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The installation of artificial turf sporting fields is increasing due to reduced maintenance requirements, lower water use, and more consistent playing conditions. However, the potential impacts on players and surrounding communities arising from nuisance odours associated with material off gassing remain underexplored, particularly under elevated temperature conditions.
Artificial turf systems consist of polymer grass fibres and infill material, most commonly rubber granules. Due to their dark colour, rubber granules exhibit low albedo and are susceptible to substantial surface heating under sunny conditions, leading to elevated playing surface temperatures. These conditions may enhance the emission of odorous Volatile Organic Compounds (VOCs).
Emissions from artificial turf components were investigated using microchamber analysis under controlled temperature conditions. Emitted compounds were captured on Tenax sorbent tubes and analysed using Thermal Desorption-Gas Chromatography-Mass Spectrometry/Olfactometry (TD-GC-MS/O). This approach enabled both chemical and sensory prioritisation of key odorous compounds.
Overall emissions from the different materials were compared, along with observed trends as a function of temperature. Consistently higher VOCs were observed from the rubber granules compared to the turf fibres. While 2-pentanone, 4-methyl- also known as methyl isobutyl ketone (MIBK) was the most abundant emitted VOCs, sensory analysis identified benzaldehyde, benzothiazole as influential odour active compounds, with known unknown odour events in need for future characterisation. Clear relationships were seen with temperature, with higher emissions as temperatures were increased from 25˚, 40˚ to 60˚C. These results have implications for human exposure, odour nuisance, and subsequent source–receptor modelling. The feasibility of mitigation strategies, such as surface shading, pre-installation off gassing, wetting, and material substitution, warrant further investigation.
Introduction
The installation of artificial turf sporting fields is increasing due to reduced maintenance requirements, lower water use, and more consistent playing conditions. Previous studies into the emissions from artificial turf have focused on chemical characterisation underpinning toxicological risk studies, with comparatively limited consideration of sensory impacts, including odour perception or nuisance (Hayes et al., 2024). Potential impacts on players and surrounding communities arising from nuisance odours associated with material off‑gassing is underexplored. Of particular concern in Australia is the effect of elevated temperatures.
A key unresolved issue is the emission of odour-active compounds from artificial turf materials. While many detected compounds may not exceed health-based thresholds, odour perception operates at substantially lower concentrations and can contribute to discomfort including irritation and other stress responses (Dalton, 2003). Current studies tend to prioritise chemical concentration data (from non-odour targeted analyses) without establishing links to odour character, intensity and hedonic tone. The limited available sensory observations suggest that emissions from artificial turf fields are frequently perceived as ‘unpleasant’, but these descriptions lack specificity and do not identify causative compounds or odour drivers (Hayes et al., 2024).
Insights from related rubber manufacturing and processing industries indicate that odour emissions from minimally processes rubbers are typically associated with specific chemical classes, including volatile fatty acids (VFAs), reduced sulfur compounds, and oxidised organic species, rather than bulk VOC concentration alone (Kamarulzaman et al., 2019). Manufacturing of the rubber into materials such as tyres includes processes such as vulcanisation and the addition of a range of stabiliser materials, which react and change as the materials age and degrade, as such there is need for a system-specific odour characterisation. 
Artificial turf systems consist of polymer grass fibres and infill material; most commonly rubber granules which may be derived from end-of-life tyres. These materials emit a complex mixture of organic compounds, including semi-volatile and volatile specific associated with tyre composition and degradation (Murphy and Warner, 2022)
Within the artificial turf system, rubber infill is consistently reported to be the dominant source of emissions, both in terms of compound diversity and concentration, relative to the turf fibres. Rubber granules are typically produced by grinding tyres into particles between 2 and 3 mm. Due to their low albedo, these materials can reach elevated surface temperatures under solar radiation, significantly exceed ambient air temperatures (Jastifer et al., 2019). Increased temperature is a critical factor influencing odour emissions, as it enhances volatilisation rates, and can alter both emission profiles and perceived odour intensity.  
