessed as part of this research, including both 

binder blends and asphalt manufactured with those binders: 

• unmodified C320 (binder and asphalt) 

• C320/EVA (binder and asphalt) 

• C320/SBS (binder and asphalt) 

• C320/HDPE-PP (binder and asphalt) 

• C320/HDPE-PP – dry method (asphalt) 

• unmodified C170 (binder and asphalt) 

• C170/EVA (binder and asphalt) 

• C170/SBS (binder and asphalt) 

• C170/HDPE-PP (binder and asphalt) 

• C170/HDPE-PP – dry method (asphalt) 

Although the report is believed to 

be correct at the time of 

publication, the Australian Road 

Research Board, to the extent 

lawful, excludes all liability for 

loss (whether arising under 

contract, tort, statute or 

otherwise) arising from the 

contents of the report or from its 

use.  Where such liability cannot 

be excluded, it is reduced to the 

full extent lawful.  Without limiting 

the foregoing, people should 

apply their own skill and 

judgement when using the 

information contained in the 

report. 
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• C170/LDPE (binder and asphalt) 

• C170/LDPE – dry method (asphalt). 

This research is complementary to that by Austroads (2021a, 2021b, 2022a, 2022b). It was conducted to 

assess the repeatability of the proposed methods at different laboratories and assess the viability of 

additional different methods. It also included an investigation of leaching which was not considered in the 

research conducted by Austroads. It is noted that where Austroads terminology makes a distinction between 

the incorporation of relatively low melting temperature and higher melting temperature plastics with the 

aggregates during asphalt mixing as the mixed and dry methods, respectively, this report makes no such 

distinction. In this report, the incorporation of recycled plastics with the aggregates during asphalt mixing is 

referred to as the dry method, irrespective of the melting temperature of the plastics recycled. 

The research aim was to develop a protocol to assess whether recycled polymers would be more hazardous 

to the exposed workers and the environment than commonly accepted practice, i.e. conventional materials. 

A safety protocol was developed along with specific recommendations for safe practice including the use of 

personal protective equipment, exposure time limits, and materials handling. 

Fumes and Emissions 

The quantification of fumes and emissions was undertaken in the laboratory environment using static and 

on-person samplers. Overall, it was found that even though in some cases the incorporation of recycled 

plastics (HDPE/PP and LDPE) resulted in an increase in the detected fumes and emissions when compared 

to the baseline materials (unmodified bitumen, EVA-modified bitumen, and SBS-modified bitumen), the 

measurements were well below the Safe Work Australia allowable limits.  

In addition to the investigation of release of fumes and emissions in a laboratory environment undertaken to 

assess work health and safety effects, the project also investigated fumes and emissions from binders as 

measured in an enclosed test chamber, similar to the method presented by Austroads. The enclosed test 

chamber methodology was used as a conservative assessment of fumes and emissions, as the sampler was 

enclosed and relatively closer to the surface of the hot binders. 

The analysis considered the quantification of released bitumen fumes, aldehydes, and total suspended 

particles as well as the polycyclic aromatic hydrocarbons (PAH) and volatile organic compounds (VOC). All 

analytes detected were at greatest concentrations emitted by conventionally accepted materials, except for 

formaldehyde, which was found to be emitted at the greatest concentrations by C170/LDPE followed by 

C170/HDPE-PP. 

Microplastics 

Assessing the impacts to the environment was found to be more complex, especially as in the case of 

microplastics, no maximum allowable limits have been established. For the assessment of microplastics, 2 

different methods were investigated.  

The investigation of microplastics considered not only the bitumen dissolution and density separation 

pathway assessed by Austroads, but also thermogravimetric analysis (TGA) as an alternative method. The 

trends observed by the quantification of released constituents following abrasion between the TGA used in 

this project and the method used by Austroads were found to be consistent, where the aggregates are the 

predominant matter released followed by bitumen and then microplastics. However, when the bitumen 

dissolution and binder separation method was followed, limitations relating to the method produced 

unexpected results. These were related to the selected solvents used for each of these steps as well as the 

selected filters. The approach that was followed considered solvents and equipment typically available in a 

bitumen laboratory. 

TGA was found to be suitable for the quantification of microplastics, while a process of bitumen dissolution 

and density separation might be more appropriate for a study of their morphology, size and grade. From the 

TGA results, it was deduced that, with the exception of HDPE/PP incorporated via the dry method, the 
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microplastics measured were comparable to that of asphalt manufactured with conventionally used 

polymers. 

Leaching Potential  

Two methods for the assessment of leachates were also employed. As there is no standard method for 

measuring leachates from binders and asphalt, a method to examine the leaching of the binders was 

developed using gas chromatography/mass spectroscopy (GC/MS) while leaching of the loose mix asphalt 

was assessed following methods commonly used for soils. For the assessment of the binders none of the 

analytes of interest were detected through GC/MS. It was, therefore, recommended that a more curated 

approach to the GC/MS method calibration is used in future. The results of the loose mix asphalt were found 

to be affected by the presence of the aggregates, especially in relation to the measurement of leachable 

metals. Therefore, a method where the particles were not crushed to size was further evaluated. These 

results were still found to potentially be affected by the presence of aggregates, given the persistent 

presence of aluminium. Further research is recommended to continue development of an appropriate 

method to assess the leaching potential of plastics-modified asphalt. 

Key Outcomes 

Overall, this research has benchmarked 2 common types of post-consumer waste plastics against 

conventional binder and asphalt materials used in Queensland and Western Australia.  

The fuming and emissions assessment determined that the recycled plastics-modified samples were 

comparable to conventional bituminous materials in most cases. While an increase was seen from the 

recycled plastics-modified samples in some select instances, all results were well below Safe Work Australia 

exposure limits or limits recommended by the Australian Institute of Occupational Hygienists. 

To quantify the potential for microplastics released to the environment, a specialised assessment 

methodology was developed. These results demonstrated that the content of microplastics released from 

recycled plastics-modified samples were comparable to those of conventional polymer-modified asphalt 

materials, with the exception of HDPE/PP incorporated via the dry method.  

Finally, to understand the leaching potential of recycled plastics-modified samples, standard Australian 

methods for soil leachability were used, as well as a novel protocol. Further work has been recommended to 

continue assessing these leachability impacts. 

 

 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt vi 
TC-710-4-4-1d 

 

 

Acknowledgements 

The authors would like to acknowledge AMCOSH and specifically Robert Golec for the fumes and 

emissions measurements and results. The authors would also like to extend their appreciation to 

Dr Alex Duan and Dr Yukie O’Bryan for their support with TGA and GC/MS, work that was 

performed in part at the Trace Analysis for Chemical, Earth and Environmental Sciences 

(TrACEES) Platform at the University of Melbourne. 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt vii 
TC-710-4-4-1d 

Contents 

1 Introduction ................................................................................................................................................ 1 

1.1 Background ...................................................................................................................................... 1 

1.2 Project Scope and Objectives ......................................................................................................... 1 

1.3 Structure of the Report .................................................................................................................... 1 

2 Literature Review ....................................................................................................................................... 3 

2.1 Fumes and Emissions ..................................................................................................................... 3 

2.2 Leachates and Microplastics ........................................................................................................... 4 

2.3 Australian Research Context ........................................................................................................... 5 

3 Task 6A: Operator Safety – Detailed Test Methodology for Laboratory Fumes and Emissions during 

Binder Blending and Asphalt Mixing .......................................................................................................... 6 

3.1 Part A: Preliminary Investigation ..................................................................................................... 6 

3.1.1 Materials ........................................................................................................................... 6 

3.1.2 Binder Blending and Asphalt Mixing Process .................................................................. 7 

3.1.3 Proposed Sampling Protocol ............................................................................................ 9 

3.1.4 Results............................................................................................................................ 11 

3.1.5 Discussion and Recommendations ................................................................................ 15 

3.2 Part B: Assessment of Selected Plastics Through Developed Monitoring Protocol...................... 16 

3.2.1 Materials ......................................................................................................................... 16 

3.2.2 Sampling Protocol .......................................................................................................... 18 

3.2.3 Results............................................................................................................................ 19 

3.2.4 Discussion ...................................................................................................................... 29 

4 Task 6B: Environmental Impacts – Detailed Test Methodology for Measuring the Content of 

Microplastics and Leaching Potential....................................................................................................... 31 

4.1 Part A: Preliminary Investigation ................................................................................................... 31 

4.1.1 Materials ......................................................................................................................... 31 

4.1.2 Proposed Test Protocol .................................................................................................. 31 

4.1.3 Results............................................................................................................................ 35 

4.1.4 Discussion and Recommendations ................................................................................ 45 

4.2 Part B: Assessment of Selected Plastics Through Developed Monitoring Protocol...................... 47 

4.2.1 Materials ......................................................................................................................... 47 

4.2.2 Methodology ................................................................................................................... 47 

4.2.3 Results and Discussion .................................................................................................. 50 

5 Conclusions and Recommendations ....................................................................................................... 62 

5.1 Fumes and Emissions ................................................................................................................... 62 

5.1.1 Recommendations ......................................................................................................... 63 

5.2 Leachates ...................................................................................................................................... 63 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt viii 
TC-710-4-4-1d 

5.2.1 Recommendations ......................................................................................................... 64 

5.3 Microplastics .................................................................................................................................. 64 

5.3.1 Recommendations ......................................................................................................... 64 

5.4 Future Research ............................................................................................................................ 65 

References ...................................................................................................................................................... 66 

Appendix A Initial Suitably Qualified Person Review .............................................................................. 71 

Appendix B AMCOSH Reports ............................................................................................................. 146 

Appendix C Suitably Qualified Professional Report .............................................................................. 204 

Appendix D ASL Leachate Test Report ................................................................................................ 228 

Appendix E Material Certificates ........................................................................................................... 258 

Appendix F Microplastics Quantification Methodology ......................................................................... 259 

Appendix G Recommended Assessment Protocol ............................................................................... 266 
 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt ix 
TC-710-4-4-1d 

Tables 

Table 3.1: Binder and asphalt naming convention and process parameters during the binder 

blending and asphalt mixing process ......................................................................................... 6 

Table 3.2: Binder and asphalt naming convention and process parameters during the binder 

blending and asphalt mixing process ....................................................................................... 17 

Table 3.3: Summary of other PAHs detected ............................................................................................ 22 

Table 3.4: VOC analytes detected during measurements of fumes and emissions undertaken in 

the enclosed test chamber ....................................................................................................... 26 

Table 3.5: PAH analytes detected during measurements of fumes and emissions undertaken in 

the enclosed test chamber ....................................................................................................... 27 

Table 4.1: Sample gravimetric data, all samples had initial mass of 0.7500 g.......................................... 37 

Table 4.2: TGA results with content based on mass and an average of 3 tested specimens per 

sample ...................................................................................................................................... 40 

Table 4.3: Analytical methods for loose asphalt mixes; all asphalt mixes were examined for all 

parameters listed ...................................................................................................................... 48 

Table 4.4: Brief method summaries and sample preparation.................................................................... 49 

Table 4.5: TGA results with content based on mass and average of 3 tested specimens per 

sample ...................................................................................................................................... 54 

Table 5.1: Summary of Part B fumes and emissions where the incorporation of recycled plastics 

resulted in increased fumes and emissions when compared to the baseline materials .......... 62 
 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt x 
TC-710-4-4-1d 

Figures 

Figure 3.1: Blending set-up in ARRB laboratory ........................................................................................... 7 

Figure 3.2: Plastics modified binder preparation using the wet process ...................................................... 8 

Figure 3.3: Hot asphalt mixing, sampling, and compaction process ............................................................ 9 

Figure 3.4: Sensor placement during fumes and emissions monitoring: (a) binder blending set-up 

with static and within breathing zone sensors, (b) sensor set-up for monitoring fumes 

and emissions within the breathing zone of the operator, and (c) static sensors during 

asphalt mixing ........................................................................................................................... 10 

Figure 3.5: Fumes and emissions sampling devices: (a) CTPV (BF) sampling cassette, (b) semi-

volatile PAH sampling PTFE cassette, (c) aldehydes sampling 2,4-

dinitropheylhydrazone treated silica gel tube, (d) VOC sorbent sampling tube (SKC 

Part Number 226-01), and (e) volatile PAH XAD-2 solid sorbent sampling tube ..................... 11 

Figure 3.6: Total VOCs detected during binder blending and asphalt mixing on the operator’s 

person and static samplers: (a) aliphatic hydrocarbons and (b) aromatic hydrocarbons; 

LOR for VOCs is 5 μg per sampling tube and TWA for total VOCs (aliphatic and 

aromatic hydrocarbons) is 790 mg/m3 ...................................................................................... 12 

Figure 3.7: Total PAHs (naphthalene) detected during binder blending and asphalt mixing on the 

operator’s person and static samplers; LOR for PAHs is 0.1 μg per sampling tube or 

filter and TWA for naphthalene is 52 mg/m3 ............................................................................. 13 

Figure 3.8: Total aldehydes detected (formaldehyde) during binder blending and asphalt mixing 

on the operator’s person and static samplers; LOR for aldehydes is 0.25 μg per 

sampling tube and TWA for formaldehyde is 1.2 mg/m3 .......................................................... 14 

Figure 3.9: TSP detected during binder blending and asphalt mixing on the operator’s person and 

static samplers; LOR for TSP is 0.01 mg per filter and AIOH proposes an upper limit of 

exposure of 5 mg/m3................................................................................................................. 15 

Figure 3.10: Bitumen additives: (a) SBS, (b) EVA, (c) LDPE, and (d) HDPE-PP......................................... 17 

Figure 3.11: Placement of static samplers during binder blending ............................................................... 18 

Figure 3.12: Location of samplers for enclosed test chamber fumes and emissions measurements .......... 19 

Figure 3.13: VOCs detected during binder blending and asphalt mixing on the operator’s person 

and static samplers: (a) aromatic hydrocarbons and (b) aliphatic hydrocarbons; LOR 

for VOCs is 5 μg per sampling tube and TWA for total VOCs (aliphatic and aromatic 

hydrocarbons) is 790 mg/m3 ..................................................................................................... 20 

Figure 3.14: PAHs detected during binder blending and asphalt mixing on the operator’s person 

and static samplers: (a) naphthalene and (b) other PAHs; LOR for PAHs is 0.1 μg per 

sampling tube or filter and TWA for naphthalene is 52 mg/m3; no other PAH has a set 

TWA .......................................................................................................................................... 21 

Figure 3.15: Aldehydes detected during binder blending and asphalt mixing on the operator’s 

person and static samplers: (a) formaldehydes and (b) acetaldehydes; LOR for 

aldehydes is 0.25 μg per sampling tube and TWA for formaldehyde is 1.2 mg/m3 and 

for acetaldehyde it is 36 mg/m3 ................................................................................................ 23 

Figure 3.16: TSP detected during binder blending and asphalt mixing on the operator’s person and 

static samplers; LOR for TSP is 0.01 mg per filter and AIOH proposes an upper limit of 

exposure of 5 mg/m3................................................................................................................. 24 

Figure 3.17: VOCs detected during binder blending in the enclosed test chamber: (a) aromatic 

hydrocarbons and (b) aliphatic hydrocarbons; LOR for VOCs is 5 μg per sampling tube ....... 25 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt xi 
TC-710-4-4-1d 

Figure 3.18: PAHs detected during binder blending in the enclosed test chamber; LOR for PAHs is 

0.1 μg per sampling tube or filter .............................................................................................. 27 

Figure 3.19: Aldehydes detected during binder blending in the enclosed test chamber .............................. 28 

Figure 3.20: TSP detected during binder blending in the enclosed test chamber. LOR for TSP is 

0.01 mg per filter ....................................................................................................................... 28 

Figure 3.21: BF detected during binder blending in the enclosed test chamber .......................................... 29 

Figure 4.1: Proposed testing protocol ......................................................................................................... 32 

Figure 4.2: AMAT-collected samples: (a) water from tray, (b) particles unretrievable from 4 µm 

filter, (c) water sample in tray, and (d) dried sample in tray ..................................................... 33 

Figure 4.3: Effect of low odour kerosene and toluene exposure on investigated polymers ....................... 34 

Figure 4.4: Bitumen dissolution set-up ....................................................................................................... 35 

Figure 4.5: Gas chromatographs for (a) ethanol blank, (b) sample B-C320, (c) sample B-

C320/SBS, (d) sample B-C320/EVA, (e) sample B-C320/HDPE-PP, and (f) HDPE-PP ......... 36 

Figure 4.6: Optical microscopy images of bitumen and comingled plastics: (a) B-C320 under 

visible light, (b) B-C320 using a polarised lens, (c) B-C320 under UV light, (d) HDPE-

PP under visible light, (e) HDPE-PP using a polarised lens, and (f) HDPE-PP under 

UV light ..................................................................................................................................... 38 

Figure 4.7: Optical microscopy images of samples collected from the top surface of the glycerine 

suspension during density separation: (a) to (c) sample A-C320/EVA, (d) to (f) sample 

A-C320/HDPE-PP (w), and (g) to (i) sample A-C320/HDPE-PP (d) with (a), (d), and (g) 

under visible light, (b), (e), and (h) using a polarised lens, and (c), (f), and (i) under UV 

light ........................................................................................................................................... 39 

Figure 4.8: Representative TGA and DTG curves for (a) B-C320, and (b) HL with the denoted 

figures reflecting the average of 3 specimens .......................................................................... 40 

Figure 4.9: Representative TGA curves for (a) EVA, HL, B-C320, B-C320/EVA, and A-C320/EVA, 

and representative TGA and DTG curves for (b) A-C320/EVA, (c) EVA, and (d) B-

C320/EVA with the  denoted figures reflecting the average of 3 specimens ........................... 41 

Figure 4.10: Representative TGA curves for (a) SBS, HL, B-C320, B-C320/SBS, and A-C320/SBS, 

and representative TGA and DTG curves for (b) A-C320/SBS, (c) SBS, and (d) B-

C320/SBS with the denoted figures reflecting the average of 3 specimens ............................ 42 

Figure 4.11: Representative TGA curves for (a) HDPE-PP, HL, B-C320, B-C320/HDPE-PP, and A-

C320/HDPE-PP (w), and representative TGA and DTG curves for (b) A-C320/HDPE-

PP (w), (c) HDPE-PP, and (d) B-C320/HDPE-PP with the denoted figures reflecting 

the average of 3 specimens ..................................................................................................... 43 

Figure 4.12: Representative TGA curves for (a) comingled plastic, HL, B-C320, and A-C320/HDPE-

PP (d) and (b) representative TGA and DTG curves for A-C320/HDPE-PP (d) ...................... 44 

Figure 4.13: Particulate matter release after the first hour and after the second hour of abrasion 

with the AMAT .......................................................................................................................... 44 

Figure 4.14: Averaged mass of bitumen and microplastics released after 120 minutes of abrasion 

over 1 m2 of asphalt, as derived from TGA .............................................................................. 45 

Figure 4.15: Surface of abraded slabs after 120 min: (a) A-C320/EVA, (b) A-C320/SBS, (c) A-

C320/HDPE-PP (w), (d) A-C320/HDPE-PP (d), and (e) A-C320 ............................................. 46 

Figure 4.16: Naphthalene concentration following leachability assessment for PAH of loose mix 

asphalt ...................................................................................................................................... 51 

Figure 4.17: Concentration of water leachable metals in loose mix asphalt ................................................ 51 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt xii 
TC-710-4-4-1d 

Figure 4.18: Naphthalene concentration following leachability assessment for PAH of loose mix 

asphalt (uncrushed) .................................................................................................................. 52 

Figure 4.19: Concentration of water leachable metals for uncrushed loose mix asphalt ............................. 53 

Figure 4.20: GC-MS peaks: (a) B-C170/SBS, (b) LDPE, (c) B-C170/ LDPE, (d) B-C170/ HDPE-PP, 

(e) B-C170/EVA, (f) B-C170, (g) HDPE/PP, (i) ethanol ............................................................ 53 

Figure 4.21: Representative TGA curve for C170 ........................................................................................ 55 

Figure 4.22: Representative TGA curves for (a) B-C170, HL, and A-C170, and (b) representative 

TGA and DTG curves for A-C170............................................................................................. 55 

Figure 4.23: Representative TGA curves for (a) EVA, HL, B-C170, B-C170/EVA, and A-C170/EVA, 

and representative TGA and DTG curves for (b) A-C170/EVA, (c) EVA, and (d) B-

C170/EVA with the denoted figures reflecting the average of 3 specimens ............................ 56 

