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Summary 

Environmental protection and the search for cleaner, more sustainable fuels are two of the most 

important concerns modern society is facing. This research aims to determine whether a 

transition from fossil fuels to the use of biofuels will significantly lead to reductions in air 

emissions of potentially harmful substances, and thus to healthier, sustainable development. In 

this regard, assessing combustion emissions from key sectors and developing and testing novel 

monitoring technologies, such as a graphene-based sampler that offers sustainable advantages 

over currently available options, can facilitate extensive monitoring and management of 

volatile and semi-volatile atmospheric pollutants in a cost effective and efficient manner. 

Polycyclic aromatic hydrocarbons (PAHs) have been used as markers of environmental 

combustion pollutants as they are ubiquitous airborne pollutants arising from various 

anthropogenic sources such as biomass burning and diesel combustion emissions and are 

specifically of concern due to their significant adverse human health and environmental 

impacts. Airborne PAHs coexist in two phases and the need for both gas and particle sampling 

is vital for accurate calculation of emission inventories and risk assessments to guide air quality 

management plans as well as reduction and abatement strategies.  

Traditional PAH sampling methods require large sampling volumes and extended sampling 

times which introduce unwanted sampling artefacts resulting from analyte breakthrough, 

adsorption effects (of gas phase analytes onto collected particles) and filter blow off which 

results in unreliable quantification. Additionally, large amounts of toxic solvents are required 

for sample clean up and extraction which generates waste and may cause adverse 

environmental impacts. However, the portable multi-channel polydimethylsiloxane (PDMS) 

denuder devices used in this study overcome these limitations as they are of open geometry 

with low back pressure and they require low flow rates and short sampling intervals. In 

addition, they have the advantage of being able to be thermally desorbed preventing the need 

for time consuming and environmentally unfriendly solvent extraction steps. A drawback of 

these samplers is that they are limited to non-polar semi-volatile organic compounds. 

The initial phase of the study aimed at gaining more insight into diesel combustion PAH air 

emissions and the partitioning thereof using the PDMS portable denuder devices for sampling. 

Here, an engine dynamometer experiment was conducted with a light duty diesel engine to 

determine emission factors under two different engine operating modes, representative of 

idling and severe real-world, developing country conditions. Results indicated that PAH 
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emission factors differed significantly for the different modes of engine operation with the 

highest emission factor being for idle mode with a total PAH emission factor of 1181.14 µg 

kg-1. A total of ten PAHs were quantified and over 80 % of PAHs were found in the gas phase 

which emphasized the need for this study seeing that numerous other studies tend to focus only 

on particulate matter in the determination of PAH emission factors. This work emphasised the 

importance of characterizing the EFs of PAHs and the phase partitioning of these compounds 

for accurate air quality control as well as the protection of the health of the general public. This 

study allowed for a better understanding of the denuder operating mechanisms and can provide 

useful guidelines as well as potential limitations which should be considered in future sampling 

applications with these samplers.  

The next phase of the project encompassed key economic industries in South Africa, the one 

being the mining industry, as a substantial fossil fuel user, and the other being the sugar cane 

industry as a contributor to atmospheric air pollution but also a potential feedstock producer 

for biofuel production. The aim of providing a link between the bioeconomy and resource 

management was achieved via the monitoring of PAH air pollutants at various sites in the sugar 

cane and platinum mining industry. The former industry practices the pre-harvest burning of 

sugar cane which is a significant anthropogenic source of air pollution resulting in atmospheric 

emissions, including PAHs, that have may have adverse impacts on air quality and human 

health on a local, regional and even a global scale. The mining industry is a major source of 

combustion emissions from trackless mobile diesel machinery that are used in critical 

operations underground. These combustion emissions contribute to gas and particulate PAH 

pollutant levels which is a cause for concern from an environmental standpoint but also from a 

human health perspective, especially due to the confined working environments underground 

which results in an increased risk of occupational exposure to harmful and carcinogenic 

pollutants. 

Air pollutant monitoring was carried out during the preharvest burning of sugarcane crop 

residues in South Africa, at five different locations in Kwa-Zulu Natal, to bring to light the 

resultant PAH emissions and to better understand overall environmental impact. In this study, 

the total gas and particle phase PAH concentrations ranged from 0.05-9.85 µg m-3 per 

individual burn event where nine PAHs were quantified. Over 85% of all PAHs were found to 

exist in the gas phase and the PAH fingerprints were substantially different between each burn 

event indicating the vital role that prevailing weather conditions as well as the nature of the 

burn and the crop have on emissions and the gas-particle partitioning thereof. This study may 
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aid in the refinement of current best practice in sugar cane harvesting towards enhancing 

greater sustainability. One consideration in this respect is the exploration of a combustion 

alternative and the conversion of biomass waste into biofuels, whilst simultaneously 

minimizing the emission of harmful air pollutants.  

The feasibility of a transition to alternative fuels was then investigated in an underground 

platinum mine. During this sampling campaign, air pollutants emitted from a load haul dump 

(LHD) engine exhaust were compared when operated on pure diesel, rapeseed methyl ester 

(RME) biodiesel or gas-to-liquid (GTL) fuels. These selected test fuels have the potential of 

being generated locally with sustainable feedstocks for first or second generation biofuel such 

as by using sugar cane, sunflower oil ester or waste biomass for production of biomass-to-

liquid (BTL) fuel. The influence of emissions on air quality in the mines was investigated as 

one feasibility indicator in this study whereas the others included: the functional performance 

of the engine when operated on alternate fuels as well as the cost, socio-economic and 

environmental implications of implementation. Monitoring results showed that total toxic PAH 

concentrations from combustion emissions from a high idling load haul dump vehicle 

decreased dramatically when substituting the diesel fuel with gas-to-liquid or biodiesel fuels 

(total PAH gas phase concentrations of 42; 18 and 11 µg m-3 for diesel, gas-to-liquid and 

rapeseed methyl ester respectively) and no substantial hinderance on engine performance or 

power was reported by mining staff. This study therefore further supports GTL and RME as 

cleaner fuel alternatives to petroleum derived diesel. Cost and sensitivity analysis revealed that 

the production and use of biomass-to liquid and biodiesel is a potentially feasible solution 

towards sustainable development in South African underground platinum mines.  

During the aforementioned sampling campaigns, all of which employed PDMS denuders, it 

became evident that there is a need for a sampler that can sorb volatile organic compounds and 

more polar SVOCs to broaden the scope of analytes which are sampled. It is for this reason 

that research was conducted which focused on novel monitoring technologies whereby a 

graphene-based sampler was developed which is in the process of being patented (Schoonraad 

and Forbes 2019a & 2019b). The graphene wool (GW) material was synthesised by non-

catalytic chemical vapour deposition using a high-purity quartz wool substrate. The in-situ 

synthesis method avoids post-growth transfer and isolation steps and allows the graphene to be 

directly synthesised into graphene wool. In the absence of a catalyst during graphene growth, 

the cracking of methane and nucleation is not as efficient, resulting in graphene defects which 

can be minimised by optimising the growth conditions. The roles of the methane and hydrogen 
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flow rates in the synthesis of the graphene wool were investigated, as was the effect of growth 

temperature, growth time and cooling rates. The precursor flow rates and growth temperature 

were found to be the most vital parameters. The best quality graphene wool showed a minimum 

ratio of disordered carbon relative to graphitic carbon (ID/IG & 0.8) with a calculated crystallite 

grain size of 24 nm. The morphology of the optimised graphene wool was flake-like, and the 

X-ray photoelectron spectroscopy analysis revealed a surface composition of 94.05 at % C 1s 

and 5.95 at % O 1s. With this new material, the integrity of the synthesised graphene surface 

is preserved in use and it has the added advantage of structural support from the quartz 

substrate. Unlike many other forms of graphene, this fibrous graphene wool is flexible, 

malleable and compressible, allowing for a wealth of potential applications including in 

electronics, energy storage, catalysis, and gas sorption, storage, separation and sensing 

applications. 

In line with the aims of the overarching project, the air pollutant sampling capabilities of the 

GW were of interest. The optimal packing weight of GW inside a glass tube (178 mm, i.d. 4 

mm, o.d. 6 mm) was investigated by the adsorption of vaporized alkane standards onto the GW, 

using a condensation aerosol generator in temperature-controlled chamber with subsequent 

detection by a flame ionization detection. The optimized weight was found to be 120 mg with 

a bed length of 5 cm at a flow rate of 500 mL min-1, which provided a gas collection efficiency 

of >90 % for octane, decane and hexadecane. The humidity uptake of the sampler was found 

to be less than 1 % (m/m) for ambient relative humidities <70 %. Breakthrough studies showed 

the favourable adsorption of polar molecules which is attributed to the defective nature of the 

graphene and the inhomogeneous coating of the graphene layers on the quartz wool, suggesting 

that the polar versus non-polar uptake potential of the GW can be tuned by varying the graphene 

layering on the quartz wool substrate during synthesis. The GW traps were conditioned with 

nitrogen gas between subsequent experiments to successfully demonstrate the reusability and 

reproducibility of the material.  

The GW traps were applied in a combustion sampling campaign to monitor trace levels of 

organic compounds ranging in volatility (80.1 – 404 ⁰C) and were compared to other samplers, 

including PDMS denuder devices and activated charcoal. The GW samplers proved to be 

comparable to PDMS denuders in terms of sampling and thermal desorption of non-polar semi-

volatile organic compounds. The total alkane concentrations were found to be 17.96±13.27 µg 

m-3 and 18.30±16.42 µg m-3 for the GW and PDMS, respectively. The GW sampler was found 

to be more effective than PDMS in retaining the lighter, more volatile n-alkanes such as n-
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octane and n-nonane. These findings, in conjunction with the results from the GW collection 

efficiency and breakthrough studies, demonstrates the fitness for use of this material in 

sampling a wide scope of analytes ranging in volatility. GW proved to be an effective sampling 

medium comparable to currently available technologies with additional advantages such as 

surface chemistry tunability. In line with sustainability, novel GW provides a new, exciting 

possibility for the monitoring of organic air pollutants with numerous advantages, including 

high sampling efficiencies, simple and cost-effective synthesis of the thermally stable GW, 

solvent-free and environmentally friendly analysis, and potential reusability of samplers. 

In conclusion, this project sheds new light on current environmental and human health issues 

of global interest and may aid regulatory bodies as well as related industries in planning long-

term bio-economical and resource management strategies. One of which would be the 

promotion of a circular economy whereby a collaboration between key sectors would assist in 

closing the loop between feedstock producers, the refining industry and fuel users in the 

country which would lead to more environmentally friendly solutions.  
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Chapter 1: Introduction 

1.1 Background  

 

Two of the most important concerns that modern society faces are the search for cleaner, more 

sustainable energy and the protection of the environment. Air quality is a fundamental aspect 

pertaining to sustainable development in terms of human and environmental health and the 

ability to fully characterise and understand toxic compounds contributing to atmospheric 

pollution is vital for any method of mitigation. Anthropogenic sources, such as diesel 

combustion emissions, are major contributors to air pollution and should be considered the 

highest priority with respect to implementing change, especially since they are directly in our 

control. 

 

Fossil fuel reserves are being depleted and will not be able to sustain the world’s energy 

demand, and as a result consumers and industry are at the mercy of volatile oil prices. It is due 

to these concerns that there has been a substantial increase in interest regarding the use of 

alternative fuels and biofuels which are sustainably produced. Biofuels are attractive from an 

environmental and human health perspective as they can potentially decrease emissions 

associated with fuel combustion such as particulate matter (PM), polycyclic aromatic 

hydrocarbons (PAHs) and other volatile and semi-volatile organic compounds (SVOCs).  

 

Given the possibility of the use of alternative fuels in engines currently fuelled by diesel, it is 

necessary to evaluate and quantify emission benefits and liabilities of these fuels by monitoring 

and characterizing pollutants using efficient and feasible sampling methodology. In South 

Africa (SA), large industries, such as mining and sugar cane farming, are major anthropogenic 

sources of combustion pollutants due to automotive emissions and biomass burning 

respectively, which have negative impacts on the environment and human health. The link 

between sugar cane biomass and cleaner fuel is the potential for the biomass to be used as a 

feedstock for biofuel production as opposed to the current practice of it being burnt. The ability 

to sample and quantify toxic compounds from the burning process is crucial in motivating a 

change to more sustainable solutions. 

 

The wide use of mobile and stationary diesel machinery in underground mines poses a risk to 

the health and safety of employees due to exposure to diesel exhaust emissions (DEE), which 
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as a whole were classified as being carcinogenic to humans (Group 1) by the International 

Agency for Research on Cancer (IARC) which forms part of the World Health Organization 

(IARC 2012, 2014). Evidence reveals that exposure is associated with an increased risk of lung 

cancer as well as other health complications such as respiratory and cardiovascular diseases 

(Lewtas 2007, Kim et al. 2013). The same problem also arises in the communities that are in 

close proximity to sugar cane fields in the province of Kwa-Zulu Natal in SA, due to pre-

harvest field burning which produces extensive plumes of PM and other hazardous air 

emissions resulting from open burning of agricultural waste.  

 

1.2 Problem statement and justification for the study 

 

The intensifying demand for energy and the current over dependence on fossil fuels have made 

energy security a critical issue worldwide (Ambaye, Vaccari et al. 2021). Although the 

economic impact may be immobilizing, the adverse environmental impacts associated with the 

use of fossil fuels are far more concerning and will influence the planet and all future 

generations to come. There is a pressing need for sustainable development and a transition to 

alternative fuels can lead to a reduction in emissions of harmful pollutants and greenhouse 

gases and can be a possible immediate solution to the aforementioned problems. Such a 

transition must be accompanied by a comprehensive risk management strategy, one aspect of 

which is that the resultant emissions that arise from the combustion of these fuels are required 

to be fully characterised and quantified.  

 

Volatile and semi-volatile organic compounds, such as PAHs that are commonly used as 

environmental pollution markers, require trace sampling technologies that are selective, 

sensitive, cost effective and most importantly can be used in an environmentally friendly 

manner devoid of toxic solvents. Traditional PAH sampling methods require large sampling 

volumes and extended sampling times which introduce unwanted sampling artefacts resulting 

from analyte breakthrough, adsorption effects (of gas phase analytes onto collected particles) 

and filter blow off.  Miniature portable denuder devices comprised of two multi-channel 

polydimethylsiloxane (PDMS) rubber traps separated by a quartz fibre filter have been 

demonstrated to overcome these limitations as they are of open geometry with low back 

pressure and they require low flow rates and short sampling intervals (Forbes et al. 2012). They 

also offer the added advantage of being able to be thermally desorbed preventing the need for 

time consuming and environmentally unfriendly solvent extraction (Forbes et al. 2009, Forbes, 
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2015, Geldenhuys 2014, Geldenhuys et al. 2015, Munyeza et al. 2019). PDMS denuders are 

limited to the sampling of non-polar SVOCs and as such, there is a continuous need for the 

development of practical and sustainable sampling methodologies that cater for the sampling 

of a larger scope of analytes with higher polarities and volatilities and, very importantly, are 

readily available in developing counties.  

 

1.3 Aim and objectives 

 

The influence of atmospheric pollutants on human health is an important aspect of the research 

into environmentally-related diseases. This project aims to address air quality monitoring for 

sustainable development by characterising selected volatile and semi-volatile organic 

compounds emitted from key South African industries (namely the platinum mining and sugar 

industries) using portable denuder devices as well as by the development and validation of 

novel sampling technologies to increase the scope of analytes which can be sampled and 

thereby enhance environmental applications.  

 

 The aim will be achieved by meeting the following objectives: 

 

• To determine gas and particle phase PAH emission factors for a diesel vehicle engine using 

portable denuder samplers that overcome traditional sampling drawbacks and bottlenecks 

(Chapter 2). These experiments will be done on an aged diesel engine under different 

operating modes that are representative of the fleet performance in a developing country. 

 

• To characterize and quantify gaseous and particulate phase polycyclic aromatic 

hydrocarbons emitted during pre-harvest burning of sugar cane and to determine the 

influence that meteorological, crop and burn conditions have on PAH emissions as well as 

PAH partitioning between the two phases.  

 

• To determine the feasibility of a transition from fossil fuel to the use of greener fuel in the 

platinum mining industry by evaluating four key aspects: 

 

- Reduction of engine emissions: to characterise, quantify and compare PAHs emitted 

from trackless mobile machinery in an underground platinum mine when fuelled with 

diesel, rapeseed methyl ester biodiesel and gas-to-liquid fuel, respectively, using an 
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optimised thermal desorption and comprehensive two-dimensional gas 

chromatography technique coupled to time-of-flight mass spectrometry. 

- Engine functional performance: to review the effects that biofuels have on engine 

performance reported in the literature and to compare this to feedback obtained from 

underground operators during this sampling campaign. 

- Cost and sensitivity analysis: to review literature regarding biofuel production costs and 

to estimate the current costs incurred for diesel usage in hybrid and fully mechanised 

platinum mines. 

- Environmental and socio-economic factors: to compare environmental, economic and 

social impacts pertaining to the use of diesel, biodiesel and GTL/BTL respectively. 

 

• To develop and test a novel graphene-based sampling technology for the monitoring of 

volatile and semi-volatile organic compounds (Chapter 5) by achieving the following: 

 

- To synthesise and fully characterise a graphene wool material. 