In this study, emissions from both unused (control) and in-service rubber infill granules are evaluated under controlled laboratory conditions to isolate the effect of temperature on emission behaviour. Particular emphasis is placed on identifying compounds with potential odour relevance and linking analytical with sensory results. 
Methods
Sample and emission collection
Rubber granules were collected from three synthetic turf sporting fields in Sydney, Australia and compared to control samples (newly purchased Aloro Group Sydney, Australia). For each emission test, approximately 6.50 g of samples were weighed (Fig. 1a) and placed into a micro-chamber system (Model M-CTE250I, Markes International Ltd; inner diameter: 6.40 cm, depth: 3.60 cm, chamber volume: 114 cm³) (Fig. 1b). Samples were studied in triplicate; the fourth chamber was kept as a control. 
Three incubation temperatures were evaluated: 25°C, 40°C, and 60°C. High-purity nitrogen was continuously introduced into the chamber for 30 min to drive the dynamic headspace emissions directly into an inert sampling bag at the target temperature after 7 min purge (Fig. 1c). The accumulated gas sample was subsequently drawn from the bag onto Tenax TA sorbent tubes for 10 min at a constant flow rate of 100 mL/min. 
Emission analysis 
All collected sorbent tubes were analysed using a coupled Thermal Desorption-Gas Chromatography-Mass Spectrometry/Olfactometry (TD-GC-MS/O) system consisting of an Agilent 7890N GC and a 5975 MSD (Agilent Technologies). Thermally desorbed analytes were injected into the GC system and separated on a DB-VRX capillary column, utilising hydrogen as the carrier gas under an optimised oven temperature program. The MS detector was operated in scan mode covering a mass range of 35–335 m/z, and compound identification was performed using the NIST mass spectral library. The column effluent was split parallelly between the MS and the Olfactory Detection Port (ODP) with a ratio of 2:3 for MSD to ODP. 
Three trained panellists assessed the humidified eluent and recorded intensity (scale of 1-4), and odour descriptions. ODP was conducted for all granules, temperature intervales by all panellists. Modified Frequency (MF%) (Eq 1) was used to interpret the results combining frequency of detection (F%) and the Intensity (I%). 
 𝑀𝐹 (%)= √𝐹(%)×𝐼(%)                                                                                                                                      (1)
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Figure 1. (a) Rubber granules, (b) Microchamber, (c) Bag sampling process.
Over 50 compound peaks were identified with the GC-MS Scan mode analysis, requiring prioritisation based on the frequency of detection between the repeats, sites and temperatures with minimum frequency of 66%. The sensory importance of the identified compounds was reported using odour activity values (OAV), which is concentration by odour detection threshold where available (Ruth, 1986; Yoshio and Nagata, 2003). 
Results and Discussion
Emission characterisation and trends with temperature and sites
The laboratory micro-chamber dynamic sampling quantified a direct correlation between incubation temperature and VOC emission rates. The mass concentration of Total VOCs (TVOC) from the rubber granule baseline increased from 3160µg/m³ at 25°C to 5760 µg/m³ at 40°C and peaked at 11100 µg/m³ at 60°C (Fig. 2).  
Among the identified chemical species, 2-pentanone, 4-methyl- (Methyl Isobutyl Ketone, MIBK) was the predominant constituent across all temperature thresholds. 2-pentanone, 4-methyl- emissions were quantified at 2360 µg/m³, 3810 µg/m³, and 5470 µg/m³ at 2°C, 40 °C, and 60°C, respectively. Other compounds, such as cyclohexanone, 2-propanamine, 2-methyl-, and formamide, n-(1,1-dimethylethyl)-, exhibited similar emission behaviours, though their absolute mass concentrations remained lower by orders of magnitude. Many of these compounds which occur at high concentrations were noted by other studies, with 2-pentanone, 4-methyl- in particular having been identified as a potential odorant (Hayes et al., 2024).
The emission concentration of 2-pentanone, 4-methyl- exhibits a positive linear correlation with temperature across all samples, though the slopes vary significantly by location. These suggest that localised environmental factors, such as solar UV exposure, relative humidity, and microclimate airflow, profoundly influence post-installation off-gassing kinetics. Notably, the control samples (left axis) exhibit emission concentrations approximately 50 times higher than those of the field samples (right axis), underscoring a massive initial off-gassing phase that depletes over time through ambient weathering. Consequently, given that elevated temperatures accelerate these emissions, targeted air quality monitoring should be prioritised following new installations or material refreshes. Furthermore, deployment or refurbishment activities should be strategically scheduled during cooler, non-warm weather periods to leverage ambient thermal suppression, minimising the initial emission peak and allowing the material to stabilise under low-exposure conditions.