Figure 4.24: Representative TGA curves for (a) SBS, HL, B-C170, B-C170/SBS, and A-C170/SBS, 

and representative TGA and DTG curves for (b) A-C170/SBS, (c) SBS, and (d) B-

C170/SBS with the  denoted figures reflecting the average of 3 specimens ........................... 57 

Figure 4.25: Representative TGA curves for (a) HDPE-PP, HL, B-C170, B-C170/HDPE-PP, and A-

C170/HDPE-PP(w), and representative TGA and DTG curves for (b) A-C170/HDPE-

PP (w), (c) HDPE-PP, and (d) B-C170/HDPE-PP with the denoted figures reflecting 

the average of 3 specimens ..................................................................................................... 58 

Figure 4.26: Representative TGA curves for (a) HDPE-PP, B-C170, HL, and A-C170/HDPE-PP (d), 

and (b) representative TGA and DTG curves for (b) A-C170/HDPE-PP (d) with the 

denoted figures reflecting the average of 3 specimens ............................................................ 58 

Figure 4.27: Representative TGA curves for (a) LDPE, HL, B-C170, B-C170/LDPE, and A-

C170/LDPE(w), and representative TGA and DTG curves for (b) A-C170/LDPE(w), (c) 

LDPE, and (d) B-C170/LDPE with the denoted figures reflecting the average of 3 

specimens ................................................................................................................................. 59 

Figure 4.28: Representative TGA curves for (a) B-C170, HL, and A-C170/LDPE(d), and (b) 

representative TGA and DTG curves for (b) A-C170/LDPE(d) ................................................ 60 

Figure 4.29: Abraded matter constitution over 1 m2 for 60 minutes of abrasion .......................................... 60 

Figure 4.30: Surface of slabs following 1 hour of abrasion: (a) A-C170, (b) A-C170/EVA, (c) A-

C170/SBS, (d) A-C170/HDPE-PP (w), (e) A-C170/HDPE-PP (d), (f) A-C170/LDPE (w), 

and (g) A-C170/LDPE (d) ......................................................................................................... 61 

 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt xiii 
TC-710-4-4-1d 

List of Abbreviations 

Abbreviation Definition 

ABS Acrylonitrile butadiene styrene 

AMAT Accelerated microplastic abrasion test 

ARRB Australian Road Research Board 

ATD Automated thermal desorption 

BF Bitumen fumes 

BPA Bisphenol-A 

CFC Close-face-cassette 

CO Carbon monoxide 

CRMB Crumb rubber modified bitumen 

CTPV Coal tar pitch volatiles 

EVA Ethylene-vinyl acetate 

FID Flame ionisation detector 

FTIR Fourier-transform infrared spectroscopy 

GC/MS Gas chromatography/mass spectroscopy 

HDPE High-density polyethylene  

LDIR Laser direct infrared 

LDPE Low-density polyethylene 

LLDPE Linear low-density polyethylene 

NOx Nitrogen oxides 

PA Polyamide 

PAH Polycyclic aromatic hydrocarbons 

PET Polyethylene terephthalate 

PMB Polymer modified bitumen 

PP Polypropylene 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt xiv 
TC-710-4-4-1d 

PPE Personal protective equipment 

PVC Polyvinyl chloride 

SBS Styrene-butadiene-styrene 

SEM Scanning electron microscopy 

TGA Thermogravimetric analysis 

TOC Total organic compounds 

TPM Total particulate matter 

TSP Total suspended particles 

TWA Total-weighted average 

UV Ultraviolet 

VOC Volatile organic compounds 

 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt 1 
TC-710-4-4-1d 

1 Introduction 

1.1 Background 

In 2019, the Council of Australian Governments was set to establish a timetable to ban the export of waste 

tyres, paper, glass, and plastic to build Australia’s capacity to generate high value recycled commodities 

(Department of Climate Change, Energy, the Environment and Water 2021). As a result, Australian 

government agencies and industry alike are seeking to find value-adding solutions for the generated plastic 

waste, among others. The view is that such solutions will have a positive environmental and economic 

impact (ARRB 2022).  

One such area of interest is horizontal transport infrastructure, mainly due to its capacity to absorb large 

quantities, given that the road network exceeds 800,000 km (ARRB 2022). The use of recycled plastics in 

road infrastructure requires, for each application or product, an understanding of its impacts on engineering 

performance and any risks such use may introduce to the environment and human health. From reviewing 

literature, consulting with regulators, and engaging a suitably qualified person (SQP) it became evident that 

to recycle plastics into road infrastructure safely and responsibly, a risk-based approach was appropriate. 

The SQP report is provided in Appendix A. This research report presents areas which need to be considered 

to establish a risk-based approach to assess work health and safety (WH&S) and environmental implications 

of using recycled plastics in road infrastructure. 

1.2 Project Scope and Objectives 

This research project focuses on the WH&S and environmental impacts of incorporating recycled plastics in 

asphalt via both the wet and dry (hybrid) method. Workers are expected to be exposed to fumes and 

emissions during the processing of bitumen and plastics at elevated temperatures during binder blending 

and asphalt mixing as well as during road manufacture. Within the scope of this research project is the 

evaluation of fumes and emissions for benchmarking and in a laboratory environment where exposure is 

expected to be comparatively greater. It needs to be noted, however, that field measurements need to be 

considered separately and benchmarked against Safe Work Australia recommended upper limits of 

exposure. To understand the possible environmental impacts, the potential of recycled-plastics-modified 

asphalt to release microplastics and leachates to the aquatic environment needs to be understood. 

Currently, there is no protocol for the assessment of these potential risks to the human health and the 

environment. Therefore, the aim of this research project is to develop a testing protocol for the quantification 

of fumes and emissions in the laboratory and leachates and microplastics to the aquatic environment. In 

addition, should it be found necessary, an updated safety protocol is to be developed.        

1.3 Structure of the Report 

Following this introductory Section 1, Section 2 summarises the literature that discusses the quantification of 

fumes and emissions and microplastics. 

Section 3 describes the assessment protocol for fumes and emissions released in the laboratory during 

binder blending and asphalt mixing activities. The assessments were undertaken using static samplers 

placed where materials were processed; in-person samplers were placed in the breathing zone of the 

operators, and measurements in an enclosed test chamber were obtained for binder blending. The methods 

used for sampling were as follows: 

• volatile organic compounds: NIOSH Method 1500, NIOSH Method 1501, AS 2986.1 

• polycyclic aromatic hydrocarbons: NIOSH Method 5800  

• aldehydes: NIOSH Method 2018 

• total particulates and bitumen fumes: NIOSH Method 5040.  
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In Section 4, the methodology developed to measure the content of microplastics released through the 

abrasion of asphalt containing plastics-modified bitumen is described in detail and evaluated. Additionally, 

the leachability of the binders is evaluated using gas chromatography/mass spectroscopy (GC/MS) following 

a method similar to that proposed by White (2019) and of crushed and uncrushed loose asphalt mix following 

a standard method commonly used for the quantification of leachates in soils (AS 4439.2 and AS 4439.3). 

The methods and results of the report are structured in 2 parts for both Sections 3 and 4. Part A outlines 

preliminary investigations and Part B reports the methods, materials, and results of the selected materials for 

use with the developed methodology. The conclusion of Section 5 summarises the findings and provides 

recommendations for adoption and further research.  

The report also contains appendices as follows: 

• Appendix A includes the initial SQP report from which advice was taken to formulate the content of the 

project.  

• Appendix B includes the report provided by AMCOSH, who professionally collected static, in-person, and 

ambient measurements of the fumes and emissions released during the binder blending and asphalt 

mixing processes.  

• Appendix C provides the SQP feedback on the proposed assessment frameworks of Part A of the 

experimental work.  

• Appendix D includes the report from ASL who assessed leachates from the loose asphalt mixes following 

a method suitable for soils.  

• Appendix E includes the material certificate proving the compliance of the C320 and C170 bitumen used 

as the base for all investigated binders.  

• Appendix F summarises the preliminary proof-of-concept assessments that further advised the 

development of the assessment protocols of Task 6A (Section 3) and Task 6B (Section 4). 

• Appendix G provides a summary of the proposed protocols for assessment for fumes and emissions, 

leachates, and microplastics. 
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2 Literature Review 

2.1 Fumes and Emissions 

During the production of asphalt, bitumen is processed at elevated temperatures releasing fumes such as 

sulphur, volatile organic compounds (VOCs), nitrogen oxides (NOx), carbon monoxide (CO), polycyclic 

aromatic hydrocarbons (PAHs), and particulates. These have all been found to be harmful to the health of 

exposed workers (Borinelli et al. 2020) causing bronchitis and other respiratory symptoms (Burstyn et 

al. 2000). Deygout and Southern (2012) recognised that there are no international standards to measure the 

exposure of workers to those fumes, which has resulted in various methods being used producing results 

that may not be directly comparable. Additionally, factors such as processing temperature, bitumen 

composition, as determined by the source of the crude oil and the refining process, application methods, and 

meteorological conditions may affect exposure levels (Burstyn et al. 2000). Common methods for sampling 

include closed-face cassettes (CFC) often 37 mm in diameter, flame ionisation detectors (FID), and 

automated thermal desorption (ATD) (Unwin et al. 2013).  

As the processing of unmodified bitumen is a fundamental step in asphalt mixing, techniques to measure the 

fume emissions, such as headspace techniques in combination with gas chromatography/mass spectrometry 

(GC/MS), have been established and successfully used by the industry (Porot et al. 2020; Porot et al. 2016), 

however, a bitumen-specific exposure analytical method is yet to be developed. Other methods to quantify 

bitumen emissions may include gravimetric techniques, liquid chromatography, and infrared spectroscopy 

(Burstyn et al. 2000). Calzavara et al. (2003) recognised that based on the various definitions of inhalable 

matter, particles up to 100 µm in diameter may be considered. Hence, they proposed that the commonly 

used 37 mm CFC might not be suitable, as it would only collect particles up to 40 µm and a sampler like that 

developed by the Institute of Occupational Medicine in Scotland might be more appropriate. Despite the fact, 

because the latter was found to be more likely to detect non-asphalt organic particulates when the 2 were 

compared, it was concluded that the standard 37-mm cassette testing may still be preferable (Calzavara et 

al. 2003).  

Binet et al. (2002) developed a novel bitumen fume generator and used CFC to measure the total particulate 

matter (TPM) (otherwise referred to as total suspended particles (TSP)) and benzo(a)pyrene. TPM 

measurements were conducted by measuring the weight of the filters before and after sampling and the 

analysis of benzo(a)pyrene was achieved by twice extracting the filter in methanol in an ultrasonic bath. The 

extract was then injected into a liquid chromatographic system. PAHs and sulphur heterocycles were also 

identified through GC/MS. Gaudefroy et al. (2010) described the sampling of bitumen fumes when placed in 

a thermoregulated bath at 160 °C equipped with various probes to measure the total organic compounds 

(TOC) emitted. Sampling was conducted using portable automatic total hydrocarbon measuring equipment. 

The separation and evaluation of the fumes was achieved using a chromatography column and an FID. 

Repeatable sampling was demonstrated and other than the correlation of TOC emissions with temperature, 

an increase in emissions with an increase in stirring speed during the preparation of the bitumen was also 

found. 

Several performance benefits have also been realised in the addition of specifically developed polymers in 

bitumen. These, however, increase the viscosity of the binder and so they require higher temperatures 

during mixing (Porot et al. 2020). Porot et al. (2020) used the stir bar sorptive extraction method combined 

with GC/MS to characterise VOC and PAH fumes deriving from polymer modified bitumen (PMB). They 

found that styrene-butadiene-styrene (SBS)-based PMB had lower VOC and PAH emissions than 

unmodified bitumen at any given temperature. This relationship was true even when the viscosity-based 

processing temperatures were considered.     

Currently, the recycling of consumer plastics in asphalt is being investigated. For the successful adoption of 

such materials by the asphalt industry, a series of guidelines regarding the selection of appropriate polymers 

need to be considered, listing limitations regarding their recyclability which might affect performance, and the 

release of microplastics to the water stream need to be put in place (Austroads 2021a). Additionally, as 

derived from the SQP report in Appendix A, the leachability of the modified binders should also be 
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investigated. Even though previous investigations have not reported concerning findings (White 2019), 

different additives may generate different results. Another consideration, like those discussed for unmodified 

bitumen, is the emission of fumes during the mixing process. At present, there are no guidelines in place 

advising acceptable emission limits and safe handling and monitoring during the processing of recycled 

plastics in bitumen. With the presence of polymers in the mixture at high temperatures, it is expected that 

other volatiles in addition to those present in unmodified bitumen might be present. Similar techniques such 

as those used for unmodified bitumen, namely GC/MS, FID, and ATD, have been used to measure 

emissions during polymer processing activities. The sampling strategy has been found to influence the data 

as different sampling methods provide different levels of sensitivity and is, therefore, to be carefully 

considered depending on the occupational exposure limits. In addition, it was noted that different 

manufacturing methods need to be considered separately as they may influence the type and quantity of 

microplastics released (Forrest et al. 1995). Thermoplastic polymers are being used in various manufacturing 

processes that involve high temperatures, like injection moulding, extrusion, and more recently additive 

manufacturing. It has been recognised that fumes during their processing at those elevated temperatures 

may be released. These depend on the grade of the polymer and the processing conditions (Unwin et al. 

2013).  

In this report, emissions deriving from the plastics mixing process with bitumen are measured. Several 

techniques have been developed for controlled emission and monitoring of such fumes; however, this 

research focuses on the measurement and monitoring of such fumes in a laboratory working environment. 

The aim is to develop safe handling and processing guidelines as well as an efficient sensor set-up 

configuration in a laboratory environment where plastics are mixed with bitumen at high concentration. 

Appropriate measures regarding the use of personal protective equipment (PPE) and exposure time and 

distance, among others, are proposed. In addition, a benchmarking method using an enclosed test chamber 

is also included to act as a comparative assessment tool between materials commonly accepted by the road 

construction industry and those containing recycled plastics.   

2.2 Leachates and Microplastics 

An additional consideration is the impact of such materials on the environment after exposure to ageing, 

weather, and traffic conditions. Exposure to the environment may also be considered when additives are 

introduced in bitumen.  

Rainwater in contact with the asphalt as well as the spreading of asphalt particles abraded from the road 

surface may contaminate the surrounding soil and water. Therefore, such potential warrants investigation. It 

has previously been noted that the risk for leaching is dependent on the availability of contaminants for 

leaching rather than on their total concentration (Galvín et al. 2013). This can be determined by the Dutch 

Standard NEN 7341.  

Brandt and De Groot (2001) assessed the PAH leaching potential of 9 different bitumens and an asphalt. 

They used a static leach test following European standard methods as closely as possible to measure the 

PAH leached by the bitumens and a dynamic leach test to assess a bitumen against asphalt. They found 

that both showed an increase in leachate concentration for the first 3 to 6 days, after which, they reached an 

equilibrium. This equilibrium was observed to stay well below the surface and potable water limits as set by 

European Economic Community countries. Birgisdottir et al. (2007) also investigated the leaching of PAHs 

from asphalt collected from 2 different locations and applications from the field using a tank leaching test 

based on the NEN 7345 standard. They found that only a minor portion of the PAHs contained in asphalt 

may leach to the environment (up to 1.1% for 5 PAHs) over the course of 25 years and noted that the PAH 

found in soil near roads was unlikely from the asphalt. It was agreed that leaching of PAHs is a diffusion-

controlled mechanism (Birgisdottir et al. 2007; Brandt & De Groot 2001) and so diffusion calculations may be 

used for relevant calculations (Birgisdottir et al. 2007). 

Xu and Zhang (2020) investigated the leaching potential for heavy metals of polyphosphoric-acid-modified 

bitumen under various conditions including different temperatures, different concentrations of sodium 

chloride, and acidic pH values (≤ 5.6) following a combination of the US EPA Method 1311 and 1312. Metals 
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such as Cr, Cd, Ni, Cu, and Pb are typically present in crude oil products. They found that the addition of 

polyphosphoric acid did not aggravate the leaching of these metals.   

It is also hypothesised that as friction with traffic tyres abrades the surface of the asphalt, particles from its 

surface are released. These could then make their way into the natural aquatic environment. It is understood 

that there is a risk of potential harm to the environment when plastics are used in road applications and 

should be considered prior to their wide adoption. As listed in Appendix A, these include microplastics that 

may lead to the environment and leaching of chemicals from those microplastics that may be released in the 

aquatic environment. Such environmental impact, however, has already been recognised as probable with 

the accepted fillers in bitumen (Rødland 2019; Vogelsang et al. 2020). Therefore, to evaluate whether the 

addition of recycled plastics has a more severe impact on the environment, a comparative study is 

conducted.  

Masura et al. (2015) previously recognised the need to measure the content of microplastics in the aquatic 

environment and developed a laboratory method for their quantification. They used a sieve to collect 

contaminants smaller than 5 mm in diameter which they then separated into minerals and plastics using a 

density separation method through floatation. The plastics were then separated using an optical microscope 

and quantified through gravimetric methods.  

2.3 Australian Research Context 

In an extensive effort to understand the release of fumes and emissions as well as microplastics, Austroads 

carefully selected recycled plastics available in Australia and New Zealand and developed methods for their 

assessment. The plastics were shortlisted based on their characteristics, such as melt temperature and 

viscoelastic behaviour, and those deemed suitable were selected for further investigations 

(Austroads 2021a). A testing framework for the assessment of fumes and emissions as well as microplastics 

was developed (Austroads 2021b) and the results were presented (Austroads 2022a, 2022b). The sampling 

of fumes and emissions was undertaken using an enclosed flask at elevated temperatures where the binders 

were continuously agitated. The results revealed that the incorporation of plastics did not increase the 

concentration of VOCs and PAHs, rather the temperature was the predominant influencing factor (Austroads 

2021b, 2022a, 2022b).  

To investigate the potential release of microplastics, the asphalt surface was abraded, and the particulate 

matter was analysed following a multiple-step process. Firstly, the bitumen was dissolved and then the 

aggregates were separated from the plastics using density separation. The success of the process was 

qualified through optical microscopy, while gravimetric data were acquired at every step of the process to 

quantify the constitution of the abraded matter. It was found that the abraded matter decreased with an 

increase in the content of plastics. The type of plastic used was also an affecting factor (Austroads 2021b, 

2022a, 2022b).       
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3 Task 6A: Operator Safety – Detailed Test 
Methodology for Laboratory Fumes and 
Emissions during Binder Blending and Asphalt 
Mixing   

3.1 Part A: Preliminary Investigation 

Measurements for air pollutants generated during the binder blending process and asphalt mixing processes 

of unmodified bitumen, SBS-modified bitumen, and ethylene-vinyl acetate (EVA)-modified bitumen, which 

are currently used in asphalt and sprayed seals in Australia, were undertaken to set the baseline of current 

practice exposure of laboratory operators to fumes and emissions. Measurements of fumes and emissions 

from the blending and mixing of recycled plastics were also taken and compared to the baseline. This was to 

investigate whether the incorporation of recycled high-density polyethylene/polypropylene (HDPE/PP) in 

asphalt is prohibitive due to safety concerns and generate advice for effective use of PPE. 

AMCOSH provided advice regarding the measuring locations and equipment required for the most efficient 

measuring. Measurements were taken within the ARRB laboratory where the mixing of binders and 

asphalt takes place in high concentrations and where, according to Burstyn et al. (2000), fume exposure is 

relatively high, simulating a worst-case scenario.  

3.1.1 Materials 

The unmodified bitumen used for this investigation was C320 as there exists a greater database of testing 

results on binders and mixtures of this grade. However, C170 bitumen would be a more common base 

binder for polymer modified mixes. The selected polymers for the baseline PMB mixture were SBS and 

EVA. Lastly, measurements during the blending of recycled consumer plastic (HDPE/PP) with the C320 

bitumen were conducted to investigate whether the exposure effects are amplified and if so, develop a 

specific safety protocol for all those affected. These different mixtures are henceforth referred to by their 

sample ID, as listed in Table 3.1. All binder blending was undertaken at 4,000 rpm for 1 hour at 180 ± 10 °C. 

The asphalt was mixed at 160 ± 10 °C. 