- To test GW adsorbents in terms of trap assembly, gas-phase collection efficiencies, 

breakthrough volumes, and humidity uptake.  

- To conduct controlled laboratory experiments based on a combustion aerosol 

standard system in order to further elucidate the fundamental operating mechanisms 

of the GW samplers and to compare them to other samplers, namely the PDMS 

denuder devices and commercial activated charcoal traps. 

  

1.4  Thesis Outline 

 

This research incorporates various aspects and studies, which involved numerous 

collaborations across multiple academic disciplines. The chapters of this thesis are based on 

published and submitted manuscripts. Each paper commences with a concise literature review 

therefore a separate literature review chapter was not included in this thesis. Various review 

articles were consulted for the overarching aspect of the prevalence of PAHs in the atmosphere 

and the analytical techniques used for the monitoring thereof (Pandey et al. 2011, Kim et al. 

2013, Forbes 2015). 

 

Chapter 2 (Paper 1): initiates the research by determining the status quo regarding diesel 

vehicle emissions as a basis for further investigations into emissions arising from alternative 
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fuels. The paper summarizes the methods, results and discussion of diesel engine dynamometer 

experiments. Here, PAH profiles and emission factors from a light duty vehicle under different 

operating modes, representative of developing country conditions, are presented and discussed. 

This sampling was achieved using PDMS denuders that were effectively able to sample both 

phases and analysis was performed using thermal desorption coupled to comprehensive two-

dimensional gas chromatography with time-of-flight mass spectrometric detection (TD-

GCxGC-ToF-MS). Gas and particle phase PAH profiles and EFs at each of the modes tested 

are then compared to other reported studies using alternative measurement methods (such as 

tunnel and roadside samples) in order to assess the advantages and disadvantages of the adopted 

test measurement strategy and identify potential areas of further development. 

 

In order to shed more light on anthropogenic sources of PAHs in SA, whilst assessing a key 

contributing sector, Chapter 3 (Paper 2) details the methods, results and discussion of the 

sampling of air emissions during pre-harvest burning of sugar cane in Kwa-Zulu Natal. Here, 

gas and particle phase PAHs arising from pre-harvest sugar cane burning were characterized 

and quantified. The influence of weather, crop and burn conditions on emissions is discussed. 

This study, and others like it, are important to be able to inform the establishment of best 

practice in sugar cane harvesting and related air quality monitoring, and thereby strive towards 

enhancing the environmental benefits of the sugar cane industry and its sustainability. The 

emission inventory of biomass burning reported in this study can be compared to the bio-

economical exploitation of crop residues for biofuel generation, as discussed in the following 

Paper 3, with the aim of promoting a circular economy in SA. 

 

Based on the findings in Chapter 2 and 3 that evaluated source specific emissions, specifically 

those of PAHs, further investigations into alternative fuels and practices were warranted.  

Chapter 4 (Paper 3) summarizes the methods, results and discussion of an underground 

platinum mine air sampling campaign whereby the feasibility of a transition to alternative fuels, 

with focus on biodiesel and biomass-to-liquid fuel, is considered. Herein, the evaluation of this 

transition was carried out according to four indicators namely: the functional performance of 

biofuel versus diesel, potential reductions in air emissions of potentially harmful substances, 

as well as cost, socio-economic and environmental implications of implementation. In line with 

the focus of the research presented in this thesis, emphasis was given to the air emission 

indicator. Gas and particulate PAHs emitted from an underground LHD engine exhaust, when 

operated on pure diesel, RME or GTL, were characterized in order to evaluate if the use of 
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biofuels will significantly lead to reductions in air emissions of potentially harmful substances, 

and thus to healthier, sustainable development. Each of the other indicators are reviewed and 

discussed and contribute to the overall feasibility of transitioning to alternate fuels. This chapter 

builds on the findings of Paper 1 & 2 and presents holistic and realistic solutions for sustainable 

development in SA, whereby key industries such as the sugar cane and mining sectors join 

forces to create a circular economy as feedstock producers and fuel users respectively and 

subsequently lessen the environmental burden of anthropogenic combustion emissions (as 

investigated in the aforementioned studies).  

 

Numerous organic air pollutants arise from fuel and biomass combustion and current sampling 

methodologies have limitations in terms of the scope of compounds that can be sampled. In 

line with sustainable development, a novel graphene wool sampler was developed for this 

purpose. Chapter 5 (Paper 4) details the method of atmospheric pressure chemical vapour 

deposition (CVD) synthesis of graphene on a high-purity quartz wool substrate and investigates 

the roles that experimental parameters (namely methane and hydrogen flow rates, growth 

temperature, growth time and cooling rates) have on the quality of the synthesised graphene 

wool. Paper 5 reports on the optimised GW trap assembly, gas-phase collection efficiencies, 

breakthrough volumes, and humidity uptake in order to evaluate their use as air samplers for 

VOCs and SVOCs. Following on from paper 5, the application of the optimised GW samplers 

is demonstrated in Paper 6 by means of comparative sampling of gas phase volatile and semi-

volatile organic fuel emissions from a combustion aerosol standard system. In Chapter 6, 

specific and general conclusions of the study are made and recommendations for future work 

are proposed. 
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Chapter 2: PAH Emission Factors (Paper 1) 
 

Determination of gas and particle phase polycyclic aromatic hydrocarbon emission factors 

from a diesel vehicle engine under different operating mode is presented in this chapter.  

 

This chapter was published in the Journal Atmospheric Environment: X.  

 

Geldenhuys, G., Wattrus, M. and. Forbes. P.B.C. 2022. Gas and particle phase polycyclic 

aromatic hydrocarbon emission factors from a diesel vehicle engine: Effect of operating modes 

in a developing country context. Atmospheric Environment: X. 13: 100158. DOI: 

https://doi.org/10.1016/j.aeaoa.2022.100158.  
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Chapter 3: Emissions assessment: Sugar cane industry (Paper 2) 
 

Characterization of gaseous and particulate phase polycyclic aromatic hydrocarbons emitted 

during pre-harvest burning of sugar cane in different regions of Kwa-Zulu Natal, South Africa 

is presented in this chapter.  

 

This chapter has been accepted for publication in the Journal of Environmental Toxicology 

and Chemistry.  
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Paper 2: Supplementary Information 

 
Table S1 Quantified PAHs (µg m-3) as the sum of the primary trap (PT), filter (F) and secondary trap (ST) for 

each burn event.  

 Field Blank           

 Nap 

Nap 

1M           

FB PT 0.27 0.38           

FB F 0.78            

FB ST 1.25            

 Upwind Downwind  

 Nap 

Nap 

1M Nap Nap 1M Acy Ace Flu Phe Ant FluAn Pyr Total 

Burn 1 PT <LOQ <LOQ 0.86 0.40 0.32 <LOQ <LOQ 0.04 0.09 <LOQ <LOQ 1.71 

Burn 2 PT <LOQ <LOQ 7.19 <LOQ 1.80 0.20 0.08 0.20 0.60 <LOQ 0.16 10.23 

Burn 3 PT <LOQ <LOQ Loss 

Burn 4 PT <LOQ <LOQ <LOQ <LOQ 0.06 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.06 

Burn 5 PT <LOQ <LOQ 3.09 0.05 1.29 0.19 0.03 0.56 <LOQ 0.22 0.18 5.58 

Burn 1 F Loss Loss <LOQ 0.05 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.05 

Burn 2 F <LOQ 0.06 0.18 0.23 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.46 

Burn 3 F <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.18 0.18 

Burn 4 F <LOQ <LOQ <LOQ 0.09 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.09 

Burn 5 F <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ  

Burn 1 ST Loss Loss <LOQ 0.11 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.11 

Burn 2 ST <LOQ 0.10 <LOQ 0.30 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.40 

Burn 3 ST <LOQ <LOQ <LOQ 0.23 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.23 

Burn 4 ST <LOQ 0.08 <LOQ 0.10 <LOQ <LOQ <LOQ 0.04 <LOQ 0.24 <LOQ 0.47 

Burn 5 ST <LOQ 0.08 <LOQ 0.07 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 0.15 
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Table S2: Data processing parameters for ChromaTOF Tile (Version v1.01.00.0, Leco, USA) 

  

Parameter Detail 

Tile size D1 (modulations) 5 

Tile size D2 (spectra) 12 

S/N threshold 200 

Samples that must exceed S/N threshold 3 

Mass F-ratios to average 1 

Threshold type to apply p-value 

p-value threshold 0.05 

Minimum masses per tile 3 

Minimum mass 29 

Maximum mass 650 
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Figure S1. shows the PCA scores (top) and loading (bottom) plot for the primary trap, filter and secondary 

traps that take all other chemical compounds responsible for variance into account. The chemical compounds 

that had the highest loading are represented in Table S3. 
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Table S3: Chemical components with highest loadings towards the three classes of samples namely the primary 

trap, filter and secondary trap. Identification and similarity calculations were based on NIST library hits with a 

similarity >700. 

Name Similarity Probability CAS Quant mass 

1,2,3-Trimethoxybenzene 719 6947 634-36-6 168 

1,3-Dioxolane 825 8841 646-06-0 66 

1,3-Dioxolane, 2-heptyl- 836 6247 4359-57-3 114 

2H-Inden-2-one, 1,3-dihydro- 767 7528 615-13-4 132 

Azulene 886 6103 275-51-4 129 

Benzaldehyde 863 8329 100-52-7 77 

Benzene, 1,2,4-trimethyl- 895 3217 95-63-6 106 

Benzene, 1,3-dimethyl- 947 5238 108-38-3 63 

Benzene, 1-ethyl-4-methyl- 761 2144 622-96-8 134 

Benzene, 1-methyl-2-(1-methylethyl)- 844 4520 527-84-4 114 

Benzonitrile 825 5939 100-47-0 76 

Benzonitrile, 2-methyl- 784 3751 529-19-1 116 

Biphenyl 738 7498 92-52-4 152 

Biphenylene 871 7015 259-79-0 150 

Decane 805 3229 124-18-5 85 

Dibenzofuran 831 9440 132-64-9 168 

Ethylbenzene 952 8429 100-41-4 75 

Furfural 960 8174 1998-01-01 97 

Heptane, 2,2,4,6,6-pentamethyl- 862 4877 13475-82-6 99 

Indene 871 5686 95-13-6 116 

Indole 821 6331 120-72-9 90 

Naphthalene, 1-methyl- 889 5371 90-12-0 115 

Nonane 912 7584 111-84-2 128 

o-Xylene 957 4282 95-47-6 62 

Phenol, 2-(1,1-dimethylethyl)- 764 3771 88-18-6 90 

Phenol, 2-methoxy- 883 6643 1990-05-01 124 

Phenol, 2-methoxy-4-(1-propenyl)- 883 6663 97-54-1 78 

Phenol, 2-methoxy-4-methyl- 875 5034 93-51-6 63 

Phenol, 2-methoxy-4-propyl- 710 7113 2785-87-7 137 

Phenol, 3-methyl- 869 4984 108-39-4 90 

Phenol, 4-ethyl- 897 6718 123-07-9 122 

Phenol, p-tert-butyl- 766 5015 98-54-4 107 

Phthalan 764 6456 496-14-0 92 

Phthalic anhydride 905 6771 85-44-9 50 
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Styrene 927 6075 100-42-5 104 

Tridecane 862 3512 629-50-5 99 

 

 
Figure S2. Correlation between total PAH and black carbon (BC) emissions at each of the five burn events. 
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Chapter 4: Feasibility study: Platinum mine industry (Paper 3) 
 

A transition to sustainable alternative fuels in an underground platinum mining environment 

was investigated and the feasibility thereof in terms of efficiency, emissions, safety and cost 

considerations is presented in this chapter.  

 

An abbreviated version of this chapter was submitted to Energy for Sustainable Development. 
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alternative fuels in an underground platinum mining environment: Efficiency, emissions, safety 
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Abstract 

 
Adverse environmental impacts associated with the use of fossil fuels and the over-dependence 

on oil and natural gas have made energy security and sustainability a critical issue worldwide. 

The present work focuses on the feasibility of a transition to alternative fuels with focus on 

biodiesel and biomass-to-liquid fuel in the energy intensive platinum mining industry in South 

Africa. Biomass residues are an increasingly popular resource for sustainable bioenergy 

production, as there is no competition for food sources and its use also offers numerous 

environmental and socio-economic benefits for the country. The evaluation of this transition 

was carried out according to four indicators namely: potential reductions in air emissions of 

harmful substances, the functional performance of biofuel versus diesel, cost analysis as well 

as environmental and socio-economic factors. Results from an underground sampling 

campaign showed that total toxic polycyclic aromatic hydrocarbon (PAH) combustion 

emissions from a high idling load haul dump vehicle decreased dramatically when substituting 

the diesel fuel with gas-to-liquid or biodiesel fuels (total PAH gas phase concentrations of 34; 

14 and 9 µg m-3 for diesel, gas-to-liquid and rapeseed methyl ester respectively) and no 

substantial hinderance on engine performance or power was reported by mining staff. The 

economic analysis revealed that the average production cost estimate for second generation 

biofuel production was lower than the current cost of diesel and revenue based on diesel 

replacement, which can be used for a biofuel production plant, are approximately 2 649 335 $ 

and 139 604 238 $ per year for hybrid and fully mechanised operation respectively. From an 

environmental and socio-economic standpoint, the production and use of biomass-to liquid and 

biodiesel is a feasible solution towards sustainable development in underground platinum 

mines and potentially for other sectors in South Africa. 
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1. Background 
 

Environmental protection and the search for cleaner, more sustainable fuels are two of the most 

important concerns modern society is facing today. The over-dependence on oil and natural 

gas, the intensifying demand for energy, as well as fossil fuel shortages have made energy 

security a critical issue worldwide (Ambaye, Vaccari et al. 2021). Although the economic 

impact may be negative, the adverse environmental impacts associated with the use of fossil 

fuels are far more extensive and will influence the planet and all future generations to come. 

The projected negative impacts of climate change as well as the volatility of oil supply are 

forcing governments to search for alternative options. Several countries have already 

developed regulatory frameworks to allow the approval of biofuels and biofuel blends to meet 

transportation requirements and thereby reduce the reliance on conventional petroleum imports 

to help mitigate the impacts of volatile oil prices and reduce carbon emissions. Brazil launched 

a biodiesel initiative in 2002 that set targets for use of biodiesel within the mix of transport fuel 

of 2 %, 5 %, and 20 % by 2007, 2013, and 2020, respectively, whereas India started a large-

scale biodiesel program which, among other things, introduces a blend containing 5 % biodiesel 

with fixed prices (Balat 2009). China boasts more than 100 biodiesel production facilities as 

market incentives and increased government support have enabled biodiesel production 

projects to mushroom nationwide since late 2005 (Walter et al. 2008) and Germany markets 

100 % pure biodiesel and has excluded biofuels from taxation altogether (Kojima and Johnson, 

2005). The United States Department of Agriculture created the Bioenergy Program in 2000 

that encouraged biodiesel production through cash payments to producers and as a result of 

this program, biodiesel production reached 75 million gallons in 2005 (Balat 2009, Ebadian et 

al. 2020). Ebadian et al. further summarised biofuel mandates and their effectiveness on 

biofuels markets in numerous countries in their comprehensive study (Ebadian et al. 2020). 

In addition to the extensive list of advantages listed in literature, biofuel generation and 

integration will encourage new entrepreneurs and boost the South African (SA) economy 

whilst simultaneously increasing economic activity internationally (Khan et al. 2021). One of 

the biggest industries contributing to the South African economy, contributing to 7.53 % to the 

GDP (Mineral Council SA, 2022), is the platinum mining industry, which is currently heavily 

dependent on fossil fuels. 

Critical mining operations include the extensive use of trackless mobile diesel machinery 

(TMM) including: load haul dump vehicles (LHDs), utility vehicles (UVs), dump trucks, 
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cherry pickers and drill rigs. Combustion emissions from all of the above-mentioned sources 

contribute to gas and particulate air pollutant levels, including those of polycyclic aromatic 

hydrocarbons (PAHs) which are semi-volatile organic compounds (SVOCs). These 

compounds are not only a cause for concern from an environmental standpoint, as they are 

ubiquitous environmental contaminants, but also from a human health perspective, especially 

due to the confined working environments underground which results in an increased risk of 

occupational exposure to harmful and carcinogenic pollutants (Dat and Chang 2017). 

A transition to alternative fuels, in these critical mining operations, can lead to a reduction in 

emissions of harmful pollutants and greenhouse gases but the transition must be accompanied 

by a comprehensive risk management strategy as there are many other aspects that need to be 

considered on a national level such as the type, source and availability of an alternative fuel, 

as well as the extent and cost of implementation.  

Other clean energy solutions such as solar, hydro and nuclear energy are limited as they do not 

produce liquid fuel that is needed in transportation (Alalwan et al. 2019). Fuel cell technology 

offers many advantages that can assist in solving health, safety, productivity and operational 

efficiency in the mining industry, as well as zero environmental emissions. However currently 

the growth of hydrogen use is limited by the lack of hydrogen infrastructure, perceptions 

around hydrogen safety and sustainable development of a hydrogen economy (Guerra et al. 

2020). One of the biggest contributing factors is also the initial capital expenditure required, as 

diesel engines would have to be entirely replaced which may provide a long-term solution but 

cannot be implemented immediately. 