All 3 field sites replicated the temperature-dependent emission acceleration (Fig. 3), while displaying distinct chemical fingerprints: Site A exhibited a profile dominated by 2-pentanone, 4-methyl-, benzoic acid, and 1,3-dioxolane, 2-methyl-, with the cumulative target VOC concentration increasing from below 100 µg/m³ at 25°C to over 200 µg/m³ at 60°C. Site B was characterised by the distinct emergence of 2-butanone and 2-propanol at elevated temperatures. While Site C displayed a lower total volatile mass loading at 60°C but was uniquely marked by the presence of 3-buten-2-one. The total quantified target VOCs in these specific profiles ranged between 100 and 300 µg/m³. The high emission magnitude of the laboratory sample (Fig. 4) is attributed to its pristine nature, where un-weathered manufactured residues remain fully trapped in the fresh polymer matrix. Conversely, the granules from the sites exhibit lower concentrations potentially due to prolonged in-situ environmental weathering, which induces photo-oxidative degradation and progressive volatile depletion. Simultaneously, the distinct chemical fingerprints among the three fields are dictated by their specific turf types and elastomer formulations. Variations in manufacturing solvents, plasticisers, and vulcanisation accelerators directly drive the release of site-specific markers, such as 2-butanone at Site B and 3-buten-2-one at Site C.
[image: ]
[bookmark: _Ref415020136]Figure 2. Temperature dependency of rubber granules based on control samples. (2-pentanone, 4-methyl-: y = 88.6x + 190, cyclohexanone: y = 31.4x - 655, 2-propanamine, 2-methyl-: y =20.9x - 603, formamide, n-(1,1-dimethylethyl)-: y = 5.47x - 113, cyclohexane, methyl-: y = 3.24x - 35.5, TVOC: y = 168x - 5.46).
The environmental significance of the field measurements is supported by studies into the thermal characteristics of artificial turf. A study based in Melbourne, Australia (during summer) identified that artificial turf surfaces can reach temperatures ~20’C higher than natural turf with daytime average temperatures 49.9’C and maximum temperatures of 71.6’C (Cheung and Livesley, 2025).  The artificial turf was noted to have an albedo (0.09) roughly half that of natural turf and making it much more responsive to the solar radiation patterns throughout the day.  
[image: ] Figure 3. Key compounds concentration from the 3 different sites (a) Site A, (b) Site B (c) Site C. 
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Figure 4. Comparison of MIBK between lab sample and 3 sites and the different temperatures. Note: the Control is measured on the left axis, while the sites are plotted on the right axis (Control (L): y = 88.6x + 190, Site A (R): y = 2.60x - 53.6, Site B (R): y = 1.79x - 39.7, Site C (R): y = 0.925x - 18.0). 
Sensory implications 
Many odour events were reported by the ODP assessors (Table 1). In some cases, links to compounds detected using the GC-MS could be established, based on GC retention time and complementary odour characters reported match assessor descriptions (The Good Scents Company, 2025). Many of the odour events were not clearly linked to GC-MS profiles in the scan mode analysis, suggesting the role of co-eluting peaks masking odorants, or low sensitivity of MS detector. This challenge of linking sensory and analytical emissions using GC-MS/O is well known but can be a starting point for odorant identification (Barczak et al., 2022; Hayes et al., 2023). 
Although 2-pentanone, 4-methyl dominated the mass-based analytical spectrum, the parallel TD-GC-MS/O evaluation demonstrated that a range of other odorants with lower odour thresholds also governed the sensory profiles. As documented via ODP (Table 1), the highest rated odour event ("Rancid, Putrid, Garbage") could not be clearly identified. This odour event displayed the most significant increase in sensory detection, with MF% increasing from 28% at 25°C, to 44.1% at 40°C, and to 68.7% at 60°C. While the retention time is near 2,3-dimethyl heptane the odour characteristics did not appear to match, alternates may be the isomer 2,4-dimethyl heptane has a reported ‘pungent, plastic’ and is found in plastic materials (Fuller et al., 2020), however this specific characterisation requires further investigation and confirmation. 
An odour event thought to be benzothiazole ("Oily, Burnt, Seaweed") increased from an MF% of 16.7% at 25°C to 52.7% at 60°C. Toluene ("Wood glue, chemical") was exclusively detected at elevated temperatures, appearing at 33.3% at 40°C and rising to 50.0% at 60°C. The sensory results further re-enforces standard mass-based VOC compliance monitoring is insufficient to evaluate community odour annoyance risks. As such engineering controls for synthetic sports fields must ensure approaches target the suppression of highly potent trace odorants under high thermal exposure, rather than relying solely on bulk TVOC reduction metrics.
[bookmark: OLE_LINK1] Table 1. Odour thresholds, calculated OAVs, and Modified Frequency (MF%) across temperature gradients> Note: Descriptor is based on composite of assessors and likely matching with MS
	Modified Frequency MF%
	Assessor descriptor
	Suggestive Odorant matches (CAS number)