Table 3.1: Binder and asphalt naming convention and process parameters during the binder blending and 
asphalt mixing process 

Sample ID Additive Content of additive (%) 

Binder blending 

B-C320(1) N/A 0 

B-C320/EVA EVA 6 

B-C320/SBS SBS 6 (+3 wt.% combining oil) 

B-C320/HDPE-PP HDPE-PP 6 

Asphalt mixing 

A-C320/EVA EVA 0.3 

A-C320/SBS SBS 0.3 (+0.15 wt.% combining oil) 

A-C320/HDPE-PP (w)(2) HDPE-PP 0.3 

A-C320/HDPE-PP (d)(2) HDPE-PP 5 

A-C320 N/A 0 
1 B prefix indicating a binder sample while A prefix indicates asphalt.  
2 (w) denoting asphalt mixed via the wet method and (d) denoting asphalt mixed via the dry method. 
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3.1.2 Binder Blending and Asphalt Mixing Process 

Binder blending 

The binder preparation was achieved using a Silverson high shear mixer. The process involving the 

incorporation of additives in the bitumen is outlined in Figure 3.2. Of particular interest for the purpose of this 

research are the steps highlighted in red as they involve the probable exposure of the operator to fumes 

generated by the binder mix. It needs to be recognised that in the ARRB laboratory the mixing would take 

place in an enclosed chamber, called the heating block, under CO2 atmosphere, all within an extraction fume 

hood, as per Figure 3.1.  

Figure 3.1: Blending set-up in ARRB laboratory   

 

In addition, the laboratory operator preparing the blend wears PPE including a face shield, safety boots, lab 

coat, safety glasses, and heat resistant gloves. Outside of ARRB, common practice would be for the mixing 

to take place in ambient atmosphere, on a hotplate, possibly under a fume hood. Therefore, for the purposes 

of this research, the CO2 gas was turned off for a wider representation of laboratory processes across 

Australia. The quality of the binder mix is recommended to be checked every 10 minutes to ensure that 

undesired events, such as air entrapment, blockages, and foaming, are not taking place. This step is of 

particular concern because the temperature of the binder during blending is set to 180 ± 10 °C, where the 

emission of volatiles, like alkanes, are comparatively high (Borinelli et al. 2020). 
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Figure 3.2: Plastics modified binder preparation using the wet process 

 

Note: Actions in red indicate operator exposure to binders at high temperature. 

Asphalt mixing 

The asphalt sample preparation, sampling, and compaction were performed according to 

AS/NZS 2891.1.1:2013, 2891.2.1:2014, and 2891.5:2015, respectively. Of particular interest were the steps 

that involved high temperatures highlighted in red in Figure 3.3. Specifically, other than the conditioning step 

where the binder is placed in an oven covered with a lid, where minimal exposure is expected, the mixing of 

the binder with the aggregates, the temperature measurement steps, the collection of samples, and that of 

compaction were of interest. Even though not applicable for the laboratory at ARRB, measuring the 

emissions during the flash point test should also be considered. CO2, CO, and non-methane gaseous 

organic compounds may be detected during this process (Jullien et al. 2010). During hot asphalt mixing, 

all parts are conditioned at elevated temperatures (150 °C) in air forced ovens.  

When mixing is complete, several manual handling operations take place for sampling and compaction. 

These take place while the asphalt is still hot and, therefore, there is an elevated risk of exposure to 

volatiles. Hot asphalt mix is placed in trays and gradually transitioned in heated moulds and those are further 

conditioned in the oven at 150 °C. This process is completed within the span of 1 h. The monitoring of the 

temperature in the centre of the mix is important and, therefore, during that time the oven is opened 

frequently while the operator remains in the area performing other tasks, such as sampling and cleaning, for 

the duration. This process is illustrated in Figure 3.3, where areas of concern are highlighted in red. An 

additional space of concern is during the transportation of hot asphalt mixes to the compactors.  
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Figure 3.3: Hot asphalt mixing, sampling, and compaction process 

 

Note:  Actions in red indicate operator exposure to binders at high temperature. 

It needs to be noted that during the monitoring of fumes and emissions other actions need to be halted so 

that cross-contamination of the samples is avoided. Similar concerns were raised by Calzavara et al. (2003) 

who recognised that certain false positives may be detected due to non-asphalt airborne organic 

particulates. 

3.1.3 Proposed Sampling Protocol 

Measurements were taken for TSPs, bitumen fumes (BF) (otherwise referred to as coal tar pitch volatiles 

(CTPV)), PAHs, VOCs, and aldehydes in static locations in the binder blending and asphalt mixing and 

compaction areas as well as from the operator’s breathing zone during the full duration of the processes. 

The measurement procedure is summarised below, while more details are provided in Appendix B.   

Location for efficient measurement 

Processes such as binder blending and hot asphalt mixing, where the components of asphalt are handled at 

elevated temperatures, were taken into consideration. The asphalt mixing process took place under ambient 

atmosphere while the binder blending took place under a fume hood. The ARRB laboratory is equipped for 

both the preparation of bitumen and the hot mixing of asphalt. Both processes were assessed for all different 

materials. Data was collected from both static sensors and sensors placed in the breathing zone of the 

operator, as shown in Figure 3.4. During the process of asphalt mixing, the static sensors were moved 

following the locations where the materials were handled. The monitoring locations were selected to 

represent the exposure of a laboratory operator undertaking these actions as well as risk to others operating 

within the same area. 
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Figure 3.4: Sensor placement during fumes and emissions monitoring: (a) binder blending set-up with static 
and within breathing zone sensors, (b) sensor set-up for monitoring fumes and emissions within 
the breathing zone of the operator, and (c) static sensors during asphalt mixing 

 

These measurements represent laboratory conditions and other steps of the process are not covered. The 

emissions during asphalt mixing in manufacturing plants have previously been considered by the National 

Pollutant Inventory (1999) for all different plants, namely batch mix plants and parallel and counter flow drum 

mix plants. It was proposed that most of the emissions in those plants are the result of supplementary 

processes, such as fuel combustion. Another concern in manufacturing plants is the inhalation of particulate 

matter as a product of grinding, breaking, and crushing operations (National Pollutant Inventory 1999). 

Zanetti et al. (2014) focused on measurements on the point of laying. These steps are not within the scope 

of this study, which investigates laboratory exposure. 

Sampling devices and methods 

It is recognised that the measurement devices selected during the measuring and monitoring process can 

affect the quality of the collected data. This is because they have been reported to have different efficiencies 

and are often targeted depending on the type of emissions that are to be measured. The sampling devices 

employed in this study are depicted in Figure 3.5. 
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Figure 3.5: Fumes and emissions sampling devices: (a) CTPV (BF) sampling cassette, (b) semi-volatile PAH 
sampling PTFE cassette, (c) aldehydes sampling 2,4-dinitropheylhydrazone treated silica gel tube, 
(d) VOC sorbent sampling tube (SKC Part Number 226-01), and (e) volatile PAH XAD-2 solid sorbent 
sampling tube 

 

The sampling of VOCs was conducted in accordance with NIOSH Method 1500 (Hydrocarbons, BP 36°-

126 °C), NIOSH Method 1501 (Hydrocarbons, Aromatic) and AS 2986.1:2003 at a flow rate of approximately 

0.1 L/min. PAHs were sampled following NIOSH Method 5800 at a flow rate of 2.0–2.5 L/min while the 

NIOSH Method 2018 was used for the sampling of aldehydes at approximately 0.5–1.0 L/min. Lastly, TSP 

and BF were sampled using NIOSH Method 5040 at a flow rate of 2.0–2.5 L/min. Details on the total 

concentrations of samples collected are provided in Appendix B. 

Analysis methods  

After sampling, all samples were refrigerated until they were sent for laboratory analysis as follows:  

• For the quantification of VOCs, samples were analysed through GC/MS by the method of solvent 

desorption with carbon disulphide following Method WCA.2.07  

– the limit of reporting (LOR) for aromatic and aliphatic hydrocarbons by this method is 5 µg per 

sampling tube.  

• GC/MS was also used for the analysis of PAHs by solvent desorption with an LOR of 0.1 µg per filter or 

sampling tube.  

• Aldehydes were analysed through solvent extraction with acetonitrile and high-performance liquid 

chromatography (HPLC) with an LOR of 0.25 µg per tube. 

• TSP and BF were analysed through gravimetry and solvent extraction using cyclohexane with 0.01 mg 

and 0.05 mg LOR per filter, respectively.    

3.1.4 Results 

In this section, a summary of the measurements of the fumes and emissions as sampled within the 

operator’s breathing zone and by static measurements is provided. These are calculated based on 

time-weighted average (TWA), which refers to exposure in a 5-day work week assuming 8 hours of work per 

day. Further details are provided in Appendix B. 

In Figure 3.6 to Figure 3.9, the measured fumes and emissions of the recycled plastic-modified samples are 

compared against the unmodified bitumen and conventional PMBs in both blending and asphalt mixing. 

Where the measurements were below the limit of quantification, no values are reported. It is recognised here 
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that blending of unmodified bitumen is not something required during common practice but was conducted 

for the purposes of the comparative analysis.  

Volatile organic compounds 

The measured VOCs are presented in Figure 3.6. Both polymers and bitumen are susceptible to the release 

of VOCs during exposure to elevated temperatures, such as during binder blending and asphalt mixing. 

Overall, all measured VOCs were found to be well below the recommended exposure upper limit set by Safe 

Work Australia (2013). 

Figure 3.6: Total VOCs detected during binder blending and asphalt mixing on the operator’s person and 
static samplers: (a) aliphatic hydrocarbons and (b) aromatic hydrocarbons; LOR for VOCs is 5 μg 
per sampling tube and TWA for total VOCs (aliphatic and aromatic hydrocarbons) is 790 mg/m3 

 

When considering the release of aromatic hydrocarbons in Figure 3.6 (a) during binder blending, unmodified 

bitumen (B-C320) was the only one to release aromatic hydrocarbons as measured by both the static and 

in-person samplers. These were only comprised by toluene, and they represented 0.05% of the workplace 

exposure standard (TWA = 191 mg/m3). Toluene was also the only aromatic hydrocarbon detected during 

asphalt mixing. Toluene was emitted only by the mixing of sample A-C320/HDPE-PP (d).     
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From Figure 3.6 (b), the aliphatic hydrocarbons were released only during the asphalt mixing of unmodified 

bitumen (A-C320). These were comprised of cyclopentane, cyclohexane, and hexanes (other than n-hexane 

and cyclohexane) in no more than 0.09% of the total allowable concentration for all 3 VOCs. 

The only case where the incorporation of HDPE/PP was found to emit VOCs beyond the levels detected by 

the baseline materials was during the asphalt mixing through the dry process (Figure 3.6 (a)). 

Polycyclic aromatic hydrocarbons 

Figure 3.7 shows the concentration of naphthalene, which was the only PAH detected, for the in-person and 

static samplers. Safe Work Australia (2022) has set an upper limit for allowable exposure to naphthalene at 

52 mg/m3. The detected concentration of overall PAHs was found to be well below this allowable limit of 

exposure.  

Figure 3.7: Total PAHs (naphthalene) detected during binder blending and asphalt mixing on the operator’s 
person and static samplers; LOR for PAHs is 0.1 μg per sampling tube or filter and TWA for 
naphthalene is 52 mg/m3 

 

From Figure 3.7, the greatest concentration of naphthalene was detected within the breathing zone of the 

operator during binder blending of unmodified bitumen (B-C320) in a concentration level of 0.005% of the 

allowable Safe Work Australia limit. The static measurements during blending of unmodified bitumen were 

also the greatest among the other samples, but notably lower than those of the in-person levels. During 

asphalt mixing, however, the detected concentration of naphthalene within the operator’s breathing zone 

when using unmodified bitumen (A-C320) is a close second to that measured during the asphalt mixing 

incorporating HDPE-PP through the dry method (A-C320/HDPE-PP (d)). Naphthalene detection levels from 

static measurements during the asphalt mixing were above the quantification limit only for sample 

A-C320/HDPE-PP (w). Importantly, neither benzo(a)pyrene, which is the most carcinogenically potent PAH, 

nor any of the other 14 priority PAHs were detected for any of the samples.  

The incorporation of HDPE/PP resulted in greater emission of naphthalene for both in-person and static 

samplers during asphalt mixing during the dry and wet method, respectively.        

Aldehydes 

Figure 3.8 shows the measured concentrations of aliphatic aldehydes during binder blending and asphalt 

mixing for all samples. Aldehydes expected due to thermal decomposition of polymers include formaldehyde, 

acetaldehyde, and acrolein for which the allowable exposure limits set by Safe Work Australia (2022) are 

1.2, 36, and 0.23 mg/m3, respectively. Only formaldehyde was detected during the processing of all samples 

and so is the only one presented in Figure 3.8. 
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Figure 3.8: Total aldehydes detected (formaldehyde) during binder blending and asphalt mixing on the 
operator’s person and static samplers; LOR for aldehydes is 0.25 μg per sampling tube and TWA 
for formaldehyde is 1.2 mg/m3 

 

From Figure 3.8, the greatest concentration of formaldehyde was detected by the in-person sampler during 

asphalt mixing of sample A-C320/SBS at 0.009 mg/m3 followed closely by the measurements collected 

during the mixing of the asphalt containing HDPE/PP via the dry method (A-C320/HDPE-PP (d)).  

The incorporation of recycled HDPE/PP was only found to emit formaldehydes beyond those of the baseline 

samples (A-C320, A-C320/EVA, and A-C320/SBS) as measured by the static samplers during the asphalt 

mixing using the wet binder. During binder blending, the HDPE/PP containing binder (B-C320/HDPE-PP), 

was below the commonly used B-C320/EVA binder. 

Total suspended particles and bitumen fumes 

TSP is often primarily comprised of aerosols consisting of solids and condensed liquids suspended in air. 

Those inhalable are specified to particle size distribution with the 50th percentile below 100 μm. Due to the 

wide range of TSP, specific standards have not been set by Safe Work Australia, however, it is 

recommended that exposure to dusts that are low in toxicity and free from toxic impurities is limited to less 

than 10 mg/m3. The Australian Institute of Occupational Hygienists (AIOH) though, proposed that these 

levels be kept below 5 mg/m3. Those detected during binder blending and asphalt mixing of all samples are 

shown in Figure 3.9. BF were not detected above the quantification limit for any of the samples.  
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Figure 3.9: TSP detected during binder blending and asphalt mixing on the operator’s person and static 
samplers; LOR for TSP is 0.01 mg per filter and AIOH proposes an upper limit of exposure of 5 
mg/m3 

 

TSP levels detected during binder blending had concentrations well below 0.1 mg/m3. According to 

Figure 3.9, the greatest amount of TSP detected within the operator’s breathing zone during binder blending 

was for the sample containing SBS (B-C320/SBS). Similarly, the sample containing SBS (A-C320/SBS) was 

also the one that released the greatest amount of TSP during asphalt mixing as measured by both the 

in-person and static detectors.  

The incorporation of HDPE/PP was not found to result in the increase of emitted TSP in any of the cases 

when compared to the baseline samples. 

3.1.5 Discussion and Recommendations 

From the results in Section 3.1.4 and the expert report in Appendix B, it may be concluded that the 

measured concentration levels of VOCs, PAHs, TSP, BF, and aldehydes in both locations for all samples are 

well below those specified by Safe Work Australia exposure limits. This suggests that no harm to human 

health is likely to be caused during binder blending and asphalt mixing using any of the investigated 

materials. It needs to be noted, however, that these measurements are always dependent on the bitumen 

grade and source, processing temperatures, as well as all additives in use. It is safe to expect though, that 

the comparative observations would not be affected by these factors. 

Importantly, the incorporation of recycled plastics was only found to increase the detected concentrations of 

fumes and emissions in some cases. These were limited to: 

• Aromatic hydrocarbons concentration (toluene) for sample A-C320/HDPE-PP (d). 

• Naphthalene for samples B-C320/HDPE-PP and A-C320/HDPE-PP (d) 

– the static sampler for A-C320/HDPE-PP (d) was the only one that detected naphthalene during 

asphalt mixing.  

• Formaldehyde concentration for sample A-C320/HDPE-PP (w) detected by the static sampler 

– A-C320/HDPE-PP (w) was the only mix for which the emission of formaldehyde was detected by the 

static sampler. 

Therefore, it can be recommended that the PPE currently used during binder blending and asphalt mixing 

should suffice when the incorporation of the investigated comingled plastics is considered. This includes a 

face shield, safety boots, safety glasses, heat resistant gloves, and lab coat. It is also advisable that binder 

blending takes place in a fume cabinet. 

Porot et al. (2020) observed that VOCs and PAHs emitted by unmodified bitumen samples were greater than 

these of modified binders. Although they recognised the need for further investigations to be undertaken, 
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they proposed that this could be the result of an azeotrope effect. It is possible that the incorporation of 

additives has altered the boiling temperature of the bitumen resulting in a variance in the fumes and 

emissions released. 

Forrest et al. (1995) studied the release of fumes and emissions during the extrusion and injection moulding 

of several common polymers, including these commonly found to accumulate in Australian landfills, like 

acrylonitrile butadiene styrene (ABS), HDPE, LDPE, linear low LDPE (LLDPE), polyamide 6 (PA6), and 

polyvinylchloride (PVC). They found concentrations of individual chemical species well below the limits of 

exposure at the time of the assessment. Although these observations are encouraging, when considering 

their incorporation in bitumen and asphalt, care needs to be taken to understand whether chemical reactions 

that could cause the increase of the released fumes and emissions are taking place. Also, it needs to be 

noted that, irrespective of whether such chemical reactions are indeed taking place, recycled plastics are 

different than their virgin counterparts due to aging caused by prolonged exposure to the environment and 

more extensive thermal cycling due to re-processing. These differences may be found at a molecular level, 

where chain scission or post-polymerisation are probable, and at a physical level, where changes in 

crystallisation and embrittlement may be observed (Do et al. 1987). Therefore, release of fumes and 

emissions from recycled plastics needs to be studied separately. With this in mind, Austroads (2022a) 

investigated the release of fumes and emissions during binder blending and asphalt mixing. It demonstrated 

a worst-case scenario where measurements were taken within an enclosed chamber. Even though the 

method is efficient in conducting a comparative analysis among different materials, it is not representative of 

the exposure of the operator (Austroads 2022a).  

Although many of the investigated compounds were not detected during these measurements, investigating 

the presence of benzo(a)pyrene should always be considered due to its carcinogenic nature. 

Austroads (2022a) reported quantities of benzo(a)pyrene during its investigation that took place within an 

enclosed chamber. This means that such PAH is generated during binder blending and asphalt mixing, but 

the released amounts are not detectable in locations that would affect the operator undertaking the task. 

Additionally, even though the binder blending temperature was relatively high, at 180 °C, care needs to be 

taken when higher temperatures are considered, as Austroads (2022a) demonstrated a correlation between 

blend temperature and the release of VOCs, TSP, and PAHs. The decrease of the release of such fumes 

and emissions, when observed, may be related to the decreased amount on bitumen present in the process. 

Austroads (2022a) showed a correlation between emissions concentration and sample size.   

3.2 Part B: Assessment of Selected Plastics Through Developed 
Monitoring Protocol 

Following the findings from Section 3.1, it was decided that although understanding the fumes and emissions 

released to the laboratory environment affecting the operator’s breathing zone and other laboratory 

operators working in close proximity is necessary, absolute measurements of the binder fumes and 

emissions would also be beneficial. Therefore, the assessment of the selected materials was completed in 

both levels. 

3.2.1 Materials 

The unmodified bitumen used for this investigation was C170, a common base binder for polymer modified 

mixes. The selected polymers for the baseline PMB mixture, as for the preliminary investigations, were SBS 

and EVA. Measurements during the blending of recycled comingled HDPE/ PP and pelletised LDPE with the 

C170 bitumen were conducted to investigate whether the exposure effects are amplified by their presence. 