This research aims to determine the broad feasibility of a transition from fossil fuels to the use 

of biofuels in the South African underground platinum mining industry. Impacts which may 

arise on a short- or a long-term basis are explored in order to assess whether this could 

potentially serve as a sector-based solution to the energy crisis in developing countries. The 

evaluation of this transition was carried out according to three indicators namely; the functional 

performance of biofuel versus diesel in a heavy duty LHD, potential reductions in air emissions 

of potentially harmful substances, as well as cost implications of implementation. The study 

was conducted with consideration of the present and prospective energy sector in South Africa 

and the growing demand for healthier, more sustainable development. It also highlights the 

social, economic, and environmental aspects of such a transition, and provides information on 

long-term sustainability.  
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The viability of the transition to alternate fuel in the platinum mining sector was investigated 

according to the following four indicators:  

• Criterion analysis of the project implementation efficiency in terms of reduction in air    

emissions as assessed by a sampling campaign and literature studies 

• Changes in the physical values of functional performance indicators of the Trackless 

Mobile machinery  

• Production costs of biofuels and sensitivity analysis  

• Environmental and socio-economic factors such as air and soil quality, water 

availability and biodiversity for the former and food security, effect on income, 

employment, community health and safety as well as rural development for the latter. 

In this study, a rapeseed methyl ester biodiesel (RME) and a synthetic gas-to-liquid (GTL) fuel 

are evaluated according to their potential use in current internal combustion engines in an 

underground platinum mine. RME is generated by transesterification of rapeseed oil and is 

primarily composed of fatty acid methyl esters (FAMEs) with different length alkyl chains. 

This type of fuel does not contain aromatic compounds therefore no PAHs will result from 

unburned fuel, thus lower emissions of PAHs compared to diesel is expected and this was what 

was reported in numerous other studies (Prokopowicz, et al. 2015, McCaffery, Tsai, Chen et 

al. 2019, Zhu et al. 2022). PAH emissions cannot be completely abated as they are still 

generated during combustion through pyrosynthesis irrespective of PAH content in the fuel. 

GTL is primarily composed of long-chain alkanes and is expected to emit lower amounts of 

particulate matter (PM) and lower amounts of PAHs compared to fossil fuel combustion. 

Although GTL uses natural gas as a feedstock, an alternative to the synthetic GTL offers a 

more carbon neutral pathway namely biomass-to-liquid (BTL) fuel, which is produced in the 

same way as the GTL but from organic waste sources. The Fischer-Tropsch process is used to 

produce GTL from natural gas that results in a purely paraffinic liquid fuel that contains no 

aromatic compounds and can be used in conventional diesel engines without any engine 

hardware modifications (Moon et al. 2010).  

During the sampling campaign, pollutants emitted from an LHD engine exhaust were compared 

when operated on pure diesel, RME or GTL and the influence of emissions on air quality in 

the mines and on human health was investigated as one feasibility indicator in this study. These 
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selected test fuels have the potential of being generated locally with sustainable feedstocks for 

first or second generation biofuel such as sugar cane, sunflower oil ester or waste biomass.  

The findings of this study may thus aid in the determination of a strategy that could be 

implemented relatively quickly and cost efficiently and also paves the way to biofuel 

industrialisation. 

2. Introduction 

 

2.1 Generation of biofuels 

Biofuels include biodiesel, biobutanol, bioethanol and biomethane with production involving 

the chemical and thermal decomposition or fermentation of organic biomass by 

microorganisms to produce liquid or gaseous fuels (Papakonstantinou et al. 2021). General 

categorisation of biofuels is based on the feedstocks utilised, as well as the method of 

production and are broadly referred to as first, second, third and fourth generation technologies 

as depicted in Figure 1 (Ambaye et al. 2021).  

 
Figure 1 Biofuel generation based on different feedstocks (adapted from Ambaye et al. 2021). 
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First-generation biofuels include biodiesel, bioethanol, and biogas which can be used 

commercially and utilise feedstocks that are comprised primarily of edible biomass such as 

grains, starch, sugar canes and vegetable oils (Papakonstantinou, Mitsis et al. 2021). 

Transesterification, fermentation and anaerobic digestion are some of the comparatively well-

established processes for producing these type of fuels (Khan et al. 2021). Although a step in 

the right direction in terms of cleaner energy, first generation biofuels compete with food 

security and thus inflict negative impacts on ecological, social, financial and political aspects 

due to the fact that mass production requires fertile, arable land and water use that would result 

in less of these critical resources being available for human and animal consumption. Other 

studies have found that changing to first-generation biofuels may result in an increase in 

greenhouse gas emissions, as increased agricultural activity will increase emissions, which with 

the concomitant increase in fertilizer and pesticide application may result in ecosystem loss 

rather than the anticipated reduction in greenhouse gas emissions from reduced fossil fuel use 

(Senauer 2008, Chaudhary and Brooks 2018, Khan et al. 2021). A possible exception to the 

aforementioned disadvantages is biofuel produced from sugar cane since it meets sustainability 

criteria in terms of the resultant greenhouse gas balance and net emission reductions, land and 

raw material use, as well as crop and cost efficiencies (Goldemburg et al. 2008). 

Second generation biofuels overcome the fuel versus food dilemma and are based on more 

sustainable alternatives by utilizing inedible lignocellulosic biomass as feedstocks. These can 

include  dedicated energy crops such as grass, straw and rotational forestry as well as sawdust, 

low-priced woods, crop wastes and even low value municipal and industrial solid waste 

(Papakonstantinou et al. 2021). While this generation overcomes the drawbacks of the first 

generation, more steps are required to produce adequate biofuels at a competitive cost and thus 

the principal disadvantage of this type of biofuel is the substantially higher capital cost 

associated with production infrastructure when compared to first generation biofuels. 

Furthermore, there are currently technical obstacles that prevent 2nd generation biofuels from 

reaching mass production and feasibility, specifically difficulties during pre-treatment 

processes and the inefficient conversion of lignocellulosic materials to biofuel due to the 

complex raw material structure (Neto et al. 2019, Papakonstantinou et al. 2021). Production 

processes generally include thermal and biological routes with the former having the advantage 

of higher versatility of feedstock. The biological process includes the pre-treatment of 

lignocellulosic biomass material, enzymatic hydrolysis, and the fermentation of resultant 

sugars by specific strains of microorganisms. The thermal route involves heat processing of 
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biomass under decreased oxidizing agent concentrations at temperatures ranging from 300 to 

600 °C to produce biochar (solid biofuel) at the lower temperature ranges, whereas pyrolytic 

oil and syngas are produced at elevated temperatures, of up to 1000 °C, as the most energy 

concentrated substances. Different biodiesel yields from different feedstocks are summarised 

and discussed by Khan, Sudhakar and Mamat in a review of the role of biofuels in energy 

transition, green economy and carbon neutrality. The authors showed that bioethanol efficiency 

is higher than other biofuels with a second generation bioethanol yield of 165.0 g kg-1 for 

sugarcane bagasse as the feedstock which was comparable to the 189.6 g kg-1 for the first 

generation soybean biodiesel (Khan, Sudhakar et al. 2021).  

Although an advancement on 1st generation biofuel production, 2nd generation biofuels still 

have an impact on sustainability and the balance of the life cycle of greenhouse gas emissions 

remains an obstacle. The extent of each obstacle is dependent on numerous considerations such 

as the location of the biofuel production site, modes of transportation, methods of processing, 

extent of deforestation, water consumption and increased crop prices. Climate regulation and 

ecosystem preservation are also environmental considerations that could be influenced by 

biomass feedstocks and land use (Havlík et al. 2011, Ambaye et al. 2021, Khan et al. 2021). 

Further research is required in order for 2nd generation biofuels to become commercially viable. 

Aquatic feedstocks such as algae biomass are used in third-generation biofuels and overcome 

2nd generation biofuel drawbacks. Algae biomass presents numerous advantages as a feedstock 

as it can grow throughout the year with high growth rates and can flourish under variable 

conditions and climate extremes, additionally, this type of feedstock would also not take up 

valuable agricultural land mass and may even inhibit evaporation of scarce water sources. 

Additional advantages include economically viable by-products of processing algae biomass 

such as ingredients for functional foods, medical chemicals, cosmetics, toiletries, and fragrance 

products (Papakonstantinou et al. 2021). Algae comprise a diverse group of species that are 

unicellular or multicellular organisms that are photosynthetic and have the ability produce 

oxygen and trap high concentrations of CO2 so in terms of feedstock they are a promising and 

green solution. However, the high cost of production and decreased stability of the resulting 

biofuel are among the disadvantages. The manufacture of biofuels through algae is highly 

dependent upon lipid content thus specific microalgal strain selection and optimisation is 

required for greater efficiencies (Alalwan et al. 2019, Papakonstantinou et al. 2021).  
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Genetic manipulation or engineering can provide innovative routes to lipid and algal biomass 

production and paves the way to the last generation of biofuels, namely 4th generation biofuels, 

which are still in an early developmental stage. The feedstocks of the 4th generation biofuels 

are microorganisms including: microbes, microalgae, yeast, and cyanobacteria that are 

genetically engineered to boost productivity and lipid accumulation (Khan et al. 2021). 

Genetically modified algae biomasses are used to produce different fuels including ethanol, 

butanol, hydrogen, methane, vegetable oil, biodiesel, isoprene, gasoline, and jet fuel (Alalwan 

et al. 2019). 

2.2 The South African energy sector: present status and perspectives 

 

SA is a developing country and remains strongly oriented towards resource-based sectors 

whilst investment levels in productive capacity and infrastructure have remained low for the 

past two decades (Roberts 2022). The mining sector is one of the key industries contributing 

to the economy but at the same time is one of the most energy intensive sectors that needs more 

sustainable solutions. This is further accentuated as SA faces an energy crisis due to an aging 

fleet of coal-fired power plants, lack of maintenance, corruption, theft and vandalism (du 

Venage 2020, Masondo 2022). 

The SA energy supply is dominated by coal which made up 65 % of the primary energy supply 

in 2018, followed by crude oil with 18 % and renewables with 11 %. Natural gas contributed 

3 % while nuclear contributed 2 % to the total primary supply during the same period (SA 

DME 2021). Primary energy supply is sourced from both local and imported coal sources. 

Higher grade coking coal sources are preferentially exported (Dworzanowski 2013). Due to the 

lack of reserves, SA imports almost 90 % of its crude oil from Saudi Arabia, Nigeria and 

Angola. During the post-apartheid economic transformation stage, the country produced 

approximately 3.2 % of its fuel requirements from gas (GTL), 42.3 % from coal (coal-to-liquids 

(CTL)), and 54.4 % from crude oil (SA DME 2021). The closure of some of the local refineries 

has resulted in the logistically-constraining import of fully refined fuel with > 60 % of all fuels 

currently being imported into SA and the balance being refined in country (SAPIA 2021). 

SA has the second largest oil refining capacity in Africa (Egypt is first) amounting to 718 000 

barrels per day. There are six refineries in the country; four of which are on the coast and two 

are inland. Two of the refineries are synthetic fuels production facilities that produce liquid 

fuels from coal and gas, which are owned by Sasol and PetroSA respectively. Sasol uses both 

the CTL and GTL technologies. The Petroleum Oil and Gas Corporation of South Africa 
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(PetroSA) produces synthetic products using GTL technology. Major refineries include Sapref 

and Enref in Durban, Chevron in Cape Town, and Natref at Sasolburg. 

As previously mentioned, the mining sector is one of the main consumers of energy in the 

country consuming 10 % (183 435 TJ/annum) of the total energy supply (The South African 

Energy Sector Report, 2021).  Electricity accounted for 58 % of all the energy available to the 

sector in 2018, followed by petroleum products at 38 % (approximately 1 billion litres of diesel 

per annum (GlobalData. Mining nd.) and coal at 4 %. The sector also uses various heating fuels 

for processing minerals (fuel oil, paraffin, natural gas, hydrogen and low-pressure gas (LPG)).  

The use of biofuels will not only reduce SA’s energy dependence on imported fuels but it can 

lead to substantial reductions in air emissions of potentially harmful substances and greenhouse 

gases (GHGs), and thus to healthier, sustainable development. This potential has been 

acknowledged by government and in 2005, the then Department of Minerals and Energy 

(DME) and now Department of Minerals, Resources and Energy (DRME) proposed the 

development of a biofuels industry to Cabinet who went on to appoint and approve an inter-

departmental Biofuels Task Team (BTT) (SA DME 2006). The BTT drafted the Biofuels 

Industrial Strategy (BIS) which provided a five-year pilot phase from 2008 to 2013 to initially 

introduce a 2 % penetration level of biofuels in the national transport fuels pool (petrol and 

diesel), whilst monitoring the resultant socio-economic benefits and adverse consequences. 

The Green Transport Strategy of South Africa (Department of Transport, n.d.), identifies 

biofuels as one of the clean transport fuels for the transition towards a lower carbon transport 

future of the country. With the gradual introduction of electric vehicles, a new biofuels industry 

is still relevant and sustainable in SA as it will: 

 

• Reduce air pollutants and GHG emissions in the transport sector by reducing petrol or 

diesel use 

• Reduce imports of transport fuels 

• Create and preserve jobs in the agricultural industry. 

 

The extreme volatility of oil prices has had a dramatic effect on the global economy and the 

country requires a new vision and fast-tracked protocol for re-industrialisation under a political 

settlement which prioritises long-term investment in more sustainable energy and productive 

capacity. The draft Regulatory Framework for the Biofuels Industry (DRME, 2020) was 

accepted by Cabinet in 2019 and it is recommended that a sector-based roll out be considered 
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for effective and regulated biofuel penetration which can then pave the way to national and 

commercial introduction of biofuels. The blending of biofuel, as laid out in the Biofuels 

Regulatory Framework, will reduce fossil fuel dependency but the advances in biofuel 

technology can allow for a complete transition from diesel to more sustainable and greener 

fuels without major engine modifications and without hampering engine performance. 

3. Materials and Methods 

 

To determine the feasibility of a transition from fossil fuel to the use of greener fuel in the 

platinum mining industry, four indicators were assessed namely: 

• Reduction in air pollutant emissions as assessed by a sampling campaign  

• Functional performance of the trackless mobile machinery 

• Economic analysis of project implementation  

• Environmental and socio-economic factors 

The methods adopted to evaluate each indicator are described in this section. 

 

3.1 Reduction in air emissions as assessed by a sampling campaign  

 

3.1.1 Sampling Site 

 

The sampling campaign took place in the underground workings of a platinum mine in the 

North West Province of South Africa, which is one of approximately 17 platiniferous reef 

mines in the Bushveld Igneous Complex. The depth of the mine, where the field studies were 

carried out, is between 620 and 1290 m below surface.  

The samples were taken inside the parking bay of a trackless underground workshop such that 

there was fresh ventilation upwind, which was sourced from one of two ventilation shafts 

drawing air at flow rates above 10 m s-1. The test LHD vehicle was positioned upwind from 

any mining activity to prevent other sources of emissions affecting the measurements. Details 

of the samples taken during the sampling campaign are presented in Table S1. 

3.1.2 Tested fuels 

 

Three different fuels were used for emissions sampling namely: 

1) Petroleum-based diesel containing 50ppm sulfur with no biofuel content (pure diesel (PD)), 

representing the reference diesel used in the workplace,  
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2) Paraffinic fuel (GTL, ORYX, Qatar) compliant to EN15940 and  

3) Biofuel (RME, SBE BioEnergie, Germany) compliant to EN14214 stabilized with oxidation 

stabilizer. 

Properties of the diesel, RME and GTL fuel used in the underground sampling campaign are 

given in Table 1. 

Table 1 Properties of the diesel, RME and GTL fuel used in the underground sampling campaign. 

Property Units Pure Diesel RME GTL 

Density  kg L-1 0.822 @ 20 °C 0.860-0.900@ 15 °C 0.765 @ 20 °C 

Viscosity [cSt] at 40 °C  mm2 s-1 2.2 / 5.3 3.5-5.0 2.2 

Flash point  °C > 55 > 101 57 

Sulfur content  mg kg-1 < 50 < 10 <1 

Cetane-number  > 45 > 51 80 

Water content  mg kg-1 < 30 < 500 50 

Total contamination 

(unsolved foreign 

substances in the fuel) 

mg kg-1 < 24 < 24 < 24 

 

3.1.3 Test engine specifications and operating procedure 

 

One designated LHD (see Table 2 for engine specifications and Figure S1 for a photograph of 

an LHD) was used throughout the sampling campaign. The LHD was mid-service interval and 

a good representative of the average fleet underground. The working LHD was pulled from 

routine production each day and parked in the workshop where the fuel was drained, the air 

and fuel filters were replaced and the system was flushed with test fuel after which it was filled 

with the test fuel for sampling. The LHD would then return to high intensity work in 

production, clearing blasted ore for approximately 30-60 min and then returned to the test site 

which was the underground workshop parking bay.  
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Table 2 LHD engine specifications.  