	25℃ 
	40℃
	60℃
	
	
	 
	 

	28.9% 
	44.1% 
	68.7% 
	Rancid, Putrid, Garbage 
	

	37.3% 
	40.8% 
	62.4% 
	Solvent, Chemical, Acetone 
	Likely 2-Pentanone, 4-methyl (108-10-1) 

	37.3% 
	60.1% 
	55.3% 
	Plastic, solvent, musty acid 
	Potentially Ethyl cyclohexane (1678-91-7)

	16.7% 
	40.8% 
	52.7% 
	Oily, burnt, seaweed 
	Likely Benzothiazole (95-16-9 )

	- 
	33.3% 
	50.0% 
	Wood glue, chemical, solvent 
	Likely Toluene (108-88-3 )

	16.7% 
	40.8% 
	47.1% 
	Garlic, mushroom, solvent 
	Likely Furan, 2,3-dihydro-3-methyl- (1708-27-6)

	16.7% 
	28.9% 
	47.1% 
	Fruit, citrus, geraniums 
	Likely Benzaldehyde (100-52-7) 

	16.7% 
	40.8% 
	47.1% 
	Petroleum, gasoline, musty 
	Likely Naphthalene (91-20-3 )

	-  
	23.6% 
	44.1% 
	Seaweeds, sulfur 
	

	-  
	47.1% 
	44.1% 
	Flower, strawberry yogurt 
	

	-  
	28.9% 
	44.1% 
	Ethanol, sweet, mushroom 
	Potentially Heptane, 2-methyl- (592-27-8)

	23.6% 
	28.9% 
	44.1% 
	Ethanol, fruity, acid 
	Likely 2-Hexanone, 5-methyl- (110-12-3 )

	16.7% 
	37.3% 
	44.1% 
	Musty, lemon 
	Potentially beta.-Pinene (127-91-3 )

	-  
	16.7% 
	40.8% 
	Rubber, unpleasant 
	

	16.7% 
	16.7% 
	40.8% 
	Burnt, plastic, machine oil 
	Potentially Cyclopentane, propyl- (2040-96-2)

	-  
	33.3% 
	40.8% 
	Putrid, gravel, oil 
	 

	28.9% 
	47.1% 
	40.8% 
	Solvent, plastic 
	Potentially Dodecane (112-40-3 )

	23.6% 
	28.9% 
	37.3% 
	Dusty wheat 
	Potentially 2'-Ethoxyformanilide (86796-85-2 

	16.7% 
	37.3% 
	33.3% 
	Chemical, solvent, burning 
	

	16.7% 
	33.3% 
	33.3% 
	Sheep, musty, sweet 
	

	-  
	23.6% 
	33.3% 
	Machine oil 
	Likely Tetradecane (629-59-4 )

	23.6% 
	16.7% 
	28.9% 
	Alcohol, pinene 
	Likely alpha.-Pinene (80-56-8 )

	- 
	52.7% 
	23.6% 
	Acid 
	

	-  
	16.7% 
	23.6% 
	Sweet, musty 
	Potentially Hexanal (66-25-1)

	28.9% 
	16.7% 
	23.6% 
	Fishy 
	

	16.7% 
	28.9% 
	16.7% 
	Musty 
	

	16.7% 
	33.3% 
	16.7% 
	Strange, warm 
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Fig. 5. Comparison of sensorially important odorants with odour activity values (OAV) at 60 ℃.
Conclusions 
In the study the relationship between VOC emissions, and odorants was clearly linked with temperature, supporting its importance in environmental processes underpinning the odour impacts from artificial turf at sporting fields.   
2-Pentanone, 4-methyl was the highest emissions in terms of overall VOC emissions from both the control and the samples taken from 3 different sporting fields. The different sporting fields showed variations in VOC emission profiles, as well as slightly different responses to the temperature changes, with potential causes as rubber granule composition as well as weather and ageing processes onsite. In addition to 2-pentanone, 4-methyl, a range of aldehydes (benzaldehyde, heptanal, hexanal, and nonanal) were also identified as important odorants based on OAV due to their low detection thresholds. The sensory analysis using ODP analysis identified a broader range of likely and potential odorants, however the uncharacterised odour events is likely to be important and should be the focus of further investigations. 
The targeted analysis of rubber infill VOC emissions and the effect of temperature on the identified of odorant using analytical and sensory methods is novel with implications for human exposure, odour nuisance, and subsequent source–receptor modelling. By understanding dominant emissions and potential odorants, this study supports future work in evaluating the scale of community impacts by tracking emissions and the relationships with temperature patterns.  
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