The bitumen used was tested to comply with both AS 2008 and Specification 511 (Main Roads Western 

Australia 2021) to meet both Queensland and Western Australia requirements (certificate included in 

Appendix E). The different blends and mixtures are henceforth referred to by their sample ID, as listed in 

Table 3.2. All binder blending was undertaken at 4,000 rpm for 1 hour at 180 ± 10 °C. The asphalt was 

mixed at 160 ± 10 °C. 
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Table 3.2: Binder and asphalt naming convention and process parameters during the binder blending and 
asphalt mixing process 

Sample ID Additive Content of additive (%) 

Binder blending 

B-C170 N/A 0 

B-C170/EVA EVA 6 

B-C170/SBS SBS 6.5 (+7 wt.% combining oil) 

B-C170/HDPE-PP HDPE/PP 10 

B-C170/LDPE LDPE 10 

Asphalt mixing 

A-C170 N/A 0 

A-C170/EVA EVA 0.3 

A-C170/SBS SBS 0.3 

A-C170/HDPE-PP (w) HDPE/PP 0.5 

A-C170/HDPE-PP (d) HDPE/PP 1.5 

A-C170/LDPE (w) LDPE 0.5 

A-C170/LDPE (d) LDPE 1.5 

All binder blending and asphalt mixing were conducted as described in Section 3.1.2. B-C170/SBS was 

tested and met the requirements for an A10E and B-C170/EVA was ensured to meet the requirements for an 

A35P according to ATS 3110 (Austroads 2020). 

The materials used for this component of the research are the binders and the slabs as listed in Table 3.2. 

The additives used to modify the C170 are shown in Figure 3.10. 

Figure 3.10: Bitumen additives: (a) SBS, (b) EVA, (c) LDPE, and (d) HDPE-PP 

 

Asphalt slabs of 305 x 305 x 50 mm3 were prepared using C170 bitumen and different additives, as listed, 

using both the wet and dry method. Three types of PMBs were used, containing SBS and EVA, a comingled 

HDPE/PP, a pelletised LDPE, and unmodified C170 bitumen. The bitumen was prepared using a Silverson 

high shear mixer. Both the bitumen preparation and asphalt mixing process are described in Section 3.1.1.  
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3.2.2 Sampling Protocol 

Laboratory fumes and emissions measurement 

Although the results from testing conducted in Part A in Section 3.1.4 indicated that the fumes and emissions 

were well below the Safe Work Australia limits, it was still necessary to quantify them for the materials and 

concentrations selected for Part B of Task 6A. The mounting of the sensors for the in-person measurements 

was as depicted in Figure 3.4. The static sensors were once again moved following the operator’s 

movements during the asphalt mixing. However, it was observed that the fume hoods were absorbing most 

of the fumes and emissions during blending and the static sensors were relocated during that process as 

shown in Figure 3.11.  

Figure 3.11: Placement of static samplers during binder blending 

 

Enclosed test chamber fumes and emissions measurement 

In addition to the laboratory fumes and emissions measured, an effort to measure the fumes and emissions 

of the binders within an enclosed test chamber at elevated temperatures was also made. To achieve this, 

500 g of the binders listed in Table 3.2 were poured in 5,000 ml 5-neck flasks and heated to 180 ± 10 °C, 

according to continuous monitoring by a thermocouple placed in the binder through one of the flask’s necks, 

in a heating mantle. Samplers for VOCs, PAHs, and TSPs/ BFs were placed in each of the remaining 

openings as illustrated in Figure 3.12. One specimen of each sample was monitored in this research.   
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Figure 3.12: Location of samplers for enclosed test chamber fumes and emissions measurements 

 

The sampling devices and analysis methods for these measurements were as described in Section 3.1.3. 

3.2.3 Results 

The fumes and emissions results following the in-person and static laboratory measurements are presented 

in Figure 3.13 to Figure 3.16. These are calculated based on TWA, which refers to exposure in a 5-day work 

week assuming 8 hours of work per day. Further details are provided in Appendix B. 

Volatile organic compounds (in-person and static) 

Figure 3.13 shows the measured aromatic and aliphatic hydrocarbons for all binder blends and asphalt 

mixes of Table 3.2.  
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Figure 3.13: VOCs detected during binder blending and asphalt mixing on the operator’s person and static 
samplers: (a) aromatic hydrocarbons and (b) aliphatic hydrocarbons; LOR for VOCs is 5 μg per 
sampling tube and TWA for total VOCs (aliphatic and aromatic hydrocarbons) is 790 mg/m3 

 

From Figure 3.13 (a), aromatic hydrocarbons were detected only for samples containing recycled plastics, 

namely A-C170/HDPE-PP (w) and A-C170/LDPE (d), and only during the asphalt mixing process. 

From the measurements of the aliphatic hydrocarbons in Figure 3.13 (b), those with the greatest 

concentration were for sample A-C170/HDPE-PP (w) for both the in-person and static. For sample 

A-C170/HDPE-PP (w) a wide variety of VOCs, not common among the other samples, such as n-octane, 

n-nonane, n-decane, and 1,2,4-trimethyl benzene were detected. N-pentane and 2-methyl butane were not 

only present in sample A-C170/HDPE-PP (w), but they were also the only VOCs emitted by samples 

A-C170, A-C170/EVA, A-C170/SBS, A-C170/HDPE-PP (d) where they were detected by both the in-person 

and static samplers. N-pentane and 2-methyl butane were also detected by the static sampler for sample 

A-C170/LDPE (d). It is noted that 2-methyl butane does not have a set exposure limit by the Safe Work 

Australia standards. 

The only aliphatic hydrocarbon detected during binder blending was n-undecane by the in-person sampler 

for sample B-C170/SBS, while none was detected for either of the recycled plastics-containing blends. 

N-undecane does not have a workplace exposure standard set. Unlike these results, Porot et al. (2020) 

noted a greater concentration of VOCs being released by the base bitumen of their work (50/70 penetration 
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grade) when compared to an SBS-modified binder. Differences in the sampling and analysis methods as well 

as the fact they only targeted alkanes, monocycloparaffins, and alkyl-benzenes, which were not detected in 

this research could be responsible for these findings.  

From these measurements, it may be understood that the incorporation of recycled plastics may result in the 

emission of aromatic hydrocarbons otherwise not detected. All VOCs detected, however, were measured to 

be well below the Safe Work Australia standards, in the cases where such standards are set.      

Polycyclic aromatic hydrocarbons (in-person and static) 

Figure 3.14 shows the measured PAHs during the blending and mixing of all samples listed in Table 3.2. 

Figure 3.14: PAHs detected during binder blending and asphalt mixing on the operator’s person and static 
samplers: (a) naphthalene and (b) other PAHs; LOR for PAHs is 0.1 μg per sampling tube or filter 
and TWA for naphthalene is 52 mg/m3; no other PAH has a set TWA 

 

As shown in Figure 3.14 (a), naphthalene was detected in all samples and by both in-person and static 

samplers, with the only exception being for sample B-C170/EVA for which naphthalene was not detected by 

the in-person sampler. The greatest concentration of naphthalene during binder blending was detected 

during the blending of sample B-C170/EVA followed by sample B-C170/SBS and then by sample B-C170. 

Sample A-C170 was the one for which the greatest concentration of naphthalene was detected during the 

asphalt mixing process. Although naphthalene was detected during the mixing of all asphalt samples, all 

others were notably below that of A-C170. All measured naphthalene was below the Safe Work 

Australia (2022) limit of 52 mg/m3.  
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Other than naphthalene, PAHs were detected for all samples during binder blending, while only that of 

A-C170 was found to emit other PAHs during the asphalt mixing process. All other PAHs were detected by 

the static samplers. The greatest concentration of other PAH was measured for sample B-C170/EVA 

followed by B-C170/SBS and B-C170. These findings are also the opposite of the findings by Porot et 

al. (2020) as discussed also for VOCs. This highlights the significance of base bitumen as well as the 

methods for sampling and analysis when results are to be compared and consequently the need for a 

broadly accepted testing and assessment framework. A summary of the other PAHs detected is presented in 

Table 3.3. 

Table 3.3: Summary of other PAHs detected 

Samples PAH 

B-C170 Biphenyl, acenaphthylene, acenaphthene, fluorene, phenathrene 

B-C170/EVA Biphenyl, acenaphthylene, acenaphthene, fluorene, phenathrene 

B-C170/SBS Biphenyl, fluorene, phenathrene 

B-C170/HDPE-PP Biphenyl, acenaphthene, fluorene 

B-C170/LDPE Biphenyl, acenaphthene, fluorene 

A-C170 Biphenyl 

Aldehydes (in-person and static) 

Figure 3.15 shows the measured aldehydes during the blending and asphalt mixing of all samples listed in 

Table 3.2 by both the in-person and static samplers. Formaldehyde and acetaldehyde were detected, while 

other aliphatic aldehydes, such as acrolein, crotonaldehyde, and n-valeraldehyde, although common were 

not.  
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Figure 3.15: Aldehydes detected during binder blending and asphalt mixing on the operator’s person and static 
samplers: (a) formaldehydes and (b) acetaldehydes; LOR for aldehydes is 0.25 μg per sampling 
tube and TWA for formaldehyde is 1.2 mg/m3 and for acetaldehyde it is 36 mg/m3 

 

As shown in Figure 3.15 (a), formaldehyde was detected for all samples and by both the static and in-person 

samplers. During binder blending, the greatest concentration of formaldehyde was detected for sample 

B-C170/EVA by the static sampler followed by that of sample B-C170/LDPE. During asphalt mixing, the 

greatest concentration of formaldehyde was detected by the in-person sampler for sample 

A-C170/HDPE-PP (d). All other samples containing recycled plastics, namely A-C170/HDPE-PP (w), 

A-C170/LDPE (w), and A-C170/LDPE (d) followed, all exceeding the formaldehyde emitted by the baseline 

samples (A-C170, A-C170/EVA, and A-C170/SBS). According to Safe Work Australia (2022), the workplace 

exposure limit for formaldehyde is 1.2 mg/m3. All samples were measured to emit formaldehyde well below 

that upper limit. 

All samplers, except the in-person for A-C170, measured acetaldehydes, as shown in Figure 3.15 (b). During 

binder blending, the static sampler for B-C170/LDPE measured the greatest concentration of acetaldehyde 

followed by B-C170/EVA. B-C170/LDPE was also measured to emit the greatest concentration of 

acetaldehyde by the in-person sampler followed by B-C170/SBS. During asphalt mixing, the dry mixes 

(A-C170/HDPE-PP (d) and A-C170/LDPE (d)) were found to emit the greatest concentration of 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt 24 
TC-710-4-4-1d 

acetaldehydes of 0.008 mg/m3. The static sampler for sample A-C170 detected an equal amount of 

acetaldehydes to have been emitted as those of the in-person samplers for the dry mixes, measuring the 

greatest concentration of 0.008 mg/m3. According to Safe Work Australia (2022), the workplace exposure 

limit for acetaldehydes is 36 mg/m3, which is notably above the quantities measured by any of the samplers 

during either binder blending of asphalt mixing. 

Total suspended particles and bitumen fumes (in-person and static) 

Figure 3.16 shows the measured TSP during the blending and asphalt mixing of all samples listed in 

Table 3.2 by both the in-person and static samplers. BF measurements were all below the detection limit and 

so are not shown graphically. 

Figure 3.16: TSP detected during binder blending and asphalt mixing on the operator’s person and static 
samplers; LOR for TSP is 0.01 mg per filter and AIOH proposes an upper limit of exposure of 5 
mg/m3 

 

During binder blending, the static sampler for sample B-C170/SBS detected the greatest concentration of 

TSP followed by that of B-C170/LDPE. The sample containing HDPE/PP (B-C170/HDPE-PP), was found to 

emit lower concentrations of TSP when compared to all baseline samples as detected by both the in-person 

and static samplers.  

During asphalt mixing the greatest concentration of TSP was detected by the in-person sampler during the 

dry process when HDPE/PP was added (sample (A-C170/HDPE-PP (d)). The asphalt mixing of HDPE/PP 

through the wet method (sample A-C170/HDPE-PP (w)) was found to emit the greatest concentration of TSP 

as measured by the static sampler. 

Volatile organic compounds (enclosed test chamber measurements) 

The total aliphatic and aromatic hydrocarbons measured in the flask are summarised in Figure 3.17. All 

binders were pre-blended as the low shear mixer does not have the capacity to effectively blend the recycled 

plastics with the bitumen and the addition of the plastics in the flask during the process would have been 

complex given the size of the openings in the necks. 
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Figure 3.17: VOCs detected during binder blending in the enclosed test chamber: (a) aromatic hydrocarbons 
and (b) aliphatic hydrocarbons; LOR for VOCs is 5 μg per sampling tube 

 

Figure 3.17 shows that the concentration of aliphatic and aromatic hydrocarbons emitted during the blending 

process for the binders containing recycled plastics was found to be below those of the commonly accepted 

binders (aromatic hydrocarbons for C170/HDPE-PP were 0.005 mg/m3 below those of C170). Austroads 

(2022a) showed that C170 emitted the greatest concentration of total VOCs when compared to polymer 

modified binders. In this research, the total VOCs measured were in decreasing order for C170/EVA, 

C170/HDPE-PP, C170, C170/LDPE, and C170/SBS at 81.671, 69.740, 47.352, 31.141, and 9.541 mg/m3, 

respectively.       

The concentration of each aliphatic and aromatic hydrocarbon investigated and their concentrations detected 

for each sample are listed in Table 3.4. For C170, the analyte measured in the greatest concentration was 

n-tetradecane, for C170/EVA, C170/SBS, and C170/LDPE it was n-dodecane, and for C170/HDPE-PP it was 

n-undecane.  
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Table 3.4: VOC analytes detected during measurements of fumes and emissions undertaken in the enclosed 
test chamber 

VOC C170 (mg/m3) C170/EVA (mg/m3) C170/SBS (mg/m3) C170/LDPE (mg/m3) 
C170/HDPE-PP 

(mg/m3) 

Aliphatic hydrocarbons 

2-Methylbutane 0.266 0.064 0.066 0.097 0.129 

n-pentane 0.500 0.095 0.099 0.227 0.226 

2-methylpentane 0.266 0.064 0.066 0.097 0.129 

3-methylpentane 0.133 0.032 – 0.065 0.065 

Cyclopentane 0.100 – – 0.032 0.032 

Methylcyclopentane 0.167 0.032 – 0.065 0.065 

2,3-dimethylpentane 0.167 0.032 – 0.065 0.065 

n-hexane 0.599 0.127 0.099 0.260 0.258 

3-methylhexane 0.266 0.064 0.033 0.097 0.129 

Cyclohexane 0.233 – – – – 

Methylcyclohexane 0.266 0.159 0.066 0.130 0.226 

2,2,4-trimethylpentane – – – – – 

n-heptane 0.799 0.223 0.133 0.324 0.387 

n-octane 1.032 0.509 0.166 0.487 0.839 

n-nonane 1.632 2.004 0.298 1.168 2.841 

n-decane 2.498 8.015 0.530 3.146 8.944 

n-undecane 3.830 20.990 0.961 5.871 16.176 

n-dodecane 6.161 21.785 1.491 5.904 14.336 

n-tridecane 9.957 12.849 1.955 4.574 9.008 

n-tetradecane 10.889 8.555 2.319 4.347 8.298 

Aromatic hydrocarbons 

Benzene 0.100 – – 0.195 0.065 

Ethylbenzene 0.366 0.159 0.066 0.162 0.291 

Isopropylbenzene 0.067 0.064 – 0.032 0.097 

1,2,3-trimethylbenzene 1.066 1.050 0.199 0.584 1.098 

1,2,4-trimethylbenzene 2.431 2.353 0.431 1.395 2.615 

1,3,5-trimethylbenzene 0.666 0.891 0.133 0.454 1.001 

Styrene – – – – – 

Toluene 0.699 0.223 0.099 0.260 0.355 

p-xylene and/ or m-xylene 1.432 0.891 0.232 0.746 1.421 

o-xylene 0.766 0.445 0.133 0.357 0.646 

Polycyclic aromatic hydrocarbons (enclosed test chamber measurements) 

The total PAHs emitted within the enclosed chamber as measured in this research are presented in 

Figure 3.18. It was found that C170 emitted the greatest concentration of C170. These findings are in line 

with those discussed in Austroads (2022a).  
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Figure 3.18: PAHs detected during binder blending in the enclosed test chamber; LOR for PAHs is 0.1 μg per 
sampling tube or filter 

 

Table 3.5 lists the analytes investigated and the detected concentrations in all samples. Naphthalene was 

the analyte detected at the greatest concentration for all samples. 

Table 3.5: PAH analytes detected during measurements of fumes and emissions undertaken in the enclosed 
test chamber 

PAH C170 (mg/m3) C170/EVA (mg/m3) C170/SBS (mg/m3) 
C170/LDPE 

(mg/m3) 
C170/HDPE-PP 

(mg/m3) 

Naphthalene 2.529 1.409 0.884 1.295 1.087 

Biphenyl 1.438 0.767 0.417 0.466 0.506 

Acenaphthylene 0.172 0.098 0.060 0.058 0.083 

Acenaphthene 0.894 0.436 0.290 0.261 0.348 

Fluorene 0.812 0.470 0.381 0.285 0.453 

Phenanthrene 0.234 0.162 0.139 0.094 0.140 

Anthracene – 0.018 0.010 0.010 0.013 

Fluorathene – 0.001 – – – 

Pyrene 0.013 0.010 0.005 0.004 0.007 

Benz(a)anthracene 0.002 0.001 0.001 – 0.001 

Chrysene 0.004 0.002 – 0.002 0.002 

Benzo(b)fluoranthrene – – – – – 

Benzo(k)fluoranthrene – – – – – 

Benzo(a)pyrene – – – – – 

Indeno(1,2,3-cd)pyrene – – – – – 

Bibenz(a,h)anthracene – – – – – 

Benzo(ghi)perylene – – – – – 

Aldehydes (enclosed test chamber measurements) 

As observed by the static and in-person samplers, formaldehyde and acetaldehyde were the 2 aldehydes 

detected by the measurements in the enclosed test chamber. These are presented in Figure 3.19. In the 

measurements undertaken, the greatest concentration of formaldehydes was measured for the binders 

containing LDPE (C170/LDPE) and the greatest concentration of acetaldehyde was found in the binders with 

EVA (C170/EVA). 
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Figure 3.19: Aldehydes detected during binder blending in the enclosed test chamber 

 

In this research, the total aldehydes detected were in decreasing order for C170/LDPE, C170/EVA, C170, 

C170/HDPE-PP, and C170/SBS at 1.81, 1.71, 1.60, 1.25, and 0.74 mg/m3, respectively. 

Total suspended solids and bitumen fumes (enclosed test chamber measurements) 

The measured TSPs are shown in Figure 3.20. It was found that the greatest concentration of TSP was 

released during the blending of unmodified C170. 

Figure 3.20: TSP detected during binder blending in the enclosed test chamber. LOR for TSP is 0.01 mg per 
filter 

 

Unlike the findings from the in-person and static samplers, BF were detected in the enclosed chamber test. 

The results are shown in Figure 3.21. C170 was also found to emit the greatest concentration of BF followed 

by C170/SBS, C170/HDPE-PP, C170/EVA, and C170/LDPE in decreasing order. The trend of the released 

BF was found to be the same as that of TSP. 
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Figure 3.21: BF detected during binder blending in the enclosed test chamber 

 

3.2.4 Discussion 

Overall, fumes and emissions measured by static and in-person samplers were found to be well below the 

Safe Work Australia exposure limits and comparable with those measured for the baseline materials. 

Therefore, the currently used PPE was deemed sufficient.  

The incorporation of recycled plastics was found to result in the increased emission of VOCs, PAHs, 

aldehydes, and TSP in the following cases: 

• aromatic hydrocarbons as measured by the static sampler by A-C170/HDPE-PP (w) and 

A-C170/LDPE (d) 

• aromatic hydrocarbons as measured by the in-person sampler by A-C170/HDPE-PP (w) 

• aliphatic hydrocarbons as measured by both the static and in-person samplers by A-C170/HDPE-PP (w) 

• formaldehyde as measured by the in-person sampler by B-C170/LDPE and A-C170/HDPE-PP (d) 

• acetaldehydes as measured by the static sampler by B-C170/LDPE 

• acetaldehydes as measured by the in-person samplers by B-C170/LDPE, A-C170/HDPE-PP (d), and 

A-C170/LDPE (d) 

• TSP as measured by the static sampler by A-C170/HDPE-PP (w) 

• TSP as measured by the in-person sampler by A-C170/HDPE-PP (d). 