Engine parameter Specification 

Model Deutz BF 6L 914C 

Emission Certification Tier 2 

Rated Power 141 kW (herein de-rated to 118 kW) 

Maximum Torque 700 Nm at 1600 rpm 

No. of cylinders 6 

Fuel Consumption rate 210 g (kWh)-1 

Bore/Stroke 102/132 mm 

Displacement 6.5 L 

Compression Ratio 18 

Induction Charged air cooled 

Fuel Injection Five-hole nozzle injection; High pressure in-line injector pump 

with mechanical centrifugal governor 

 

3.1.4 Sampling Methodology 

 

PAH air samples were collected with Gilair Plus personal sampling pumps (Sensidyne) 

attached to portable denuder devices via Tygon® thermoplastic tubing. The GilAir pumps were 

operated at a low flow rate of 0.5 L min-1 to prevent breakthrough of the more volatile PAHs 

from the denuder traps. The denuder sampler consisted of two multi-channel silicone rubber 

traps (each trap: 178 mm long glass tube, 4.0 mm i.d., 6.0 mm o.d.) each containing 22 parallel 

polydimethylsiloxane (PDMS) tubes (55 mm long, 0.3 mm i.d., 0.6 o.d.) separated by a 6 mm 

diameter quartz fibre filter (QFF), held in position by a Teflon connector. This configuration 

allows for both gas and particulate phase sampling and has been validated in numerous studies 

(Forbes and Rohwer 2009, Forbes et al. 2012, Geldenhuys et al. 2015, Rohwer et al. 2015, 

Kohlmeier et al. 2017, Munyeza et al. 2019). The gas phase SVOCs were trapped by the first 

(primary) trap as the PDMS served as a solvent for these compounds; the particles were then 

trapped downstream on the QFF. The post filter trap (secondary trap) served to sample any 

blow-off from the QFF. Figure 2 graphically illustrates the sampling setup whereby each 

sample taken resulted in three individual samples, namely the primary trap (PT), filter (F) and 

secondary trap (ST) samples. A total of 25 samples were taken as summarised in Table S1. A 

field blank sample was taken and treated in the same manner as other samples but was not 
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connected to the sampling pump. This sample was used to determine if any contamination had 

been introduced during handling and transport of samplers prior to analysis 

 

Figure 2 (a) Multi-channel trap denuder sampling devices secured on sampling table underground (b) Position 

of the multi-channel trap denuder sampling devices relative to the LHD exhaust (c) Schematic of multi-channel 

trap denuder sampling devices used for PAH sampling (Geldenhuys, Wattrus et al. 2022) 

3.1.5 Test procedure  

 

The LHD was operated in two modes namely high idle mode (HI) and a test cycle mode (TC). 

HI mode was characterised by full acceleration with no throttle and TC was a load test whereby 

the LHD bucket (capacity ranging from 0.8 to 10 m3) lifted a fixed mass (one LHD tyre of 

approximately 1 tonne) to mimic the LHD in operation. More information on underground 

LHD operation can be found in Wattrus et al. (Wattrus et al. 2016) 

A 10 min HI pre-conditioning cycle was performed prior to sampling to ensure temperature 

stabilisation. Sampling was conducted at a fixed height (1 m) and distance (1.5 m) from the 

LHD exhaust. Upwind (UW) and downwind (DW) samples were also taken simultaneously to 

assess the impacted ambient conditions where the UW samples served as indicators of 
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background concentrations. After sampling, the LHD was returned to production and 

consumed the remaining fuel. 

3.1.6 Analytical Method 

 

Offline analysis of each individual denuder component was performed using a LECO Pegasus 

4D instrument (LECO, St. Joseph, MI, USA) that was equipped with an Agilent Technologies 

7890 GC (Palo Alto, CA, USA), a quad jet dual-stage modulator and a secondary oven. Data 

acquisition and processing was executed by ChromaTOF version 4.0 and ChromaTOF Tile 

software (LECO Corp., St. Joseph). A Gerstel 3 TDS was employed for sample introduction 

whereby the PDMS traps were directly thermally desorbed and the filter samples were inserted 

into the heating zone of an empty pre-cleaned glass tube for desorption. Synthetic air was used 

for the hot jets and liquid nitrogen was used to cool nitrogen gas for the cold jets with an AMI 

Model 186 liquid level controller to maintain sufficient levels. The GC column set consisted 

of a Restek Rxi-1MS nonpolar phase 100 % dimethyl polysiloxane; (30 m, 0.25 mm i.d., 0.25 

µm df) as the first dimension (1D) and a Rxi-17Sil MS, midpolar 50 % phenyl 50 %-dimethyl 

polysiloxane (0.79 m, 0.25 mm i.d., 0.25 µm df) as the second dimension (2D). Thermal 

desorption occurred from 30 °C to 280 °C at a rate of 60 °C min-1 and was held for 5 min during 

which the analytes were cryogenically focused via a cooled injection system (CIS) at -50 °C 

using liquid nitrogen. The temperature was ramped at 12 °C s-1 to 280 °C and the inlet purge 

time was 3 min. The desorption flow rate was 100 mL min-1 and the TDS transfer line was set 

at 300 °C. The primary oven was ramped at 5 °C min-1 from 40 °C to 315°C which was held 

for 15 min. The secondary oven was offset by +5 °C and the modulator temperature was offset 

by 30 °C. The modulation period was 3 s with a hot pulse time of 1 s. The MS transfer line 

temperature was set to 280 °C and mass acquisition ranged from 50 to 500 Daltons (Da) at 100 

spectra s-1. The electron energy was 70 eV and the ion source temperature was 200 °C. 

3.1.7 Matrix matched calibration standards 

 

Calibration was performed using a certified standard PAH mix solution (Supelco, St Louis, 

MO), containing 15 priority PAHs. The nominal concentration of each compound in the 

mixture dissolved in methylene chloride was 2000 µg mL-1. The names and abbreviations of 

the PAHs included are given in Table 3. A stock solution at a concentration of 100 µg mL-1 

was prepared in toluene and working solutions were prepared by appropriate dilutions of the 

stock solutions in n-hexane before use. All solvents used for dilutions and cleaning procedures 
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were of analytical grade (99 % purity) including toluene, methanol, dichloromethane (DCM) 

and n-hexane which were purchased from Sigma Aldrich (Sigma Aldrich, Bellefonte, USA) 

and acetone which was obtained from Associated Chemical Enterprises, (ACE, South Africa). 

Deuterated internal standards (IStd): d8-naphthalene, d10-phenanthrene, d10-pyrene and d12-

chrysene were obtained from Isotec Inc (Sigma Aldrich, Bellefonte, USA) and were used in all 

standards and samples.  

Table 3 Analytes investigated in this study including fifteen of the sixteen US EPA priority PAHs and their 

corresponding abbreviations, molar masses and boiling points (PubChem 2021). 

Formula PAH Name Abbreviation 
Molar Mass 

(g mol-1) 

Boiling point 

(°C) 

C10H8 Naphthalene Nap 128 218 

C11H10 1-Methyl naphthalene Nap 1M 142 240 

C12H8 Acenaphthylene Acy 152 265 

C12H10 Acenaphthene Ace 154 278 

C13H10 Fluorene Flu 166 295 

C14H10 Phenanthrene Phe 178 339 

C14H10 Anthracene Ant 178 340 

C16H10 Fluoranthene FluAn 202 375 

C16H10 Pyrene Pyr 202 360 

C18H12 Benz[a]anthracene BaA 228 435 

C18H12 Chrysene Chy 228 448 

C20H12 Benzo[b]fluoranthene BbF 252 481 

C20H12 Benzo[a]pyrene BaP 252 495 

C22H12 Benzo[g,h,i]perylene BghiP 276 536 

C22H12 Indeno[1,2,3-cd]pyrene I123P 276 536 

C22H14 Dibenz[a,h]anthracene DbahA 278 524 

 

For gas phase PAHs, quantification was achieved by analysing individual conditioned PDMS 

traps that were spiked with 1 µL of the following concentrations of mixed PAH standard in 

toluene:  0.1, 0.5, 1.0, 2.0, 5.0, 10.0 and 20.0 ng µL-1. Similarly, to quantify particle bound 

PAHs, pre-cleaned 6 mm QFF punches were spiked with 1 µL of 0.1, 0.5, 1.0, 2.0, 5.0 and 10 

ng µL-1 mixed PAH standards in toluene. One µL of the IStd mixture, containing d8-naphthalene, 

d10-phenanthrene, d10-pyrene and d12-chrysene (1 ng µL-1) was spiked onto all samples and 

standards prior to analysis and calibration curves were derived using the area ratio of target 

analyte: IStd. The IStd correction accounted for any instrument variability or matrix effects. 

Linear regression analyses were performed using the Data Analysis Toolkit in Excel. The limit 
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of detection (LOD) of each target compound was calculated as three times the signal to noise 

(S/N) ratio and the limit of quantitation (LOQ) as ten times the S/N ratio using the lowest 

concentration calibration standard.  

3.1.8 Quality Assurance 

 

Empty traps were sonicated for 5 min in DCM and then 5 min in ethanol after which they were 

baked overnight in an oven at approximately 100 °C before use. Quartz fibre filter punches 

(Whatman) were rinsed twice with DCM and methanol after which they were dried in an oven 

at 200 °C for 2 h. The clean, dry punches were stored in an amber vial in a desiccator prior to 

use. Teflon connectors and end caps were repeatedly rinsed with DCM and methanol and left 

to air dry before use. 

The PDMS traps were conditioned prior to use at 280 °C for 16 h under hydrogen (≥ 99.999 % 

purity, AFROX, SA) with a gas flow of 100 mL min-1 using a Gerstel TC 2 Tube Conditioner 

(Gerstel, Germany). 

PDMS traps were wrapped in aluminium foil after the sampling period to prevent light assisted 

reactions or transformations and were stored in a freezer at -18 °C to prevent heat-assisted 

reactions or transformations. The loaded filters from the denuder samples were stored with 

their corresponding Teflon connectors still intact in amber quartz vials to prevent any sample 

loss and placed in the freezer. When analyzing the filter, the Teflon connector was placed on 

the end of a clean, empty glass tube with the loaded face of the filter facing towards the tube. 

The filter was then carefully positioned into the heating zone of the glass tube for thermal 

desorption. Procedural blanks were analysed in conjunction with the samples to ensure no 

carry-over.  

3.1.9  Statistical evaluation 

 

Statistical evaluation was performed using ChromaTOF Tile (LECO Corp. St. Joseph). A p-

value of 0.05 was used for data comparison and F-ratios were evaluated for the significant 

compounds (F-ratio > 1000).  

3.2 Functional performance of the trackless mobile machinery 

 

Evaluation of this indicator was performed by conducting a literature review pertaining to the 

effects that biofuels can have on engine performance which could not be experimentally 

measured due to lack of resources. Physical observations were, however, made during the 
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sampling campaign by the LHD operator, researchers and selected mine staff regarding engine 

performance, smoke opacity and volume, and visible particulate matter (soot) when the LHD 

was operated on pure diesel, RME and GTL, respectively. The literature findings as well as 

feedback obtained from experimental observations were discussed and used to draw 

conclusions on the engine functional performance indicator. 

 

3.3 Economic analysis of project implementation  

 

This indicator was assessed by reviewing the literature regarding biofuel production costs and 

methods of financial analysis. The mine specific method adopted by Guerra et al. (2020) was 

then used to conduct an economic analysis. Here fully mechanised mining operations were 

compared to hybrid mining operations to evaluate the extent of the benefit of transition to 

alternate fuels. This method entails summarising all the costs that the underground mining 

company currently incurs for diesel fuel usage which can then considered as revenue. 

 

The following aspects were considered when estimating revenue:  

• Individual mining vehicle consumption  

• Total annual diesel consumption  

• Cost of the diesel fuel to be replaced by alternative fuel 

• Estimation of biofuel production plant revenue based on diesel replacement value 

• Land leasing costs  

• Gross water costs 

• Weighted average US$-based cost of capital (WACC) 

• US$-based inflation rate 

 

3.4 Environmental and socio-economic factors 

 

Environmental, economic, and social impacts pertaining to the use of diesel, biodiesel and 

GTL/BTL, respectively were reviewed and defined followed by the evaluation of this indicator 

by comparing and tabulating these factors for three scenarios namely, the current use of diesel, 

prospective use of greener alternative BTL and prospective use of greener alternative biodiesel. 
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4. Results and Discussion 

 

The four indicators used for evaluation are reviewed and discussed in this section and results 

of the sampling campaign are reported. 

 

4.1 Reduction in air pollutant emissions as assessed by a sampling campaign  

The advantages of substituting petroleum-based fuels with alternative, greener fuels have been 

widely discussed in the literature with the main benefits being reported as the reduction in 

emissions of carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxide (NOx), particulate 

matter (PM) and hydrocarbons (HCs) under various operating conditions and an overall 

lowered environmental burden (Karavlakis et al. 2017, Altarazi et al. 2022). Additionally, 

biofuels are biodegradable, non-toxic and sulfur free, and consequently, at heavy loads and 

high gas temperatures, no sulphates are formed and the PM emissions have been reported to be 

reduced by up to 24 % (Labeckas and Slavinskas 2006). 

 

In a study where emission characteristics of diesel, gas to liquid, and biodiesel-blended fuels 

in a diesel engine were compared, the authors found noticeable decreases in total hydrocarbons 

(THC) (22–56 %) and CO (16–52 %) emissions for GTL–biodiesel blends whereas NOx 

emissions for GTL–biodiesel blends increased by a maximum of 12 % compared to diesel due 

to increased oxygen content and higher temperatures in the combustion chamber (Moon et al. 

2010). The higher oxygen content for biofuel improves combustion quality but the increased 

temperatures favour the formation of NOx through the Zel'dovich mechanism (Wright and 

Lewis 2022). The emissions of NOx from combustion can be mitigated by internal measures, 

such as exhaust gas recirculation (EGR), fuel lean conditions and water injection, combined 

with exhaust after-treatment employing techniques such as selective catalytic reduction (SCR) 

and lean NOx traps (LNT), which have shown to be efficient in dual-fuel applications (Wright 

and Lewis 2022). 

 

Another important advantage of using biofuels, specifically biodiesel, in conventional diesel 

engines is the higher oxygen content due to the fatty acids that result in more complete 

combustion and thus lower emissions of harmful species, such PAHs (Labeckas and Slavinskas 

2006, Prokopowicz, et al. 2015, McCaffery, Tsai, Chen et al. 2019, Zhu et al. 2022).  
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PAHs can generally originate from three different sources including pyrosynthesis during 

combustion, from the original unburned fuel or the lubrication oil respectively, and lastly 

formation by the hydrogen abstraction-C2H2 addition (HACA) mechanism (Czech et al. 2017). 

In combustion engines, unsubstituted PAHs are noticeably formed by the HACA mechanism. 

The number of rings formed in this process depends on the combustion temperature and 

conditions (Gawlitta et al. 2022). 

 

This study was carried out with the aim of assessing the impacted environment underground 

due to combustion emissions from LHD vehicles operating on various fuels. PAHs were the 

target analytes due to their human and environmental toxicity as well as the paucity of 

information on gas and particle phase characterisation of these compounds in the underground 

environment (Geldenhuys et al. 2015).  

 

In a collaborative effort, personal samples were also taken to assess the resultant exposure to 

mine workers (Gawlitta et al. 2022). Methylated PAHs and parent PAHs were highly abundant 

in the pure diesel combustion aerosol compared to that from GTL and RME. Gas phase analysis 

of emissions from the different fuels showed highest concentrations for the targeted aromatic 

species released from pure diesel followed by GTL and RME. GTL and RME combustion thus 

released lower amounts of chemical compounds connected to adverse health effects, therefore 

the substitution of petroleum-based fuels could benefit employees working in confined areas. 

When considering noxious emissions underground, advanced combustion due to higher octane 

of biodiesel and GTL, as well as the increased concentration of oxygenated species in biodiesel, 

typically result in slightly increased NOx emissions resulting from the higher temperatures. 

This can be overcome through engine recalibration to retard injection timing with the net effect 

being the same NOx emissions as with diesel but with PM emissions reduced substantially. 

 

An earlier study by Geldenhuys et al. saw the characterisation of PAHs in various underground 

locations. In this earlier study, the authors found that PAHs were predominantly present in the 

gas phase with naphthalene and mono-methylated naphthalene being the most abundant at 

concentrations ranging from 0.01 to 18 µg m-3. Particle bound PAHs were found in the highest 

concentrations at the idling load haul dump vehicle exhausts with a dominance of fluoranthene 

and pyrene with total particle associated PAH concentrations ranging from 0.47 to 260 ng m-3 

Heavier PAHs detected in the filter samples included benzo[k]fluoranthene, benzo[a]pyrene, 

indeno[1,2,3-cd]pyrene and benzo[ghi]perylene (Geldenhuys et al. 2015). 
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The sampling campaign results presented in Figure 3 revealed a clear difference in total PAH 

concentrations arising from exhaust emissions between the different fuels in both high idle and 

test cycle mode. It is evident that the concentrations from the combusted diesel fuel are 

substantially higher than the emissions from the other fuels. Diesel fuel produced the highest 

concentration of PAHs on the primary trap with a value of 19 µg m-3 followed by the GTL fuel 

at 6 µg m-3 and then the RME, which showed the lowest PAH concentrations which were 

almost 10-fold lower than that of the diesel fuel.  

 

 

Figure 3 (Top left) Total PAH concentrations on the primary and secondary trap for the LHD engine exhaust 

samples during high idle mode using diesel, RME and GTL fuels (Top right) Total PAH concentrations on the 

primary and secondary trap for the LHD engine exhaust samples during test cycle mode using diesel, RME and 

GTL fuels and (bottom) hierarchical tree map chart of total PAH concentrations for different tested fuels during 

both cycles.  