As a result, no changes to current laboratory practices were considered to be necessary. For the 

assessment of worker exposure to fumes and emissions, the placement of the in-person samplers was 

appropriate and the analysis methods used for the analysis of the results nationally recognised. The location 

of the static samplers during binder blending was found to make a difference, as greater concentrations were 

detected when the samplers were placed inside the fume cupboard compared to the placement depicted in 

Figure 3.4. It needs to be noted here that changing the base bitumen from C320 to C170 may also influence 

these findings. This effect may be quantified through a comparison of the in-person samplers for Part A and 

Part B as their location was not changed and, hence, any variations are due to the difference in materials 

used (type, grade, and concentration). In addition, should the impact on other operators within the laboratory 

be of interest, placing the static samplers outside the fume cupboard is considered more appropriate.  

From the results obtained by measurements undertaken in an enclosed test chamber, it was observed that 

commonly accepted materials emitted greater concentrations of the investigated fumes, except for 

formaldehyde which was found at greatest concentrations in sample C170/LDPE followed by sample 

C170/HDPE-PP. It needs to be noted, however, that these findings are for the specific binders investigated 

and for measurements undertaken throughout the course of 2 consecutive days.  
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It is recommended that this assessment is undertaken for more than one specimen in each sample. 

Austroads (2022a) research previously demonstrated the dependency of measurements undertaken in an 

enclosed environment on the type and concentration of polymer additives as well as the temperature of the 

binder during measurement. Therefore, even though the findings of this project consistently indicated that 

the addition of recycled plastics did not result in the emission of significantly greater concentration of fumes 

when compared to those commonly accepted by the industry materials (C170, C170/EVA, and C170/SBS), a 

comparative assessment should be undertaken for any new binders of interest. 
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4 Task 6B: Environmental Impacts – Detailed 
Test Methodology for Measuring the Content of 
Microplastics and Leaching Potential 

4.1 Part A: Preliminary Investigation 

In this section, the preparation of the materials used to measure their content in microplastics as well as the 

ARRB-developed test methodology to generate contaminated specimens and measure their content in 

microplastics and the leachability of the binders are described.  

4.1.1 Materials 

The materials used are the binders and the slabs as listed in Table 3.1. Asphalt slabs of 305 x 305 x 50 mm3 

were prepared using C320 bitumen and different additives as listed. These slabs were prepared using the 

wet and dry method and are henceforth referred to by their allocated naming conventions. Three types of 

PMBs were used, containing SBS and EVA, a waste comingled plastic, and unmodified C320 bitumen. The 

bitumen was prepared using a Silverson high shear mixer. Both the bitumen preparation and asphalt mixing 

process are described in Section 3.1.1. Following manufacture, the asphalt slabs were conditioned for 120 ± 

0.5 hours in an air forced oven at 85 ± 3 °C, as per AASHTO R30-02 (AASHTO 2015) prior to abrasion as 

described in Appendix F.3.  

4.1.2 Proposed Test Protocol 

In this section, the method used to generate particulate matter simulating that in roads is described. In 

addition, 2 methods for the quantification of the released microplastics are assessed. A method to assess 

the potential of the binder to leach to the environment is also evaluated. 

Leachability 

To investigate the leachability of the binders as listed in Table 3.1, the methodology proposed by 

White (2019) was followed. To prepare the specimens for analysis involved the following steps:  

• An amount of 2.5 g of each binder as well as the as-received HDPE-PP were placed in glass beakers 

and submerged in 50 mL of deionised water.  

• The containers were then covered with aluminium foil and placed in an air forced heating oven at 40 °C 

for 18 hours.  

• After exposure, the potentially contaminated water was filtered through a 4 µm mesh filter and collected 

in a glass container.  

• The water was then cold evaporated under N2 atmosphere, and the residue was submerged in 5 mL of 

ethanol (Merck, spectroscopy grade) for GC/MS.  

The ethanol solutions of the 4 binder leachates, the one from the HDPE-PP, and an ethanol blank were 

analysed using a Perkin Elmer Clarus 580 gas chromatography coupled with a Perkin Elmer Clarus SQ 8S 

mass spectrometer. The instrument was set for 1 μL injection volume using He as the carrier gas at 

1 mL/min. The oven temperature was isothermally held at 40 °C for 2 minutes then heated up to 85 °C at 

15 °C/min and then to 300 °C at a rate of 10 °C/min where it was isothermally held for 15 min. The mass 

spectrometer scan range was over a mass-to-charge ratio (m/z) from 35 to 550.  

The gas chromatograph peaks reflect the number of identified compounds which are then compared against 

the National Institute of Standards and Technology MS library for identification. 
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Microplastics 

Microplastics are specified as particles with sizes ranging from 1 to 5,000 µm (Järlskog et al. 2020) and 

therefore all generated samples were sieved through a 5 mm sieve prior to further investigation. A specific 

device to simulate the release of contaminants was designed by ARRB. This device was named the 

Accelerated Microplastic Abrasion Test (AMAT) and is described in detail in Appendix F. The commercial 

analytical equipment used is discussed in this section. 

A test protocol for the quantification of microplastics was developed from the proposed methods in 

Appendix F.3. This is shown in the flowchart of Figure 4.1.  

Figure 4.1: Proposed testing protocol 

 

The samples were generated using the AMAT and collected in water (Figure 4.2 (a)). All slabs were abraded 

for 120 min. Filtering for the collection of the solid particles was examined using 4 µm mesh filters, but the 

smaller dust particles were found to be trapped in the filter and impossible to retrieve, as shown in Figure 4.2 

(b). Therefore, the water was evaporated in a Thermoline scientific dehydrating oven at 75 °C. The samples 

were placed in trays (Figure 4.2 (c)) covered with perforated aluminium foil and left in the oven until all water 

was evaporated (Figure 4.2 (d)). All solid matter was then collected from the trays and placed in glass 

sample vials. 
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Figure 4.2: AMAT-collected samples: (a) water from tray, (b) particles unretrievable from 4 µm filter, (c) water 
sample in tray, and (d) dried sample in tray 

 

To identify a solvent that would dissolve the bitumen, but not affect the polymer additive during the bitumen 

dissolution step, 2 solvents known to be effective for bitumen and are typically available in binder and 

asphalt laboratories were tested on the polymers investigated. The polymers were exposed to low odour 

kerosene and toluene for 1 hour and any variances in weight were measured using an FZ-5000i balance 

from A&D Company with 0.01 g accuracy and their appearance was visually qualified. These are shown in 

Figure 4.3. The use of dichloromethane as a solvent for both bitumen dissolution and density separation was 

also considered, however, its use in the laboratory was not permitted. 
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Figure 4.3: Effect of low odour kerosene and toluene exposure on investigated polymers 

 

From Figure 4.3, it may be understood that the comingled plastic (HDPE/PP) remained unaffected by either 

of the solvents, the EVA showed a 0.02 g decrease in weight and a change in appearance, where it became 

opaque, after exposure to toluene while remaining unaffected by the low odour kerosene. The SBS was 

affected by both solvents used. During email correspondence with Dr Robert Urquhart (ARRB) on 8 April 

2022, it was concluded that dissolving bitumen without affecting the SBS is not possible due to the 

similarities in the solubility parameters among bitumen, polystyrene, and polybutadiene. Hence, it may be 

concluded that the proposed methodology is limited when quantification of SBS in bitumen is considered. 

The SBS-containing samples were still analysed through TGA.  

For the bitumen dissolution step, 0.7500 g of each sample was submerged in 30 mL of low odour kerosene 

and stirred using magnetic stirring (intensity 2) for 15 min. Next, a glass pipette was used to collect the 

bitumen solution which was then put through a filtered Pyrex with P3 designation (16–40 µm) followed by a 

0.45 µm mesh filter (47 mm in diameter). The set-up for this process is depicted in Figure 4.4.  
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Figure 4.4: Bitumen dissolution set-up 

 

This process was repeated until the solution was visually clear of bitumen. The remaining solvent was 

allowed to evaporate and then further dried in the oven at 50 °C for 1 hour, weighed and then put in 30 mL of 

glycerine to separate any plastics from the aggregates through density separation. The floating plastics were 

then collected using a pipette and placed in glass slides for qualification in the optical microscope. The 

glycerine was then filtered through a 4 µm mesh filter and the aggregates were then weighed.       

As suggested in Figure 4.1, gravimetric data were collected after each step of the process using an OHAUS 

Explorer balance with 0.0001 g accuracy. To acquire the gravimetric data a series of assumptions were 

made:  

• All particulates trapped in all filters were assumed to be aggregates. 

• After density separation, the suspended plastics were efficiently collected from the top layer. 

• No other mass loss or uptake was taken into consideration. 

Optical microscopy was conducted using an Olympus BX-53 optical microscope with a SC30 camera under 

visible and ultraviolet (UV) light and a polarised lens to visually inspect the specimens. 

TGA was conducted using a Mattler Toledo TGA/SDTA851e. Specimens of approximately 10 mg were 

heated up from 40 to 250 °C at 10 °C/min, then from 250 to 550 °C at 5 °C/min to increase resolution within 

this region of interest, and from 550 to 850 °C at 10 °C/min. Three specimens, as dried after abrasion, per 

sample group were tested under N2 atmosphere with a flow rate of 20 mL/min. Other than the abraded 

specimens, TGA was also performed on the constituent materials, namely C320, EVA, SBS, comingled 

plastic, all binders manufactured as listed in Table 3.1, and hydrated lime (HL).     

4.1.3 Results 

Leachability 

As defined by the SQP during the initial qualitative assessment presented in Appendix A, the leachates of 

interest included PAHs, bisphenol-A (BPA), phthalates, styrene, and hydrocarbons, among others. The 

intensity peaks over retention time for all bitumen samples, as listed in Table 3.1, are presented in 

Figure 4.5.   
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Figure 4.5: Gas chromatographs for (a) ethanol blank, (b) sample B-C320, (c) sample B-C320/SBS, (d) sample 
B-C320/EVA, (e) sample B-C320/HDPE-PP, and (f) HDPE-PP 
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In Figure 4.5, peaks are identified at retention times around 5.1, 5.3, 7.3, and 9.7 minutes for all samples. 

These peaks are probably related to the ethanol and so it cannot conclusively be suggested that any of the 

analytes of interest were identified. This may suggest that: 

• The analytes of interest (PAH, BPA, styrene, hydrocarbons, and phthalates) are present in 

concentrations below the detection limit or not present at all. 

• The cold evaporation treatment is not suitable for the detection of these compounds. 

• The calibration of the GC/ MS process was not appropriate for this analysis. 

These findings align with those of White (2019), who also did not detect any potential contaminants of 

concern within the leachates following this process.  

Microplastics 

The gravimetric measurements as collected after each step of the bitumen dissolution and density 

separation process are listed in Table 4.1, considering the limitations listed in Section 4.1.2. 

Sample B-C320/SBS was not analysed through this process, as quantification of bitumen separate to SBS 

following bitumen dissolution was not possible with the range of solvents investigated, as demonstrated in 

Figure 4.3. 

Table 4.1: Sample gravimetric data, all samples had initial mass of 0.7500 g 

Sample Mass after bitumen dissolution (g) Mass after density separation (g) Bitumen content (%) 

A-C320/EVA 0.7145 1.1531 4.73 

A-C320/HDPE-PP (w) 0.7237 0.4463 3.51 

A-C320/HDPE-PP (d) 0.7183 1.4893 4.23 

A-C320 0.7473 N/A 0.36 

Table 4.1 shows that for samples A-C320/EVA and A-C320/HDPE-PP (d) a mass increase following density 

separation was noted. This is probably due to the poor dissolution of the glycerine solution from the filters 

which was absorbed increasing the mass of the filter and consequently that measured following this step.  

The presence of microplastics in the sample was confirmed through optical microscopy. Firstly, the bitumen 

(B-C320) and raw comingled plastics were put through the microscope. The acquired images are shown in 

Figure 4.6. 
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Figure 4.6: Optical microscopy images of bitumen and comingled plastics: (a) B-C320 under visible light, 
(b) B-C320 using a polarised lens, (c) B-C320 under UV light, (d) HDPE-PP under visible light, 
(e) HDPE-PP using a polarised lens, and (f) HDPE-PP under UV light 

 

Figure 4.6 shows that bitumen appears opaque when the polarised lens was used. It might have some 

orange hues depending on its thickness under natural light and does not transmit any light within the UV 

spectrum giving a dark image with no distinctive features. On the other hand, the birefringent plastics are 

clearly visible when the polarised lens was used and give a blue hue under the UV light.  

The acquired images from the matter collected from top surface of the glycerine suspension are shown in 

Figure 4.7. The black arrows indicate features visible in all images, while the red arrows indicate features 

visible when using the polarised lens, but not under UV light. It needs to be noted here that the visibility of 

features under UV light was restricted by the low resolution of the images captured. This could be resolved in 

a separate study by using an optical microscope with higher resolution.   
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Figure 4.7: Optical microscopy images of samples collected from the top surface of the glycerine suspension 
during density separation: (a) to (c) sample A-C320/EVA, (d) to (f) sample A-C320/HDPE-PP (w), and 
(g) to (i) sample A-C320/HDPE-PP (d) with (a), (d), and (g) under visible light, (b), (e), and (h) using a 
polarised lens, and (c), (f), and (i) under UV light 

 

Figure 4.7 (a) shows that some aggregates remained at the top surface on the glycerine and so were 

inevitably collected along with the plastics by the pipette. Given that their density was expected to be notably 

greater than that of the glycerine used (1.25 g/mL), the fact was attributed to surface tension. The collection 

of light plastics through this method was confirmed by their presence in the images in Figure 4.7, however, 

there is no other way to confirm that all plastics were efficiently collected before the remaining matter was 

filtered and weighed as aggregates. Additional mass loss of particulate matter, aggregate or plastic, might 

also have occurred due to contact with instruments during processing.  

The TGA results are presented in Table 4.2 and Figure 4.8 to Figure 4.12. A representative TGA curve for 

sample B-C320, the HL, the corresponding binder, and additive are presented in each of these figures. As it 

becomes evident from the morphology of the curves, those of the binders closely relate to the curve of the 

unmodified C320 bitumen but are affected by the presence of the additives. Therefore, the content of 

additive in the abraded sample, representing the released microplastics, was calculated based on its content 

in the binder. This approach assumes an even distribution of the additive in the binder. It is thought that this 

is a reasonable assumption given that any PMB allowed for use in asphalt has a requirement to not 

segregate as per ATS3110 (Austroads 2020).        
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Table 4.2: TGA results with content based on mass and an average of 3 tested specimens per sample 

Sample ID Mass loss (%) Bitumen (%) Plastic (%) Aggregate (%) 

A-C320/EVA 9.1 ± 1.7 8.5 0.6 90.9 

A-C320/SBS 9.1 ± 0.2 8.5 0.6 90.9 

A-C320/HDPE-PP (w) 9.0 ± 2.2 8.5 0.5 91.0 

A-C320/HDPE-PP (d) 17.2 ± 2.8 5.2 12.0 82.8 

A-C320 7.4 ± 0.2 7.4 0 92.6 

It is evident from Table 4.2 that A-C320 was slightly less susceptible to loss of mass through abrasion while 

A-C320/HDPE-PP (d), which contained a significant amount of plastics, noted the greatest mass loss 

following abrasion. The samples made via the wet method noted similar mass loss following abrasion. The 

increased mass loss measured by A-C320/HDPE-PP (d) can be related to the fact that the plastic remained 

unmolten following mixing and behaved as aggregate. As it is less resistant to abrasion than the aggregates, 

it was abraded during the process and so concentrated in the sample used for analysis. 

Figure 4.8 (a) shows that where a representative TGA and DTG curve for the unmodified bitumen is 

presented, the material is experiencing loss of mass from 218 to 765 °C. Unlike previous observations by 

Murugan et al. (2012) and Benbouzid and Hafsi (2008), who observed 2 peaks in the DTG curves, 3 may be 

found in Figure 4.8 (a). These reflect the 3 degradation stages of the bitumen, meaning that 3 different 

degradation rates are present. Also, unlike the findings of Murugan et al. (2012) and Benbouzid and Hafsi 

(2008), where approximately 20 and 35% of the bitumen remained after the process, respectively, all 

bitumen was degraded following TGA. Although the discrepancy with the findings of the latter can be 

explained by the fact that they exposed their bitumen up to 600 °C, those of the former extended beyond the 

765 °C, where all bitumen was found to degrade in this research. Bitumen varies based on the source of the 

crude in its constitution and as a result in its properties. In addition, Murugan et al. (2012) and Benbouzid 

and Hafsi (2008) both demonstrated, through varying the heating rate during their TGA experiments, that the 

overall mass loss varies as a result. This is the result of improved heat transfer with lower heating rate 

(Murugan et al. 2012). Hence, these observations could potentially be attributed to the different bitumen 

used, different equipment, and the N2 flow rate. A representative TGA and DTG curve of HL is given in 

Figure 4.8 (b) where a single degradation stage is observed between 517 and 781 °C, as observed for 

CaCO3 by Phung et al. (2019).   

Figure 4.8: Representative TGA and DTG curves for (a) B-C320, and (b) HL with the denoted figures reflecting 
the average of 3 specimens 

 

Figure 4.9 presents the results for the abraded matter from A-C320/EVA along with all constituents for 

comparison. The temperature range where mass loss of the abraded matter was observed to span from 188 

to 837 °C, as shown in Figure 4.9 (b). The mass loss of the constituents, as presented in Figure 4.8, 

Figure 4.9 (c), and Figure 4.9 (d), is within this region with most overlapping.       
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EVA typically shows a two-step decomposition. The first stage is related to the decomposition of acetate 

groups, a process called deacetylation occurring between approximately 380 and 410 °C. The second stage 

is related to the decomposition of the main hydrocarbon chain and occurs typically at temperatures above 

450 °C (Adothu et al. 2020). Figure 4.9 (c) is in line with these observations. Additionally, the incorporation of 

EVA in bitumen is expected to be non-reactive (Navarro et al. 2009) and hence the formation of chemical 

cross-links that would decompose at higher temperatures is not expected. Luo and Chen (2011) observed a 

shift of the temperature where the rate of decomposition is at its maximum towards higher temperatures of 

EVA-modified bitumen when compared to the base bitumen. This is consistent with the results in Figure 4.9, 

possibly confirming the presence of EVA in the analysed specimens. 

Figure 4.9: Representative TGA curves for (a) EVA, HL, B-C320, B-C320/EVA, and A-C320/EVA, and 
representative TGA and DTG curves for (b) A-C320/EVA, (c) EVA, and (d) B-C320/EVA with the  
denoted figures reflecting the average of 3 specimens 

 

Figure 4.10 (b) shows a representative TGA and DTG curve for sample B-C320/SBS. Czajka et al. (2013) 

found a single decomposition step for SBS between approximately 350 and 475 °C, contradicting 

expectation due to the presence of both polystyrene and polybutadiene. A single decomposition step for SBS 

was also observed by Xu et al. (2017), who found the maximum rate of decomposition occurring around 460 

°C for unaged SBS. When SBS was exposed to thermal-oxidative aging, however, a second peak at lower 

temperatures was found to appear, like the peak observed in Figure 4.10 (d). From the variances between 

the curve of the unmodified bitumen in Figure 4.8 (a) and that of B-C320/SBS in Figure 4.10 (d), it may be 

understood that SBS is present throughout the binder.      
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Figure 4.10: Representative TGA curves for (a) SBS, HL, B-C320, B-C320/SBS, and A-C320/SBS, and 
representative TGA and DTG curves for (b) A-C320/SBS, (c) SBS, and (d) B-C320/SBS with the 
denoted figures reflecting the average of 3 specimens 

 

Figure 4.11 (a) reveals that the decomposition behaviour of the binder including the HDPE/PP varied when 

compared to that of the unmodified bitumen. This demonstrates that although the chemical modification of 

the bitumen is not expected, the content of HDPE/PP released following abrasion will also need to be 

calculated, like A-C320/EVA and A-C320/SBS. However, it needs to be noted that the DTG curve of 

A-C320/HDPE-PP (w) in Figure 4.11 (b) shows a distinct peak at approximately 500 °C, in line with the 

decomposition of HDPE/PP. 
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Figure 4.11: Representative TGA curves for (a) HDPE-PP, HL, B-C320, B-C320/HDPE-PP, and A-C320/HDPE-PP 
(w), and representative TGA and DTG curves for (b) A-C320/HDPE-PP (w), (c) HDPE-PP, and 
(d) B-C320/HDPE-PP with the denoted figures reflecting the average of 3 specimens 

 

In Figure 4.12 (b), distinct regions of degradation can be observed in the temperature range where the C320 

and HDPE/PP are presenting degradation. As the region within which the degradation of the comingled 

plastics overlaps with that of the unmodified bitumen, the content of bitumen for A-C320/HDPE-PP (d) was 

calculated based on the degradation of the bitumen that takes place prior to the onset of degradation of the 

comingled plastics. Unlike the observations from Figure 4.11 (b), the DTG curve for sample 

A-C320/HDPE-PP (d) presents a distinct peak as 448 °C, which may be attributed to the mass loss due to 

the presence of plastics in the abraded sample. Mass loss prior to that was attributed to bitumen. Between 

218 and 279 °C, only bitumen is expected to have degraded allowing for the calculation of its content. It is 

safely assumed at this stage that the presence of plastics in the dry mix has not affected the behaviour of 

bitumen.   
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Figure 4.12: Representative TGA curves for (a) comingled plastic, HL, B-C320, and A-C320/HDPE-PP (d) and (b) 
representative TGA and DTG curves for A-C320/HDPE-PP (d) 

 

The overall mass of residues released after 60 and 120 minutes of abrasion is summarised in Figure 4.13. It 

shows that the behaviour of the slabs was not consistent with A-C320/EVA and A-C320/HDPE-PP (d) 

releasing more particulate matter within the second hour of abrasion, while the opposite was true for the rest. 

Figure 4.13: Particulate matter release after the first hour and after the second hour of abrasion with the AMAT 

 

The mass released of each of the constituents for an area of 1 m2 was calculated from the contents of each 

constituent (bitumen, aggregates, and microplastics), as calculated in Table 4.1 and Table 4.2, and the mass 

of particulates released following abrasion for 120 min. These calculations were undertaken based on the 

surface abraded using the AMAT, which was 0.038 m2. These calculations are presented in Figure 4.14.   
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Figure 4.14: Averaged mass of bitumen and microplastics released after 120 minutes of abrasion over 1 m2 of 
asphalt, as derived from TGA 

 

A notably greater amount of particulate matter was released from slab A-C320/EVA, which is discussed in 

Section 4.1.4 following visual evaluation of the slab’s surface. Due to the greater amount of particulates 

released for slab A-C320/EVA, even though the content of microplastics was found to be comparable to that 

of A-C320/SBS and A-C320/HDPE-PP (w), when calculated as mass of microplastics released over 1 m2, its 

content is found to be greater. 

4.1.4 Discussion and Recommendations 

Leachability 

Leaching of compounds harmful to the environment needs to be taken into consideration when investigating 

the incorporation of waste materials in applications where they may be directly interacting with the aquatic 

environment. Other than the method proposed by White (2019), no other method has been developed for the 

efficient quantification of leachates by asphalt. Based on the results of this research, adding various 

polymeric materials in bitumen did not release any compounds harmful to the environment. However, even 

though the results of analytical methods such as GC/MS may be trusted for this analysis, the method 

through which the samples were prepared may be modified for more aggressive exposure to be achieved. 

Thayumanavan et al. (2003), who also investigated the leachability of asphalt materials, prepared their waste 

material solid samples by vigorously shaking in distilled water (4 parts liquid) at 24 ± 2 °C for 24 hours for 

short-term leaching and 168 hours for long-term leaching. They concluded that if leachates are not observed 

following this preparation method, they are unlikely to be present. This may be an approach to be 

investigated in future analysis; however, if the method followed to dry the liquid phase is not compatible, the 

results may once again be inconclusive.    
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Microplastics 

Most of the mass of the abraded samples was comprised of aggregates. It needs to be noted here that this 

observation is also related to their greater density and not only their quantity. This was true for both methods 

of measurement. It is still expected though that the concentration of aggregates would be greater than that of 

bitumen and/or plastics. Similar observations were made by Austroads (2022a) who justified the 

phenomenon by the formation of a thin binder film at the surface of the asphalt slab, which once abraded 

exposes the larger aggregates. 

From the gravimetric data acquired through the process of bitumen dissolution and density separation of the 

aggregates from the microplastics, the particulate matter released was primarily comprised of aggregates, 

but the quantification of bitumen and plastics was not reliable. Other than the outlined limitations of the 

experimental methodology which were taken into consideration throughout, the probable absorption of the 

glycerine solution by the filter and the high surface tension of some aggregate particles which were not 

submerged in glycerine as expected led to unreliable measurements of the constituents. In future, the use of 

a different filter that would not be as prone to absorbing the selected solution or a different solution choice 

might resolve these issues but could not be recommended with confidence without further testing. 

Overall, from the TGA analysis, it may be understood that the incorporation of comingled plastics in asphalt 

through the dry process is more susceptible to releasing microplastics. This is not only related to the 

probably weak interface between bitumen and the comingled plastics, but also due to the significantly 

greater amount of plastics present in A-C320/HDPE-PP (d).  

Additionally, the less textured surface of the slab A-C320/HDPE-PP (d), shown in Figure 4.15 (d), resulted in 

a greater contact surface between the abrading head and the bitumen and plastics content of the asphalt 

slab. The most pronounced discolouration following abrasion may be seen in Figure 4.15 (a) for sample 

A-C320/EVA, which released the greatest mass of particulate matter following abrasion for 120 min. From 

Figure 4.13, it may be seen that most of that matter was released during the second hour of abrasion.        

Figure 4.15: Surface of abraded slabs after 120 min: (a) A-C320/EVA, (b) A-C320/SBS, (c) A-C320/HDPE-PP (w), 
(d) A-C320/HDPE-PP (d), and (e) A-C320 
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Additionally, more bitumen was released following abrasion of slabs made using PMBs when compared to 

the slab made using unmodified bitumen. This could be related to the thickness of the formed film on the 

surface of the aggregates affected by the viscosity of the binder. It is generally found that the addition of 

polymers in bitumen results in an increase in the viscosity when compared to unmodified bitumen (Behnood 

& Gharehveran 2019), which may in turn negatively affect the efficiency of the aggregate coating making it 

uneven, possibly explaining this observation. Additionally, with the exception of sample 

A-C320/HDPE-PP (d), which was fabricated through the dry method, the content of released microplastics 

was less than that of bitumen, in agreement with the findings of Austroads (2022a) for samples generated 

through the wet method. 

Comparing the 2 different methods for quantification, one being the collection of gravimetric data before and 

after bitumen dissolution and density separation and the other being TGA, the former was found to come 

with a series of limitations including those listed in Section 4.1.2 and observations from the results of 

Section 4.1.3. As a result, there is no confidence that an accurate measurement for the content of the 

different constituents can be achieved. On the other hand, TGA is a more accurate method for quantification 

restricted mainly by the size of the specimens. Other hurdles that were part of the interpretation of the 

results, as discussed in Section 4.1.3, may be overcome by TGA analysis of the raw materials, which was 

not conducted as part of this preliminary study, but is recommended for future analysis.    

4.2 Part B: Assessment of Selected Plastics Through Developed 
Monitoring Protocol 

4.2.1 Materials 

The materials used for this component of the research are the binders and the slabs as listed in Table 3.2. 

Asphalt slabs of 305 x 305 x 50 mm3 were prepared using C170 bitumen and different additives as listed. 

These slabs were prepared using the wet and dry method and are henceforth referred to by their allocated 

naming conventions. Following manufacture, the asphalt slabs were conditioned for 120 ± 0.5 hours in an air 

forced oven at 85 ± 3 °C, as per AASHTO R30-02 (AASHTO 2015) prior to abrasion as described in 

Appendix F.3. This was to simulate abrasion following ageing due to exposure to the environment. 

4.2.2 Methodology 

The methods for examining the release of leachates and microplastics was developed from the findings from 

Part A and the report provided by SQP, included in Appendix C. 

Leachability 

As the analytes of interest were not detected following the methodology described in Section 4.1.2, it was 

decided that, for Part B, the method was to be altered. In addition, from the SQP comments and advice, it 

was derived that a standard leachate testing method (typically used for soil samples), ASLP (Australian 

Standard Leach Procedure, AS 4439.2 and 4439.3) should be investigated. The method is typically used for 

quantifying leachates in soils. 

Loose asphalt mix samples were collected at the ARRB laboratory and sent to the Australian Laboratory 

Services (ALS) for ASLP analysis. Samples from all asphalt mixes listed in Table 3.2 were investigated with 

350 g of the loose asphalt mix collected in specialty glass containers supplied by ALS. The parameters for 

investigation are listed in Table 4.3. Samples were prepared following AS 4439.2 and AS 4439.3.  
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Table 4.3: Analytical methods for loose asphalt mixes; all asphalt mixes were examined for all parameters 
listed 

Parameter Method Limit of reporting 

Total metals by ICP/MS (including digestion) US EPA 6020 0.01 mg/L 

VOC – MAHs US EPA 8260 1–5 μg/L 

SIM – PAH only US EPA 8270 0.5–1 μg/L 

SVOC – Phthalate esters US EPA 8270 2–10 μg/L 

Phenolics and other polar compounds (including bisphenol-A) LC/MSMS (in-house) 0.05 μg/L 

8 metals (total) US EPA 6020, APHA 3112 – Hg B 0.0001–0.005 mg/L 

TPH/BTEXN US EPA 8015, US EPA 8260 1–100 μg/L 

A brief description for the sample preparation and examination methods is provided in Table 4.4. 
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Table 4.4: Brief method summaries and sample preparation 

Analytical method Reference to Method description 

EG005W Water leachable metals by 
ICPAES 

US EPA SW 
846-6010, 
APHA 3120 

The ICPAES technique ionises leachate sample atoms emitting a 
characteristic spectrum. This spectrum is then compared against matrix 
matched standards for quantification. This method is compliant with NEPM 
schedule B (3). 

EG035W Water leachable mercury 
by FIMS 

APHA 3112 
Hg-B 

Flow-injection (SnCl2) (cold vapour generation) AAS (FIM-AAS) is an 
automated flameless atomic absorption technique. A bromate/bromide reagent 
is used to oxidise any organic mercury compounds in the TCLP solution. The 
ionic mercury is reduced online to atomic mercury vapour by SnCl2 which is 
then purged into a heated quartz cell. Quantification is by comparing 
absorbance against a calibration curve. This method is compliant with NEPM 
schedule B (3). 

EP071 TRH – semivolatile fraction US EPA SW 
846-8015 

The sample extract is analysed by capillary GC/FID and quantification is by 
comparison against an established 5-point calibration curve of n-alkane 
standards. This method is compliant with the QC requirements of NEPM 
schedule B (3). 

EP074 VOC US EPA SW 
846-8260 

Water samples are directly purged prior to analysis by capillary GC/MS and 
quantification is by comparison against an established 5-point calibration 
curve. This method is compliant with NEPM schedule B (3). 

EP075 Semivolatile organic 
compounds 

US EPA SW 
846-8270 

Sample extracts are analysed by capillary GC/MS and quantification is by 
comparison against an established 5-point calibration curve. This method is 
compliant with NEPM schedule B (3). 

EP075 (SIM) PAH/phenols (GC/MS – 
SIM) 

US EPA SW 
846-8270 

Sample extracts are analysed by capillary GC/MS in SIM mode and 
quantification is by comparison against an established 5-point calibration 
curve. This method is compliant with NEPM schedule B (3). 

EP080 TRH volatiles/BTEX US EPA SW 
846-8260 

Water samples are directly purged prior to analysis by capillary GC/MS and 
quantification is by comparison against an established 5-point calibration 
curve. Alternatively, a sample is equilibrated in a headspace vial and a portion 
of the headspace determined by GC/MS analysis. This method is compliant 
with the QC requirements of NEPM schedule B (3). 

EP247 Phenolics and other polar 
compounds by LC/MSMS 

– LC/MSMS, direct injection. A sample is filtered and injected directly onto the 
LC/MSMS. Analysis is by LC/MSMS, ESI negative mode. 

Preparation method Reference to Method description 

EN25W Digestion for total 
recoverable metals in DI 
water leachate 

US EPA SW 
846-3005 

Method 3005 is a nitric/hydrochloric acid digestion procedure used to prepare 
surface and ground water samples for analysis by ICPAES or ICPMS. This 
method is compliant with NEPM schedule B (3). 

EN60-Dla-G Deionised water leach – 
glass leaching vessel 

AS 4439.3 QWI-EN/60 preparation of leachates. 

EN60Z-Dla Deionised water leach – 
zero headspace extraction 

AS 4439.2 QWI-EN/60 preparation of leachates. 

Notes:  

• EP075 (SIM) and EP075 – Where reported, benzo(a)pyrene toxicity equivalent quotient (TEQ) per NEPM (2013) is the sum total of the 
concentration of 8 carcinogenic PAHs multiplied by their toxicity equivalence factor (TEF) relative to benzo(a)pyrene. TEF values are provided 
in brackets as follows: benz(a)anthracene (0.1), chrysene (0.01), benzo(b+j) & benzo(k)fluoranthene (0.1), benzo(a)pyrene (1.0), 
Indeno(1.2.3.cd)pyrene (0.1), dibenz(a.h)anthracene (1.0), benzo(g.h.i)perylene (0.01). Less than LOR results for ‘TEQ zero’ are treated as 
zero. 

• EP080 – Where reported, total xylenes is the sum of the reported concentrations of m&p-xylene and o-xylene at or above LOR. 

• EP074 – Where reported, total trihalomethanes is the sum of the reported concentrations of all trihalomethanes at or above the LOR. 

• EP074 – Where reported, total trimethylbenzenes is the sum of the reported concentrations of 1.2.3-trimethylbenzene, 1.2.4-trimethylbenzene 
and 1.3.5-trimethylbenzene at or above the LOR. 

• EP075 (SIM) – Where reported, total cresol is the sum of the reported concentrations of 2-methylphenol and 3- & 4-methylphenol at or above 
the LOR. 

• EP075 – Where reported, 'Sum of PAH' is the sum of the USEPA 16 priority PAHs. 

To further explore the method described in Section 4.1.2, it was decided that the samples were to be 

exposed more aggressively prior to leaching assessment through GC/MS. Taking into consideration the 

agitation proposed by Thayumanavan et al. (2003), the sample preparation was altered as follows: 

• An amount of 2.5 g of each binder listed in Table 3.2 as well as the as-received HDPE/PP and LDPE 

were placed in glass beakers and submerged in 50 mL of deionised water.  
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• The glass beakers were covered with aluminium foil and the samples were agitated using a magnetic 

stirrer for 1 hour under ambient temperature. 

• They were then placed in an air forced heating oven at 40 °C for 18 hours.  

• The samples were agitated again using a magnetic stirrer for another 1 hour under ambient temperature. 

• After exposure, the potentially contaminated water was filtered through a 4 µm mesh filter and collected 

in a glass container.  

• The water was then cold evaporated under N2 atmosphere, and the residue was submerged in 5 mL of 

ethanol (Merck, spectroscopy grade) for GC/MS. 

It needs to be noted that to understand the effects of agitation, the parameters for analysis during GC/MS 

were kept the same as Part A.  

Microplastics 

For the collection of particulate matter from the slabs, the same abrasion method as described in 

Appendix F.3 was used. The water was evaporated before the solid abraded matter could be collected in a 

dehydration oven set to 60 °C. Following the recommendations from Section 4.1.4, TGA was selected for the 

analysis of the particulate matter following the same equipment and parameters as detailed in Section 4.1.2. 

4.2.3 Results and Discussion 

Leachability 

The report on the ASLP results, as provided by ALS, is included in Appendix D. The report provides results 

for various analytes, however, in this section, only those that gave readings above the limit of reporting 

(LOR) are discussed for comparison. The LOR for each of the analytes is clearly marked in the charts. 

Although all samples are listed across the x-axis, where a value is not provided the measurements were 

below the LOR.  

Figure 4.16 provides a quantification of the PAH measured. Although all 16 priority analytes were 

investigated (see page 5 of 15 in Appendix D.1), only naphthalene was detected above the LOR for samples 

A-C170 and A-C170/ EVA with the latter measured at greater concentration. Naphthalene was not detected 

to have leached from the specimens containing the recycled plastics incorporated for the purposes of this 

study. The ‘Sum of PAH’ is comprised by the measured naphthalene. 

From National Environment Protection Council (2013) (Table 1C), the groundwater investigation level 

(meaning the levels above which further investigations need to be undertaken) for naphthalene is 16 μg/L for 

fresh waters and 50 μg/L for marine waters. Any measured naphthalene from the loose asphalt mixes 

investigated in this project is well below either of these limits, as shown in Figure 4.16 and Appendix D.1.  
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Figure 4.16: Naphthalene concentration following leachability assessment for PAH of loose mix asphalt 

 

Figure 4.17 presents the measured water leachable metals in the loose mix asphalt. Aluminium and nickel 

were measured for all samples, and most were found to release zinc, except for samples containing 

HDPE/PP incorporated either via the wet or the dry method. When compared to the baseline (A-C170, 

A-C170/EVA, and A-C170/SBS), only A-C170/LDPE (d) was found to leach a greater amount of aluminium 

and A-C170/LDPE (w) leached a greater amount of zinc.  

From National Environment Protection Council (2013) (Table 1C), the ground-water investigation level for 

aluminium is 55 μg/L for fresh waters. For nickel it is 11 μg/L for fresh waters, 7 μg/L for marine waters, and 

0.02 mg/L for drinking waters. For zinc it is 8 μg/L for fresh waters and 15 μg/L for marine waters. The 

measured aluminium for all samples exceeds the ground-water investigation limit for drinking water as set by 

National Environment Protection Council (2013). The ground- water investigation level for nickel for marine 

waters and for zinc for fresh waters is below the LOR. Therefore, there is uncertainty as to whether the zinc 

that potentially leached from samples A-C170/HDPE-PP (w) and A-C170/HDPE-PP (d) was below or beyond 

the level of investigation. In addition, the LOR for both nickel and zinc is 0.01 mg/L. As such, the data 

acquired do not introduce enough granularity to confidently conclude that they are just above, at, or below 

the investigation level for nickel for fresh water for samples A-C170/SBS, A-C170-HDPE-PP (w), and A-

C170/LDPE (w) and for zinc for marine waters for samples A-C170, A-C170/SBS, and A-C170/LDPE (d). 

The measured nickel for A-C170, A-C170/EVA, A-C170/HDPE-PP (d), and A-C170/LDPE (d) was above the 

fresh waters and marine waters ground-water investigation level and at the drinking waters limit. Lastly, the 

measured zinc for A-C170/EVA and A-C170/LDPE (w) was also above the ground-water investigation level.       

Figure 4.17: Concentration of water leachable metals in loose mix asphalt 
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According to the National Environment Protection Council (2013), the presence of metals may be associated 

with ore bodies within the proximity of mining or quarrying activities. Given the comparable levels of the 

leachates among the various samples investigated in this study, it may be proposed that the water leachable 

metals measured are due to the aggregates in the loose mix asphalt rather than the bitumen or any of the 

polymeric additives. However, Xu and Zhang (2020) previously discussed that, among others, nickel is one 

of the heavy metals that may be found in crude oil.   

Other analyte groups including phthalate esters, total petroleum hydrocarbons, total recoverable 

hydrocarbons, phenolics and related hydrocarbons, monocyclic aromatic hydrocarbons, as well as BTEXN 

were also analysed but all results obtained were below the LOR. 

The ASLP results following the crushing of the loose asphalt mix showed leaching of metals, which was 

thought to be relating to quarry activities. Therefore, the analysis was repeated without crushing the loose 

asphalt mix prior to testing. The loose asphalt mix was sieved to pass 9.5 mm.  

Naphthalene was the only PAH detected, similar to what was observed by the results obtained by the 

crushed aggregates. These measurements are presented in Figure 4.18. As in the case of crushed loose 

asphalt mix, the only samples for which naphthalene was detected were A-C170 and A-C170/EVA. Both 

demonstrated the same trend, with A-C170/EVA leaching a greater amount when compared to A-C170, both 

of which were notably below the ground-water investigation limits set by National Environment Protection 

Council (2013). Brandt and De Groot (2001) also found naphthalene to be detected at notably greater 

concentrations when compared to other PAHs. This was potentially due to the fact that naphthalene is 

comprised by 2 fused benzene rings, meaning that it has greater solubility in water (PAHs with 4 or less 

rings). 

Figure 4.18: Naphthalene concentration following leachability assessment for PAH of loose mix asphalt 
(uncrushed) 

 

Irrespective of the fact that for this examination the loose asphalt mix was not crushed and, therefore, the 

aggregates were thought to not have been exposed to the analysis, leachable metals were still detected. 