The lower PAH concentrations from the use of GTL and RME fuels were expected as the 

biofuel does not contain aromatic hydrocarbons and the GTL aromatic content is greatly 

reduced when compared to crude derived diesel. Additionally, the lower PM concentrations 

during combustion of these fuels would also result in lower PAH concentrations as these 

parameters have been positively correlated in other studies (He et al. 2010, Jin et al. 2014). The 

PAHs that were detected can therefore be attributed to the pyrolysis products formed during 

combustion. The test cycle PAH concentrations followed the same trend, however the most 

noticeable difference was the higher values for the RME samples when the engine was under 

load, resulting in a lower ratio between the diesel and RME PAH concentrations. 
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The downwind samples reveal that the total PAH concentrations (sum of PT and ST) for the 

diesel, GTL and RME fuels during high idle mode were 23, 8 and 2 µg m-3 respectively. The 

downwind samples are representative of the fresh exhaust emissions implying that the PAHs 

remained in the gas phase and no particle association occurred during the sampling period. The 

tree map in Figure 3 displays the PAH concentration data for the different fuels in a hierarchical 

structure and it is evident that the PAH concentrations from the combusted diesel fuel are 

substantially higher than the PAH concentrations from the other fuels with the green section 

representing the RME biodiesel.  

Based on these results it can be concluded that in addition to the reduction in known and 

regulated pollutants, such as PM, HCs, CO, and NOX (Hassaneen et al. 2012), the substitution 

to biofuels will also lead to a substantial reduction in toxic PAH emissions.  

To evaluate the other chemical compounds contributing to the distinct differences between PD, 

RME and GTL, analysis of variances was performed using principal component analysis of the 

PDMS samples from the LHD exhaust whilst operated utilising these three fuels (Figure 4 & 

5.  

Figure 4 showed that PC1 accounted for 98.68 % of variability in the initial dataset, whilst the 

second-dimension accounted for 0.62 % which indicated good representation. The greatest 

loadings towards the RME samples in Figure 5 included fatty acid methyl esters (FAMEs) of 

various length of alkane side chains with 9-octadecenoic acid methyl ester being the most 

significant component. It must be noted that this type of statistical analysis does not reflect 

quantitative differences between the samples. The full list of the chemical features in Table S2 

showed that the highest variances are for the straight chain alkanes from PD PDMS LHD 

samples and fatty acid methyl esters from equivalent RME samples. Cis-9-tetradecene-1-ol 

was the distinctive compound contributing to the highest variance between GTL and the other 

fuels.  
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Figure 4 PCA Loading Plot of the PDMS trap samples for LHD operated on pure diesel, rapeseed methyl ester 

and gas-to -liquid fuels. 

 

Figure 5 PCA Loading Plot of the PDMS trap samples for LHD operated on pure diesel, rapeseed methyl ester 

and gas-to -liquid fuels. 
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4.2 Functional performance of the trackless mobile machinery 

 

The well-established advantage of using biodiesel is the reduction in the pollutant component 

of the exhaust which is why in the last few years, a double-digit annual growth rate of biodiesel 

production capacities has been reported (Karavalakis et al. 2017, Altarazi et al. 2022).  

In a study by Labeckas and Slavinskas, the effect of rapeseed oil methyl ester on direct injection 

diesel engine performance and exhaust emissions was investigated. Comparative bench testing 

of a four stroke, four-cylinder, direct injection, unmodified, and naturally aspirated diesel 

engines were investigated when operating on neat RME and its 5 %, 10 %, 20 % and 35 % 

blends with diesel. The authors concluded that the brake specific fuel consumption at maximum 

torque (273.5 g/kW h) and rated power (281 g/kW h) for RME is higher by 18.7 % and 23.2 % 

relative to diesel. The maximum brake thermal efficiency values vary between 0.356–0.398 for 

RME and 0.373–0.383 for diesel and at all speeds and loads, the highest fuel energy content 

(9.36–9.61 MJ/kW h) is achieved during operation on a 10 % blend with diesel (B10), whereas 

the lowest fuel energy content belongs to the 35 % blend (B35) and neat RME (9.20–10.40 

MJ/kW h). The authors noted that the fuel energy conversion efficiency depends on both the 

RME inclusion percent in the diesel and the engine performance conditions. When considering 

the emissions, the maximum NOx emissions were found to increase proportionally with the 

mass percent of oxygen in the biofuel and engine speed, at 2000 min-1 reaching the highest 

concentration of 2132 ppm for the B35 blend and 2107 ppm for neat RME. At the rated speed 

of 2200 min-1, the total NOx emissions for all fuels were slightly lower, ranging from 1885 

ppm for diesel to 2051 ppm for B35, correlating with the lower brake thermal efficiency at this 

particular speed. The CO emissions and visible smoke emerging from the biodiesel (at constant 

air-to-fuel equivalence ratio of k = 1.6) over all loads and speeds are lowered by up to 51.6 % 

and 60.3 %, respectively. The CO2 emissions, the fuel consumption and gas temperature, were 

slightly higher for the B20 and B35 blends and neat RME. The emission of unburned 

hydrocarbons for all fuels was found at ranges from 5–21 ppm with lower values obtained for 

RME and its blends with diesel (Labeckas and Slavinskas 2006). 

 

Biodiesel and GTL can be used directly in diesel engines without any modification and in the 

context of implementation in the mining industry, this is key as it will allow for the continuous 

operation of the current LHD fleet and prevent costly and time intensive replacement. 

However, the use of alternative fuels with different chemical compositions and local conditions 
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leads to the distinctive performance of the diesel engine. Studies on the performance of a diesel 

engine with blends of biodiesel have reported higher brake specific fuel consumption and 

exhaust gas temperatures when using biodiesel but a decrease in brake thermal efficiency and 

authors concluded that the fuel energy conversion efficiency depends on both the biodiesel 

inclusion percent in the diesel and the engine performance conditions (Labeckas and Slavinskas 

2006, Raheman et al. 2013).  

The power and performance indicators of a diesel engine were investigated during the 

experimental study when a LHD was operated on pure diesel, RME and GTL as detailed in 

Section 2. The experimental observations of the LHD operated with different fuels is 

summarised in Table 4. 

Table 4 Comparative qualitative observations of LHD engine performance parameters when operated on neat 

diesel, GTL and RME fuels. 

 Diesel GTL RME 

Engine 

performance 

Status quo – no observed 

change 

No change at low engine 

speeds. 

Reduction in power at 

higher engine speeds.  

No change in power was 

observed. 

Smoke opacity 

and volume 

Lots of black smoke 

observed with characteristic 

pungent diesel fume odour. 

Decreased amount of 

smoke and increased 

transparency of smoke. 

Slight odour. 

Decreased amount of smoke 

and increased transparency of 

smoke. Slight odour. 

Particulate 

matter and soot 

Substantial PM and black 

smoke affecting visibility. 

Less observed PM and 

soot. 

Less observed PM and soot. 

 

The cetane number of RME is slightly higher than that of diesel but it is less volatile therefore 

is characterised by higher flash point, water content and up to 25 times higher contamination 

therefore it may reduce the auto-ignition delay and increase the amount of fuel premixed for 

rapid combustion and resultantly boosts the cylinder gas temperature, creating favourable 

preconditions for NOx formation. The engine performance on neat RME and its blends with 

diesel, as well as its emission characteristics, depends largely on the injector nozzle design, the 

combustion chamber, needle valve opening pressure, air–fuel mixture quality, actual start of 

combustion and heat release peculiarities (Labeckas and Slavinskas 2006). Therefore, it must 

be noted that different engines may vary substantially and the results are not always directly 

comparative. There are, however, commonly reported advantages of biodiesel over diesel 
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which are summarised in Table 5 with the reported disadvantages, most of which can be 

mitigated with internal measures and exhaust after-treatment techniques (Alalwan et al. 2019). 

 

Table 5 Advantages and disadvantages of the use of biodiesel over diesel (Alalwan et al 2019). 

Advantages of using biodiesel  Disadvantages of using biodiesel 

Generates fewer regulated pollutant emissions of 

COx, SO2, PM and HC compared to diesel 

Its combustion generates higher NO2 and NO than 

diesel (can be mitigated) 

It is non-flammable, non-toxic, and it reduces 

tailpipe emissions, visible smoke and odours 

It has a higher pour point and cloud point which may 

cause fuel freezing and difficulty starting in cold 

weather 

It has high combustion efficiency, portability, 

availability, and renewability 

Degradation of lubricant will lead to shorter engine 

life with biodiesel 

It is safer to handle and less toxic than diesel fuel Power and volumetric fuel consumption is reduced 

with biodiesel 

Lower sulfur and aromatic content, higher flashpoint 

and it is biodegradable 

Dependent on the amount of waste (feedstock) 

available and refining is required. Biodiesel 

distillation is preferable to improve quality 

Does not require any drilling or transportation or 

refinement 

Leads to increased oil dilution by fuel causing 

accelerated oil degradation (due to lower volatility of 

biodiesel) 

Higher cost efficiency than diesel Lack of aromatics causes fuel system seal failure 

unless standard nitrile seals are replaced viton seals. 

Its production is easier and faster than diesel Resistance to change 

It can be produced domestically and from renewable 

sources 

 

Lower PM emissions may result in a potential 

reduction of required underground airflow and 

thereby a reduction in associated ventilation costs 

 

 

A recent comprehensive review on the effects of biofuel on engine performance and emissions 

verifies that all biodiesels and their blends have demonstrated the ability to reduce emissions 

such as carbon oxide (CO), carbon dioxide (CO2), particulate matter (PM), hydrocarbons (HCs) 

and even nitrogen oxide (NOx) under various operating conditions, as well as the ability to 

improve the engine performance, but it is vital to understand the combustion properties of fuels 

for their use in an engine (Altarazi et al. 2022).  The use of biodiesel underground can thus 

provide numerous potential benefits to the mining industry pertaining to sustainability and 

improvements to human and environmental health. One of the holistic bigger benefits to a fuel 
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emitting lower PM is that potentially underground airflow can be reduced saving significantly 

on power and in a greenfield application on ventilation capital expenditure (capex). In some 

areas where the cross-sectional area of a tunnel is the constraining factor for air velocity, the 

tunnels could also be made potentially smaller with numerous benefits. 

 

4.3 Economic analysis of project implementation  

 

Low-carbon biofuels are considered vital for long term decarbonization of the transportation 

sector, due to incompatibilities that other fuel alternatives, such as electricity or hydrogen, have 

with heavy-duty fleets (Witcover and Williams 2019).  

The oil price is crucial to the feasibility of biofuel production because it constitutes the 

benchmark for economic competitiveness and it determines the costs of many of the inputs 

used in growing, harvesting, processing and transporting crops (Brent et al. 2009). The price 

for diesel ranged from $4.89 to $5.81 per gallon over the past 6 months of 2022, which is 

substantially higher than the reported biofuel production prices which does make the transition 

to these greener fuels seem attractive and feasible. However, it must be noted that the 

production costs reported were excluding taxes or delivery costs and the recent surge in oil and 

natural gas prices will result in higher costs.  

A comparison of biofuel cost estimates was published in 2019 whereby the trends during 

rollout of low carbon fuel policies were discussed and the paper comprehensively reviewed 

literature on production costs of biofuels using a levelized cost of fuel approach, applying 

common financing assumptions for capital amortization and converting all values to year 2016 

dollars. To calculate the levelized cost of fuel (LCOF), capital amortization schedules (i.e., 

financing terms) were harmonized across all studies. Specifically, a debt-to-equity ratio of 

60:40, 5 % annual interest on debt amortized over twenty years, a required rate of return (ROR) 

of 15 % for equity (this is profit), and a thirty-year life of project were used. The formula that 

was applied is as follows: 

LCOF($/gge) = (CapEx [amortized] OpEx Feedstock Cost) [$/y] 

   Nameplate Fuel Production in 1 Year [as gge/y] 

The average production cost estimate for cellulosic ethanol was $4 per gallon-gasoline 

equivalent (gge), $3.25/gge for pyrolysis-biocrude hydro treatment pathway, $3.80/gge for  
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biomass to liquid (BTL) while hydrotreated esters and fatty acids (HEFA) averaged about 

$3.70/gge (Witcover and Williams 2019).  

A viability analysis of generalised underground mining machinery using green hydrogen as a 

fuel was conducted in Spain in 2020 and it was found that the total investment, including 

vehicles with hydrogen range extender, the hydrogen production plant and the hydrogen 

refuelling station would be in the range of  21.46 million $ (Guerra et al. 2020). Although this 

transition would result in a reduction in toxic diesel emissions, decrease the mining ventilation 

burden and improve safety and overall working conditions, the price and timeframe for 

implementation may hinder immediate progress. Also noteworthy is that hydrogen storage does 

raise safety concerns and requires extra precautions as it is highly combustible and can be easily 

oxidized in containers and pipelines, although electrochemical hydrogen storage is relatively 

safer to handle than forms of liquid or gas storage (Singla et al. 2021). There are also other 

emerging technologies such as the storage of hydrogen in liquid organic hydrogen carriers and 

its direct use in engines, but this is still in the early stages of development (Modisha, Ouma et 

al. 2019, Niermann, Timmerberg et al. 2021). 

The mine specific method adopted by Guerra et al. (2020) has been used whereby all the costs 

that the underground mining company is currently incurring for diesel fuel have been 

considered as revenue. Here fully mechanised mining operation were compared to hybrid 

mining operations to evaluate the extent of the benefit of transition to alternate fuels. The details 

of the revenue are detailed in Table 6 and are accordingly summarised:  

• Mining vehicles have a consumption ranging from 5-188 L Day-1 of diesel per unit 

depending on the type of machine and rated power. 

• Given the total number of operating machines and their daily consumption, the total 

diesel consumption would equate to 1 639 440 and 86 388 761 L year-1 for hybrid and 

fully mechanised operation respectively. 

• Cost of the diesel fuel replaced by green biofuel: 1.616 $ L-1. 

• Estimating the diesel price at 1.616 $ L-1 (which is the diesel price as on 25 July 2022) 

• Based on diesel replacement, the biofuel production plant would produce revenues of 

about 2 649 335 $ and 139 604 238 $ per year for hybrid and fully mechanised 

operation respectively. 

• Land leasing costs if own land to be used for biomass feedstock: 100 000 $ per year 

• Gross water costs: 2.5 $ m-3 
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• Weighted average US$-based cost of capital (WACC): 8 %. 

• US$-based inflation rate: 1.5 % per year 

Table 6 Diesel consumption and power usage in hybrid and fully mechanised mining operations.  

 Units Hybrid mining operations Fully mechanised mining 

operations 

Mining Vehicle type n/a LHD LHD 

Drillrig 

Bolter 

Utility vehicle 

Supervisory vehicle 

People carrier 

Water bowser 

Installed power  kW Cummings engine: 191 

Kiloskar engine: 134 

LHD: 240-450 

Drillrig: 58 - 74.9  

Bolter: 58 - 74.9 

Utility vehicle: 79.0 

Supervisory vehicle: 110 

People carrier:54.0 -79.0 

Water Bowser: 

Consumption per day per 

unit 

L LHD: 135  LHD: 137  

Dump Trucks 188  

Drillrig: 5  

Bolter: 8  

Utility vehicle: 21  

Supervisory vehicle: 35  

People carrier: 16  

Water bowser: 15 

Total Number of 

machines at mining site 

n/a LHD: 44 All machines: 326 

Average annual operation Hours 2235.6 hrs/unit per annum 

(Average 8.1 hours per unit 

per working day) 

2526.42 hrs/unit per annum 

(Based on logged hours per 

machine type) 

Annual diesel 

consumption 

L 37 260 L per unit per 

annum   

LHD  86 995  

Dump trucks: 119 380  

Drillrig  2 896  
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Total for entire fleet: 

1639440 L per annum 

Bolter  4 801  

Utility vehicle  13 335  

Supervisory vehicle 22 225  

People carrier  5840  

Water Bowser  9525 

Total for entire fleet:  

86 388 761 L 

CO2 Equivalent  

(Based on 0,0047 CO2 

tonne generated per litre 

of diesel) 

Tonnes 175 tonnes CO2 per unit per 

annum  

Total for entire fleet: 7705 

tonnes CO2 

1245 tonnes CO2 per unit per 

annum  

Total for entire fleet: 406 

027 tonnes CO2 

Ventilation cost $/annum $ 3 839 805 million per 

annum (high level estimate 

cost based on estimated 

kwh consumption of 

installed Main Fans and 

small ventilation fans 

underground) 

$ 9 826 650 million per annum 

(based on total power costs 

FY 2023 

 

Diesel consumption and power usage in hybrid and fully mechanised mining operations were 

used for cost analysis. If a consumption of 1 639 440 and 86 388 761 l of diesel per year (for 

hybrid and fully mechanised operations respectively) can be avoided, up to 413 732 tonnes of 

CO2 per year can be appreciably reduced and with technological advances potentially be 

completely avoided and assist mines in reaching their lower GHG commitments (Guerra  et al. 

2020). The high ventilation costs reported in Table 6 can be reduced as a result of the decreased 

PM concentrations when transitioning to greener fuels. However, the contribution that PM 

removal makes in the total ventilation requirement is complex and would require an additional 

study to be quantified.  