These results are presented in Figure 4.19. Zinc was not detected for the uncrushed loose mix asphalt, but 

as for the crushed samples, the uncrushed ones were found to leach aluminium and nickel.  

Aluminium continues to be above the ground-water investigation level for fresh waters, as measured for all 

samples, therefore, further studies would be recommended for all. When compared to those of the crushed 

specimens, the uncrushed specimens were measured to leach less amounts of aluminium. When compared 

to commonly accepted materials, only A-C170/LDPE (d) was found to leach greater concentrations of 

aluminium, but not notably above those of A-C170/EVA.   
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Nickel was present in A-C170 and A-C170/EVA samples. Nickel was measured at 10 μg/L, which is above 

the ground-water investigation limit for marine waters according to National Environment Protection 

Council (2013). As the presence of nickel persists following assessment without crushing the loose mix 

asphalt, it may be considered that it is leached by the binder, as previously discussed by Xu and 

Zhang (2020).      

Figure 4.19: Concentration of water leachable metals for uncrushed loose mix asphalt 

 

The results obtained from the GC/MS analysis are presented in Figure 4.20. 

Figure 4.20: GC-MS peaks: (a) B-C170/SBS, (b) LDPE, (c) B-C170/ LDPE, (d) B-C170/ HDPE-PP, (e) B-C170/EVA, 
(f) B-C170, (g) HDPE/PP, (i) ethanol 
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All the peaks present in Figure 4.20, as for Part A, can be associated with the ethanol which was the 

selected carrier liquid. The peak associated with siloxane in Figure 4.20 (b), was attributed to contamination 

in the column. Therefore, the processing method during GC/ MS as well as the sample preparation selected 

may not be suitable to assess the release of leachates from bituminous binders. 

As the sample preparation was quite elaborate, it is recommended that in future the analysis method through 

GC/MS is developed further. This would include selecting specific compounds of interest and calibrating the 

method accordingly. This is an elaborate effort but would allow for the specification of low limits of detection 

for the compounds and whether they can be detected at all. In this form, it would provide a more quantitative 

image of the findings.   

Microplastics 

The constitution of the particulate matter from abrasion, as measured through TGA, is quantified in Table 4.5 

and the TGA and DTG curves are presented in Figure 4.21 to Figure 4.28. Like the binders created using 

C320, the C170 modified binders also closely related to the B-C170 with small shifts in the TGA curves, 

particularly around 450 °C, where the unmodified bitumen marks a greater mass loss than the binders. 

Therefore, as in Section 4.1.3, the released microplastics were calculated based on the content of the 

additive in the binder. However, as the bitumen is not expected to have been modified by the additive where 

the modification took place through the dry method, the content of microplastics for A-C170/HDPE-PP (d) 

and A-C170/LDPE (d) was measured through the mass loss in the region of the degradation of the polymer. 

Mass loss below 200 °C was attributed to moisture that failed to evaporate during the oven drying process, 

given the lower temperature used during drying for Part B. 

Table 4.5: TGA results with content based on mass and average of 3 tested specimens per sample 

Sample ID Total mass loss (%) Mass loss below 200 °C (%) Bitumen (%) Plastic (%) Aggregate (%) 

A-C170 14.2 ± 0.6  1.6 ± 0.1 12.6 0 85.8 

A-C170/EVA 10.7 ± 0.5 3.3 ± 0.4 7.4 0.4 89.3 

A-C170/SBS 9.3 ± 1.6 3.0 ± 0.4 6.3 0.4 90.7 

A-C170/HDPE-PP (w) 11.1 ± 1.4 1.9 ± 0.4 8.3 0.9 88.9 

A-C170/HDPE-PP (d) 28.3 ± 6.8 2.4 ± 0.3 19.5 6.4 71.7 

A-C170/LDPE (w) 8.2 ± 0.5 1.3 ± 0.3 6.2 0.7 91.8 

A-C170/LDPE (d) 8.7 ± 1.2 1.2 ± 0.4 6.6 0.9 91.3 

Overall, the distribution of the particulate matter constitution is consistent with that reported by 

Austroads (2022b) and Part A where it is mostly comprised by aggregates, followed by bitumen and with the 

least particulate matter release being attributed to microplastics.  

From Table 4.5, A-C170/HDPE-PP (d) experienced the greatest mass loss during TGA followed by A-C170 

and with A-C170/LDPE (w) experiencing the least mass loss. As previously discussed, the overall mass loss 

of the slabs following abrasion can be attributed to the morphology of the slabs’ surface. The abraded 

surfaces of these slabs are shown in Figure 4.30. Notably, although the content of HDPE/PP and LDPE 

during the dry process was the same, A-C170/HDPE-PP (d) experienced significantly greater mass loss than 

A-C170/LDPE (d). The slabs were mixed at the same temperature of 160 ± 10 °C but the melt temperatures 

of the 2 polymers, LDPE and HDPE, vary with the former being typically within the range of 110 and 120 °C 

and the latter between 130 and 149 °C (Brasileiro et al. 2019). This difference could potentially have affected 

their interactions with the aggregates and the bitumen as the LDPE is more likely to have effectively melted 

during mixing partially adhering to the aggregates. HDPE’s higher melt temperature could indicate that the 

polymer only softened, but did not melt during mixing and, hence, it is suspected that it did not adhere to the 

aggregates. As a result, HDPE/PP behaved like an aggregate in the slab and, as it is notably softer than the 

quarry aggregates, was abraded faster leading to an overall greater mass loss. 

Figure 4.21 shows the TGA and DTG curves for a representative specimen of the unmodified C170 bitumen. 

Two degradation regions were observed, one between approximately 240 and 523 °C where the C170 loses 

approximately 70% of its mass and the next up to 870 °C where 29% of the mass is further lost. The onset of 
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degradation was graphically derived at approximately 364 °C and the maximum rate of degradation for the 

first stage was at 430 °C, while for the second at 694 °C according to the DTG curves.    

Figure 4.21: Representative TGA curve for C170 

 

The degradation of the particulate matter for the control slab (A-C170) is presented in Figure 4.22. As the 

maximum degradation rate for temperatures above 500 °C, at 612 °C, does not coincide with that of HL, at 

754 °C as illustrated in Figure 4.8 (b), it is assumed that all mass loss above 200 °C was due to the 

degradation of the bitumen.  

Figure 4.22: Representative TGA curves for (a) B-C170, HL, and A-C170, and (b) representative TGA and DTG 
curves for A-C170 

 

The DTG curve in Figure 4.23 (b) shows a slight, but noticeable peak between 300 and 400 °C, one between 

400 and 500 °C, and another around 612 °C. All are in line with those observed in Figure 4.23 (c) for EVA 

and Figure 4.23 (d) for B-C170/EVA. This suggests that EVA is present in the particulate matter as 

previously found for A-C320/EVA. These observations are in line with the findings of Adothu et al. (2020) and 

Luo and Chen (2011), discussed in Section 4.1.3. 
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Figure 4.23: Representative TGA curves for (a) EVA, HL, B-C170, B-C170/EVA, and A-C170/EVA, and 
representative TGA and DTG curves for (b) A-C170/EVA, (c) EVA, and (d) B-C170/EVA with the 
denoted figures reflecting the average of 3 specimens 

 

Figure 4.24 (b) shows the TGA and DTG curves for A-C170/SBS. The variable degradation regions are not 

distinct in the TGA curve, or for any of the specimens within the sample group analysed, but the DTG peaks 

for all are comparable with those in Figure 4.10 (b), also suggesting the presence of SBS in the sample. This 

allows for some confidence when calculating the concentration of SBS.   
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Figure 4.24: Representative TGA curves for (a) SBS, HL, B-C170, B-C170/SBS, and A-C170/SBS, and 
representative TGA and DTG curves for (b) A-C170/SBS, (c) SBS, and (d) B-C170/SBS with the  
denoted figures reflecting the average of 3 specimens 

 

The DTG peaks for the abraded sample of Figure 4.25 (b) above 200 °C around 441 and 636 °C coincide 

with those of the modified binder (B-C170/HDPE-PP) in Figure 4.25 (d). The total mass loss of samples 

A-C170/HDPE-PP (w) is comparable to that of A-C170, A-C170/EVA, and A-C170/SBS. However, the 

calculated amount of microplastics released by A-C170/HDPE-PP (w) was 0.5% greater than that of 

A-C170/EVA and A-C170/SBS. This was because 10 wt.% HDPE/PP was added to the binder during 

blending, compared to the amount of EVA and SBS added at 6 and 6.5 wt.%, respectively.    
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Figure 4.25: Representative TGA curves for (a) HDPE-PP, HL, B-C170, B-C170/HDPE-PP, and A-C170/HDPE-
PP(w), and representative TGA and DTG curves for (b) A-C170/HDPE-PP (w), (c) HDPE-PP, and (d) 
B-C170/HDPE-PP with the denoted figures reflecting the average of 3 specimens 

 

From Figure 4.26 (b), where the TGA and DTG curves for the A-C170/HDPE-PP (d) are presented, the 

region reflecting the degradation curve of the polymer can be distinctly identified between 380 and 525 °C. 

Therefore, the concentration of microplastics present in the abraded sample was directly quantified. When 

compared to all other samples, A-C170/HDPE-PP (d) had the greatest mass loss overall.   

Figure 4.26: Representative TGA curves for (a) HDPE-PP, B-C170, HL, and A-C170/HDPE-PP (d), and (b) 
representative TGA and DTG curves for (b) A-C170/HDPE-PP (d) with the denoted figures reflecting 
the average of 3 specimens 
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The morphology of the DTG curve between 300 and 400 °C in Figure 4.27 (b) for A-C170/LDPE (w) closely 

resembles that of the LDPE where a shoulder prior to the main peak is visible. This suggests the presence of 

LDPE in the abraded matter. Although the mass loss of sample A-C170/LDPE (w) was lower than that of 

A-C170/EVA and A-C170/SBS, the calculated concentration of microplastics was 0.3% greater. This was 

again due to the greater content of LDPE in the binder.  

Figure 4.27: Representative TGA curves for (a) LDPE, HL, B-C170, B-C170/LDPE, and A-C170/LDPE(w), and 
representative TGA and DTG curves for (b) A-C170/LDPE(w), (c) LDPE, and (d) B-C170/LDPE with 
the denoted figures reflecting the average of 3 specimens 

 

In Figure 4.28, although a distinct peak at 440 °C in the DTG curve is observed, it is not possible to 

confidently measure the mass loss of LDPE within the region between 278 and 499 °C. This is because 

C170 also loses most of its mass within that region. However, all of the LDPE is expected to have 

decomposed within that region meaning that mass losses beyond 499 °C can be attributed to the C170. At 

the second decomposition stage, C170 loses 29% of its mass. This means that the 2.2% mass loss of A-

C170/LDPE (d) can be attributed to the mass loss of C170 that is approximately 1/3 of its content in the 

particulate matter.        
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Figure 4.28: Representative TGA curves for (a) B-C170, HL, and A-C170/LDPE(d), and (b) representative TGA 
and DTG curves for (b) A-C170/LDPE(d) 

 

As seen in Section 4.1.3, the distribution of the constituents of the particulate matter over 1 m2 for 60 minutes 

of abrasion is presented in Figure 4.29. As expected, the greatest concentration of microplastics is expected 

to be released when HDPE/PP is incorporated via the dry method. However, interestingly, this was followed 

by A-C170/LDPE (w), which according to Table 4.5 had lower content of microplastics than 

A-C170/HDPE-PP (w) and A-C170/LDPE (d), as measured by TGA. This is because the overall mass 

abraded by A-C170/LDPE (w) was comparatively greater.  

Figure 4.29: Abraded matter constitution over 1 m2 for 60 minutes of abrasion 

 

Figure 4.30 shows the surface of the slabs after 1 hour of abrasion. The morphology of the surface, in a 

macro scale, of most samples appears similar with comparable surface roughness. That of the dry mixes in 

Figure 4.30 (e) and Figure 4.30 (g), however, appears less rough and in the case of the latter, the surface 

appears to be primarily comprised by LDPE and C170.   
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Figure 4.30: Surface of slabs following 1 hour of abrasion: (a) A-C170, (b) A-C170/EVA, (c) A-C170/SBS, 
(d) A-C170/HDPE-PP (w), (e) A-C170/HDPE-PP (d), (f) A-C170/LDPE (w), and (g) A-C170/LDPE (d) 
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5 Conclusions and Recommendations 

In this project, methods for the assessment of the impact of adding recycled plastics on human health and 

the environment were developed and assessed. Fumes and emissions were assessed using in-person, 

static, and absolute measurements, leachates were evaluated through GC/MS following 2 different 

preparation methods and following a standard method commonly used for leachates in soils, and 

microplastics were measured through a bitumen dissolution and density separation method and through 

TGA. 

5.1 Fumes and Emissions 

In-person and static measurements, representing exposure to fumes and emissions to the operators 

undertaking the binder blending and asphalt mixing tasks as well as to others operating within the area, 

showed that for all compounds detected, the concentrations were notably below the exposure limits set by 

Safe Work Australia (2022). A benchmarking method using an enclosed environment was also used, which 

revealed that most analytes were emitted at greater concentrations by the commonly used materials, except 

of formaldehyde, which was found at greater concentrations to be emitted by the sample containing LDPE. 

TSPs do not have set limits for exposure; however, the detected limits were well below 5 mg/m3, which is the 

upper limit for exposure recommended by the Australian Institute of Occupational Hygienists, as noted in 

Appendix B. The only other compound detected for which upper limits of exposure have not been defined 

was 2-methyl butane. The occasions where the addition of HDPE/PP and LDPE resulted in the emission of 

greater concentration of fumes were limited and, importantly, in all cases well below the Safe Work Australia 

limits. From Part B, the incorporation of recycled plastics was found to result in the increased emission of 

VOCs, PAHs, aldehydes, TSP, and BF in the laboratory in the cases summarised in Table 5.1. 

Table 5.1: Summary of Part B fumes and emissions where the incorporation of recycled plastics resulted in 
increased fumes and emissions when compared to the baseline materials 

Compound Sample Measurement 
Unmodified 

sample 
EVA sample SBS sample TWA 

Aromatic hydrocarbons 
(static sampler) 

A-C170/HDPE-PP (w) 0.03 mg/m3 
< LOR < LOR < LOR 

790 mg/m3 
(total VOCs) 

A-C170/LDPE (d) 0.04 mg/m3 

Aromatic hydrocarbons 
(in-person sampler) 

A-C170/HDPE-PP (w) 0.03 mg/m3 < LOR < LOR < LOR 

Aliphatic hydrocarbons 
(static sampler) 

A-C170/HDPE-PP (w) 0.79 mg/m3 0.18 mg/m3 0.46 mg/m3 0.35 mg/m3 

Aliphatic hydrocarbons 
(in-person sampler) 

A-C170/HDPE-PP (w) 0.64 mg/m3 0.10 mg/m3 0.47 mg/m3 0.26 mg/m3 

Formaldehyde 
(in-person sampler) 

B-C170/LDPE 0.008 mg/m3 0.007 mg/m3 0.006 mg/m3 0.007 mg/m3 
1.2 mg/m3 

A-C170/HDPE-PP (d) 0.011 mg/m3 0.008 mg/m3 0.008 mg/m3 0.008 mg/m3 

Acetaldehyde (static 
sampler) 

B-C170/LDPE 0.011 mg/m3 0.006 mg/m3 0.010 mg/m3 0.009 mg/m3 

36 mg/m3 

Acetaldehyde (in-person 
sampler) 

B-C170/LDPE 0.006 mg/m3 0.000 mg/m3 0.004 mg/m3 0.005 mg/m3 

A-C170/HDPE-PP (d) 0.008 mg/m3 
0.006 mg/m3 0.006 mg/m3 0.007 mg/m3 

A-C170/LDPE (d) 0.008 mg/m3 

TSP (static sampler) A-C170/HDPE-PP (w) 0.59 mg/m3 0.31 mg/m3 0.20 mg/m3 0.40 mg/m3 
5 mg/m3 * 

TSP (in-person sampler) A-C170/HDPE-PP (d) 0.95 mg/m3 0.28 mg/m3 0.40 mg/m3 0.72 mg/m3 

* TWA limit not set by Safe Work Australia. AIOH recommended DNOS trigger value of 5 mg/m3.    

When comparing the results with those in the literature, it was found that the location and methods for 

assessment could significantly affect the results. Therefore, it is important that such parameters are taken 

into consideration when results across different investigations are compared. Investigation of the exposure to 

fumes and emissions during the asphalt laying process was not within the scope of this work. It is worth 
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mentioning that Burstyn et al. (2000) proposed that there is a clear correlation between the application 

method (mastic paving ≥ repaving > hot asphalt, surface dressing > cold applications) and bitumen exposure 

levels. A link between temperature and emission levels also exists, where an increase in emissions is 

observed with an increase in temperature (Burstyn et al. 2000). This is in line with absolute laboratory 

investigations carried out by Austroads (Austroads 2021b; Austroads 2022a; Austroads 2022b). 

5.1.1 Recommendations 

The methods for assessment for the in-person and static measurements, as described in Section 3.1.3 and 

Appendix B, were found to be suitable for the evaluation of the impact that recycled plastics in bitumen may 

have on the health of the laboratory operators. As the aim was to assess the impacts on the WH&S of the 

laboratory operators undertaking the tasks (binder blending and asphalt mixing) as well as those operating 

within a near proximity of the area, it is recommended that the static samplers are placed as depicted in 

Figure 3.4. The low quantities detected during the monitoring of fumes and emissions by the static samplers 

demonstrate the efficiency of the safety measures already in place.    

Laboratory operators are currently required to wear safety boots, safety glasses or face shields (during 

binder blending), lab coats, heat resistant gloves and, as in any laboratory activities, long pants, and long- 

sleeve shirts. As the results from the measurements, presented in Sections 3.1.4 and 3.2.3, between the 

recycled plastic-containing binders and the baseline binders (bitumen and PMBs) were comparable, it is 

recommended that no additional or different PPE is required during the binder blending and asphalt mixing 

activities. It is, however, important that current measures are followed. 

Should the point of asphalt laying be of interest, it is expected that following the same methodology using the 

in-person samplers for the collection of compounds would also be appropriate. NACOE proposed a method 

for the monitoring of fumes and emissions released to the environment (Denneman et al. 2015) and 

perceived by the field workers at the point of laying (Grobler 2020; Grobler et al. 2017). A method for 

in-person fumes and emissions monitoring at the point of laying was also proposed by WARRIP for hot mix 

asphalt with crumb rubber (van Aswegen & Latter 2019).   

Benchmarking using an enclosed test chamber can also be used to provide a direct comparison between 

binders containing conventional materials and those containing plastic additives. Although only one 

specimen per sample was analysed, it is proposed that multiple results are obtained for more accurate 

comparison. In addition, care needs to be taken to maintain temperature control during the process. It is also 

noted that the binders that can be analysed via this method are pre-blended and, therefore, fumes emitted 

during the initial contact between the bitumen and additive are not measured. Regardless, with these 

limitations in mind, such benchmarking may be used to advise whether further investigations using in-person 

and static samplers are required. 

5.2 Leachates 

The investigation of leachates from bituminous binders and asphalt is relatively underdeveloped. Although 

such investigations are common practice in soil, they are not in road construction. The methods developed 

for the assessment of leachates from the binders were found to be inconclusive. None of the analytes of 

interest were detected (PAHs, bisphenol-A (BPA), phthalates, styrene, and hydrocarbons). It was, therefore, 

thought it was possible that the binders did not leach under the selected exposure procedures as described 

in Sections 4.1.2 and 4.2.2 and/or that the GC/MS method used was not appropriately calibrated. GC/MS 

calibration to specific analytes of interest is a rather resource and time intensive process when non-standard 

methods and materials are used but should be considered in future. The dry method mixes were not 

assessed via this method.  

In Section 4.2.2, following SQP advice (Appendix C) the standard method used for soils was also 

investigated in loose asphalt mix. The method was found to detect certain analytes, including metals. 

Naphthalene was detected for A-C170 and A-C170/EVA, which was below the ground-water investigation 

limits. Aluminium, zinc, and nickel, however, were detected above ground-water investigation limits. It is 

noted though that these might be due to ore bodies within the proximity of mining or quarrying activities. As 
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such, it may be argued that their presence is due to the aggregates in the loose mix asphalt which were 

crushed prior to analysis. This was further investigated through the analysis of uncrushed loose mix asphalt. 