 

Processing of feedstock into usable energy forms usually requires large-scale centralised 

facilities to take advantage of economies of scale. Therefore, transportation and logistics play 

an important role in the production of bioenergy. To overcome this logistical expense of 

transporting bulky biomasses, small decentralised plants can be built in various locations 

whereby the biomass can be converted into an energy dense biosyncrude or biochar. This two-

stage process was successfully demonstrated by Karlsruhe Institute of Technology (KIT) with 



74 

 

the Bioliq biomass-to-liquid (BTL) process which was developed to overcome logistical, 

technical, and other biofuel production related hurdles (Dahmen et al. 2017, Niebel et al. 2021). 

This process is a very promising zero waste solution for SA. 

 

Furthermore, sensitivity analyses would need to be performed for the most important 

parameters, such as the volatile fossil fuel and electricity prices. These two parameters are the 

only ones that will change in the future as a specific fleet in a specific mine have been 

considered.  

 

4.4 Environmental and socio-economic factors 

 

Sustainability is multidimensional and it acknowledges that there are inherent relations 

between economic, social, and environmental well-being as shown in Table 7 where the current 

use of diesel is compared to the prospective use of greener alternatives, BTL and biodiesel. 

These fuels offer more sustainable solutions that can be realised relatively quickly with the 

current infrastructure and expertise in SA. To add to this, research by Brent et al reviewed the 

viability of the SA biofuels strategy in the short term with respect to the environmental, social 

and economic conditions of sustainability and specifically the uncertainties pertaining to the 

three conditions that are identified from the feasibility study of the National Biofuels Task 

Team (Brent et al. 2009). 

Table 7 Comparison of environmental, economic and social impacts pertaining to the use of alternate fuels. The 

plus symbols indicate the extent of the positive impact and the minus symbols represent the negative impact. 

 Diesel BTL Biodiesel 

Environmental 

Impact 

 ++ +++ 

  Reduction of harmful 

atmospheric emissions. 

Reduction in GHG emissions. 

Sustainable feedstock. 

Low indirect land-use change 

impact. 

Positive environmental impact 

if sugarcane trash used as there 

will be a reduction in pre-

harvest burn emissions. 

 

Reduction of harmful atmospheric 

emissions. 

Reduction in GHG emissions. 

Sustainable feedstock for 2nd 

generation biodiesel. 

Positive environmental impact if 

sugarcane trash used as there will be 

a reduction in pre-harvest burn 

emissions. 

Land-use change impact. 

Saving of fossil fuels. 
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- -   

Unstainable fossil fuel 

dependence. 

Diesel exhaust emissions 

toxic to environment. 

  

Economic 

Impact 

+ +++ +++ 

Technology and methods 

are established and no 

additional expenditure 

required. 

Energy sufficiency 

and self-sufficiency. 

Refining power available in 

SA. 

Infrastructure: filling stations 

and routes of distribution can 

continue to be used. 

Fuels can be tailored to the 

needs of different types of 

engines. 

Farmers can benefit by selling 

biomass for refining. 

Job creation will contribute to 

SA GDP. 

CAPEx for required de-

centralised plants. 

Increased fuel cost. 

Increased production cost and 

additional R&D required. 

 

Energy sufficiency 

and self-sufficiency. 

Refining power available in SA.  

Independence of energy imports 

and rising oil prices. 

Infrastructure: filling stations and 

routes of distribution can continue 

to be used. 

Fuels can be tailored to the needs of 

different types of engines. 

Farmers can benefit by selling 

biomass for refining. 

Job creation will contribute to SA 

GDP. 

Increased fuel cost. 

Increased production cost and 

additional R&D required. 

 

- - - - 

Oil price dependant. 

Prices likely to 

continuously increase due 

to unsustainable reserves. 

Taxes and penalties may be 

implemented in future. 

 

Cost of expansion and 

development of infrastructure 

and logistics 

for energy crop cultivation, 

processing and exports. 

Given the low volume 

production of biofuels they are 

often linked to crude-oil 

derived fuels in price and offer 

little saving to the end user 

unless the end user backward 

Cost of expansion and development 

of infrastructure and logistics 

for energy crop cultivation, 

processing and exports. 
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integrates into biofuel 

production. 

Social Impacts 

 +++ ++ 

 Strengthening of regional 

agriculture. 

Job creation. 

Wide range of raw materials 

can be used. 

No competition for land with 

food production. 

 

Strengthening of regional 

agriculture. 

Job creation. 

Wide range of raw materials can be 

used. 

No competition for land with food 

production. 

 

- -   

Adverse health impacts 

from carcinogenic diesel 

exhaust emissions. 

  

 

A sector-based approach could ease the rollout of the biofuel penetration: as an example, two 

major industries in South Africa could collaborate for mutual benefit. The sugar cane industry 

in South Africa is one of the world's leading producers of high-quality sugar with an estimated 

average production of 2.2 million tons per season (SASA 2012). The burning of sugar cane 

prior to harvest is common practice in South Africa where over 90 % of the sugar cane is burnt 

to improve harvest, handling and milling efficiencies (Pryor et al. 2017). These burn events 

result in atmospheric emissions, including semi-volatile organic compounds (Geldenhuys et al. 

2022b), that have adverse impacts on air quality and human health on a local, regional and even 

a global scale. An alternative to pre-harvest burning is “green harvesting” which involves the 

cutting of the adult cane stalk and the removal of leaves and unwanted matter which is not 

typically done as it increases harvest time and costs. The increase in cost for labour could be 

offset by remuneration for the sugarcane trash as biomass feedstock for BTL fuel. Not only 

will this have positive socio-economic impacts by additional job creation in the sugarcane 

industry, it will also result in the reduction of biomass burn emissions and lead to healthier 

more sustainable development in the sugar industry, whilst at the same time providing a 

sustainable feedstock for alternative fuel in the mining industry for sustainable development. 

Another promising avenue that would promote a circular economy would be a collaborative 

effort with the forestry industry and synthetic fuel production industry, such as Sasol, which 

would close the loop between feedstock producers, refining industry and fuel user. The mining 
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industry is currently a large off taker of poor-quality timber for mine support beams used 

underground so integration with a forestry company would not only be feasible but also 

beneficial as waste foliage is potentially a good second-generation waste source. In this sense, 

the major sectors of the country can lead by example in finding greener solutions and striving 

for carbon neutrality and pave the way for the establishment of a biofuel industry.  

5. Conclusion 

Environmental protection and the search for cleaner, more sustainable fuels are two of the most 

important concerns modern society is facing today. The projected negative impacts of climate 

change and human health as well as the volatility of oil supply are forcing governments to 

search for alternative options. The mining sector is one of the key industries contributing to the 

economy but at the same time is one of the most energy intensive sectors that needs more 

sustainable solutions. The present work focuses on the feasibility of a transition to alternative 

greener fuels with focus on biodiesel and biomass-to-liquid fuel in the platinum mining 

industry. These selected test fuels have the potential of being generated locally with sustainable 

feedstocks for first or second generation of biofuel such as from sugar cane, sunflower oil or 

waste biomass. For biofuels to be a viable alternative, these types of liquid fuels should; be 

technical compatible with existing engine technology at varying fuel blends with diesel, 

provide a net energy gain, have environmental benefits, be economically competitive and be 

producible in large quantities without reducing food supplies. It is for this reason that biomass 

residues are an increasingly popular resource for sustainable bioenergy production and they 

also have numerous environmental and socio-economic benefits for the country. 

The evaluation of the transition from diesel to alternative fuels was carried out according to 

four indicators namely; potential reductions in air emissions of harmful substances, the 

functional performance of biofuel versus diesel noted in practice when utilising these fuels in 

a LHD underground, the economic analysis of the transition from diesel to biofuel, as well as 

the cost and socio-economic implications of implementation.  

During the underground test and sampling campaign, pollutants emitted from LHD engine 

exhaust were compared when operated on pure diesel, RME and GTL and the influence of 

emissions on air quality in the mines and thereby on human health was investigated as one 

aspect of this study. Here PAHs were the target analytes due to their adverse environmental 

and human health effects and they were sampled using portable denuder devices that 

simultaneously trap gas and particle phase compounds. Results showed PAHs existed primarily 
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in the gas phase and total PAH emissions from a high-idling load haul dump vehicle decreased 

considerably when substituting the diesel fuel with gas-to-liquid or biodiesel with total PAH 

concentrations of 34; 14 and 9 µg m-3 for emissions from the diesel, GTL and RME fuelled 

engine respectively.  

Literature findings state that biodiesel and GTL can be used directly in diesel engines without 

any modification, which in the mining industry implies that the current LHD fleet can be used 

which prevents costly and time intensive replacements. However, understanding the 

combustion properties of a fuel is vital to optimise the engine. Experimental observations 

pertaining to engine performance, changes in smoke volume and opacity as well as visual 

particulate matter, that were made during sampling revealed no appreciable hinderance on 

engine performance between the three fuels but a noticeable reduction in smoke and PM when 

the diesel fuel was substituted with GTL and biodiesel.  

Cost analysis revealed that the production of second generation biofuels was below $4 per 

gallon-gasoline for various feedstocks which was lower than the current price of diesel. 

Considering potential revenue based on diesel replacement, the biofuel production plant would 

produce revenues of about 2 649 335 $ and 139 604 238 $ per year for hybrid and fully 

mechanised operation respectively. From this study it can be concluded that the use of BTL 

and/or biodiesel are feasible solutions to sustainable development in South African 

underground platinum mines and could be implemented without excessive capital expenditure 

or government support. 

A comparison of the environmental and socio-economic factors pertaining to the current use 

of diesel versus the use of biofuels clearly favours the use of biofuels with a wealth of positive 

impacts especially relevant in a developing country context. Positive impacts include job 

creation and strengthening of regional agriculture whilst the main negative impact is the cost 

of implementation. 

From this study, and evaluation of the four indicators, it can be concluded that the use of BTL 

and/or biodiesel are feasible solutions to sustainable development in South Africa underground 

platinum mines and could be implemented without excessive capital expenditure or 

government support. 
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Table S1 Sample details for underground platinum mine campaign 
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Table S2 ChromaTOF Tile list of chemical features contributing to variances between gas phase LHD PDMS 

samples for PD, RME and GTL fuel. 

Name Formula Similarity CAS Quant mass F-ratio 

Undecane C11H24 883 1120-21-4 157 482 

cis-9-Tetradecen-1-ol C14H28O 749 35153-15-2 91 397 

9-Tetradecen-1-ol, (E)- C14H28O 754 52957-16-1 93 326 

Tridecane C13H28 791 629-50-5 155 298 

Nonane C9H20 815 111-84-2 170 292 

Decane C10H22 818 124-18-5 170 280 

7-Phenyl-1-heptyl chloride C13H19Cl 765 71434-47-4 104 279 

Benzene, 1-methyl-2-(1-methylethyl)- C10H14 889 527-84-4 102 268 

3-Hexanone, 2,2-dimethyl- C8H16O 804 5405-79-8 157 225 

Benzene, 1,3-diethyl- C10H14 776 141-93-5 118 220 

p-Xylene C8H10 820 106-42-3 103 215 

Phenol, 2-methyl-6-(2-propenyl)- C10H12O 715 3354-58-3 131 193 

Benzene, 2-ethyl-1,4-dimethyl- C10H14 740 1758-88-9 131 189 

Cyclohexane, pentyl- C11H22 757 4292-92-6 67 184 

1-Undecanol C11H24O 851 112-42-5 68 173 

Benzene, 1,2,3,4-tetramethyl- C10H14 937 488-23-3 63 169 

Octane, 3,5-dimethyl- C10H22 790 15869-93-9 170 160 

Pentadecane C15H32 770 629-62-9 140 141 

n-Tridecan-1-ol C13H28O 758 112-70-9 153 139 

2,2-Dimethyl-3-heptene trans C9H18 781 19550-75-5 153 129 

Indane C9H10 806 496-11-7 74 116 

11-Hexadecen-1-ol, (Z)- C16H32O 794 56683-54-6 168 93 

1-Undecanol C11H24O 746 112-42-5 166 68 

9-Octadecenoic acid (Z)-, methyl ester C19H36O2 872 112-62-9 264 50 

Benzene, 1-ethyl-2-methyl- C9H12 833 611-14-3 62 48 

Cyclohexene, 1-methyl-4-(1-

methylethylidene)- C10H16 761 586-62-9 93 47 

Dodecanal C12H24O 764 112-54-9 155 46 

Isooctanol C8H18O 759 26952-21-6 155 41 

Hexadecane C16H34 791 544-76-3 184 38 

Cyclohexane, ethyl- C8H16 831 1678-91-7 168 38 

2(3H)-Furanone, dihydro-5-propyl- C7H12O2 755 105-21-5 85 34 

Benzofuran C8H6O 853 271-89-6 89 34 

Phthalan C8H8O 890 496-14-0 92 32 

Cyclohexane, (2-methylpropyl)- C10H20 864 1678-98-4 54 31 

1-Dodecene C12H24 758 112-41-4 153 28 

Benzene, 1,2,3-trimethyl- C9H12 964 526-73-8 134 23 

Indene C9H8 941 95-13-6 63 21 

Benzene, 1-(1,1-dimethylethyl)-3,5-

dimethyl- C12H18 807 98-19-1 146 21 

Azulene C10H8 915 275-51-4 135 21 

Cyclopentadecanol C15H30O 774 4727-17-7 124 20 

1-Tridecene C13H26 769 2437-56-1 139 19 
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2-Naphthaleneethanol C12H12O 765 1485-07-0 154 19 

Oxirane, [[(2-ethylhexyl)oxy]methyl]- C11H22O2 707 2461-15-6 167 18 

Phenol, 2,6-dimethyl- C8H10O 731 576-26-1 104 17 

Benzaldehyde, 2-hydroxy- C7H6O2 860 1990/02/08 94 17 

Acetophenone C8H8O 829 98-86-2 76 15 

Oleyl Alcohol C18H36O 703 143-28-2 79 15 

Phenol, 3-methyl- C7H8O 876 108-39-4 90 14 

Î³ Dodecalactone C12H22O2 713 2305/05/07 141 14 

1,2-Naphthalenedione C10H6O2 826 524-42-5 129 13 

1-Pentanol, 3-methyl- C6H14O 774 589-35-5 56 13 

Naphthalene, 1-methyl- C11H10 945 90-12-0 70 13 

1,1'-Biphenyl, 2-methyl- C13H12 922 643-58-3 170 13 

Vitamin A aldehyde C20H28O 762 116-31-4 164 13 

Benzene, propyl- C9H12 880 103-65-1 105 11 

1(2H)-Naphthalenone, 3,4-dihydro-

5,7-dimethyl- C12H14O 710 13621-25-5 187 11 

Hexane, 2,4-dimethyl- C8H18 838 589-43-5 142 11 

Octadecanoic acid, methyl ester C19H38O2 839 112-61-8 255 10 

Naphthalene, 1-(1-methylethyl)- C13H14 846 6158-45-8 156 10 

1-Pentadecene C15H30 726 13360-61-7 111 10 

Tetracosane C24H50 772 646-31-1 74 10 

4-Isopropylcyclohexanone C9H16O 719 5432-85-9 139 10 

Hexadecanoic acid, methyl ester C17H34O2 847 112-39-0 241 9 

9-Hexadecen-1-ol, (Z)- C16H32O 705 10378-01-5 220 9 

Eicosane C20H42 856 112-95-8 226 9 

Tridecanoic acid, methyl ester C14H28O2 862 1731-88-0 326 9 

Gibberellic acid C19H22O6 785 1977/06/05 271 9 

n-Hexadecanoic acid C16H32O2 725 1957/10/03 303 9 

Heptadecanoic acid, methyl ester C18H36O2 761 1731-92-6 284 9 

Dodecanoic acid, methyl ester C13H26O2 807 111-82-0 87 9 

Î² Carotene C40H56 765 7235-40-7 292 9 

1-Decanol C10H22O 830 112-30-1 54 9 

Naphthalene, 1,6,7-trimethyl- C13H14 873 2245-38-7 142 9 

Cholest-5-en-3-ol (3Î²)-, 

tetradecanoate C41H72O2 713 1989-52-2 258 9 

Retinal, 9-cis- C20H28O 755 514-85-2 257 9 

n-Pentadecanol C15H32O 722 629-76-5 294 9 

Biphenyl C12H10 968 92-52-4 76 9 
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Figure SI Photograph of load haul dump vehicle used for underground mining operations 
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Chapter 5: Development of a novel sampler based on graphene 

wool (Paper 4) 
 

This chapter consists of three papers that were published in the Journal of Materials Science, 

ACS Omega & Environmental Technology & Innovation, respectively 

 

Firstly, the synthesis and optimisation of a novel graphene wool material is presented in Paper 

4 which was published in the Journal of Materials Science.  

 

Schoonraad, G., Madito J.M., Manyala N. and Forbes P.B.C. 2020. Synthesis and optimisation 

of a novel graphene wool material by atmospheric pressure chemical vapour deposition, 

Journal of Materials Science, 55, 545-564. DOI: https://doi.org/10.1007/s10853-019-03948-0. 