The PAH results were consistent with those of the crushed loose mix asphalt, which is expected due to the 

presence of naphthalene in bitumen. The measurements of heavy metals, however, still revealed the 

presence of nickel and aluminium. Although nickel may also be found in bitumen, the presence of aluminium 

is not expected in bituminous binders. Therefore, it is suspected that during analysis water may still have 

penetrated through to the aggregates affecting the results. It was not possible to confidently define the 

source of the aluminium. To do so, further analysis of the materials independently is required. However, it 

appears that the samples containing plastics do not contain notably greater concentrations of aluminium 

when compared to the baseline materials.       

5.2.1 Recommendations 

As the results on the leachability not only of the recycled plastics-containing samples, but also the baseline 

materials, was found to be inconclusive, it is recommended that efforts to understand these effects are 

continued. 

From the findings, it may be specified that investigating leachates unaffected by the presence of aggregates 

is necessary. This may be achieved following a leaching method such as that assessed in Section 4.2.2 for 

the bituminous binders. Care needs to be taken to appropriately calibrate the GC/MS prior to analysis. 

Another possible pathway would be to that of field trials, such as those possible in an accelerated loading 

facility, where the surrounding soil is assessed for leachates following AS 4439.2 and AS 4439.3.   

The effect of ageing (thermo-oxidative and UV) warrants investigation. This is because chain scission might 

be found to increase the susceptibility of the materials to leaching.    

5.3 Microplastics 

The release of microplastics through bitumen dissolution and density separation was found to be challenging 

to quantify. This was due to assumptions that had to be made during the process, the solubility of SBS in low 

odour kerosene, the persistent floatation of small aggregates on the surface of glycerine, and the absorption 

of glycerine by the selected filters. In addition, the process was found to be rather time consuming.  

On the other hand, TGA was found to be effective and efficient in quantifying the released microplastics in 

the abraded matter with testing for each specimen requiring 5 minutes of preparation and approximately 

2 hours of testing. The microplastics released were overall found to be comparable through this method 

across all samples investigated. The only exception was the amount of microplastics found in the abraded 

matter of A-C320/HDPE-PP (d). This was due to the presence of unmolten HDPE/PP particles in the asphalt 

which were thought to abrade more rapidly than the aggregates. Another factor that was found to affect the 

quantity of binder (bitumen and additive) released following abrasion was the surface morphology of the 

slabs as well as the consistency in the coating of the aggregates by the binder. To quantify the concentration 

of microplastics in the portion of abraded matter that degraded during TGA, an even distribution of the 

additive within the binder was assumed. It was thought that such an assumption was reasonable to make, 

given that the binders used for application in Australia have a requirement to not segregate. The assessment 

of the type of plastic and morphology of the released microplastic through this method was not possible. 

5.3.1 Recommendations 

The slabs studied were thermo-oxidatively aged following AASHTO R30-02 prior to being abraded. Thermo-

oxidative or UV ageing is recommended as such ageing often results in chain scission of the polymer chains 

leading to embrittlement and, therefore, to potentially asphalt surfaces more susceptible to abrasion.  

It is, therefore, recommended that for the quantification of microplastics, TGA is used. If the equipment is not 

available in the asphalt laboratory where the work is to be undertaken, universities and analytical 



NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt 65 
TC-710-4-4-1d 

laboratories across WA and Qld have that capacity. Given the small specimen size, it is advisable that 

multiple specimens per sample are analysed. 

Should the investigation of the morphology or the type of the released microplastics be of interest, the 

bitumen dissolution and density separation method would be suitable. This method allows for the visual 

assessment of the microplastics collected from the surface of the glycerine (or other appropriate solvent). In 

addition, although not investigated, it is reasonable to expect that assessing the type of the microplastics 

collected through an IR method, such as FTIR or LDIR could be achieved. Similarly, if an optical microscope 

and FTIR equipment are not available in the asphalt laboratory conducting the analysis, universities and 

analytical laboratories across WA and Qld have that capacity.    

5.4 Future Research 

In future, it is recommended that the proposed protocols summarised in Appendix G are fully assessed. This 

would include:  

• the evaluation of the effect of UV ageing in the leachability of potentially harmful-to-the-environment 

compounds and microplastics release 

• a field trial while monitoring the release of fumes and emissions at the point of asphalt laying.  

To fully assess the capacity of recycled plastics to replace EVA and/or SBS, the field trial should be 

continuously evaluated in its properties with sampling taking place at intervals over a specified period of 

time. 
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B.2 Absolute Fumes and Emissions 
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Appendix D ASL Leachate Test Report 

D.1 Certificate of Analysis for Loose Asphalt Mix Following Aggregate Crushing 
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D.2 Certificate of Analysis for Loose Asphalt Mix without Aggregate Crushing 
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Appendix E Material Certificates 

E.1 C320 

 

E.2 C170 
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Appendix F Microplastics Quantification 
Methodology 

F.1 Methodology Development 

For the proposed methodology, 3 different pathways are presented along with their advantages and 

disadvantages. The aim is to accurately and reliably quantify the microplastics released in the 

environment, should the incorporation of waste plastics be considered for use in asphalt. It is expected that 

following each methodology, an accurate quantification of the impact the incorporation of different contents 

of plastics as well as plastics from different sources may have on the environment can be assessed. In 

addition, their effect on the wear of the asphalt surface may also be qualified. These methodologies are 

presented in Figure F.1, Figure F.2 and Figure F.3.  

In Method 1, shown in Figure F.1, the requirement for continuous assessment is assumed. After the 

generation of the specimens using the AMAT, an optical method for the quantification of microplastics is to 

be used. The step requiring the use of GC/MS or TGA is included to confirm that an accurate quantification 

of plastics may be achieved through optical microscopy. Should such a confirmation be achieved, it is 

expected that the step will be eliminated and only the optical method will be used. 

Figure F.1: Method 1 

 

For this method to be successfully implemented, the separation of bitumen from the plastics is critical. This is 

because bitumen may mask the presence of plastics under the polarised lens resulting in the 

underestimation of the results. The successful separation of the bitumen from the plastics’ surface requires a 

careful balance between the type of solvent used and time of exposure so that all bitumen is dissolved, but 

none of the plastics. 

Method 1 advantages: 

• easily accessible 

• economical 

• morphology of plastics may be qualified. 
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Method 1 disadvantages: 

• time consuming 

• accuracy 

• bitumen separation from plastics. 

Method 2, shown in Figure F.2, is the most efficient method as it eliminates the requirement of separating the 

components prior to their assessment. After the generation of the samples using the AMAT, 3 specimens 

may be collected and placed in the equipment (GC/MS or TGA) which has the ability to accurately measure 

the content of solids, plastics, and bitumen. 

Figure F.2: Method 2 

 

Method 2 has the potential to accurately quantify the amount of different plastics present in the specimen 

and identify the type of plastics. Bitumen, however, will combust around 350 °C and so the environment for 

testing needs to be carefully considered (inert atmosphere, such as N2). Additionally, these processes are 

not readily available in laboratories and manufacturing facilities and so the tests may need to be performed 

by a specialist laboratory. 

Method 2 advantages: 

• accuracy 

• time efficient 

• plastics type may be identified. 

Method 2 disadvantages: 

• bitumen combustion 

• costly. 

Method 3, as shown in Figure F.3, does not require specialist equipment and therefore is proposed for cases 

where the continuous assessment of asphalt mixes is required at relatively low cost and when other options 

are not available. The use of gravimetric methods for the quantification of the components at each stage of 

their separation is proposed. 
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Figure F.3: Method 3 

 

Method 3, however, is highly dependent on the resolution of the balances used and even though the 

variances in weight after the separation of aggregates from the mix may be easily identified the amount of 

bitumen and plastics may not be as easily quantified. 

Method 3 advantages: 

• does not require specialist equipment 

• does not require technical expertise. 

Method 3 disadvantages: 

• limited accuracy 

• time consuming 

• bitumen separation from plastics 

• balance sensitivity. 

F.2 Materials  

Two waste plastic materials, an engineered waste plastic and a comingled waste plastic henceforth referred 

to as waste plastic A and waste plastic B, respectively, were used for the fabrication of slabs. For the 

preliminary tests, asphalt slabs of 305 x 305 mm2 and 50 mm in thickness were prepared using different 

content of controlled and comingled waste plastics in C170 bitumen. Those slabs were prepared using the 

wet and dry method, as specified in Table F.1.  

Table F.1: Specimen naming convention, content of additives as measured during the mixing process, 
production method and abrading time using the AMAT 

Slab ID Additive Additive content (wt.%) Production method Abrasion time (min) 

SLAB A Waste Plastic A 0.35 Wet 30 

SLAB B Waste Plastic A 0.35 Wet 60 

SLAB C Waste Plastic B 0.35 Wet 60 

SLAB D Waste Plastic B 5 Dry 60 
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F.3 Testing Protocol  

The prepared slabs were tested using the AMAT that applied friction in a rotating motion under load 

simulating the heaviest vehicle in Australia (approximately 20 tonnes). ISSA (2018) reported a method to 

measure the wearing qualities of slurry surfacing systems under wet conditions using a Hobart mixer and a 

rubber wheel. This method is generally referred to as the wet track abrasion test, and even though it is 

promising, contaminants from the rubber wheel were undesirable for the purposes of this research and so it 

was replaced by the steel surface. 

Two specimens per sample group were fabricated. One specimen was tested in the AMAT within 24 hours of 

fabrication while the other specimen was aged in an air forced oven at 85 °C for 120 hours before testing, 

following AASHTO R30-02 (2015) to examine aging effects on the wear resistance of the fabricated slabs.  

The specimens were tested coated with water to capture all released solids. A grooved steel surface was 

designed and manufactured to simulate the wear of asphalt on the surface. A steel surface was selected to 

eliminate crumb rubber contaminants that could derive from the more common rubber wheel surface used for 

similar abrasion tests, as described by ISSA (2018). The specimens were exposed for 30 or 60 minutes as 

listed in Table F.1 under 2,650 g load. Once the test was complete, water from the bath contaminated with 

particles detached from the slab's surface was collected, as shown in Figure F.4, and analysed. 

Figure F.4: (a) Contaminated water samples as collected from the bath and (b) specimen prepared for optical 
microscopy 

 

As it will be shown from the optical microscopy images of Figure F.6, more accurate visualisation of the 

microplastics content would be achieved if the plastics were separated from other contaminants, such as 

aggregates and bitumen. Another consideration is the bitumen that might have coated some plastics 

inhibiting their efficient imaging. It is proposed that a method to separate the aggregates from the bitumen 

and plastic is described first and then one to separate the bitumen from the other plastics. Mechanical 

methods such as sieving and floatation are to be considered for the screening of aggregates, while the use 

of solvents that are effective for bitumen but are not expected to affect the plastics, such as methyl chloride, 

might be considered for the latter. Gravimetric methods, such as the use of high precision balance are to be 

used throughout, so that the content of each of the contaminants can be determined. 

F.4 Measuring Devices  

To collect satisfactory qualitative and quantitative measurements of the content of microplastics in the 

contaminated water, a series of analyses were performed. The aim is to develop a method to quantify the 

content of microplastics in the collected specimens using only optical microscopy. An Olympus SC30 optical 

microscope was used under visible and ultraviolet (UV) light to visually inspect the specimens. 

To confirm measurements from the optical microscope, quantitative methods such as pyrolytic GC/MS 

and/or TGA should be considered. Other methods for analysis, such as laser direct infrared (LDIR) imaging 

and Fourier-transform infrared (FTIR) spectroscopy were assessed but were characterised as unsuitable as 

will be discussed in Appendix F.5.  
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F.5 Proof-of-Concept Results 

In this section, proof-of-concept results for content measurements of modifiers in bitumen using the novel 

proposed methodology are reported. At this stage these were compiled for comingled plastic modified 

bitumen. In Figure F.5, images of the abraded slabs are presented. From a purely visual assessment and 

based on experience, it may be observed that the specimen that was prepared using the dry method 

(Slab D), presented notably more significant wear than the other slabs. This was probably due to the 

preparation method and the content of plastics included, which was in part intentional to demonstrate a 

worst-case scenario. Additionally, the difference in wear with an increase in abrasion time may be observed 

between Slabs A and B. 

Figure F.5: AMAT abraded surface (a) Slab A, (b) Slab B, (c) Slab C, (d) Slab D 

 

F.5.1 Optical Microscopy 

Figure F.6 presents optical microscope collected images for specimens as shown in Figure F.4 (b). These 

specimens are expected to contain the contaminants derived from the AMAT. These would include bitumen, 

microplastics, and other contaminants like aggregates and sands. 
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Figure F.6: Optical microscope images for (a to c) Waste Plastic A and (d to f) Waste Plastic B. (a) and (d) 
under visible light, (b) and (e) under UV light, and (c) and (f) under both as derived from the wet 
method 

 

In the visible light microscope images of Figure F.6 (a) and (d), the dark features are expected to be a 

combination of plastics, aggregates, and bitumen. The UV light was found to have the capacity to illuminate 

the pigment-containing plastics content within the specimen in a green hue, however, it remains unclear as 

to what portion of the blue illuminated particles are plastics and what portion of it is due to the other 

contaminants. An issue that needs to be highlighted at this stage is the contamination from the atmosphere 

between the collection of the sample and its assessment under the microscope. The images of Figure F.6 (c) 

and (f) were found to be more informative, where both visible light and UV light were used. 

In this instance, a difference between Waste Plastic A and Waste Plastic B is observed. By turning on both 

the UV and visible light, Figure F.6 (c) highlights the plastic hue with the bitumen background. However, 

through the same experiment, when Waste Plastic B was considered, the discrimination among bitumen, 

aggregates, and plastics was more challenging. This may be attributed to the type of plastic, pigment 

coatings on the plastic as well as an overly concentrated sample when compared to Waste Plastic A. At this 

stage of the research, only the plastics that are shown in a blue colour in the Waste Plastic B sample are 

detectable, but the content of plastics previously illuminated in green is lost. 

The use of a polarised lens in the microscope is expected to assist in the separation of plastics from other 

contaminants, such as aggregates, bitumen, and dust. Even though polymers are isotropic, their processing 

methods for the fabrication of consumer products induce internal stresses. Most consumer plastics are 

fabricated through extrusion, injection moulding, and blow moulding, all causing a directionality in the 

polymer chains (Committee on Polymer Science 1994). With the introduction of this anisotropicity, a 

birefringence is also introduced, making them detectable under polarised light. 

F.5.2 Fourier-Transform Infrared Spectroscopy 

FTIR was used as a method to identify the presence of microplastic contaminants in the contaminated water 

specimens. A Perkin Elmer Spectrum Two spectrometer was used in ATR mode to perform scans in raw 

waste plastic materials, unmodified bitumen, and contaminated water specimens as received from the 

AMAT. The scans were completed between 450 and 4,000 cm-1.  

Initially, the baseline materials, Waste Plastic A and the unmodified bitumen (C170), were scanned. Once 

the 2 materials were characterised, the contaminated specimens as collected from the AMAT were scanned 

in an effort to identify their composition. As it can be seen from Figure F.7, the peaks deriving from the 



 

NACOE P120/ WARRIP-2021-016 Task 6A and 6B: Health and Environmental Effects of Incorporating Plastics in Binders and 

Asphalt 265 
TC-710-4-4-1d 

contaminated specimen are not compatible with either of the expected polymer materials, rather they are 

thought to be the result of other contaminants like aggregates and sands. 

Figure F.7: FTIR curves for Victorian controlled waste plastic as received, C170 unmodified bitumen, and 
contaminated water specimen as collected from AMAT bath 
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Appendix G Recommended Assessment Protocol 

G.1 Fumes and Emissions Monitoring 

Following the assessment of different configurations for the fumes and emissions from binders and asphalt 

containing recycled plastics described in Section 3, a protocol was developed encompassing the 

benchmarking of recycled plastics containing binders and their assessment for operator exposure in the 

laboratory environment. It needs to be highlighted that these methods do not discuss exposure for workers in 

the field or binder manufacturing facilities.    

The recommended protocol is executed in 2 steps. Step 1 represents the actions and set-up proposed for 

benchmarking and Step 2 describes a method for the measurements of fumes and emissions that laboratory 

operators are exposed to during binder blending and asphalt mixing. These are presented in the flow charts 

below. 

Enclosed test chamber fumes and emissions monitoring (Step 1) can be undertaken as a relatively quick 

means for benchmarking binders that contain recycled plastics against commonly used and accepted 

binders. Considerations for Step 1 include: 

• The binders of interest need to be pre-blended, as the low shear mixer used for their agitation during 

these measurements cannot effectively be used for blending recycled plastics with bitumen. 

• The mass poured in the flask needs to be consistent for all samples assessed. 

• Careful temperature control during monitoring is required. 

• Fumes emitted during initial contact of the recycled material with the bitumen cannot be quantified. 

The set-up of the samplers for the enclosed test chamber fumes and emissions monitoring is presented in 

Figure 3.12 and allows for the measuring of VOCs, PAHs, aldehydes, TSPs, and BFs.  

Step 2 should be undertaken if the measurements for the recycled plastics-containing binders exceed those 

of baseline materials. These measurements allow for the assessment of both the complete binder blending 

and asphalt mixing processes. The location of the samplers, both static and in-person, is recommended as 

presented in Figure 3.4. The static samplers allow for an assessment of the impact binder blending and 

asphalt mixing might have on operators undertaking different tasks within the vicinity of these activities, while 

the in-person samplers are monitoring the impact on the operators undertaking the task.  

Sampling of VOCs, PAHs, aldehydes, TSPs, and BFs should be undertaken. Following Step 2, the 

measurements can be compared with the exposure limits set by Safe Work Australia. If the measurements 

are below the exposure limits, then operation in the laboratory may continue without any further 

modifications on the operator’s PPE.  
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G.2 Quantification and Qualification of Microplastics 

The quantification of microplastics released following asphalt pavement abrasion was found to be achieved 

following Steps 1 to 4 from the flow chart below, while their qualification can be undertaken following Steps 1 

to 3 and 5 to 8. This assessment should be undertaken for the materials containing recycled plastics as well 

as materials that are commonly used and accepted for road construction in Australia. As upper limits for 

microplastics released to the aquatic environment have not been set, this should be a comparative study 

where if an asphalt mix is found to release a greater amount of microplastics than the baseline materials, its 

adoption should be reconsidered. 

 

Step 1 involves the ageing of the manufactured asphalt slabs. This is recommended as it is expected that 

with ageing the release of microplastics may be more rapid. 

Step 2 describes the abrasion of the aged asphalt slab. In this project this was achieved using an 

ARRB-modified Hobart mixer (AMAT). Recommendations for the apparatus to be used include: 

• a grooved steel abrasion surface 

• an enclosed container to support the slab and collect the released abraded matter 

• the area of the surface abraded and the rpm of the abrasion head to be controlled and known.  

The asphalt slab does not need to be submerged in water, however, it is recommended that a film of water 

(of ambient temperature and neutral pH) is maintained on the surface. The water has 2 functions: 

1. lubricates the surface of the slab to avoid overheating due to friction by the abrasion head 
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2. supresses the released dust. 

Following abrasion, the surface of the asphalt slab is rinsed to collect all abraded matter within the container. 

The samples collected include the abraded matter in the water. In Step 3, the water is evaporated so that the 

abraded matter remains in collection trays and is further analysed. The abraded matter is expected to be 

comprised by aggregates, bitumen, and the selected additives. 

Step 4 describes the method used for the quantification of microplastics. This is proposed to be achieved 

through TGA, a method widely available in analytical laboratories and universities across WA and Qld. The 

samples to be analysed are the collected abraded matter without further processing following drying. A total 

of 30 mg of material is required to analyse 3 specimens from each sample group. It is also recommended 

that the base binder is analysed and used as a guide for its expected degradation behaviour. Provided that 

the aggregates are not expected to degrade within the examined range, all mass loss following water 

evaporation may be attributed to the mass of the binder present.  

Although research in the field is still in progress, the type and morphology of the microplastics may also need 

to be assessed. This may be achieved following Steps 5 to 8. Step 5 exposes the microplastics where they 

are coated by bitumen while Step 6 separates them from the aggregates present. Further, their morphology 

can be visually assessed through optical methods, such as optical microscopy, and the polymer type can be 

assessed through FTIR, among other spectroscopic methods.   

 