 

Author contributions 

G Schoonraad: Conceptualization, Investigation, Methodology, Formal analysis, Writing - 

original draft. J.M Madito: Conceptualization, Investigation, Methodology, Formal analysis, 

Writing - review & editing. N Manyala: Resources, Writing - review & editing. P.B.C Forbes: 

Conceptualization, Methodology, Investigation, Formal analysis, Writing - review & editing, 

Supervision, Project administration, Resources, Funding acquisition. 
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Secondly, investigations into graphene wool material as an adsorbent material are presented in 

Paper 5 which was published in ACS Omega. 

 

Geldenhuys, G., Mason, Y., Dragan, G.C., Zimmermann, R. and Forbes, P.B.C. 2021. Novel 

graphene wool gas adsorbent for volatile and semi-volatile organic compounds. ACS Omega, 

6(38):24765-76. DOI: https://doi.org/10.1021/acsomega.1c03595.  

 

Author contributions 

G Geldenhuys: Conceptualization, Methodology, Investigation, Formal analysis, Writing - 

original draft. Y Mason: Methodology, Investigation, Formal analysis, Writing - review & 

editing. G.C Dragan: Methodology, Investigation, Formal analysis, Project administration, 

Writing - review & editing. R Zimmermann: Conceptualization, Resources, Funding 

acquisition. P.B.C Forbes: Conceptualization, Methodology, Investigation, Formal analysis, 

Writing - review & editing, Supervision, Project administration, Resources, Funding 

acquisition 

  

https://doi.org/10.1021/acsomega.1c03595
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Thirdly, practical application of the graphene wool sampler is presented in Paper 6 whereby 

fuel emissions from a combustion aerosol standard system were measured and compared when  

using GW, PDMS traps and commercial activated charcoal. Paper 6 was published in 

Environmental Technology & Innovation. 

 

Mason, Y.C., Schoonraad, G., Orasche, J., Bisig, C., Jakobi, G., Zimmermann, R., and Forbes, 

P.B.C. 2020. Comparative sampling of gas phase volatile and semi-volatile organic fuel 

emissions from a combustion aerosol standard system. Environmental Technology & 

Innovation, 19, 100945. DOI: https://doi.org/10.1016/j.eti.2020.100945.  

 

Author contributions 

Y.C Mason: Investigation, Formal analysis, Writing - original draft. G Schoonraad: 

Conceptualization, Investigation. J Orasche: Methodology, Investigation, Formal analysis, 

Project administration, Writing - review & editing. C Bisig:  Methodology, Investigation, 

Writing - review & editing. G Jakobi: Methodology, Investigation. R Zimmermann: 

Conceptualization, Resources, Funding acquisition. P.B.C Forbes: Conceptualization, 

Methodology, Investigation, Formal analysis, Writing - review & editing, Supervision, Project 

administration, Resources, Funding acquisition. 

 

https://doi.org/10.1016/j.eti.2020.100945
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Paper 6: Supplementary Information 

 

 

Figure S1: Graphene wool sampler showing the GW of 60 mm bed length housed in a glass tube with glass end 

caps held in place by Teflon sleeves. Source: Adapted from (Schoonraad and Forbes, 2019b). 

 

Figure S2: Photograph of the CAST generator sampling set-up. 
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Figure S3: Photograph of the sampler setup for the activated charcoal, GW and PDMS samplers, respectively, 

during CAST sampling events. Note: The fourth sampling point was for another experiment and is not reported 

on here. 

Table S1: Standards and internal standards used in this study. 

Standard Supplier 

Naphthalene Alfa Aesar 

Fluorene Fluka 

Acenaphthene Fluka 

Acenaphthylene Supelco 

Phenanthrene Alfa Aesar 

Anthracene Fluka 

1-Methylnaphthalene Aldrich 

1,2-Dimethylnaphthalene Alfa Aesar 

2-Methylnaphthalene Supelco 

Biphenyl Supelco 

1-Methylfluorene Aldrich 

Fluoranthene Fluka 

Pyrene Sigma-Aldrich 

Benzene Carl Roth 

Toluene Carl Roth 

M-Xylene Fluka 

O-Xylene Vwr 

Ethylbenzene Alfa Aesar 

Benzaldehyde Sigma Aldrich 

Styrene Fluka 

Phenol Merck 

Indene Aldrich 

Indane Fluka 

Alkane Standard Solution C8-C20 Sigma-Aldrich 
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Benzene D6 Fluka 

Toluene D8 Sigma Aldrich 

O-Xylene D10 Sigma Aldrich 

Naphthalene D8 Sigma Aldrich 

Biphenyl D10 Cil - Cambridge Isotope Institute 

Acenaphthylene D8 Cil-Cambridge Isotope  Laboratories 

Acenaphthene D10 Sigma Aldrich 

Fluorene D10 Supelco 

Phenanthrene D10 Cil-Cambridge Isotope Laboratories 

Anthracene D10 Cil - Cambridge Isotope Institute 

N-Heptane D16 Sigma Aldrich 

N-Dodecane D26 Sigma Aldrich 

N-Hexadecane D34 Aldrich 

Table S2: Ambient conditions at the start of sampling events for this study 

Measurement 
Barometric 

Pressure (hPa) 

Wet Bulb 

(°C) 

Dry Bulb 

(°C) 

B0 1 955.5 20.4 26.8 

GTL 1 955.8 20.4 26.8 

GTL 2 955.9 10.7 27.0 

RME 1 956.0 10.7 27.0 

RME 2 956.1 9.0 27.7 

B0 2 956.2 9.0 27.7 

 

Table S3: Mean FTIR results for the sampling events of the undiluted fuel emissions over each 10 min sampling 

period. 

Sample H2O (%) CO2 (%) CO (ppm) O2 (%) 

B0 1 0.58 0.58 9.51 10.30 

B0 2 0.57 0.58 9.48 10.30 

B0 3 0.65 0.58 9.40 10.20 

B0 4 0.66 0.58 9.42 10.20 

Mean 0.62 0.58 9.45 10.25 

SD 0.05 0.00 0.05 0.06 

%RSD 7.42 0.13 0.55 0.56 

GTL 1 0.56 0.58 7.89 10.31 

GTL 2 0.56 0.58 7.86 10.31 

GTL 3 0.66 0.58 7.63 10.50 

GTL 4 0.65 0.58 7.65 10.45 

Mean 0.61 0.58 7.76 10.39 

SD 0.06 0.00 0.14 0.10 

%RSD 9.10 0.21 1.77 0.94 

RME 1 0.62 0.60 7.25 10.26 

RME 2 0.62 0.60 7.30 10.28 

RME 3 0.67 0.60 7.32 10.45 
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RME 4 0.67 0.59 7.64 10.41 

Mean 0.64 0.60 7.38 10.35 

SD 0.03 0.00 0.18 0.10 

%RSD 4.79 0.63 2.43 0.93 

 

 

 

 

Figure S4: Comparison of sampling event replicates for B0 a), GTL b) and RME c) 
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Table S4:  Concentrations of target analytes detected upon analysis of blank samplers. (n.d.) denotes that the 

specific target analyte was not detected. 

Analyte Concentration detected (ng) 

 PDMS GW Activated charcoal 

Benzene 6.72 n.d. 74.95 

Toluene 35.60 n.d. 19.25 

Ethylbenzene n.d. n.d. n.d. 

m-Xylene n.d. n.d. n.d. 

o-Xylene 0.01 n.d. n.d. 

Benzaldehyde n.d. n.d. n.d. 

Styrene n.d. n.d. n.d. 

Phenol n.d. n.d. n.d. 

Indene n.d. n.d. n.d. 

Indane n.d. n.d. n.d. 

Naphthalene 0.07 n.d. n.d. 

Fluorene n.d. n.d. n.d. 

Biphenyl 0.01 n.d. n.d. 

Acenaphthene n.d. n.d. n.d. 

Acenaphthylene n.d. n.d. n.d. 

Phenanthrene 0.01 n.d. n.d. 

Anthracene 0.01 n.d. n.d. 

Fluoranthene n.d. n.d. n.d. 

Pyrene n.d. n.d. n.d. 

2-Methylnaphthalene n.d. n.d. n.d. 

1-Methylnaphthalene n.d. n.d. n.d. 

1,2-Dimethylnaphthalene n.d. n.d. n.d. 

1-Methylfluorene n.d. n.d. n.d. 

n-Octane n.d. n.d. n.d. 

n-Nonane n.d. n.d. n.d. 

n-Decane 0.01 n.d. n.d. 

n-Undecane 0.01 n.d. n.d. 

n-Dodecane n.d. n.d. n.d. 

n-Tridecane n.d. n.d. n.d. 

n-Tetradecane 0.05 n.d. n.d. 

n-Pentadecane 0.07 n.d. n.d. 

n-Hexadecane 0.09 n.d. n.d. 

n-Heptadecane n.d. n.d. n.d. 

n-Octadecane n.d. n.d. n.d. 

n-Nonadecane n.d. n.d. n.d. 

n-Eicosane n.d. n.d. n.d. 
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Table S5:  Concentrations of target analytes detected upon thermal desorption of GW samplers after sampling 

the emissions of CAST combustion of different fuels with associated standard deviations between sampling 

duplicates. (n.d.) denotes that the specific target analyte was not detected for a specific analyte/sampler 

combination. 

 
Average concentrations of target 

analyte (µg.m-3) 

%RSD of the duplicate 

measurements 

Target analytes B0 GTL RME B0 GTL RME 

Benzene 96.63 21.65 26.57 10.09 12.28 5.96 

Toluene 773.83 148.24 161.10 3.72 2.33 2.30 

Ethylbenzene 23.19 1.36 6.39 0.63 14.06 9.05 

m-Xylene 54.90 3.07 11.99 22.43 5.60 16.96 

o-Xylene 13.36 1.12 3.79 2.91 8.52 15.63 

Benzaldehyde 15.69 6.95 6.82 19.46 1.25 0.33 

Styrene 9.78 5.62 5.03 24.03 10.74 0.52 

Phenol 15.01 4.38 4.15 0.56 9.58 8.68 

Indene 5.53 4.30 2.59 0.02 9.73 0.74 

Indane 1.33 0.40 0.31 28.53 9.97 4.56 

Naphthalene 12.83 7.40 6.37 13.75 12.64 4.89 

Fluorene 0.28 0.07 0.07 61.87 141.11 31.98 

Biphenyl 0.85 0.30 0.30 10.94 19.21 15.14 

Acenaphthene 0.15 0.06 0.04 141.45 1.59 8.33 

Acenaphthylene 0.42 0.23 0.16 84.21 1.13 11.05 

Phenanthrene 0.81 0.21 0.22 34.41 0.37 30.69 

Anthracene 0.07 0.04 0.01 24.32 63.85 142.59 

Fluoranthene 0.44 0.12 0.05 28.34 34.07 7.66 

Pyrene 1.18 0.29 0.09 38.74 10.01 29.98 

2-Methylnaphthalene 2.06 0.90 0.75 30.84 4.45 12.39 

1-Methylnaphthalene 1.46 0.52 0.47 29.26 15.43 4.34 

1,2-

Dimethylnaphthalene 
n.d. n.d. n.d. n.d. n.d. n.d. 

1-Methylfluorene n.d. n.d. n.d. n.d. n.d. n.d. 

n-Octane 2.90 n.d. n.d. 141.42 n.d. n.d. 

n-Nonane 4.45 n.d. n.d. 28.04 1.78 n.d. 

n-Decane 7.90 1.63 1.43 24.32 1.24 9.17 

n-Undecane 8.72 2.24 1.52 13.65 8.92 7.10 

n-Dodecane 8.76 3.02 2.75 18.82 2.74 11.17 

n-Tridecane 6.06 2.14 1.80 33.12 9.88 10.07 

n-Tetradecane 10.74 5.81 4.71 58.44 4.16 16.36 

n-Pentadecane 3.62 3.44 3.02 54.29 32.67 0.62 

n-Hexadecane 5.22 6.34 4.06 59.61 20.35 23.37 

n-Heptadecane 2.16 1.66 1.17 40.45 17.83 26.03 

n-Octadecane 2.25 2.10 0.74 50.89 62.41 8.76 

n-Nonadecane 2.78 0.91 0.51 76.23 2.11 21.29 

n-Eicosane 1.82 0.57 0.30 69.41 8.14 22.08 

Total VOCs + SVOCs 1097.16 237.09 259.29    
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Table S6:  Concentrations of target analytes detected upon thermal desorption of PDMS samplers after sampling 

the emissions of CAST combustion of different fuels with associated standard deviations between sampling 

duplicates. (n.d.) denotes that the specific target analyte was not detected for a specific analyte/sampler 

combination. 

 
Average concentrations of target 

analyte (µg.m-3) 

%RSD of the duplicate 

measurements 

Target analytes B0 GTL RME B0 GTL RME 

Benzene 374.65 76.74 71.51 8.72 8.89 7.15 

Toluene 774.41 159.30 158.30 0.18 1.61 0.36 

Ethylbenzene 7.91 2.07 2.57 18.31 1.64 29.13 

m-Xylene 22.07 2.73 5.36 34.95 12.19 30.19 

o-Xylene 7.31 1.01 2.38 17.10 38.32 19.83 

Benzaldehyde 59.86 27.56 20.25 37.49 9.69 7.30 

Styrene 6.53 5.14 3.79 16.97 17.68 11.63 

Phenol 54.34 13.28 12.62 6.01 13.91 12.16 

Indene 4.28 4.03 3.03 1.99 13.75 7.79 

Indane 0.35 0.44 0.25 0.00 5.16 7.45 

Naphthalene 13.45 8.96 6.55 23.13 3.17 6.07 

Fluorene 0.66 0.09 0.09 61.04 141.31 50.64 

Biphenyl 0.80 0.31 0.14 48.49 74.59 4.80 

Acenaphthene 0.38 0.12 0.03 80.47 21.37 141.25 

Acenaphthylene 0.21 0.31 0.27 141.26 7.57 4.26 

Phenanthrene 1.07 0.22 0.21 71.78 76.52 52.34 

Anthracene 0.25 n.d. 0.01 64.40 n.d. 142.86 

Fluoranthene 0.61 0.05 0.05 5.45 5.17 30.53 

Pyrene 0.51 0.16 0.10 119.65 47.45 2.00 

2-Methylnaphthalene 3.07 1.11 0.86 75.32 24.08 3.62 

1-Methylnaphthalene 2.10 0.78 0.55 32.75 14.58 7.71 

1,2-Dimethylnaphthalene 0.38 n.d. n.d. 141.36 n.d. n.d. 

1-Methylfluorene n.d. n.d. n.d. n.d. n.d. n.d. 

n-Octane n.d. n.d. n.d. n.d. n.d. n.d. 

n-Nonane n.d. n.d. n.d. n.d. n.d. n.d. 

n-Decane 5.73 2.13 1.09 141.43 49.46 0.26 

n-Undecane 8.19 3.25 1.52 141.42 38.41 10.44 

n-Dodecane 16.44 4.42 3.92 72.83 64.28 66.00 

n-Tridecane 16.87 4.56 1.66 97.65 84.11 2.39 

n-Tetradecane 520.12 119.29 4.36 139.33 137.22 30.47 

n-Pentadecane 150.05 31.72 2.20 131.22 130.84 0.39 

n-Hexadecane 1672.63 12.29 9.82 140.53 55.46 96.35 

n-Heptadecane 7.50 1.57 0.93 53.58 57.03 28.53 

n-Octadecane 10.30 2.13 1.09 46.23 69.11 6.49 

n-Nonadecane 18.57 1.16 0.89 26.85 27.60 6.40 

n-Eicosane 6.44 1.02 0.64 12.58 33.06 12.86 

Total VOCs + SVOCs 3768.03 487.96 317.03    
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Table S7a: LODs and LOQs (ng) of target analytes for different samplers, namely PDMS, GW and activated 

charcoal. PDMS and GW samplers were directly thermally desorbed whilst the activated charcoal extract was 

first extracted with CS2 and the extract was injected into the GC port. (-) denotes that content is unavailable for 

a specific analyte/sampler combination. 

 Abr. LOD (ng) LOQ (ng) 

Target analytes  PDMS GW Charcoal PDMS GW Charcoal 

Benzene - 0.03 0.44 0.002 0.09 1.45 0.01 

Toluene - 0.001 0.01 0.002 0.004 0.04 0.01 

Ethylbenzene - 0.02 0.09 0.003 0.06 0.29 0.01 

m-Xylene - 0.05 2.27 0.004 0.15 7.58 0.01 

o-Xylene - 0.07 0.07 0.002 0.22 0.24 0.01 

Benzaldehyde - 0.07 0.13 - 0.22 0.42 - 

Styrene - 0.02 0.13 0.001 0.06 0.43 0.003 

Phenol - 0.04 0.09 0.003 0.14 0.31 0.01 

Indene - 0.05 0.06 - 0.15 0.19 - 

Indane - 0.03 0.06 - 0.11 0.19 - 

Naphthalene Naph 0.004 0.86 0.001 0.01 2.85 0.003 

Fluorene FluE 0.02 0.03 - 0.08 0.11 - 

Biphenyl Biph 0.01 0.01 - 0.04 0.04 - 

Acenaphthene AceE 0.02 0.04 - 0.07 0.13 - 

Acenaphthylene AceY 0.02 0.02 - 0.06 0.08 - 

Phenanthrene Phe 0.01 0.02 - 0.05 0.05 - 

Anthracene Anth 0.02 0.02 - 0.06 0.06 - 

Fluoranthene FluA 0.01 0.02 - 0.03 0.05 - 

Pyrene Pyr 0.01 0.01 - 0.03 0.05 - 

2-Methylnaphthalene 2-Mnap 0.03 0.03 - 0.11 0.10 - 

1-Methylnaphthalene 1-MNap 0.10 0.58 - 0.33 1.92 - 

1,2-Dimethylnaphthalene 

1,2-

DiMNa

p 

0.001 0.31 - 0.002 1.02 - 

1-Methylfluorene 1-MF 0.03 0.05 - 0.10 0.16 - 

n-Octane n-Oct 4.00 3.95 - 13.33 13.16 - 

n-Nonane n-Non 0.79 3.95 - 2.63 13.16 - 

n-Decane n-Dec 0.19 0.63 - 0.62 2.10 - 

n-Undecane n-Und 0.07 0.26 - 0.24 0.87 - 

n-Dodecane n-Dod 0.05 0.07 - 0.17 0.24 - 

n-Tridecane n-Tri 0.06 0.05 - 0.21 0.17 - 

n-Tetradecane n-Tet 0.02 0.04 - 0.06 0.12 - 

n-Pentadecane n-Pent 0.03 0.03 - 0.09 0.12 - 

n-Hexadecane n-Hex 0.04 0.04 - 0.12 0.12 - 

n-Heptadecane n-Hept 0.02 0.03 - 0.07 0.10 - 

n-Octadecane n-OctD 0.03 0.04 - 0.10 0.14 - 

n-Nonadecane n-NonD 0.04 0.04 - 0.13 0.13 - 

n-Eicosane n-Eic 0.05 0.12 - 0.16 0.41 - 
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Table S7b: LODs and LOQs (ng.m-3) of target analytes for different samplers, namely PDMS, GW and activated 

charcoal. PDMS and GW samplers were directly thermally desorbed whilst the activated charcoal extract was 

first extracted with CS2 and 1 µL of the 3 mL extract was injected into the GC port. (-) denotes that content is 

unavailable for a specific analyte/sampler combination. 

 Abr. LOD (µg.m-3) LOQ (µg.m-3) 

Target analytes  PDMS GW Charcoal PDMS GW Charcoal 

Benzene - 0.01 0.09 0.99 0.02 0.29 3.31 

Toluene - 0.0002 0.002 1.10 0.00 0.01 3.66 

Ethylbenzene - 0.004 0.02 1.78 0.01 0.06 5.94 

m-Xylene - 0.01 0.45 2.26 0.03 1.52 7.55 

o-Xylene - 0.01 0.01 1.49 0.04 0.05 4.95 

Benzaldehyde - 0.01 0.03 - 0.04 0.08 - 

Styrene - 0.003 0.03 0.62 0.01 0.09 2.08 

Phenol - 0.01 0.02 1.50 0.03 0.06 5.01 

Indene - 0.01 0.01 - 0.03 0.04 - 

Indane - 0.01 0.01 - 0.02 0.04 - 

Naphthalene Naph 0.001 0.17 0.48 0.00 0.57 1.59 

Fluorene FluE 0.005 0.01 - 0.02 0.02 - 

Biphenyl Biph 0.002 0.003 - 0.01 0.01 - 

Acenaphthene AceE 0.004 0.01 - 0.01 0.03 - 

Acenaphthylene AceY 0.004 0.005 - 0.01 0.02 - 

Phenanthrene Phe 0.003 0.003 - 0.01 0.01 - 

Anthracene Anth 0.004 0.004 - 0.01 0.01 - 

Fluoranthene FluA 0.002 0.003 - 0.01 0.01 - 

Pyrene Pyr 0.002 0.003 - 0.01 0.01 - 

2-Methylnaphthalene 2-Mnap 0.01 0.01 - 0.02 0.02 - 

1-Methylnaphthalene 1-MNap 0.02 0.12 - 0.07 0.38 - 

1,2-Dimethylnaphthalene 
1,2-

DiMNap 
0.0001 0.06 - 0.00 0.20 - 

1-Methylfluorene 1-MF 0.01 0.01 - 0.02 0.03 - 

n-Octane n-Oct 0.80 0.79 - 2.67 2.63 - 

n-Nonane n-Non 0.16 0.79 - 0.53 2.63 - 

n-Decane n-Dec 0.04 0.13 - 0.12 0.42 - 

n-Undecane n-Und 0.01 0.05 - 0.05 0.17 - 

n-Dodecane n-Dod 0.01 0.01 - 0.03 0.05 - 

n-Tridecane n-Tri 0.01 0.01 - 0.04 0.03 - 

n-Tetradecane n-Tet 0.003 0.01 - 0.01 0.02 - 

n-Pentadecane n-Pent 0.01 0.01 - 0.02 0.02 - 

n-Hexadecane n-Hex 0.01 0.01 - 0.02 0.02 - 

n-Heptadecane n-Hept 0.004 0.01 - 0.01 0.02 - 

n-Octadecane n-OctD 0.01 0.01 - 0.02 0.03 - 

n-Nonadecane n-NonD 0.01 0.01 - 0.03 0.03 - 

n-Eicosane n-Eic 0.01 0.02 - 0.03 0.08 - 
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Chapter 6: Conclusions and Recommendations for Future Work 

 

6.1 Conclusions 

 

There is a clear need for sustainable solutions to the major problems that modern society is 

facing, including the decline in the health of our environment. Greener energy sources, 

specifically biofuel as a replacement for petrogenic liquid fuels, was therefore a focus of this 

study. Sampling of airborne environmental markers, such as polycyclic aromatic hydrocarbons 

(PAHs), is a key component in evaluating the potential reductions in air pollutants upon such 

a transition. This further highlighted the need for additional sampling methodologies that are 

more practical and sustainable than what is currently commercially available. This work was 

carried out in a sector-based approach in order for findings to be as impactful as possible, so 

that realisation of the recommendations can be achieved in a developing country context. 

One of the main environmental challenges in a developing country is that of combustion 

emissions from a generally aged and less technologically advanced vehicle fleet. To address 

this, a light duty diesel engine dynamometer study was conducted, as discussed in Chapter 2. 

This study allowed for the establishment of a “status quo” in terms of PAH air emissions from 

diesel vehicles which can be used to develop emission inventories and the EFs could be used 

in models to simulate scenarios in further investigating a transition to alternative fuels. 

Polydimethylsiloxane (PDMS) denuder devices were employed to quantify both gas and 

particle phase PAH emissions with an analytical method devoid of toxic solvents that can be 

considered to be more environmentally friendly and sustainable than solvent-based approaches. 

Total PAH emission factors (EFs) were determined to be 1181.14 and 592.10 μg kg-1 for the 

idle and maximum power mode respectively and over 80 % of PAHs were found in the gas 

phase. This work emphasized the need for an adequate sampling methodology that accounts 

for partitioning of airborne analytes between phases to calculate more accurate emission 

inventories that can be used to guide air quality management plans as well as reduction and 

abatement strategies. It was for the first time that PAH EFs were determined for vehicles in SA 

and the developed methodology can be applied in future to assess alternative fuels. 

Atmospheric pollutants emitted during biomass burning is another source of air pollution in 

South Africa, with the practice of traditional pre-harvest sugar cane burning contributing 

significantly to air pollution on a local and even global scale. The potential for sugar cane and 

its biomass to be used as feedstock for biofuel production is what drove the agenda for the 
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sampling campaign detailed in Chapter 3. Here, gaseous and particulate PAH emissions from 

various sugar cane burn events were simultaneously sampled using the same portable denuder 

sampling technology, which again proved to be a green approach to PAH monitoring which is 

well suited to in-field applications. This was the first study to fully characterise PAHs in both 

phases in emissions from sugar cane burning in South Africa. The PAH concentrations 

quantified during current pre-harvest burning can be compared to alternative practices and be 

used as motivation to transition to more sustainable solutions. 

Individual and total PAHs detected in the sugar cane burn emissions ranged from two ring 

naphthalene to four ring pyrene and concentrations were increased 10-fold compared to 

background air samples. The total PAHs in the primary trap samples for all the burn events, 

(equating to 17.2 µg m-3) accounted for over 90% of total PAHs detected in the samples, 

signifying that the majority of PAHs were in the gas phase. This further iterates the need for 

gas phase PAH monitoring and abatement especially since the smaller, gas phase PAHs, having 

higher vapour pressures, undergo atmospheric oxidative conversions and aging reactions which 

contribute to the toxicity of the resulting secondary organic aerosols. The PAH fingerprints 

were substantially different between the various burn events indicating the vital role that 

prevailing weather conditions, as well as the nature of the burn and the crop, have on PAH 

emissions and the gas-particle partitioning thereof. Fast, contained burns resulted in lower PAH 

emissions due to more complete combustion while slow, smouldering burns resulted in higher 

PAH emissions. Higher relative humidity and lower ambient temperatures during burns 

favoured higher concentrations of particle phase PAHs with the opposite for high ambient 

temperatures and low humidities which favoured the gas phase. Crop varieties with abundant 

leaf matter contributed to efficient and contained combustion and thus lower PAH 

concentrations whilst bare stalk and resin rich varieties were conducive to a smouldering burn 

with higher PAH concentrations. 

Realistically, a full transition to ‘green harvesting’ will not take place in the short term and pre-

harvest burning is a practice that will still be adopted for many years to come due to its 

associated financial benefits. Thus, this study and the recommended future strategies can be 

used as a tool by the sugar industry to further optimise burn conditions to ensure more complete 

combustion, and thus lower PAH emissions. 

Following findings and recommendations in Chapter 2 and 3, a sector specific feasibility study 

was conducted as discussed in Chapter 4. The platinum mining industry is one of the main 
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consumers of energy in the country and critical mining operations include the extensive use of 

trackless mobile diesel machinery, thus implying that this sector would have much to gain from 

a transition to more sustainable fuel. In this study, pollutants emitted from a load haul dump 

(LHD) engine exhaust in an underground platinum mine were compared when the vehicle was 

operated on pure diesel, rapeseed methyl ester (RME) and gas-to-liquid (GTL) fuel with the 

aim of determining the influence of PAH emissions on air quality in the mines. This was the 

first study in South Africa to report on and compare PAH emissions from an LHD using 

different fuels based on in situ sampling in the underground mining environment. Portable 

denuder sampling devices were used to sample PAHs and were found to be fit for use in this 

challenging underground mining environment.  PAH combustion emissions from the LHD in 

high idling mode decreased dramatically when substituting the diesel fuel with GTL or RME 

fuels. Total PAH gas phase emissions of 42; 18 and 11 µg m-3 were reported for diesel, GTL 

and RME respectively, and no substantial hinderance to engine performance or power was 

reported. After considering cost and sensitivity factors, it can be concluded that the production 

and use of biomass-to-liquid (BTL) and biodiesel fuels is a potentially feasible solution towards 

sustainability in SA underground platinum mines and could be implemented without excessive 

capital expenditure or government support. The findings of this study and adopted 

methodology may also further aid in the determination of a strategy to biofuel industrialisation 

in SA. 

The PDMS denuder samplers that were used successfully throughout this project proved to be 

a practical, portable, robust and cost-effective solution to the collection of semi-volatile organic 

compounds in challenging environments, but these samplers did have limitations regarding the 

scope of analytes that could be sampled. This restriction sparked the investigation into a novel 

graphene wool (GW) material for use as an adsorbent medium. The in situ synthesis of GW 

onto quartz wool allowed the graphene to be directly synthesised into GW via non-catalytic 

chemical vapour deposition and avoided post-growth transfer and isolation steps. The resultant 

fibrous GW was flexible, malleable and compressible, allowing for a wealth of potential 

applications. 

To address air pollutant monitoring capabilities of this novel material, a GW sampler was 

optimised in terms of sorbent mass, bed length and packing density and was tested for its use 

for a range of volatile and semi-volatile analytes. The GW sampler was compared to PDMS 

traps and commercial charcoal samplers to assess sampling efficacy. This was investigated by 

the adsorption of vaporized alkane standards on the different samplers using a condensation 
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aerosol generator in a temperature-controlled chamber and subsequent detection by FID. The 

gas phase collection efficiency of the GW sampler was found to be >90% for octane, dodecane, 

and hexadecane at ambient temperatures, which was comparable to that of activated charcoal. 

The humidity uptake onto GW was found to be insignificant (less than 1% (m/m)). 

Breakthrough studies showed the favourable adsorption of polar molecules on the GW, which 

was attributed to the defective nature of the graphene and its inhomogeneous coating. This 

suggested that the polar versus non-polar uptake potential of the GW may be tuned by varying 

the graphene layering on the quartz wool substrate during synthesis. The GW sampler was then 

tested by means of a combustion aerosol standard system (CAST) where it performed 

comparably to the PDMS trap in terms of sampling and thermal desorption of non-polar semi-

volatile organic compounds, with total reported alkane concentrations after thermal desorption 

of GW and PDMS samplers being 17.96 ± 13.27 and 18.30 ± 16.42 μg m−3 respectively.  

In line with sustainability, GW is a novel adsorbent that overcomes limitations of commercially 

available sorbents, such as once-off usage and the need for solvent extraction which is time 

consuming and requires toxic solvents, and provides new, exciting possibilities for the 

monitoring of organic air pollutants. GW displays numerous advantages, including high 

sampling efficiencies, simple and cost-effective synthesis of the thermally stable GW, solvent-

free and environmentally friendly analysis, and, importantly, the potential reusability of 

samplers. Another significant advantage of GW as a sorbent is the possibility of tailoring the 

surface chemistry for targeted polar or non-polar analytes by modifying the surface coverage 

of graphene. 

Overall, this research has shed new light on current environmental and human health issues in 

South Africa, and of global interest, and provides a valuable basis for decision makers in both 

regulatory bodies and related industries, to take necessary action in planning long term bio-

economical and sustainable resource management strategies. One such imperative is the 

transition to alternative fuels and the promotion of a circular economy, whereby a collaboration 

between the key sectors would close the loop between feedstock producers, the refining 

industry and fuel users in the country. An example of this would be the transition from the 

traditional pre-harvest sugar cane burning to green harvesting which will not only allow 

converting the unneeded waste biomass into fuel for the mining industry, but will also 

substantially decrease PAHs, PM and other hazardous air emissions resulting from open 

burning of agricultural wastes.  
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6.2 Recommendations for future work 

 

The work presented in each chapter of this thesis could be expanded on further. It is suggested 

that PAH emission inventories, with EFs, be established for all studies with larger sample sets 

and more replicates for enhanced statistical significance. The scope of analytes should be 

increased to include oxygenated and nitrated PAH derivatives and methods for the analysis of 

these compounds should be developed and fully optimised. It is also recommended that the 

method for desorption of heavier particulate phase PAHs on QFFs also be fully optimised and 

specific component toxicity studies should be done with emphasis on benzo[a]pyrene. 

The feasibility study focused on two key industries in SA that have great potential in promoting 

a circular economy. Future work should investigate the potential implementation of production 

and use of BTL fuel instead of diesel which would be facilitated by the completion of a more 

comprehensive feasibility study with additional input from the sugar cane and refining 

industries and include social studies to identify and assess any barriers to implementation and 

how they can be overcome. In order further evaluate the reduction of emissions when 

transitioning to biofuel and add to the results reported on the PAH concentrations, it is 

recommended that a more comprehensive study be done whereby regulated combustion 

pollutants be measured in parallel which can be done by using a controlled dynamometer setup 

as described in Paper 1. 

Further testing and optimisation of the GW sampler is required and a full validation should be 

performed. One such example is headspace gas sampling where the breakthrough of analytes 

can be determined by means of permeation tubes. A starting point would be the determination 

of breakthrough of naphthalene as this can be directly compared to the available validation data 

relating to PDMS sorbents. The thermal desorption of the GW samplers should be optimized 

and the samplers should be used in parallel with other sorbents during sampling campaigns to 

enable further the comparative studies. Furthermore, an investigation into the effect of surface 

tuning and doping of GW during synthesis would expand on the current scope of applications 

and give a more fundamental understanding of the mechanisms at play during sorption. The 

GW samplers should be tested for additional matrices, such as water, to establish and optimise 

environmental monitoring methods. 
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Appendix A: Co-authored paper 1 

 

This paper was published in Gefahrstoffe Reinhaltung Der Luft. 

 

Geitner, V., Orasche, J., Dragan, G.C., Jakobi, G., Schnelle-Kreis, J., Geldenhuys, G.L., 

Forbes, P.B.C., Karg, E.W., Breuer, D. and Zimmermann, R. 2021. Feasibility study of portable 

sampling techniques for combustion related airborne particulates in a platinum mine. 

Gefahrstoffe Reinhaltung Der Luft. 81(9-10): 386-396 
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Appendix B: Co-authored paper 2 

 
This paper was published in Air Quality, Atmosphere & Health. 

 

Gawlitta; N., Orasche; J., Geldenhuys; G., Jakobi; G., Wattrus, M., Jennerwein; M., Michalke; 

B., Gröger; T., Forbes; P.B.C. and Zimmermann, R. 2022. A study on the chemical profile and 

the derived health effects of heavy-duty machinery aerosol with a focus on the impact of 

alternative fuels. Air Quality, Atmosphere & Health :1-17. DOI: 

https://doi.org/10.1007/s11869-022-01287-9.  
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Appendix C: Certificate of Analysis of the PAH Mix  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


